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Abstract

Water tightness of concrete is usually specified by how much water penetrates or infiltrates into concrete. This indication is applied
to detect the possibility of corrosion attack due to aggressive ions such as chloride into reinforced concrete. Since the corrosion
occurs on the steel bar of concrete, corrosion level is another methods to express impermeability of concrete. Unfortunately,
corrosion process due to chloride attack in the real environment needs several decades. One of the methods which is used to measure
corrosion process rapidly is an accelerated corrosion test. This study investigates water tightness and corrosion resistance due to
chloride ion in the concrete with calcium stearate by using absorption and electrolytic corrosion test. Two types of concrete mixture
i.e. CS-0 and CS-1 are considered in the experiment. Each type of concrete mixture comprises three groups of testing, which are
compressive strength, absorption, and electrolytic corrosion test. The dimension of the specimen for compressive strength is 100
mm of diameter and 200 mm in height, and for absorption is 75 mm of diameter and 150 mm in height. Meanwhile, dimension of
the electrolytic corrosion specimen is a cube with a size of 100 cm x 100 cm x 200 mm. The result shows that concrete with calcium
stearate 1 kg per cubic meter of concrete has a better water tightness property than concrete without calcium stearate. Furthermore,
the tendency is also being supported by corrosion resistance result. It can be observed that concrete with calcium stearate is also
more resistant to corrosion attack.
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1. Introduction

Indonesia is the largest archipelago country in the world with a length of the 99.000 km coastline reached [1]. The
geographical condition generates thousand of buildings made of reinforced concrete structure located in an aggressive
environment. High chloride ion content in sea water is one of the main cause of the degradation of the carrying capacity
of reinforced concrete [2]. Fig. 1 shows the effect of chloride ions on the degradation of reinforced concrete structures
[3].

Concrete is an artificial rock that is not watertight. Millions of capillaries and pores are formed shortly after the
occurring of hydration reaction between cement and water occurs [4]. Water that is not used for cement hydration
reaction evaporates and leaves lanes in the form of capillary evaporation. Gas and chloride ions dissolved in water to
penetrate into the concrete through the capillaries are formed and eventually lead the rust formation on concrete
reinforcement. There are four cause fluid and ion transport mechanisms into the concrete [5], namely capillary suction,
seepage due to the pressure difference, the diffusion due to differences in the concentration of the liquid and the
difference in electric potential.
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Fig. 1. Corroded rebar in piling.

Calcium stearate in concrete was investigated [6] in order to discover its influence in the microstructure of concrete.
Permeability and macro cell corrosion test was conducted by using 30 specimens. The results indicate that calcium
stearate reduces level of concrete permeability and possibility of corrosion attack. Even though it improves the
properties of concrete, its resistance against corrosion attack is not well remarkable yet. This study investigates then
the contribution of calcium stearate in reinforced concrete due to corrosion attack led by chloride ion.

2. Experimental work

Corrosion of steel bar in concrete led by natural processes requires decades. It is a problem associated with the time
when the effect of materials should be analyzed in accordance with corrosion in short time. In order to speed up the
process of corrosion, then accelerated corrosion is carried out in the laboratory. Artificial corrosion is induced by
electrolytic processes which is combined with three percent of sodium chloride solution.

Before the main specimens are performed, preliminary testing of the aggregate for the concrete consist of crushed
stone and sand is done. Analysing of the aggregate in this regard involves the density, specific gravity, clay content,
and gradation. According to the result of the material testing, hereinafter mix proportion of concrete is then composed.
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The compressive strength designed is 30 MPa. Table 1 shows the mix proportion of concrete in kilogram per cubic
meter.

Table 1. Mix proportion of concrete.
Cement (kg) Crushed stone (kg) Sand (kg) Water (liter)
530 1085 495 235

2.1. Specimens

There are two types specimen dimension. The dimension of absorption specimen is a cylinder with 75 mm of
diameter and 150 mm in height. Meanwhile, a cube with the size 100 mm x 100 mm and 200 mm with steel bar
diameter 12 mm inserted inside of concrete is utilized to investigate the corrosion process. Amount of specimen is
shown in Table 2.

Table 2. Number of specimen.

Code Absorption test Corrosion test Compressive strength
Cs-0 3 3 3
Cs-1 3 3 3

where CS is a symbol for calcium stearate and 0 (zero) and 1 (one) is a content of calcium stearate which is 0 kg and
1 kg per cubic meter of concrete.

2.2. Procedures of absorption test

Absorption test is conducted after the specimen has been treated by soaking it into fresh water for 28 days and
referring to Indonesia Standard SKSNI S-36-1990-03 [7]. Hereafter, the cylinders are dried in the oven with a
temperature of 100 + 5 degrees Celsius for 3 x 24 hours. The next step is removing the specimens from the oven and
placing them on the open space for a day. The further stage is weighing them in the dry condition (a). Soaking the
specimens in the fresh water for 30 minutes, then lifting the fresh water out and removing the water from the surface
of the concrete specimen. The final step is weighing the specimen in saturated surface dry (b). Absorption of water by
the concrete is measured using a below formula.

Absorption (%) = “=* x 100% 1)
2.3. Procedure of electrolytic corrosion test

The curing process of the electrolytic corrosion specimen test as a representation of accelerated corrosion test has
been conducted by covering them using wet mattress for 28 days. Installation of the cables to generate the artificial
corrosion is shown as Fig. 2. Since the installation of cables is completed, the specimen is immersed in a solution
containing 3% sodium chloride as the electrolyte. Direct current electricity is then applied to produce the corrosion on
the steel bar in concrete. Testing is ended when the cracks appear on concrete surface due to expansion of rust.
Therefore, the corroded steel bar is taken out by breaking the concrete specimen. In order to evaluate the level of
corrosion, the corroded steel bar is cleaned with a wire brush. Then, the specimens are soaked in a solution of
ammonium citrate 10% to assure that the rust is all removed from steel bar surface. Percentage of corrosion is
measured based on the ratio between the amount of corrosion and the initial weight of steel bar.
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Fig. 2. Scheme of electrolytic corrosion test.
3. Results and discussions
3.1. Raw materials of concrete

Analysis of raw materials of concrete shows that specific gravity, density, clay content, and fineness modulus of
crushed stone are 2.8, 1.39 gram/cm?, 1,75% and 5.68 consecutively. Furthermore, the result of sand analysis is 1.34
gram/cmd, 2.81, 1.13% and 2.20 for density, specific gravity, clay content and fineness modulus serially. These results
meet with the Indonesia Standard for coarse and fine aggregate, except the clay content of coarse aggregate. However,
clay content specified standard does not exceed 1%. At that moment, coarse aggregate should be treated to reduce the
clay content. After the treatment, the mix proportion of concrete is tested. At the end of this stage, the compressive
strength average of the three specimens is 53.3 MPa. It shows that the mix proportion of concrete matches with the
initial planning.

The average of compressive strengths for specimens CS-0 and CS-1 is 37.4 MPa and 38.75 MPa. This result shows
that calcium stearate does not significantly affect on the compressive strength. This increasing can be neglected since
deviation of compressive strength between specimen CS-0 and specimen CS-1 is very small. Based on the result, it
can be summarised that calcium stearate content 1 kg per cubic of concrete has no negative effect on compressive
strength.

3.2. Absorption results

The absorption of concrete is shown on Table 3 below. According to the table, concrete with calcium stearate 1
kg/m3 absorb water less than concrete without calcium stearate. The absorption decreases around 100% from 2.00%
to 0.94%. This result agrees with Maryoto [8] investigation. The result shows clearly that by the addition of calcium
stearate in the concrete, water and cementitious ratio of concrete is a bit reduced. When the evaporation in the concrete
is under processing, capillaries formed has a smaller diameter. It needs more energy to press water penetrate into
concrete. With smaller diameter of capillaries, it means that concrete is more solid. Another influence due to the
diminution diameter of capillaries in concrete is increasing of the compressive strength.

Fig. 3 shows the process of absorption test. Dry weight appears in Fig. 3(a) and then the specimens are soaked in
the water for 30 minutes as seen on Fig. 3(b) after that weigh them to obtain the saturated surface density weight.
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Fig. 3. Absorption test, (a) dry weight; (b) soaking the specimens in the fresh water.

Table 3. Number of specimen.

Code Number of specimen  Dry weight (kg) Wet weight (kg) Absorption (%) Average absorption (%)
CS-0 1 1.808 1.845 2.00 2.00

2 1.792 1.831 2.13

3 1.786 1.820 1.87
Cs-1 1 1.838 1.859 1.13 0.94

2 1.818 1.835 0.93

3 1.841 1.855 0.74

3.3. Corrosion results

Process of electrolytic corrosion is applied on the specimens for 14 days. During the process, appearance of cracks
on the surface of concrete due to corrosion expansion is controlled every day. The process will be ended if the
corrosion has already occurred in all of the specimens. In order to analyse levels of corrosion on the steel bar, the
specimens are broken to remove the reinforcement from concrete. Fig. 4 shows the steel bar after they are induced by
artificial corrosion. Based on the figure, it can be observed visually that more rust is produced in the specimen without
calcium stearate CS-0. Visual observation is only simple analysis to compare the specimens CS-0 and CS-1 to resist
chloride attack.

Fig. 4. Corrosion of steel bar, (a) specimens CS-0; (b) specimens CS-1.

In order to obtain the real percentage of the rust, surface of the corroded steel bar is eradicated using wire brush
and ammonium citrate solution. By evaluating the steel bar after cleaning them from the rust, percentage of corrosion
is obtained as shown in Table 4. The corrosion level of concrete without calcium stearate CS-0 is around 11.79%. On
the other hand, concrete with calcium stearate CS-1 is only attacked by corrosion 4.18%. It proves that calcium stearate
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significantly protects the concrete from corrosion attack due to chloride ion penetration. This result has a similar
tendency to Maryoto [8] study. In his study, Maryoto examined the effect of calcium stearate in concrete using the
half-cell potential and macro cell current testing. The result indicates that concrete with calcium stearate has a less
possibility of corrosion due to chloride attack. The newest result currently demonstrates the reliability of calcium
stearate application in concrete. It improves the microstructure of concrete to decrease the infiltration of chloride ions.

Table 4. Percentage of steel bar corrosion.

Code Number of specimen Initial weight (gram)  Final weight (gram) Percentage of corrosion Average of corrosion (%)
(%)

Cs-0 1 87.50 77.50 11.43 11.79
2 90.50 78.00 13.81
3 87.00 78.20 10.11

Cs-1 1 87.90 84.40 3.98 4.18
2 87.50 84.50 343
3 87.50 83.00 5.14

4. Conclusions

According to the above discussions, the following conclusions are summarized.

Additional of calcium stearate in concrete reduces the water absorption. Consequently, the water tightness of the
concrete with calcium stearate is also improved.

Corrosion on the steel bar due to chloride ion attack can be minimized by adding calcium stearate in concrete as
well.
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Abstract

Carbon steels are generally used to a reinforcement in the concrete constructions, such as bridges, piling, etc. These constructions
are not a bit placed in the coastal areas, especially the coastal area of Jakarta. The industrial activities and urban development
were a source of sediment loads and pollutants in coastal sea water Jakarta. The presence of chloride content and pollutants in sea
water could affect the process of corrosion of reinforcement steel in concrete especially pitting corrosion. In this paper, the
behavior of pitting corrosion of reinforcement steel in sea water of Jakarta coastal using simulated concrete pore solution has
been studied. The sea waters were taken from two different locations of Jakarta coastal, Ancol beach and Muara Baru fishing
port. Each of the sea water was used as a solvent in the simulated concrete pore solution with or without carbonates. The
simulated concrete pore solution with chloride was also utilized for comparison test. The cyclic and potentiostatic
electrochemical polarization were conducted to evaluate the behavior of pitting corrosion of reinforcing steel. The experimental
results showed that the reinforcing steel was susceptible to pitting corrosion in the simulated concrete pore solutions (SPS) of sea
water with or without carbonates and in the simulated concrete pore solutions containing 3.5% NaCl. The addition of sodium
carbonate and sodium bicarbonate in SPS of sea water increased the breakdown potential value and the total time for the
metastable pitting decreased slightly.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Corrosion of reinforcement bar (rebar) steel in concrete is the main factor causing premature damage to the
concrete construction, especially the concrete structure of the coast [1]. It could initiate cracks and accelerate the
corrosion process in concrete. The delamination and spall also affect decreased durability, rigidity and the service
life of concrete structures [2-4]. In addition, the carbonation is another important phenomenon which caused
corrosion of reinforcement steel in concrete and reduces the durability of concrete structures [5] caused by the
diffusion of CO; into the concrete. If it reacts with the hydrated cement compound, the pH of concrete reduces from
pH 13 to pH 9 causing to the passive film of steel and accelerated the corrosion process [6]. Additionally, the
environmental climate conditions and climate change also contributed directly or indirectly to the corrosion rate of
reinforced concrete structures [7-10]. Experimental evidence indicated that the intrusion of chloride and carbonation
were strongly influenced by climate conditions and the surrounding environment, the atmospheric CO;
concentration, temperature and humidity [11].

The penetration of chloride from sea water into concrete and the associated risk for reinforcement corrosion were
divided into an initiation phase and a propagation phase. The initiation phase describes the ingress of chloride during
the wetting/drying concrete and terminated by depassivation of the reinforcement. Then, the increasing of chloride
content is required to prevent repassivation and to enable stable pit growth [12]. The stable pit growth called by
pitting corrosion of steel in concrete is also affected by the pH, temperature, microstructure and composition of the
concrete-steel interface, and composition and surface of the steel in concrete [13].

According to the World Resources Institute, in 2011, the greenhouse gas emitter of 2,053 billion tonnes produced
by Indonesia was ranked sixth after India and Russia [14]. The higher greenhouse gas emitter in Indonesia’s air
reduced sustainability of reinforcement concrete (RC) structure. For achieving enviromental friendly sustainable RC
structure, Rajit et al [15] used photo catalytic materials to the RC structure during its construction phase that could
reduce the corrosion problem of RC materials.

The present paper reports the pitting resistance of rebar steels exposed in the simulated concrete pore solution
(SPS) containing the Jakarta coastal sea water with or without carbonates. For comparison, the distilled water SPS
with chloride also utilized in this study. The results of the study may be used to assess the sustainability of RC
structure in the Jakarta’s coastal.

2. Experimental
2.1. Specimen Preparation

The specimens with a surface area of 1.13 cm? for the polarisation measurements were cut from the rebar steel
using cutting machine, connected with copper wire as an electrical contact and mounted with resin to cover the
unexposed area. The specimens were polished with SiC paper from grit 400 to 1200 grit. The specimens were then
washed in distilled water. The chemical composition of rebar steel is shown in Table 1.

Table 1. Chemical composition of reinforcing steel

Chemical composition (wt%)
Cc Si Mn P S Cu Ni Cr Mo Fe
0.37 0.23 0.54 0.03 0.04 0.14 0.06 015 0.013 Bal

The polarisation measurement used three electrodes, the specimens as working electrode, graphite rod auxiliary
electrode and saturated calomel electrode (SCE) as reference electrode.

* Corresponding author. Tel.: +62-813-5730-8827; fax: +62-21-756-0553.
E-mail address:moch026@lipi.go.id



M.S. Anwar et al./ Procedia Engineering 00 (2017) 000-000

2.2. The test solutions

The polarisation measurement of specimens was conducted in the simulated concrete pore solution (SPS) which
the distilled water and Jakarta coastal sea water as the solvent with pH 13 at room temperature using a Gamry G750
system. The two Jakarta coastal sea water were taken from Ancol beach (sea water A) and Muara Baru fishing port
(sea water B). The composition of sea water A and B, the chemical composition of simulated concrete pore solution

and the SPS composition of test solution are listed in Table 2, Table 3 and Table 4, respectively.

Table 2. Composition of sea water

Parameters Sea water A Sea water B Method Specification

Physical:

Total Suspended Solids (TSS) * 8.3 mg/L 8.1 mg/L APHA Section 2540 D, Edition 21%, 2005
Chemical:

pH 7.7 7.8 APHA Section 4500 H*, Edition 21%, 2005
Salinity 32.2 %o 32.2 %o APHA Section 2520 B, Edition 21, 2005
Chloride (CI") 19,090 mg/L 20,094 mg/L APHA Section 4500 CI-, Edition 21, 2005
COD 104.7 mg/L 53.9 mg/L SNI 6989.73.2009

BOD 34 mg/L 17 mg/L APHA Section 5210 B 2005

Magnesium (Mg) 830 mg/L 1080 mg/L APHA Section 3111 - B 2005 (AAS)
Sulphate (SO.) 496 mg/L 492.5 mg/L JIS K 0101: 2002

Dissolved Oxygen (DO) 7.1 mg/L 7.4 mg/L IKM/5.4.97/MB

Nitrate (NO5-N) <2 mg/L <2 mg/L APHA Section 4500 NOs™ - B 2005

Oil and Fats <1.41 mg/L <1.41 mg/L APHA Section 5520 B Oil & Grease 2005
Natrium (Na) <0.002 mg/L <0.002 mg/L APHA Section 3111 - B 2005 (AAS)

Table 3. Chemical composition of simulated concrete pore solution (SPS)

Chemical composition (mol/liter)

NaOH KOH

Ca(OH),

CaS0O,H,0

0.1 0.3

0.03

0.02

Table 4. SPS composition of test solution

Solution  SPS solvent + additive

Sea water A

Sea water B

Distilled water

~N o o B~ W N P

Distilled water + 1.5% NaCl
Distilled water + 3.5% NaCl

Sea water A + Carbonate (0.03M NaHCO; + 0.0015M Na,COs3)
Sea water B + Carbonate (0.03M NaHCO; + 0.0015M Na,COs)

The specimens were immersed in the 500 ml of test solution and allowed to corroded freely for 1 h in the solution
before beginning the measurements. At the end of this period, the open circuit potential (Eo;) was recorded and

started from the value of Eq.
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2.3. Cyclic polarisation measurement

The cyclic polarisation was applied to measure the breakdown (Ep) and protection (Epr) potential of the
specimens. The measurement of cyclic polarisation referred to ASTM G-61. The potential of the sample was swept
from the —200 mV to +2500 mV where a current density limit of 10 mA/cm? was applied in the specimen. After
reaching current density limit, reverse polarisation was started to find susceptibility to pitting corrosion on the
specimens. The scan rate of forward and reverse scan was 5 and 1.5 mV/s, respectively.

2.4. Potentistatic polarisation measurement

To know the peak current density (ipea) and the total time for a metastable pitting events (tpir) on the specimens,
the potentiostatic polarisation was carried out where the current flowing as a result of the applied potential was
plotted as a function of time. The parameters were defined in Fig. 1. Peak current density (ipeax) Was defined as, ipeax
= imax — Inc. The total time for a metastable pitting event was given by ti = tg + trp. Where ima: @ maximum current
density, inc: @ base current density, ty: a pit growth time and t,p: a repassivation time [16].

Lax

2.0x10*

1.0510%

Current density (¢A.cm?)

0 100 200 300 400
Time (s)

Fig. 1. Potentiostatic polarisation curve

3. Results and Discussion
3.1. Sea water SPS with or without carbonates (0.03M NaHCOs + 0.0015M Na,CO3)

3.1.1. Cyclic polarisation analysis

The cyclic polarisation of rebar steel in the SPS where sea water as solvent with or without carbonate is shown in

Fig. 2. In this figure, the hysteresis loop is found in the rebar steel immersed in the SPS sea water with or without
carbonate.
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Fig. 2. Cyclic polarisation of rebar steel in the SPS where sea water as solvent with or without carbonate

The parameters determined from the cyclic polarisation of rebar steel in the SPS where sea water as solvent with
or without carbonates, such as open circuit potential, Eoc, breakdown potential, Ey, protection potential, Epor OF the
rebar steel were presented in Table 5.

Table 5. The parameter determained from the cyclic polarisation of rebar steel in the SPS where sea water as solvent with or

without carbonate
SPS solvent+additive For B Eoro
(mVvs.SCE) (mVvs.SCE) (mV vs. SCE)
Sea water A —623.8 564.9 —467.1
Sea water B —516.4 602 —308.6
Sea water A + Carbonate —473 568.3 —268.1
Sea water B + Carbonate -516.7 632.4 —335.6

In Table 5, the rebar steel immersed in the all test solutions have higher breakdown potential value than the
protection potential value. It means that the rebar steel immersed in the all solution have susceptibility to pitting
corrosion. The lowest open circuit potential of —623.8 mV vs. SCE and breakdown potential of 564.9 mV vs. SCE
are found in the rebar steel immersed in the SPS of sea water A without carbonate. It shows that the rebar steel
immersed in the SPS of sea water A without carbonate having lower susceptibility of pitting corrosion resistance.
The addition of carbonates (0.03M NaHCO; + 0.0015M Na,COs) in the SPS of sea water increases the breakdown
potential value of 0.6% for SPS of sea water A and 5% for sea water B.

3.1.2. Potentiostatic polarisation analysis

The potentiostatic polarisation of rebar steel in the SPS where sea water as solvent with or without carbonate
presented in Fig. 3. In this figure, the pit growth occurs after 250 s in the rebar steel in all test solutions.
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Fig. 3. Potentiostatic polarisation of rebar steel in the SPS where sea water as solvent with or without carbonate

Table 6 shows the parameters value determined from potentiostatic polarisation for rebar steel in the SPS where
sea water as solvent with or without carbonate.

Table 6. Parameters determined from potentiostatic polarisation for rebar steel in the SPS where sea water as solvent with or
without carbonate

. i i peak t t, toit
SPS solvent+additive i ‘ b ’ i i

(wAlcm?)  (uAlcm?)  (uAlcm?) (s) (s) (s)
Sea water A 28400 4530 23870 2849 9229 1207.8
Sea water B 13700 4020 9680 270 866 1136
Sea water A + Carbonate 25900 12700 13200 2549 8539 1108.8
Sea water B + Carbonate 15600 5430 10170 269 857 1126

In Table 6, the highest peak current density of 23870 uA/cm? and total time for a metastable pitting event of
1207.8 s are found on the rebar steel immersed in the SPS of sea water A without carbonate. The addition of
carbonate (0.03M NaHCO;3 + 0.0015M Na,COs) in the SPS of sea water decreases the total time for the metastable
pitting event of 8.2% for SPS of sea water A and 0.88% for sea water B. The total time for the metastable pitting of
rebar steels immersed in the SPS of sea water is higher when comparing with rebar steels immersed in the SPS of
distilled water with or without chloride (Table 6). It may be that the sea water composition was have more
aggressive chemical content when compared with sodium chloride solution.

The influence of carbonates (NaHCO3+Na,COs) in the SPS of sea water increases the breakdown potential (Eb)
and decreases the total time for the metastable pitting event (t,iY). The addition of strong alkaline substance also can
be used as an alkaline electrolyte for electrochemical realkalisation treatment of carbonate reinforced concrete [17].
It may enhances durability and sustainability of reinforced concrete structure in the Jakarta’s coastal. Even though,
addition of sodium carbonate and sodium bicarbonate around 6 and 10 g/L in the concrete decreases compressive
strength and tensile strength [18].
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3.2. Distilled water SPS with or without sodium chloride
3.2.1. Cyclic polarisation analysis
The cyclic polarisation of rebar steel in the SPS where distilled water as solvent with or without chloride is
shown in Fig. 4. In this figure, the hysteresis loop is found in the rebar steel immersed in the SPS distilled water

with 3.5% NaCl whereas the rebar steel immersed in the SPS distilled water and distilled water with 1.5% NaCl
does not show the hysteresis loop.

1000 : : : : : r

-o- Distilled water (DW)
= DW + 1.5% NaCl
o= DW + 3.5% NaCl

h

(=]

(=]
|

=500

Potential (mV vs. SCE)

-1000— T T T T T T
101 10° 10t 10 10% 10 10°
Current density (zA/cm?)

Fig. 4. Cyclic polarisation of rebar steel in the SPS where distilled water as solvent with or without chloride

The parameters determined from the cyclic polarisation of rebar steel in the SPS where distilled water as solvent
with or without chloride, such as open circuit potential (Eqc), breakdown potential (Ep), protection potential (Eprot) Of
the rebar steel are presented in Table 7. The breakdown potential (Ep) could be determined at the inflection point
value (in Fig. 4) above the sharp change in slope [19]. The protection potential (Eprot) could be determined as a
cross-over potential (in Fig. 4). Cross over potentials were measured where the hysteresis loop closes [20].

Table 7. The parameter determained from the cyclic polarisation of rebar steel in the SPS where distilled water as solvent
with or without chloride

. Egc Eb Eprot
SPS solvent+additive
(mVvs.SCE) (mVvs.SCE) (mV vs. SCE)
Distilled water —280.6 585.2 578.8
Distilled water + 1.5% NaCl —263.1 605.4 590
Distilled water + 3.5% NaCl —694.9 662.2 —474.8

In Table 7, the lowest open circuit potential of =694.9 mV vs. SCE is found in the rebar steel immersed in the
SPS distilled water with 3.5% NaCl. It indicates that the influence of higher sodium chloride content in the solution
decreases potential of rebar steel in the SPS. The highest breakdown potential of 662.2 mV vs. SCE and the lowest
protection potential of —474.8 mV vs. SCE are found in the rebar steel immersed in the SPS distilled water with
3.5% NaCl. It means that the susceptibility of pitting corrosion resistance of rebar steel immersed in the SPS
distilled water with 3.5% NaCl is lower when compared with rebar steel immersed in the distilled water and distilled
water with 1.5% NaCl.
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3.2.2. Potentiostatic polarisation analysis

The potentiostatic polarisation of rebar steel in the SPS where distilled water as solvent with or without chloride
is presented in Fig. 5.

30){104— 1 1 1 1 1 1 1 -
- Distilled water (DW)
&02.5x104 & DW + 1.5% NaCl d
g DW + 3.5% NaCl
=
< " [
3,2.0x10
£4
Z 1.5x10* .
L "
a
= 1.0x10*] L
¥
-
1
= 3
O 5.0x10% d
0] q— r
0 200 400 600 800 1000 1200

Time (s)
Fig. 5. Potentiostatic polarisation of rebar steel in the SPS where distilled water as solvent with or without chloride

In this figure, the current density of rebar steel in the SPS distilled water and the SPS distilled water with 1.5%
NaCl shows constant value until around 200 s. After 200 s, the current density increases sharply until 13000 xA/cm?
and then decreases sharply until current density reaches constant time of 400 s. At chloride content of 3.5% in the
SPS distilled water, the pit growth occurs after 300 s and the maximum current density occurs in the rebar steel at
around 27000 uzA/cm?, Table 8 shows the parameter value determined from potentiostatic polarisation for rebar steel
in the SPS where distilled water as solvent with or without chloride. In Table 8, the highest peak current density of
26480 pAlcm? and total time for a metastable pitting event of 969 s are found in the rebar steel immersed in the SPS
distilled water with 3.5% NaCl.

Table 8. Parameters determined from potentiostatic polarisation for rebar steel in the SPS where distilled water as solvent
with or without chloride

. imax ibc ipeak tg trp tpit
SPS solvent+additive
(uAlcm?) (uAlcm?) (uAlcm?) (s) (s) (s)
Distilled water 13200 50 13150 214 350 564
Distilled water + 1.5% NaCl 12800 130 12670 214 360 574
Distilled water + 3.5% NaCl 27400 920 26480 311 658 969

4. Conclusions

Refer to this study, the following conclusions can be drawn that the rebar steels immersed in both the SPS of sea
water A (Ancol beach sea water) and the SPS of sea water B (Muara Baru fishing port sea water) as well as in the
3.5% NaCl solution have susceptibility to pitting corrosion. The total time for the metastable pitting event of rebar
steels immersed in the SPS of sea water A was higher when compared with rebar steel immersed in the SPS of sea
water B. While the total time in the metastable pitting event of rebar steels immersed in the 3.5% NaCl solution was
lower than rebar steels immersed in the SPS of sea water. Further, the addition of sodium carbonate and sodium
bicarbonate in both SPS of sea water A and SPS of sea water B increased the breakdown potential value and
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decreased the total time for the metastable pitting event slightly. Therefore the additive carbonates may be used to
enhance durability and sustainability of reinforced concrete structure in the Jakarta’s coastal.
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Effect of pit distance on failure probability of a corroded RC beam
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Abstract

The present paper studies effect of the variation of pit distance on structural reliability of a reinforced concrete (RC) beam, with
particular emphasis on the interference of localized corrosion on adjacent tensile rebars. The research question leading the inquiry
of this article is how does average distance between corrosion pits in rebars affect the probability of failure in RC beams. In this
paper, by using Monte Carlo Simulation (MCS), probabilities of failure in a corroded RC beam with different pit distances are
quantified. Uncertainties in material properties, geometry, loads, corrosion modelling, pit distances and pit interference are taken
into account. Statistical data reported in literature regarding the extent and location of corrosion is utilized to undertake a parametric
study of corresponding probability distribution functions. According to results, variation of pit distance has significant influence
on probabilities of failure. This influence increases if the effect of interference of localized corrosion is taking into account.
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1. Introduction

Corrosion of steel rebars embedded in reinforced concrete (RC) members, causes deterioration of concrete
structures, diminishing their capacity and serviceability. There are two types of corrosion: uniform and localized
(pitting) corrosion. A typical deterioration of RC structures exposed to aggressive chloride environments is localized
corrosion of rebar. Pitting corrosion can lead to high degrees of cross-section area loss along the rebar [1].

Assessing reliability of RC members with corroding rebars has received increasing attention in recent years [2-9].
Early studies accounted only for uniform corrosion in rebars. However, this approach requires additional measures to
take into account spatial variability of cross-section along the bar and the reduction of mechanical properties of the
bar due to local stress localizations [10-12].
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Later studies have become more realistic by developing reliability assessments of RC beams by considering the
effect of spatial variability of the localized corrosion on rebars. Kioumarsi et al. [13] studied the effect of interference
of corrosion pits on adjacent rebars on the probability of bending failure of a corroded reinforced concrete beam.
Spatial distribution of localized corrosion along a beam is considered in the analyses. These authors considered the
appearance of corrosion pits as a Poison process, i.e. a process in which pits occur continuously and independently.

Different rebars, exposed to different environmental conditions would present different average values of pit
distance, which in turn may affect the probability of failure of RC beams. In the present article, we follow up the work
by Kioumarsi et al, drawing attention to the influence of average pit distance on reliability of corroded RC beams. The
research objective leading the inquiry of this article is thus: Quantifying effect of average distance between corrosion
pits in rebars on the probability of failure in RC beams. To answer the research question, we consider a case study and
estimate failure probability using Monte Carlo Simulation (MCS). Uncertainties in material properties, geometry,
loads, corrosion modelling, pit distances and pit interference are taken into account. Statistical data reported in
literature regarding the extent and location of corrosion is utilized to undertake a parametric study of corresponding
probability distribution functions.

2. Interference of localized corrosion on adjacent rebars
It is shown that the cross-section reduction varies along the tensile rebars and that the cross-section reduction differs

between rebars [14]. The disparities of localized cross-section reduction between rebars may result in interference
between the pits (see Fig. 1) [15].

—— n n | Back tensile rebar
Pit

—— L | | | | Front tensile rebar

Fig. 1. Plan view of potential pit locations and possible interference of localized corrosion between adjacent tensile rebars [15].

Kioumarsi et al. [15-17] selected an idealized case to quantify the possible interference of localized corrosion on
adjacent rebars in an under-reinforced beam subjected to bending. In the idealized case two adjacent rebars were
considered with one corrosion pit each. The two corrosion pits were equal in size. In a series of honlinear finite element
models the combined influence of two variables on the bending ultimate limit state (ULS) was quantified: the ratio of
the distance between pits in two adjacent rebars to the distance between tensile rebars, 1,,/1,., and the ratio of the cross
section reduction of the rebar due to localized corrosion to the initial cross section of rebar A,;./A,. From the
numerical simulations it was found that pits interfere within a critical distance. Interference of localized corrosions
reduces gradually for increasing distance between pits in two adjacent rebars (l,). For the investigated beam with 80
mm distance between two adjacent rebars (I,.) the critical distance was 100 mm; i.e. for higher ratios of [, /1, > 100/80
= 1.25 no interference was observed [15-17].

Current analytical design rules cannot quantify the interference of localized corrosions for intermediate [, /L, ratios
(0 <L/l < 1.25) [17]. In order to take into account the possible interference of localized corrosions, Kioumarsi et
al. [15] proposed using a modified total residual cross section of corroded tensile rebars in an analytical analysis of
the strength of the cross section:

Ares(mod) = 2AO - (ZAuni + Apit + ﬁApit) (1)

B = —0.76(L,/1.)2 + 0.16(1,/L,) + 1 @)
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where A,.smoq) IS the modified total residual cross section of two rebars after uniform and localized corrosion, 4,
is the initial cross section of a rebar, A,,,,; is the cross section reduction of a rebar due to uniform corrosion, Ay, is the
additional cross section reduction of a rebar due to localized corrosion. The interference of localized corrosion is

introduced by an interference factor 5 which is only a function of the ratio of the distance between pits in two adjacent
rebars to the distance between tensile rebars.

3. Distribution function of localized corrosion

When inspecting naturally corroded rebars it becomes obvious that the distinction between localized and uniform
corrosion is not clearly visible, and the explicit modelling of both requires some simplifying assumption. In this paper
we used a different geometric description which allows modelling of localized corrosion; the original cross-section

(Ap), the cross-section reduction due to uniform corrosion (A4,,,;), and the cross-section reduction due to localized
corrosion (A,;.). See Fig. 2.

a) b)
Fig. 2. (a) Original cross-section (4,); (b) uniform (A,,;) and localized cross-section reduction (4,;.) [13].

If the uniform corrosion is assumed to be equal to the minimum cross-section loss the number of the pits is high.
If the assumed uniform corrosion is increased the number of pits will gradually decrease [13]. This is exemplified in

Fig. 3.
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Loss of cross section (%)

Location along the tensile rebar (mm)

Fig. 3. Cross-section reduction of a corroded rebar. The dashed lines illustrate different assumptions of uniform corrosion, which influences the
number of pits.

3.1. Distribution function of pit size ratio (A,;./A,)

Maps of steel cross-section losses of the selected corroded rebars were obtained from two recent papers [14, 18].
The average cross-section reduction was measured as mass loss for the rebars, which amounted to approximately 10%.

It is shown that the gamma distribution function represents best variation of the cross-sectional reduction along a
rebar [13]. Fig. 4(a) indicates the obtained gamma functions for the selected four naturally corroded rebars. By
assuming the four rebars as one long rebar, which is called “composed rebar”, a gamma function is obtained, see Fig.
4(b); this is the one that will be used in this paper. It was assumed that uniform cross section reduction is equal to
average cross section reduction (10%).
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Fig. 4. Empirical and fitted cumulative distributions (using gamma distribution function) of pit size in four naturally corroded rebars, for the
assumption of uniform corrosion equal to 10%.

Table 1. Statistics of the ratio of localized cross section reduction to initial cross section of rebar
(Apie/Ao) based on cross section loss data of four corroded rebars.

Variable  A,,;/A, (%) Distribution  Shape parameter ~ Scale parameter ~ Reference

Fitted with data

Apic/Ao 10 Gamma 1.16 8.14 from [14, 19]

3.2. Distribution function of pit distance (1)

The occurrence of pits along the tensile rebar can be represented by a Poisson process, i.e. the occurrence of pits is
assumed statistically independent [13]. Using measured corrosion data for the same four rebars, the cumulative
distribution function of the distance between pits in same rebars were fitted to the exponential probability distribution,
see Fig. 5. Similar as for the distributions of pit sizes, pit distance distributions in rebars were fitted for the assumed
case where the uniform cross section reduction is equal to average cross section reduction. Table 2 lists the parameters
of the fitted distribution functions.

Rebar no.1 to no.4 Composed rebar
1.0 e 1.0
0.8 0.8
=
2 0.6 = 0.6
= °
2 ©
3 8
S 0.4 ‘4‘/ 2 04y
a. )i —— Mean value Rebar 1 (mm) 68.64
021 [ ——— Meanvalue Rebar 2 (mm) 107.7 0.2
(( Mean value Rebar 3 (mm) 129.1 Mean value (mm) 81.05
0.04 i — - — Mean value Rebar 4 (mm) 56.86 0.04
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Pit distance (mm) Pit distance (mm)

Fig. 5. Empirical and fitted (using exponential distribution function) cumulative distributions of distance between pits in same rebar in four
naturally corroded rebars, for the assumption of uniform corrosion equal to 10%.
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Table 2. Statistics of the distance between pits in same rebar (1,,) based on cross section loss
data of four corroded rebars.

Variable  A,,;/Ao (%)  Distribution  Mean Value (mm)  Reference

Exponential ~ 47.51 Fitted with data

L, (mm
p (mm) Exponential ~ 74.48 from [14, 18]

4. Discussion about pit distance and its effect on the distribution functions

Pit distance in corroded rebar is function of the location of the rebar and degree and type of the corrosion. It might
be different from lightly to severe corroded condition. In section 3, we obtained the mean value of the pit distance for
four corroded rebars. Obtained exponential distribution functions of pit distance in section 3 shows that the mean
values of pit distance of the four selected rebars varies from 50 mm to 130 mm when the composed rebar has the mean

value of 81 mm, see Fig. 5(a) and Fig. 6. It raises a question that “how variation of the pit distance could influences
on failure probability of corroded RC beam”.

20
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— 16 O Rebar 2
s\i
< A Rebar 3
\.<~ 12 o
< 3 (e} = o A ORebar 4
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3
s 4 @ Composed rebar

0 T T T T T T
20 40 60 80 100 120 140

Mean pit distance, /', (mm)

Fig. 6. Relation between mean values of ratio of localized cross section reduction to initial cross section of rebar (4,;./A,) and distance between
pits in same rebar (1,,). Uniform cross section reduction equal to (a) zero and (b) 10%.

5. Probabilistic analyses of a RC beam

The purpose of the case study presented in this section is to quantify the effect of pit distance on the probability of
failure of a corroded RC beam when the interference effect of localized corrosion is taken into account.

5.1. Case study

Since under-reinforced beams are most common in practice, only this type of beam was considered. Analyses were
carried out for a simply supported RC beam. The beam’s dimensions are length 6 m, height 0.35 m and width 0.2 m.
The beam included two tensile rebars with diameters of 24 mm and a concrete cover of 36 mm.

5.2. Statistical properties of other random variables

As it discussed earlier, the pit distance (1;,) and ratio of localized cross-section reduction to initial cross section of
rebar (Ay;/Ao)in each tensile rebar are represented by an exponential and gamma distribution functions, respectively.

The other statistical variables of the RC beam used in the probabilistic analysis and their distribution functions are
given in Table 3.
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Table 3. Statistical properties of random variables.

Variable Symbol  Distribution Mean (1) CoV  References
Effective beam depth (mm) d Log-normal 288 0.03 [2] [19]
Beam section width (mm) b Normal 200 0.02 [20]
Original rebar diameter (mm) d, Normal 24 0.02 [20]
Distance between adjacent tensile rebar (mm) L, Normal 80 0.05 -
Self-weight (kN/m) Qw Normal 15 0.1 [21][7]
Live load (kN/m) Q. Gamma 4.7 0.6 [71[22]
Concrete compressive strength (MPa) fe Log-normal 47.7 0.18 [2][7, 23]
Steel yield strength (MPa) fy Log-normal 592 0.1 [24] [23] [7]

5.3. Limit state function and probability of failure

To quantify the failure probability of a corroded beam with interference effect of localized corrosion, the probability
of failure was estimated using Monte Carlo Simulation. The limit state function is expressed as:

Gy (1) = DACrestnod (g _ 4 2 Drestmotsy . g2 GO0 () 7)) 3)

where f, is the steel yield strength, . is the concrete compressive strength, b is the beam width, d is the effective
height, A,..smoa) IS the modified total residual cross-section of two rebars after uniform and localized corrosion, ta
king into account possible interference, G, is self-weight, Q, is live load, I(i) is the location of it" pit along tensile
rebar and [ is length of beam span.

In Monte Carlo Simulation A,..sn0q) at the location of each pit on first tensile rebar is calculated following Eq. 1
by pairing it successively with each pit in the adjacent rebar within the critical zone. The respective interference factors
B; are applied for the pits in another tensile rebar. It is assumed that the interference with the pit resulting in the
smallest A,..moq) is dominant. The procedure is repeated by starting with the pits on the second rebar and identifying
the potential interference with pits on the first rebar.

Monte Carlo Simulation was used to evaluate the probabilities of failure of the RC beam. At each run using the
calculated cross-sectional areas of longitudinal reinforcements and the generated values of the other structural
variables, the flexural strengths of the beam at all cross-sections containing pits and at mid-span were evaluated and
compared with the corresponding bending moment. At each run, all variables of Table 3 are realised only once per
beam. If the limit state function was violated in at least one of the verified cross-sections, the beam is considered as
failed. The probability of failure, P, was estimated as the number of runs with a failure of the beam divided by the
total number of runs.

6. Results

This section presents probabilities of failure (Pf) for two cases:

a) average cross section loss and localised corrosion are considered including the interference of pits,
b) average cross section loss and localised corrosion are considered excluding the interference of pits.

Moreover, various mean values of the distribution function of pit distance (l;,): 20, 40, 60, 80, 100, 120, 140 and
160 mm, were used in the analyses. As it mentioned before, the ratio of average cross-section reduction to original
cross section (Agpe/Ap) is equal to 10%.

Fig. 7 illustrates the failure probability for both cases (a) and (b) with different pit distances. According to obtained
results, reducing the pit distance results in increasing Py. For the case (b), excluding pit distance, reduction of pit
distance from 160 mm to 20 mm leads to 270% increase in increase Py. If the effect of interference of localized
corrosion is taking into account this influence increases to about 700% (see Fig. 7 case a).
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Fig. 7. Effect of the pit distance on probability of failure of the RC beam with and without considering the interference effect of localized
corrosion.

The effect of the interference of pits increased by decreasing the pit distance. For example for the model with 20
mm pit distance, the interference effect increases the Py up to 2.5 times (See the red arrow in Fig. 7), while for model
with 160 mm, there is almost no change in the P;. Less number of the pits, due to increase in the pit distance, which
reduces the possibility of the interference between pits, could explain this. It could be seen that the effect of
interference is substantial when the pit distances are less than 100 mm. This observed value of critical distance (100
mm) obtained by earlier studies [15, 17]. It is shown that, interaction of pits leads to a gradual reduction of the ULS
for pit distance less than 100 mm.

Changing the pit distance could also influence on the reliability class suggested by EN90 or 1SO13822. When the
value of pit distance is larger than critical value the obtained probability of failure is in the normal reliability class
with medium consequence of failure. While reducing the pit distance leads to low reliability class with low
consequence of failure. Thus, considering the wrong mean value of pit distance could result in the inaccurate reliability
assessment of deteriorated structures.

7. Conclusion

This paper considered the spatial variation and possible interference of localized corrosion on the reliability of a
corroded RC beam. An interference model for the effect of two equal pits in adjacent rebars on the ultimate capacity
and the distribution functions of spatial variation of localized corrosion were proposed earlier.

Probability of failure in a corroded RC beam with different pit distances was estimated using Monte Carlo
Simulation. Uncertainties in material properties, geometry, loads, corrosion modelling, pit distances and pit
interference were taken into account. The occurrence of pits along the tensile rebar was represented by a Poisson
process. This assumption was supported by literature data. Based on the above assumption the following conclusions
the following conclusions can be drawn:

— Reducing the pit distance leads to increase in the probability of failure. The increase will be intensified when

the effect of interference of localized corrosion is taking into account.

— By increasing the mean value of pit distance, the effect of the interference of pits decreases. This is explained

by the apparent lower number of pits and the reduced possibility of interference.

— Overestimating the mean value of pit distance in a corroded rebar could result in an underestimation of

reliability of deteriorated RC beam.

It is emphasized that the proposed model to consider the pit distance effect on the probability of failure and
application of this model was limited to one case study.
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Abstract

This study aims to examine the effect of vacuum mixing on the carbonation resistance and microstructure of reactive powder
concrete (RPC), made with secondary copper slag as partial cement replacement. In order to obtain a homogenous mixture, a high
speed mixer with vacuum was applied. Accelerated carbonation tests (10% CO3, 20°C and 60% RH) were performed on RPC,
mixed under vacuum conditions, as a comparison to RPC mixed at atmospheric pressure. The evolution of the carbonation depth
was determined by spraying phenolphthalein on a freshly split RPC surface at varying ages (1 to 16 weeks). The microstructure of
RPC was investigated by a mercury intrusion porosimeter (MIP). The pozzolanic activity of QCS was determined by the Chapelle
test, taking into account the carbonation effect on the reference system.

The results obtained, showed that no carbonation was detected after 90 days for the RPC containing copper slag both under vacuum
condition and atmospheric pressure. The presence of copper slag in the RPC tends to increase the porosity reduction and decrease
the strength enhancement when applying vacuum mixing to the mixture. The result of the Chapelle test indicated that the secondary
copper slag did not tend to consume much portlandite.
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1. Introduction

Reactive powder concrete (RPC) is a new breakthrough of concrete technology. The production of this concrete
needs a huge amount of cement to improve the concrete strength, which implies high cost. Concrete with higher
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cement content can cause high heat generation from cement hydration and this phenomenon can lead to the formation
of micro cracks, which will allow liquids and gases (e.g. CO2) to penetrate into concrete. In the end, ingress of CO;
will accelerate carbonation in concrete and it will cause the deterioration of reinforced concrete (Song et al. 2006). As
a consequence, the service life of the concrete structures will decrease. Although, due to the high cement content, not
all of the cement is perfectly hydrated, the large amount of portlandite in the concrete matrix has potency to react with
CO; to generate CaCOs. The process of portlandite carbonation is fast, in which more than 80% carbonation of
Ca(OH); is achieved in 2 hours contact with liquid CO2 in ambient temperature (Vance et al. 2015). In order to
overcome this problem, the use of secondary copper slag as cement replacement and vacuum mixing are investigated
in this paper, as a means to minimize potential concrete carbonation.

One measure to obtain a void-free mixture is to use an intensive vacuum mixing in which this mixer can remove
air content. A void-free mixture contributes to the strength and service life of concrete. This is confirmed by the results
of Dils, et al (2012). They concluded that the compressive strength increases when the air content decreases in the
UHPC mixture.

Typical by-products that are already widely used in concrete are e.g. fly-ash and blast-furnace slag. Copper slag is
one of the by-product materials from the copper smelting. Every year, about 24.6 million tons of copper slag are
produced by the copper industry throughout the world (Gorai et al. 2003). In Europe, approximately 5.56 million tons
of copper slag are generated by the European copper industry (Gorai et al. 2003), and in Belgium, about 132,240 tons
of secondary copper slag are produced in recycling plants annually (FCA 2012, Hageliiken 2006). Since this material
needs a large area for landfilling, of which the availability is insufficient, and to avoid problems related to the leaching
of heavy metals and other harmful elements, it would be interesting to upgrade these ‘waste’ products in high-value
applications. Moreover, the amount of natural resources is declining due to a large consumption in the cement and
concrete production. A possible breakthrough can thus be sought in exploiting these by-products within cement and
concrete production. This paper presents the influence of vacuum mixing on carbonation and microstructure of RPC
containing copper slag as cement replacement. The Chapelle test was chosen to assess the pozzolanic activity of
secondary copper slag.

2. Material and experimental procedure
2.1. Material

The materials used in this study were purchased from Belgian and German companies except for the secondary
copper slag, which was obtained from a Belgian Recycling Plant. The secondary slag used in this research was quickly
cooled granulated copper slag (QCS). This slag was produced by using primary slag from Cu such as old copper tubes,
wires, scraps, cables, alloy coins, plated coins and Cu-Fe (shredded) armatures as raw materials to generate copper
blister, copper anodes, and copper cathodes for industry and market. Another binder used in this research was dry
undensified silica fume (940U, Elkem), which has a typical bulk density of 200-350 kg/m3. As cement, a CEM | 52.5
N HSR/LA was used throughout all experiments. For all concretes, a quartz flour (type M400, Sibelco) with a d50 of
12 um was used. An overview of the chemical composition of the powders is given in Table 1.

Table 1. Chemical Composition of the Applied Powders Determined by XRF Analysis [wt.%]

Material Qcs Cement ?&Eﬁ: (,\FAIZSB)
CaOo 7.1 63.4 0.6 0.02
Si02 25.9 21.5 94.2 99.5
Al203 5.9 3.6 1.0 0.2
Fe203 45.5 4.2 0.5 0.03
MgO 0.8 1.6 0.7 n/a
Na20 0.8 0.2 1.0 n/a

K20 0.2 0.6 11 0.05

SO3 0.4 25 0.3 n/a
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P205 0.8 nla 0.1 nla
Tio2 0.3 nla nla nla
Zn0O 8.8 nla nla nla
MnO 0.7 nla nla nla
Cr203 0.7 nla nla nla
CuO 0.4 nla nla nla
Pb 0.4 nla nla nla

Since the copper slag obtained by the recycling plant was in granulate form, the size of this slag has to be reduced
to achieve a product with a higher specific surface area (SSA). The selection of the appropriate method of grinding
should be based on the physical properties of the materials. Copper slag has a toughness of 6-7 Mohs hardness and is
mainly composed of iron silicate glass (Murari, K et al. 2015; Gorai, B et al. 2003). Therefore, there will be a high
energy need to grind this material. In the grinding process, the energy is determined by the time, speed, and number
of balls charged. Based on the results obtained by Edwin et al. (2016), the SSA of QCS was 2533 cm2/g with the
Blaine permeability test. This result can be achieved using the dry method, long duration of grinding (5 times during
12 minutes at 300 rpm) and 5 balls charged. This grinding process was time-consuming and not very productive. In
order to reduce the time for the grinding process, the authors now chose a short duration (6 times during 5 minutes at
390 rpm) and 7 balls charged. This method reduced the grinding time with 30 minutes in comparison with that of the
long duration method. With the increase in grinding speed and addition of two balls in this method it was expected to
achieve a similar fineness as with the grinding method aforementioned. Besides, copper slag tends to be re-compacted
when applying a dry method. These are the reasons to choose a wet method instead of dry method. A superplasticizer
(Sika Viscocrete-3095x; 0.122 wt%) was chosen to avoid re-compaction. After the grinding process, the particle size
distribution (PSD) of copper slag powder was measured by laser diffraction with the size range from 0.1 um to 1000
pum. The particle size distribution of copper slag, silica fume, and quartz flour obtained by laser diffraction is given in
Figure 1. To disperse this material, isopropanol was used since it does not react with copper slag. To avoid
agglomeration, the copper slag was put in a sonication bath (5 min) before the measurement. In case of silica fume,
distilled water was used as dispersant. In order to obtain well de-agglomerated silica fume, this material was sonicated
in two steps. At first, the solution containing silica fume and water was put in an ultrasonic bath for 5 minutes to de-
agglomerate the particles. After this, 10% superplasticizer by weight of silica fume was added followed by sonication
for 15 minutes prior to measurement. An overview of the parameters used to determine the PSD of the SCMs, cement,
and quartz by laser diffraction can be seen in Table 2.
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Fig. 1. Particle Size Distribution by Laser Diffraction of the Different Powders

In addition to the PSD by laser diffraction, the fineness of the binders was evaluated by their specific surface area
(SSA) using the Blaine air permeability test according to NBN EN 196-6:2010. To start, the pycnometer method was
used to measure the density of all powders. Both the density and SSA of the powders are presented in Table 3.
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Table 2. Overview of the Parameters Applied to Determine the PSD of the Different Powders by Laser Diffraction

Optical parameters QCs Silica CEM | Quartz flour
fume (Qt2)
Refractive index (RI) [-] 1.731 1.530 1.731 1.55
Absorption coefficient [-] 0.055 0.001 0.003 0.3
Obscuration [%] 10-15 5-10 5-10 5-10
Stirrer rate [rpm] 1700 1500 1500 1700
Dispersant RI [-] 1.390 1.390 1.390 1.390
Sonication times [minutes] 5 20 5 5

Table 3. Density and SSA of the Different Powders

Quartz flour

Materials QCs CEMII Silica fume

(Qtz)
Density (g/cm3) 3.706 3.152 2.017 2.65
SSA (cm2/g) :
Blaine permeability 2277 4955 - 6500
Laser diffraction 2150 5390 56200 5444

2.2. Mixing procedure

In this research, the authors used a planetary vacuum mixer with a capacity of 5 liter. The procedure of mixing
follows the method shown in Dils, et al. (2013). First the dry materials were poured in the inclined drum. They were
mixed during 15 s at 255 rpm. Afterwards, the water and superplasticizer were dosed. After the non-vacuum phase,
the maximum speed mixing (910 rpm) was started for 150 s and at the same moment the vacuum phase was applied
for 270 s. In the last 120 s of the vacuum phase, the speed was reduced to 255 rpm. In the case of non-vacuum mixing,
the same method was applied after dosing the water and superplasticizer, with the mixer set at atmospheric pressure
(1013 mbar).

2.3. Carbonation depth and mercury intrusion porosimetry (MIP)

After mixing, the fresh concrete was cast in molds with dimensions of 40 mm x 40 mm x 160 mm. Subsequently,
they were stored for 2 days at 20 °C and RH > 95%. Afterwards, the specimens were removed from the molds and
cured at 20 °C and RH > 95% for 90 days. Before the start of the accelerated carbonation test, a freshly split surface
of the samples was sprayed with phenolphthalein to obtain the initial value of the carbonation depth. Five surfaces of
the samples were coated with epoxy, leaving one surface exposed in a climate chamber (20 £ 2°C, RH 60 + 5%) to
10% CO2. The carbonation ingress was measured with phenolphthalein after 4, 8 and 16 weeks.

To investigate the influence of vacuum mixing on the porosity, mercury intrusion porosimetry (MIP) was
performed on the RPC samples. In order to preserve the pore structure of the specimens, the freeze-drying method
was chosen. The specimens for MIP are defined as crushed particles with particle size between 5 and 10 mm. After
putting these specimens in the liquid nitrogen for 5 minutes, the temperature of the sample was reduced to -195 0OC.
Afterwards, the samples were transferred into a freeze-dryer and the temperature changed to -24 0C under vacuum
condition and pressure of 0.1 Pa (Zhou, J., 2010). After four weeks, a constant mass was obtained (mass change less
than 0.1% in 24 hours). After the period of freeze-drying, a sample of + 1.40 g was put into a dilatometer (Thermo
Scientific corporation) to start the measurement. The mercury was intruded into the specimen and extruded after
reaching the maximum pressure. This porosity measurement of the sample was determined using 140 Pascal for the
low pressure and 440 Pascal for the high pressure.
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3. Results and discussions
3.1. Carbonation depth

The carbonation depth for both the samples mixed under vacuum condition (100 mbar) and atmospheric pressure
(1013 mbar) which was measured on a freshly split RPC surface using 1% phenolphthalein in 70% ethyl alcohol
shows no carbonation up to 16 weeks, as seen in Table 4. Both the reference RPC and the mixtures with copper slag
show zero carbonation, as also shown in Table 4. These results confirm that the concrete with low porosity and very
dense microstructure has an excellent carbonation resistance (Caijun Shi, et al. 2014). The CSH gel will fill the
concrete pores and limit the CO2 penetration into the concrete. However, the effect of the vacuum mixing and copper
slag replacement on the carbonation of RPC is unclear since there is no carbonation detected even in non-vacuum
mixing and reference mixture. Therefore, long-term exposure in a climate chamber (e.g. 32 or 64 weeks) is required
for RPC to determine the effect of vacuum mixing and copper slag replacement on the carbonation resistance.

Table 4. Results of carbonation test on RPC containing copper slag

Exposure Reference 5% CS 10% CS 15% CS 20% CS

time Vac N-Vac Vac N-Vac Vac N-Vac Vac N-Vac Vac N-Vac
4 weeks ND ND ND ND ND ND ND ND ND ND

8 weeks ND ND ND ND ND ND ND ND ND ND
16 weeks ND ND ND ND ND ND ND ND ND ND

Note. ND = not detected
3.2. Mercury intrusion porosimetry and compressive strength

Figure 2 describes the effect of vacuum mixing on the porosity of RPC containing copper slag as cementitious
material. In general, the porosity of RPC mixed under vacuum (100 mbar) and at atmospheric pressure (1013 mbar)
decreased with rising copper slag content in RPC mixture at 56 days in comparison with the reference mixture without
copper slag. The lowest porosity (4.91%) was achieved for 15% copper slag replacement under vacuum mixing, which
decreased about 18.4% compared to the reference specimens. This achievement also occurred for 15% copper slag
substitution under non-vacuum condition, which induced a decrease of about 11.4% in porosity compared to control
mixtures.

The influence of vacuum mixing on the compressive strength of RPC containing copper slag as cement replacement
is shown in Figure 3. It seen that the strength of RPC under vacuum condition increases with rising copper slag
substitution in the concrete mixture. The highest compressive strength (158 MPa) is achieved for 10% copper slag.
However, this achievement is contradictory with the result of RPC non vacuum, which is similar or (slightly) lower
for the RPC with copper slag than for the reference mixture.

Based on the result obtained in Figure 2 and Figure 3, it is necessary to study the influence of vacuum mixing on
the porosity reduction and the strength enhancement of RPC containing copper slag.

The influence of vacuum mixing on the reduction of porosity is the highest for the mixtures with 20% copper slag
replacement. A decrease of about 22% is seen (Figure 4). Nonetheless, the RPC mixtures with 5% and 10% copper
slag replacement showed low porosity reduction, which was less than for the reference mixture. From this result, it
can be stated that the effect of vacuum mixing on the porosity of RPC mixtures containing small amounts of copper
slag is limited. For higher amount of copper slag replacement, the vacuum mixing contributed more to reduce the
porosity of RPC. This achievement is mainly caused by the physical properties of copper slag. Looking into the
literature, the angular sharp edges of the copper slag can improve the cohesion of the concrete matrix (Al-Jabri et al.
2011; Shi et al. 2008; Wu et al. 2010; De Schepper et al. 2014). This property has the ability to fill out the air cavities
which are removed by vacuum mixing. Nevertheless, due to the differences in homogeneity and complexity of the
pore structure, the pore cavities of RPC cannot be successfully filled by copper slag, leaving certain amount of unfilled
porosity.
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Fig. 2. Influence of mixing procedure (vacuum condition (100 mbar) and atmospheric pressure (1013 mbar)) and copper slag replacement on the
porosity of RPC at 56 days (error bars represent standard errors, the average values represent two replicates)
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Fig. 4. Relative influence of vacuum mixing versus mixing at atmospheric pressure on the porosity and strength enhancement of RPC at 56 days

The RPC with 0% copper slag showed a compressive strength of 148 MPa when mixed under atmospheric
conditions and 147 MPa under vacuum. The strength enhancement for mixes with larger replacement levels (15% and
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20%) due to vacuum condition was lower than for mixes with a small quantity of copper slag replacement (5% and
10%), as shown in Figure 4. This result is contradictory with the porosity reduction under vacuum mixing, which was
the highest for 15% and 20% copper slag replacement. This finding is in contrast with the result obtained by several
researchers (Lian et al. 2011; Bhutta et al. 2012). In their research, they proposed a model relationship between
compressive strength and total void ratio. They concluded that the compressive strength of high performance porous
concrete (HPPC) was increased with decreasing total void ratio. This current finding can easily be explained by the
fact that the increase in compressive strength of concrete is not only caused by porosity reduction, but it is also
determined by CSH gel generated during the hydration process. The latter corresponds well to the strong bond in
concrete matrix. Moreover, vacuum mixing only contributes to reduce the porosity of RPC. Copper slag reacts with
the portlandite to produce CSH gel. Due to the insufficient fineness of this slag, only a small amount of copper slag
reacts to generate CSH gel. This can also be explained by the fact that only around 35% of calcium oxide (CaO) is
consumed by copper slag in the Chapelle test, as seen below in Figure 5. For larger replacement levels (e.g. 15% and
20%), the amount of CSH gel does not increase, leaving certain amount of unreacted copper slag in concrete matrix.
The copper slag shows angular sharp edges, and it will contribute as filler in the concrete matrix. This is the reason
for decreasing the porosity of RPC containing higher amount of copper slag.

From Figure 4, it can be stated that the porosity reduction under low air pressure for higher amount of copper slag
replacement is double than that of the RPC containing small amount of copper slag. In contrast to the porosity
reduction, the strength enhancement for larger replacement levels (15% and 20%) under vacuum mixing is halved
compared to low replacement levels.

3.3. Chapelle test

The results of the Chapelle test are shown in Figure 5. In this study, the result of the reference indicated that a
significant amount of portlandite had reacted although the system was built to avoid carbonation. Based on the amount
of portlandite carbonated in the reference system, a formula is used to correct the results of the mixes with copper slag
and quartz powder (Snellings et al. 2015) :

CHiqic—CH
CHcorr — calc ref
CHi—CHref

(4)

where

CHcorr is the corrected consumed calcium hydroxide.
CHcalc is the calculated consumed calcium hydroxide.
CHref is the consumed calcium hydroxide for the reference.
CHi is the initial calcium hydroxide.

Looking into the literature, the amount of portlandite consumed by copper slag in this research was lower than for
the three pozzolanic materials (metakaolin, fly ash and natural pozzolans) used in Snellings et al. (2015). This is
mainly due to the different chemical composition of the SCMs used by the author and Snellings et al. (2015). The
chemical reaction rate to form C-S-H gel is determined by the calcium and siliceous content in SCMs. The calcium-
poor and siliceous-rich fractions of pozzolans (metakaolin, fly ash, and natural pozzolans) rapidly consume large
amounts of portlandite. Conversely, the calcium-poor and siliceous-moderate secondary copper slag used in the
current research tends to consume less portlandite.
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Fig. 5. Amount of Ca(OH)2 consumed by 1g of difference types of powder
4. Conclusions

Concerning the effect of vacuum mixing on carbonation and microstructure of RPC containing secondary copper
slag as cementitious material, the following conclusions can be drawn:

1. A zero level of carbonation is found for RPC containing copper slag and mixed under vacuum and at atmospheric
pressure. This is mainly caused by the low porosity and the very dense microstructure of RPC which increase the
resistance against carbonation.

2. By applying vacuum mixing to the RPC mixture, the porosity decreased. The reduction is higher with increasing
copper slag content. This result is in contrast with the compressive strength enhancement of RPC, which decreased
for larger replacement levels of copper slag.

Assessment of the pozzolanic activity using the Chapelle test indicates low pozzolanic activity of secondary copper
slag used in this research. This phenomenon indicates that the amount of CSH gel produced during hydration is limited.

However, the porosity reduction of RPC is enhanced by the physical properties of copper slag.
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Abstract

Concrete is one of the most widely used materials in the field of building construction. It is basically composed of aggregates
such as gravel and sand, bind together by cement and water. One of the major problems with concrete structures is the corrosion
of steel reinforcement. Supplementary Cementitious Materials (SCM) like fly ash, Ground Granulated Blast Furnace Slags
(GGBFS), Silica Fume (SF), and rice ash have the characteristics and properties similar to cement. Studies also showed that rice
ash can partially replace cement in the concrete mixture. The objective of this study is to conduct a comparative analysis on the
compressive strength and chloride penetration depth with 10%, 20% and 30% replacement of the rice ash in the type IP cement.
Colorimetric method was used to determine the chloride penetration depth by applying AgNOs solution. The results were
analyzed using Analysis of Variance (ANOVA). Results show that there are significant differences in each percentage
replacement of rice ash in type IP cement. The 10% percent replacement obtained the highest compressive strength and chloride
penetration resistance. The improvement of the strength of concrete with rice ash indicated that it was an effective way of
improving not only the serviceability of concrete but also preventing chloride penetration that causes corrosion on steel
reinforcement.

© 2017 The Authors. Published by Elsevier Ltd.

Peer-review under responsibility of the organizing committee of SCESCM 2016.

Keywords: Rice ash; Type IP cement; compressive strength; chloride penetration.

1. Introduction

One of the major problems with concrete structures is the corrosion of steel reinforcement. A chemical like
chloride causes a deleterious problem as it tends to weaken the bonds between steel and concrete. According to [1],
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chloride ion diffusion is attributed to the permeability and pore size distribution of concrete. Because of this, the use
of blended cement became popular since it has a lower permeability compared to ordinary Portland cement since
blended cements use the supplementary cementitious material as partial replacement to cement [2]. Supplementary
Cementitious Materials (SCM) like fly ash, Ground Granulated Blast Furnace Slag (GGBFS), Silica Fume (SF), and
Rice Ash which are abundant to the environment, have the characteristics and properties similar to cement. Among
these SCM, the most commonly known were rice ash and fly ash. More recently, application of rice ash became a
popular practice in the construction industry because of its availability.

Rice is a staple food in the Philippines, whereas millions of tons of rice hull are generated after the milling of rice
paddy and treated as an agro-waste. Rice hull is either disposed into the environment or burned for fuel. It was found
out that burnt rice hull produces ash which has high silica content of about 90-98% after complete combustion. In
addition, rice ash produces two colored ash after a period of burning, the white-grey attained at complete combustion
or controlled burning and the black ash attained at incomplete combustion or uncontrolled burning [3].

Since white-grey ash underwent complete combustion, it is the most likely to have the highest percentage of silica
content as compared to the black ash. In this regard, this study utilized the use of white-grey rice ash to partially
replace a percentage of cement, specifically Type IP cement (Portland-Pozzolan cement), in concrete.

2. Review of Related Literature

Rice hull is an agricultural waste material which is either disposed as a waste in landfills or burnt as a source of
fuel. However, disposing it becomes a threat to the environment because it has a low nutritional value and a lower
rate of decomposition [4]. As a solution to this environmental problem, rice ash is utilized as a supplementary
cementitious material that is very effective in replacing the partial amount of cement. Rice ash is considered as a
natural pozzolan because it does not possess cementitious properties at first, and only after grinding into fine
material would it be rich in silica, which is necessary for pozzolanic activity.

Previous Studies showed that the replacement of rice ash to ordinary Portland cement increased the compressive
strength of concrete. However, the continuous increase in the percent replacement of rice ash in cement has
optimum. From the study of [5] obtained the highest strength at 10% replacement and optimum percent replacement
of 20% whereas a study of [6] obtained the highest strength at 30% of rice ash replacement. On the other hand,
research conducted by [7] gave a range of 10% to 20% replacement as an optimum percent replacement.

An investigation on rice ash partially replacing the total weight of the Type 1 Portland cement was conducted by
[8]. It showed that 20% rice ash replacement obtained the highest strength. However, the 30% rice ash replacement
is the optimal value. The tremendous pozzolanic activity and an increase in compressive strength were due to the
amorphous silica and fine particle size properties of the rice ash. On the other hand, a reduced chloride penetration of
about 28% was found at 30% replacement of type | Portland cement by rice ash. The durability was also improved in
a long run because at 90 days of curing time (as opposed to 28 days of curing time), the experiment achieved a lower
total charge passed. Thus, it showed the higher sustainability of reinforced concrete design.

3. Methodology
3.1. Experimental design

Concrete samples used Type-IP cement with varying percentage replacement of rice ash (10%, 20%, and 30%).
The rice ash was white-grey color which was obtained after burning the rice ash continuously for two to three days.
For the design of concrete mix, special class A mix proportion with a ratio of 1:2:3 was used with water-cement
ratio of 0.5. Compression and chloride penetration tests used a cylindrical concrete specimen, with 6 inches diameter
by 12 inches height, which complies with [9].
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3.2. Compressive strength test

Compressive strengths of concrete samples were observed after 28 days and 56 days of curing. The Compression
Strength Test was in accordance to [10]. Using the Universal Testing Machine (UTM), a load was applied on the
concrete until it reached its failure load. Then the compressive strength was computed using the formula:

maximum applied force

Compressive strength= ®

cross-sectional area

3.3. Chloride penetration test

The concrete specimen was cured for 28 days and ponded in 3% NaCl solution for another 28 days. Afterwards,
the specimens were split into half using UTM. The depth of chloride penetration was measured using application of
0.05M Silver Nitrate (AgNO3) solution onto the sides of concrete samples which was adopted from the study of [11].
Four points on each longitudinal side was measured for a total of eight-point depth measurement for each specimen.

4. Data and results
4.1. Compressive strength
As shown in Table 1, concrete specimen with 10% replacement of rice ash obtained the highest value of

compressive strength, whereas, the concrete specimen with 30% replacement had the lowest capacity for
compressive strength for both 28 and 56 days of curing.

Table 1. Compressive Strength of concrete specimens with 0%, 10%,20%, and 30% replacement

% Rice Ash Compressive strength after 28 days ~ Compressive strength after 56 days
0 670.71 772.13
10 805.06 1006.59
20 659.82 946.68
30 372.19 527.03

From 670.71 psi of 0% replacement of rice ash, the compressive strength increased by 17% at 10% replacement
but it decreased by 18% at 20% replacement of rice ash and drastically declined at 30% replacement with 44.51%
difference as shown in Fig. 1.

The strength increased at 10% rice ash replacement achieved the optimum value for the compressive strength.
This is due to the fact that during the process of hydration, C-S-H (Calcium Silicate Hydrate) and C-H (Calcium
Hydroxide) were produced and the amorphous silica content of rice ash reacted with the available C-H forming more
C-S-H content which gave higher compression strength. However, strength decreases after 20% replacement but no
significant difference to the compressive strength of the control mix (0% replacement).

The 10% replacement of rice ash performed the highest compressive strength of concrete as shown in Fig. 2.
However, the 20% replacement became the optimum percent replacement after 56 days of curing because it achieved
a much higher strength than the concrete without replacement of rice ash.

Fig. 3 shows a similar trend of each percent replacement for both curing days but an increased strength at 56 days
of curing. The 10% replacement of rice ash obtained the highest compressive strength among all percent
replacement. Comparing the results of compressive strength at 28-day curing with the results of the 56-day curing at
each percent replacement, differences in compressive was 13.13%, 20.02%, 30.30% and 29.38% with 0%, 10%,
20% and 30% replacement, respectively.

Longer period of curing gives noticeable enhancement to the strength of concrete because of the pozzolanic
reactivity of rice ash. Because pozzolanic reaction takes time to be completed, longer period allows more reaction
between C-H and amorphous silicate from rice ash to take place.
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4.2. Chloride penetration test
Chloride penetration was determined by using colorimetric method by applying AgNO3 solution onto concrete

samples. The violet region indicated the depth of penetration of chloride, while the brown and white regions
indicated that there were no signs of chloride attack as shown in Fig. 4.
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Fig. 4. Measuring chloride penetration depth

Based on the Table 2, 0% replacement of rice ash in type IP cement had the highest average value for depth of
penetrating chloride. It means that incorporation of rice ash lessen the diffusion of chloride ion inside the concrete
and prevent it from reaching the reinforcing steel. This is attributed to the additional cement gel (C-S-H) produced
by rice ash. This gel helps to reduce the voids and blocks capillary inside the concrete making it less permeable to
chloride and other chemical attack [2]. However, after 10% replacement of rice ash, the chloride depth with 12.8
mm was increased to 17.71 mm and 17.77 mm at 20% and 30% replacement of rice ash, respectively. This is
because cement was reduced and the C-H produced during hydration is not enough to react with the available silica
from rice ash thus leaving no chemical reaction.

Table 2. Depth of Chloride Penetration

Chloride Penetration Depth (mm)

Specimen Average
1 2 3 4 5 6 7 8

CP-0%-1 25.85 21.25 22.41 13.22 17.97 30.49 24.34 26.41 22.74

CP-0%-2 31.12 15.34 20.32 14.42 14.97 10.65 15.34 10.27 16.55 19.64
CP-0%-3 16.65 16.5 15.24 17.56 31.78 16.19 2451 18.44 19.61

CP-10%-1 18.43 14.12 10.95 145 16.68 10.29 16.92 15.76 14.71

CP-10%-2 12.06 9.18 9.6 12.37 14.02 13.58 8.66 11.36 11.35 12.8
CP-10%-3 11.84 18.09 12.67 11.17 9.2 16.6 11.43 7.79 12.35

CP-20%-1 16.25 17.94 18.43 18.38 17.71 18.57 16.27 18.73 17.79

CP-20%-2 19.14 20.01 17.42 12.6 19.64 18.51 16.18 17.8 17.66 17.71
CP-20%-3 21.88 17.9 185 18.78 17.29 14.17 16.89 16.07 17.69

CP-30%-1 13.75 16.28 19.46 14.36 16.54 19.13 22.37 18.06 17.49

CP-30%-2 16.83 17.33 16.19 18.92 18.22 19.22 24.38 21.15 19.03 17.77
CP-30%-3 17.08 15.39 15.4 13.06 18.35 21.54 17.4 15.96 16.77

At 0% replacement of rice ash, the depth of chloride ingress significantly decreased by 34.76% at 10%
replacement, 9.76% at 20% replacement and 9.52% at 30% replacement of rice ash as shown in Fig. 5.
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5. Conclusions
The following conclusions were drawn based on the objectives of the study:

e The 10% replacement of rice ash in type IP cement is the most effective percent replacement for 28 days of
curing while 20% replacement becomes the optimum percent replacement after 56 days of curing. Declination of
compressive strength after 10% replacement shows that too much silica present in the mixture and the quantity
C-H produced after hydration of cement were no longer enough to react with silica of rice ash to produce C-S-H.

o The results indicated that a concrete with 10% replacement of rice ash in type IP cement had the least chloride
penetration. Furthermore, results of tests with 20% and 30% replacement of rice ash give lower value of
penetrating chloride than concrete without rice ash. It can therefore be concluded that concrete with rice ash
reduced the permeability of concrete.

o The test result showed that concrete cured after 56-days of curing gives a much higher strength as compared to
specimens tested after 28 days of curing. Longer period of curing improved the compressive strength of concrete.

6. Recommendations

It is presented in the results of data that 10% replacement of rice ash in type IP cement obtains the highest
compressive strength and chloride penetration resistance among all percent replacement. It is recommended to
investigate other properties such as spilt tensile and flexural test.

Due to limited time, the salt ponding test was performed only for a short period of time. Therefore, it is
recommended to perform this test for about 90 days or longer to evaluate more the resistance of concrete to chloride
attacks. Alternatively, other test for chloride penetration like Electrical Indication of Concrete’s Ability to Resist
Chloride lon Penetration or known as Rapid Chloride Permeability Test (ASTM C1202) can be conducted.
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Abstract

Designing concrete structures for a very long service life may have considerable economic and societal benefits including
minimized material consumption over the long term, thus contribute to more sustainable solutions. However, such long service
lives require determination and extrapolation of environmental loadings and material durability performance over a long period,
as well as reliable and operational models for service life predictions. Codes and standards give deem-to-satisfied
recommendations for intended working (service) life up to about 100 years. However, if higher working lives of 200 and 300
years are specified, as for monumental buildings, bridges and other important infrastructures, more in-depth service life
predictions are required. This paper focuses on durability and service life predictions for reinforced concrete structures for
working (service) life requirements above 100 years.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Despite the fact that almost all current concrete structural design codes and standards make no allowance for the
effects of deterioration during the life of the structure, premature deterioration of concrete buildings and
infrastructure due to corrosion of reinforcement is still a severe challenge, both technically and economically.
Moreover, repair-work on the public transportation infrastructure are causing significant inconveniences and delays
for both the industry and the general public, and are now recognized as a substantial cost for the society.
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The provisions within codes of practice for concrete structural design and the associated materials standards are
typical given in tabulated form relating the provision of resistance (e.g. cement type and quality, maximum
water/binder ratio, depth of cover, concrete grade, minimum air content, type of curing, control of early cracking,
crack width limitation) to the aggressivity of the environment and the length of the design service life.

In general, Eurocode 2 for concrete structures, an a priori assumption is made that 50-year service life will be
achieved for structures designed in accordance with the given requirements and provisions. Other national codes and
regulations may adopt higher service lives, like in the Norwegian annex to Eurocode 2 [1]; specifying minimum
concrete covers for design lives of both 50 and 100 years.

For some important long-life infrastructures and monumental buildings, target service life of 200 and 300 years,
or even more, may be specified. Service life modelling, or chloride ingress modelling, based on Fick’s second law of
diffusion is becoming the common tool for performance-based specifications of such concrete structures.

An interesting long-life infrastructure in this respect is the design and construction of the Second Gateway Bridge
in Australia with a service life requirement of 300 years [2]. Chloride induces corrosion was of particular concern
for the durability of the main pier pile caps. These elements were designed with a concrete cover to the ordinary
black steel of 150 mm. To control surface cracking of such large cover depth, a mat of LDX 2101 stainless steel
reinforcement was specified and places at a distance of 75 mm from the exposed concrete surface. A ternary blend
concrete consisting of 30 % fly ash (FA) and 21 % blast furnace slag (BFS) with a water/binder ratio of 0.32 was
used in these elements in order to improve concrete durability properties substantially.

Other examples of long service life requirements are the design and construction of concrete foundations for
some major residential areas located at the sea front in Norway. In one of those construction projects, the client has
specified a target service life (design service life) of 200 years. To meet this design life requirement, a cover of 100
mm to ordinary black steel was specified together with a ternary blend concrete with 6 — 20% FA and 4 % silica
fume (SF).

In the above construction projects, the concrete cover specifications were verified through probabilistic service
life calculations based on Fick’s second law of diffusion. Based on the cover specifications, a conclusion could have
been drawn that a cover depth of 100 mm is needed for 200 year design life, whereas 150 mm cover is needed for
achieving 300 years. However, this is not the case. This paper discusses the uncertainties associated with the service
life model and how the output of the probabilistic model is applied for the prediction and specification of cover
depths in the two construction projects

It is worth mentioning that in both projects the service life design included an addition safety margin as electrical
continuity was specified for reinforcement in the most aggressive environment, to enable future cathodic protection
to be installed.

2. Chloride induced corrosion - Service life modelling

Service life of reinforced concrete is often divided into two distinct time periods — the initiation period and the
propagation period, respectively. The initiation period is the time when chlorides penetrate through the concrete
towards the reinforcement, with negligible concrete deterioration. The propagation period is the time after corrosion
initiation of the reinforcement, including concrete cracking, delamination and reduced reinforcement area.

In the design of new structures, the end of service life is often defined at the time when the chloride content at the
surface of the reinforcement has exceeded a critical level resulting in depassivation and corrosion initiation of the
reinforcement. This critical chloride content, or chloride threshold level, becomes therefore a key parameter in the
prediction of the design service life.

For estimation of residual service life and capacity, the corrosion process of the reinforcement (i.e. the
propagation period) is important. However, to the authors’ knowledge, such operational service life models are
lacking.

2.1. Initiation period — chloride ingress

The chloride ingress is commonly modelled by Fick’s 2nd law of diffusion, [3], assuming all transport of chloride
ions in an un-cracked concrete medium will occur by ionic diffusion. The chloride concentration at depth x at time t
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may then be calculated according to equation 1. The time dependency of the diffusion coefficient is further modelled
according to equation 2.

X
C(x,t)=C, +(C,-C,)-erfc| — ——— 1
(60 =Cy+(Cy=C)-erfe o @
D, (1) = D[ttj @
where:

C(x,t): chloride concentration at depth x at time t

Co: chloride concentration on the exposed concrete surface

Ci: initial chloride concentration in the concrete

t: exposure time

X: cover depth

erfc: the error function complement

Di(t):  time dependent apparent (average) chloride diffusion coefficient at time t
Do: chloride diffusion coefficient at the age to.

o age factor

to: time at exposure

The chloride diffusion coefficient will typically decrease as time passes since the capillary pore system will be
altered as hydration products continue to form. Further, some chloride ions will become chemically or physically
bound as they penetrate the pore system. Other pore blocking mechanisms may also take place in the transition zone
between concrete and seawater.

The age factor in equation 2 is modelling how fast the diffusion coefficient is improved over time. Several
investigations have been conducted worldwide to stipulate the age factor, o, and many different values may be
found in the literature. However, most of the values are based on concrete specimens at relative short exposure
periods and from different marine structures with different concrete compositions and under varying exposure
conditions.

One of very few systematic long term field investigations suitable for determine reliable data for this ageing
effect for relevant concrete recipes are those presented in [4,5] on concrete samples exposed to marine environment
in Norway. The main observation from the Norwegian marine field studies was that both the calculated surface
chloride concentration Cp and the apparent chloride diffusion coefficient D, are time dependent variables and seem
to reach a constant value after about 10-15 years of exposure, as illustrated in Figs. 1 and 2. These studies include
concrete recipes with CEM 1 and fly ash content varying from zero to 20 % by weight of cement, and one series of
ternary blend concrete with 4 % silica fume (SF) and 20 % fly ash (FA). The water binder ratio was in the order of
0.40 for all concrete samples. Results from the concrete samples tested in the tidal/splash zone are presented in
Table 1. As can be seen, the ternary blend concrete with ordinary Portland cement (OPC), 20 % FA and 4 % SF
obtained the lowest diffusion coefficient at early age as well as in the long term.

Table 1. Age factors derived from field measurements on concrete samples over 9 years of marine exposure in the tidal zone. Corresponding
diffusion coefficients calculated for 28 days of exposure for different blends of concrete, data from [4].

. Age factor Calculated diffusion coefficient (m?/s)
Type of binders: L
Mean value Variation (%) Value at 28 days
Ordinary Portland cement (OPC) 0.19 16 7.9.1012
OPC with 10-20 % silica fume (SF) 0.43 13 7.2.1012
OPC with 10- 20% fly ash (FA) 0.40 10 8.7.102

OPC with 4% SF and 20 % FA 0.46 17 41.10%2
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2.2. Chloride threshold level — corrosion initiation

When the chloride threshold level is exceeded in a certain small area (pit) on the reinforcement surface,
depassivation occurs and corrosion initiation may start. The corrosion in localized small surface pits continues to
grow into and along the reinforcing bars. As this corrosion process is of stochastic nature both in its probability of
occurrence and in its geometrical distribution and spatial variation, it is necessary to express the threshold value in
statistical terms [6-10].

Reliable data for the chloride threshold level are lacking, especially from field exposure of existing structures.
Thus, conservative values as often used in service life calculations. In fib “Model Code for Service Life Design” [6],
a beta distribution with a mean value of 0.60 by weight of cement is suggested. However, higher mean values have
been found by Izquierdo et al [10] based on laboratory tests and by Markeset [7] on a real structure. The model
proposed by Markeset [7] is based on corrosion senor measurements on a marine structure in Norway and
represented by a lognormal distribution with a mean value for critical chloride content of 0.77 % by weight of
cement (or 0.12 % by weight of concrete) and a coefficient of variation of 32%, see Fig. 3.
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3. Probabilistic service life calculations

In the service life calculations, the input parameters in equation 1 and 2 should be considered as stochastic
variables characterized by the distribution type, the mean value and the coefficient of variation (COV). The end of
service life is defined as the time to onset of corrosion and the limit state function, Gy, is defined as the difference
between the critical chloride concentration, C,,, and the calculated chloride concentration, C(x: , at the
reinforcement:

Gy = Cor = Cixpy 3

where X is a vector of the statistical parameters as diffusion coefficient, surface chloride concentration, concrete
cover, etc.

Introducing onset of corrosion as a failure criterion indicates that this criterion must be dealt with as a
Serviceability Limit State (SLS). This means that “failure” only leads to economic consequences and that the effect
of deterioration will be observable long before risk of collapse is reached. Treating this as a SLS criterion, the
acceptance criterion for corrosion initiation may be set as high as 10 % probability (i.e. reliability index = 1.28).

3.1. 300 year service life: Pile caps of Second Gateway Bridge

Probabilistic service life calculations are performed for the pile caps of the Second Gateway Bridge in Australia
based on the model input parameters given in [2] and summarized in Table 2. Two sets of simulations are
conducted; Model 1 with a diffusion coefficient of 2.0-10"?m?/s and age factor «.=0.56, and Model 2 with a constant
diffusion coefficient of 1.1.10'® m?s estimated in [2] as the constant value after 30 years of exposure (i.e. o = 0).
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Table 2. Input data for the probabilistic time to corrosion initiation predictions, input data from [2].

Coefficient of

Variables: Mean values variation (COV) Distributions
Depth of cover (mm): 150 20 % Normal
Diffusion coefficient, Do (m?/s):
Model 1:Dy (for o = 0.56) 2.0-1012 25% Lognormal
Model 2: Dy (for o = 0) 1.1-10% 25 % Lognormal
Surface chloride content Cs (% by weight of concrete): 0.65 20 % Normal
Age factors o
Model 1 0.56 25% Normal
Model 2 0
Critical chloride content (% by weight of concrete): 0.06 25% Lognormal
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Fig. 4. Probability of corrosion initiation for 150 mm cover depth based on input data given in Table 2.

The probability of corrosion initiation versus service life for the ternary concrete mix and 150 mm depth of cover
to the ordinary steel in the pile caps are shown in Fig. 4. As seen, a very low probability of corrosion initiation,
about 1 % (B = 2.32), is obtained for the specified cover of 150 mm. If a probability of 10 % ( = 1.28) of corrosion
initiation is applied, a service life above 500 years may be obtained. The two diffusion models (Model 1 and Model
2) gave about the same result for 300 year of service life.

3.2. 200 year service life: Foundation for residential area at sea front

The original calculations leading to the specification of the 100 mm cover depth to ordinary steel, was based on
probabilistic calculations using a model denoted “Cover specification model”. The statistical input parameters for
this model was developed by calibration towards the cover depth provisions given in the Norwegian annex to
Eurocode 2 [1] and the recommendation in [11] for 50- and 100-year design life, respectively. For these cover
specification calculations, an acceptance criterion for corrosion initiation of 10 % was applied. The modelling and
the statistical parameters are further described in [11].

In this paper the effect of applying the specified ternary blend concrete (20 % fly ash and 4 % silica fume), with
the diffusion parameters according to Table 1, as well as applying the statistical distribution for the chloride
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threshold given in Fig. 3 [7], has also been studied. The statistical input parameters applied in the probabilistic
calculations for all three variations are listed in Table 3.

The probabilistic calculations for the concrete foundation are presented in Fig. 5. The cover specification model
calibrated to the Norwegian annex [1] with 10% probability of corrosion initiation corresponds to a cover depth of
100 mm for the target service life of 200 years. By modelling the ternary blend concrete and applying the statistical
distribution for threshold level according to Fig. 3, somewhat lower concrete cover, about 80 mm, is found from the
probabilistic analysis for 10 % probability of corrosion initiation.

Table 3. Statistical input parameters for the cover depth predictions for target service life of 200 years.

Cover specification Ternary blend Ternary blend
model model 1 model 2
Variables: Mean values / Mean values / Mean values / Distributions
cov cov Ccov
Design Service life (years) 200 200 200
Diffusion coefficient, Do (m?/s): 7.0-10%% 40 % 4.1-10"% 28 % 4.1-10"% 28 % Lognormal
Age factor a: 0.50/15% 0.46 /17 % 0.46 /17 % Normal
Surface chloride concentration C, (% by 0.63/48 % 0.63/48% 0.63/48 % Normal
weight of concrete)
Critical chloride content (% by weight of
concrete) o
Constant threshold 0.10 0.10 - Deterministic
Statistical threshold - - 0.115/32 % Lognormal
1
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Fig. 5. Probability of corrosion initiation for target service life of 200 years based on input data given in Table 3.

4, Conclusions

The chloride ingress model according to Fick’s second law of diffusion is a pure empirical formula verified
through test data over the last 20 years. In particular, the modelling of the time dependent diffusion including the age
factor has a major impact on the service life prediction. The critical chloride content (chloride threshold) defining the
corrosion initiation is another parameter that influences the results significantly. There is a need for more statistical
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data for all the model parameters. However, provided good and reliable input parameters the probabilistic approach
of service life calculations may be a good decision tool for cover specification for very long service life.

It should also be kept in mind that the model is only applicable for un-cracked concrete. Using very low water
binder ratio, i.e. less than 0.4, in order to decrease the chloride diffusion coefficient, the concrete becomes more
prone to cracking and may thus give increased chloride ingress.

The two construction projects studied have applied different approaches to the probabilistic calculations of Fick’s
second law of diffusion as a decision tool for cover specification. Although the statistical input parameters are not
identical, the main difference is the definition of end of service life through the actually chosen probability level at
corrosion initiation.
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Abstract

Reinforced concrete structures exposed to the acidic environment, such as acidic soil, agricultural building, industrial acid, are
unavoidable in practice. Structures and infrastructures in acidic environment are usually have durability problems related to
degradation of concrete cover and corrosion of steel reinforcement. Acidic soil such as peat, contains organic humic acids that
can retard cement hydration process, and potentially reduce the concrete integrity after continuous exposed to the environment.
This research is aimed to investigate concrete degradation when subjected to peat water by direct field exposure in water canal.
The specimens were made from Ordinary Portland Cement (OPC), Portland Composite Cement (PCC) and OPC replaced with
10% (by cement weight) Palm Oil Fuel Ash (OPC POFA). Those plain and blended cement specimens were cast and cured in
water pond in laboratory, then immersed in peat water canal up to 120 days. Compressive strength, tensile strength and porosity
of specimens were measured at 28, 91 and 120 days. After 120 days of immersion, compressive and tensile strength reduction,
and porosity increase were seen for the OPC specimens. The PCC and OPC POFA specimens performed a gradual increase in
both compressive and tensile strength, and reduction of porosity with the exposure period. The results indicated that cement type
had significant effect on concrete properties exposed to the peat water directly. The test results showed that the PCC samples are
more chemically resistant to acid attack in peat water, followed by the OPC POFA samples and finally the OPC samples after
subjected to acidic peat water canal.
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1. Introduction

Concrete in aggressive environment, such as acid is usually prone early degradation due to harmful ions attack on
cement matrix. This is due to calcium binding by the acid ions in the cement matrix that lead to deterioration of
concrete. Previous studies confirmed that the acidic resistance of concrete is determined by type, cement
composition, pH, aggregate type, and inclusion of pozzolanic materials in cement mixture [1, 2]. There are several
methods to improve the concrete properties in aggressive environment such as reducing water to cement ratio, using
high performance coatings, using water reducing admixture, improving compaction, producing special mortars,
controling curing and incorporating pozzolan in the cement. Inclusion of pozzolanic materials such as slag, fly ash
(FA), rice husk ash, and palm oil ash (POFA) as cement replacement in concrete was reported beneficial to improve
the acid resistance of cement at late curing ages by forming CSH through pozzolanic reaction to reduce porosity,
refine microstructure and enhance the mechanical properties [3-6].

The effect of acid attack to reinforced concrete structures and infrastructures in peat environment, such as
concrete pipes, waterways, foundation piles that are exposed directly to the peat water has recently been of concern
due to possible premature reduction of the structures service life. Peat is characterized by its high water and organic
matter content from decomposition plants in water logged areas for a very long time. The organic content contains
acids that has low pH (3-5). Concrete in that environment usually is vulnerable to acid attack since the pH of
medium is extremely acidic and can lead to premature deterioration of concrete, reduction of structural integrity, and
high cost for maintenance and repair [7].

Many studies about interaction between cement and humic acid in peat soil were conducted in the last few
decades to determine suitable materials for peat soil stabilization. A study about peat stabilization using cement has
reported that the organic peat acid could disturb the cement hydration process and delay any strength gain of the
stabilized ground [8]. Another study explained that the reaction between cement and water in peat will still produce
portlandite or Ca(OH), and Calcium Silicate Hydrate (CSH) gels at slower rate than normal cement hydration
process. This is because the reaction between the humic acids in peat with portlandite or Ca(OH), in cement matrix
forming insoluble products which precipitate out the clay particles. The insoluble products will delay the cement
early strength gain, and inhibit the subsequent pozzolanic reactions [9]. This condition reflects on how the humic
acid will attack the concrete hydration product for cast in situ concrete. There were two studies about the impact of
peat water acidity in mortar and concrete exposed directly to peat water in laboratory condition [10, 11]. In those
research, the plain and blended cements were immersed in water from peat swamp. Those initial studies have
concluded that the specimens made using blended cements performed better resistance to the peat water than the
OPC (Ordinary Portland Cement) control specimens. However, concrete properties that is exposed directly to the
peat water has never been reported yet. This research is aimed to study to study the compressive strength, tensile
strength, and porosity of the specimens made from plain (OPC) and blended cements (PCC and OPC POFA) binders
that were directly exposed to the acidic peat water canal.

2. Materials and Method

In this study, the concrete specimens were manufactured using a plain cement (Ordinary Portland Cement-OPC),
and blended cements, namely (Portland Composite Cement-PCC) and OPC-Palm Oil Fuel Ash (OPC POFA),
aggregates and water. Fine aggregates were river sand with specific gravity of 2.69, fineness modulus of 1.90, and
water absorption of 2.24%. Coarse aggregates had specific gravity of 2.72 and water absorption of 2.64%. The type
I OPC was used as a control mix, while the PCC is a new type of cement produced to replace the type | cement
commercially. The OPC POFA concrete consisted of 10% POFA by cement weight. The palm oil ash was taken
from a local incinerator. The ash was dried and sieved using sieve #200. The chemical composition of OPC, PCC
and POFA are summarised in Table 1.

The physical and chemical composition of the peat water from Rimbo Panjang, Riau Province are listed in Table
2. The analyzed parameters were color, turbidity, organic content, alkalinity, sulfate and chloride ions, and organic
impurities (manganese and iron). From the table, it could be seen that some basic properties of peat water, except
manganese, sulfate and chloride ions, were not within tolerable limits of drinking water. Peat water had pH of 3.85,
which was acidic than the required pH for drinking water (6.5-8.5). The organic content of peat water was 328
mg/L. This value was considerably higher than the permissible organic content for drinking water. It was reported
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that high organic material content is able to disrupt OPC cement hydration process in peat soil stabilization [8].

Table 1. Chemical composition of cement and palm oil fuel ash (POFA)

Type of cement/waste

Ordinary Portland

Oxides (%) Cement/ Portland Composite Cement/ Palm Oil Fuel Ash
PG pCC* POFA**
SiO, 20.92 23.04 64.36
Al,O3 5.49 7.40 4.36
Fe,0; 3.78 3.36 341
MgO - - 4.58
CaO 65.21 57.38 7.92
Na,O - - 0.00
K,0O - - 5.57
TiO, - - 0.87
MnO - - 0.1
P20s - - 3.64
SO; - - 0.04
Cu (ppm) - - 46
Zn (ppm) - - 60
H.O - - 0.59
LOI - 4.97

*Salain (2009), **PSD Geologi Bandung

Table 2. Physical and chemical composition of peat water

Drinking water

Parameters Unit S Results**
qualities*
Color TCU 15 500
Turbidity NTU 5 99.7
pH value - 6.5-8.5 3.85
Organic content mg/L 10 328
Alkalinity mg/L 400 53
Iron (Fe) mg/L 0.3 0.8
Manganese (Mn) mg/L <0.0248 0.1
Sulfate (SO,%) mg/L 400 34
Chloride (Cl) mg/L 250 31

Source: *[12], **UPT Laboratorium Kesehatan dan Lingkungan Pekanbaru (2015)

Table 3. Mixture composition of OPC, PCC, and OPC-POFA

Mixes OPC PCC OPC POFA
Cement (kg/m®) 507.895 507.895 457.105
Coarse aggregate (kg/m®) 987.425 987.425 987.425
Fine aggregate (kg/m®) 684.138 684.138 684.138
Water (kg/m?) 194.780 194.780 194.780
Palm oil fuel ash- POFA (kg/m®) - - 50.789

The concrete specimens were designed to have a target strength of £35 MPa and slump values of £80mm. Table
3 shows the mixture composition for all type of concrete. The samples were cast in 100x200mm mould and cured in
water for 28 days. The specimens then were placed in acidic peat water canal, Rimbo Panjang Regency, Riau
Province up to 120 days until testing date. Compressive and tensile strength was determined at 28, 91 and 120 days
in compliance with SNI 03-1973-1990 and SNI 03-2491-2002. Porosity values was measured at 28, 91 and 150 days
after immersed in the water canal. The water canal has 5m width and approximately 1.0-1.50m depth. The pH of the
water canal at the age of concrete testing is shown in Table 4. The acidity of the water canal varied between 3.63 to
4.14. The pH values depend on the weather and seasons in Rimbo Panjang Regency, since the concrete exposure
was carried out during transition between dry and rainy seasons.
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Table 4. pH of peat water canal during testing time

Testing date pH
age 28 3.6+0.03
age 91 4.3+0.06

age 120 4.1+0.04

3. Results and Discussion
3.1. Compressive strength

Fig. 1 shows compressive strength for the specimens in peat water canal after 28, 91 and 120 days of exposures.
At 28 days, the compressive strength of the concrete was in the range 33.95-35.23 MPa. All mixes approximately
achieved a target strength of +35 MPa, which was designed for rigid pavement concrete in peat environment. It can
be seen that the compressive strength of the plain cement concrete (OPC) or control mix decreased gradually with
concrete age. A loss in compressive strength of OPC continued until 120 days. The strength reduction for the OPC
concrete was 3.77% and 10.33% at 91 and 120 days, respectively. The presence of high CaO content in this mix
made the OPC concrete susceptible to acid attack. Acid ions will attack Ca(OH); and hydration product in OPC,
decompose the hydration product, and increase the porosity that followed by reduction of mechanical properties of
the concrete [13]. In contrast, an increase in compressive strength was observed for the blended cement concrete
specimens (OPC POFA and PCC) after 28 days. Both mixes had significant strength gain by 5.33% and 2.90% after
28 days, respectively, but a slow strength gain was observed after 91 days. Since OPC POFA concrete contains 10%
of POFA, the amount of Ca(OH), was smaller than that of the OPC specimen, therefore acid ion attack could be
reduced. Besides, pozzolanic materials such as POFA, slag, fly ash in the blended cements rich in SiO, that react
with Ca(OH); to form Calcium Silicate Hydrate (CSH) to increase densification of the cement matrix. In this
research, the effect of pozzolan in OPC POFA and PCC specimens was observed from the slow gradual strength
gain for both concrete after 28 days. Hence, addition of pozzolanic materials in blended cement could significantly
improved the acid resistance of concrete exposed directly to peat water.
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Fig. 1. Variation of compressive strength of specimens after exposed to peat water up to 120 days.
3.2. Tensile strength

Fig. 2 displays the splitting tensile strength of OPC, OPC POFA and PCC at 28, 91 and 120 days. The tensile
strength for all concrete at 28 days was in a range of 2.74-2.81 MPa. The highest level of tensile strength was shown
by the blended cement PCC at 120 days, while the plain OPC concrete showed the lowest value. Mix OPC lost a
tensile strength after 28 days and following a similar trend for the compressive strength. The gradual decrease in
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tensile strength of OPC concrete by 2.58% and 8.17% were observed at 91 days and 120 days, respectively. It was
suggested that reduction of the tensile strength was assumed from destruction of bonding at the interface of the OPC
matrix and aggregates. In reverse, mixes OPC POFA and PCC gained a considerable tensile strength after 91 days
by 6.95% and 11.90%, respectively. The bonding between the aggregates and cement matrix was high since the
pozzolanic product (CSH gels) improve the concrete microstructure, especially in weak region Interfacial Transition
Zone (ITZ). The ITZ is responsible for microstructure improvement that yield better concrete elastic properties. This
is in agreement with a previous study which found that mixes using pozzolanic materials (slag) tend to produce a
better bonding between the aggregates and cement matrix due to uniform mictrostructure [14]. In this research,
inclusion of pozzolan material through OPC POFA and PCC could enhance better properties and resistance to humic
acid in peat water.
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Fig. 2. Variation of tensile strength of specimens after exposed to peat water up to 120 days.

3.3. Porosity

The porosity of OPC, OPC POFA and PCC specimens at 28, 91 and 120 days is presented in Fig. 3. The porosity
values of all concrete were in the range of 8.79 to 12.52% at 28 days. It can be seen that the porosity of OPC
concrete increase gradually by 2.62% and 5.38% at 91 and 120 days, respectively. This clearly shows the acid attack
has an influence on the porosity of the plain cement (OPC). An increase in porosity of the OPC concrete under
continuous immersion in water canal might be due to the microstructure alteration after CaO and hydration product
were decomposed by the acid ion. There was a reverse trend of the blended cement concrete with a considerable
decrease of porosity after 91 days. The porosity of OPC POFA and PCC decreased by 24.39% and 15.81%,
respectively. The positive improvement could be due to continuous hydration and pozzolanic reaction of the
specimens after being subjected in the peat water canal. This clearly shows that the pore development of concrete in
peat water canal immersion is more affected by cement composition such as inclusion of pozzolanic material in
blended cement.

In general, the field exposure of the plain and blended cement concrete shows that the PCC concrete performed
better than the OPC POFA and OPC concretes in the acidic peat environment. After 120 days of exposure to the
peat water in water canal, the performance of materials tested ranked in the following order PCC > PC POFA >
OPC. PCC cement contains pozzolanic materials (slag, fly ash and silica fume) that provides good chemical
resistance against organic acid such as humic acid and will retain the structure for a long period. This is because the
chemically resistant particles will be less dissolved and prevent the increase of porosity in cement matrix when it is
exposed to the acidic environment. Hence, it is suggested to use blended cement binder for structures in peat

environment to reduce acid ion attack to cement matrix and to improve the concrete porosity through pozzolanic
reaction.
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Fig. 3. Variation of porosity of specimens after exposed to peat water up to 120 days.
4. Conclusions

In the present study, the OPC, OPC POFA and PCC concrete properties exposed to peat water were evaluated by
immersing the specimens in peat water canal for up to 120 days. The OPC specimens showed quite significant
deterioration with a gradual decrease in compressive and tensile strength and an increase of porosity of the plain
OPC concrete specimens after subjected to the acidic peat water up to 120 days. The blended cement OPC POFA
and PCC concrete showed improved performance than the control mix (OPC) after immersion. This is could be due
to the pozzolanic material inclusion in the blended cement that could enhance hydration process, increase strength
properties and improve microstructure through Calcium Silicate Hydrate (CSH) formation. In general, results
indicated that cement type had significant effect on concrete properties exposed to the peat water directly. The test
results showed that the PCC samples are more chemically resistant to acid attack in peat water, followed by the OPC
POFA samples and finally the OPC samples after subjected to acidic peat water canal.
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Abstract

The research project aimed to explore the feasibility of activating fly-ash based geopolymer by the hybridization of fly-ash (FA)
with high calcium wood ash (HCWA), a by-product from timber manufacturing industry, without the addition of conventional
alkaline activators and post heat treatment curing regime. The raw materials namely FA and HCWA were characterized in term
of their chemical and mineralogical phases by X-ray diffraction (XRD) and X-ray fluorescence (XRF). FA was substituted by
HCWA at high replacement level of 50% to 100% at 10% incremental, by binder weight. Hardened geopolymer mortars samples
were subjected to water curing and tested on the age of 7, 28 and 7 days + 24 hours hydrothermal treatment. Mechanical
performance of the geopolymer mortars were assessed in term of compressive, flexural strength, ultrasonic pulse velocity (UPV)
and dynamic modulus. Durability properties namely water absorption, vacuum porosity and capillary absorption were also
investigated. Results were positive on the viability of hybridizing FA with HCWA to produce novel self-activating geopolymer
mortars as mixtures with PFA replacement level of 50% and 60% showed enhanced mechanical and durability performance at all
curing ages in comparison with other HCWA-PFA geopolymer mortar mixtures. Early strength development of HCWA-PFA
geopolymer mortars was mainly contributed by the combination of hydraulic reaction of HCWA and geopolymerization of FA.
On prolonged curing, strength development was due to the aforementioned reactions, plus pozzolanic reaction between the
reactive silica from FA and portlandite formed from HCWA, producing additional secondary C-S-H gels. This experimental
program showed positive findings in incorporating highly alkaline materials i.e. HCWA (12% K,O) towards activating FA based
geopolymers, thus eliminating the needs of external alkaline activator in conventional geopolymers mix design.
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1. Introduction

Research in the field of geopolymer technology has gathered pace in the past decades owing to the environmental
impact of Ordinary Portland Cement (OPC) production which raised concern amongst the practitioners regarding the
sustainability of construction industry [1]. Various source materials have been employed with success such as
pulverized fuel ash (PFA) or more commonly known as fly ash, ground granulated blast furnace slag (GGBS), rice
husk as (RHA), palm oil fuel ash (POFA) etc in which the resultant geopolymer mixes exhibited similar or enhanced
mechanical and durability performance if compared with OPC concrete [2-5]. However, the transition of geopolymer
technology into mass production has not been successful. One of the major drawback of geopolymer system is the
over reliance of alkaline activator in order to achieves the desired mechanical and durability performance [6]. The
most common alkaline activator used is the synergy mixes of sodium hydroxide (NaOH) and sodium silicate
(Na,SiOs). The dosage of alkaline activators (NaOH + Na,SiO3) in conventional geopolymer mix design ranged
from 0.30-0.50 [7, 8] and moreover conventional geopolymeric system most often requires elevated temperature
curing ranging from 60-90 °C [9, 10]. The two aforementioned factors have raised doubt on the practicability of
geopolymer technology for industrial implementation as it significantly increased the effective cost and also the
embodied energy of production of the resultant geopolymer mixes. Current laboratory investigation aims to tackle
the aforementioned challenges by incorporating timber manufacturing waste material i.e. high calcium wood ash
(HCWA) into fly ash based geopolymer mortar at high PFA replacement level i.e. > 50% of total binder mass
without the need of alkaline activators and elevated curing temperature.

2. Materials and methods
2.1 Materials

ASTM Class F PFA was sourced from local coal-fired power plant in Manjung, Perak, Malaysia. The specific
gravity and specific surface area of PFA were determined to be 2.8 and 3244 cm?/g, respectively.

High Calcium Wood Ash (HCWA) is a by-product from local timber manufacturing industry which utilized
wood-waste such as saw dust, woodchips etc in the boiler unit to generate energy for wood drying purposes. Freshly
extracted HCWA was sieved through laboratory sieve of 600um to remove carbonaceous and large agglomerated
particles before being used as constituent materials in the geopolymer mortars fabrication. HCWA was found to
have specific gravity of 2.43 and specific surface area of 5671 cm?/g. The detailed chemical composition
characterization of PFA and HCWA can be found in author’s previous publication [11, 12].

Locally available natural siliceous river sand with specific gravity of 2.65 and maximum aggregate size of 5mm
was used as fine aggregate throughout the laboratory investigation. Potable water from local water supply network
was used as mixing water.

2.2 Methods
2.2.1 Mixture proportioning, mixing and curing

In the experimental program, PFA was replaced by HCWA at 50-100% by binder weight, at 10% step
incremental. The sand to binder ratio was held constant at 2.25 throughout the program. The workability of the fresh
geopolymer mortars was controlled at between 120-150mm for adequate compaction using the flow table apparatus,
thus the water to binder ratio for each mixes varied. The mixture proportioning of HCWA-PFA geopolymer mortars
were shown in Table 1.

HCWA-PFA geopolymer mortar mixes were homogenized using epicyclic mixer. The freshly casted mortar
samples were left to cured in ambient temperature curing condition i.e. 26°C and 85% RH for 24 h before being
subjected to water curing until the designated testing ages. All the hardened HCWA-PFA geopolymer mortar
samples were tested at the age of 7, 28 and 7 + 24 h hydrothermal treatment.
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Table 1. Mixture propprtioninq of HCWA-PFA geopolymer mortars.
Batch Designation  HCWA (kg/m®) PFA (kg/m) Sand (kg/m®) Water (kg/m®) wib Flow (mm)

WAS0FA50 322 322 1449 219 0.34 145
WAGBOFA40 386 258 1449 238 0.37 140
WA70FA30 451 193 1449 245 0.38 140
WAB0FA20 515 129 1449 258 0.4 140
WA90FA10 580 64 1449 271 0.42 140
WAL00FAO 644 0 1449 271 0.42 145

2.2.2 Mechanical and durability tests

The mechanical performance of the hardened HCWA-PFA geopolymer mortars was assessed in terms of
compressive, flexural, ultrasonic pulse velocity (UPV) and dynamic modulus. Compressive and flexural strength
assessment was done in accordance to the testing methods prescribed in BS EN 196-1 and the reported results were
based on the average of three representative samples. UPV values of the hardened samples were determined using
an electrical pulse generator which measured the propagation velocities of a transmitted ultrasonic pulse and the
testing procedure was done in accordance to BS EN 12504-4. Dynamic modulus of the hardened sample was
measured by application of non-destructive stress in the longitudinal mode of vibration on the 100 x 100 mm end
face of a prism with a path length of 500 mm is done in accordance to the methods prescribed in ASTM C 215.

Three testing parameters were employed to assess the durability performance of HCWA-PFA geopolymer
mortars namely water absorption, total porosity and capillary absorption tests. Water absorption test was done based
on the testing procedure prescribed in BS 1881-122 while vacuum saturation method recommended by RILEM was
employed to measure the total porosity of the hardened mortar samples. Finally, the pore size distribution of the
mortar sample was determined using the capillary absorption method prescribed in French Standard NF P 18354.

3. Results and discussions
3.1 Mechanical properties
3.1.1 Compressive strength

Fig. 1 showed the compressive strength development of HCWA-PFA geopolymer mortars at various curing
ages. It can be seen that upon 60% of HCWA replacement level, the compressive strength generally decreased with
the increase in HCWA content. During early age of curing i.e. 7 days, strength development of HCWA-PFA
geopolymer mortars were mostly governed by geopolymeric reaction resulted from the dissolution of
aluminosilicate compounds of PFA, though the hydraulic reaction of HCWA itself is also expected to contribute
towards the hardening of the resultant mortar samples. The anticipated geopolymeric gel formation in HCWA-PFA
geopolymer mortars is K-A-S-H geopolymer gel since K* ions are more reactive than Ca**. When the dry blended
materials of HCWA and PFA are in contact with water, the significant amount of Arcanite mineral (12% by weight)
inherently present in HCWA dissolved into potassium hydroxide (KOH), this highly alkaline mineral acts as
dissolution agent and dissolve the aluminosilicate species of PFA. The dissolved aluminate and silicate ions will
undergoes geopolymerization with the reactive K* ions to form the geopolymeric framework in the forms of K-A-S-
H gel. Upon 28 days of curing age, similar trend was observed with the exception of the compressive strength
difference between WAS50FAS50 and WAGBOFA40 mixes, where the WAS50FAS50 mixes exhibited higher compressive
strength in comparison with WAG60FA40 mixes which is a total contrast in comparison with the 7 days compressive
strength results. Similar trend was observed for the accelerated curing series. During prolonged curing, besides
geopolymerization and hydraulic reaction of HCWA, the strength development of HCWA-PFA geopolymer mortars
is also governed by the formation of secondary C-S-H gels resulted from the pozzolanic reaction between the
reactive silica from PFA and portlandite mineral formed from hydration of HCWA [13]. Therefore, higher rate of
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long term strength development of HCWA-PFA geopolymer mortars can be anticipated in mixes with higher PFA

content.
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Fig. 1. Compressive strength development of HCWA-PFA geopolymer mortars.
3.1.2. Flexural Strength

Flexural strength of HCWA-PFA geopolymer mortars at various HCWA replacement level is shown in Fig. 2.
Disregarding the curing ages, upon 60% of HCWA replacement level, flexural strength exhibited a decreasing trend.
Also, WAB0FA40 mixes showed the highest flexural strength for all the curing ages. At 7 days of curing, the
difference in flexural strength for WA60FA40 and WAS50FAS0 is 29.53%. However, upon 28 days and accelerated
curing, the difference is narrowed down significantly, at 4.24% and 13.69%, respectively. The aforementioned
phenomenon further suggests that mixes with higher PFA content exhibited higher long term strength development,
mainly due to the continuous formation of geopolymeric product and also pozzolanic reaction between the reactive
silica from PFA and portlandite from HCWA which resulted in the formation of secondary C-S-H gels. Accelerated
curing treatment, on the other hand, was found to have a more pronounce effect with mixes with higher PFA content
i.e. WA50FA50, WAB0FA40 and WAT70FA30, where the flexural strength increment is comparatively higher than
other mixes.
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Fig. 2. Flexural strength development of HCWA-PFA geopolymer mortars.
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3.1.3. Ultrasonic Pulse Velocity (UPV)

Table 2 showed the UPV of HCWA-PFA geopolymer mortars at various HCWA replacement level and curing
ages. Consistent with compressive strength result, WA60FA40 mixes exhibited highest UPV value of 3120 m/s at 7
days of curing ages. On the contrary, upon 28 days of curing period, highest UPV value of 3467 m/s was exhibited
by WAS0FAS0 instead. Early age strength development was mostly governed by the hydraulic reaction of HCWA
and the formation of geopolymeric products in the form of K-A-S-H gels. Upon 28 days of curing, mixes with
higher PFA will trigger higher degree of pozzolanic reaction which yields the formation of secondary C-S-H gels,
coupled with the continuous formation of geopolymeric products, resulted in a much denser microstructure hence
higher UPV value was obtained.

3.1.4. Dynamic Modulus

Dynamic modulus of HCWA-PFA geopolymer mortars are shown in Table 3. For all curing ages, upon 70% of
HCWA replacement level, the dynamic modulus of the geopolymer mortars decreased significantly up until 100%
HCWA replacement level, indicating a weak internal structure of mixes beyond 70% of HCWA replacement.
Similar to compressive strength results, during early curing age, WA60FA40 showed the highest dynamic modulus
value of 18.3 GPa, followed by WA70FA30 and WA50FA50 mixes with dynamic modulus value of 17.9 and 16.8
GPa, respectively. Upon 28 days of curing age, WA50FA50 exhibited highest dynamic modulus value of 21.0 GPa,
followed by WAB0FA40 and WA70FA30, with dynamic modulus value of 20.6 and 19.8 GPa, respectively. Similar
trend was observed for accelerated curing mixes, suggesting higher geopolymeric reaction occurred in mixes with
higher PFA content due to elevated heat treatment, which resulted in higher formation of K-A-S-H gel within the
matrix interface and subsequently higher dynamic modulus was observed.

Table 2. Ultrasonic pulse velocity of HCWA-PFA geopolymer mortars at various curing ages.

Mix Designation Ultrasonic Pulse Velocity (m/s)
7 Days Water Curing 28 Days Water Curing 7 Days Water Curing +
24H Accelerated Curing
WAB0FA50 3046 3467 3217
WAGB0FA40 3120 3394 3276
WA70FA30 3001 3409 3216
WAB80FA20 2984 3320 3078
WAO90FA10 2907 3162 2908
WAZL00FAO 2670 3022 2785
Table 3. Dynamic modulus of HCWA-PFA geopolymer mortars at various curing ages.
Mix Designation Dynamic Modulus (GPa)
7 Days Water Curing 28 Days Water Curing 7 Days Water Curing +
24H Accelerated Curing
WAB50FA50 16.8 20.97 20.93
WAGBG0FA40 18.3 20.60 19.40
WAT70FA30 17.9 19.77 19.82
WAB80FA20 15.2 18.10 17.94
WAO90FA10 10.2 14.80 11.03

WA100FAO 7.4 10.90 9.50
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3.2. Durability properties
3.2.1. Water Absorption

Water absorption test employed primarily to assess the surface porosity of the hardened HCWA-PFA
geopolymer. As can be seen in Fig. 3, at early curing age i.e. 7 days, upon 60% of HCWA replacement level, water
absorption of HCWA-PFA geopolymer mortars increased as the HCWA replacement level increased. The higher
geopolymeric reaction in mixes with higher PFA content triggered higher amount of K-A-S-H geopolymer gel
formation and resulted in a denser geopolymer matrix with lower surface permeability. Similar trend was observed
during 28 days of curing and also accelerated curing regime, with the exception WA50FA50 mix exhibited lower
water absorption value in comparison with WAB0FA40 mix, a total reverse trend if compared with 7 days curing
result, suggesting that during prolonged curing, mixes with higher PFA content not only have higher rate of
enhancement in mechanical properties, also enhanced durability performance was also observed for HCWA-PFA
geopolymer mortars mixes with higher content of PFA. An interesting phenomenon was observed if comparing the
water absorption trend in regards with curing ages. Upon 28 days of curing and accelerated curing regime, all the
HCWA-PFA geopolymer mortar mixes exhibited an increase of water absorption value if compared to their 7 days
cured counterpart. It appeared that prolonged water curing resulted in inferior durability performance of HCWA-
PFA geopolymer mortars. During water curing, ions interchange occurred between the water curing medium and
also the alkaline pore solution presents in HCWA-PFA geopolymer mortars. As a result, the alkalinity of pore
solution of the geopolymer mortars decreased and resulted in disruption of the dissolution rate of the essential
geopolymer precursor species i.e. silica and alumina and hence the geopolymerization process in all. Also, it should
be noted that during polycondensation reaction, excess water was expelled and it is believed that those expelled
water molecules which resided near the surface of the mortar mixes resulted in a higher water penetration and hence
the higher water absorption value. Similar observation was reported in author’s previous publication [12].
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Fig. 3. Water absorption of HCWA-PFA geopolymer mortars at various ages.

3.2.2. Total Porosity

Fig. 4 showed the total porosity value of HCWA-PFA geopolymer mortars at various curing ages. At 7 days of
curing age, WAB0FA40 mix showed a reduction of 1.46% in total porosity value if compared to WA50FA50 mix,
mainly due to the geopolymerization reaction and hydraulic reaction of HCWA itself. Upon 60% of HCWA
replacement level, the total porosity value of the geopolymer mortars increased with the increasing of HCWA
content up to 90% of total binder weight, before a reduction in total porosity value was observed for mortar mix
with 100% HCWA content. The higher total porosity value observed for WA80FA20 and WA90FAL10 mixes
compared with WA100FAOQ mix is most probably due to the low amount of PFA content in the mortar mixes which
impart a low degree of geopolymerization and hence less dense microstructure. Upon 28 days and accelerated
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curing, all the HCWA-PFA geopolymer mortar mixes exhibited an increase in total porosity value, consistent with
the results shown in water absorption test earlier. The total porosity results implied that not only does the deleterious
water curing method affect the surface porosity of the geopolymer mortars, it also adversely affects the total porosity
of the resultant geopolymer mortar mixes. It should be noted that upon 28 days and accelerated curing, WA50FA50
mix showed a lower total porosity value if compared with WA60FA40 mix, a total contrast to 7 days cured mixes.
The aforementioned observation further suggests that there is a higher degree of microstructure refinement during
long term curing for mortar mixes with higher PFA content, mainly due to the continuous geopolymerization and
also formation of secondary C-S-H gels from the pozzolanic reaction between portlandite from HCWA and reactive
silica from PFA. The total porosity results were in full agreement with the mechanical properties test discussed
ariier.
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Fig. 4. Total porosity of HCWA-PFA geopolymer mortars at various curing ages.
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Fig. 5. Capillary absorption of HCWA-PFA geopolymer mortars.
3.2.3. Capillary Absorption

The pore size distribution of HCWA-PFA geopolymer mortars is shown in Fig. 5. There are two phases of pore
filling phenomena that can be interpret from the graph i.e. filling of bigger pores during the initial linear phase
which lasted up to 2 days and subsequent non-linear phase which lasted up to 7 days of testing period, correspond to
the filling of smaller/finer pores. Generally, for the filling of bigger pores, HCWA-PFA geopolymer mortar mixes
with 90% of HCWA content showed the highest capillary absorption value, followed by mixes with 100%, 80%,
50%, 70% and 60% of HCWA content. It can be seen that HCWA-PFA geopolymer mortar mixes with small
amount of PFA i.e. 10% exhibited higher degree of bigger pores filling, as compared with 0% PFA mortar mix. This
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implied that the addition of PFA in small amount brings about negative effect to the pore structure of the resultant
matrix, in line with the porosity results which show similar trend. On the other hand, HCWA-PFA geopolymer
mortar mixes with 100% HCWA content showed highest capillary absorption value for finer pore filling, followed
by mixes with 90%, 80%, 70%, 50% and 60% of HCWA. Thus, it can be said that for the curing period of 7 days,
WABOFA40 geopolymer mortar mix exhibited the most desired pore structure amongst all the HCWA-PFA
geopolymer mortar mixes, with the lowest capillary absorption value for both the bigger and finer pore filling
phases.

4, Conclusions

Following the laboratory investigation, following conclusions can be derived:

e  HCWA-PFA geopolymer mortars with HCWA content of 50 and 60% consistently exhibit optimum
mechanical and durability performance,

e  Strength development of HCWA-PFA geopolymeric system was mainly contributed by geopolymeric
reaction which culminated in K-A-S-H geopolymer gels formation during the early ages and pozzolanic
reaction in which secondary C-S-H gels were formed during prolonged curing.

e  HCWA-PFA geopolymer mortars with higher content of PFA i.e. WAS0FA50 mortar mix exhibited
enhanced long term mechanical and durability performance, mainly due to the higher degree of pozzolanic
reaction.

e  Prolonged water curing resulted in inferior durability performance for all HCWA-PFA geopolymer
mortars.

e Arcanite mineral inherently presents in HCWA proved crucial in activating PFA by functioning as both
dissolution agent for silica and alumina species in PFA and also as binding agent for the formation of
geopolymer product i.e. K-A-S-H gels.
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Abstract

This paper presents mechanical properties of geopolymer mortar with metakaolin as a base material. Cylindrical
specimens were prepared with a diameter of 5 cm and 10 cm height. Four compositions of geopolymer paste varied
with adding polyvinyl alcohol fiber (PVA) from 0% to 1% by volume of paste. After casting, steam curing method
was conducted at 40°C, 60°C and 80°C for 24 hours. A control specimen was cured at room temperature. Some tests
were performed for setting time, compressive strength, split-tensile, direct-tensile and porosity. It showed that the
strength of fibrous specimens was 67.29 MPa at of 56 days without steam curing. When curing temperature was risen
from room temperature 80°C, the strength increased up to 14% at 28 days. Ratio of split to compressive strength was
about 10% when 1% fiber was applied. However, an optimum result was shown by specimens containing 0.6% fibers
according to direct-tensile test. It is recommended to apply steam curing at 60°C-80°C to increase the tensile strength.
© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Global warming has become a major topic in the wide range of science and engineering research, within the last
decade. The problem is related with exhaust emissions such as CO, from human activities. It is about 65% of
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greenhouse gases caused by CO, where Portland cement production contributes in a range of 7-8% [1]. Therefore, it
is necessary to obtain green concrete materials as an innovative solution. One of the solutions is geopolymer
manufacture, which is also known as zero-cement concrete. Most of geopolymer mixtures use by-products in their
composition. Fly ash is the most favorable material for making geopolymer concrete [2]. Mud, clay and slag are also
utilized as the raw material in geopolymer binders [3-5]. However, in Indonesia, some by products such as fly ash and
bottom ash are considered as hazardous materials. It comes to being the application limitation to develop geopolymer
products from laboratory to industry scale. In addition, physical characters of by-product vary in some aspects such as
origin materials treatment, shape, size, etc. [6-7]. Kaolin is one of the natural pozzolanic materials, which is rich in
silica and alumina. With a proper calcination, metakaolin can be produced from 75%-80% by mass of kaolin, which
contains soluble silica. Since it consists of reactive oxides, metakaolin requires low concentration of alkali activator
[8-9].

In this paper, polyvinyl alcohol fiber (PVA) is introduced to improve tensile strength of metakaolin geopolymer
paste. In addition, variations of curing methods were also introduced to investigate the effect of temperature to increase
compressive strength. Some influential factors to the mechanical strength of fresh and hardened paste were analyzed
and discussed comprehensively. Therefore, this study will be a bench-mark formalization of environmental friendly
material using kaolin as one of the alumina-silicate sources.

2. Experiment
2.1. Materials and Mix Proportions

Kaolin with 2.5 g/cm? of density adopted in this study was obtained from Bangka Belitung, Indonesia. Its chemical
composition is listed in Table 1.

Table 1 Chemical composition of source materials

Oxides Si02 AlO; Fe;0; CaO MgO  NaO KO TiO, MnO, SO; LOI

(%) 5026 4300 073 004 012 004 057 028 001 472 472

Calcination method to activate raw material from kaolin to metakaolin is based on an experimental work developed
by Triani [15]. Kaolin with particle size of 75 um was immersed and stirred in distilled water for 10-15 minutes. It
was kept in room temperature for 24 hours until sedimentation occurred. This precipitated materials were not used for
making the geopolymer mixture since it may contain unreactive quartz. The top part of silt was collected to be dried
in oven. Calcination process is illustrated in Fig. 1 as temperature history of furnace setting. Temperature target of
700°C was set constant for six hours. Metakaolin was then pulverized until its maximum particle size of 75um as
shown in Fig 2.

800 -
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time (hours)

Fig. 1. Temperature History of Kaolin Calcination
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Fig. 2. Metakaolin

Alkali activators consisted of sodium hydroxide and sodium silicate. Flake form of sodium hydroxide with 98%
purity was prepared for concentration of eight molars. Sodium silicate (SiO2/Na;O = 2.0 and solid content 55%) was
mixed with sodium hydroxide with a mass ratio of 56:44. Both liquids were mixed together, prepared one day before
mixing with metakaolin and kept in environmental control room. Ratio of metakaolin to alkali activators of 1:1 was
used for all variations.

PVA-RECS15 as shown in Fig.3 varied with 0%, 0.3%, 0.6% and 1% by paste volume. Fresh paste became more
hardened and difficult to cast if it contained more than 1% of PVA. Properties of fibers are listed in Table 2.

All variations of paste were cast in cylindrical molds with 50 mm in diameter and 100 mm in length. Immediately
after casting, the specimens were covered with plastic and then cured at a steam chamber with temperature varied at
40°C, 60°C and 80°C for 24 hours. After steam curing, specimens were moist-cured at room temperature until specific
age for mechanical and physical testing.

Table 2 Fibers Properties

Physical Properties  Specification

Diameter 38 um
Length 8mm
Density 1.3 gr/cm3

Tensile strength 1600 MPa
Bending strength 40 GPa
Melting Point 225°C
Absorption Less than 1 %

Fig. 3. PVA-RECS 15

Variations of mix proportion and curing temperature are provided in Table 3.
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Table 3. Specimen variations

No. Code Curing Temperature (°C)  PVA (% Volume)
1 G-0-25 0
2 G-0.3-25 25 0.3
3 G-0.6-25 0.6
4 G-1-25 1
5 G-0-40 0
6 G-0.3-40 40 0.3
7 G-0.6-40 0.6
8 G-1-40 1
9 G-0-60 0
10 G-0.3-60 60 0.3
11  G-0.6-60 0.6
12 G-1-60 1
13 G-0-80 0
14  G-0.3-80 80 0.3
15 G-0.6-80 0.6
16 G-1-80 1

2.2. Testings

Setting time for fresh paste was conducted according to ASTM C191 [16]. Compression test to obtain the strength
of some specimens at 3, 7, 14, 21, 28 and 56 days was conducted according to ASTM C39 [17]. To obtain the effect
of fiber on density of specimens, which the specimens are categorized lightweight concrete, weight and volume of
specimens were examined according to ASTM C1693-11 [18]. Splitting test according to ASTM C 496 [19] was
conducted for cylindrical specimens at 28 days. Direct tensile test according to CRD-C 260-01 [20] was conducted for
dog bone-like shape specimens at 28 days. Porosity test was also performed at 28 days to obtain portions of closed
and open porosity as a function of total porosity.

3. Results and Discussions
3.1. Setting Time

Both initial setting time and final setting time were carried out to observe the effect of fiber to setting time of paste.
The result is provided in Fig 4.
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o O o
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Fig 4. Setting Time

More addition of PVA fibers caused faster initial and final setting time. It is because of more fiber in mixtures turns
the mixtures to be more viscous resulting in the decreasing of workability, and the setting becomes quicker. It has a
good agreement as a result conducted by Noushini [21]. In this case, for larger scale of application, superplasticizer
and retarder are necessary to ensure the mixture workability.
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3.2. Density

Fig 5. describes the addition of fiber and curing temperature show less effect to density of geopolymer paste. The
average density is about 1800 kg/m?®, which indicates that geopolymer paste is a sort of lightweight concrete. In
addition, it was due to the amount of fiber was added at most only 1% by paste volume, and water absorption of fiber
is less than 1% of the fiber mass. As a result, thee of PVA does not affect the weight to the volume of mortar
geopolymer [22].

1850 -
~ 1825 4
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£
2 -
E 1800 : .
g - W= Steam 400C
1775 A = =g =+ Steam 600C
—p¢— Steam 800C
1750 T T T i
0 0.3 0.6 0.9 1.2
PVA content (%)

Fig 5. Relation of density and fiber content at different curing

3.3. Compressive Strength

Compressive strength test performed at the age of 3,7,14,21,28 and 56 days. An average from three identical
specimens was determined for each variation. The results for each variation can be seen in Figure 6 to Figure 9.
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Fig 6. Compressive strength of specimens cured at room temperature

In Fig. 8, it is discovered that adding fiber increases the compressive strength. However, the fiber has less effect to
contribute the strength at early age. The strength significantly increases up to seven days. After one week, it increases
gradually and still has a tendency to improve until 56 days. Specimens containing 1% of fiber shows the highest
compressive strength from the early age until the later age.

An effect of steam curing at 40°C and 60°C with different fiber content is presented in Fig. 7 and Fig 8 respectively.
The increase of compressive strength occurred at the early age due to the acceleration of geopolymerization reaction.
At 60°C, the strength increased up to 21 days, which was faster than the specimens cured at room temperature and at
40°C. The geopolymeric reaction of metakaolin paste is revealed to be accelerated strongly according to the curing
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temperature regardless of the fiber content. Geopolymeric reaction is similar to hydration reaction in cement portland,
which occurs rapidly due to heat treatment [23].
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Corresponding to spesimens cured at 40°C and 60°C, Fig 9 shows the influence of steam curing at 80°C to the
strength. Mechanical strength increased along with fiber content and age of specimens. At 80°C, the strength increased
rapidly until 14 days and gradually increased slowly until 21 days. It can be compared with Fig. 6, the compressive
strength of specimens at 28 days, which contains 1% of fiber rises up to 14%. It is in accordance with an experimental
study conducted by Hardjito [24] using fly ash as the raw material. In his research, the optimum strength of fly ash-

based geopolymer concrete was achieved at 75°C.

3.4. Splitting Tensile Strength
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Fig 10. Splitting test of specimens cured at different temperature

Fig. 10 shows the result of splitting test at 28 days. As expected, influence of fiber content indicated more than
the heat effect to the strength. It is shown by s G-1-80 containing 1% PVA 80°C. It also implies that fiber has more

contributions to tensile strength than compressive strength.

3.5. Direct Tensile Strength

Stress-strain relation of dog bone-like specimens is provided in Fig. 11 to Fig. 14. It was predicted that at higher
curing temperature, the tensile strength tended to rise. The absence of fiber showed less effect on specimen’s ductility.
Fiber content increased the ductility cured at the same condition. However, ductility of specimens containing fiber
had a tendency to decrease at higher temperatures. Stress hardening was observed for specimens with 0.6% and 1%
of fiber. It indicated that after crack occurred, tensile stresses were transferred to the fiber. Because of fiber, tensile
strength is greater than the paste causing hardening phenomenon. This means that the PVA fiber starts to control the

crack after paste failure to resist tensile load [26].
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Fig 11. Tensile strength cured at room temperature
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Fig 14. Tensile strength cured at 80°C

A relation of compressive strength and tensile strength at 28 days is represented by some factors. Some
relationships such as fsi/fc’, fi/fc” and Afi/Ade are provided in Fig. 15, Fig. 16 and Fig. 17 respectively. Splitting
strength, fsit, compressive strength, fc, and tensile strength f; represents mechanical strength of specimens. Elastic
stiffness is corresponded to a ratio of tensile stress (Af;) and tensile strain (4g;) which is determined before cracks
occur.

In Fig. 15, it can be seen that fiber content has more contributions to increasing the ratio of tensile strength to
compressive strength. Less influence to this ratio was exhibited by heat effect. This indicated that the increase of split
tensile strength had a linear correlation to the increase of compressive strength. At room temperature, this ratio rose
from 3% to 9%. At 60°C, it increased up to 9.9%. However, in Fig. 16, there is an optimum point where addition of
fiber at 0.6% shows the highest ratio of tensile to compressive strength. Since 1% of fiber resulted in difficulty of
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casting, direction of fiber in the paste caused the specimens became less uniform. Fig. 17 shows that the ratio of Aft
to Act tends to descend along the increasing of fiber content and curing temperature. It reveals that greater stiffness

generates brittleness of geopolymer paste.

0.12 4 : : :
0.10 - i i | .
1
. 0.08 - . . o4 ’: .
= 1 1
2 006 ; A
2o04le ® RS PN | &
1
0.02 - i i i
1 1 1
0.00 ——————————t————
[Te) [Te) n [Te) o o o o o o o o o o o o
o N N o < < < <t O © o O 0 [>e] (o] 0
R R R
O 29 dd S DD DO QD
O O o O O O O O
Specimen Variation
Fig 15. Ratio of splitting strength to compressive strength
0.07 1 i i ' 0,058
0.06 1 | L0050 | 00%y
e | oose dou®
. 004 - 033 | 0.033 4033® : |
. 1 S, . Pl A
0.02 1 g:ﬁﬁ . . !
1 1
001 - ! ! !
1 1 1
0.00 —t———
0w LwmwmwooO O O O O O o O O O O
AR ITITIIT QOO QP D DD
Q@ MY g 0 MO g QMY QMmO d
VLT OV ITOHOIFIITOOIIPO
(UG} (UG} (UG} (UG}
Specimen Variation
Fig 16. Ratio of tensile strength to compressive strength
1600 - | | 1 .
1
1400 - i i B
~ 1200 - ! Y R S
2 1000 - | A SRR U *
2 ! ! LR
+«= 800 A
3 * et e oo . .
z 600 A a‘: ! !
< 400 | ! ! |
200 1 | i l
1 1 !
0 +——F—FF—F—F—F————F—————
N W Lwwo O O ©Q O O O Ol O O O
N N N N & < < < © © © © 0 O o ©
SN G HO MO HdOMG o O MmO o
GBS FDOLIITOOILIIOOIIO
[UINU) (O] [GINO) o O

Specimen Variation

Fig 17. Ratio of tensile strength to tensile strain in elastic condition



10 Januarti Jaya Ekaputri et al./ Procedia Engineering 00 (2017) 000000
3.6. Porosity

Fig.18 shows some relations of porosity of specimens containing 0% and 1% fiber. Curing temperature tended to
decrease the total pores, which generated more strength. Surprisingly, fiber content showed less effect to the open
porosity. In general, fiber increases the open porosity, resulted in denser of mixture and decreasing strength in certain
proportion. Results in Fig. 18 reveal that PVA fiber contributes to decreasing of total porosity without affecting density
of geopolymer paste.

-80 ©

33.00 e uenOusprength -0 | 70 %
28.00 - O,....--O-.....o-" O ) © L 60 <
S Total Porosity D
$2300 1 ‘\A/‘\A/‘\./‘\‘ o £
g P
= i - 40 &
§18.00 Closed Porosity L 30 g
$13.00 - L 0 2
8.00 4 A—---.‘.\\Open Porosity’,‘——--- ~~~~~ A- L 10 =
T T T A----A g

3.00 T T T T T T 0 O

G-0-25 G-1-25 G-0-40 G-1-40 G-0-60 G-1-60 G-0-80 G-1-80
Specimen Variation

—a— Total Porosity - =& - Open Porosity
—2— Closed Porosity e ««O+« Comp. strength at 28 days

Fig 18. Porosity

S

. Conclusions

PVA fiber causes setting time becomes faster due to workability of fresh paste.

Adding PV A fiber to 1% by paste volume shows less effect on density of paste.

Curing temperature at 80°C generates the highest compressive strength of paste containing 1% of fiber.

Tensile stress is contributed mostly by the presence of fibers, which expanded the ductility of paste. However, at

higher curing temperature, even though the tensile stress increases, heat effect decreases the ductility.

o Stiffness of paste increases along with heat effect to the paste. However, the effect the fiber content contributes to
decreasing of stiffness.

e Porosity has a strong relation with compressive strength. PVVA fibers contribute to decrease the total pores which
support the strength of paste.

e Itis recommended to apply PVA fiber up to 0.6% by volume to increase the ductility of geopolymer paste.
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Abstract

Portland cement manufacture creates carbon emissions at the rate of 1 ton per ton of cement produced and is second only to fossil
fuels. Commercial implementations of concretes produced without Portland cements is starting to take place in recent years. The
paper outlines the major technological advances in Geopolymer Concrete which is made without any Portland cement in the
concrete mix.

Geopolymer is a broad term currently used to describe the alkali activated fly ash, slag or combination of both. This paper
outlines the authors and his co-workers work in the area during the last two decades. These cements have great potential to be
used as a building material alternative to Ordinary Portland Cement (OPC) concrete because their strength, stiffness and other
mechanical properties are comparable to OPC concrete. This new generation of concrete is currently attracting increasingly
widespread attention because their manufacture does not directly create carbon emissions like OPC concrete. The main base
materials for these concretes are slag and/or fly ash, which are industrial by-products from blast furnace and coal power stations.
The paper outlines the past research in this area and future research needs to fully utilize this new material effectively in
construction.
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1. Introduction

It is estimated 22 billion tons of concrete is used worldwide per annum, and this Fig. is increasing rapidly with the
current worldwide infrastructure boom. Concrete is the highest consumed material far exceeding the coal, oil and
steel all of which are used in quantities which are unsustainable in the long term. Almost all the materials to
manufacture concrete are virgin materials mined from the earth. Recycled concrete is a term used for concrete
containing aggregates which are crushed concrete, but the recycled concrete making still requires virgin cement and
admixtures. In fact, crushed concrete is often weaker than conventional aggregate, hence requires higher cement
content to compensate for strength development resulting in concretes with higher carbon emissions. Crushed
concretes are better utilised as road base or other aggregate substitutes where it does not lead to increased carbon
emissions.

Fig. 1 shows the most highly consumed materials by human beings (these Fig.s are compiled by the author from
various sources). Consumption of these virgin materials at these levels is unsustainable and any discussion on the
sustainable future should include sustainable alternatives to these materials.

Carbon emission due to concrete manufacture is fourth largest contributor to man-made global carbon emissions,
which falls behind only to oil, coal and natural gas. Carbon emissions due to concrete manufacture range between
0.3 to 0.4 ton of CO2 per cubic meter of concrete depending on the type of concrete as estimated by Flower et al
(2005) shown in Fig. 2. The Fig. shows the carbon emissions of various grades of concrete and relative contributions
of each of constituents of concrete for the carbon emissions. However, this will not directly translate into increased
price due to carbon tax. Due to very generous allowances for untaxed emissions, only a fraction of the full cost of the
carbon tax of $23 will be passed on to the price of concrete, which would be negligible (about 20 cents per cubic
meter of concrete).

Portland cement is the dominant source of carbon emissions in all of the concrete mixes. Major part of carbon
emissions in Portland cement manufacture comes from the limestone releasing the CO2 which would otherwise be
buried in the ground; this is similar to CO2 emissions from coal and oil. It can be seen in Fig. 2 (Flower et al, 2005)
that the percentage of the total carbon emissions associated with Portland cement increases considerably in the
higher strength concrete mixes. However, the other processes and materials in concrete still generate substantial
amounts of carbon emissions and must be considered in the calculation of total emissions estimates. It is also clear
that if the emissions of a concrete are to be reduced significantly, Portland cement is the main component that should
be targeted.

Carbon emissions due to Portland cement in concrete can be reduced by partially replacing with supplementary
cementitious materials (SCMs), which are industrial by-products with little carbon emissions. Most commonly used
SCMs are fly ash, ground granulated blast furnace slag (GGBFS) and condensed silica fume. These SCMs have long
track records in construction in many countries, typically well over three decades.
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Fig. 1: Highest Consumed Materials Fig. 2: CO2 Emissions Generated by Concretes
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To investigate two of the methods by which the amount of CO, generated by concrete can be reduced, four mixes
are considered with binders including SCMs. The first two mixes (25 MPa and 32 MPa) have 25% of the Portland
cement replaced by fly ash. The second two mixes (25 MPa and 32 MPa) have 40% of the Portland cement replaced
by GGBFS. These percentages are chosen because they are commonly applied in construction projects in Australia.
It is also noted that large cement replacements in lower grade concretes such as these are not desired by construction
industry due to construction process being slowed down by slow early strength development of these concretes. The
most commonly used standard strengths defined in Australian Standards (AS1379) are 25 MPa and 32 MPa
concretes. Fig. 3 (Flower et al., 2005) show the results of this analysis.

Portland cement is the dominant source of emissions in all of the concretes, blended or otherwise. The fly ash
blended concretes show reduced CO2 emissions (13-15%), but it is the GGBFS blended concretes that show more
substantial reductions (22%). This is because high percentage of GGBFS can be included in a blended mix without
changing the engineering properties of the concrete, due to its natural cementitious properties. So while GGBFS has
a higher material emission factor than fly ash, it can replace more cement, which leads to lower total emissions.
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Fig. 3 CO, Emissions Generated by SCM Blended Cement Concretes

In recent years, high performance concrete has become popular in construction due to its superior mechanical
properties, such as high elastic modulus and high compressive and tensile strengths, and superior durability in
variety of environments. The high performance concrete utilises about twice the amount of cement to produce the
same volume of concrete as conventional concrete. Widespread use of high performance concrete would
significantly increase the greenhouse gas emission due to concrete construction. High strength concrete is usually
used in construction to reduce the size of compression members (eg. columns), thereby reducing the amount of
concrete used. However, often in precast or prestressed concrete constructions, high strength concrete is used for
obtaining high early strengths, which may not be necessary for service conditions. The high strength concrete is
commonly produced by reducing the water/cement ratio to around 0.35 to 0.3, but in some instances as low as 0.2.
At these levels of water/cement ratios a large part of the cement used is left unhydrated, effectively using the cement
as a filler material. Considering the environmental and other costs of cements, this is a waste of resources. Research
needs to be focused in this area to make high performance concrete without the wastages of Portland cement. This
paper summarises the work in the area of low carbon concretes carried out in the last two decades, primarily by the
author and his co-workers.

2. Blended Cements

Many research studies have demonstrated that high strength, high performance concrete can be made with slag
blended cements, with slag replacement of Portland cements of 30, 50 and 70% levels without any loss of the
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advantages the high performance concrete offers (Sioulas and Sanjayan, 1997). Some of the advantages of using
slag-blended cement in high performance are summarised as below:

e Using slag replacements, such as a 50% replacement of Portland cement, high performance concrete can be made
with the same level of consumption of Portland cement as in the conventional concrete. A higher percentage
replacement, such as 70%, will even reduce the Portland cement usage in high performance concrete.

¢ Due to the high levels of Portland cement usage in high performance concrete, high levels of heat are generated
by hydration in high performance concretes increasing the risk of thermal cracking. With the use of slag
replacements, the risk of thermal cracking can be reduced (Sioulas and Sanjayan 2000a).

¢ High performance concretes made with slag-blended cements offers superior durability, especially in marine
applications.

However, it should be noted that the use of slag-blended cements also comes with some limitations. Since the
hydration of slag relies on the release of Ca(OH). from the hydration of Portland cement, the rate of strength
development of concretes made with blended cements are very low (Wainwright,1986). Also, as the hydration of
slag occurs over an extended period of time, the extended curing period is essential to obtain the desirable properties.
While the standard test cylinder specimens are kept in 100% moist conditions, the in-situ concretes do not receive
the same treatment. As a result, there exists a significant difference between the in-situ strength properties of
concrete made with slag blended cements and the control cylinders (Sioulas and Sanjayan, 1998). Sanjayan and
Sioulas (2000b) found that lack of strength development in in-situ concrete is due to self-desiccation phenomenon
which is caused by lack of access for curing water in the middle of large concrete members, resulting in significant
part of GGBFS left un-hydrated.

The use of slag is sometimes viewed with suspicion due to its tendency to develop a distinct blue-green coloration
a few days after casting of concrete. This discoloration can cause some degree of concern, usually associated with
speculation of adverse consequences. Research studies have demonstrated that these concerns are unfounded and the
colourations are no indications of inferior engineering properties (Sioulas and Sanjayan, 2001).

There are some in construction industry is of the view that concrete containing slag blended cement have higher
drying shrinkage than concretes made with Type GP cement. This is a result of the peculiar test method used by the
Australian standard (Sanjayan and Aly, 2005). The Australian test method for shrinkage (AS1012.13) requires the
measurements to commence after 7 days of moist curing of the samples. However, during the first 7 days, slag
concretes undergo expansions of the order of 100 microstrains, which would reduce the 56 days shrinkage results by
that amount (Fig. 4) (Aly and Sanjayan, 2008). This expansion is not included in the Australian test method.
However, other international test methods such as ASTM C157 method commences after 1-day, hence the slag
blended concretes are not disadvantaged.

Further, for structural designers, the main issue is cracking due to shrinkage rather than the drying shrinkage
itself. Concretes with slag blended cements develop elastic modulus at a slower rate than Type GP cement concretes.
As a result, the less stress is generated in slag blended cement concretes, as compared to Type GP cement concretes
for the same level of shrinkage. Models for elastic modulus, creep, shrinkage and tensile strength development of
concretes containing slag blended cements are available for design calculations (Aly and Sanjayan, 2009). When
using these models to calculate cracking of concrete and cracks widths, it is evident that concretes containing slag
blended concretes are no different to Type GP cements.
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Fig. 4 Free expansion and shrinkage for all mixes (% indicates slag level) (Aly and Sanjayan, 2008)

3. Geopolymer / Alkali Activated Cements

These types of binders are Portland cement free, and produced without major capital investments in cement
plants. They typically use fly ash, slag (ground granulated blast furnace slag) or metakaolin as the main resource,
and combine small amounts of alkaline activators such as sodium silicate and/or sodium hydroxide. In some
instances, slag and fly ash are used in combination, and sometimes small amounts of Portland cement may also be
used. The chemical structure of the binder can vary significantly depending on the source materials and the
activators. The alkali activated fly ash forms a Si-O-Al polymer, hence the name geopolymer. Geopolymer is a name
first introduced by Davidovits (1991) for inorganic polymers made from metakaolin. The other names used are alkali
activated metakaolin or fly ash or inorganic polymers. Alkali activated slag (AAS) binder predominantly forms C-S-
H structure, which is more closely aligned with Portland cement. However, many of the mechanical and acid
resistant properties resemble geopolymers. AAS concrete can yield high early strength, a characteristic currently not
achieved by slag blended cements, while overcoming two shortcomings of ordinary Portland cements, namely, high
heat of hydration and inferior durability in acid environments and accidental fire.

These cements have great potential to be used as a building material alternative to Ordinary Portland Cement
(OPC) concrete because their strength, stiffness and other mechanical properties are comparable to OPC concrete.
This new generation of concretes are currently attracting increasingly widespread attention because their
manufacture does not directly create CO2 emissions like OPC concrete. The main base materials for these concretes
are slag and/or fly ash, which are industrial by-products from blast furnace and coal power stations. The processes
involved in making these materials are carbon intensive, such as the burning of coal. However, it is not a secret that
the coal is burnt to produce energy and not to make fly ash. Hence, the carbon emissions from these processes
should be attributed to the energy production rather than to the fly ash. A similar consideration should also be given
to the carbon footprint of activators. One of the activators, NaOH is produced from chlor-alkali process, where the
primary purpose is to produce chlorine. It would be a difficult negotiation to decide what proportion of the carbon
emissions from chlor-alkali process should be allocated to NaOH production. If we split in the middle at 50:50, then
NaOH activator will have an emission about 0.5 ton/ton of NaOH. Typical amounts of sodium hydroxide activator
used in geopolymers concrete is about 12 kg per cubic metre of concrete (Zhao and Sanjayan, 2011), resulting in
about 6 kg CO, per cubic metre, as compared to Portland cement concrete emissions of 300 kg of CO, per cubic
metre of concrete. While the activators emissions are not zero, due to the small amount of activators used in
geopolymers concrete, large reductions in carbon emissions are possible.
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Fig. 5 shows the number of research publications in refereed journals in this subject since 1990. In the 1990’s
world wide interest was negligible (<10 per year), but during the last couple of years the publications are well over
100 per year. It is inevitable that the level research interest worldwide will translate into commercial realities not so
far into the future.

Extensive research studies conducted have shown that AAS concretes are suitable for construction purposes.
Studies (Collins and Sanjayan, 1998, 2001a) based on the paste and mortar investigation showed that a multi-
component activator based on powdered sodium silicate, hydrated lime and calcium sulphate was the most suitable
activator based on one day strength and workability. AAS pastes showed better dispersion than OPC pastes. It was
also found that partial replacement of slag with ultra-fine slag or ultra-fine fly ash improves workability, whereas
condensed silica fume significantly reduces workability (Collins and Sanjayan, 1999a). AAS concrete made with
liquid alkali activators, namely NaOH plus Na2COs3 and also liquid sodium silicate showed rapid loss of workability
with time (Collins and Sanjayan, 1999b). The one-day strength of AAS concrete was almost identical to OPC
concrete for various water/binder ratios. Up to 25 MPa one-day strength was achievable with AAS concrete (Collins
and Sanjayan, 1999c).

Long-term strength studies, up to 365 days, showed that certain AAS concrete mixes may exhibit limited strength
retrogression under certain curing conditions. The behaviour of AAS concrete is associated with continuous
microcracking and capillary pore network. A more detail account of this behaviour is explained in Collins and
Sanjayan (2001b).

Testing up to 365 days showed that drying shrinkage of AAS concrete is greater than OPC concrete, which is a
limitation in certain construction applications. The likely reason for higher drying shrinkage of AAS concretes has
been explained by studying the pore size distributions of pastes of AAS and OPC (Collins and Sanjayan, 2000a).
Studies focused on reducing the shrinkage of AAS concretes showed that to up to 54% reduction in shrinkage could
be achieved by the incorporation of a glycol-based shrinkage reducing chemical admixture into AAS concrete.
Further the examination of the effect of gypsum content on shrinkage and compressive strength of AAS concrete
showed 2% SOs to be the optimum gypsum content. Further, it was found that replacement of normal weight coarse
aggregate with saturated porous air-cooled blast furnace slag aggregate into AAS concrete achieved 38% less drying
shrinkage at 365 days. This is most likely due to the “internal curing” effect whereby saturated blast furnace slag
aggregate releases moisture into the cementitious paste during drying (Collins and Sanjayan, 1999c). The cracking
tendency of ASS concrete was also studied by numerical modelling (Collins and Sanjayan, 2000b) and experimental
investigation (Collins and Sanjayan, 2000c¢) and was compared with the OPC equivalent concretes.

Concretes developed in the laboratory are not necessarily suitable for construction use, as the problems in
construction sites can be of different nature. To investigate these type of problems, a large column was constructed
using AAS concrete batched and mixed at a commercial operating concrete plant using a mobile mixer. The
investigation (Collins and Sanjayan, 1999d) showed that unlike concretes made with slag-blended cements, AAS
concretes do not show significant difference in in-situ strength properties and control cylinder properties.

Detailed studies on microstructure of AAS concrete to investigate binder behaviour, including isothermal
calorimetry, nuclear magnetic resonance, scanning electron microscopy and X-Ray micro-analysis confirm that the
AAS concrete is suitable for most types of construction (Bakharev et al, 2001a, 1999a, 1998). Research has also
shown that elevated temperature curing of AAS can produce superior strength and durability properties (Bakharev et
al, 1999b), making AAS concrete highly suitable for precast concrete construction. Further studies of AAS concrete
for compatibility for various admixtures (Bakharev et al, 2000), and long term durability against various attacks,
such as alkali aggregate reaction (Bakharev et al, 2001b), sulphate attack (Bakharev et al, 2002) and carbonation
(Bakharev et al, 2001c) ensure that AAS concrete is a viable alternative to the conventional Portland cement based
concrete.

The primary difference between geopolymer concrete and OPC concrete is its binder. The geopolymer binder is
synthesised by alkali activation of aluminosilicate raw materials, which are transformed into reaction product by
polymerisation in a high pH environment and hydrothermal conditions at relatively low temperatures (up to 1200C).
The reaction product is a polymer incorporating Al, Si and O, which is chemically very different from the hardened
Portland cement which is calcium silicate hydrates (C-S-H) and calcium hydroxides. This difference in chemical
structure gives geopolymer certain advantages over its OPC counterpart, such as a better strength performance when
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geopolymer materials are exposed to fire as seen in Fig. 6 (Kong and Sanjayan, 2007, 2008, 2010; and Pan et al,
2009).
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Geopolymer also possesses excellent resistance to acid environments, similar to alkali activated slag concrete
(Bakharev et al 2003, Bakharev 2005). This provides technical advantages in applications such as sewer pipes, dairy
floors and other acid industrial applications where the conventional Portland cement concretes long term durability
problems because it does not possess sufficient acid resistance.

High performance concrete made from Portland cement concrete suffer from explosive spalling when exposed to
accidental fire (Sanjayan and Stocks, 1993). Widely suggested reason for this phenomenon is the high steam
pressure development in low permeable environment of high performance concrete. However, it has been found that
the brittleness of the material (high performance concrete) and thermal incompatibilities between aggregate and
paste also contribute to the spalling (Kong and Sanjayan, 2010). Geopolymer becomes highly flexible material at a
temperature around 7000C, which allows the material to accommodate large strains without fracturing (Pan and
Sanjayan, 2010). Further, hardened Portland cement pastes (C-S-H) dehydrate and disintegrate at high temperatures
(>200°C), whereas geopolymer gains strength when exposed to fire (Kong and Sanjayan, 2010).

4. Conclusions

Fly ash and ground granulated slag are abundantly available in many parts of the world, far in excess of quantities
to replace Portland cements as construction material. Currently, they are used in limited quantities to partially
replace Portland cement in concrete making. However, these industrial by-products can potentially replace the entire
Portland cement in concrete making by utilising the rapidly advancing technologies of geopolymer concrete and
alkali activated slag concretes. They have shown to provide superior fire resistance and acid resistance. There are
also other materials currently in research and development phase, such as finely ground waste glass and rice husk
ash, which can potentially become more viable with the development of advancing technologies. Further incentives,
such as price on carbon will trigger rapid advancement and use of these technologies in practice.
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Abstract

The framework of a practical test method that can be used to provide indirect assessment of the tensile properties of
ECC is presented. Particular emphasis is placed on providing the underlying concept, modelling strategy and
constitutive relations underpinning the proposed framework. An analysis case study, examining the effect of tensile
stress-strain profiles on the flexural response of an ECC beam, is presented to demonstrate the capability of the
modelling approach. The results of further parametric analysis are also provided to establish equations that can be
used for determining equivalent tensile properties of ECC based on a given set of flexural test data. A web portal is
provided as a simple tool for practitioners and researchers involved in mix development and quality control testing.
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1. Introduction

An Engineered Cementitious Composite (ECC) is a fiber reinforced cement-based composite which possesses
ultra-ductile tensile properties, typically a few hundred times larger than those possessed by concrete with no and
regular fiber reinforcement [1-3]. The material’s high tensile strain capacity is attributed to its ability to form
closely-spaced fine cracks when subjected to tension, allowing it to deform plastically like a metal — a response
which is known as a strain hardening [4]. This is in contrast to the post-cracking response of ordinary concrete which
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is characterized by a brittle, strain softening response. Apart from its high ductility, ECC is known for its crack
control ability, with crack widths typically less than 100pum during the strain hardening [5]. It is these two ECC
features that have attracted widespread interest from the engineering community.

In the United Kingdom, where this research is conducted, ECC has yet to be used in civil engineering
applications, with the work still being at a research and development stage (see, for example, [6-9]). In order to
promote the use of ECC in the construction industry, this work seeks to develop a simple test procedure that can be
used for quality control testing in large volume applications. While the uniaxial tensile test has been the primary
method used for ascertaining the tensile stress-strain properties of ECC and provides results which are easy to
analyze, the test is often difficult to perform to an acceptable quality and thus can be impractical for use in normal
construction practice. It is for this reason that a simpler test method is developed in this work. Although the proposed
method can stand alone, it is not the intention of the authors to replace the standard tensile test, but rather to use it
alongside the existing test method which should be used for validating the results periodically.

2. Heriot-Watt University (HWU) Method

A flowchart detailing the work undertaken to develop the HWU method is presented in Fig. 1, with the dashed
lines highlighting the scope of this paper. The proposed method is similar in many respects to the University of
Michigan (UM) method [10,11] on the basis that it only requires the peak load and the corresponding point-load
deflection to be measured from a test. Similar to the UM method, the proposed method also does not require the use
of special devices to take strain readings; rather, this can be determined using predefined equations, which can also
be used to determine tensile strength. The proposed method is distinct from the UM method in that it offers an
improved representation of the effect of micro-cracking on beam curvature and deflection profiles, making it more
closely aligned with the principles of mechanics (Fig. 2). Another important aspect of the HWU method, when
compared to the UM method, lies in the use of refined stress-strain relations which are used consistently throughout
the calculation process. Fig. 3(a) presents the test setup used to derive equations used in the proposed method.

ST T T TS ST T mmmms o oo oo e ST TTmeo 1) Validation
Computation of theoretical load-deflection response !
1 . s s s ) .

1 Section . S Four-point
- I 1 1 -
ranalysis Derivation of equations to link | | I?J?f/‘zrlr:r:??etzlr?srillgz:r:ss bending tests

flexural and tensile properties d . . o
________________________________ and strain capacities ) Validation

tFinaI validation
[ Uniaxial tensile tests ]

Fig. 1. Framework for the development of the HWU method.

] |
R

iPrior to cracking (this study)
N L \

After cracking
Before and after (this study)

cracking [10,11]

Fig. 2. Comparison of the assumed curvature profile in HWU and UM methods, with the hatched area highlighting the difference.
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(b)

1 !
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Fig. 3. (a) Proposed test setup; (b) schematic and dimensions of test sample (in mm); and
(c) structural model representation of half of the test sample (marked with a dotted rectangle in (b)).

3. Analytical Model
3.1. Modelling

Fig. 4 presents the analytical model used to predict the full-response of the beam, with only half of the beam
being modeled due to the symmetry in load and support conditions. A total of 12 nodal points (or, accordingly, 11
elements) were used to represent half of the beam. On this individual point, it was assumed that the beam cross-
section comprises a stack of ECC layers having the same width b and depth dh. It was also assumed that plane
sections remain plane, provided that the shear span-of-depth ratio of the test specimen used in the HWU method is
large enough (a/d = 2.75; see Fig. 3a). It is on this basis that the calculation employs a linear strain profile.

Section analysis was performed at multiple locations along the beam (Points 2—-12) and at each point, the depth of
the beam was divided to 1000 layers, with the strain and stress values on each layer assumed to be uniform (see Fig.
4). Although significantly smaller number of layers could actually be used without significantly affecting the
accuracy of the analysis, it was decided to use such a large number in order to obtain smooth strain and stress
profiles and guarantee the highest levels of accuracy. The stress and strain on each layer were then individually
analyzed using predefined stress and strain relations shown in Fig. 4, which are based on the work by [12-14]. On
each section, iterative calculations were carried out to obtain the longitudinal strain and stress profiles whilst
satisfying, respectively, the compatibility and equilibrium requirements. Two tensile stress profiles were used to
form the tensile stress-strain response: a constant stress distribution (« = 1.0) and a bilinear stress distribution (« <
1.0). To suit the typical tensile properties of the ECC mix developed at Heriot-Watt [6], « for the bilinear stress
model was taken to be 0.7.
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Fig. 4. ECC sample discretized into layers and the corresponding strain and stress profiles across the depth.
3.2. Constitutive models

The constitutive relations proposed by Suryanto et al [12,13] were used. The curve describing the monotonic
response in compression is based on the elasto-plastic fracture model for concrete [15]:

f. =, K, Eo(g—gp) 1)

where fracture parameter Ko, initial stiffness Eq and plastic strain &, are defined as

K, =exp| —0.73-5 | 1—exp| -1.25-5. ©
gC gC
E, = o fe 3)
EC
e=p 5 -1 exp| —035 5 (4)
e I &,

where f;” is the ECC compressive strength, Ko is a fracture parameter, & is the plastic strain, &’ is the strain at the
peak compressive strength and /£ is the strain-rate factor. The strength reduction factor due to transverse cracking,
ax, is taken as 1.0. The base response in tension is assumed to be bilinear, with the first part describing the elastic
response of the ECC and the second part describing the strain-hardening response, as given by

f.=mE, ¢ 0<ég <&y (5)
ft =, Esh & Eror <E <&y (6)

where Eg is the initial elastic modulus of the ECC (approximately 20GPa) [7], & is the tensile strain, &er is the tensile
strain at first cracking, &y is the tensile strain capacity, « is a reduction factor to account for transverse cracking.
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Given that the principal stress direction remained constant throughout the testing, it was anticipated that there was
no transverse cracking forming and hence the strength reduction factor, a, was taken as 1.0. Failure was defined as
the moment when the tensile strain at the utmost bottom layer reached the tensile strain capacity, &w, and no post-
peak response was considered. Section analyses at multiple locations along the beam were carried out using
Microsoft Excel.

4. Analysis Results and Discussion

To demonstrate the capability of the calculation framework described in Section 3, two series of analysis were
undertaken to simulate the response of an ECC sample with sample dimensions and test set-up following the
schematic presented in Fig. 3(a). In total, eighteen analysis cases were performed (nine for each tensile stress
model). In each analysis case, different tensile strain values were used at the utmost bottom layer, including 0.03%,
0.075%, 0.15%, 0.30%, 0.45%, 0.75%, 1.50%, 2.25% and 3.0%. The mechanical properties of the ECC were taken
as f.’ =30 MPa, fy, =4 MPa and &y = 3.0%. In the bilinear stress analysis case, fir was taken as 2.8 MPa, whereas
Esh was taken as 40.2 MPa throughout.

Fig. 5 presents the computed load versus point-load deflection of the ECC beam using the assumed two tensile
models. It is evident that the post-cracking tensile stress-strain profiles had a profound effect on the nonlinear part
of the load versus deflection curves, which represents the post-cracking response of the beam. The elastic-plastic
model (a = 1.0) produces a much sharper load-deflection response after first cracking, a flatter post-cracking
response during the intermediate to final parts of the curve and a slight increase in load capacity. The sharp increase
in response along with lower deflection values could be attributed to the value of the stress at first cracking, fir
which is taken equal to that at ultimate state, fi,. The same theory applies to the approximately flat-top response with
increasing deflection, as well as to the marginal increase in load capacity. It is interesting to note that the assumed
tensile stress-strain profiles also affect the deflection at the peak load. This can be attributed to the difference in the
crack distribution at the underside of the two beams. The larger deflection at peak load shown by the bilinear stress
distribution indicates that the cracks that form at the bottom of the beam are more uniform. The evidence for this can
be seen from Fig. 6, which shows that the elastic-plastic stress distribution (« = 1.0) produces a much more drastic
curvature profile as it reaches the center span than that of the bilinear distribution (o = 0.7). In addition, regardless
the tensile models used, it is evident that the computed curvature profile is highly nonlinear which is in sharp
contrast to the linear profile assumed by [10,11] (see Fig. 2). The assumption in linear curvature distribution may
affect the accuracy of the deflection prediction, and hence the equivalent tensile strength and tensile strain capacity.

1200 T T T T | T T T T | T T T T | T T T T | T T T T | T T T T

1000

800

600

Load (N)

400

200 0 a=0.7

0 0.5 1.0 15 2.0 2.5 3.0

Point-load deflection (mm)

Fig. 5. Predicted load versus load-point deflection responses of an ECC sample presented in Fig. 3(a) and 3(b). The mechanical properties of the
ECC are taken to be f.”’ = 30 MPa, fy, = 4 MPa and &, = 3%.
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Fig. 6. Predicted curvature profiles for bilinear (« = 0.7) and elastic-plastic (« = 1.0) tensile models.

The analytical framework was then used to undertake a parametric study to investigate the influence of a wide
range of possible ECC mechanical properties. In total, 56 analysis cases were run for the two tensile stress-strain
models considering a variety of compressive and tensile strength and tensile strain values. The parameters
considered in the parametric study include compressive strength (30, 40 and 50 MPa), tensile strength (3.5, 4 and
5MPa) and tensile strain capacity (0.5, 1, 3 and 4%). It is interesting to note from the results of the parametric
analysis that although the beam exhibits a highly nonlinear response, the tensile strain capacity, & exhibits an
almost linear relationship with point-load deflection, & at peak load and is, to a lesser extent, affected by
compressive strength, f.’. Based on this finding, the following empirical equations are proposed to determine the
equivalent tensile strain capacity, &, from a given point-load deflection and compressive strength

Eru = %(0.028% +0.017) + 1.436,, — 0.29 for elastic-plastic model (= 1.0) @)
Epy = %(0.015% +0.021) + 1.214,, — 0.21 for bilinear model (= 0.7) (8)

To determine the equivalent tensile strength, further derivations were performed using the analytical procedure
described in Section 3. To summarise the findings from the derivations, the tensile strength can be found for either
tensile model by

[(—0.5 89 £z + (h—x) fm] b(0.52h) = 27.5P  for elastic-plastic model (= 1.0) 9)
tu

[(“ * 1) h — x)] 0.54bhf,, +

a’th—x) a+1l 7 «a
. 0.5 - )[

h — ] 0.54bhf = 27.5P
] e x)] f2

for bilinear model (a=0.7) (10)

where x is the neutral axis depth, E is the Young’s Modulus and P is the applied load. For more details on the
derivations of Equations 7-10, the reader should refer to [16].

To aid with the use of Equations 7-10, which are tedious to solve by hand, an Excel spreadsheet was developed
along with a user-friendly website ‘ECC Calc’, built using HTML and CSS scripting languages. The JavaScript
library was used to generate the equations and perform intermediate calculations according to the user’s input. The
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first generation of the website is now available at http://dkwebsolutions.net/ECC-Calc/. The webpage was designed
in such a way that the browser can perform calculations quickly even through a dial-up connection, allowing access
from around the world including countries with limited internet access. Fig. 7 shows the main interface of the
website. A user can simply populate the form shown on the right and click the ‘Calculate’ button to perform the
calculation. The results will be then shown automatically as presented in Fig. 8. The website can also be
downloaded to a smartphone for use in a laboratory setting. New features will be incorporated in the near future to
give users an option to visualize the calculated results.

ecc ECC Calc b — X
i ‘ = Max Load (P) 1000 N
<« C | dkwebsolutions.net/ECC-Calc/ @ 77 P =
Max Displacement (u) 2.67 mm
A Specimen Breadth (b) 40 mm
L Specimen Height (h) 20 mm
2
C Compressive Strength (f;) * 30 N/min
Welcome to ECC Calc, the online tool to easily calculate tensile properties of ECC
samples using results from a four point bending test. This page was developed . 0.7
through work conducted by Blair Cockburn and Dr Benny Suryanto of Heriot-Watt Alpha (a)
University, Edinburgh. Please see the diagrams below to successfully input your
results and calculate tensile properties based on both Bilinear and Elastic-Plastic
tensile stress distributions Young's Modulus (E) * 20000 N/mm?2
D,SPl lo 5P
*NOTE - Work at Heriott-Watt assumes a compressive strength of 30 N/mm? for tests
N ‘ p] |‘ |} I(3 1R | | Izo performed 14 days after casting; Alpha is assumed to be 0.7 for Bilinear stress
ESDEINIe s ITNaE distribution: Young's Modulus of 20,000 N/mmZ. If your values are unknown, please
= v enter these values.
L 55 L 40 | 55 L
| i i 1
1 130 1 CALCULATE

£

These two images show the tensile and compressive stress-strain relations. The
variable alpha, o, is equal to 1 for an elastic-plastic stress distribution, and less than 1
for a bilinear distribution (normally = 0.7).

Please enter your values inta the form inputs below and click the calculate button.

Fig. 7. Screenshot of the ECC Calc’s main interface with boxes shown in the right for user input
(available at http://dkwebsolutions.net/ECC-Calc/).

ECC Calc Results:

Bilinear Elastic-Plastic

fy, 4.39 N/mm?2 foy 3.90 N/mm?
€y 3.01 % €y 3.51 %
fer 3.07 N/mm?2 € 0.019 %

£ 0.015 %

Fig. 8. Screenshot of the calculated output provided by ECC Calc.
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4. Concluding summary

The framework of a practical test method for characterizing the tensile properties of ECC is presented. The
proposed framework comprises three primary parts: (i) a test method, which is based on the well-known four-point
bending test; (ii) an analytical framework, which is based on the beam theory and incorporates nonlinear constitutive
relations of ECC, and; (iii) a web portal, which can be accessed either on-site or in the laboratory via a computer or
smartphone. This framework is called the Heriot-Watt University (HWU) test platform. In this paper, the proposed
framework was used to simulate the response of an ECC sample under four-point bending and to develop
relationships between flexural tests and tensile properties. It has been shown that the assumed tensile stress-strain
response has a significant influence on the load capacity, deflection capacity, computed tensile strength and tensile
strain capacity. Choosing an appropriate tensile stress-strain profile is shown to be essential to achieve the necessary
level of accuracy with regard to the computed tensile strain and stress capacities. Future work will be directed
towards extending the modelling platform for use with existing test methods. The first generation of a web portal is
introduced to provide a practical tool for ascertaining the tensile properties of ECC.
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Abstract

The cracking in concrete promotes deterioration such as the corrosion of reinforcing rebar, therefore, repair in filling the crack is often carried
out. Recently, repair methods using bio-based materials associated with microbial metabolic processes leading to precipitation of calcium
carbonate have been intensively studied. In this study, influencing factors on the precipitation rate depending on the constituents of bio-based
material comprising yeast, glucose and calcium acetate mixed in tris buffer solution was examined for improving the rate of initial reactions. In
addition, effect of temperature change on the amount of calcium carbonate precipitation was also investigated. The precipitates were identified
by X-ray diffraction. It was shown that the increase of temperature lead to a change on calcium carbonate precipitation and caused the pH decrease
under 7.0

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Concrete is one of the most versatile, economical, and universally used construction material. Concrete has a great variety of
applications because it not only meets structural demands but also lends itself readily to architectural treatment. In buildings,
concrete is used for footings, foundations, columns, beams, girders, wall, slabs, and roof units-in short, all important building
elements. Other important concrete applications are in road pavements, airport runways, bridges, dams, irrigation canals, water-
diversion structures, sewage-treatment plants, and water-distribution pipelines. Although quality control of concrete used in these
structures is strictly required, initial defects are likely to occur owing to structural constraints and poor workmanship. For example,
construction-joint or gap tends to form especially at joints between structural members used in bridges structures. When it rains, it
may cause leakage from the gap leading to a decrease in serviceability and should be aesthetically unacceptable. Difficulties
associated with repair techniques for such defects are that conventional repair materials are less effective in sealing the gap formed
spatially distributed in large areas, especially deeper zones in concrete structures.

For example, organic materials e.g. cement-based grout materials with higher viscosity are less practical in repairing deeper
zones of cracks or gaps in large areas. In addition, they may cause adverse effect on the natural environment if they flow out through
the gaps or cracks which are not completely repaired. Therefore, it is advantageous if the materials are not based on such materials,
however, it should have similar materials properties of concrete.

* Corresponding author. Tel.: +81-80-8638-0656
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Recently, liquid-based repair techniques in the field of self-healing through the use of microbial induced precipitation (MIP)
have been intensively investigated [4-6,8,10-12]. The mixtures are comprised of a microorganism, an organic carbon source and a
calcium source which is readily available in concrete. When dry yeast is selected as the microorganism, carbon dioxide produced
through the microbial metabolic processes consuming an organic carbon source such as glucose provides carbonate ions. The
carbonate ions lead to react with calcium ions present in the mixture, leading to the precipitation of calcium carbonate depending
on the pH levels in the alkali environment. The CaCOs precipitates according to the following reactions:

CeHy,06 = 2C0, + 2C,H;OH
CO, + H,0 - CO%~ + 2H* Q)
Ca** 4+ C0%™ - CaCO5 1

It should be noted that the material produced through the reactions is no harmful to concrete materials because the precipitates
are mainly comprised of calcium carbonate which is one of the reaction products formed by carbonation of hydration products.
Besides the material properties, the mixture is a less viscous material compared to conventional materials. This may overcome
shortcomings associated with the conventional repair materials as mentioned previously. Thus, it would be beneficial if the
mixtures penetrate into deeper zones of gaps formed between concrete members and could effectively improve the water tightness
of concrete with defects. However, the precipitation rate especially at early stages depending on the concentrations and initial pH
levels.

Many studies have been carried out to investigate the effect of temperature on the CaCOs precipitation and its incorporation
into the calcite crystal lattice. H. Karoui et al [3] studied the effect of magnesium and sulphate ions on the kinetics precipitation
and morphology of aragonite at fixed temperature of 60°C. It was shown that the magnesium ions were inserted in the aragonite
crystal structure by substituting calcium ions. This substitution depends on the Mg?*, Ca?* and SO%" ions concentrations. Weiss et
al [9] investigated the effect of synthesis temperature on the abundance of vaterite, aragonite, and calcite, thus delineating regions
that are favorable for the formation of these different calcium carbonate polymorphs at temperatures ranging from 25 to 80°C.
Therefore, in this research, the effects of temperature change were examined to enhance the precipitation rate of the calcium
carbonate in bio based repair materials comprising yeast, glucose and calcium acetate. In order to evaluate the effect of temperature,
X-ray powder diffraction (XRD) analysis was conducted. Finally, the relation between XRD analysis and polymorph of calcium
carbonate precipitated was examined.

2. Methodology
2.1. Selection of basic constituents of mixtures

Along this study, calcium carbonate precipitation was promoted by microbial metabolic process of bio-materials mixtures as
shown in Fig. 1. In addition to the reaction, it is essential to control the pH levels in mixtures to facilitate the precipitation of
calcium carbonate. Tris (tris hydroxymethyl aminomethane) buffer solution with an alkali buffering function was used in this study.
The initial pH in the Tris buffer solution was adjusted to 8.0 when mixed hydrochloric acid. The use of hydrochloric acid should
be minimized in adjusting pH levels for ensuring no adverse effect on the integrity of hardened concrete.

The source of calcium ions used for mixtures was chosen taking into consideration higher solubility and no adverse effect on
concrete materials. The material should be also commercially available and cost-effective. Based on the considerations above
mentioned, calcium acetate was chosen in this study.

Microbe

Fig. 1. Basic constituents of bio-based repair material

In addition, dry yeast commercially available was used as a microorganism, which is anaerobic and active in the oxygen-free
environment. Organic carbon sources are necessary for the metabolism of the microorganism. Through the anaerobic fermentation,
the yeast converts carbohydrates to carbon dioxide and alcohols in the presence of glucose (CsH1206) which was selected as an
organic carbon source.

It is known that highly alkaline environment in which pore solution in concrete exhibits is a severe condition for the yeast. It is
crucial for the microorganism to exist in the mixtures with relatively lower pH, which is adjusted as low as possible initially.
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According to previous research, it has been reported that the precipitation of calcium carbonate was likely to be smaller when pH
decreased less than 7.5 [8]. In order to maintain the appropriate pH levels in mixtures tested, the pH was initially adjusted as 8.0
in room conditions controlled at 20°C. With the above materials, the mixtures as shown in Table. 1 were tested in different
temperature conditions controlled at 10°C, 20°C and 30°C.

Table 1. Mix Proportion of dry yeast, glucose, calcium acetate and temperature changing.

Glucose Calcium acetate Tris buffer solution Elapsed time
Cases Dry yeast Temperature
(mol/L) (mol/L) pH (Mol/L) (hours)

Al 12
A2 24
A3 36

9.0 0.1 0.05 8.0 0.5 30°C
A4 48
A5 60
A6 72
B1 12
B2 24
B3 36

9.0 0.1 0.05 8.0 0.5 20°C
B4 48
B5 60
B6 72
C1 12
Cc2 24
C3 36

9.0 0.1 0.05 8.0 0.5 10°C
C4 48
C5 60
C6 72

2.2. Testing Procedures

In order to measure the concentration of calcium ion present and pH in mixtures after reaction was started, each mixture was
prepared in a test tube. First, each material based on mix proportion specified as shown in Table. 1 was prepared and they were
mixed with Tris buffer solution in a beaker. The mixture in the beaker was subsequently stirred until each material was dissolved
into the solution. And the Tris buffer solution was further added to make solution 30 mL totally. The test tubes were placed in
conditions controlled at 10°C, 20°C, and 30°C for the measurement. The concentration of calcium ions and pH were measured in
filtered mixtures using commercially available meters (pH/mv meter model SK-620PH and calcium ion electrode model CA-2031).
Each test was carried out using two test tubes to confirm the consistency of results obtained.

Based on the results of calcium ions measured, precipitated calcium carbonate was estimated using the following formula:

(2)

cacos = Q(MoY,) x m(@) x M(9/,,. ) x C"‘OC“

C

Where CaCO3: the amount of precipitates (g), Q: concentration of calcium acetate (mol/L), m: amount of solution (L), M: molar
mass of calcium carbonate (100.09), Co: Initial concentration of calcium ion and Ca: concentration of calcium ion measured. The
precipitates were also tested for X-Ray Diffraction analysis to examine the crystals formed though the microbial metabolic process
of bio-based materials in mixtures.

2.3. XRD analysis

XRD analysis was carried out using the residue left in the test tube after 24 hours, 48 hours and 72 hours. Each sample was
crushed and pulverized to an average particle size of less than 10 microns, and then mounted onto an instrument-specific plastic
slide plates. Then the mass absorption coefficient of the sample was determined by x-ray transmission. The XRD pattern was
obtained by scanning from 5 to 50 degrees, 2 theta using a vertical x-ray diffractometer. The components of the sample were
identified by comparing them with database powder diffraction PDF-4/Mineral 2015 established by the International Center for
Diffraction Data [2].
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3. Results and Discussion
3.1. Influence of temperature on precipitates

Effect of temperature was examined with respect to precipitation rate up to 72 hours later after mixed. The mixtures cases were
as shown in Table 1. Fig. 2 shows the precipitates left in tubes after filtering up to 24 hours elapsed time. Visually, calcium
carbonate precipitation adhering to test tube increased with increasing temperature. Precipitation of CaCOgs in the case of A
mixtures was observed to be greater than precipitation in B and C mixtures. Fig. 3 shows the precipitates left in tubes after filtering
up to 72 hours elapsed time. Precipitation of CaCOs; up to 72 hours elapsed time was observed to be greater than those to 48 hours
and 24 hours.

(b)

Fig. 2. Precipitates left after 24 hours; a) test tube in 30°C, b) test tube in 20°C and c) test tube in 10°C

Fig. 3. Precipitates left after 72 hours; a) test tube in 30°C, b) test tube in 20°C and c) test tube in 10°C

Based on the weight of precipitates left in tubes after filtering, precipitation of CaCOs3 in the case of A mixtures up to 24 hours
elapsed time was 0.13 g. After 36 hours, it reached 0.14 g at most until 72 hours elapsed time. In the case of B mixtures, precipitates
left in tubes after filtering up to 24 hours elapsed time was 0.06 g. The precipitation increased to 0.09 g after 36 hours, 0.10 g after
48 hours, and gradually increased to 0.13 gram during 60 to 72 hours elapsed time. On the other hand, in the case of C mixtures
precipitates left in tubes after filtering were less than 0.05 g. Precipitation of CaCO3 up to 24 hours elapsed time was 0.02 g. After
48 hours elapsed time it reached 0.04 g and it subsequently reached 0.05 gram during 60 to 72 hours elapsed time. Furthermore, in
the case of A mixtures, after 24 hours elapsed time the amount of precipitation was constant until 72 hours. In the case of B
mixtures, after 24 hours elapsed time precipitation of CaCOs increased gradually until 60 hours. After 60 hours, precipitation was
constant until 72 hours. Otherwise, in the case of C mixtures, the amount of precipitation was below 0.05 g up to 72 hours elapsed
time. Fig. 4 shows the weight of precipitates left in tubes after filtering for each mixtures up to 72 hours elapsed time.
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The results were clearly confirmed by the calcium ion measurement in the mixtures tested. Fig. 5 shows the decreasing rate of
calcium ion and changes of pH measured in the mixture tested. As can be seen, the concentration of calcium ion measured in the
C mixtures was decreased by 5% after 12 hours. The, decreasing rate reached about 15% after 36 hours and reached about 40%
until 72 hours later. On the other hand, in this temperature, the pH decreased from 8.0 to 7.8. In the case of B mixtures, the decrease
in the concentration of calcium ion was also notably observed in 12 hours of the monitoring after mixing. The decreasing rate
reached about 20% up to 12 hours of elapsed time and reached almost 90% after 72 hours. In this condition, the pH slightly
decreased from 7.8 to about 7.5. On the third condition, in the case of A mixtures after 24 hours elapsed time, the concentration of
calcium ion was decreased by greater than 90%. On the other hand, the pH was gradually lowered below 7.0. According to past
research, 80°F-90°F (27°C-32°C) temperature condition are optimum temperature range for yeast to grow and reproduce at
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fermentation stage [1]. So, it could increase the amount of calcium carbonate precipitation.
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Furthermore, the relation between decreasing rate of precipitation and precipitation rate by filtered paper is shown in Fig. 6.
Decreasing precipitation rate was measured by using initial concentration of calcium ion (Co) and concentration of calcium ion
measured (Ca) based on Eq.2. The average difference between of decreasing rate of precipitation measured over precipitation rate
calculated by filtered paper was less than 30%. The results were clearly confirmed that decreasing rate of precipitation similar to
precipitation rate by measuring filter paper. The maximum precipitation of calcium carbonate was reached at 30°C temperature.

Fig. 5. Concentration of calcium ions and pH
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3.2. Effect of temperature on mineral microstructure

Calcium carbonate has three anhydrous polymorphs which are, in order of increasing solubility, calcite (rhombohedra),
aragonite (orthorhombic) and vaterite (hexagonal). The calcium carbonate polymorph and precipitation rate depend on several
parameters; i.e. water composition, temperature, and supersaturation. At ambient temperature, calcite is the most predominant

phase [7].
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Fig. 7. Superposition of XRD Pattern obtained at different temperature; (a) after 24 hours elapsed time, (b) after 48 hours elapsed time, (c) after 72 hours
elapsed time, (d) sampel in 10°C after 24, 48 and 72 hours elapsed time

The XRD patterns of the precipitates obtained at three temperature conditions in the presence of CaCOs are presented in Fig. 7.
At 10°C, the three polymorph of CaCOs (aragonite, calcite, and vaterite) coexisted. However, after 24 hours elapsed time there
was fluorite in this condition. It is because the growth rate of yeast was significantly reduced at temperatures under 20°C [1]. After
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48 hours, intensities with respect to calcite increased. Correspondingly, after 72 hours calcite was the dominant polymorph of
CaCOs material as shown in 5 peaks of calcite in XRD pattern.

Similarly, in the 20°C, there were aragonite, calcite and vaterite polymorph in the calcium carbonate precipitation. After 24
hours elapsed time, there were 6 peaks of calcite, 1 peak of aragonite and 1 peak of vaterite. After 48 hours, the number of calcite
polymorph pattern increased to 7 peaks. In the same way, after 72 hours elapsed time reached the same pattern. Otherwise, in the
30°C temperature, same pattern for 24 hours, 48 and 72 hours elapsed time. There were 7 peaks indicating the presence of calcite
from 24 hours elapsed time. It is shown that calcite should be the dominant or only polymorph of CaCOj; formed by the loss of
carbon dioxide if the temperature is the controlling factor. Moreover, when the temperature increased, the intensities of calcite
reflections increased and became the major phase. Accordingly, the increase of the temperature promotes the calcite phase. It
suggested that the crystals were mainly comprised of calcite.

4. Conclusion

The result showed the effects of the temperature changes on the precipitation rate of calcium carbonate. Based on the weight of
precipitates left in tubes after filtering, the maximum precipitation of CaCOs; was observed in the case of A mixtures (30°C
temperature) and the lowest precipitation was in the case of (10°C temperature). The results were clearly confirmed by the calcium
ion measurement in the mixtures. In the case of A mixtures, after 24 hours elapsed time the concentration of calcium ion was
decreased by greater than 90%. On the other hand, the pH was gradually lowered below 7.0. Furthermore, the XRD method also
showed effect of temperature changes. When the temperature increased, the intensities of calcite reflections increased and became
the major phase. XRD analysis confirmed calcite should be the dominant polymorph of CaCOs.
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Abstract

Concrete is an important material used globally, diverse as it can be applied in all construction type or modify to be apply in
specialize construction fields. Adding bacteria in concrete can improve the concrete properties and increase durability due
deposited calcite by bacteria. However, calcite deposition by bacteria is limited by calcium available in cement. The objective of
this research is to determine the effect of adding calcium lactate as an additional calcium source and bacteria on the concrete
properties. The bacteria used is locally isolated and enriched to suite concrete environment. The type of the bacteria used is
identified as Enterococcus faecalis. The calcium lactate is added into concrete mix with concentrations of 0.001 mol/l, 0.005
mol/l and 0.01 mol/l. Whereas, the bacteria is added as 3% Enterococcus Faecalis. Mechanical properties test such as
compressive strength, flexural strength and tensile strength was conducted. Cubes of size 150mm x 150mm x 150mm were
prepared for compressive strength test while of Dia 150mm by 300mm cylinder were prepared for tensile strength test. Flexural
strength test was performed on prism of size 100mm x 100mm x 500mm. The result of compressive strength shows that adding
Enterococcus faecalis with 0.005 mol/l of calcium lactate gave the highest strength of 42.8 MPa compared to control of 36 MPa.
The tensile strength and flexural strength has a similar trend as compressive strength results.Where, both results were optimum
with 0.005 mol/l concentration of calcium lactate . The result of tensile strength shows that Enterococcus faecaliswith 0.005
mol/l obtained 3.18 MPa compared to control of 2.54 MPa. Flexural strength test result was 6.67 MPa for Enterococcus faecalis
with 0.005 mol/l compared to control of 4.78 MPa. The overall results of bacteria with added calcium lactate showed promising
result and further study on self healing capability is encouraging.
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1. Introduction

Bacteria is a common microorganism found everywhere from soil, lakes, water dams and etc. Siddique and
Chahal[1] states that there are approximately 40 million bacterial cells inlg of soil and a million bacterial cells in a
millimeter of fresh water. There are approximately five nonillion (5x 10%°) of bacteria on earth. The bacteria species
discovered by scientist from various places all around the world barely scratch the surface as there are constantly
new discovery being made. Bacteria are able to promote the precipitation of calcium carbonate in the form of calcite.
Calcium carbonate precipitation occurs as a by-product of a common microbial metabolic process which would help
produce microbial calcite precipitation [2]. Bacterium added into concrete is able to improve concrete properties by
production of calcium carbonate. This has been proven by several researchers done all over the world [1, 2, 3].
However, the bacterium used in this research varies from those used by others. The bacterium identified as
Enterococcusfaecalis is used in this research, isolated and enriched to suit concrete environment. This process was
initiated during the early stage of research by Irwan [4]. The optimum percentage of 3% is used in this research
based on previously research trial by Irwan [5]. Based on this trial, it was determine that 3% would provide the
optimum results on strength and durability. Determining the optimum concentration of calcium lactate and the effect
on compressive strength, flexural strength and tensile strength is the main reason of this research.

2. Experimental program
2.1Enterococcus faecalis and calcium lactate

Enterococcus faecalis is added into concrete as a partial replacement of water. This bacterium is added into
concrete in the form of bacteria liquid culture. One colony of bacteria was added into nutrient broth and shaken for
ten days, based on bacteria growth curve. After ten days, the bacteria liquid culture was measured and used in
fabrication. The calcium lactate added is measured based on the total amount of water used for fabrication. The
calculation can be seen in Table 1. The amount of calcium lactate used in this study is adopted from Xu and Yao [6].

Table 1.Calcium lactate used in fabrication

Chemical formula of calcium lactate CsH10CaOs
Molar mass of calcium lactate 218 g/mol
0.001 mol/L x 218 g/mol 0.22 g/L
0.005 mol/L x 218 g/mol 1.09 g/L
0.01 mol/L x 218g/mol 218 g/L

2.2 Materials

The bacteria used is isolated from fresh urine and enriched to suit concrete environment. Concrete environment is
high in alkaline and near to zero oxygen. All materials used in this study for concrete mixing and the 3% of
Enterococcus faecalis is based on previously conducted study by Irwan [5]. Whereas, calcium lactate added into
fabrication was done in several concentrations, which are 0.001mol/l, 0.005 mol/l and 0.01 mol/l. The amount of
material used for every batch casted in fabrication can be seen in Table 2. The calculated amount is based on G30
using DOE method. The fabrication of concrete was done according to BS 1881-125:2013 [7]. The samples were
removed after 24 hour and are air dry until tests are conducted.
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Table 2.Amount of materials prepared for fabrication

Cement Sand Aggregate Water Enterococcus Calcium
Materials (kg) (kg) (kg) (kg) faecalis lactate
() ()
Control 16 28.15 45.70 8.63 - -
3% Ent.f 16 28.15 45.70 8.37 259 -
3% Ent.f + 0.001 mol/l CL 16 28.15 45.70 8.37 259 1.90
3% Ent.f+ 0.005 mol/l CL 16 28.15 45.70 8.37 259 9.40
3% Ent.f+ 0.01 mol/l CL 16 28.15 45.70 8.37 259 18.80

* Note: Ent.f (Enterococcus faecalis); CL (Calcium Lactate)
2.3 Test procedure

Mechanical tests that were performed are compressive strength, tensile strength and flexural strength test. All
three tests were conducted using Universal Testing Machine (UTM). All tests were conducted on three samples after
28 days of curing. The average results are reported. Compressive strength test was performed using cubes of size
150mm x 150mm x 150mm. The test was done in accordance to BS EN 12390-3:2009[8]. Flexural strength test was
conducted using prism of size 100mm x 100mm x 500mm based on BS EN 12390-5:2009 [9]. Tensile strength test
was conducted using cylinder of Dia 150 by 300mm. The test was accordance to BS EN 12390-6:2009 [10].

3. Results and discussion
3.1 Compressive strength

The average results obtained for compressive strength test are presented in Table 3 and Fig. 1. The compressive
strength of concrete containing calcium lactate and Enterococcus faecalis have significant increment towards the
compressive strength. The highest compressive strength is obtained by 0.005 mol/L CL (42.8MPa) followed by
0.01mol/L CL (39MPa) then 0.001 mol/L CL (38.5MPa).After 28 days, there was al8.9% improvement in the
compressive strength of concrete specimens with 0.005 mol/L CL compared to control. Addition of 0.001 mol/L CL
in concrete specimens obtained an increment of 6.9% .Whereas, 0.01 mol/L CL in concrete specimens increased
compressive strength by 8.3%. The increment of compressive strength with 0.001 mol/L, 0.005 mol/L and 0.01
mol/L of CL compared to concrete specimens of Ent.f are 0.8%, 12% and 2% respectively. The improvement of
compressive strength with the addition of CL in concrete specimens containing Ent.f is due to microbial
precipitation of calcium carbonate. The precipitation of calcium carbonate increased with the addition of calcium
source which increases the compressive strength [1-3].

Table 3. Average results of compressive strength, Tensile strength and Flexural strength

. Compressive strength Tensile strength Flexural strength
Materials (Mpa) (Mpa) (Mpa)
Control 36.00 2.50 4.78
3% Ent.f 38.20 2.70 6.60
3% Ent.f + 0.001 mol/l CL 38.50 2.72 6.65
3% Ent.f+ 0.005 mol/l CL 42.80 3.20 6.74
3% Ent.f+ 0.01 mol/l CL 39.00 2.74 6.67
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Fig. 1.Influence of different concentrations of calcium lactate on bioconcrete containing Ent.f
3.2 Tensile strength

Tensile strength test was conducted to determine the influence of bacteria and calcium lactate on tensile strength.
The average result of tensile strength is shown in Table 3 and Fig. 2. The tensile strength results increases
significantly with the addition of CL in concrete specimens containing Ent.f. The highest increment of tensile
strength is with 0.005 mol/L CL. The tensile strength increased by 25.2% with concrete specimens containing 0.005
mol/L CL and Ent.f compared to control. The addition of 0.001 mol/L CL in concrete specimens containing Ent.f
increased tensile strength by4%. Whereas, 0.01 mol/L CL increased tensile strength by 8%. The increment tensile
strength obtained with 0.001 mol/L, 0.005 mol/L and 0.01 mol/L CL compared to concrete specimens containing
Ent.f are 0.7%, 18.5% and 1.5% respectively. The increment of tensile strength of bioconcrete containing calcium
lactate is due to deposition of calcium carbonate. The addition of calcium lactate in the bioconcrete facilitated by
acting as a food source for the bacteria. Previous researchers such as Faiz and Steve [11] and Gavimath [12] has
reported similar results in which the addition of bacterial precipitation increases the strength of concrete.
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Fig. 2. Tensile strength of different concentrations of calcium lactate in bioconcrete containing Ent.f
3.3 Flexural strength

Resistance to flexure is tested by conducting flexural strength test. The average results of the test are presented in
Table 3 and Fig. 3. The precipitation of calcium carbonate with calcium lactate by bacteria has increased the flexural
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strength of concrete. The addition of 0.005 mol/L of calcium lactate in concrete containing Ent.f has increased the
flexural strength by 39.5% compared to control. This is follow by 35.4% increment by 0.01 mol/L CL then 33.3%
increment by 0.001 mol/L of specimens containing Ent.f compared to control. The addition of 0.001 mol/L, 0.005
mol/L and 0.01 mol/L has increased the flexural strength by 0.7%, 2.1% and 1% respectively compared to concrete
with Ent.f. The highest increment of flexural strength is with 0.005 mol/L CL.The addition of microbial activity
within the concrete by addition of calcium lactate has aided in the increment of flexural strength. The flexural
strength of concrete correlates well with previous study which states that the addition of bacteria has profound
impact on the flexural strength of prism by deposition of calcium lactate by bacteria [14].
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Fig. 3.Comparison between different concentrations of calcium lactate with bioconcrete containing Ent.f
4. Conclusion

The calcium lactate added into 3% Enterococcus faecalis have positive results attributed to the increment of
strengths obtained from the tests. The calcium lactate added act as an additional food source for the bacteria to
precipitate calcium carbonate. The precipitated calcium carbonate fills the pores within the concrete matrix which
creates a more compact concrete. This compact concrete is able to withstand higher load thus increasing the
strength. The optimum concentration of calcium lactate added into 3% Enterococcus faecalis is 0.005 mol/L CL.
This concentration has contributed to the increment of 16.4% of compressive strength, 25.2% increment of tensile
strength and 39.5% increment of flexural strength.
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Abstract

The objective of this study was to define specifications of a printable cement based material. This paper proposes a definition and
recommendations to design a « printable cement based material ». These recommendations are based on experimental work and
observations carried out in the laboratory. A dedicated tool was designed for this experimental phase to simulate the implementation
of cement-based material using a 3D printer. In the first part of this paper, an analysis of the literature overview on 3D printing for
construction is detailed and analyzed. In the second part the experimental device designed especially for this study is presented and
discussed. Finally in the third part a synopsis record of key parameters and properties to design a « printable cement-based materials
» is proposed and discussed.
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1. Introduction

Additive Manufacturing (AM) consists in building an object layer by layer using a 3D CAD model, an appropriate
material and a special machine [1]. Various technologies are associated with AM, going from paste extrusion to the
deposition of a binder on a powder layer.

Additive manufacturing with cement based materials emerged in the world of construction in 1997 within the first
paper on printing cement-based materials published by Pegna [2].The technique used was based on applying a binder
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on a cement powder. The idea of building layer on layer was proposed by the architect Nader Khalili [3]. Number of
initiatives emerged thereafter. In 2010, Prof. Behrok Khoshnevis of the University of Southern California presented
3D printed walls made with cement-based materials extrusion. Khoshnevis proposed the idea of building individual
homes using a large-scale 3D printers [4], and named this technology ‘Contour Crafting’. A gantry system on which
a printing head can move in the XYZ system was used for this technology.In the same year, Enrico Dini [5] unveiled
a machine able to create large-scale elements from a powdered stone material bound together with a binder. A 2m high
element was manufactured using Enrico Dini’s technology. The objective of using this technology was to build houses
on earth and also on the moon [5]. In 2012, researchers from Loughborough University unveiled a large-scale 3D
printer capable of extruding cement-based materials [6, 7]. In 2014 Loughborough University started collaboration
with a construction company on the development of AM applied to construction. In the same year, additive
manufacturing was used to produce 10 houses in 24 hours. This was achieved by “Winsun Corp” in China [8]. At the
Institute of Advanced Architecture of Catalonia in Spain[9], an architectural element was printed using cement. Three
mini-robots called ‘Minibuilders’ were used in this case. In 2015, The University of Berkley [10]built a structure of
2.7 meters. This element, called ‘Bloom’, was made from 804 parts. These parts were manufactured using small-scale
3D printers. During the same year, a company [11] based in Netherlands published pictures of 3D printed concrete
elements. A robotic arm was used to produce these elements. Recently an Italian company [12] unveiled a 3D printer
that was 12m height. It was announced that this printer was able to print in cement and clay. Moreover, Andrey
Rudenko developed a 3D printing machine for cement based materials. He announced that development was inspired
from a desktop 3D printer. The printing system is moved using a gantry. The development started in the United States
where elements of nearly 1m50 height were printed. In 2015 a collaboration in Philippines was started to build massive
3D printed expansion of a hotel [13].

Additive manufacturing applied to construction is still in a research and development phase. In fact large-scale
industrial machines are not available on the market, neither suitable materials nor clear business models. The
construction sector faces numerous challenges within the current economic context. Numbers of initiatives have
pledged to reduce construction duration and find innovative solutions to respond to the growing need of housing. The
completion of a construction project can range from few months to several years, which is relatively long compared
to industry. New trends have emerged to reduce construction schedules: Modular construction- Prefabrication -
automation. etc.

1.1 Previous work

The current trend in AM applied to construction is the development of a cement based material usable for large-
scale 3D printing. The formulation of a cement based material needs specifications of key properties. Only few studies
were carried out to determine these key properties [6, 14]. Two printability indicators: extrudability and buildability
were identified [6]. These indicators were controlled by the workability. Extrudability was defined as the capacity of
fresh mortar to flow through pipes and nozzle to form a continuous filament. The extrudability test consisted in printing
arange of 1 to 5 filaments of 300 mm. The test was passed if the extrusion occured without blocking or cracking. The
Buildablilty was defined as the ability to build a monolithic part layer by layer with minimal deformation. It is mainly
influenced by the handling time. 34 layers were built without notable defaults. A complementary rheological
characterization has identified a range of shear stress value between 0.3 kPa and 0.9 kPa to extrude cement based
materials.The link between structural built up of cement based materials and 3D printing was studied [14]. A model
to study the impact of layers superposition was presented. Cylinders of fresh cement-based materials were submitted
to a 1.5 N load according to different frequencies. The loading frequency was correlated to printing velocity. Loading
stopped once cracks appeared on sample’s surface.

1.2 Cement-based materials: the liquid stone
Rheology is the science that study matter flow, in its liquid, semi-solid or solid state. The objective is to understand

the behavior of a material under a shear stress. When a shear stress 7t is applied to a soft material a deformation will
result. The shear rate is represented with y’(1/s). When the relationship between shear stress t and shear rate y’ is
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constant the material is described as a Newtonian fluid (Eq 1) where I] is the apparent viscosity. In other cases the
material is viscoplastic. In this case the apparent viscosity depends on the deformation rate (Eq 2).

=Ly (Eq 1)
=I(Y).y (Eq2)
T=To+HL.Y' (Eq 3)

Concrete and cement based-materials can be considered, with good accuracy as yield stress materials [15, 16]. It is
necessary to overcome a certain yield stress 10 to initiate flow. The relationship between the yield stress and the
deformation rate in the case of cement based materials is generally expressed by the Bingham model (Eq 3) where p
is the plastic viscosity [15].

The objective of this paper is to:

¢ Give a definition to printable cement based materials through literature review and highlight main properties to
monitor.

¢ Propose a methodology to measure key properties.

o Propose a framework/guideline to design a printable cement based material.

2. Methodology

The objective of this paper was to suggest a definition and define recommendations to design a printable cement
based material. These recommendations are based on experimental work and observations carried out in the laboratory.
A dedicated system was designed for this experimental phase to simulate the implementation of cement based material
using a 3D printer. Two reference printable materials were taken from literature: ‘LG’ from [6] and ‘CC’ from [17].
An extrudable cement paste ‘CP’ and a mortar ‘MO’ were added for comparison. We tried to get as close as possible
to formulations gathered from literature review to carry out laboratory testing and check some data and results.

A printable cement based material should be soft enough to flow through pipes and in same time have the behavior
of a solid once deposited. The literature review and the experimental work showed that mortars can have a semi solid
behavior when no stress was applied. Two printability indicators were defined in literature: Extrudability and
Buildability [6, 14]

2.1 Material

So as to able to reproduce formulations from literature, the type of cement and sand granular distribution were
considered. In a 3D printing process material is supposed to extrude through an orifice. Considering material used for
concrete projection or pumping [18] sand is chosen according to the diameter of the hose. The largest aggregate size
must be four times smaller than orifice diameter (Dmax< Darifice). In University of Loughborough an extrusion orifice
of 9 mm was combined with a sand maximum size of 2 mm. The used binder was a mix of CEM | 52.5, fly ash and
silica fume. Details about components used in Contour Carafting’s material (CC) were unfortunately not specified.

In this study a normalized sand AFNOR EN 196-1 was used, this sand was sieved and corrected to obtain a sand
(S) with same granular distribution as Loughborough’s sand (LG-S). Graphic in Fig. 1 shows the granular distribution
of the sand used in this study compared to ‘LG-S’ sand. A plasticizer was used for the Contour crafting mix. A CEM
1 52.5 N was used in the binder.

The composition of the studied materials is shown in Table 1. “CC” designates the material developed through
Contour crafting project, the material contains 29 % of cement (binder) and 57 % of sand. “LG” is the material
developed in the University of Loughborough, it contains 34 % of binder (70 % cement+20 % Fly ash+ 10 % Silica
fume). “CP” is a cement paste and “MO” is a mortar, these materials were designed in the laboratory for comparison.
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Fig. 1 Granular distribution of sand: 'S' sand used in this study and 'LG-S' sand used in [6]

Mixes were prepared by mixing water and the binder for 2 min at 140 rpm in a 5L mixer. Then sand was added and
the mixing continued for 2 min at a speed of 280 rpm. For each batch series of tests were conducted: Slump test-
Density measure-Extrudability-Buildability.

Table 1 Proportions of Mix designs
B(%) S(%) W (%) Pl(%) WB

CP 77 0 23 0 0.30
MO 47 36 17 0 0.35
LG 34 51 15 0 0.45
CcC 29 57 12 2 0.40

2.2 Extrudability

The ability of tested mixes to extrude was tested through a piston system. This system was designed in the laboratory
for this purpose. It was composed of a tube of D=50 mm diameter and 200 mm of length, the tube has an orifice of
d=10 mm in its bottom to allow material extrusion.

Once a mix was ready, the fresh material was introduced inside the tube and the piston applied a controlled
displacement of 5mm/s. The length of the extruded material was recorded. A similar system was used by [19] to
measure rheology of semi-solid mortars.

2.3 Buildability

In 3D printing material is deposited layer on layer. Which implies that the fresh mortar should be able to bare the
deposited layers. A device was developed in laboratory to simulate this layer deposition. The test was performed by
applying incremental loads to a sample and measuring its deformation.

An incremental loading was used in our case. After mixing, fresh mortar samples of 60 mm diameter and 30 mm
were manufactured and tested. A roughened plate was added to the bottom and the up of the consolidation system to
avoid sample’s slipping. Stress was applied in the vertical direction, lateral deformations were allowed. The loading
was incremented each 30 s to simulate a 3D printer that deposits layer each 30 s. Fractures in the surface of the sample
were monitored and the applied stress was recorded until the cracking of the sample as shown inFig. 3.
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3. Results & Analysis

Fresh mortars characterization included slump test and density measurement. After these values were recorded
extrusion and buildability tests were carried out.

Table 2 Results of fresh material characterization

Slump (mm) Ofresh (kg/m?®) Extrusion speed (cm/s) Critical vertical stress (kPa)
cC 4 2206 25 6
LG 20 2694 15 11
MO 30 2585 21 16
CP 20 2796 63 21

Test results are shown in Table 2. The slump value ranges from 4 mm to 30 mm. According to the EN 206-1:2000
standard these values corresponds to ‘S1 class’ which represents stiff mortars. ‘CC’ is stiffer than ‘LG’ and CP which
are stiffer than MO. Fresh density ranges from 2206 to 2796 kg/m3. The cement paste ‘CP’ has the highest density
while ‘CC’ has the lowest value. This may be explained by sand adding. Sand changes the microstructural structure
of the homogenous cement paste. VVoids are created between aggregates. These voids are filled with air which reduces
the density of the fresh mortar.

The recorded extrusion output velocity for ‘CP’ was 63 cm/s, 25 cm/s for ‘CC’, 21 cm/s for ‘MO’ and 15 cm/s for
‘LG’. The ability of ‘CP’ to extrude was 4 times the ability of ‘LG’ to extrude. The critical vertical stress was recorded
when first fractures appeared on samples. This value goes from 6 kPa to 21 kPa. The highest value was recorded for
‘CP’ and the lowest for ‘CC’. It was noticed that the extrusion speed and the critical vertical stress were linked to sand
and cement content. In the following these values are analysed considering cement and sand content.

3.1 Extrusion

Fig. 2 shows the representation of Extrusion Speed according to cement and sand content. The extrusion speed of
‘CP’ was higher than ‘MO’ and ‘CC’ which were also higher than the extrusion speed of ‘LG’. The sand content of
CP was 0 %, 36 % for MO, 51 % for LG and 57 % for CC. The cement content of ‘CP was 77 %, 47 % for MO, 34 %
for LG.

Considering slump values ‘LG’ and ‘CC’ are stiffer than ‘MO’ and ‘CP’. The extrusion speed of ‘LG’ and ‘CC’ is
lower. These materials require higher piston pressure to extrude than ‘MO’ or ‘CP”.

It was noticed that the extrusion speed decreased with sand content and increased with cement content. A pressure
on the piston was required to extrude the material. In our case the pressure was constant, which explains speed changes.
In theory this phenomenon is due to the tribology of cement based materials [20]. These materials tend to stiffen when
no constraints are applied and to flow when sufficient shear is applied. The adding of sand increased friction
constraints. To equilibrate these additional constraints, the piston pressure should be increased to overcome the critical
friction stress Kwo [21].

The ‘CC’ sample didn’t follow this general tendency. This may be explained by the migration of the cement paste
(matrix) through the particle skeleton due to plasticizer content [22]. Mortars are two-phase materials, they are
composed of a cement paste matrix and of aggregates suspensions. Flow velocity in the case of two-phase fluids is the
combinations of the matrix velocity and of the particle skeleton velocity. This difference in velocity involves
segregation. Further tests should be carried out on this mix. The piston system may also contribute to the disconnection
between sand aggregates and cement paste.
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Fig. 2 Representation of the Extrusion Speed according to cement content (a) and to sand content (b)

3.2 Buildability

The critical constraint was recorded when a fracture appeared on the sample. Fig. 3 shows a sound sample (a) and
a fractured sample (b). The vertical constraint was increased with increments of 5 kPa each 30 s. Fig. 4 shows the
representation of the critical vertical stress according to cement and sand content. The vertical strength of ‘CP’ was
higher than ‘MO’, ‘LG’ and ‘CC’. The sand content of CP was 0 %, 36 % for MO, 51 % for LG and 57 % for CC.
The cement content of ‘CP was 77 %, 47 % for MO, 34 % for LG. The critical stress decreases with sand content and
increased with cement.

Fig. 3 Sound sample at the beginning of the incremental loading (a) and Cracked sample at the end of the incremental loading (b).
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Fig. 4 Representation of the critical stress according to cement content (a) and sand content (b)

Cement based materials have a shear-thinning behaviour, these materials need a mechanical solicitation to flow.
This behaviour is modelled by the Bingham model. The yield stress 1o reflects the consistency of fresh concrete, high
shear rate concrete tends to have a semi-solid behaviour. On the other hand, the plastic viscosity u reflects the ability
of the material to flow.

During piston extrusion, a pressure was applied to the material. When the applied stress exceeded the shear yield
stress of the material (to<tpiston) and the critical friction stress, the system flowed according to the plastic viscosity. A
similar study was carried out by [19]. Series of orifice extrusion tests were conducted on highly concentrated semi-
solid cement mortars under various extrusion velocities. The orifice extrusion was used as a tool to quantify the
rheological behaviour of tested materials. In our case, extrudability can be linked to the plastic viscosity of the material
and is controlled by the applied pressure. The extrudability decreases with sand content.

In buildability tests, the material was subjected to a vertical constraint which simulated the loading of next layers
above. The material must withstand these layers without cracking. A similar study was led by [14]. A theoretical
framework was presented where the vertical stress acting on the first deposited layer was compared to the critical stress
of material. This framework was validated by simulating layer deposition using a loading device. The compression
principle was inspired from the squeezing test which is a tool used is rheology measurement [23, 24]. The material
remains solid as Tappiies<to. The normal stress ¢ and the shear stress t are linked through a relationship that depends on
sample’s geometry [14, 24]. The cement content contribute to increase materials buildability. However cement is
expensive and have a negative impact on the environment. Other materials, like sand, are generally added to cement
reduce its cost and environmental impact.

4. Conclusion and perspectives

In this paper a literature review highlighted main fresh properties of a printable cement based materials. An
experimental device was specially designed to simulate 3D printing based on key properties. Some materials were
taken from literature for laboratory testing. The printability of fresh mortars depends on the rheological behaviour of
materials. Main parameters are the yield stress and the plastic viscosity. To formulate a printable cement based
material, the operator should take into account these parameters and extrusion system characteristics. Materials with
low sand content seems to extrude easily than materials with high percentage: the extrusion speed was 63cm/s when
0% of sand was used and 15 cm/s with 51 % of sand. This is due to the friction stress On the other hand, material with
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high cement content developed a 21 kPa vertical green strength:. This can be attributed to cement based materials
thixotropy. This study is a part of an ongoing research project, the objective is to achieve a 1x1x1m? 3D printed
element.

References

[1] ASTM International, ASTM F2792-12a, Standard Terminology for Additive Manufacturing Technologies, (Withdrawn 2015), (2012).
Www.astm.org.

[2] J. Pegna, Exploratory investigation of Solid freeform construction, Autom. Constr. 5 (1997) 427-437.

[3] Nader Khalili, Emergency Sandbag Shelter and Eco-village: Manual-How to Build Your Own with Superadobe/Earthbag, 2012.

[4] B. Khoshnevis, Automated construction by contour crafting-related robotics and information technologies, Autom. Constr. 13 (2004) 5-19.

[5] G. Cesaretti, E. Dini, X. De Kestelier, V. Colla, L. Pambaguian, Building components for an outpost on the Lunar soil by means of a novel 3D
printing technology, Acta Astronaut. 93 (2014) 430—450.

[6] T. Le, S. Austin, S. Buswell, A. G. Gibb, A. Thorpe, Mix design and fresh properties for high-performance printing concrete, Mater. Struct. 45
(2012) 1221-1232.

[7]1 T.T. Le, S. a. Austin, S. Lim, R. a. Buswell, R. Law, a. G.F. Gibb, et al., Hardened properties of high-performance printing concrete, Cem.
Concr. Res. 42 (2012) 558-566. doi:10.1016/j.cemconres.2011.12.003.

[8] Winsun & Co, YINGCHUANG Integrated 3D Printing Technology for Buildings, (2014).
http://www.yhbm.com/index.php?a=lists&c=index&catid=67&m=content (accessed January 26, 2016).

[9] IAAC, Minibuilders, Small Robot. Print. Big Struct. (2014). http://robots.iaac.net/ (accessed January 26, 2016).

[10] M. Cocoma, UC Berkeley unveils first-of-its-kind 3-D-printed cement structure, (2015). http://news.berkeley.edu/2015/03/06/bloom-3-d-
printed-cement-structure/ (accessed January 26, 2016).

[11] CyBe, Redefining Construction By Enabling 3D Concrete Printing, (2014). http://www.cybe.eu/ (accessed January 26, 2016).

[12] WASP Project, BigDelta- La storia , (2014). http://www.wasproject.it/w/bigdelta-la-ricerca/ (accessed January 26, 2016).

[13] 3Ders, Lewis Grand Hotel teams with Andrey Rudenko to develop world’s first 3D printed hotel, planning construction of homes | 3D Printer
News & 3D Printing News, (n.d.). http://www.3ders.org/articles/20150909-lewis-grand-hotel-andrey-rudenko-to-develop-worlds-first-3d-
printed-hotel.html (accessed April 13, 2016).

[14] a. Perrot, D. Rangeard, a. Pierre, Structural built-up of cement-based materials used for 3D-printing extrusion techniques, Mater. Struct.
(2015). d0i:10.1617/s11527-015-0571-0.

[15] O.H. Wallevik, J.E. Wallevik, Rheology as a tool in concrete science: The use of rheographs and workability boxes, Cem. Concr. Res. 41
(2011) 1279-1288. doi:10.1016/j.cemconres.2011.01.009.

[16] N. Roussel, A thixotropy model for fresh fluid concretes: Theory, validation and applications, Cem. Concr. Res. 36 (2006) 1797-1806.
doi:10.1016/j.cemconres.2006.05.025.

[17] D. Hwang, B. Khoshnevis, CONCRETE WALL FABRICATION BY CONTOUR CRAFTING Dooil Hwang and Behrokh Khoshneuvis,
(2004).

[18] F.E.F. du Béton, Le pompage des bétons, 2008. www.efbeton.com/_template/_../POMPAGE_EFB_V3_12 08 partl.ppt.

[19] X. Zhou, Z. Li, M. Fan, H. Chen, Rheology of semi-solid fresh cement pastes and mortars in orifice extrusion, Cem. Concr. Compos. 37 (2013)
304-311. doi:10.1016/j.cemconcomp.2013.01.004.

[20] A. Perrot, Y. Mélinge, D. Rangeard, F. Micaelli, P. Estellé, C. Lanos, Utilisation d * une extrudeuse a piston pour étudier le comportement
rhéologique et tribologique d * un matériau a fort seuil de cisaillement a faible taux de cisaillement, in: XXXe Rencontres AUGC-IBPSA
Chambéry, Savoie, 6 Au 8 Juin 2012, 2012.

[21] N. Roussel, C. Lanos, Plastic Fluid Flow Parameters ldentification Using a Simple Squeezing Test, in: Appl. Rheol., 2003: pp. 132-141.
doi:10.3933/AppIRheol-13-132.

[22] M. Chaouche, F. Chaari, G. Racineux, a. Poitou, Comportement de fluides pateux en écoulement d’écrasement, Rhéologie(Chatenay-Malabry).
3(2003) 46-52.

[23] Z. Toutou, N. Roussel, C. Lanos, The squeezing test: A tool to identify firm cement-based material’s rheological behaviour and evaluate their
extrusion ability, Cem. Concr. Res. 35 (2005) 1891-1899. doi:10.1016/j.cemconres.2004.09.007.

[24] J. Engmann, C. Servais, A.S. Burbidge, Squeeze flow theory and applications to rheometry: A review, J. Nonnewton. Fluid Mech. 132 (2005)
1-27. doi:10.1016/j.jnnfm.2005.08.007.



Available online at www.sciencedirect.com

ScienceDirect Pmcedia
Engineering

www.elsevier.com/locate/procedia

FLSEVIER Procedia Engineering 00 (2017) 000-000

Sustainable Civil Engineering Structures and Construction Materials 2016, SCESCM 2016

Bacillus subtilis HU58 immobilized in micropores of diatomite for
using in self-healing concrete

Nguyen Ngoc Tri Huynh? Nghi Mai Phuong?, Nguyen Phung Anh Toan?, Nguyen Khanh
Son#*

aFaculty of Materials Technology, Ho Chi Minh city University of Technology (HCMUT),, District 10, Ho Chi Minh city, Vietnam

Abstract

Recent studies reveal that using bacteria to mix into concrete material promote generating specific precipitated product. Such
product allows improving physio-mechanical properties of concrete materials at both early and later age. This experimental study
deals with the use of Bacillus subtilis HU58 and natural diatomite Lam Dong as controlled release agent to formulate bacterial
concrete. We investigated self-healing effect during long period of curing time up to 24 months. Given in the result of material
analysis, there is an increasing crystallinity of precipitated calcite by bacteria. At a smaller scale in bacteria modified mortar
(prismatic samples 40x40x160 mm), both compressive and flexural strengths increase in comparison with those of normal
sample, 57 = 61 MPa (in compression) and 9 = 11 MPa (in flexion). At greater scale in bacterial concrete (cube samples
150x150x150 mm), compressive strengths are higher (about 18 %) than obtained results of normal concrete sample at age of 2
months. For the reason of better control of process of precipitation, Bacillus subtilis HU58 and nutrient were first immobilized in
diatomite Lam Dong, before introducing in cement matrix. We examined self-healing capacity of crack opening that were
artificially prepared (1-1.8 mm by width) after early setting of cement mortar. Results of the water permeability test, developed in
laboratory presented the evidence of remediating crack and fissure due to bacteria.
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1. Introduction

Smart materials with self-healing capacity are now regarded as a good candidate material solution for sustainable
development. Bio-concrete or bacteria modified concrete, recently developed in laboratory, is a promising solution
in the sector of construction materials. In general, biological approach in self-healing materials takes inspiration
from the natural phenomenon of bone regeneration in human body. Micro cracks or cracks opening, generated in the
material matrix were able to heal themselves progressively with such natural glue. In comparison with other
techniques based on chemical and natural processes, more advantage in term of effectiveness and environment-
friendly results are attributed to bacteria-based technique [1]. In concrete material, process of cement hydration
permits to establish the microstructure and to specify the mechanical resistance of structural elements. Bio-
mineralization process of calcite in its turn permits to remediate cracks, fissures, capillary pores in microstructure
for durable concrete at later age. Current research issues on this topic tend to explore different species of bacteria in
laboratory study and technology development of this laboratory proven concept in construction sites.

Bacteria genera of Bacillus are well-known by its anaerobe and activity in high alkali solution. Recent studies
reveal the use of Bacillus pasteurii and Bacillus pseudofirmus cohnii DSM 8715 in self-healing concrete [2].
Nutrient solution of calcium lactate or urea/ CaCl, almost were feed with a high concentration of microbial in order
to mineralize calcite as precipitated product [2]. According to the review of Al-Thawadi et al. and Ghosh et al., most
of researchers agree that the phenomenon of calcite precipitation occurs initially on the bacteria spores and
progressively develop toward outer bound [3]. We focus on two objectives in the following paragraphs. First, we
attempt to clarify the mechanism of combination of Bacillus subtilis HU58 bacteria and diatomite, name controlled
release agent. To do so, bacteria and nutrient solution were mixed with natural diatomaceous earth to produce pellet
capsule of diatomite. Then, we use such particle as aggregate components in mix proportion of bacterial mortar and
concrete. Second, we conduct studies on the self-healing behavior at later age of concrete sample and the variation
of mechanical resistance of cement mortar. In closing, we discuss on the performance of Bacillus subtilis HU58
immobilized in microporous structure of diatomite with regard to the result of water permeability test on different
self-healing samples.

2. Materials and experimental method

Bacterial solution were prepared from urea, CaCl,, and Bacillus subtilis HU58 (10° cfu/g) with proportional
mixture given in table 1. We used the resource of natural diatomaceous earth Lam Dong. Such diatomite had a
moderate grade with silica content about 70 wt% in the form of silica gels and 20 wt% alumino-silicate compound.
Homogeneous mixture of bacterial solution and dry diatomite powder could be obtained after 10 minutes in
laboratory planetary mixer. Taking into account the presence of clay content, we applied the plastic forming
technique to granulate the mixture in pellet capsule 10 mm diameter, 10 mm height (figure 1). The ratio of bacterial
solution/solid powder was fixed at 1.26 wt%. These pellet capsules were then coated with cement paste (w/c=0.5)
and placed for drying in dry air before using as normal aggregate component of concrete.

Table 1. Mixing proportion of bacterial solution (1.26 wt% of cement in bacteria modified mortar sample)

Bacillus subtilis HU58 Urea CaCl,.H,0O Nutrient Broth Total

Wwt% 0.49 0.44 0.22 0.11 1.26

(@) (b)

Fig. 1. (a) diatomite pellet capsule (b) coated capsule with cement paste (w/c=0.5)
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Other concreting materials were Portland cement PC40 — Ha Tien, standard sand, well-graded coarse aggregate
(Dmax=20 mm) and tap water. Those materials went through series of quality control tests conforming to the specific
requirement of Vietnamese standard TCVN. A small amount 1.26 wt% (cement) of the bacterial solution was seeded
in fresh mortar as a chemical admixture to formulate bacteria modified cement mortar. Prismatic samples
40x40%160 mm of (bacterial modified mortar and controlled mortar without bacteria) were casted in mold and cured
in laboratory condition (TCVN 6016:1995) until appropriate time for mechanical resistance test. Controlled sample
of concrete grade M300 without bacteria was manufactured as reference. Two others batches of bacterial concrete
were manufactured with diatomite pellet 0.5 wt% (mixing as coarse aggregate) and with bacterial solution 0.5 wt%
(mixing directly with tap water). All concrete samples were casted in cubic molds 150x150x150 mm. Demolded
samples were then cured in laboratory condition until time interval 60 days for compression test. Relating to the
self-healing test, we produced cylindrical samples (90 mm diameter) of bacteria modified mortar. 20 mm thick slices
of mortar were cut from 14 age day samples and then broken into two pieces during a splitting test. Broken slices of
mortar were kept in the right position to submerge for curing in water tank. We examined the state of cracked
samples after another 28 days of curing time and also had recourse analytical analysis of healing glue material.

3. Results
3.1. Precipitated calcite in diatomite pores

As mentioned, we relied on the assumption that diatomite capsule could contribute to the process of controlled
release bacterial solution in cement matrix. Figure 2 describes the test of two pellet capsules immerging in water: the
first one () is original pellet with cement paste coating and the second one (b) is cut in half. As given in the figure
1c and 1d, we found on the broken surface of diatomite pellets (after 3 days) many white and small particles. In
particular, for the second sample, these scattering products were generated clearly in the matrix binder and we can
observe with the naked eyes. That is not evident in case of the first sample.

Fig. 2. left: (a) diatomite pellet in water; (b) broken diatomite pellet in water; (c) inside the broken pellet; (d) calcite precipitation inside diatomite
pellet. Right: SEM images of diatomite immobilized bacteria

We collected these generating products as sieve residue 90um for analytical analysis. Results of XRD analysis
(figure 2) shows that there is an continuous increase of peak intensity of calcite mineral. Thermal analysis by DSC
confirms the existing product of precipitation with an endothermic peak of calcite decomposition at 840°C. It means,
over curing time in high moisture content, bio-mineralization process by Bacillus subtilis HU58 occurred inside
micropores of diatomite matrix. To exanimate the porous microstructure of diatomite in high solution SEM clichés
(figure 2-right), we noted that some microbial spore occupied pore position. That resulted probably from normal
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dissolution during mixing period. We attempted to confront the obtained result with the previous study of Zweers et
al., [4] and TEM images of Bacillus subtilis spores by Yoon et al. [5]. There is a great similarity in spore-like
structure of bacteria. Furthermore, in term of microbial concentration, after 5 months, there was a small deduction of
2.7x108 cfu/g from the initial concentration of Bacillus subtilis HU58 10° cfu/g. Indeed, up to 80 % bacteria spore
still be active in the producing diatomite pellets.
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Fig. 3. (a) XRD patterns of precipitated product inside the broken diatomite pellets; (b) result of thermal analysis DSC of precipitated product.

3.2. Mechanical properties of bacterial sample
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Fig. 4. Compressive strength of bacterial mortar and controlled samples.

Both compressive and flexural strength of mortar sample were registered in the figure 4. Till the age of 2 years
cured in normal condition, results figure out the evidence of higher resistance of bacteria-modified mortar: 61 MPa
in compression and 11 MPa in flexion comparing to result values respectively 57 MPa and 9 MPa for controlled
samples. It is noted that due to small sample size, bacterial solution was dispersed directly into mixer without using
capsule pellets. It seems that generating product of calcite in cement matrix is responsible for such strength gain.
With regard to the different bacteria species, we also highlight better results with Bacillus subtilis HU58 (+ 36 %
strength gain relative to controlled sample) of compressive strength than those mentioned in the study of Ghosh et
al., [6] with an aerobic microbial Shewanella (+ 25 % strength gain relative to controlled sample).
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Fig. 5. Compressive strength of two bacterial concrete and controlled samples.

As given in figure 5, all concrete samples showed an expected increase in compressive strength over time of
curing. Among three series of concrete sample, higher resistance was highlighted for two types of bacterial concrete
in comparison with controlled concrete. Actually, concrete mixing with bacterial solution pointed out the highest
strength development and concrete mixing with capsule pellets revealed slightly lower compressive strength. It is
probably that we can explain such variation due to fact that coating layer around diatomite pellet prevents the direct
contact with water. We note that high moisture condition is necessary to activate the bio-mineralization progress.
But, in fact, obtained result (17 % higher than controlled samples) in case of concrete mixing with diatomite pellet
still greater than those of Wang [7] while the author used Bacillus subtilis incorporated into the concrete specimens
as part of the mixing water (15 % higher than controlled samples). At this point, we need back to the interest of
using diatomite as controlled release agent. Thank to the immobilization of Bacillus subtilis HU58 in diatomite
pores, which could help us keeping protect microbial from rigorous concrete mixing process and increasing the
bacteria concentration for healing effect on meso/microstructure defaults.

3.3. Self-healing behavior

Test of self-healing material were conducted on mortar sample (90 mm diameter, 20 mm thickness) including
artificial crack 1.8 mm in width. First, figure 6a illustrates that such crack which crossed diatomite pellet position
and made it broken in two pieces. Second, in the course of curing period 3-28 days, two pieces of broken slices
healed well together. To analysis the healing material in the crack opening by using SEM and EDX technique, we
obtained relevant results in the figure 7. Calcite products was crystallized clearly in rod-like shape in the figure 7.
Such qualitative and quantitative analyses proved useful to conclude the presence of precipitated calcite in material
testing. It is obvious that the existing calcite precipitated product acted as glue on the cutting area of mortar sample
for self-healing issue. Indeed, there was an release of bacterial solution from diatomite pellet into wide crack 1.8mm
in order to activate the bio-mineralization process. Comparing to previous study in literature of Wang [8], thank to
using Bacillus sphaericus LMG 22557 the author reported healing phenomenon on crack 0.97 mm in width. That
mean, higher performance is attributed to the use of Bacillus subtilis HU58 immobilized in microporous structure of
diatomite. They could heal an artificial crack wide 1.8 mm in this study.
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Fig. 7. SEM photo of the healing glue in the artificial cracks. EDX patterns of the rod-like shape crystalline mineral.

Figures 7 describes the experimental dispostion in order to investigate water penetration progress throughout
20 mm mortar slices. Measured result of water permeability test was recorded in figure 7. As might be expected, the
healing effect of mortar sample affected to degree of permeability of sample. We defined the value of anti-seepage
rate = (Vo — Vi)100%/V,, where Vq is the water permeation velocity of initial sample, V: is the water permeation
velocity of healed sample at time t). There was a significant difference in the slope of the area repair rate diagram at
14 and 28 days test in case of mortar mixing with bacterial solution (bacteria without controlled release agent of
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diatomite). We might explain that due to the gradual decrease of microbial concentration, the healing capacity of
unprotecting bacteria decreased over time. On the contrary, no difference was remarked on the anti-seepage rate
diagram at 14 and 28 days test in case of mortar mixing with diatomite pellets (bacteria immobilized in diatomite
micropores). It means there are no decline in the healing capacity of bacterial sample between two time interval.
Taken together, these results provide the evidence of positive effect of diatomite pore in order to immobilize
bacteria.
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Fig. 8. (a) the water permeability test setup. (b) the healing rate diagram of free bacteria and immobilized bacteria mortar samples after different
healing time.

4. Conclusion

In the course of this study, we used natural diatomaceous earth Lam Dong as controlled release agent for
bacterial solution. Precipitated product could be generated in diatomite’s porous matrix due to the bio-activity of
Bacillus subtilis HU58 in contact with nutrient including chlorite calcium, urea and nutrient broth. While mixing
these pellet capsules into cement mortar and concrete, such precipitated calcite was able to contributed to the
improvement of mechanical properties of cement matrix. Comparing to controlled sample without bacteria, 2 years
old sample of bacteria-modified mortar attribute to respectively 7 % and 22 % higher compressive and flexural
strength. By using diatomite pellets as coarse aggregate in bacterial concrete, we also obtained positive effect in
compressive strength of concrete samples (14 % at 60 days). Others result of material analysis permit to conclude
the role of calcite product in healing glue of mortar sample. The result of water permeability test provide the
evidence of self-healing capacity in case of bacteria immobilized in diatomite. High capacity of bacteria
immobilized in diatomite pellets explain for great stability in the result of permeability after 28 days. Our on-going
studies serve to quantify bio-mineralization progress (kinetic reaction) by Bacillus subtilis HU58 in concrete over
different interval of curing time and to investigate the durability of bacterial concrete in marine environment.
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1. Introduction

For many people not well trained in biology, the word ‘bacteria’ means something not so friendly to human. They
associate bacteria with pathogen — agent that cause disease and infection. Though there are several deadly bacteria,
the great number of bacterial communities have no connection with human. Recent studies show that bacterial
ecosystem inhabits in healthy human skin, mouth, genital areas and intestine. This human microbiome — a complex
mutualism symbiotic of host-microbe — is essential in maintaining human basic physiological processes.

Apart from aforementioned unique intricate human-bacteria relation, countless bacterial communities have direct
positive effects in human life. these bacteria help human in digestion, food fermentation, and soil fertility
maintenance, to name a few.

Specific to concrete technology, the potential benefit of bacteria has been investigated. Bacteria have been
utilized in improving mortar strength, cleaning weathered concrete surface, restoring deteriorated limestone, and
healing / sealing concrete cracks. Bacteria based concrete healing/sealing have been carried out through carbonate
precipitation.

In nature, bio-mineralization (microbiologically induced calcium carbonate precipitation, MICP) precipitates
calcium carbonate in three different polymorphs, calcite, aragonite, and vaterite, where calcite is the most
thermodynamically stable mineral. This CaCO3 precipitation is mediated by bacteria via different pathways — e.g.
urea hydrolysis, metabolic conversion of salt and carbon, denitrification. Currently in the lab scale, several research
of bacterially mediated self-healing concrete have successfully develop techniques that make use alkaliphic calcite
precipitating bacteria [9-11].

As research project spin-off, the bacteria-based repair system has been developed recently by Wiktor and Jonkers
at Microlab TU Delft [1]. This bio-based system was designed in particular for repairing cracks in existing (aged)
concrete. This is a liquid system comprises of three components: [a] alkaliphilic calcite precipitating bacteria, [b]
nutrients and [c] transport solution. The solution is sprayed on to a concrete surface and seals the cracks leading to
porosity reduction of concrete matrix.

For designing new durable building component, this contribution investigates the feasibility of the solution to
block crack opening by injecting the solutions via porous core in Porous Network Concrete (PNC). PNC which was
designed by imitating concrete mammalian bone morphology has pervious (porous/enhanced porosity) concrete
embedded in the interior of concrete main body [2]. This air void network system constitutes an alternate means for
channeling the healing agent to cracks in the main structure. Once crack mouth opens wider than a prescribed
threshold value and detected by sensors, the solution may be injected automatically by the actuator.

2. Materials
2.1. Bacteria based repair solution

Jonkers and Schlangen [7], Jonkers et al. [1, 8], and Wiktor and Jonkers [3] designed self-healing concrete by
means of bacteria mediated calcite precipitation through metabolic conversion of nutrients. It is required that the
bacteria resistant to alkaline environment as in fresh concrete matrix and have sufficient tolerances to oxygen. The
bacteria should be able to form spores in order to be viable in very long time. As the encapsulated bacteria convert
the nutrients when crack intersects the capsule, the microenvironment next to the bacteria cell is conducive for
calcite to precipitate. With this mechanism bacteria help sealing crack for newly designed concrete.

On the other hand, existing aged concrete shows distress and crack due to mechanical or environmental load.
This damaged concrete was not designed in first place to have self-healing capability. They demand repair using
ecologically friendly repair material. This situation motivated Wiktor and Jonkers to design a bacteria-based repair
system with easy and quick application [1]. The solution is applied by spraying the solution onto the surface of a
cracked concrete structure, where it yields to crack closure.

For this investigation the solutions were prepared based on Wiktor and Jonkers [1]. The bacteria-based repair
system consists of two types of solutions namely A which is composed of bacteria, nutrients and pH buffer
compound and B containing a calcium source to promote massive calcium carbonate precipitation.
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2.2. Porous core and Porous Network Concrete

One important aspect to make concrete self-healing is the transport of healing agent into the damage i.e. fracture
or crack zone. In organisms, nutrients transport appear at micro level by means of cellular transport and via vascular
system in the macro level. In concrete .transport of substance is influenced by several factors; such as gradients of
temperature, pressure, humidity, or solution concentration. Without external driving force, these intrinsic factors,
however, might not enough to transfer healing agent to the fracture zone.

Imitating bone shape, Porous Network Concrete was designed by Sangadji and Schlangen [2], by embedding this
porous concrete core as interior of conventional concrete. PNC consist of two type of concrete; normal (dense)
concrete and pervious concrete as porous core. Both concretes are made of cement, water, and aggregate where
some admixtures may be added to achieve specified criteria. In pervious concrete, fine aggregate is not used and
narrow distribution of coarse aggregate is employed. The porous core which has interconnected void, thus liquid to
certain level of viscosity can flow easily, is used as a channel for healing agent.

Fig. 1. Conceptual working principle of healing agent transport in the Porous Network Concrete.

Fig. 1 shows a semi-transparent picture depicting PNC with porous concrete core inside of dense concrete beam.
The system shows healing agent start flowing through the porous core which eventually will reach the crack and
sealing it inside out.

In this research program, PNC was prepared as described by Sangadji and Schlangen [2] as concrete prisms with
dimension 0f55x55x285 mm PNC specimen. Each specimen center interior is 23x23%285 mm porous concrete and
@2 mm threaded steel rebar was installed under the core. Bacteria based solution was injected from point of
injection.

3. Research Methods
3.1. Calcite precipitation in the porous core

It is predicted that the bacteria-based repair solution can seal the crack in the concrete after it is injected via
porous network core. To determine whether the hypotheses work well, it is necessary to investigate bio-
mineralization process takes place in the concrete core when the solution is injected. Porous concrete cores with
diameter of 2.5 cm and height of 3 cm of were cut form longer core which was prepared according to Sangadji and
Schlangen [1].

Five series (A,B, C, D and Control) of test were designed to assess repair capacity of the solution in porous
concrete core. Two replicates were used per time and series where test have been conducted 3, 7, 14, 21 and 28 days
after injection except for series D (only 28 days is tested). Porous core in series A were treated with 1 time injection
and sequence: sol A and then sol B. Series B were treated with 1 time injection with static mixing nozzle by which
solution A and B were mixed. Series B were treated with 3 times injection and injection sequence as series ‘A’.
Series D were treated as series ‘A’ but only food solution is injected without bacteria. And lastly, Control series
were injected with tap water only.
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Fig. 2. Sequence of the test.

To assess the repair capacity of the system the bacteria-based solution is injected into porous cores, and the
production of bio-minerals in time is monitored by X-ray micro-tomography. In parallel, water permeability test is
conducted before and after the injection of the bacteria-based solution at regular time interval to determine the
sealing efficiency of the system. Finally, at the end of the healing period, polished sections of injected specimens are
observed with ESEM/EDS to analyze and locate bio-minerals. The sequence of the test form material preparation,
injection and permeability test is shown in Fig. 2.

3.2. Crack sealing in the main body

A research program has been devised to implement injection of bacteria based solution into Porous Network
Concrete (PNC) prism. Two type of treatments were implemented with 2 replicates. The ‘control’ series received
injection of tap water and ‘bacteria’ series received injection of bacteria-based solution. Two different curing were
conducted in which ‘wet’ series were cured in + 95% RH and + 20°C curing chamber while ‘dry’ series were cured
under lab condition with RH * 30% and temperature = 20°C.

Initial permeability test was performed by flowing water from point of injection (a) to the opposite point outflow
(b) prior to crack formation, as depicted in Fig. 3.a. Then, crack formation in the prism mid-span was carried out by
means of strain controlled three point bending, as depicted in Fig. 3.b. Initial crack width in the beam bottom side
was achieved around + 250 um [2]. The pre-healing permeability test, the, was performed by blocking point (b),
therefore water leaked out from crack opening. After the core achieved saturated surface dry, then PNC prism was
injected with 30 ml of water for ‘control’ series and ‘bacteria’ series specimens were injected with solution A and B
into. Afterwards, specimen were cured under lab condition and in the humid fog room prior to after-healing
permeability test and second mechanical three point loading.

Fig. 3. a. Falling head permeability test, b. strain controlled three-point bending
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Crack closure has been monitored before and 7, 14, 21, and 28 days after injection under stereomicroscope.
Quantification of crack-healing has been carried out using the method as described by Wiktor and Jonkers [3]. 28
days post-healing permeability test was executed to measure permeability reduction.

4. Result
4.1. Repair capacity of bacteria-based solution in the porous core

There is a diverse data observed from water permeability test in porous concrete before and after bacteria-based
solution injection with setup as depicted in panel 1 Fig. 2. The reason is that the specimens are very porous with
average void diameter of 1 — 1,5 mm and the volume CaCOs precipitation is not enough to block the total void. In
line with the observation above, data processed from micro CT-scan reveal similar outcome. Three day after
injection, approximately 6% new material is found in the porous core which decreased to 2% after 7 days and
remain constant up to 28 days. The bacteria injected may not produce high amount of CaCO3 precipitation and after
3 days only solution is detected with the CT-scan. Further the solution dries out over time and the volume detected
decrease leading to difficulty to distinguish between organic precipitates (from nutrients) and bio-minerals. It can be
deduced that both techniques, permeability and CT-scan, provide no meaningful indicator of bacteria-based
solution’s repair capacity within porous core.

(a) Series A21 days (® Series C 21 days

Fig. 4. a. Ca-based crystal formation within the specimen Series A at 21 days after injection, b. CaCO3 formation in the porous core where
bacteria imprints indicate that it entombed after crystal formation grows in the vicinity of the bacteria.

Observing porous core polished section under ESEM, however, it was found several cavity between epoxy and
the porous core matrix in series containing nutrients, but not in ‘control” series injected with tap water only. The
reason was the nutrients entrapped dissolved when the polished specimens were ground on top of sand paper for 45
minutes with water. Yet, this ‘bad bonding’ is a good sign to locate the existence of nutrients and bio-minerals
converted from it by bacteria.

Calcium based crystal are observed to be exist in the series A at 21 days after injection even though in small
volume. The crystal is shown in the Fig. 4.a. More Ca-based crystals are detected in specimens of 28 days after
injection which may be induced by bacteria. Similar indication is observed in series B though it seems that the
amount of crystal formation is smaller than series A.

Larger number of cavity in between epoxy and concrete matrix is observed in series C. This is coherent with the
case that more nutrients and bacteria are injected into the porous core series C by factor of 3 compared to series A.
Furthermore, it is found a strong indication of bacterial activity in the concrete matrix in the form of bacteria
imprint, as depicted in Fig. 4.b, for specimens of 21 and 28 days after injection. Found in several location this
imprints indicated bacteria are active and consume the nutrients to cultivate and reproduce. While bacteria growing,
the chemistry in the area next to its cell wall changed and with the present of Ca ions the supersaturation condition is
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achieved leading to the formation of CaCOs. As nutrients dissolved in the series D, many cavities are observed in
the specimens but no bacteria mediated calcite precipitation is observed.

It is deduced from the experiment that there is potential of healing capacity by means of CaC03 formation where
alkaliphilic bacteria are an indispensable element of the system. Nevertheless more external Ca-salt is needed in the
system to produce more CaCO3 formation amount necessary to seal crack formation.

4.2. Self-healing capacity in PNC prism
For PNC prisms the results of initial permeability showed that porous core is pervious and after crack formation
in the mid-span there was water leakage from the crack opening. Fig. 5.a. and 5.c. show the crack path in the bottom

of the PNC specimen after three-point bending test. From this crack formation liquid can flow out or in to the
concrete matrix.

BactD-1; Day 1

BactW-1; Day 1 BactW-1; Day 28

Fig. 5. a. Crack of in the PNC prism after three point bending test (1 day), b. CaCOs formation in the crcak of dry cured PNC, c. Crack of in
the PNC prism after three point bending test (1 day), d. precipitation of bio-minerals in the crack zone for wet cured PNC.

The experiment showed that wet cured bacteria series exhibited complete permeability reduction as it can be seen
from the Fig. 5.d., where precipitation of bio-minerals blocks the crack path therefore no water cannot flow out from
permeability test. Meanwhile dry cured specimen shows limited reduction as seen in Fig. 5.b. It can be deduced
from the experiment and visual observation under microscope that the liquid tightness of the healed specimen is
obtain fully using bacteria based solution injected provided enough humidity for the bio-mineralization process.
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Fig. 6. a. Load-crack mouth opening displacement (CMOF) grpahs of bacteria based healing specimen , b. Loading cycle graphs of control
specimen.

Load versus Crack Mouth Opening Displacement (CMOD) is obtained from three-point bending test. This
mechanical test is used to indicate the strength of PNC in pre- and post-healing state. Fig. 6 show the result of PNC
with bacteria based healing system (a) and control specimen which only receive tap water injection after crack
formation. Second cycle three-point loading was carried out to assess whether the bio minerals precipitated in the
crack zone contribute to regain the strength as it is compared to pre-healing loading cycle. The curves of loading
cycle obviously show limited strength and stiffness regain in both bacteria based or control specimen. The peak load
of post-healing specimen is lower than the peak load of the virgin specimen. The post-healing stiffness of both
systems are also far less than the pre-healing. It was observed that the crack formation was just reopened due to the
second loading cycle and the post-healing strength and stiffness more less was provided only by the rebar embed in
the PNC.

5. Conclusions

The bacteria based repair solution, firstly designed for concrete surface crack repair, showed promising potential
as healing agent which can be injected via porous network. The precipitation of bio-minerals, mainly CaCOs, can
seal the crack formed in the PNC main body, where multiple injection appear to be the most efficient way to obtain
sufficient volume of the bio-minerals. The bio-mineralization indeed is induced by alkaliphilc bacteria as bacterial
activity in the form of bacteria imprint is found in the system. Even though mechanical regain in term of strength
and stiffness of bacteria-based post-healing PNC prism is quite limited, crack sealing works effectively and liquid
tightness may be assured.
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Abstract

With the growing interest in sustainable building materials that are able to provide reductions in energy consumption, the viability
of straw bale construction has recently been investigated, in particular, its resistance to moisture. The level of moisture that a
construction is exposed to may have an adverse effect on its durability. Concerns are raised about the susceptibility of straw to
decay when used as a walling system. It is an organic material, therefore is at risk of biodegradation under certain conditions. The
research uses a range of measurement techniques to assess the effects of atmospheric conditions and wet render application on
straw bale’s moisture content, and it requires an understanding of the complexities of the transition of water vapour through the
material and the interaction of moisture with the bale. Deviations in the moisture content within the straw bale caused by the second
application of wet render were shown to be insignificant. Straw bale can withstand 25% moisture content for prolonged periods of
time without degradation at temperatures not exceeding 10°C.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

The EPBD (Energy Performance of Buildings Directive) advises that all new buildings be “nearly zero-energy” by
December 2020 [1]. Straw bale construction can be designed and built to achieve energy efficiencies [2] that surpass
those required for the environmental assessment of buildings such as the BREEAM [3] and CSH [4] rating systems.
In the UK, the NHPAU (National Housing and Planning Advice Unit) estimates that construction of between 223,000
and 255,000 new homes per year is required until 2026 to provide enough housing for the growing population.
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It has been estimated that in the UK alone [5], the surplus of yearly produced straw is around 4 million tonnes,
enough for the walls of 450,000 new houses. Globally, a billion people live in slums [6] and are in need of the
economical, insulated constructions that could be provided by straw bale [7].

Straw bale can be used for non-load-bearing and limited load-bearing wall [8] or in panel applications. These types
of walls have good structural capacity and thermal efficiency, are durable [9, 10] and have been awarded a two hour
fire safety rating [11, 12].

The overall research aim is to quantify and evaluate straw bale constructions’ resistance to moisture using different
monitoring techniques. This paper contributes by determining the effect of wet render application, assessing limitations
of resistance meters and comparing atmospheric conditions to moisture content results taken in a test rig.

An extensive literature review [13] was conducted to critically examine, quantify and evaluate the risk posed to
straw bale constructions by moisture. There has been a lack of conclusive agreement concerning the resilience of straw
exposed to raised levels of moisture [14]. However, Straube [14, 15], Lawrence et al. [16] and Carfrae et al. [17], have
rationalised the apparent ability of straw to tolerate moisture content but have recommend that it should not exceed
25% when in service [17].

Wihan [19] and Straube [15] highlighted the complexity of moisture interaction within a straw bale and associated
deterioration or decay of the material. Furthermore, there has been a lack of critical analysis concerning moisture
storage regimes [15] and factual descriptions of how moisture interacts with the straw [13]. In assessing moisture
content, Lawrence et al. [16] developed, through Sorption Isotherms, a simple conversion scale that defines the
interaction of moisture with straw by identifying desorption and adsorption trends.

2. Experimental program
2.1. Test rig description

Atest rig (Figs.1 and 2) was constructed to provide facilities to assess different measurement systems whilst being
subjected to a dynamic environment (seasonal variations in Lincolnshire, UK).

Fig. 1. Erection of test rig blocks Fig. 2. Completed rig construction

The rig consists of twelve modular straw blocks (Figs. 3 and 4), comprised of three % wheat straw bales
(1100x330x225mm) laid vertically and compressed into place. The modular-blocks are labelled 1 to 7 (Fig. 4); 'B'
represents the lower blocks and T the upper blocks. Prior to construction, the bales had been kept together in dry
storage for nearly a year. A lime mortar mix was applied to the bales to a thickness of around 20mm externally and
10mm internally.
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The test rig is exposed to the north (Fig. 5), shadowed by a large farm building four meters in height to the east and
a three meter high hedge two meters to the south. The east facade butts up to a concrete path and the other walls are
surrounded by vegetation. The north is unsheltered and a weather station was set up there to provide a comparison of
internal and external conditions. Each block (Fig. 4) has nine monitoring points for the insertion of the Balemaster
probe (Fig. 6), to a depth of 112 mm (approximately half the wall thickness). Moisture content measurements were
taken weekly, based on the assumption that, barring dramatic failure, moisture would not be transferred through the
bale at a significant enough rate to justify additional monitoring [18].
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Fig. 5. Model of test rig location Fig. 6. Balemaster probe with Timbermaster and Balemaster
resistance meters, and thermocouples

2.2. Materials characterisation

The physical properties of the wheat straw used in the test rig are shown in Table 1. Table 2 presents the
microstructural constituents of the straw.

Table 1. Straw bale physical properties.

Straw properties Measured values
Bale dry bulk density 100-130 kg/m®
Porosity 46-84%

Initial moisture content 11-16%

Water absorption 65-75%

Table 2. Straw bale microstructure constituents.

Straw microstructure Proportion
Cellulose 41%
Hemicellulose 29%
Lignin 11%

2.3. Test rig method

The straw bale test rig walls were rendered in lime, a first layer of render was applied to the external walls on the
first day of the 45 day experiment. Subsequently, on day 12, a second layer of render was applied to the external walls,
and on day 21, a layer of render was applied to the internal walls. As the render cures, it absorbs CO; and expels water,
which will theoretically raise the moisture content of the wall material.

The purpose of the test rig investigation was therefore to establish the impact of wet render applied to the straw
bales and to identify the limitations of using the Protimeter Balemaster as a reliable monitoring method. When using
the GE Protimeter Balemaster, it is required to compensate the moisture result for temperature [20] using the following
equation (1):

C=01r(20—-1) 1)
C: Moisture content (%)
t: Temperature (°C)
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r: Balemaster reading
The US version of the Balemaster, used in this study, returns the results in a wet basis while the Timbermaster

returns results in a dry basis. Fig. 7 shows how the moisture content is obtained using the Balemaster resistance meter,
Balemaster probe and a digital thermometer.
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Fig. 7. Test rig measurement method

The study also compares the moisture content levels measured by the Balemaster meter to the weather conditions
and to the value estimated from equation (2), developed by Lawrence et al [16] and based on relative humidity.
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C: Moisture content (%)

@: Relative humidity (%)
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In addition, a cyclic study was adopted in order to assess the effect of temperature on the moisture content of straw
over a 24 hour period. A cyclic study records an output over a set time, and gauges whether the analysed system
returns to the initial starting position.

3. Results and discussion

Firstly, an analysis of the effect of render application on the moisture content of straw bales is performed, then, a
study of individual bale moisture content. The results are shown below, followed by a 20 hour study looking into the
cyclical data obtained by both a Timerbermaster and Balemaster resistance meter from several monitoring positions
within the test rig. Finally, the results assess the impact of atmospheric conditions on the straw moisture levels.

3.1. Application of render

Fig. 8 illustrates the standard deviation of moisture content for each monitoring point, recorded over the 45 day
period. The standard deviation has been used as it can highlight the differences in deviations between mean moisture
contents under different atmospheric conditions. The results reveal two stages of moisture increase; the first between
days 0 and 12 corresponding to the first application of the external render, the second between days 21 and 37
corresponding to the application of the internal render. The application of the second layer of render to the external
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walling on day 12 shows no effect. Moreover, Fig. 8 shows the distribution of the moisture content on day 0, spreads
over a moisture content range of 5%. This range is unexpected as the bales had been equilibrated in the same
atmospheric conditions for over a year prior to construction. Another surprising finding is that the moisture content
of the straw varied for not only each individual bale, but for each monitoring point within the same bale. This variation
demonstrates that other factors could be affecting the results, such as temperature, density, relative humidity or the
resistance meter itself.

Deviations from the Mean Moisture Content of the T est Rig

Individual Analysis of Block 5: Test Rig
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Fig. 8. Statistical analysis of the test rig Fig. 9. Individual bale analysis

3.2. Individual bale study

Fig. 9 shows the difference in moisture readings between three points within the same bale. Although positions 1
and 2 return similar moisture contents, position 3 returns results 3-7% lower. The starting moisture content of the
bales, and the relative humidity and temperature of each measurement position within the bale may be assumed the
same due to the pre-construction storage conditions. The density of the straw at the point of measurement should be
the influencing parameter, as it is likely to vary, in part due to the way a baling machine operates. This is supported
by Carfrae et al’s [17] conclusions. Therefore, further investigation into the effect of straw density on moisture
readings is essential. Other influencing parameters that are potentially responsible for the increase in moisture and the
irregularity of the initial readings include rainfall, relative humidity and internal and external temperature. However,
it is important to mention that the only rainfall within the 45 day period was from the north and west combined with
light winds of a speed less than 5ms™. The rain during this period is believed unlikely to have had a significant effect
on the overall increase of moisture content of the bales.

Fig. 9 also illustrates that the moisture content of position 2 exceeded 25% on days 12 and 37. On day 45 a sample
of straw was extracted and examined. However, on inspection there was no sign of degradation. This observation
confirms Carfrae et al’s study [21] that moisture contents that do not exceed 37% (at the highest reading) may be
tolerated by the straw. The data however must be interpreted with caution as the temperature at the time of the
measurement did not rise above 15°C, averaging at around 10°C, since at that temperature, biological decay is slowed [16].

3.3. Cyclic study

Figs 10 to 13 show a comparative study of data collected using the Balemaster and Timbermaster resistance meters
over a 20 hours period, together with the temperature data from points of measurement within the bale. The study
looked at part of a cycle relating temperature within the bale to moisture content in order to assess both moisture
transition and the effectiveness of using resistance meters. It can be noted that the moisture contents in each figure
increase during the measurement phase. One hypothesis drawn from this result would suggest that warmer air
containing more moisture is driven into the bale from the external straw-render interface; this maybe a product of
wetting of the render from rain or overnight dew followed by heating of the render surface at dawn as external air
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temperatures rise or as the wall is subjected to solar gain. The warm moist air condenses on the cooler straw within
the bale and also at the point of measurement, thus raising the moisture content. The effect of vapour transition could
then reversed as the external atmosphere cools. The accuracy of the GE Protimeter’s equation (1) has to be validated

by further investigation so as to remove alternate hypotheses for the effects of moisture transfer rates through a bale.
The data reveals differences between the Balemaster and the Timbermaster meters.
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3.4. Atmospheric conditions

Regarding the moisture transfer, the effect of atmospheric conditions on the straw was studied. Analysing the data
obtained over the initial 45 day study, the study compares the effect of external relative humidity and temperature on
the measured straw moisture content. Fig. 14 illustrates the measured and estimated moisture content using the GE
Protimeter equation (1). The experimental values are adjusted by approximately 1% when using the Timbermaster,
with temperature compensation. The Bezier formula has been used to shape the moisture content curve. The rise from
16% moisture content to 20% took around 16 days and the average relative humidity recorded during the test rig
experiment is between 80 and 85%.

On the other hand, utilising Lawrence et al’s [16] equation (2), the equivalent moisture content as affected by the
atmospheric conditions would average between 20 and 24.5%. This would suggest that the surrounding environment
has affected the straw moisture content to bring it towards an equilibrium. However, this raises the issue of moisture
transfer rate and the rate at which humidity can affect the moisture content of straw. It is possible to hypothesise from
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the results obtained in the first section of this paper that the application of the wet render has increased the moisture
content of the straw up to the point at which it is in equilibrium with the exterior. This hypothesis assumes that the
exterior could not have influenced the straw moisture content at the rate directly associated with the resultant moisture
content. Therefore, the rate at which the moisture content increases is a product of the curing of the first layer
application of lime render; as the render cures it releases water into the bale’s interior, thus influencing the rate at
which the straw would react to the external environment. It is therefore necessary based on the hypotheses presented
that further work is undertaken to understand moisture transfer through straw bales.

Test Rig Results
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Fig. 14. Relative humidity and temperature influences

4. Conclusion

The results present a level of moisture to be expected in straw bale walls. They are part of a larger study conducted
to evaluate and quantify the risk posed to straw bale constructions by moisture. Highlighted are various gaps in
knowledge including the effect of straw density, vapour transition and moisture transfer rates through a bale, and the
accuracy of the Protimeter resistance meter and equation.

The results however do provide evidence to suggest that the application of wet render directly onto straw affects
the moisture content throughout the bale, although additional applications of render on top of existing layers appear
to have no further effect. The differences in starting moisture contents of the monitoring points within the bales
indicate that the density of the straw is an important variable, as is the temperature at the point of measurement. The
effect of density is reasoned as the differences in starting moisture content from an assumption that other influencing
variables would have been equal within each bale.

Other observations included the apparent ability of straw to withstand moisture contents in excess of 25%, however
other influencing factors must be taken into account regarding time and temperature. The obtained moisture content
values conform to those estimated by the Lawrence equation. However, the rate at which equilibration occurs raises
an important question concerning the moisture transfer rate though a bale when affected solely by relative humidity.
It is proposed that the application of wet render accelerated the rate at which atmospheric moisture could have
influenced the straw within the bale. The results also raise concerns about using the GE Protimeter equation, as the
obtained values do not fulfil accuracy requirements.
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Abstract

In recent years, the use of substitute materials of concrete aggregate such as industrial wastes and other aggregates,
which are light, is being a concern. It is due to these materials can be a solution in order to manage wastes from
industry and also to reduce the weight of building structures. This study utilizes Poly Ethylene Terephthalate (PET)
plastic waste which is light as coarse aggregates. The coarse aggregate from PET plastic waste is the result of the
PET-heated to produce agglomeration, and then it is cooled and crushed into aggregates that have variety of sizes with
certain gradations. The purpose of this study is to determine the compressive strength of light concrete of PET plastic
waste as coarse aggregate and the influence of aggregate gradations towards the compressive strength of concrete that
is produced. The material testing with various fineness modulus (FM) produces various results. The maximum
compressive strength is achieved on sample using the maximum fineness modulus of PET plastic waste aggregate.
According to SNI 03-3994-2002, the weight and compressive strength of the material should fit the standard. As the
result, the gradation of coarse aggregate of PET plastic waste can affect the compressive strength of light concrete.
© 2017 The Authors. Published by Elsevier Ltd.
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Keywords:light concrete, coarse aggregate, PET plastic waste, compressive strength.

* Corresponding author. Tel.: +0-000-000-0000 ; fax: +0-000-000-0000 .
E-mail address: njnursyamsi@gmail.com

1877-7058 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility ofthe organizing committee of SCESCM 2016.


http://www.sciencedirect.com/science/journal/22120173

2 Nursyamsi and Winner Syukur Berkat Zebua/ Procedia Engineering00 (2017) 000-000
1. Introduction
1.1. Background

The use of Poly Ethylene Terephthalate (PET) for food or beverage packaging is already familiar in public. After
the contents are consumed, the PET plastic containers usually are directly discharged. In essence, this type of plastics
is not reused one, but it is recycled plastic producing several other products. However, in the real life, PET plastics are
commonly reused by society not only for foods packaging but also for beverages and other uses. The hazardous
contents contained in this plastic can be mixed with food and drinks that are packed in it. Time by time, the increasing
of the plastics usages cause the inclining of the amount of plastic wastes. The non-biodegradable characteristic of
plastic is the reason why plastics take hundreds of years to decompose completely. Most people maintain the plastic
wastes by burning them freely, whereas the burning process of this waste will release a variety of harmful substances
to the environment. Certainly, the efficient waste plastic managament is strongly needed nowadays. One of ways is by
utilizing the waste to be useful materials, such as the utilization of plastic wastes to be artificial aggregate in light
concrete mixture. Most of the existing plastic wastes are polyethylene plastic type. Polyethylene is produced from the
polymerization process of ethylene gas molecules that are together to form long molecules to be a form of plastic
(polymer).

The author, in this study, will use Poly Ethylene Terephthalate (PET) plastic waste as coarse aggregate, in which
this material is also light weight. This light PET plastic waste will be designed to produce mixtures for producing
structural light concrete based on SNI-03-2461-2002 with maximum weight of content is 1,850 kg/m3. The coarse
aggregate of PET plastic waste is the result of the heating process of the PET plastic producing agglomeration, and
then it is cooled and crushed into aggregates that have various sizes with certain gradations. The gradation of the
aggregate expressed numerically by fineness modulus. Fineness Modulus (FM) is an empirical factor that determines
the fineness of the aggregate. The aggregate with greater value of FM is coarser and aggregate with the smaller FM
value is finer. SK SNI S-04-1989-F determines that a coarse aggregate has 6.0 to 7.1 of fineness modulus. From this
standard, the author will also make variations of the coarse aggregate FM of PET plastic waste in order to determine
the effect of compressive strength of concrete that has been produced. This research is expected to have contributions
for society, industry, and science development. The structural light concrete from aggregates of PET plastic waste
could be an alternative way to utilize PET plastic waste and light concrete which is suitable for earthquake-prone areas.

1.2. Nature of Problems

This study focuses on the manufacturing the PET plastic waste into coarse aggregate, to help recycling and reusing
the plastic waste for the construction industries. The coarse aggregate is used on building structure as an effort to
implement the lightweight concrete to minimize the building failure, especially in the earthquake-prone areas. The
coarse aggregate in this study has various gradations which then compared to obtain the maximum and optimum
strength for the lightweight concrete structure.

1.3. Study Objectives

The benefits of this study are to provide alternative utilizations of PET plastic waste and to produce light concrete
for building structures, especially in many areas prone to earthquakes. Furthermore, this study provides information
on the effects of variation gradations of coarse aggregate of PET plastic waste in light concrete and also to inspire
other researchers to create other light concretes for building structures.
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1.4. Problem Limitation

This study is conducted to obtain the compressive strength of 28-day-concrete for each variation with mix design
calculations based on ACI 211.2-98 method. The plan compressive strength is 17.5 MPa. The gradations of coarse
aggregate of PET plastic waste are reviewed by three variations of manual mixing, in which fineness modulus within
specified limits for coarse aggregate.

2. Methodology

The PET waste such as bottles and other kinds of PET products are cut into small pieces (flakes) to make them melt
easier in the heating process. The PET flakes are heated until they are melted. The melted PET is then poured into the
molding plate and then left to be cooled. The molded PET waste is then crushed using hammer to form the coarse
aggregate with various gradation.

After the coarse aggregate of PET plastic waste is produced, the variations of gradations are manufactured. This
following pictures are the manufacturing process of the coarse aggregate to the variation of PET plastic waste
gradations:

Plastic The process of Cutting, Material results Crushing Coarse aggregate of PET
(PET) Melting, Molding, and process plastic waste
Chilling

Figure 1. The manufacturing process of coarse aggregate of PET plastic waste
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Coarse aggregate of PET Shieving Aggregate results by 4.75 Mixing Coarse aggregate of PET
plastic waste and 9.50 sifting plastic waste with FM 6.01,
6.56, and 7.00

Figure 2. The manufacturing process of coarse aggregate gradation of plastic waste

After the manufacturing of coarse aggregate, the properties tests of fine aggregate and cement are done to obtain
the data for the concrete mix design. Based on ACI 211.2-98, the stages of mixing design determine the designated
compressive strength, the designated slump, the maximum diameter of the aggregate, the air-water requirements, the
ratio of water-cement, and the coarse aggregate requirements in the mixing design. The mixing can be done when
every stage or aspect has completed.

The mixing process requires the designated weight of the materials including aggregates, cement and water. The
aggregates and cement are initially poured into the mixer and then the water. Afterwards, the homogeneous concrete
is poured or casted into the molds. The molds used for the fresh concrete are a cube of 15 x 15 x 15 cm.

After the casting process, the concrete is left for 24 hours for the initial setting. After 24 hours, the molds are
released and the samples are sunk in the water for 28 days. After the 28 days sunk and 24 hours of drying, the
compressive strength test is done.

3. Results

The form of the coarse aggregate of PET plastic wasteis similar to or even equal to the form of the coarse aggregate
of crushed stone. Texture of aggregates surfaces is shiny (glassy). The result of material testing:

Table 1. The result of coarse aggregate of PET plastic waste

Types of testing Coarse aggregate of
PET plastic waste
Fineness Modulus (FM) 6.01-6.5-7.00
Water content (%) 0.002
Density of SSD condition 131
Density (kg/m®) 812
Absorption Percentage (%) 0.4

Table 2. The result of light aggregates

Types of testing Sand
Fineness Modulus (FM) 2.39
Water content (%) 4.93
Density of SSD condition 245

Absorption Percentage (%) 1.94
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The content of clay lump (%) 2.56
The content of organic substances (colour) Same
Density (kg/m®) 1,678

Table 3. The proportion of light concrete by mix design on ACI 211.1-98 method

Material kg/m3
Cement 367.27
Sand 518.85
Coarse aggregate of PET plastic waste 600.88
Water 202.00

The results of the concrete weighing and compressive strength testing of this study can be seen in the following

tables:

Table 4. The result of concrete weight

The gradation of coarse aggregate of PET Concrete weight per m?
plastic waste (FM) (kg/m?®)
FM 6.01 1,741.23
FM 6.5 1,784.69
FM 7.00 1,801.48

Table 5. The result of concrete compressive strength

The gradation of coarse aggregate of PET Compressive strength
plastic waste (FM) (MPa)
FM 6.01 13.89
FM 6.5 16.27
FM 7.00 16.57

4. Conclusions and Recommendations

4.1. Conclusions

=

The maximum size of aggregate coarse grain of PET plastic waste can be produced about 3-4 cm.

The use of coarse aggregate of PET plastic waste with variation of 6.01; 6.56; and 7.00 FM can produce 1,741.23
kg / m3, 1,784.69 kg / m?, and 1,801.48 kg / m3 light concrete respectively.

The smaller FM of coarse aggregate of PET plastic waste that is used in concrete, the lighter the concrete that is
produced.

The maximum compressive strength is 16.57 MPa, which is the coarse aggregate of PET plastic waste with FM 7.
The respective value of compressive strength with the FM 6.01 and 6.56 are 13.89 and 16.27 MPa that do not
achieve the target of structural concrete compressive strength.

The gradation of coarse aggregate of PET plastic waste can affect the compressive strength of structural light
concrete. This is influenced by the coarse aggregate surface areas and densities of PET plastic waste in concrete.
The smaller the FM of aggregate, the broader surface area of aggregate and more solidified in concrete. Its broad
surface area of aggregate makes concrete attachment becoming weak that is caused by shiny texture (glassy).
Therefore, the more solidified aggregate, the more concrete is filled by coarse aggregate of PET plastic waste with
weak destruction.
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4.2. Recommendations

1. The use of coarse aggregate of PET plastic waste in concrete as an alternative to reduce self-weight on the building
needs to be studied more such as compressive strength and other characteristics. The light concrete results in this
study can be used for light structural only.

2. It is recommended for researchers to conduct further research about the minimum and maximum variation of
aggregates gradations of PET plastic waste that can be used as concrete structural or light concrete structural.

3. Itis needed to do further research about the effect of coarse aggregate gradation variation of PET plastic waste on
other concrete properties.

4. Itis recommended to continue this research with other types of plastics.
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Abstract

Massive production of fly ash and recycled concrete aggregate from various sources such as industries, demolished buildings and
so on has been seen as a threatening environmental waste from the conservative material engineering perspective. However, in
recent years, the utilization of waste materials in mixed concrete have been turned upside down to become an alternative in
producing eco-friendly construction materials. Therefore, this study is aimed to observe the mortar compressive strength that
consists of cement, water, recycled fine aggregate and specifically fly ash whose amount is determined based on the packing
density method. Several mixing variations are used to derive the correlation between fly ash density and mortar compressive
strength. Three different fly ash percentages, which are 25% (loose), 35% (completely) and 45% (over) are used in the laboratory
test with the variations of mixing ratios of 0.2, 0.35, and 0.5. The mortar under completely packaged condition delivers the
highest compressive strength in any mixing ratio, which are found at 27.02 MPa, 30.26 MPa, and 32.15 MPa for respectively 0.2,
0.35 and 0.5 mixing ratio. Conclusively, this particular pattern indicates the suitability of packing density method usage as the
basic to determine the optimum fly ash amount in mortar mixing.

© 2017 The Authors. Published by Elsevier Ltd.

Peer-review under responsibility of the organizing committee of SCESCM 2016.

Keywords:Fly Ash; Recycled Concrete Aggregate; Packing Density; Compressive Strength; Mortar Mixing.

1. Introduction

Innovations in civil engineering field have developed quite significantly in recent years. These innovations are
mostly contributed by material research developments which are the most interested area in green building concept.
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One of these developments leads to the use of fly ash in mortar as a substitute to a part of cementitious materials.
The use of this material is expected to reduce the contributing wastes which are byproducts of coal power plants.
Moreover, this material can be a better filler than common fine aggregates. This is due to the fact that it has a smaller
particle sizes that averaged at 0.075 mm.

Although several concrete code like ACI (American Concrete Institute) and SNI (Indonesian National Standard)
have provided the value of fly ash that can be added in concrete mix as pozzolan material which at 15%-25% [1], it
doesn’t govern the behavior of fly ash beyond these percentages. Considering the behavior of fly ash from the
previous research [2], the fly ash would be considered as fine aggregate in mortar mix for this study.

Aside from the use of fly ash, reducing the waste material in constructions can also be achieved by using recycled
fine aggregate in mortar mix. Although the use of these materials would likely to produce a significantly smaller
compressive strength, it can be overcame with decent researches in this field. Recycled fine aggregate used in this
study have particle size with the range 0.6 mm — 4.75 mm.

The objective of this study is to find an optimum percentage for fly ash in recycled aggregate concrete mortar mix
and to observe the relation between packing density of mortar mix and its compressive strength. This percentage
would be obtained by observing the relation between the packing density of mortar mix with the percentage of fly
ash in that mortar mix. This relation is predicted to have a similar Fig. as seen in Fig 1 [3]. With the increasing
percentage of fly ash (filler aggregate), the packing density would increase until it reached an optimum point (point
3). The value of packing density would decrease beyond this point.

Packing Density

(3)
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|
|
|
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Fig. 1. Packing density prediction
2. Experimental
2.1. Packing density method
Mortar’s mix packing density with a variety of fly ash percentage are tested to obtain the effect of fly ash
percentage in the mix to its packing density. For each percentage of fly ash, the mortar’s mix packing density is

tested with the increments of 5 percent until it reached a few point beyond the optimum. It is compacted directly in a
mold using a bar and rubber hammer. These result of present study can be seen in Fig 2

0 10 20 30 40 50 60
Fly Ash Percentage (%)

Fig. 2. Packing densitytesting
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Based on the result as seen on the Fig. 2, it can be seen the packing density reached its optimum point at 35
percent of fly ash. This condition is named completely package. Whereas, the condition with 25 percent and 45
percent of fly ash is named loosely and over package respectively. These three points are points of interest in this
study that would be discussed later.

2.2. Mix proportions and specimens

Mix proportions that used in this research are 0.2, 0.35, and 0.5. With bigger mix proportion, the more amount of
cement in the mix. The mass requirement of mortar mix materials for each mix proportions and fly ash percentage
can be seen in Table 1. These value are only for a single cylinder mold. The mortar specimens have a dimension of 5
cm diameter and 10 cm height (Fig. 3)

Table 1. Mix proportion

Mix Proportion Fly Ash Cement Mass (gram) Fly Ash Mass Aggregate Recycled
Percentage (%) (gram) mass (gram)
0.2 25 103.3 43.95 179.90
0.35 25 160.27 39.07 159.91
0.5 25 206.06 35.16 143.92
0.2 35 103.03 61.53 179.90
0.35 35 160.27 54.70 159.91
0.5 35 206.06 49.23 143.92
0.2 45 103.03 79.11 179.90
0.35 45 160.2 70.32 159.91
0.5 45 206.06 63.29 143.92

Fig. 3. Steel mold and mortar specimens

These mix proportions would be tested with a variety of fly ash percentage and mortar’s age. This would result a
total of 9 type of specimens that would be tested on 3, 7, 14, 21, and 28 days of age. There is 3 specimens for each
type and age. Each type of specimens with its label can be seen in Table 2.
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Table 2. Variety of specimens

Label Fly ash percentage (%) Packing condition Mix proportion Age (days)
(cement / aggregates)

C2-25 25 0.20 3,7,14,21, 28
C3-25 25 Loosely Package 0.35 3,7,14,21,28
C5-25 25 0.50 3,7,14,21, 28
C2-35 35 0.20 3,7,14,21, 28
C3-35 35 Completely Package 0.35 3,7,14,21,28
C5-35 35 0.50 3,7,14,21, 28
C2-45 45 0.20 3,7,14,21, 28
C3-45 45 Over Package 0.35 3,7,14,21,28
C5-45 45 0.50 3,7,14,21,28

2.3. Mortar’s compressive strength measurement

Mortar’s compressive strength measurement would be conducted with the standard method of ASTM C-
109/C109M-12 using a Universal Testing Machine (UTM) [4]. Experimental setup can be seen on Fig.4. From the
result of UTM, the peak load of mortar compressive strength is obtained along with the load — displacement curve.

Fig. 4. Experimental setup

3. Results and discussion

Based on the experimental results, the relation between fly ash percentage, mortar’s compressive strength, and
the mortar mix age with varying mix proportion is obtained. These curved is fitted using polynomial functions as
seen in the following Fig.s.

As seen in the Fig.s below, the results have a varying trend which depends on mortar’s fly ash percentage and its
mix proportion.

The results of each 0.2 mix proportion specimen have a matching trend where at completely package condition, it
has the highest compressive strength. This compressive strength is 27.02 MPa which 7% higher than loosely
package condition, and 12% higher than over package condition.

As for 0.35 mix proportion specimen, the results have a slightly different trend for each specimen. Smaller fly ash
percentage specimen has highest compressive strength on the early age (before 14 days). On the other hand, this
trend isn’t true for later age which the highest compressive strength is found in completely package specimen. It is
about 30.26 MPa which has a difference of 5% and 1.5% with loosely and over package condition respectively.

Unlike the previous 2 type of proportions, the 0.5 mix proportion doesn’t have a significant compressive strength
differences in each varying fly ash percentage and its age. The highest compressive strength in this mix proportion is
32.15 MPa, and found in completely package specimen which has 3.5% difference with other condition.
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Fig. 8. The Relation between fly ash percentage and compressive strength

Fig. 8 shows the relation between fly ash percentage and its compressive strength for every mix proportions.
Every mix proportions have the same trend which the highest compressive strength is always achieved by
completely package condition. This can be concluded that the fly ash percentage of completely package condition is
the optimum amount of fly ash that can be added. Furthermore, the amount of cement in the mix is also affecting the
mortar’s compressive strength. With higher cement content, it would produce a higher mortar’s compressive
strength.

4. Conclusion

The packing density approach can be used to determine the optimum fly ash percentage that can be added in the
mix. Based on the result of this research, the optimum fly ash percentage is found to be 35 percent (completely
package). It is proven by compressive testing which the highest compressive strength is always achieved by this
condition. The resulting compressive strengths are27.02 MPa, 30.26 MPa, and 32.15 MPa for 0.2, 0.35, and 0.5 mix
proportions respectively. It is also noted that a mix’s density is directly proportional with its compressive strength.

Although the higher cement content would likely to produce higher compressive strength, it is not true fly ash
content. Due to this fact, fly ash can’t replace cement as a full supplementary cementitious materials. But it can act
as a partially supplementary of the cement and also a well-performed filler.
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Abstract

The cement industry is responsible for around a 5 % of the CO2 emissions worldwide and considering that concrete is one of the
most used materials in construction its total effect is significant. An alternative to reduce the environmental impact of concrete
production is to incorporate certain amount of residuals in the dosing, limiting the replacement percentages to avoid significant
losses in the mechanical properties of the final material. This study analyses the variation in the mechanical properties of
structural concretes with recycled aggregates and waste brick powder as cement replacement to test the effect of the simultaneous
use of different residuals in the same material. All concretes are dosed for a compressive strength of 30 MPa. The recycled
aggregates are obtained from prefabricated pipe debris with a compressive strength of 20 MPa. The waste bricks are obtained
from construction demolitions. Four levels of replaced cement by waste brick powder are considered: 0 %, 5 %, 10 % and 15 %.
Also, two kinds of samples are studied regarding the amount of recycled aggregates: 0 % and 30 %. All these levels are
combined to analyze the effect of both residuals in the mechanical properties of the concrete through compressive strength tests,
flexural strength tests and elasticity modulus tests, all of them after 28 curing days. Results show that when no recycled
aggregates are used, the cement can be replaced up to a 15 % by waste brick powder. But when both residuals are combined the
amount of waste brick powder recommended without significant losses in the final material properties is limited to a 5 %.
Replacing a 30 % of the aggregates together with a 5 % of the cement can considerably reduce the environmental impact of the
final material.
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1. Introduction

Concrete is one of the most used materials in construction and, at the same time, one of the materials with higher
contribution to the amount of construction and demolition waste (CDW) generation. In concrete production the main
responsible for CO; production is the use of ordinary Portland cement with a contribution rate roughly equivalent to
80-90 % [1]. Hence, an effective way to reduce the environmental impact of concrete production is to minimize the
CO; emission related to cement.

Viera et al. [2] studied the effect of adding fine aggregates from waste bricks and ceramic sanitary ware in
concretes, concluding that these fine aggregates contribute to the pozzolanic activity. They found that the use of
these residuals increased the strength of the concretes compared to a traditional control one. Puertas et al [3] found
that ceramic materials, used as cement replacement, have pozzolanic activity after at least 8 curing days. Kulovana et
al [4] study the replacement of up to a 60 % of brick residuals as cement, with a 0.4 water/cement ratio, concluding
that the use of up to a 20 % does not compromise the mechanical properties of the concrete and it enhances up to a
50 % its heat conductivity. On the other hand, Katzer [5] analyzes mortars with 10 % and 50 % brick waste
replacements, finding that these residuals can be used in materials with low mechanical requirements (over 0.6
water/cement ratios). This disparity in the results can be attributed to the particle size distribution of the residual,
while Katzer [5] uses material with particles under 8 mm, Kulovana et al [4] mainly replace material under 100
microns.

Moreover, the use of ceramic brick residuals enhances the durability due to a refinement in the pore structure.
Bignozzi and Bondua [6] found that the use of a 25 % of ceramic residuals as cement supplement increases the
cement durability compared to ordinary Portland cements. Similar results are obtained by Pacheco and Jalali [7,8]
using 20 % of brick and sanitary ware ceramic waste. On their behalf, Toledo et al [9] and Vejmelkova et al. [10]
conclude that the use of up to a 20 % of ceramic brick has no influence in the compressive strength and elasticity
modulus of the mortar, and Lavat et al. [11] establish that 20 % to 30 % of the cement can be replaced by adequately
grinded ceramic roof tile.

Besides, the replacement of up to a 25 % of cement by brick waste has been tested along with the use of waste
glass as sand replacement. Results have proven that the brick powder is able to counteract the negative effects of the
use of glass in the alkali-silica expansive reaction responsible of the production of fissures in the concrete [12].

An alternative to reduce even more the CO, emissions and the amount of CDW from concrete production is to
replace, not only some amount of cement but also other of the raw materials, such as coarse aggregates. Several
studies [13-23] have proven the feasibility of the use of recycled aggregates (RA) if the percentage of replacement is
limited [16-23]. Differences between the mechanical properties of traditional concrete and concretes with RA have
been mainly attributed to the old mortar adhered to the surfaces of the RA. Two interfaces have to be considered
when using RA rather than one, the old interface, between the old mortar and the RA, and the new one, between the
RA and the new cement mixture [14]. The quality of these interfaces, given by the quantity and quality of the old
adhered mortar, is a key factor influencing the mechanical behavior of recycled concrete [15,24].

Despite the use of RA and waste brick powder (WBP) has been studied in construction materials, there is still a
lack of information about the mechanical behavior of concretes produced with both residuals simultaneously.
Therefore, the goal of this research is to analyze the effects of the simultaneous replacement of WBP as cement and
RA as natural coarse aggregates, in particular, in the mechanical properties (compressive strength and flexural
strength) of concrete mixtures, to efficiently maximize the reuse of concrete waste. The aim of this study is to
optimize the mixture combining the considered parameters, maximizing the amount of WBP and RA reused.

2. Methods and Materials
2.1. Cement and Bricks
Pozzolanic cement, equivalent to ASTM type P cement, was used. The targeted 28-days-compressive concrete

strength was set at 30 MPa.
WBP, used as cement replacement, was obtained from industrial brick residuals from demolition debris.
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2.2. Natural and recycled aggregates

RA were obtained from precast concrete debris and their nominal sizes are 19.3 mm, 12.5 mm and 9.5 mm. The
amount of mortar adhered to the surface of RA has been mechanically reduced by applying a 300 rev abrasion using
a Los Angeles machine. This way the effect of the double interface problem is minimized.

The physical properties of the coarse aggregates were obtained following the ASTM C127-15 and ASTM C128—
15. The results are shown in Table 1. Natural sand was used in all of the concretes. Natural aggregates (NA) present
higher values of density than recycled ones. This decrease, of around 6 %, in the density is caused by the presence of
remaining adhered mortar in RA. This has been proven measuring the density and the water absorption both before
and after the abrasion treatment. On the other hand, the water absorption is around 2.5 times bigger in RA than in
NA.

Table 1: Physical properties of the coarse aggregates

Aggregates Size  pRsss prs  pn  Absorption

NA (Natural Aggregates)  6.3-9.5 2678 2629 2765 1.9%
9.5-12.5 2687 2642 2767 1.7%
12.5-19 2699 2661 2765 14 %

RA (Recycled Aggregates) 6.3-9.5 2510 2390 2720 5.0 %
9.5-125 2530 2430 2720 4.4 %

12.5-19 2530 2440 2700 4.0 %

2.3. Sample preparation

In order to assess the effects of WBP as partial replacement of cement on the behavior of concrete, a constant
water/binder (cement + fine addition) ratio of 0.42 was used for all samples.

The experimental phase consisted in analyzing the differences in the mechanical properties between concrete
made with different amounts of WBP (0 %, 5 %, 10 % and 15 %) and NA, and concretes with the same amounts of
WBP and 30 % of RA. This way not only the effect of the WBP can be assessed but also the combined effect of
both residuals.

The manufactured samples and series are shown in Table 2.

Table 2: Concrete dosages

Natural Aggregate RA Cement WBP Sand Water
(2.36-19 mm) (6.3-19 mm)
kg kg kg kg kg Lt

BO-RO 1266.00 - 382.00 - 542.00 192.63
B5-R0 1266.00 - 362.90 19.10 542.00 192.63
B10-RO 1266.00 - 343.80 38.20 542.00 192.63
B15-R0 1266.00 - 324.70 57.30 542.00 192.63
B5-R30 886.2 379.8 362.90 19.10 542.00 192.63
B10-R30 886.2 379.8 343.80 38.20 542.00 192.63
B15-R30 886.2 379.8 32470 57.30 542.00 192.63

Compressive strengths, flexural strengths and static modulus of elasticity were tested after 28 curing days. The
compressive strength was tested using a hydraulic press with a maximum capacity of 3000 KN and was determined
using the standard ASTM C39/C39 on three 150¢x300 mm cylindrical specimens. The flexural strength was
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measured following the ASTM C78 specifications on three 150x150x530 mm prism specimens. The static modulus
of elasticity was determined on three 150$x300 mm cylindrical specimens according to ASTM C469 for each type
of concrete produced.

3. Results and discussion

The results obtained for the compressive strength, flexural strength and static elasticity modulus after 28 curing
days are shown in Fig. 1. The samples a named following the code: B(% of WBP)-R(% of RA).

Most of the series without RA present no significant negative effects, even when a 15 % of WBP is used,
agreeing with several authors that conclude that up to a 20 % of the cement can be replaced by ceramic materials
with almost no effect in the mechanical properties of the concretes [4,7,8]. Only when the WBP replacement
exceeds a 5 % and is combined with the use of RA a slight decrease in the mechanical properties is observed.
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Fig. 1: (a) Compressive strength. (b) Flexural strength. (c) Static elasticity modulus. (d) Compressive strength, flexural strength an elasticity
modulus related to CC (B0-RO) values.

Compressive strength (Fig.1a) varies between an increase of 9 % and a reduction of 6 % compared to the BO-RO
sample or the control concrete (CC). Series B5-R0 and B5-R30 present the highest values. Both series contain a 5 %
WBP replacement. Agreeing with the conclusions presented by Ergiin [5], the fineness and the amount of residue
improved the initial porosity of the mix due to the obstruction of pores as a filler effect. This effect would improve
the simultaneous behavior of RA and WBP. Nassar and Soroushian [29] studied the use of glass powder as cement
replacement together with RA, concluding that a pozzolanic reaction occurs between the silicates in the glass
powder and the calcium hydroxide (Ca(OH)) in the cement of the mortar of RA, forming hydrated calcium silicate
(CSH), enhancing the quality of the interface.

Flexural strength (Fig. 1b) ranges between an increase of 1 % and a decrease of 16 %. Here the amount of RA
seems to have low influence on the results. The most significant reduction is obtained for series B15-R30, with a 16 %
loss in relation to CC. Fig. 1d shows the relative compressive and flexural strength related to CC. The use WBP and
RA has more effects in the flexural strength than in the compressive strength.
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Static modulus of elasticity (Fig. 1c) decreases between a 1 % and a 12 %. The amount of RA seems to have low
influence on these results. The most significant reduction is obtained for series B5-R30, with a 12 % loss respect to
CC. Fig. 1d shows the relative static modulus of elasticity related to CC. As it happened with flexural strength, the
static elasticity modulus suffers the effect of the use of WBP and RA more significantly than the compressive
strength.

ACI 318-11 proposes Eqg. 1 to calculate the ultimate tensile strength or flexural strength and Eqg. 2 to calculate the
static modulus of elasticity:

fr =0.62/f";

1)
Where fr is the ultimate flexural strength (MPa) and f”c the cylindrical compressive strength (MPa).
E, = 4700./f', (2)

Where Ec is the static elasticity modulus (MPa) and f’c is the cylindrical compressive strength (MPa).

The experimental results and those obtained using Eq. 1 and Eq. 2 for the studied specimens are shown in Fig. 2.
Almost all of the specimens show higher values than the ones specified by ACI 318, except for the flexural strength
in series B15-R30. As the values established by ACI 318 are quite conservative it is possible to state that concretes
with recycled aggregates exceed expected resistances.
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Fig. 2. (a) Flexural strength: experimental and ACI values. (b) Static elasticity modulus: experimental and ACI values.
4. Conclusions

e The best compressive strength results are obtained using 30 % of RA, and 5 % of WBP.
Low percentages of replaced cement by WBP were found to be beneficial, compensating the strength losses due
to the use of RA because of the filler effect.

o Flexural strength and static elasticity modulus are slightly more affected than compressive strength by the use of
recycled materials. However, most of the series obey theoretical strength values provided by ACI-318.

o Further studies are needed to establish and quantify the combined effects of WBP and RA on the durability of
recycled concretes.
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Abstract

This paper investigates the potential of substituting the waste glass in making aerated light weight concrete. The physical, chemical
and activity index properties of the ground waste glass are first investigated. Subsequently, the waste glass is incorporated in the
aerated light weight concrete formulation as cement substitution at different ratios. The density and initial compressive strength of
aerated light weight concrete result are then compared. Based on the initial experiment results, the ground waste glass can be
potentially substituted up to 20% as pozzolanic material in making aerated light weight concrete.
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1. Introduction

According to 2014 Singapore National Environment Agency (NEA) annual statistic report, 79,500 tons of waste
glass was generated in Singapore and only 20% of the amount was recycled [1]. The remaining quantity of waste glass
was either disposed at landfills or recycled back to low cost glass product at the neighbouring countries [2]. The
deposition of waste glass to landfills is definitely not a sustainable environmental solution to Singapore. Although, the
waste glass can be recycled back to new glass products; however, the process of sorting, crushing and re-melting which
require high energy is not favourable in long run. Furthermore, these recycling process may also instigate air pollution
if there is any mishandling.

Aerated light weight concrete or also known as cellular concrete is a light weight building material that has been
aerated to reduce its density before to the setting of Portland cement in the formulation. The LWC offers not only low
density, they also possess superior insulation and acoustic performance, fire resistant properties as well as relatively

* Corresponding author. Tel.: +0-000-000-0000 ; fax: +0-000-000-0000 .
E-mail address: Ish52@np.edu.sg

1877-7058 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of SCESCM 2016.


http://www.sciencedirect.com/science/journal/22120173

2 Lim S.H. & Phang J.M. / Procedia Engineering 00 (2017) 000-000

high strength coupled with dimensional stability. The LWC can be used to make partitions, prefabricated unit, floating
platform and many other applications in building and construction that require low load application. The quick and
easy installation of LWC also can significantly reduce the intensive labour and overall load of buildings.

Therefore, the main objective of this study is to investigate the potential of substituting the increasing waste glass
number as in the production of aerated light weight concrete (LWC). Furthermore, converting the waste glass into raw
materials in building material open up an attractive option in the building and construction industry. The benefits not
only reduce the reliance on natural resources, lower the disposal cost and landfill volume but also help to reduce the
carbon dioxide emission to our environment [3]. Utilizing industrial by-products such as bottom ash, pulverize fly ash
and steel slag as fine aggregate for cement substitute has been common in the building and construction industry [4].
However, there are still very limited studies focusing on the use of waste glass as the replacement raw material in
making LWC.

This paper therefore present the preliminary investigation of using finely ground waste glass in making LWC in
terms of physical (dry bulk density) and mechanical (compressive strength) as a partial replacement of cement or sand.
The LWC sample are water cure by conventional method and the properties are investigated and compared. This
research hopes to improve the building and construction industry by increasing the usage of waste glass while
sustaining good LWC performance and enhance the waste glass recycling rate. By substituting waste glass in LWC as
partial replacement of cement can pose an advancement towards the development of a sustainable environment, energy
efficient concrete-based building and construction industry.

2. Materials and experiment
2.1. Materials

The main materials used to produce the LWC samples were Ordinary Portland Cement (OPC) CEM 1 42,5N, water,
sand, lime, gypsum, ground granulated blast furnace slag (GGBS) and aluminum powder. The waste glass used in this
research was a typical clear soda-lime glass that obtained from post-consumer glass product.

2.2. Waste glass

Two types of post-consumer waste glass (colored and non-colored clear type) were used on this study. The post-
consumer waste glass was crushed into cullet size and followed by grinding process to fine particles using a Fritsch
Planetary Mill PULVERISETTE 5. The glass particles were then sieved into desired particle size range. The ranges
of glass particle size used in the experiment were:

e  Waste glass having particle size in the range of >90um
e Waste glass having particle size in the range of 45-75um

The chemical properties of both color and non-colored clear glass were first compared using X-ray fluorescence
(XRF).

2.3. Mixtures

The basic materials used to produce the LWC sample is summarized in Table 1. Milled waste glass, foaming agent
(aluminum powder), water, lime, cement, GGBS and gypsum were added at different proportions with varying the
ratio. The bulk density of the waste glass and cement are 1051 kg/m3 and 1522 kg/m3 respectively. To investigate the
potential of replacing the waste glass in making LWC, a specific proportion of waste glass is incorporated in LWC
formulation as cement.

Table 1 summarizes the LWC formulations prepared in this paper. The finely grounded waste glass was mixed and
casted into 100x100x100mm steel mould based on the formulation in Table 1. Six LWC mould samples were prepared
for each formulations. The LWC samples were demoulded after 24 hours, the excess expanded portion of the sample
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were trimmed and oven dried for 24 hours at 80°C + 5°C, until the constant weight was obtained before the water-
curing for 7 and 28 days at room temperature.

To study the influence of the finely grounded waste glass to the properties of LWC, the waste glass was incorporated
as cement substitute in sample C at 10% and 20% by weight percentage. The control samples contained the same set
of raw material except without any glass replacement.

Table 1: LWC formulations with different loadings of waste glass as partial replacement of cement or sand

Formulations OPC Glass GGBS Gypsum  CaO Water Al powder
@ @) @) @ @ @ (Wt% of binder)
Control C 100 0 500 5 30 450 0.08
C10 90 10 500 5 30 450 0.08
C20 80 20 500 5 30 450 0.08

2.4. Experiment
2.4.1. Waste glass characterization

The chemical composition of both finely grounded colored and non-colored glass were analyzed using an X-ray
Fluorescence (XRF) ARL 8400 based on BS EN 196-2:2013 [5].

2.4.2. Activity indexes of waste glass and cement mortars

During the initial stage, the activity index of waste glass was investigated accordance to BS EN 196-1:2005 [6].
The mixed waste glass was crushed into cullet, milled and sieved into particle size range (a) >90 um and (b) 45-75
pum. These waste glasses were then incorporated 10% and 30%, as cement replacement in making standard mortar
bars. The mortar bars were water-cured for 7 and 28 days at room temperature. The evaluation of the activity indexes
of test mortar bars would give an estimated of optimum waste glass percentage and particle size can be used in the
LWC formulations.

2.4.3. Dry bulk density and compressive strength

The LWC formulations with various proportion of waste glass incorporated as substitution for cement are
summarized in Table 1. Six cubes (100 x 100x 100 mm) were casted. Prior to compression test, the dry bulk densities
of the LWC samples were measured in accordance to ASTM C567 [7]. The LWC samples were tested in accordance
to BS EN 12390-3:2000 [8] for the compressive strength at 7 and 28 days curing age.

3. Results and discussion
3.1. Waste glass characterization

The chemical composition of both the colored and non-colored clear waste glass is shown in Table 2. From Table
2, the major composition of both the colored and non-colored clear glass are mainly SiO,. Although some traces of

elements such as TiO, and Cr,Oszare present in the colored waste glass, while BaO, Pb, ZnO are found present in non-
colored clear waste glass. But the percentage is fairly minor as compared to SiO2, Na;O, CaO and Al;Os.
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Table 2: Chemical compositions of clear and mixed waste glass used in this research

Element Colored Clear
SiO, 66-67% 66-68%
Na,O 14-16% 14-16%
CaO 14-16% 14-16%
Al,O3 1-2% 1-2%
K0 <1% <0.5
Fe,0s <0.5 <0.1
TiO, <0.5% 00
Cr,05 <0.1% 00

SO3 <0.1% <0.5
SrO <0.1% <0.5
MnO <0.1% 0.0

BaO 0.0 <1

Pb 0.0 <0.1
Zno 0.0 <05

3.2. Activity indexes of waste glass and cement mortars

To investigate the potential use of the waste glass in replacing the cement in making aerated light weight concrete
(LWC), the activity index of powdered waste glass is investigated. In this studies, both the colored and non-colored
waste glass was mixed as one sample since no significant difference in chemical composition is found based on the
previous studies. The activity index results of the sample are indicated in Fig. 1.
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Fig. 1: Activity indexes of mortar bar with (a) >90 um, (b) <75 pm

First, it is evident that the incorporation of waste glass as cement replacement is possible at the percentage of not
more than 10%. It is obvious that the early activity index (7 days) of mortar bar with 10% waste glass substitution
shown insignificant difference with the control mortar bar which uses only the OPC cement. The compressive strength
for mortar bars with waste glass of particle size >90 um and <75 pum is 46.8 MPa and 43.8 MPa respectively as
compared to the standard cement mortars of 48.5 MPa. Subsequently, the attained 28 days activity index rise almost
close to standard cement 59.6 MPa and 60.7 MPa as compared to the standard cement mortars of 62.5 MPa.

On the other hand, both the 7 and 28 days activity index of the sample decrease obviously when the waste glass
content is increased to 30% replacement as compared with the 10% replacement in cement content. The early activity
index (7 days) of the mortar bars with 30% loading of waste glass particle size of >90 um and < 75 pm is 32.1 MPa
and 35.9 MPa respectively as compared to that of the standard cement mortar (48.5 MPa). While the early activity
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index (28 days) of the mortar bars with 30% loading of waste glass particle size of >90 um and < 75 umis 47.1 MPa
and 50.1 MPa respectively as compared to that of the standard cement mortar (48.5 MPa). The reduction of the activity
index is almost by 25 - 32%.

In addition, it is observed that the mortar bar with waste glass particle <75 pum performs better than mortar bar with
waste glass particle >90 pum in both 10% and 30% substitution samples. Such observations could possibly relate to the
amorphous content in waste glass increases with decreased glass particle size. Based on such result, the waste glass
with particle size range of <75 um seem to provide better pozzolanic properties [9].

3.3. Dry bulk density and compressive strength

The density of the LWC samples at different loading proportion are measured and summarized in Table 3. In this
studies, the glass particle is milled and sieve to <75 pum to cast the sample. The density is calculated based on the
LWC samples dry bulk weight after oven dried. As can be observed, the density of the LWC samples decrease when
the waste glass is used to substitute the cement portion in the formulation. The bulk density of the waste glass and
cement used in this studied are measured and compared. The density of waste glass and cement are found to be 1051
kg/m® and 1522 kg/m? respectively. Hence, it is expected that the replacement of the waste glass in the cement can
reduce the overall density of the LWC.

Table 3: Effect of glass content on the dry bulk density of LWC samples

Formulation Dry bulk density (kg/m?3)
Control C 738
C1l 719
Cc2 620
_ Compressive Strength Result
&
= e [
ol =l
i) 16
g 14 R
a 12 — e
A 1 — — —
08 — — —
2 06 .
§ o4 — ——i
02 — e S =
0 e — —s
Control
W7 days | 1.26 144
M 28 days| 175 1.56

Fig. 2: Compressive strength result

Generally, compressive strength of aerated light weight concrete has a lower mechanical properties in comparison
with ordinary concrete. For the sake of early investigation, this study focus on the potential use of waste glass to
replace the cement content in LWC. Hence the LWC is cured in room temperature condition instead of autoclaving.
The compressive strength of the LWC samples is represented at Fig. 2.

The result clearly indicated that the early compressive strength of the LWC increased with waste glass loading. The
compressive strength of the C10 and C20 LWC sample are 1.44 MPa and 1.55 MPa as compared to that of the control
sample 1.26 MPa. This observation could be contributed by the high amorphous structure of the finely grounded waste
glass offers excellent pozzolanic properties and hence provides early strength development within the LWC.

Conversely, it is notice that the compressive strength of C10 & C20 LWC samples is slow down at the age of 28
days. The compressive strength of C10 and C20 LWC samples are 1.56 MPa and 1.59 MPa respectively as compared
to control sample 1.75 MPa. One of the possibility reasons is that the addition of waste glass in LWC formulation
decreases the Dicalcium Silicate (C2S) formation within the LWC which usually formed at a slower rate. Therefore,
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the reduced of cement content in C10 and C20 retard the overall strength at 28 days. This further indicates that the
replacement of waste glass as cement need to be controlled and optimized so that to prevent the weakening of the
LWC.

4. Conclusion

This study aim to investigate the potential of recycle the waste glass in light weight concrete. The activity index,
density and the preliminary compressive strength of the LWC were studied and compared. In this investigation, the
LWC was prepared and cured at room temperature. The activity index, density and preliminary compressive strength
were then analyzed and compared. Based on the work, the following conclusions can be drawn:

e The ground waste glass can be used to replace cement in LWC.

o The fineness of the waste glass used has a strong influence on the activity index of cement.

e The bulk density of LWC were decreased as the ground waste glass was incorporated into the LWC samples.
Such observation is mainly due to the overall bulk density of ground waste glass is less dense that cement
material.

e The use of ground waste glass as cement substitute is possible at maximum of 10% and the compressive strength
gain is mainly control by the pozzolanic characteristics in the waste glass
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Abstract

To save natural resources and promote the sustainable development of construction industry, the use recycled coarse aggregate
(RCA) from waste concrete has been encouraged recently. However, it is widely accepted that RCA concrete has lower
performance about 15% to 20% than that of natural aggregate concrete. The adhered mortar on RCA surfaces causes lower quality
of RCA produced through conventional recycling process. Therefore, it is necessary to provide higher quality of RCA from waste
concrete by detaching old mortar as much as possible; so that the quality of RCA concrete can be improved as well. This research
proposes a thermal-mechanical-chemical process to produce better properties of RCA from waste concrete. Then, new concrete
was produced by utilizing the RCA. Results indicate that the physical properties of RCA are close to natural aggregate and meet
the requirement of Indonesian Standard for concrete aggregate. Furthermore, the mechanical performance of RCA concrete
produced by the proposed method has better mechanical properties to that of conventional RCA. It is about 3-8% lower than the
mechanical properties of natural coarse aggregate concrete.
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1. Introduction

Construction wastes are increasing as the growth of the construction industry; therefore, the issue of waste concrete
recycling has become more important in the world nowadays. After the service period is over, the concrete construction
might be demolished and disposed. It causes the problem of accumulation of waste concrete in the near future and
leads to environmental problem. In addition, significant exploitation of natural resources for concrete production is
highly prohibited in some parts in the world. Thus, in favor of the reducing of waste concrete and pointing at sustaining
environment, the utilizing of recycled aggregate from waste concrete has been encouraged, recently.

However, the conventional method of recycling does not meet the demand of recycled aggregate to re-utilized for
making a new concrete. This recycling process only produces smaller part from concrete lumps [1]. It only can be
applied as road bed materials due to low quality of recycled aggregate. The surface of recycled aggregate is still
attached by the old cement paste leading to low density and high water absorption of this aggregate [2,3].

To solve this problem, a new recycling technique has been developing in our laboratory using combination of
thermal-mechanical-chemical techniques. Heating exposure up to 100°C — 200 °C weakens bonding between cement
past and aggregate [2]. It should be noted that heating up to 500 °C does not affect the structure of the aggregate in
concrete. After heating, the hot concrete lumps are then grinded to obtain the size of recycled aggregate. In addition,
the recycled aggregate is soaked in acid solution to clean the residue of attached cement paste. Before the recycled
aggregate manufactures will be used in, it needs to have the correct physical and mechanical properties. A series of
research to examine the recycled aggregate will be discussed in this paper.

2. Related Works

It is widely recognized that compressive strength in recycled aggregate concrete is lower than that of normal
concrete with the same water-to-cement ratio. Therefore, the utilization of recycled aggregate in producing new
concrete is often associated with physical and mechanical deterioration of concrete as well as its durability. Concrete
manufactured from recycled aggregate has compressive strength as much as 26% lower than that of concrete made by
natural aggregate [3]. This can be understood because generally the recycled aggregate produced by conventional
method, the aggregate is still attached by cement paste; therefore, the adhesion of interface between recycled aggregate
and cement paste on new concrete reduce. As a result, the mechanics strength of concrete also decreases.

In attempt of producing higher quality recycled aggregate from waste concrete, a pulsed power (PP) technique was
implemented [4]. The high quality recycled coarse aggregate (RCA) produced by PP has been conducted. Density and
absorption test results of the aggregate meet the requirement for H (high) class set by Japanese Industrial Standard for
recycled aggregate. Other research has concentrated on mechanical properties of concrete made using the pulsed power
recycled coarse aggregate (PP-RCA). It is clarified that the concrete made by high grade PP-RCA has sufficient
compressive strength and Young’s modulus to be utilized as construction material [5] and furthermore, analysing of
kind of recycled aggregate concrete under acoustic emission testing show the similar behaviour to that of normal
concrete aggregate [6].

3. Experiment
3.1. Material

There were several steps in producing recycled coarse aggregate. First, concrete lumps were heated up to 1000C
for 24 hours. Second is mechanical grinding by 500 cycles using Los Angeles machine. These processes were objected
to produce heating-grinding (H-G) recycled coarse aggregate. The addition treatment; which was soaked in acid
solution (H2S04) in 24 hours, was objected to produce heating-grinding-acid (H-G-A) recycled coarse aggregate.

Then new concrete was made using two types of recycled coarse aggregate. For analysis consideration, normal
fresh coarse aggregate concrete was also produced taken from the same quarry as material for recycling. Water cement
ratio was 48%. Specimens were cylinder concrete. Mixture proportion is shown in Table 3.
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Table 1. Mixture proportion of concrete in 1 m®

Concrete type Concrete ingredients (kg)
Cement Water Sand Gravel
Normal coarse aggregate concrete 427 205 675 1013
H-G recycled coarse aggregate concrete 427 205 667 1001

H-G-A recycled coarse aggregate concrete 427 205 671 1007

3.2. Method

After demoulding, they were placed in a water until the time of testing. Curing was performed in accordance with
the ASTM C511 standard. The compressive strength tests were carried out in accordance with ASTM C39 -86 at 28
days. The splitting tensile strength tests were performed according to ASTM C496-87 at 28 days. Meanwhile, flexural
strength was determined according to ASTM C597. Each testing of concrete consisted of five samples. Specimens
were cylinder concrete in size of 150 mm in diameter and 300 mm in height for compressive and tensile testing. While
the specimen for flexural testing were concrete prisms in size of 150 mm x 1500 mm x 500 mm. All experiments were
conducted in Material and Structural Engineering Laboratory, Civil Engineering Department, Mataram University.

4. Result and Discussion
4.1. Physical Properties of Recycled Aggregate.

According to visual examination as shown in Fig. 1, in margin part of recycled coarse aggregate surfaces is still
attached by cement paste. However, H-G-A recycled coarse aggregate surfaces are much cleaner than H-G recycled
coarse aggregate surfaces. For further investigation, the quality examination of recycled aggregate includes density,
water absorption, fineness modulus, and sieve analysis are examined. Almost similar properties are obtained compare
to normal coarse aggregate, indicating the improvement quality of the recycled aggregate. Table 2 and Fig. 2 show
the physical properties of recycled coarse aggregate along with normal coarse aggregate as comparison.

(b)

Fig. 1. Recycled Aggregate (a) H-G; (b) H-G-A.

Table 2. Properties of recycled coarse aggregate

Physical properties Normal H-G H-G-A
Density 261 2.56 2.59
Water absorption (%) 1.23 2.62 243

Fineness modulus 7.10 7.05 7.03
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Fig. 2. Sieve analysis
4.2. Mechanical Properties

Mechanical properties of recycled aggregate concrete along with those of normal concrete are written in Table 3.
Generally, the mechanical properties of normal concrete aggregate (NCA) are slightly higher than those of both
types of recycled concrete aggregate (RCA). Different impact on mechanical properties of two types of RCA is
caused by their different quality. H-G-A RCA possesses better mechanical properties than those of H-G RCA. The
continued treatment process by soaking in acid solution enables to improve the mechanical properties of H-G-A
concrete. However, that mechanical properties improvement is not in significant different so H-G RCA can be
potential as well as H-G-A RCA in utilization.

Table 3. Mechanical properties of concrete

Average of mechanical properties (MPa)  Normal aggregate concrete  H-G-A concrete  H-G concrete

Compressive strength 41.77 39.79 39.32
Modulus of elasticity 30280 29643 29472
Splitting tensile strength 4.57 4.49 431
Flexure strength 6.29 5.73 5.58

5. Conclusion

Both H-G and H-G-A coarse aggregate almost have similar quality to natural coarse aggregate in terms of density,
water absorption, and sieve analysis. However, the Compressive Strength, Modulus of Elasticity, Splitting- Tensile
Strength, and Flexure Strength of H-G recycled coarse aggregate concrete is less than those of H-G-A recycled coarse
aggregate concrete. The acid solvent treatment of H-G-A enables to remove the cement paste from aggregate surface
more effectively than that of H-G, therefore the H-G-A recycled aggregate gives better performances than those of H-
G. Continued delamination process increases bonding mechanism between new cement paste and recycled coarse
aggregate surface. However, that mechanical properties of both RCA concrete are not in significant different so that
they can be potential as construction material in near future.
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Abstract

The use of fine recycled aggregates from recycled concrete is limited due to the high absorption of the material and the subsequent
reduction in mechanical performance. At the same time, Self-Compacting Concrete (SCC) uses large amounts of fines to ensure
its flowability. Therefore, this type of concrete could allow the use of fine recycled aggregates. Hence, the aim of this work is to
study the proportioning and the effects in the microstructure and the fresh basic properties of the use of recycled sand to produce
SCC.

The concrete mixes analyzed incorporate recycled sand (in percentages of 0%, 20%, 50% and 100 %) and natural coarse aggregates.
The mix design used an equivalent mortar, which allowed obtaining a suitable concrete that could be at the same time comparable
between different replacement ratios and usable in real-life applications.

During the design of the mixes with the mortars, the workability was measured from 10 min to 90 min using mini-cone and mini-
funnel tests and the suitable ones were chosen to perform self-compacting concrete. Once this was done, these mixes were produced
at concrete scale, and with these, basic properties were measured.

The fine recycled aggregate changes the workability and the rheology of the mortar and concrete. These differences also affect the
microstructure in terms of bonding and porosity distribution. There is a severe reduction of compressive and splitting strength as a
result of the use of recycled sand, and this could be linked directly to these changes of the microstructure. The recommended
substitution ratio with small decrease of mechanical performance is up to 20%.
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1. Introduction

As the population grows and improves its lifestyle, a proportional increase of the consumption of natural resources
and energy occurs. One of the industries with greater responsibility in the consumption of natural resources and
generation of waste is the construction industry. Construction and demolition waste (CDW) is undoubtedly one of the
main centers of attention in the search for waste reduction.

This research is focused on the determination of the influence of the use of recycled sand on self-compacting
concrete in terms of proportioning and microstructure. With this, the variables of interest in this research are the
percentage of replacement of natural sand and the workability measured over time.

There are different ways of obtaining the composition of a SCC and in this work the objective is an appropriate
workability, i.e., the resulting concrete should present fresh-state SCC behavior. This research involves the
replacement of 0%, 20%, 50% and 100% of natural sand by recycled sand and this type of sand presents a high
absorption. Thus, it is expected that the mortars and concrete with high substitution ratios of these aggregates will
present lower workability. This could be dealt with by increasing the content of superplasticizer but in the extreme
case of 100% of replacement this was not enough to provide acceptable workability. However, if the amount of
superplasticizer varies, the different mixes would not be comparable. Therefore, the superplasticizer quantity was
adjusted for the control concrete and kept constant for all substitution ratios.

1.1. Use of fine recycled aggregate concrete

The possibility of the use of Fine Recycled Aggregates (FRA) in self-compacting concrete (SCC) was demonstrated
by Kou & Poon [1], who obtained SCC with acceptable workability and compressive strength using even 100% of
both fine and coarse recycled aggregates. The authors found out that the values of slump flow grew with the
replacement ratio, and this indicated that the recycled aggregates did not absorb 100% of the water at 24 hours (W24h).
They repeated this test after 1 hour and they found a positive correlation between the substitution ratio and the loss of
workability.

Other interesting reference of the use of FRA in SCC is the work of Corinaldesi & Moriconi [2] who achieved SCC
concrete with coarse and fine recycled aggregates separately in percentages of 0 and 100%. In this work the w/c ratio
was established as 0.45 and the content of cement as 440 plus 100 kg of filler. These fines were alternatively limestone,
fly ash and also powder from recycled aggregates. The main effect of this last type of powder was to reduce over time
the workability of the paste; this was evidenced in terms of yield stress values and plastic viscosity values. Finally,
this work also refers a significant reduction in compressive strength, much larger in the case of FRA than in recycled
coarse aggregates.

There are also works about recycled coarse aggregates (RCA) in SCC, recent examples of these could be the work
of Silva [3], or the ones of Safiudin et al. [4] and Grdic et al. [5]. All results agree in two points:

e The effect of the absorption of the recycled aggregates must be compensated. This adjust is done by means extra
water or adding superplasticizer;
e There is a reduction in compressive strength and modulus of elasticity with the substitution’s percentage.

Research on the use of FRA in ordinary concrete is not extensive. The main effect that is reported in the literature
is the loss of compressive strength with the substitution ratio. Khatib [6] refers that concrete with 25% and 100%
suffer reductions of 15% and 30% relative to the reference mix. Evangelista & de Brito [7] refer that with percentages
of substitution up to 30% there were no significant reductions. The other important effect described is the loss of
workability due to the high absorption of the FRA. Some authors add more water to compensate this effect; others
add more superplasticizer and a few of them deal with the effects of the loss of workability.

Another significant question is the variability of the quality of the FRA. For example, Pereira et al. [8] refer a FRA
with 13.1% of absorption; on the other hand, Khatib [6] refers one with 6.3% of absorption and Zega et al. [9] uses a
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FRA with an absorption of 8.5%. These differences obviously should produce significant effects on the properties of
the resulting concrete. However, in all cases this absorption is higher in the recycled aggregate than in the natural one.
The main idea is that there is a negative relationship between the absorption of the recycled sand and the quality of
the resulting concrete. This follows the same trend that is well established with coarse recycled aggregates [10].

1.2. Fresh properties & rheology of SCC

SCC is designed and produced with fresh-state properties in mind. SCC exhibits enhanced capabilities substantially
different than the ones of the ordinary concrete. The enhanced properties that are looked for in SCC are: flowability,
viscosity (measure of the speed of flow), passing ability (flow without blocking) and segregation resistance [11,12].
The priority of these properties depends on the use of the concrete: in a section strongly reinforced the crucial property
is the passing ability; on the other hand, when casting a slab, the emphasis is on the flowability and the segregation
resistance. Thus, different SCC are designed with a specific behavior corresponding to its use [11].

The SCC fresh-state properties are used as reception criteria and one or two tests are performed when the concrete
arrives at the construction site allowing acceptance or not of the concrete batch [13]. However, the evolution of the
fresh properties over time is a key factor in the properties of concrete, i.e. the open time can be adjusted to the type of
superplasticizer or retarders [11,13,14]. It has been observed that the rheological parameters worsen with time [15]
and the open time varies in different mixes. This evolution can be observed in the equivalent mortar, where it is
enhanced by the absence of coarse aggregate.

The fresh-state properties are measured by means of several specific empirical tests. For the flowability, the slump-
flow is widely used; for the viscosity of the mix, Tso is used but also the V-funnel; for the passing ability, the L-box
and J-ring are the most common and, finally, for the segregation resistance, the sieve segregation is one of the most
widely used [11,14].

The empirical approach is useful but it is possible to study the phenomena in further detail. Fresh SCC can be
modelled as a viscoelastic fluid with a model that relates the shear stress (t) and shear rate (y). There are various
models for the equation that relates both properties, but the Bingham model is one of the simplest and most widely
accepted [16]. This model describes concrete flow in terms of yield stress (t,) and plastic viscosity (u) with this
equation: T =ty + p - y. Yield stress represents the stress necessary to initiate or maintain flow, whereas plastic
viscosity expresses the increase in shear stress with increasing shear rate once the yield stress has been exceeded [17].

There is a significant difference between the SCC when it is at rest for a long period of time or when it has been
recently mixed, due to its thixotropy. The resistance to deformation varies substantially, so that two parameters could
be defined: static yield stress, that relates to undisturbed concrete, and dynamic yield stress that relates to disturbed
concrete [18,19].

2. Materials

A Portland cement, CEM | 42.5 R according to European Standard EN197-1, was used. In addition to this, the
powder fraction was completed with limestone filler.

The superplasticizer used to achieve suitable SCC mixes was a modified polycarboxylate type usual in SCC
production. No retarder was used to control the hydration or the open time.

Three types of aggregates were used. The coarse fraction was a natural limestone gravel. Two fine aggregate were
used: a natural limestone sand that was partially replaced by a recycled sand. The source of the natural aggregates was
a crushed aggregate from a northern-western Spain stone quarry. The fine recycled aggregate came from crushed
concrete from a local recycling plant (RECINOR).

The natural and recycled sands need to be well graded and have a size distribution as similar as possible. To achieve
both objectives, it was necessary to adjust the grain size curve of one of the aggregates. In this case it was decided to
divide the natural sand in three fractions: below 0.25 mm, between 0.25 mm and 2 mm and above 2 mm. After this,
these three fractions of natural sand were remixed to obtain a “corrected natural sand” with a size distribution similar
to that of the recycled sand.
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In addition to the regular absorption test, a continuous measurement of water absorption of the aggregates was
conducted. At the usual reference time of 10 min the absorption of the recycled sand was 72% of the absorption at 24
h, and in the case of natural gravel and sand it was 50% and 70% respectively.

3. Mix proportioning of self-compacting concrete with fine recycled aggregates
3.1. Proportioning methods

There are many references about the design of SCC with different methodologies. Mainly, there are two groups of
procedures to adjust the composition: on the one hand, one can set the strength level to be achieved and then the
components’ content necessary to meet this objective. On the other hand, one can start from a given standard
formulation that will be corrected to achieve the workability appropriate to the target application. In this work, the
second option was used.

Schwartzentruber and Catherine [20] proposed the use of the concrete equivalent mortar (CEM) to study the
rheology of fresh concrete with the assumption that the rheological properties of CEM should be correlated with those
of the corresponding concrete. For the CEM design it is considered that all friction phenomena take place at the cement
paste/aggregate interface. Therefore, the total specific area of the aggregates is a fundamental variable to understand
the level of workability of concrete.

When the composition of the CEM is determined the main following relationships concerning the original concrete
composition should be kept constant: cement and filler content, water-cement ratio, and fine aggregate content
necessary to achieve the same total surface area of coarse aggregate replaced. An example of this procedure can be
seen in the Rubio-Hernandez et al. work [21].

Since the start of the CEM method there have been various approaches to obtain the equivalent mortar of a specific
concrete. In this context, the Nepomuceno et al. method [22] used in this work is a generalization of the one proposed
by Ouchi et al. [23] and it centers its efforts on the characterization of the mortar and correlates the behavior of mortar
and the one of concrete. This method uses two parameters, G and Rm measured in mortars that are correlated with
the slump-flow and the Tso time of concrete.

Because of easier preparation, mixing, and sampling, CEM mixes consume less materials, energy, and time for
testing, which can greatly simplify and speed up testing of concrete [24]. This represents a solution to adjust the mortar
that would produce a SCC. In addition, as in this research the interest is centered on the recycled sand, the study of
mortar is more useful in the aspects where the effect of the properties of the recycled aggregate is magnified.

3.2. Concrete composition and mixing

The design of the reference SCC is based on the Nepomuceno’s method [25] using some recommendations from
the CEM and rational methods. This methods can give guidelines of how to adjust a mix to a set of properties like
compressive strength and fresh-state parameters. However, it is not known how to ensure that a reference concrete
with SCC behavior, once some fraction of it is replaced, would remain in the domain of acceptable quality SCC. For
instance, if the replacement of FRA is set to 100% and no water is compensated, the result is a conventional concrete
with no SCC behavior (Fig. 10).

Regarding the high water absorption of the recycled aggregates, it was necessary to adjust the mixing water, which
was done by adding extra water. However, not all the 24 h water absorption was compensated, rather the absorption
at 10 min. This criterion was also used before by other authors [8] [26]. To ensure comparability, all materials were
oven dried before their use.

In order to study the effect of FRA in the SCC proportioning and microstructure, the designed concrete included
an increasing proportion of recycled sand. With this same idea, the incorporation of coarse aggregate was fixed to
30% in volume of natural gravel. This criterion corresponds to the recommendations of the rational method [23] [14].
Besides, this allows to study the mortar fraction of the SCC separately.

To start correctly the adjustment of the mix, the paste (with a previously fixed w/c ratio) was tested alongside with
variable percentages of superplasticizer additive (Fig. 1). The test showed that the optimum quantity was 2% of sp.
However, this high content produced segregation and finally it was set to a value of around 1.7% of superplasticizer.
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The use of the mortar fraction to adjust the mix has proved to be a powerful tool to find and compare mix
proportions. The batches are only of 1.6 liters and this reduces the quantities of materials to prepare: oven dry the
aggregates, mixing the fractions of the sand, weight all components, etc.; so tests are substantially faster and/or it is
possible to perform a much larger number of tests. Once a mix proportion that fulfilled the Nepomuceno’s
recommendations was found, it was tested in full-scale concrete performing the empiric fresh-state tests: slump-flow,
V-funnel, L-box and J-ring.

This mix design in two stages, first mortar and later full concrete, was helpful to achieve in a rapid way suitable
compositions of SCC with FRA. Additionally, it should be emphasized that the only variable that affected the
flowability and viscosity of the mix was the presence of FRA. Based on this, the other mixes were designed by
replacing a given volume of natural sand with recycled sand. The replacement ratios were 0%, 20%, 50% and 100 %.

The mortar approach allowed designing a suitable SCC concrete mix. This mix was tested at concrete scale,
obtaining a SCC with acceptable slump-flow results but with high values in the V-funnel test. With these data, and
focusing on obtaining a robust but flowable mix, small increases in wi/c ratio and superplasticizer content were
introduced. Therefore, the final mix was obtained (Table 1) with only minor changes from the composition adjusted
in the mortar phase.

As the research’s interest is to understand the influence of the replacement of natural with recycled sand, it was
important not to include other adjustment or variation in the mixture proportioning. With this, the effects could be
attributed to the recycled material.

Table 1. Concrete composition of the mixes

Mass (kg) of the mixes

; SSD ;
% of | | t | Absorption
Material Volume () % of recycled sand replacement (in volume) Density . ?%)
0% 20 % 50 % 100 % (kg/l)
Cement 128.7 400.0 400.0 400.0 400.0 3.11
Limestone filler 66.4 180.0 180.0 180.0 180.0 271
Water 184.0 184.0 184.0 184.0 184.0 1.00
Additional water® 10.36 13.39 3174 53.12 1.00
Recycled sand® - 63.6 365.9 731.9 2.30 9.3
318.2
Natural sand® 865.6 692.4 4328 - 2.72 1.0
Natural gravel® 300.0 768.0 768.0 768.0 768.0 2.56 1.1
Water/cement 0.46 0.46 0.46 0.46
Superplasticizer 170 1.70 1.70 1.70

(% in mass of cement + filler)
@ Water absorbed by the aggregates after 10 min and correspondent with the mixing time
@Al materials were oven dry before its use

To obtain all the mixes with the different substitution ratios, given volumes of natural sand were replaced with the
same volumes of recycled sand. No other adjustment was introduced because the focus was on studying the effect of
the use of different percentages of recycled sand. Also, a detailed protocol for the mixing of concrete and mortar was
set (Fig. 2).
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Fig. 1. Marsh cone test results Fig 2. Mixing procedure for concrete and mortar

4. Results and discussion
4.1. Comparability of mixes with different substitution ratios of FRA

As mentioned previously, the general procedure to obtain the mortar content was based on the Nepomuceno method
[25] [27]. It would have been possible to strictly follow the CEM method [20] [21] and include an extra content of
recycled sand equivalent to the specific surface of the gravel. This would lead to an equal specific surface, but the
absorption of this extra amount of sand would be much higher than the one of the gravel (their water absorption at 24
h are 9.3% and 1.1% respectively). In this way, the equivalent mortar would only be equivalent in terms of specific
surface but the influence of the absorption would be quite more relevant. So, finally, it was decided not to include this
extra sand and assume that the mortar phase correlated accurately with the concrete. It should be noted that all mixes
included 30% in volume of natural gravel, so the only variable of influence was the presence of FRA.

During the adjustment phase the only tests performed were the ones related with the fresh state, i.e. mini-cone and
mini-funnel. The Nepomuceno’s limits were complied with [25,27] so the target spread values in mini-cone and flow
time in mini-funnel were 251-263 mm and 7.7-8.7 s respectively. These limits were unreachable for all the mixes at
the same time. If it were adjusted for 0% replacement, the mixes with 50% and above of FRA would not exhibit SCC
behavior. They were conventional mortars with fluid consistency and low values in spread in mini-cone; and also with
high passing times in mini-funnel, when they did pass at all. On the other hand, if the mix were adjusted for 100% of
FRA incorporation the result would be a severe increase in fluidity and reduction of viscosity. This would lead to
severe segregation in the substitution percentages of 0% and 20%. This can be seen in the sections of Fig. 3 of a
rejected mix with excessive fluidity and low viscosity that produced segregation for low substitution ratios.

TOP 0% 20% 50% 100%

AR

DOWN

Fig 3. Segregation in some mortar tests, increased with low substitution ratios
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It was detected that if the 100% FRA mix was adjusted and exhibited acceptable parameter in both mini-cone and
mini-funnel tests (according to Nepomuceno’s criterion), the mix with 0% replacement showed complete segregation
of paste and aggregates (Fig. 3). When the 0% mix was the reference, the 100% mix lost the SCC behavior. Therefore,
it was clear that the complete fulfillment of the criterion was impossible, so new limits were set. In this way, it was
possible to find out mixes where all batches showed SCC behavior even though with some variability in viscosity and
flowability. However, at least there were groups of SCC products under comparison, not conventional concrete
compared to SCC.

This new criteria is represented in Fig. 4, where it can be seen that the narrow range that Nepomuceno’s method
indicates is widely expanded (mini-cone: 251-263 mm & mini-funnel: 7.7-8.7 s). However, when the values of mini-
cone spread grew substantially, segregation problems started to appear. Therefore these mixes are also not valid.
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= n
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Spread Mini-cone (mm)

Fig 4. Criterion of acceptance of equivalent mortars to produce SCC concrete

Another question that should be addressed properly is the time at which the mix is adjusted. In this work, the f
fresh-state parameters were measured just after the finishing the mixing process (at 10 minutes). However, as seen in
Fig. 6; these parameters change with time and, in the case of the 100% substitution, a mix that presented complete
SCC behavior lost all fluidity and passing ability after 90 minutes. Maybe, 30 minutes or 45 minutes could represent
better the SCC fresh-state characteristics of a specific mix. Testing at one of these times could be more representative
of the real behavior in the construction site, but this is impractical from a production control point of view.

4.2. Microstructure of SCC equivalent mortars

The selected mixes were studied under optic microscopy at the age of 14 days in a preparation of petrographic thin
sections. The pictures (Fig. 5) show a significant increase in porosity with the percentage of FRA. These pores are
clean with no precipitate in them and with size varying from 50 to 250 ;.m.

It was not possible to visualize the different interfacial transition zone (1TZ) of the aggregates, because this is easier
in coarse aggregates and rather difficult with recycled sand. This ITZ has been referred to be the weak part of the
microstructure [28].

However, in the 100 % replacement mix there was a fraction of natural aggregate - from the original concrete - that
seemed to be separated from the original paste. This could be attributed to the processing of the aggregates.
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Fig 5. Microstructure of the mortar phase with FRA in percentages of 50% (left) and 100 % (right).
4.3. Mortar results

The mortars were tested over time by means of the mini-cone and mini-funnel tests (0). In the mix that includes
100% of recycled sand, at 90 minutes the mini-funnel test was unfeasible due to the rigidity of the mix.

The spread is higher with low sand substitution percentages. However, for the reference mortar, and also for the
one with 20% of sand substitution there is a slight increase in the spread values from 15 to 60 minutes. Regarding the
passing time (V- funnel), it could be said that there is a clear trend towards reduced values with time and with
replacement percentage. This contrasts with the results reported by Jin [15], who found out a continuous decrease of
spread and increase of the passing time over time.

300
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< 240+ .s 100%
§ 220 \ £
2 =
= . o
200
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g 10 | =% 2
2 e 20% ?
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Time (min)

Time (min)
Fig. 6. Left: Spread results of the mortar on mini-cone test. Right: Passing time results of the mortar on mini-funnel test
The density and compressive strength of the mortars are substantially influenced by the presence of the recycled

sand (Fig. 7). In the case of the 100% substitution, the decrease of compressive strength at 28 days is 48%. Concerning
the density, it is reduced with the same trend.
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Fig. 7. Left: Hardened density at 28 days and fresh density of mortars. Right: Compressive strength at 28 days of mortars

4.4. Concrete results

Once the mix proportion was tested in the mortar phase, the next step was to produce equivalent concrete mixes.
At this stage the empirical tests used were the usual slump-flow test and V-funnel. In addition, tests with rheometer
were performed: stress growth test and flow curve test. In the two first all substitution ratios were performed but in
the case of the concrete with a 100% of replacement the results at 90 min showed a complete loss of the SCC behavior.
After these results, it was decided to go on only with 0 and 50% replacement. This allows studying the effect of the
incorporation of the recycled sand.

In Fig. 8 the results of slump-flow test are presented. A reduction over time of the spread and an increase in the
T500, higher with the substitution ratios, can be seen. A similar trend was detected in the case of the V-funnel results
(Fig. 9), but there where substantial differences between the 0% and 20% and the 50% and 100% group. In this last
group, the effect of time is stronger; it seems that the concrete loses flowing ability with the incorporation of recycled
sand.

The flowability of the 50% and 100% mixes suffered a severe reduction, losing their SCC behavior. In the case of
the 100% mix, it was even impossible to achieve a flowable concrete (Fig. 10).
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Fig. 8. Results of the slump-flow test (spread & Tsoo)
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Fig. 10. Slump test of the mix with 100% of recycled sand at 90 minutes.
The slump-flow test was unfeasible even though at 15 min it was a SCC with a spread of 680 mm

4.5. Mechanical properties of SCC

Fig. 11 presents the compressive strength of the mixes. There are substantial reductions of the mechanical
properties with the incorporation of recycled sand. At the same time, the evolution with the concrete age is slightly
lower in the case of concretes with fine recycled aggregate. The trends are similar to those of mortars.
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Fig. 11. Evolution of compressive strength in concrete samples
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5. Conclusions
The following conclusions can be drawn:

e The use of some fixed parameters as 30% of gravel content and 1.7% of superplasticizer for all the replacement
ratios (0%, 20%, 50% & 100%) leads to comparable SCC’s and allows studying the mortar phase separately;

o Criteria of comparability for the mixes that included recycled sand were established: they should present SCC
behavior to be comparable, if not, the reference proportion should be readapted. It is not possible to comply with
all recommendations when the nature of the aggregates is changed;

e The microstructure of the pastes was homogeneous and no different ITZ was observable, some aggregates were
detached from the paste. The incorporation of recycled sand resulted in an increase in porosity;

e With this mix design it was possible to produce self-compacting concrete with a substitution of up to 100% of
recycled concrete sand. However, 50% and 100% mixes started to lose this behavior after 60 min;

e There was a reduction of filling capability and flow ability over time and the loss of properties was substantially
higher as the percentage of recycled sand increased;

e The mechanical properties are affected by the incorporation of recycled sand: the influence is low in the case of
20% but, for larger substitution ratios, the losses are severe.
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Abstract

Seashells from marine by-product are potentially used in concrete as partial replacement of cement or fine aggregates substitute.
The shells generally have high calcium content (CaO) which can improve the concrete physical and mechanical properties. In this
research, two types of shells, namely cockle/blood clam (Anadara granosa) and marsh clam (Polymesoda expansa) were burnt
and ground as powders to be used as the cement replacement. The shells were ground and replaced the cement at 4% by weight.
Specimens were prepared from three different mixtures, i.e. Ordinary Portland Cement (OPC) as a control mix, concrete contains
ground marsh clam (OPC Clam) and blood clam concrete (OPC Cockle). Setting time, density, compressive strength, tensile
strength of the concrete mixtures were determined for each mixture. Test results indicate that the replacement of cement using
different type of shells could yield to different concrete performance. Setting time, density, compressive and tensile strength of
the OPC Cockle concrete are considerable lower than the OPC concrete up to 91 days. However, the OPC Clam concrete
performed faster setting, higher density, higher compressive and tensile strength than the OPC concrete. Therefore, the CaO
content of different type of seashells has the possibility of influencing the physical properties and strength development of
concrete.
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1. Introduction

Molluscs in fishery industry provide nutritious food source, jewellery, pharmaceutical, medicine and ornaments
for domestic and international markets. In term of mollusc production, the method of production is divided into
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capture and aquaculture. It was estimated approximately 236,564 tones of mollusc was captured in Indonesia
between 1950-2011. Approximately 38.8% and 8.26% of the total amount were blood cockles and hard clams,
respectively. In aquaculture industry, about 206.605 tones of mollusc was produced in 1950-2011, with 79.63% and
20.15% of the total amount were pearl oyster and penguin wing oyster, respectively [1]. The post consumer shells
are part of molluscs with low economic value and usually disposed in land fill as solid waste. However, the seashells
can be recycled and processed, then use them in concrete as fine aggregate, coarse aggregate, cement filler, and
cement replacement for structures in coastal area.

Various type of shells, including oyster, mussel, periwinkle, clam, crepidula, scallops, and conk shells in form of
complete, crushed, ground or powder in concrete, paver block, brick, and road pavement were investigated
previously [2-6]. Some researcher used the ground shells approximately 5-20% by weight of cement as a cement
replacement. It was reported that the shell powder in concrete generally could increase setting time, reduce
compressive strength, reduce drying shrinkage, and decrease flexural strength [5, 7].

As a cement replacement, the chemical content of the shells will determine the properties of concrete. Ground
shells is produced by washing, grinding, miling and calcining to obtain cementitious benefit of CaO that takes part
in cement hydration. Typical raw seashells contain mainly 95-97% of calcium carbonate (CaCQ3), small quantity of
mineral and organic materials. The amount CaCOs is considered very high, but it is more important as CaO to
increase strength development and density of concrete. According to Lertwattanaruk et al. [5], the CaCOs is
transformed into calcium oxide (CaO) and carbon by burning the shells at high temperature exceeding 550°C. The
CaO percentage of burnt shells is reported between 52 to 57% depends on the type and CaCOj3; content of shells.
One study by Islam et al. [8] concluded that the cockle shells could contain more calcium, carbon and other trace
elements than the commercial calcium carbonate. Although majority of previous studies focused on using shells as
aggregate substition to avoid energy cost and difficulty in processing the shells, the ground shells powder is still an
alternative to replace cement to obtain high cementitious benefit in concrete. In this research, two types of shells
from local waters, namely blood cockle and marsh clam were studied to determine setting time, density,
compressive strength, and tensile strength values.

2. Material and method

General purpose Ordinary Portland Cement was used as a main binder for the OPC concrete, OPC Cockle and
OPC Clam specimens. Fine aggregate was river sand with specific gravity of 2.69, fineness modulus of 1.90, and
water absorption of 2.24%. The coarse aggregates used had specific gravity of 2.72 and water absorption of 2.64%.
The cockle/blood clam (Anadara granosa) and marsh clam (Polymesoda expansa) shells were collected from local
seafood vendors (Figure 1).

Figure 1. The seashells a) Cockle/Blood Clam, b) Marsh Clam.

The shell powder was produced by cleaning, drying, burning the shells at a brick furnace for 3 days at
approximately 600°C, crushing, grounding and sieving the shells using #200 sieve. The chemical composition of the
OPC, cockle and clam shells are given in Table 1. It can be seen that the calcium oxide (CaO) content of the clam
and cockle was 67.70% and 51.91%, respectively.
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Table 1. Chemical composition of OPC, Cockle and Marsh Clam

Type of material

Oxides Ordinary Marsh
(%) Portland Cement/  Cockle** Clam™**
OPC* am
CaO 65.21 51.91 67.70
SiO, 20.92 0.38 0.39
Al,O; 5.49 0.65 0.28
Fe,0s 3.78 0.05 0.02
MgO - - -

*Salain (2009)

The OPC control mix was designed to produce concrete with target strength +35 MPa at 28 days. The concrete
mix consisted of cement (531.58 kg), water (190.39 kg), fine aggregates (862.15 kg) and coarse aggregates (750.89
kg). The cement was replaced by 4% of ground seashells based on the trial mix results and a recommendation of the
previous study [9]. The specimens were prepared by casting the concrete mix in 100x200mm cylinders for
compressive strength test, and 150x300mm cylinders for tensile strength test. The specimens were cured for 28 days
in a water pond and left to air dry until the testing date. The specimens were tested for setting time (SNI 15-2049-
2004), density (SNI), compressive strength test (SNI 03-1973-1990), and splitting tensile strength (SNI 03-2491-
2002).

3. Material and method
3.1. Setting time

Setting time test for all types of cement paste (OPC, OPC Cockle and OPC Clam) was conducted to determine
the initial and final setting times. Those values are useful to observed the impact of adding seashells in the mixture
and to determine strength development of concrete at early age. Figure 1 shows that the final setting time of OPC
Cockle and OPC Clam concretes are shorter than the OPC concrete. Incorporating ground seashells into concrete
mixture will increase the cement hydration reaction rate due to high calcium oxide (CaO) content. This is
particularly important for concrete in application that needs to be hardened quickly with high early strength gain.
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Figure 2. Setting time of OPC and seashell concretes.

3.2. Density

The effects of replace cement with ground seashells on the density of concrete at 7, 28, and 91 days are
presented in Figure 2. It can be seen that the density increases with the concrete age. As shown in the figure, the
OPC Cockle has the lowest density and the OPC Clam showed the highest density among the concrete types. This is
probably due to the fact that the densification of hydration product in OPC Clam is related to high CaO content that
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could reduce porosity and increase density of the specimens. The lowest density of the OPC Cockle could indicate
smaller content of hydration product that could pack the particles closely.
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Figure 3. Density of OPC and seashell concretes.
3.3. Compressive strength

The compressive strength of concrete mixtures is shown in Figure 3. As the strength increased with age, the
compressive strength increased accordingly. The compressive strength developed with type of cement and shells.
The OPC Clam concrete showed higher compressive strength values than the OPC and OPC Cockle concretes,
indicating that the replacement of the cement with the ground clamshell improves the later strength of the concrete.
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Figure 4. Compressive strength of OPC and seashell concretes at 7, 28, and 91 days.

On the other hand, at 28 and 91 days the OPC Cockle concrete had the smallest strength values than other
concretes. This finding confirms that replacement of cement in the OPC could yield to different strength properties
due to type of seashells and the CaO content in concrete. The result is consistent with those of other studies and
suggest that a decrease in strength is related closely to the replacement of cement content that possibly disturb the
rate of cement hydration at early ages [5]. This phenomenon was not applied to the OPC Clam concrete, since the
amount of CaO in ground clamshells was significantly higher than the cockle shells.
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3.4. Tensile strength

Results showed that the tensile strength of the OPC concrete was higher than the OPC seashell concretes. In this
research, the tensile strength had a similar trend with the compressive strength values. The tensile strength of the
OPC Cockle and OPC Clam concretes was considerably lower than the OPC concrete. Other researchers reported
similar findings about the tensile strength values of OPC seashells since the bonding strength of the aggregate-
cement paste interface was disrupted by the cement replacement. On the contrary, a previous study showed that the
OPC seashells specimen performed higher tensile strength than the compressive strength due to a good adhesion
between aggregates and cement paste for the OPC cockle concrete [10].

BOPC BOPC Cockle OOPC Clam

Tensile strength (MPa)

7 28 91
Concrete age (days)

Figure 5. Tensile strength of of OPC and seashell concretes at 7, 28, and 91 days.

For overall performance, the OPC Clam specimens containing 4% of shell powder produced high initial setting,
high density, good compressive strength and more flexible material than the OPC concrete that useful for early
strength material in aggressive environment such as coastal areas. The replacement of cement using the seashells
actually provide a practical solution for structures in remote coastal areas that need high strength and durable
concrete to by reusing of marine by products disposed in landfill. According to [11], utilization of seashells is still
not favorable as cement replacement material in concrete due to high energy cost for calcining the shells. However,
when compared with the environmental benefit of using the seashell waste in concrete, the cost of shells processing
for cement replacement is considered cheaper than use the Ordinary Portland Cement in remote coastal areas.

4. Conclusions

In this study, two types of local seashell were processed to produce ground shells for cement replacement in
concrete. Setting time, density, compressive and tensile strength were studied. Replacement of the Portland cement
with the ground cockle shells and clamshells by 4% of weight led to different physical and mechanical properties of
the concrete. The OPC Cockle concrete showed lower setting time, density and tensile strength than the OPC
concrete. The OPC Clam concrete performed faster setting, higher density, higher compressive and tensile strength
than the OPC and OPC Cockle. The type and CaO content of seashells has the possibility of determining the
physical and mechanical strength development in concrete.
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Abstract

The wall structure separating floor areas significantly contribute the weight of the building that put it into a greater risk to
earthquake event. The use of lighter wall materials is more desirable to reduce the potential risk of damage due to earthquake
treat. This development of polystyrene wall panel is an effort to achieve two objectives, namely development light wall material
and promoting green construction materials by utilizing polystyrene waste. The paper present the study on the development of
polystyrene waste wall panel by pre-compacted method. In this research, the shredded polystyrene was blended with cement
Portland and water at various certain proportion. When the mixed already properly blended, it was poured into the steel mold of
30x80cm. The mixed within the mold was subjected to compaction stress for up to 2 MPa that reduce the thickness of the mixed
into about 1 cm. The polystyrene panel was kept in the humid zone for curing for about 28 days. They were 12 wall panel
specimens made for this purpose. Result of test show that at the same compaction stress, higher cement content produces stronger
polystyrene concrete. The average compressive strength of specimens with 250 kg/m3 and 300 kg/m3 cement content are 4.9
MPa and 5.3 MPa, respectively, and for flexural strength are 2,4 MPa and 3.3 MPa, respectively. The result show that the
compressive strength of concrete matrix and and flexural strength panel are significantly high. However, under repeated loading
of about 10% of maximum load, the panels experience decrease in stiffness in each load cycles suggesting the low tensile
capacity of the concrete matrix. These results indicate the potential use of polystyrene wall panel for construction materials
purposes with further attention on improvement the tensile characteristic of the concrete matrix.
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1. Introduction

Wall is one component of building structure that is generally made of bricks, concrete blocks, concrete panels,
wood boards, plywood and gypsum. The use of brick, concrete brick and concrete walls will produce large self-
weight of wall resulting in large building’s dead weight. The use of lighter wall materials is more desirable to reduce
the potential risk of damage due to earthquake treat. To reduce the dead load of building, lighter weight wall has
been widely used, such partition walls from plywood or gypsum. This study is attempted to take advantage the
nearly weightless polystyrene waste into light weight wall panels. Polystyrene waste is well known as waste material
that is hardly decomposed by nature. In a view of nature conservation, this situation is alarming since the volume of
this waste is increasing by time. It is expected that this research will be able to bring a hope of the potential
utilization of waste polystyrene as environmentally friendly building materials to support nature conservation efforts.
This study has been started for quite a while but has not been able to produce some potential finding worth to be
developed. The potential use of polystyrene waste began to appear with the application of pre-compaction processes
in the manufacturing process of wall panel specimens. The polystyrene used in this study is limited to polystyrene
from the pack of electronic goods.

2. Research objectives

The long term objectives of the research is the utilization of polystyrene waste as construction material thereby
developing a green concept in construction program. This paper presents the extent of research result. The more
detail of the objective of study presented in this paper are as follows:

e Developing procedures for processing polystyrene waste into a lightweight concrete based construction materials.

¢ Studying the mechanical characteristics of polystyrene wall panel, such as compressive strength, flexural
strength, density, water absorption,

o Studying the behavior of polystyrene wall panel under repeated load to simulate the action of forces on wall.

3. Literature review

Lightweight concrete is defined in the literature as concrete with bulk density of less than 1800 kg/m? [1].
Research on the development of lightweight concrete has been widely carried out, and one of an attempt to achieve a
lightweight concrete is to replace aggregate with nearly weightless polystyrene [2-7]. There are several studies of
lightweight concrete using polystyrene waste. Musana (2006) carried out research where the polystyrene was cut
into small cube shape of less than 1 cm to replace the coarse aggregate [2]. Various PCC cement proportion of 250
kg/m3, 300 kg/m3 and 350 kg/m3 was used. The test results showed that compressive strength of polystyrene
concrete is very low (<1 MPa). Ndale (2010) conducted study on the use of polystyrene into wall panel of concrete
with various thickness of 6 cm and 8 cm [3]. The concrete polystyrene panel was reinforced with wire mesh of 4
mm diameter. The result of study showed that the flexural strength of panel is too low (flexural strength <1 MPa).
Atmoko (2012), Aidil (2012) and Siregar (2012) conducted similar study and they introduced pre-compacting
process in casting panel specimens [8,9]. Unfortunately, the wooden mold used for casting was capable only to
withstand limited pre-compaction forces and hence the result of specimens were also unsatisfactory.

3.1. Wall panel

The idea of utilization of polystyrene waste for wall panel come from the availability of light wall panel products
that basically consists of super foam sandwiched between steel wire mesh and concrete. One of factory product of
polystyrene wall panels is M-System, originally developed in Italy (www.M-Systemindonesia.com) [10]. M-System
wall panels consists of thick super foam core reinforced with wire mesh and concrete at both surfaces than for
residential house, high rise buildings and special applications such as swimming pools, tribunes and others. The M-
system panel is bearing wall that can be used for up to four floors of building structure. The panel wall size of 15 cm
X 270 cm x112cm is capable to sustain load up to 1,700 KN. Another product of lightweight wall concrete panels is
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Qui Panel which has a density of 700 kg/m® [11]. Qui panels have a core made of a mixture of cement and EPS
(Expanded Polystyrene) and coated with fiber cement. Qui Panel can be used for external walls, roofs, floors,
partition walls. It can be used as a load bearing wall for one and two-story buildings.

3.2. Three Dimensional Steel Wire Mesh Panel

In Indonesia, the use of lightweight wall of super foamed based is stipulated in SNI 7392:2008 [12]. The
lightweight wall system is called Three Dimensional Steel Wire Mesh Panel (PJKB-3D) which consists of expanded
polystyrene core reinforced with steel wire mesh. The wall panel system is similar to M-System. PJKB-3D acts as a
load bearing wall or floor plate and can be used for building. Steel wire existing on both sides are plastered using
mortar with minimum cement content of 250 kg/m® (proportion of cement: sand = 1: 4) to result in a minimum
compressive strength of 17.5 MPa. The EPS (Expanded Polystyrene) has minimum density of 16 kg/m?® and
thickness of 40 mm to 150 mm. The wall can serve as a barrier to noise and temperature. The thickness of one side
plaster is 40 mm up to 50 mm that result in thickness of the entire wall panel of 120 mm to 250 mm.

The initial stage of research was tried to imitate the fabricated wall panel system by introducing polystyrene
concrete of wall core. Despite numerous trial have been carried out, but the result is still unsatisfactory owing the
poor quality of polystyrene concrete. It is only after the application of pre-compaction process that the quality of
polystyrene concrete seems to be promising for further development. Owing to limited strength of polystyrene
concrete, the latter research is not focusing to use polystyrene wall panel for bearing purposes but rather for partition
to substitute wooden or gypsum panels.

4. Materials, specimens and testings

The research process was carried out into three main stages, namely the examination of materials, manufacturing
of specimens and the testing of specimen. The examination process included evaluation of cement condition and
investigation the unit weight of polystyrene. The second stage of research include a trial mix to determine adequate
proportion of PPC cement and polystyrene, formulating procedures mixing and preparing specimen to investigate
mechanical properties of polystyrene concrete used for research. The last stage was testing to investigate both
mechanical properties and also strength characteristic of lightweight polystyrene wall panels.

This research used Portland Composite Cement (PPC) with proportion of 250 kg/m?® and 300 kg/m? and water
cement ration 0.3. The water cement ratio is determined considering the result of previous research. In the
application of pre-compaction process, the use of higher water cement ration will result in more bleeding during the
pre-compaction. The polystyrene used in the research is a type of polystyrene waste from packaging electronic
goods so that it is relatively hard and stiff. Using shredding machine, the polystyrene was made into tiny shredded
shaped with average length of less than 1 cm. The shredded polystyrene is nearly weightless so that it is easy being
blown by air and is kept under dry condition until prior mixing process. The mold for casting specimen is steel mold
from steel plate of 6mm thickness and has dimension of 80 cm length, 30 cm wide and 30 cm height (Fig. 1). After
pre-compaction at 2 MPa, the resulted specimen of polystyrene concrete panel is 80 cmx 30 cm x 1 cm. The
specimen was then placed in the humid area for curing for at least 28 days when it is ready for testing.

Fig. 1. Steel mold for casting specimen made of steel plate of 6 mm thick.
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The experiment was initiated to find appropriate polystyrene concrete mix to be used for panel. During
concreting process, the mixing of shredded polystyrene was very tricky since the polystyrene dry and is easy to fly.
Therefore, the polystyrene need to be poured into the mixing bowl slowly with extra care. Cement and water of
certain amount according to the intended proportion were then poured into the bowl and was mixed slowly for about
5 minutes. A proper mix was achieved when all shredded polystyrene was fully covered with cement paste. The mix
was then poured into steel mold into 3 stage, each stage about 10 cm height and compacted using steel stick with
round end. When the mold is full, the surface was trimmed to make it flat and uniformly thick. The mold cover was
put in place, and then the mold was placed in the steel frame for application of pre-compaction. Attention should
paid so that the point of loading at the mold cover coincide with its center area to ensure uniform distribution of
forces in the mix within the steel mold. The forced was gradually applied through hydraulic jack connected to data
logger were the load can be monitored. The loading process was stopped when the stress reached 2 MPa. The
application of pre-compacting process on concrete panel is shown in Fig. 2a. The resulted polystyrene concrete
panel after pre-compaction is shown in Fig. 2b.

Fig. 2. (a) The application of pre-compaction process in manufacturing polystyrene concrete panels; (b) The resulted polystyrene concrete panel
from pre-compaction process.
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Fig. 3. (a) Schematic flexural test for polystyrene concrete panels; (b) Configuration of polystyrene concrete panel under flexural test
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After all the specimens were made and appropriately cured in humid area for at least 28 days, the next stage was
the testing process that include investigation of mechanical properties concrete matrix and strength characteristics of
polystyrene concrete panels. The physical and mechanical properties of polystyrene concrete tests carried out on
cube specimens of 5cmx5cmx5cm and cube specimens of 10cmx10cmx10cm, respectively that include the
determination of water content, water absorption and compressive strength. While testing on wall panels were
intended to investigate the compressive and flexural strength of panel, and the panel behavior under repeated
loading. Fig. 3 shows the configuration of flexural test of panel, while Fig. 4 shows the set-up of test for panel under
compressive load.
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Fig. 4. (a) Schematic test set-up of polystyrene concrete under compression; (b) The testing configuration of polystyrene concrete panel under
compression.

5. Results and Discussions
5.1. Results of physical and mechanical properties

The results of tests show that the unit weight of polystyrene in dry conditions being used in the research is 15.9
kg/m3. The study also indicates that there are many variety of polystyrene with different unit weight. The use of
polystyrene of different type might result in difficulties in assessing its unit weight and hence may jeopardize the
uniformity of one concrete mix to another. As a result, the physical and mechanical properties of each specimens
might be different one to another. Therefore, in order to minimize the diversity of the mixes, the polystyrene waste
was collected from one source and from one type of package, namely packaging of electronic goods.

The physical test results show that the water content of polystyrene concrete with 250 kg/m? and 300 kg/m? are
7.20% and 6.68%, respectively. Meanwhile, the value of water absorption of mix with cement content of 250 kg/m3
and 300 kg/m3 are 9.27 % and 8.23 %, respectively. Polystyrene concrete mixes with higher cement content tend to
have lower water content as well water absorption. This is might be attributed to the volume of polystyrene, where a
mix with higher cement content use less polystyrene, hence less wet surface area during mixing and also less
porosity. It is suggested that the water content and water absorption will indicate the characteristics of mix against
humidity change that may lead to strength deterioration when the water content and water absorption are high.
Referring to the technical requirement of plywood [13], where the water content should be less than 14%, the
polystyrene concrete panels have values that meet the requirement.
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Another results show that the bulk density of polystyrene concrete mixes with cement content 250 kg/m?® and 300
kg/m® are 1,467 kg/m® and 1,533 kg/m?, respectively. The result of bulk density of polystyrene concrete mix under
pre-compaction stress of 2 MPa are significantly greater that the results of previous studies without pre-compaction
[2-9]. The result also suggests that the density of mix tends to be close to the density of cement, and referring to
previous study, it is suggested that the higher pre-compaction stress will result in mix’s density that is closer to
cement.

5.2. Compressive strength

The test results show that the compressive strength of polystyrene concrete mixes with cement content of 250
kg/m® and 300 kg/m® are 4.9 MPa and 5.3 MPa. This resulted compressive strength of specimens under pre-
compaction stress of 2 MPa is significantly higher that the previous research without pre-compaction process since
the concrete matrix becomes denser. According to lightweight concrete classification given by Neville and Brooks
(1987) [1], the polystyrene concrete used in this might be included as type of lightweight concrete for retaining heat
(insulating concretes).

5.3 Polystyrene concrete Panel Testing Results

Results of experimentation show that polystyrene concrete panels with cement content of 250 kg/m® and 300
kg/m® have an average weight of 14.4 kg/m? and 14.9 kg/m?, respectively. These values are about 3 times than that
for gypsum panel (5.5 kg/m?). However, in comparison with the weight of red brick wall (250 kg/m? ) and also
hollow concrete blocks (200 kg/m? ), the weight per square area of polystyrene concrete panel is still significantly
lighter.

5.3.1. Compressive and Flexural Strength of Polystyrene Panels

The compressive test was carried out according to SNI 7392:2008 [10] for testing wall panel for structural
purpose. Meanwhile, in the current research the specimen is of 80cmx30cmxlcm, hence the specimen is very
slender (Fig. 4b). The results of test show that the polystyrene concrete panel with cement content of 250 kg/m? and
300 kg/m® have average compressive strength of 0.63 MPa and 0.83 MPa. The resulted compressive strengths are so
low that make the polystyrene concrete panel is not available for bearing wall purposes.

Results of flexural test of polystyrene concrete panel yield average stiffness values of 17 N/mm and 31 N/mm for
cement content of 250 kg/m?® and 300 kg/m?, respectively. While the average flexural strength of panels are 2,4 MPa
and 3,3 MPa for panels with cement content of 250 kg/m® and 300 kg/m?®, respectively. The resulted flexural
strength is significantly larger than previous research on flexural strength of gypsum [14]. The results of this study
suggests that by increasing cement content can improve strength as well as stiffness of polystyrene concrete panels.

5.3.2. Panel Behavior under Repeated Loading

Repeated loading is intended to simulate the imposed load on the wall. This testing was carried out under flexural
test at load level of 10% from the maximum bending load. Repetition was carried out up at the total of 20 cycles. In
each load cycle, a curve describing the relationship between load (P) and deflections (J8) was obtained. The results of
repeated load tests on the panel with cement content of 250 kg/m?3 and 300 kg/m?® is shown in Fig. 5a. In Fig. 5a,
each line of (P-3) relationship shows one loading cycle. Each line is shifted to another due to a shift of the LVDT
readings during to pause between one cycles to the next loading cycle. The flexural stiffness of panel is determined
as value of slope at each line. To clarify the extent change in slope of every loading cycle, the magnitude of slope of
each line is then drawn in accordance with the order of its loading cycles, and the result is shown in Fig. 5b. Fig. 5b
clearly shows that the value of slope is decreasing from cycle to cycle indicating the decrease in stiffness of panel in
every loading cycles. The decrease in stiffness of polystyrene panel might be attributed to the occurrence of micro
raking within the concrete matrix. The crack propagates, as shown by further decrease in slope in the next cycle, as
the load was repeated. This finding is very important in understanding the behavior of polystyrene panel as it
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experience micro crack propagation under relatively low level of repeated loading (10% Pmax). It can be concluded
that the tensile strength capacity of polystyrene concrete matrix is low that result in panel of low stiffness.

The results of repeated testing for polystyrene concrete panel with cement content of 300 kg/m?® also exhibits
similar characteristics of decreasing stiffness in every load cycle. The rate of decrease in stiffness for mix with
cement content of 300 kg/m? is nearly similar to that of lower cement content. The results of this study suggests that
the polystyrene concrete panels has insufficient strength and stiffness to sustain repeated load as low as 10% of its
maximum flexural capacity that might occur in wall structure. However, the flexural test results show the
significantly high flexural strength of panels that indicates its potential to be further developed as wall panels. In
further research efforts are required to improve the tensile capacity of concrete matrix, for example by adding fiber
in the concrete mix or introduction of reinforcement either paper based or wire mesh on panel surfaces to improve
its flexural strength and stiffness.
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Fig. 5. (a) The relationship between P - [ for each cycle of loading on the panel with cement content of 250 kg/m3; (b) The change in slope in
every loading cycle as drawn according the order of occurrence.

6. Conclusion and Suggestion
Based on the results of this study, some conclusions can be drawn as follows:

o The application of pre-compaction method in concreting process can effectively improve the mechanical
characteristic of polystyrene concrete.

o At the same level of pre-compaction stress, the higher cement content on mix of polystyrene concrete may
increase strength, reduce water content as well as and water absorption.

e Polystyrene concrete panel under pre-compaction stress of 2 MPa has significant flexural strength and stiffness
indicating its potential to be developed as lightweight wall panel of non-bearing type.

e Polystyrene concrete panel exhibits decrease in stiffness under repeated loading suggesting the low tensile
capacity of the concrete matrix that need further improvement.

The research finding suggest that one of the main disadvantage of polystyrene concrete is the low tensile capacity
of the concrete matrix. Therefore, considering the potential utilization of polystyrene waste for construction
materials, further efforts should be addressed to improve the tensile characteristics of concrete matrix, such as:

e The use polystyrene of smaller particles to increase bonding surfaces and bonding concrete matrix.
e The addition of fibers within concrete mix to improve tensile characteristics of polystyrene concrete matrix.
e The application of reinforcement on surfaces panels, such as wire mesh or membrane from plastic or paper based.
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Abstract

In this paper, the crushed dune sand and limestone filler were using as mineral addition in the formulation of self-compacting
concrete (SCC), for that a comparison was carried out on their effect on the properties and behaviour of SCC in a fresh and
hardened state. The results of the mechanical tests showed that there is a light difference between the concrete containing
limestone filler or crushed dune sand. Moreover, the SCC containing crushed dune sand presents a better behavior at the
shrinkage than the SCC with limestone filler.
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1. Introduction

The self-compacting-concrete (SCC) makes a new family of concrete and a new technological step in civil
engineering. it is very fluid concrete whose putting in place without vibration, it has several advantages so much at
the environmental level, technological that economic which interests the industrialists more and more [1-3]. It is
essential that the self-compacting-concrete preserves its stability and ensures a perfect homogeneity; these two
contradictory properties are ensured by the employment of superplastifiant and the incorporation of the mineral
additions as binary or ternary blended cement in their compositions [3-7]. The aim of this study is to valorize the
crushed dune sand (Dmax < 80 um) in order to use it like a mineral addition in the formulation of self-compacting-
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concrete. In this work, incorporation was made for the limestone filler and crushed dune sand producing by crushing
the western dune sand in the formulation of the SCC in order to evaluate their effects on the properties fraiche and
hardened of these concretes. This document carried out a comparison on the effect of limestone filler and crushed
dune sand in term of behavior on the fresh states, compressive strength, loss mass, and free shrinkage of these
concretes.

2. Materials and experimental method
2.1. Basic materials
2.1.1. Cement

The cement used is Portland cement composed CPJ CEM Il / B resistance real Matine 425 bars under the trade
name.

2.1.2. Additions

o Limestone fillers are type calcaire according to norm (NF P 18-508 1995a).

e The crushed dune sand coming from crushing dune sand which is on the level of Taghit, wilaya of Bechar
(Algeria), the maximum coarse aggregate of crushed dune sand does not exceed 80um. it has high content of
quartz silica [8].

The results of DRX analysis carried out on the sand of Taghit and limestone fillers are presented graphically on
Fig. 1. It was noticed a peak of approximately 100 % of silica with crashed sand and calcite for limestone fillers
which translated the predominance of SiO, and CaCQs, the others revealed elements present at small percentages.
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Fig. 1. DRX analyze of limestone filler and dune sand.
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Fig. 2. MEB photographs of (a) Limestone filler; (b) Dune sand.

From Fig. 2, it was observed that the shape of filler calcaire particle is angular, dappled, broken or round forms
observed for crushed dune sand.

Table 1. Physical properties of Limestone filler and crushed dune sand.

Items Limestone filler (0/0.63)  Crushed dune sand (< 80 um)
Specific density 271 2.8

specific surface cm?/g 4060 3000

Unit weight (kg/m°) 1120 1300

Activity index ig; 0.79 -

2.1.3. Aggregates

The aggregates play an important role in the behavior of concrete. Their influence is very strong in terms of
mechanical performance, shrinkage and durability [9-10]. Rolled sand class (0/3) from the quarry Mahmoudi
(Bechar), gravels are class 3/8, 8/15 from Hassi EL 20 (Bechar).

100
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80
i Gravel (3/8 mm)
70 4

——Gravel (8/15 mm)

60

50 -
40 -
30
20
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Fig. 3. Particle size distribution curves of the aggregates used.
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Table 2. Physical characteristics of materials.

Rolled sand (0/3)  Gravel (3/8)  Gravel (8/15)

Sand Equivalent (%) 74 — —
Fineness modulus 21 — —
Absolute volumetric mass (kg/m®) 2604 1606 1444
Apparent volumetric mass (kg/m?®) 1761 2630 2666

2.1.4. Superplasticizer

Superplasticizer SIKAPLAST 5045 / High Reducer Water / retarder for concrete ready and compacting concretes
according to norm NF EN 934 -2. [11].

2.1.5. Mixing water

The water abstraction is done on the conduct of drinking water supply for the town of Bechar. This water is
treated for drinking.

2.2. Formulation of concrete

For this purpose, we first made a self-compacting-concrete (SCC) based solely on the criteria recommended by
AFGC [12] (report (Gravel / Sand) to be close to 1, the volume of the paste must be between 330 and 400 | / m?,
cement dosage is between 300 and 350 kg / m?, dosage of Superplasticizer must ensure the fluidity of the mixture.)
The final formulation of the self-compacting-concrete is given in table 1. Two concretes were thus obtained, one
with the limestone filler is named SCC LF, and another with crushed dune sand is named SCC CS.

Table 3.Composition of self-compacting-concrete.

Constituents Binder (C+A)  Addition  Rolled Sand (0/3 mm)  Gravel (3/8mm)  Gravel (8/15mm)  Superplasticizer E/B
Dosage (kg/m3) 520 104 903 151 578 6.8 0.4

2.3. Experimental method
2.3.1. Tests in fresh state

The SCC must satisfy many tests, we chose three that are recommended by AFGC [12] that allow to characterize
the principal properties of SCC in the fresh state (fluidity, static and dynamic stability, free and confined
environment) spreading Abrams cone flow box L and stability through a sieve. The test slump flow is carried with
the Abrams cone consists of measuring the diameter of concrete spread on two perpendicular lines and takes the
mean. The test L-box is used to check the mobility of confined concrete and verify the implementation of concrete
will not be thwarted by blocking phenomena. The test of stability [1,13] by sieve can qualify compacting concrete
vis-a-vis the risk of segregation and indicates the degree of segregation of SCC.

2.3.2. Tests in hard state

The tensile strength in bending according to norm [NF P18-407] was determined using bending machine 3 points.

For the mechanical compressive strength according to norm [NF P18-406], The compression test is to break the
test specimen between the two plates of a compression press. The press used is a compression machine (ELE
AUTOTEST).

The measurements of shrinkage were recorded from 24h after the casting. All testing was completed on three
samples and the average value reported.
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3. Results and discussion

3.1. Fresh state of concrete

From those results (Fig. 4), it was observed that all the self-compacting concretes (SCC) respect the criteria of
autoplacibilité recommended for testing [AFGC.2008] [12]. For all SCC, the aureole laitance at the periphery of
concrete patties was absent or very low (1 to 2 mm). In addition, the coarse aggregates have been properly trained
by the cement matrix and are not remains piled in the midst of galette of concrete.

85 1
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Fig. 4. Effect of the mineral additions on fresh properties of SCC. (a) Slump flow; (b) L-Box; (c) stability in sieve.

The influence of the mineral additions on the flow of concretes is according to their dosage and of their state
(inert or active)[14-16], while, the time of flow more noticeable by the concrete containing siliceous fines is
dependent on the fineness of additions and its high demand of water [10].The fine particle of the addition fills the
voids available between the particles of the mortar, thus increasing the compactness of the mixture by improving
total arrangement of the particles in the matrix. Consequently, the quantity of water which occupied these voids is
liberated in the interstitial solution, which results a better fluidity. [13, 17]. The Fig 4 presents the slump flow of the
different formula. It is seen that the two concretes having a better fluidity what is acceptable for a SCC according to
recommendations of the AFGC. However, one rather notes a light reduction in slump flow, particularly for the SCC
CS compared with SCC CS.

The results obtained by the L — Box test are presented on fig 4, it can show that these concretes have a good
mobility in confined milieu, the SCC shows a better rate of filling.

According to the criteria of the AFGC, [12]. The role of volume of paste is more important to limit the risks of
segregation and sweating. These mixtures have a satisfactory stability (fig.4), it is marked laitance p < 10% who
signifies any risk for the static segregation. The SCC CS has a resistance for the static segregation a little improved
that SCC LC, the concrete is too viscous to run out through the sieve.

3.2. Hardened state of concrete
3.2.1. Compressive strength

The mechanical strength is an essential characteristic for the material concrete and one of the fundamental
parameters of our study. The introduction of mineral additions involves a modification of the porosity of the

cementing matrix and improving the mechanical strength of the concretes at the young age by physical effect mainly
and pozzolanic effect when they are chemically active, in the longer term [18].
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Fig. 5. (a) Compressive strength of concretes; (b) tensile strength.

Consequently, the evolution of compressive and tensile strength in time was followed for the various
compositions of concrete and the results so obtained are represented graphically in Fig. 5. It is noted, according to
Fig. 5, that the mechanical compressive strength of the two compositions of SCC is almost equivalent. Nevertheless,
SCC LF has better compressive strength at the expiry of 7 and 28 days while for SCC CS.

3.2.2. Shrinkage

1200 2,50%
Hmm 200%
E )
£ 800 S
3 2 150%
E; 600 g
£ 2 1,00%
= o
,E 400 s SCCLF b ___
’ ——Lissage_SCC LF - , » SCCLF o
200 + SCCCS 0,50% 1, — Lissage SCCLE
lisage SCC CS b s SCCCS
lissage SCC CS  sage SCC CS
0 0,00%
0 20 40 60 80 100 0 20 20 60 %0 100
Time (days) Time(days)
(a (b)

Fig. 6. Effect of the mineral additions on: (a) free shrinkage; (b) loss of concrete mass.

The analysis of the curves of Fig. 6 shows that the shrinking of concrete SCC LF is more significant than that of
concrete SCC CS that can be justified by the extreme fineness of crushed dune sand and the absence of sweating.
The results of the loss of mass could confirm this differed behavior. Fig. 6 illustrates the percentage of the loss in
mass of the two compositions of concrete. From Fig. 6, it is notable that the loss of mass of concrete SCC LF is
much more significant compared to those of concrete SCC CS. The weak loss of mass of concrete SCC CS is due
mainly to the reduction in porosity by the pozzolanic reaction of the silica which contributes to the containment of
the pores in the cementing matrix [4].
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4. Conclusion

This study contributed to the research tasks undertaken on the valorization of crushed dune sand of the western
erg. Our first experimental results showed that the mechanical resistance in compression of the limestone filler
concrete is slightly higher than that of the crushed dune sand of concrete, the fineness is the principal reason to
improve this characteristic. With regard to the free shrinkage in desiccation, the use of crushed dune sand is very
satisfactory. Indeed, the concrete containing crushed dune sand presented shrinkage remarkably lower than that of
the concrete containing limestone filler. To finalize, it was deduced that the incorporation of crushed dune sand of
the western erg in the composition of the SCC as a mineral addition was generally beneficial and can bring solutions
to future in certain work of our country.
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Abstract

Roller-compacted concrete or RCC is a zero slump concrete that requires compaction in order to reach its final form.
It has the same composition as conventional concrete with different proportioning. Its cement content is typically
lower than that of conventional concrete which can be beneficial in term of economic and environmental
friendliness. To use this concrete in actual construction, proper consistency is necessary for supporting compacting
machine and minimizing compaction energy. Vebe time is used as consistency measurement due to RCC’s dryness.
The Vebe time ranged from thirty to seventy five seconds is considered to be appropriate consistency for RCC in
pavement application. The purpose of this study is to improve consistency and working time of RCC. The workable
time of reference mixture (normal RCC mixture) was found to be less than fifty minutes. Poly Naphtalene Sulfonate
superplasticizer was discovered to be very effective in lowering down Vebe time and maintaining it. 0.3% of this
admixture was learned to extend the working time up to four hours without influence RCC’s compressive strength.
© 2017 The Authors. Published by Elsevier Ltd.

Peer-review under responsibility of the organizing committee of SCESCM 2016.
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1. Introduction

RCC or roller-compacted concrete is a dry concrete that consists of the same components as conventional
concrete with different proportioning. Its construction characteristic, however, is a little different from the later. Due
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to its dryness, heavy vibratory steel drum and rubber-tired rollers are required in order to compact this concrete into
its final form. Its cement content is typically lower than that of conventional concrete which can be beneficial in
term of economic and environmental friendliness. With less demand of cement, its production can be reduced which
lead to less CO2 productivity. Moreover, due to light surface colour of RCC pavement, lighting requirements can be
reduced and thus a lot of energy can be saved. In the past few decades, the use of RCC in public and private
applications has been increasing steadily in low-volume roads and parking lots [1]. For instance, RCC pavement was
used in Intermodal yard paving projects at the Port of Tacoma, Washington due to a substantial cost savings over
conventional Portland cement concrete and asphaltic concrete pavement when used in heavy wheel load applications
[2]. The railroad intermodal hub faculty for Burlington Northern at Houston, Texas, is the first heavy-duty RCC
pavement constructed by the private sector in the U.S [3]. The structure was inspected several months after
operation showed the structure to be functioning satisfactorily under the heavy loading and service conditions.
Appropriate consistency is very important for roller-compacted concrete workability. If the mixture is too dry,
high compaction energy would be required. In contrast, if the mixture is too wet, the concrete would be disintegrated
and thus the vibrating roller cannot be applied. Many researches and experiences have indicated that appropriate
Vebe time for pavement application (a consistency parameter obtained from vibrating table test, [4]) is between 30
to 75 seconds. Recommended ranges of consistency in term of VVebe time measured by vibrating table test [4] from
other researches are given in table 1.

Table 1. Modified Vebe time range of RCC for pavement application.

Modified Vebe time range (seconds) References
30040 [5]
30 to 40 [6]
500 75 M

Getting a good consistency to work with is important but maintaining it within the working period is even more
crucial. For typical RCC, it can be only worked with within 45 minutes to 1 hour after mixing [8]. In actual
construction, more time may be required to get RCC compacted due to transportation duration and limitation of
compacting machine. The design mixture may not have the desired consistency by the time it is compacted even
though its initial consistency (right after mixing) is satisfied. Thus, maintaining a good consistency of RCC until the
compaction is finished is necessary. Extending workability of an RCC mixture can be especially beneficial during
hot weather, RCC startup activities, long haul distances and placement of thick lifts. Various admixtures such as
water reducer, retarder and superplasticizer have been used on RCC mixtures for reducing required water and
working time extension. It was suggested by PCA [9] that dry cast surfactant can extend working time and improve
the finishibility of RCC. The effect of this admixture on RCC’s consistency, however, was not well defined. Thus, a
study on the effect of this product on RCC’s consistency shall be conducted here.

2. Experimental program

In this research, variation of RCC’s consistency due to time and usage amount of Poly Naphtalene Sulfonate
superplasticizer (a dry cast surfactant product) was study. Vebe test [4] was used to measure RCC’s consistency.

2.1. Materials

Ordinary Portland cement was used in this study. Fine aggregate was taken from Jumunjin and maximum 19 mm
coarse aggregate was selected from Tanyang of South Korea. The aggregate gradation is shown in figure 1. The
admixture used in this study is Poly Naphtalene Sulfonate (PNS) superplasticizer and its properties are given in table
2.
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Fig. 1. Sand and gravel gradation

Table 2. Standard and inspected properties of Poly Naphtalene Sulfonate.

Modified Vebe time range (seconds) References
Standard Inspection

Appearance Light brown powder Light brown powder

Bulk density (kg/m°) 700£50 700

Dry loss (%) - -

PH 81010 8.04

Solid content (%) >92 92.1

Cl (%) <0.10 -

Solubility - -

Stability - -

Cement paste flow (mm) - -

SO, content (%) <35 2.36

HCOH (%) <0.10 0.014

2.2. Study cases

To evaluate the effect of PNS on RCC’s consistency, various usage amounts of this material were applied to
reference mixture in term of binder’s mass percentage. RCC mixture cases in this study are given in table 3. The
consistency of each case was tested at 0 to 4h after mixing.

Table 3. RCC mixture proportions for a cubic meter.

Mixture PNS (%)  Water (kg) Cement (kg) Sand (kg) Gravel (kg)
Ref 0.0 147.3 280.0 1285.0 864.0
PNS1.0 1.0 147.3 280.0 1285.0 864.0
PNS0.3 0.3 147.3 280.0 1285.0 864.0
PNSO0.2 0.2 147.3 280.0 1285.0 864.0

PNSO0.1 0.1 147.3 280.0 1285.0 864.0
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3. Test results

Variation of Vebe time according to time for each studied case is given in table 4. The data from this table was
used to plot Vebe time and time relationship curves in figure 2 and 3. It should be pointed out again that workable
range of RCC is from 30 to 75 seconds of Vebe time. From the test result, it was found that normal RCC or
reference mixture’s consistency tended to change rapidly exceeding the desirable range within less than 50 minutes
(figure 2). The addition of PNS to the reference RCC mixture was tested in order to extend the working time of
RCC. By maintaining the same mixture, the admixtures were simply added to the mixture according to the amount
of binder (percentage of binder’s mass). From figure 3, it was found that RCC’s Vebe time tends to low down when
the amount of PNS is increased. The results showed that it is possible to maintain RCC workable consistency within
desirable duration by using appropriate amount of the additive (figure 3). Moreover, the replication of Vebe test on
their mixtures gave more consistent result than that of the normal RCC mixture did. This signifies that this additive
can control RCC’s consistency very well. 0.3% of Poly Naphtalene Sulfonate superplaticizer was learned to be an
optimal usage amount which can extend working time up to 4 hours.

Table 4. Variation of VVebe time according to time for studied mixtures.

Mixture Vebe time (seconds) at
0 min 30 min 60 min 120 min 180 min 240 min
Ref 62 63 75 77 105 120
PNS1.0 14 16 18 26 - 25
PNSO0.3 20 41 44 51.5 70 75.5
PNSO0.2 26 48 48 75
PNSO0.1 35 45 44 56 120
120
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Fig. 2. Variation of Vebe time according to time for reference RCC mixture
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Fig. 3. Variation of Vebe time according to time for RCC mixture with 0.1-1.0% of PNS
Compressive strength of Ref and PNSO0.3 were tested at 3, 7 and 28 days, and the result is shown in figure 4. The

compressive strengths in both cases were found to be similar which indicated that the use of 0.3% of PNS in RCC
does not significantly affect its compressive strength. Further test shall be conducted if more PNS is required.
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Fig. 4. Compressive strength of RCC’s reference mixture and PNS0.3 mixture at 3, 7 and 28 days

4, Conclusion

Having an appropriate consistency during construction is very important for RCC. It was confirmed that a normal
RCC mixture permits less than one hour of working time which may not be sufficient for some constructions.
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However, it was found that it is possible to maintain RCC workable consistency within desirable duration by using
appropriate amount of Poly Naphtalene Sulfonate superplasticizer. Moreover, the replication of Vebe test on RCC
consisted of this admixture gave more consistent result than that of the normal RCC mixture did which shows that
this additive can control RCC’s consistency very well. 0.3% of PNS was found to be an optimum amount; it can
provide up to four hours of working time without influencing compressive strength. The effect of this admixture on
RCC’s durability, however, shall be discussed in the next study.
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Abstract

Wall as spatial partition and facade of a building gives impact not only for building aesthetic, but especially for the
occupant’s convenience. In the preference of wall material, especially for high rise apartments, hotels or offices, its
mass/m2 and its noise reduction become an important criteria that must be considered by the building owner and
architect in order to give a more lightweight construction and a quieter interior for occupant’s convenience and
privacy. In this paper, lightweight material that has been investigated is calcium silicate board, as an alternative to
brick as a common wall material. The findings of this research, by flexural strength test in normal condition, are
generally categorized in class 2 and 3. By soak-dry test as durability test for outside uses, there are no cracks found
in all samples and the flexural strength decreases but less than 30% so that it meets the SNI 7705:2011 standard. By
warm water test, this material cannot withstand against temperature at 60 degree centigrade or higher. By heat and
rain test, this material can withstand the heat and rain conditions. By noise reduction as sound isolating enclosure,
this material is unable to perform as a noise barrier.
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1. Overview

Construction development nowadays is supported by the newest invention in building materials. A more
lightweight, more sustainable and easier installation material is being considered in material preferences. In the
preference of wall material, especially for high rise apartments, hotels or offices, its weight (mass/m2) and its noise
reduction become an important criteria that must be considered by the building owner and architect in order to give a
more lightweight construction and a quieter interior for occupant’s convenience and privacy. Such preference of
lightweight wall material, being researched here is calcium silicate board.

2. Calcium silicate board in building construction

Calcium silicate board mainly consists of inorganic material such as silica sand, Portland cement, cellulose and
water. It is widely used as an alternative to gypsum and asbestos cement board that have some disadvantages.
Asbestos cement board gives a bad influence to building occupants health, while the gypsum board will dissolve in
the water so that it can not be used on the building exterior.

Formerly calcium silicate board was used for indoor partition and ceiling, but later it is widely used for wall
facade as it is waterproof, lightweight, has a wide dimension and is easy to install; even it is the solution for a
sloping and bending opaque wall surfaces. That is why it has the advantage compared to the brickwall and
lightweight concrete. Compared to lightweight concrete, it has the same drywall construction, but at a lower cost.

Fig. 1. Calcium silicate board uses as fagade and room partition

Besides its advantages, some of the disadvantages are the high installation cost compared to gypsum and
asbestos; and it has limitation in its rain, heat and fire resistance. That is why some modification are needed.

A research in cold-formed steel wall frame with calcium silicate board sheathing conducted by Lin, Pan and Hsu
[1] noted that the crack happened mostly at the bottom of the track of wall specimen. That is why modification of the
wall with calcium silicate board sheathing is needed. Wang, Chuang and Lin [2] studied the performance of calcium
silicate partition fireproof drywall assembly with a junction box and found that the quality of the calcium silicate
board plays a big role in the fireproof effectiveness. Different composition may impact the heat and fire resistance of
this material. The poorer formula it has, such as substitution of cement with the coal ash to reduce the production
cost; the poorer its fire-proofing will be. Since this material needs modification in its application in many kinds of
performances, this paper aims to find its capability as facade material by flexural strength test, warm water test,
soak-dry test, heat-rain test in tropical climate as well as the sound reduction test.

The warm water test was needed to know its flexural strength due to increase in temperature, compared to normal
condition. The soak-dry test was done to get known the flexural strength after soaking in the water and dried while
the heat-rain test was conducted to find its durability against the rain and the heat of the sun. The sound reduction
test was conducted to find its noise reduction as sound isolating enclosure. The samples were taken from 2 different
kinds of thickness and 4 brand products in Indonesia for each thickness ; the 6mm was used for outside ceiling,
while the 8 mm thickness was used for outside wall or facade.
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3. Flexural strength of calcium silicate board

According to SNI (Indonesian National Standard) 7705:2011[3] the flexural strength standard of calcium silicate
board is as follows:

Table 1. Calcium Silicate Board Standard Flexural Strength (SNI 7705:2011)

Class Category
A B
Class 1 4 4
Class 2 7 7
Class 3 13 10
Class 4 18 16
Class 5 24 22

Note: A category for saturated condition of outside uses; B for inside uses
Flexural strength in M Pa; 1 M Pa = 10.03735 kg/cm2

Table 2 shows the quality standard of Calcium silicate board according to SNI 7005:2011 [3]

Table 2. Quality standard of Calcium Silicate Board (SNI 7705:2011)

No Item Unit Quality standard

1 Flexural strength M Pa See Table 1

2 Density glem?® >0.8

3 Water resistance - No leakage

4 Warm-water resistance - Li of average ratior > 0.7 ; no cracks
5 Soak-dry resistance - Li of average ratior>0.7 ; no cracks
6 Heat-rain resistance - SNI 03-1027-2006 [4]

7 Noise reduction deciBel See Table 3

3.1. Flexural strength test

Flexural strength test was conducted by proving ring machine that gave loading in 1000 grams per second until
the sample put along its transverse fiber was broken.

Fig. 2. Flexural strength test with proving ring machine
3.2. Warm water test

To get the flexural strength of warm water, the sample was soaked in water with the temperature of 60 degrees
centigrade for 24 hours. After that, the flexural strength test was conducted with proving ring machine.

ST

Fig. 3. Warm water test
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3.3. Soak-dry test

Soak-dry test was conducted to the sample until 10 cycles to sample where one cycle consisted of soaking the
sample in 5 degree centigrade room temperature for 2 hours and drying it by heating it to 60 degree centigrade for 2

hours. After settling for 24 hours then the flexural strength was conducted.

Fig.4. Soak-dry tet

3.4. Heat-rain test

Heat-rain test was conducted to the sample until 10 cycles where one cycle consisted of spraying it with 2.5
liter/minute water for 2 hours, and after settling for 10 minutes, the sample was heated to 33 degree centigrade for

two hours. After 10 minutes being settled, then the sample was checked whether there was any seepage water.

Fig. 5. Heat-rain test

4. NoiseReduction of Calcium Silicate Board
4.1. Sound and Noise

Sound emerges from a sound source, and transmits in air as the medium to the ear as the receiver. Noise is defined
as a sound, especially one that is loud or unpleasant or that causes disturbance.
(www.oxforddictionaries.com/definition/../noise) For any person, noise is subjective; but there is some sound that
makes noise for any person such as a sudden high sound level, a loud and continuous sound like the rock music, the
engine planting, and the sound of vehicles as well [5]. In terminology, noise can be distinguished into background
noise, noise, and ambient noise. Background noise is the sound around us that appears regularly and stable at a
certain level, usually lower than 40 deciBel. Noise is a sudden sound with the degree of hardness exceeds the
background noise in the area. Meanwhile, ambient noise is the combination of background noise and noise. Noise
disturbance is determined by the sound level (in deciBel) and the sound frequency (in Hz). Both factors are
considered in the Noise Criteria that determine the level of sound comfort in a particular room[5].

4.2. Noise reduction (NR) test

The NR between rooms is simply the arithmetical difference in room intensity levels. It means the noise in the

source room at an intensity level of IL1 is less than the transmitted noise in the receiving room at a reduced intensity

level of IL2[6]. Table 3 shows standard for noise reduction in SNI 7705:2011.
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Table 3. Standard of Sound Reduction Index of Calcium silicate board (SNI 7705:2011)

No Sample thickness(mm)  SRI (dB) density SRI (dB) density SRI (dB) density
0.8 <D < 1.25 gram/cm® 1.25 <D < 1.35 gram/cm® D> 1.35 gram/cm®

1 <5 19 23 25

2 5s.d. 10 21 25 27

3 >10s.d. 15 24 28 31

4 >15s.d. 20 27 32 35

5 >20 31 37 41

This research, because of the limitations of the reverberation room, adopted here the ASTM E 596-96 “Laboratory
Measurement of the Noise Reduction of Sound-Isolating Enclosures™ [7]. By using this method, the noise reduction
of the sound isolating of the wall materials tested can be obtained.
According to ASTM, the effective reverberation room volume should not be less than 200 m®. The reverberation
chamber in this research was only 53.4 m® volume. However, if the point requirement 9.1.2 and 9.5 of the standard
are satisfied, room volume is not critical. The 9.1.2 requires that the enclosure is at least one-half wavelength away
from the reverberation walls and ceiling and any diffusing surfaces at the center frequency of the lowest one-third
octave band in which the noise reduction is to be measured. The wavelength of the 125 Hz as the lowest frequency
here is 2.72 m, so the one-half wavelength must be 1.36 m.
The 9.5 requires that microphone positions shall be at least one-half wavelength away from any solid surface of the
test frequency; thus it is in the same distance, 1.36 m. From the layout and section in the Figure 6, it will be found
that both requirement are fulfilled. To maintain its validity, we refer to Section 11 of the standard that the room has to
fulfill sound diffusion condition and the measurement result reaches 95% confidence to within 1 dB at all test
frequencies, except the lowest, should be in 95% confidence to within 2 dB. To make sure that the reverberation
chamber is diffuse, the preliminary measurement has been done. After doing some adjustment so that the diffusion in
all points reach the 95%, the reverberation chamber is ready to be used.

The noise reduction was measured with 2 microphones that has been calibrated. The first was put at the sound
source area and the second one was put inside the enclosure. Then, the result was read on each sound level meter. To
get the NR, the calculation was taken by using this formula:

NR=L;-L, o
1

Fig.6. Noise reduction test

iciuil

Fig.7. Reverberation room layout and section (length 4.26m x width 3.80m; height 3.30m)
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5. Results and Discussions

5.1. Flexural strength test

Table 4. Flexural strength result and class summary

No  Code Load Moment Flexural strength Class Average Class
(kg) (kg.cm) (M Pa) Category Flexural strength (M Pa) summary

1 S61 27.58 148.23 11.00 Class 2 13.95 Class 3
2 S6 1l 41.37 222.35 16.89 Class 3

3 K61 34.47 185.29 9.61 Class 2 10.47 Class 2
4 K61l 38.61 207.53 11.33 Class 2

5 N6 I 48.26 259.41 14.99 Class 3 15.07 Class 3
6 N6 Il 42.75 229.76 15.15 Class 3

7 G6l 44.13 237.17 17.04 Class 3 18.01 Class 4
8 G6Il 49.64 266.82 18.98 Class 4

9 K8l 41.37 222.35 8.68 Class 2 8.76 Class 2
10 K8ll 44.13 237.17 8.85 Class 2

11 N8I 121.35 652.23 21.57 Class 4 20.76 Class 4
12 N8Il 113.07 607.76 19.95 Class 4

13 S8l 68.95 370.58 11.18 Class 2 12.76 Class 2
14 S8 Il 89.63 481.76 14.34 Class 3

15 G8 I 82.74 444.70 15.98 Class 3 15.34 Class 3
16 G8 1l 75.84 407.64 14.70 Class 3

The results show that the average flexural strength of the sample was 14.39 M Pa. In average, the flexural strength
of the sample were categorized in class 2 and class 3; except the G6 and N8 were categorized in class 4.

Table 5. Warm-water test result

No Code Load Moment Flexural strength  Class Ratio Warm  water  SNI
kg) (kg.cm) (M Pa) category test requirement

1 G6 48.26 259.41 16.76 Class 3 0.93 No crack Passed
2 G8 55.16 296.47 10.22 Class 2 0.67 No crack Failed
3 K6 26.20 140.82 7.79 Class 2 0.74 No crack Passed
4 K8 34.47 185.29 6.63 Class 1 0.76 No crack Passed
5 N6 39.99 214.94 12.73 Class 2 0.84 No crack Passed
6 N8 57.91 311.29 10.62 Class 2 0.51 No crack Failed
7 S6 28.96 155.65 12.21 Class 2 0.88 No crack Passed
8 S8 71.70 385.41 11.88 Class 2 0.93 No crack Passed

From table 5, it was found that the flexural strength of all samples decreased compared to its normal condition. After
24 hours warm water treatment, no crack was found in all samples; but after the flexural strength test was
conducted, it was found that there were sample that could not pass the requirement of SNI ratio has to be >0.7. The
samples with a ratio of flexural strength lower than 0.7 were the G8 and N8. This meant that calcium silicate board
could not stand well against hot temperature at 60 degree centigrade or higher.

Table 6. Soak-dry test result

No Code Load Moment Flexural Class Ratio Soak-dry SNI
(kg) (kg.cm) strength Category test requirement
(MPa)

1 G6 34.473 185.29 12.74 Class 2 0.71 No crack Passed
2 G8 71.704 385.41 14.18 Class 3 0.92 No crack Passed
3 K6 41.368 222.35 12.62 Class 2 1.21 No crack Passed
4 K8 55.157 296.47 10.91 Class 2 1.25 No crack Passed
5 N6 44,125 237.17 14.37 Class 3 0.95 No crack Passed
6 N8 96.524 518.82 18.20 Class 4 0.88 No crack Passed
7 S6 39.989 214.94 17.09 Class 3 1.23 No crack Passed
8 S8 62.051 333.53 9.68 Class 2 0.76 No crack Passed
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From the soak-dry test, it was found that all samples passed the SNI 7705:2011 requirement that the ratio of
the flexural strength compared to the normal condition should be >0.7. There were no cracks found in all
samples as well. This meant that calcium silicate board withstood against the soak-dry condition.

Table 7. Heat-rain test result

No Code Heat-rain test Crack  length
(mm)
1 G6 No crack
2 G8 No crack ---
3 K6 No crack -
4 K8 No crack
5 N6 No crack ---
6 N8 No crack -
7 S6 No crack
8 S8 No crack ---

SNI 7705:2011 requirement for heat and rain conditions that any cracks should be less than 50 mm were
fulfilled by all samples. From the heat-rain test, no cracks were found in all samples. This meant that calcium
silicate board withstood against the heat-rain condition.

Noise reduction of calcium silicate board as sound isolating enclosure measured in deciBel (dB) was taken
in low to high frequency: 125 Hz, 250 Hz, 500 Hz, 1kHz, 2kHz and 4 kHz. Table 8 shows the result.

From the noise reduction test result, it was found that all samples could not fulfill the SNI 7705:2011
standard. However, from the result we can find that calcium silicate board as sound isolating enclosure can
reduce better the low frequency especially at 125 Hz and 250 Hz than sound with high frequency.

Because the result was not satisfying, a modification has been done to get a better noise reduction by
inserting some types of local sand into the frame of the enclosure in order to increase its mass/kg. By this
insertion, the mass increased from 25.4 kg/m2 to 62-65.9 kg/m2. The result shows in Figure 8 that as long as
the mass increases, the noise reduction increases as well. But the best frequency of noise reduction was the 125
Hz and 250 Hz, that increased 120-410% its noise reduction; while the 4 kHz increased only 10-27%. From the
result, it was found that all samples could not reduce noise required by SNI standard.

40
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Frequency (Hz)
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—i 104 33.2 12.3 2.7 3.9 116

Fig.8. Increases of noise reduction with sand insertion
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No Code Frequency NR Average Density Mass
(Hz) NR (o/m%) (kg/im?)
1 2 3
1 G6 125 14.3 12.9 111 12,8 1,645 9,56
250 34.6 33.2 327 335
500 115 105 10 10,7
1K 1.2 0.2 0.2 0,5
2K 33 2.8 2.8 3,0
4K -9.8 -8.4 -9.1 -9,1
2 K6 125 133 12.8 12.5 12,9 1,267 8,54
250 314 34.2 34.6 334
500 11.8 137 134 13,0
1K 35 35 41 3,7
2K 5.4 6.5 6.5 6,1
4K -8.8 -7.1 -7.9 -7,9
3 N6 125 16,3 14,4 54 12,0 1,242 7,78
250 34,0 31,2 31,7 32,3
500 13,4 14,4 14,9 14,2
1K 31 3,6 3,2 33
2K 58 5,6 5,2 55
4K -8,2 -7,9 -8,5 -8,2
4 S6 125 135 12,6 12,4 12,8 1,276 7,28
250 33,8 335 31,8 33,0
500 8,8 8,6 9,2 8,9
1K -0,4 -0,7 -1,6 -0,9
2K 2,4 13 2,0 19
4K -10,1 -9,8 -10,0 -10,0
5 G8 125 16,7 16,7 15,5 16,3 1,554 12,78
250 33,9 34,5 33,0 33,8
500 15,4 15,2 14,3 15,0
1K 3,2 2,6 2,0 2,6
2K 47 42 45 45
4K -8,2 -8,7 -8,9 -8,6
6 K8 125 15,5 15,3 13,7 14,8 1,334 10,64
250 338 32,2 32,0 32,7
500 16,0 16,7 13,6 15,4
1K 39 4,0 2,4 34
2K 71 6.8 71 7,0
4K -7,8 -8,1 -7,6 -7,8
7 N8 125 18,0 13,7 16,3 16,0 1,390 11,89
250 35,2 338 338 34,3
500 14,4 13,7 14,5 14,2
1K 4,0 45 44 43
2K 55 54 5,2 54
4K -8,2 -8,8 -8,5 -8,5
8 S8 125 16,4 16,8 14,5 15,9 1,418 12,77
250 35,1 32,2 33,0 33,4
500 13,2 11,6 12,8 12,5
1K 33 19 19 2,4
2K 43 4,6 38 4,2
4K -9,4 -8,4 -8,6 -8,8
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6. Conclusion

By the test of its strength, durability and noise reduction according to Indonesian National Standard (SNI)
7705:2011, it can be concluded that:

e By flexural strength test in normal condition, the 6 mm and 8 mm thickness were generally categorized in class 2
and 3; only one sample in each thickness was categorized class 4 (G6 and N8 samples).

e By soak-dry test as durability test for outside uses, there were no cracks found in all samples. The flexural
strength decreased but less than 30%. Thus, it met the standard.

e By warm water test, no cracks were found in all samples. For 6 mm thickness, all samples met the standard,;
however, for 8 mm thickness there were two samples that decreased strength > 30%, so they could not pass the
standard (G8 and NB8). It means this material can not withstand against temperature at 60 degree centigrade or
higher.

e By heat and rain test, no crack was found in all samples. Thus, this means that this material can withstand the
heat and rain conditions.

e By noise reduction as sound isolating enclosure, all samples could not fulfil the SNI standard. By sand insertion
to increase its masses, this standard could not be fulfilled as well. It means this material is unable to perform as a
noise barrier.

From the result above, the calcium silicate board can be recommended as building facade or outside ceiling as
long as the building surface is not exposed to heat and hot water exceeding 60 degree centigrade and the sound
performance is not crucial since this material can not perform well as a noise barrier.
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Abstract

Uses of various industrial by-products have been extensively studied in the past few decades in order to enhance the
sustainability of construction industry. By-products can be used as alternatives to binders as well as aggregates in concrete. A
large quantity of granulated ferronickel slag (FNS) is produced as a by-product in the smelting of nickel ore. This paper presents
the effects of using ferronickel slag as a replacement of natural sand in cement mortar. The slag was produced by sea water-
cooling of the by-product from the smelting of garnierite nickel ore. The grain size distribution of the slag was found suitable for
using as fine aggregate in concrete. It was found that flow of fresh mortar increased with the increase of FNS up to 50%
replacement of sand and then declined with further increase of FNS. The compressive strength of the hardened mortar specimens
increased with the increase of FNS up to 50% and then declined with further increase of FNS. Use of fly ash as 30% cement
replacement together with FNS as replacement of sand increased the flow of fresh mortar and decreased the strength of hardened
specimens.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Construction works require a significant amount of earth’s natural resources. Sand has been used as a fine
aggregate in concrete for decades. The demand for concrete is increasing with the growth in both developed and
developing countries. However, our natural resources are limited, and sand is not extensively available in every
country. Therefore, use of industrial by-products as aggregate can help solve this scarcity of natural sand and reduce
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the disposal cost of theses by-products. Moreover, the production cost of concrete may also reduce, which will have
a positive impact on the economic growth of the society.

In search of suitable alternatives to natural sand, research is being conducted on different types of industrial by-
products, for instance, steel slag, blast furnace slag, copper slag and FNS. Aggregates constitute almost 70% to 80%
of the volume of concrete. As a result, aggregates affect the fresh and hardened properties of concrete to a great
extent. For example, steel slag aggregate was shown suitable for producing high strength concrete [1, 2, 3].
Furthermore, steel slag aggregate also performed better than the natural aggregate to produce hot mix asphalt
concrete [4]. However, blast furnace slag as a replacement of fine aggregate showed poor strength performance in
concrete [5] though, ground granulated blast furnace slag and fly ash are usually found effective in improvement of
the durability properties [6, 7]. The strength properties of mortar and concrete are influenced by the density,
gradation and particle shape of aggregates used in the mix [5, 8]. Granulated FNS showed higher density and lower
water absorption compared to natural sand [10, 11]. The fresh concrete properties were also influenced by
ferronickel slag. Concrete bleeding was shown to increase with an increment of ferronickel slag in concrete [12].
Compressive strength was found to increase by the replacement of sand by FNS [12]. However, there is a difference
in opinion among the researchers. Sakoi et al. [11] pointed out that compressive strength remained same regardless
the presence of FNS. Using industrial waste in construction works may impose a threat of leaching out of heavy
metals and pollute the environment. However, FNS was found to be safe to use in land reclamation works as well as
in construction works [13].

The properties of the ferronickel slag largely depend on the source of ore as well as the smelting process. No
literature is available on the use of this particular slag as a fine aggregate. The slag used in this study was produced
by sea water-cooling of the by-product from the smelting of garnierite nickel ore. The aim of the present study is to
determine the workability and strength of cement mortar containing FNS in different percentages of the fine
aggregate. Furthermore, the effects of fly ash on the workability and strength of mortar are evaluated. A concurrent
study is being conducted on using the ground FNS as a supplementary binder in concrete [14].

2. Materials and Methods

Ordinary portland cement (OPC), class F fly ash, FNS and natural sand were used in this study. Density and
fineness modulus were determined for both natural sand and FNS. The FNS (2.78 kg/m®) had a higher density
compared to sand (2.16 kg/m?®). Furthermore, the finesse modulus of FNS (4.07) was higher than that of sand (1.95).
The FNS particles are angular in shape and coarser than sand in size. The gradations of natural sand, FNS and their
combinations in different percentages are plotted in Figure 1. It can be seen that the grain size distribution becomes
well-graded when the two aggregates are combined together. The best-graded combination is obtained for 50%
replacement of sand by FNS.

Ten different mixtures were prepared in this study. In Series A, only OPC was used as the binder and sand was
replaced in five different proportions (0%, 25%, 50%, 75% and 100%) with FNS. In series B, fly ash was used as
30% replacement of cement. Same combinations of the fine aggregates as in Series A were used in the mixtures of
Series B. The water to cement ratio was kept constant at 0.47 for all the mixes. The reason for selecting 30%
replacement of OPC with a class F fly ash was that it can reduce the CO,emission to a considerable extent [15]. The
mixture proportions are given in Table 1.
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Fig. 1. Gradation of fine aggregates

Table 1. Mix proportions of concrete

Series Sample Binder (Kg/m®)  Fine aggregate (Kg/m®) W/C

1D OPC FA Sand FNS
Al 602 0 1355 0
A2 602 0 1015 338
A A3 602 0 678 678
A4 602 0 338 1015
A5 602 0 0 1355 0.47
B1 421 181 1355 0 '
B2 421 181 1015 338
B B3 421 181 678 678
B4 421 181 338 1015
B5 421 181 0 1355

Flow test was conducted to determine the workability of the freshly mixed mortar. The flow table with the mortar
was dropped 25 times in 15 seconds after removing the mould. The percentage of the final diameter of the spread
after the drops to the original diameter is used as the flow value of the mortar. Figure 2 shows the flow value
measurements of the mixes. Mortar cubes (50 mm) were cast for compressive strength tests. The samples were left
in the mould for one day and then stripped from the moulds. The samples were then cured in a water tank in fully
submerged condition. The compressive strength of mortar was determined at 3, 7, 28 and 56 days after casting.

Fig. 2. Flow test (a) 100% sand; (b) 50% FNS and 50% sand (c) 100% FNS
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3. Results and discussion

3.1 Workability of mortar

The flow value was used to determine the workability of the mortar mixes. Figure 3 shows the plot of flow value
with the FNS content. From the plot, it can be seen that the flow of mortar increased with the increase of FNS.
However, the flow declined for replacement of sand by FNS beyond 50%. The particle shape of sand is a round; on
the other hand, particle shape of FNS used in this experiment is angular. Since FNS particles are coarser than sand
particles, less water is required to wet the FNS particles [16]. Moreover, Workability of mortar largely depends on
the gradation of fine aggregates in the mix [17]. Since the 50% sand replacement resulted in the well-graded
aggregate combination, this also showed the highest flow value of the mortar. The flow declined by FNS content of
more than 50% because of the increase of angular particles in the mixture. Furthermore, fly ash has a positive effect
on the workability of the mix. Fly ash blended mixes exhibited higher flow value than the OPC-only mixes. This is
because of the well-known ball bearing effect of the fly ash particles.

140

135 —a—30% Fly

130 ash &
125 70%
=~ OPC
5120
L1115 —e— 100%

110 OPC

105

100

0 20 40 60 80 100 120
FNS (%)

Fig. 3. Flow value of mortar mixes

3.2 Compressive Strength

The samples were dried in air before testing for the compressive strength. The compressive strength results for
series A are given in Figure 4. It can be observed from the figure that compressive strength increased with the
increase of FNS content up to 50% replacement level and then it declined with further increase of FNS. The similar
phenomenon was observed at the ages of 3, 7, 28 and 56 days. The maximum 28-day compressive strength of 57
MPa was achieved for 50% FNS (Mix A3). The 28-day compressive strength of the samples with no FNS was 38
MPa. Therefore, 50% FNS resulted in about 50% increase of the 28-day compressive strength. Moreover, the
compressive strength of samples containing 100% FNS (Mix A5) aggregate is 44 MPa, which is higher than that of
the control sample.

The compressive strength results of the mixtures containing 30% fly ash as cement replacement are presented in
Figure 5. It can be seen that compressive strength increased with the increase of FNS content up to 50% and then
declined with further increase of FNS. The similar trend is observed at 3, 7, 28 and 56 days of age. Maximum 28-
day compressive strength was 35 MPa for 50% FNS content. As expected, the compressive strength of the
specimens of this series was less than the corresponding mixtures of series A because of the use of 30% fly ash as
cement replacement.
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Fig. 5 Compressive strength of the mixtures with 30% fly ash and 70% OPC (series B)

Figure 6 exhibits the effect of 30% fly ash on the strength development of the mixtures containing 50% FNS. It
can be seen that the strength development is slowed down by the fly ash from the early ages. However, the
difference between the strengths at early ages is reduced by the pozzolanic reaction of fly ash with the increase of
age.

70

60 - == Mix A

50 (100%
0 OPC)

40 //
30 / .
» i \Mix B
20 / (30% FA
10 & 70%
OPC)
0

0 7 14 21 28 35 42 49 56
Age (days)

Compressive streangth (MPa)

Fig. 6 Effect of fly ash on compressive strength development (50% FNS as aggregate)

From the above discussion, it is observed that FNS can improve the compressive strength considerably upto 50%
replacement of sand. This is attributed to the particle packing effect of the well-graded aggregates for 50%
replacement of sand by the FNS.
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4. Conclusion

The workability and compressive strength of cement mortars containing different percentages of FNS as
replacement of natural sand were evaluated. The results show that the optimum level of sand replacement by FNS is
50% for maximizing the compressive strength of mortar. This is because of the best particle packing achieved by the
well-graded aggregates at this combination. Furthermore, 50% FNS also resulted in improved the workability of the
mortar mix as determined by the flow test. The increase of flow by FNS is attributed to its relatively larger size
compared to natural sand. Use of a class F fly ash as 30% replacement of cement improved the workability of the
mixture because of the ball bearing effect. Fly ash decreased compressive strength of the mortars with and without
FNS at both early and late ages up to 56 days.
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Abstract

This paper presents an experimental and analytical methods conducted to study the effect of seawater curing on the correlation
between split tensile strength and modulus of rupture (MOR) in high strength concrete incorporating rice husk ash. Rice husk ash
was added into the mix partially replacing cement content, replacements were done at 0,5,10,15,and 20%. To resemble marine
environment, concrete samples were cured in seawater. The results showed that addition of rice husk ash increased the modulus
of rupture and split tensile strength value, and also increased the resistance to seawater exposure. The correlation between split
tensile strength and MOR had the empirical f = 125,3%xMOR for fresh water curing, and fy = 115,8%xMOR for seawater
curing.
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1. Introduction

Waterfront city is one of building concepts to be developed in Indonesia. Observing the other countries such as
Singapore, Japan, the United Kingdom, and the USA that have successfully applied this concept, the Indonesian
government is very supportive of waterfront city projects to improve economy and infrastructure development
throughout the nation.
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The aggressive characteristic of seawater requires building materials that are resistant to seawater effects.
Concrete becomes the appropriate selection of building materials to be used in coastal areas, considering that it is
noncorrosive, formable, and workable materials, which are great benefits for coastal area construction, particularly
on a big scale level. The consideration in coastal and marine areas have a high concentration of chloride and sulfate,
which can decrease the performance or even destroy the concrete (Al-Rabiah, 1997; Rostam, 1997; Swamy, 2003;
Bader, 2003). Not to mention that the effects of seawater abrasion also have to be considered.

The challenge in construction is to make concrete as an environmentally friendly building material but still
completely supports sustainable development. Sustainable development requires a sustainable construction industry,
in particular, concrete sustainability in structural design and performance, also building’s life-cycle
(Susilorini,2008).

Additive materials usage in concrete can improve concrete quality. Rice Husk Ash (RHA) is one of the additive
material innovations which can improve concrete strength in certain dosages. The aim of the study is to develop
RHA as additive material in high strength concrete that” exposed to seawater abrasion

2. Experimental Details

Figure 1 shows the experimental details of this study that includes preliminary test, mix proportion,curing, and
hardened concrete test.

Preliminary Test :
e Fine and Coarse
Aggregate Test ; i
o XRF Test for RHA Mix Proportion
—>
Hardened Concrete \l/
Test : i
o Modulus of Rupture curing :
Tou < | e Fresh Water_
oS ) . Seaw_ater with
plit Tensile Test abrasion

Figure 1Experimental Details

Rice Husk Ash (RHA) as an additive material on the concrete was obtained from Sragen, Central Java, Indonesia.
XRF Test is a spectroscopic method commonly used in solids, in which secondary X-ray emission is generatedby
excitationof a sample with X-ray.

Table 1 shows that the largest component of RHA is SiO,, this resembles same conditions of cement matrix. The
reaction between cement, water, and rice husk ash are shown below :

1. Chemical reaction between OPC and water
OPC + H,0O ->Ca0 SlOZ . H,O + Ca(OH)z
2. Chemical reaction between OPC, water, and rice husk ash (RHA)

OPC + S|02 + H,0 ->Ca0 S|02 .H,O + Ca(OH)z + S|02

CaO S|02 . H,0

The reaction between RHA and CH resulted in the decreased amount of CH, which decreased alkalinity and
added cement paste endurance to an outer chemical reaction. The reaction also resulted in increased amount of CSH
which retained liquid infiltration to cement paste, and in result decreased the permeability level making the concrete
more solid.
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Table 1 Chemical Properties of RHA According to XRF Test

Concentration

Formula
%

SiO, 82.59
CaO 481
K0 3.05
Al,O3 2.05
P,0s 2.00
Fe;0; 1.65
MgO 1.48
SO; 1.18
Cl 0.57
MnO 0.29
TiO, 0.16
Nd,O3 0.03
Sro 0.02
ZnO 0.02
V205 0.02
Rb,O 0.01

In order to understand the effect of Rice Husk Ash (RHA) and seawater effect on hardened concrete, various
testswere executed in the laboratory. Standards that were used in the making and curing of the samples wereSNI 03-
2493-1991. Concrete samples were in cylinder and beam shape, and the details such as sample size, number of
samples, the age of tests, and standards are shown in Table 2.

The variations of sample treatment that were used in this study were :
e Normal samples soaked in fresh water

e Normal samples soaked in seawater

e  Modulus of Rupture Test Samples with RHA Addition (0%,5%,10%,15%, and 20%) soaked in fresh water

and seawater

e Split Tensile Test Samples with RHA Addition (0%,5%,10%,15%, and 20%) soaked in freshwater and

seawater

Table 2 Macro structures experimental details

Sample Description

Test Size (mm) No Age Standard Unit Measurement Equipment
(days)

Modulus of  100x Loading frame dan

Rupture 100x500 30 28 ASTM C-78 MPa Modulus of Rupture Dial Gauge

Split Tensile gy 150 30 28 SNI03-2491-2002  N/mm? Split/tensile Compression

Strength Testing Machine

This study used trial-error mix design method to gain the number of fc’ > 40 N/mm?. Recapitulation for the mix
design used in Modulus of Rupture Tests and Split Tensile Tests are shown in Table 3.
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Table 3 Concrete mix design for samples

RHA Super

plasticiser Cement FA CA Water
% kg/m® kg/m3 kg/m? kg/m®*  kg/m® kg/m®
0 0.00 7.59 505.73 641.5 1025.8 166.73
5 25.24 9.69 504.85 641.5 1025.8 164.90
10 50.40 11.79 503.98 641.5 1025.8 163.08
15 75.47 13.88 503.11 641.5 1025.8 161.27
20 100.4 15.96 502.24 641.5 1025.8 159.46

3. Results and Discussions

3.1.Split Tensile Strength

The method used in this study were tensile splitting cylinder tests. Tensile strength was monitored at ages 28
days using Compression Testing Machine. The formula used to find the tensile strength isshown in Eq. 1 below.

_ 2xP
fSt - TXDXLXf g (1)
where P = maximal load applied; D = diameter of sample; L = length of sample; f4 = 1,06 (correction factor for
diameter variation of cylinder samples). The correction factor is according to SNI 1974-2011.

50 ——mM8M

o

£

-E M Fresh water cured
Z . .

< split tensille

o strength strength
g (N/mm2)

&

= Seawater cured
& split tensile

2 strength strength
2 (N/mm2)

& 0 5 10 15 20

RHA Percentage (%)

Figure 2 Split tensile strength at 28 days
3.2.Modulus of Rupture

The modulus of rupturewas monitored at ages 28 days using Loading frame and dial gauge. The formula used to
find the tensile strength is shown in Eq. 2 below.

PXL
MOR = -~ )

where P = maximal load applied; b = breadht of sample; d = heigth of sample; L = length of sample

In modulus of rupture testing, all samples were perfectly broken in the center of effective length. This condition
indicated that samples were broken by a flexural load. Modulus of rupture test results was shown in Figure 3.
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Figure 3 Modulus of rupture in 28 days

3.3. The correlation between split tensile strength and modulus of rupture

Figure 2 and Figure 3 show the addition of RHA could increase split tensile strength and modulus of rupture
value both in fresh water and seawater curing. Tensile split strength and MOR value in seawater cured concrete
were higher than fresh water cured. This is caused by chemical reaction between the concrete and seawater formed
CaCl, that was used as an accelerator. CaCl, increased tensile split strength value faster compared to split tensile
strength value for fresh water cured concrete at the same age.

Seawater could cause corrosion in reinforced concrete for a long term period. The chemical reaction between
calcium in concrete and sulfate salt from seawater formed ettringite (6CaO.Al,03.32H,0 or CsAS;sH3,). Ettringite
caused concrete volume swelling, so that the concrete cracked and became porous. The addition of RHA as a filler
reduced porosity. The high level of SiO, reduced calcium hydroxide content and made concrete more resistant to
sulfate salt. SiO, reacted to calcium hydroxide and changed it into calcium silicate hydrate which became the source
of concrete strength. The more RHA used inside the concrete, the more Ca(OH), area, thus more calcium silicate
hydrate was formed so that concrete became stronger and more impermeable.

The empirical formulae of correlation between split tensile strength and modulus of rupture shown in Eq. 3
(Raphael, 1984)

fie = 3/4 MOR. (3)

Where fy = split tensile strength and MOR = Modulus of Rupture

Table 4 The comparison between split tensile strength and MOR

Curing
environment

Average split tensile

RHA percentage (%) Average MOR (MPa) strength (MPa)

0 2.79 3.08

5 2.85 3.43

Fresh water 10 291 4.08
15 3.04 4.15

20 2.85 3.31

0 3.28 3.49

5 3.35 4.10

Seawater 10 3.53 4.19
15 3.65 4.39

20 341 3.77
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The comparison between split tensile strength and MOR in this research are shown in Table 4. Correlation
between split tensile strength and MOR were obtained by using modified SK SNI T-15-1990-03, shown in Figure 4
and Figure 5.

5
£
g 4 * *
533 * y=1.2536x
22 )
K]
= 1
&

2.7 2.8 2.9 3.0 3.1
Modulus of Rupture
(MPa)

Figure 4 Chart of split tensile strength and MOR comparison in fresh water curing

Based on Figure 4, the empirical formulae of split tensile strength and MOR correlation for high strength concrete
incorporating RHA in fresh water curing is :

fir = 125,3% x MOR ()

Where fy = split tensile strength and MOR = Modulus of Rupture

5
=
o
g
ig’
z22
2 3
é_ 3.2 3.4 3.6 3.8

Modulus of Rupture
(MPa)

Figure 5 Chart of split tensile and MOR comparison in seawater curing

Based on Figure 5, the empirical formulae of split tensile strength and MOR correlation for high strength
concrete incorporating RHA in sea water curing is :

fse = 115,8% X MOR ©)

Where fy = split tensile strength and MOR = Modulus of Rupture
4. Conclusions

In conclusion, the addition of Rice Husk Ash increased the value of modulus of rupture and split tensile strength
both in fresh water and seawater cured concrete. It also increased concrete’s resistance to seawater exposure.

The correlation between split tensile strength and MOR had the empirical formulae fy; = 125,3%xMOR for fresh
water curing, and fy = 115,8%xMOR for seawater curing.
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Abstract

Wood Plastic Composite (WPC) is a composite material made from sawdust and plastic as polymer bonding, that used in a
variety of structural and non-structural applications. Nowadays, In Indonesia WPC is made from Sengon sawdust and recycled
HDPE plastic. This research was conducted in order to investigate the physical and mechanical properties of WPC from Sengon
sawdust in accordance with ASTM D7031. From the physical test, due to its water restrains, WPC has low moisture content,
water absorption and swelling. For the mechanical properties, the bending strength and shear strength are around 40.49 MPa and
27.35 MPa, respectively. However, the WPC tensile strength is lower than common tropical wood, which is only 5.54 to 12.75
MPa, due to the absence of grain in WPC. Furthermore, the modulus of elasticity is only 2113 to 3398 MPa or around one tenth
of that wood or concrete modulus of elasticity. From the withdrawal test shows that sheet metal screw type has the highest
withdrawal strength compared to cut thread wood, and fine thread drywall screw. Hence, for structural application it is suggested
that the WPC board is used for structural element with high moment inertia such as shear wall as its lower modulus of elasticity
but has high shear strength.
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1. Introduction
1.1. Background

Wood has become one of the major material that been used for structural and also non-structural civil engineering
purpose. Wood offers many structural advantages, such as low density, high toughness, non-toxic, low in thermal
conductivity. However, wood has primary disadvantage which is low water resistance due to its natural hygroscopic
characteristic. Wood can be used as timber product, sawn timber, plywood and other processed wood products.
Since the enforcement of forest conservation regulations that prevent illegal logging, high quality timber product
become expensive due to difficult to find. Sengon (Paraserianthes falcataria) is one tropical wood that has good
strength and also short harvesting time, not more than 5 years. Sengon was usually being used for wood product
such as plywood, laminated veneer lumber (LVL) and wood plastic composite (WPC).

Nowadays wood wastes and plastic garbage have been a main environmental concern. [1] Wood-plastic
composites (WPCs) are obtaining a great attention in industrial sectors and academics due to their favorable
properties, which include low density, low cost, renewability and recyclability as well as desirable mechanical
properties. Nowadays WPC only used for non structural purpose such us flooring, decking, fence and any other use.
[2] As the use of wood-plastic composite (WPC) materials extends to include more structural applications, there is
an increasing need to determine design values appropriate for designing structural WPC elements. [3] The decision
to use a WPC product in place of another, generally speaking, should be predicated on achieving greater
performance, reduced price, or reduced environmental impact. [4] There are a number of published studies in WPC
research, most of them were held in overseas using its local kind of wood and using compression mold method. This
research was conducted to observed physical and mechanical properties of WPC in order for being used for
structural material purpose.

Yadaf studied about mechanical and physical properties of wood-plastic composites made of polypropylene,
wood flour and nanoclay, [5] Adhikary studied about dimensional stability and mechanical behavior of wood-
plastic composites based on recycled and virgin high-density polyethylene (HDPE) [6], Rafighi studied about
mechanical properties of composite made of sawdust and high density Polyethylene [7] Nugraha studied about
compression molded composites based on a combination recycled PET and Sengon chips [8], Susanti studied about
compression molded composites based on a combination of recycled PP and HDPE and Sengon chips [9]. The
research about physical and mechanical WPC using Sengon sawdust and recycled HDPE plastic using extrusion
method never been conducted before.

2. Experimental
2.1. Materials

Materials that been used for this research was WPC board produced by local factory in Magelang, Central Java.
WPC board with 12 mm thickness, 60 cm width and 3 m length from Sengon sawdust dust and recycled HDPE
plastic was selected to be observed its physical and mechanical properties. WPC board was made and shape using
hot extrusion method, thus can improve and reassure the homogeneity from WPC board better than using molding
method. Sengon sawdust in the form of sawdust were collected from local plywood production industry. Recycled
HDPE granules were collected from local plastic recycling plant.

2.2. Physical Properties Measurements

Moisture content, water absorption and thickness swelling tests were conducted according with ASTM D7031
(Standard Guide for Evaluating Mechanical and Physical Properties of Wood Plastic Composite Products). [10] This
guide covers test methods appropriate for evaluating a wide range of performance properties for wood-plastic
composite products. According to this guide, in order to measure water absorption and thickness swelling, the
specimens were soaked in water for 2 hours, 2 + 22 hours and directly 24 hours. The physical properties



Yudhi Arnandha / Procedia Engineering 00 (2017) 000-000 3

measurements were conducted to different direction of WPC extrusion in order to figure out the isotropic properties
of WPC board.

2.3. Mechanical Properties Measurements

Several mechanical properties measurements of WPC Sengon were carried out such as bending test, tensile test,
compression test, shear test and screw withdrawal test in accordance with ASTM D7031 (Standard Guide for
Evaluating Mechanical and Physical Properties of Wood Plastic Composite Products). Due to WPC thickness,
several modifications were made in specimens without influenced the scheme of testing procedure. The mechanical
properties measurements were also conducted to different direction of extrusion in order to figure out the isotropic
properties of WPC board.

Different treatment used as variation in this research, that is normal dry condition and wet condition (soaked into
water for 7 days). This kind of treatment had been carried out in order to indicate the possibility of mechanical
strengths loss during 7 days’ condition in the water.

3. Results and Discussions
3.1. Physical Properties Results

Physical properties measurement of WPC Sengon were carried out according to ASTM D7031 (Standard Guide
for Evaluating Mechanical and Physical Properties of Wood Plastic Composite Products). For the moisture content
measurement, the specimens dimension was 2 by 2 inch in size, the weight of each specimen was measured before
and after soaked in distilled water at room temperature for 24 hours. The moisture content is the percentage
difference of the specimen’s weight before and after drying. As shown in Fig. 1, WPC has very small moisture
content approximately in the value of 0.917%. The result showed that moisture content from WPC board is less than
given standard for particle board moisture content such as mention in JIS (5-13%) [11], FAO (<12%) [12] and SNI
(<14%) [13].
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KAG mmmm 0.72 | FAO<12% |
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Fig. 1. Moisture content of WPC Sengon

The density of WPC Sengon is around 1.511 ton/m?, higher than molding Sengon board in the value around 0.86
ton/m°. [9] The increase in density (decrease in porosity) affects practically all important properties of WPC. The
higher the density, the higher the flexural strength and the flexural modulus. [14]

For the water absorption test, the test specimen dimension was 6 by 6 in. (152 by 152 mm) in size with all four
edges smoothly and squarely trimmed. The weight of 20 specimens being measured first, then the specimens soaked
in water for 2 hours, 2 + 22 hours and directly 24 hours. The specimens were removed from the water, then patted
dry and measured again. According to the result, WPC has small water absorption approximately in the value of



Yudhi Arnandha / Procedia Engineering 00 (2017) 000-000

0.091% (2 hours), 0.258% (2+22 hours) and 0.242% (24 hours), see Fig. 2.a and Fig. 2.b. This result is less than
given standard for particle board water absorption from FAO (20-75%). From thickness swelling test showed WPC
has small swelling approximately in the value 0.702% (2 hours), 1.738% (2+22 hours) and 0.982% (24 hours), see
Fig. 3.a and Fig. 3.b. From length swelling test showed WPC has also small swelling approximately in the value
0.017% (2 hours), 0.053% (2+22 hours) and 0.041% (24 hours), see Fig. 4.a and Fig. 4.b. Physical properties results
for WPC from Sengon and recycled HDPE given in Table 1.
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Fig. 2. (a) Water absorption for 2 hours and then 22 hours; (b) Water absorption for 24 hours
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Fig. 4. (a) Length swelling for 2 hours and then 22 hours; (b) Length swelling for 24 hours

Table 1. Physical Properties Results.

Physical Properties

2 hours

2 + 22 Hours

24 Hours

Moulding Sengon Board by Susanti [9]
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Density (ton/m®) - - 1.511 0.86
Moisture content (%) - - 0.917 1.99 - 4.67
Physical Properties 2hours 2+22Hours 24 Hours Moulding Sengon Board by Susanti [9]
Water Absorption (%) 0.091 0.258 0.242 19.2 - 26.36
Swelling Thickness (%) 0.702 1.038 0.982 2.82-4.75
Swelling Length (%) 0.017 0.053 0.041

3.2. Mechanical Properties Results
3.2.1. Compression Test

According to mechanical properties measurement using ASTM D7031 (Standard Guide for Evaluating
Mechanical and Physical Properties of Wood Plastic Composite Products), short column compression strength shall
be determined in accordance with the principles of ASTM D4761 (Standard Test Methods for Mechanical Properties
of Lumber and Wood-Base Structural Material) [15] where the specimen is loaded at a prescribed rate until failure
occurs or a preselected load is reached, see Fig. 5.a. The dimension of the specimen was 2 x 10 x 1,2 cm with 10
specimens used for the parallel to extrusion and also 10 specimens used for the perpendicular to extrusion.
Compression test conducted for different direction of extrusion in order to Fig. out the isotropic properties of WPC
board. Furthermore, using ANOVA as statically method, different direction of extrusion from both test did not
indicate statically significant different results. Different treatment in dry and wet condition also did not indicate
statically significant different results. WPC has high compression strength approximately in the value 44.97 MPa
(parallel to extrusion) and 43.91 MPa (perpendicular to extrusion), thus showed WPC has isometric compression
strength, see Fig. 5.b.

35

30

25 4

20 4

Shear (MPa)

15 1

Parallel to extrusion Perpendicular to extrusion
= Dry 27,355 26,788
B Wet 26,306 25,82

Fig. 5. (a) Schematic of compression Test of WPC Sengon; (b) Compression Test Result of WPC Sengon
3.2.2. Bending Test

According to mechanical properties measurement using ASTM D7031 (Standard Guide for Evaluating
Mechanical and Physical Properties of Wood Plastic Composite Products), bending tests were conducted in
accordance ASTM D1037 (Standard Test Methods for Evaluating Properties of Wood-Base Fiber and Particle Panel
Materials) [16] which provides procedures for the determination of bending strength (MOR) and modulus of
elasticity (MOE) flat-wise bending on short spans under third-point load. The specimens were loaded at the center of
span with the load applied to the finished face at a uniform rate through a loading block rounded as is shown in Fig.
6.a for horizontal position and Fig. 6.b. for vertical position. Static bending tests were made both on specimens
when dry and when soaked. Each test specimens were 3 inch in width and 24 times the nominal depth in length.
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From the bending test, MOE of WPC approximately in the value 3562.55 MPa (parallel to extrusion) and
3398.39 MPa (perpendicular to extrusion), respectively. According to rupture failure, MOR of WPC approximately
in the value 40.49 MPa (parallel to extrusion) and 26.83 MPa (perpendicular to extrusion). This result higher than
WPC from Pine that had MOE around 840 — 1970 MPa and MOR around 14.4 — 24.9 MPa. [6]

From this test, different direction of extrusion indicates different significant results in MOR and MOE. MOR
from bending tests result given in Fig. 7.a. and MOE result given in Fig. 7.b.

WA

Fig. 6. (a) Schematic of Static Bending Test (Horizontal); (a) Schematic of Static Bending Test (Vertical)
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Fig. 7. (a) MOR of WPC Sengon; (b) MOE of WPC Sengon
3.2.3. Shear Test

According to mechanical properties measurement using ASTM D7031 (Standard Guide for Evaluating
Mechanical and Physical Properties of Wood Plastic Composite Products), shear strength shall be determined in
accordance with the principles of Test Method D143 (Standard Test Methods for Small Clear Specimens of
Timber). [17] The shear test specimens dimension was 2 by 2 in, see Fig. 8.a. The test used a shear apparatus
similar to that illustrated in Fig. 8.b. Specimen failure due to shear test can be seen in Fig. 9.a. Shear test also
conducted for different direction of extrusion. WPC has high shear strength approximately in the value 27.355 MPa
(parallel to extrusion) and 26.788 MPa (perpendicular to extrusion), this showed WPC has isometric shearing
strength. From ANOVA statically method, different direction of extrusion did not indicate significant results. (Fig.
9.b)
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Fig. 8. (a) Specimens of Shear Test; (b) Shear Apparatus for Shear Test
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Fig. 9. (a) Specimen failure due to Shear Test; (b) Shear strength of WPC Sengon
3.2.4. Tensile Test

According to mechanical properties measurement using ASTM D7031 (Standard Guide for Evaluating
Mechanical and Physical Properties of Wood Plastic Composite Products), tensile strength for wood product in
accordance with ASTM D1037 (Standard Test Methods for Evaluating Properties of Wood-Base Fiber and Particle
Panel Materials). The specimens for tensile test were made both in the dry and in the soaked condition. The
specimen made both in long dimension parallel (parallel to extrusion) and perpendicular to the long dimension of
the board (perpendicular to extrusion).

Each test specimens were shaped as shown in Fig. 10.a and prepared for test as shown in Fig. 10.b. From the test
showed that WPC tensile strength approximately in the value 10.331 MPa (parallel to extrusion) and 5.986 MPa
(perpendicular to extrusion). In the generally, this result higher than WPC from Fir (5.1 — 6.4 MPa) and WPC from
Beech (7 — 8 MPa). [7] Different from its original Sengon wood, WPC as wood composite has brittle characteristic
because the absence of grain. From tensile test, different direction of extrusion indicates different significant results.
(Fig. 11).

Fig. 10. (a) Specimen failure due to Tensile Test; (b) Schematic of Tensile Test
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Tensile (MPa)
o
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[m wet 10.754 5.540

Fig. 11. Tensile strength of WPC Sengon
3.2.5. Screw Withdrawal Test

According to mechanical properties measurement using ASTM D7031 (Standard Guide for Evaluating
Mechanical and Physical Properties of Wood Plastic Composite Products), screw withdrawal test for wood product
accordance to ASTM D1037 (Standard Test Methods for Evaluating Properties of Wood-Base Fiber and Particle
Panel Materials). The test specimens were made in dimension of 3 in. (76 mm) in width and 6 in. (152 mm) in
length, see Fig. 12.a. Different type of screw with several diameters used as variation such as sheet metal, cut thread
wood, and fine thread drywall, see Fig. 12.b. Each withdrawal tests were prepared as shown in Fig. 13.

The withdrawal test results showed that sheet metal screw type has the highest withdrawal strength in the value
20.43 MPa for root diameter 3.21 mm, slightly higher than root diameter 2.72 mm in the withdrawal value 20.27
mm. Thus, both diameter can be use for common WPC connection. Screw withdrawal result of WPC Sengon can be
seen in Fig. 14. Using ANOVA statistical method, the difference condition of dry and wet specimen did not indicate

significantly different results.
\j I

Fig. 13. Schematic of Screw Withdrawal Test
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Fig. 14. Screw withdrawal test of WPC Sengon

4. Conclusion and Recommendation

In this research, study about physical and mechanical properties of Wood Plastic Composite (WPC) from Sengon
and recycled HDPE had been conducted. From physical properties showed that WPC has low moisture content,
swelling and absorption respectively. Thus showed that WPC suitable for both outdoor or indoor application. From
mechanical test result, WPC has higher compression and shear strength than common Sengon wood itself. This
study has shown that the WPC Sengon will be most useful as building materials because its stability and mechanical
properties. Since WPC has high moment inertia and low modulus of elasticity, it is suggested that the WPC board is
preferred for shear wall as its lower modulus of elasticity but has high shear strength.
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Abstract

Electrochemical impedance spectroscopy is used to obtain the electrical properties of fly-ash over the frequency range 100Hz-
10MHz. A range of presentation formalisms are exploited to characterize and assess this material in terms of its unburnt carbon
content and pozzolanic reactivity. Fly-ash from a number of power stations within the UK, which differ in carbon content and
fineness are used within the experimental programme. It is shown that the methodology could be exploited to index both the
pozzolanicity and the presence of carbon in the ash. A number of additional features make this testing methodology of interest:
the method is non-destructive and non-invasive; samples need not be restricted to cement pastes as mortars and concretes can
also be studied.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

The use of alternative cementitious binders, whereby Portland cement is partially (or even totally) replaced by the
by-products of traditional industries, have an important role to play both in the design of durable cementitious
systems and also in the reduction of CO, emissions. Because of the quantities of concrete produced world-wide,
even a small reduction in CO, emission can result in significant environmental benefits. It is incumbent upon all
nations to reduce total CO, emissions and contribute to achieving the targets initially set at the Kyoto Conference in
1997 and reaffirmed at the more recent UN Climate Change Conference in 2015 in Paris. For the foreseeable future,
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extensive use will be made of materials such as ground granulated blast-furnace slag, micro-silica and fly-ash.
Characterization of these materials is thus of considerable importance because the amount and quality of the
replacement added to the binder are, ultimately, decisive parameters in concrete performance.

The two most important factors which determine the suitability of fly-ash are its fineness (45um residue), to
ensure reactivity, and its free carbon content which is quantified by the loss-on-ignition (LOI). In the case of low-
lime fly ashes produced from anthracitic and bituminous coals, the cellular nature of the carbon particles results in a
high specific surface area which can adsorb significant quantities of chemical admixtures. This can have a direct
influence on the effectiveness of air-entraining agents, water-reducing admixtures and retarders; furthermore, the
higher the carbon-content of the ash, the higher the water demand to maintain workability. There is also scope for
direct activation of fly-ash to produce construction materials requiring lower strengths, for example, masonry
mortars, grouts, backfill, non-clay bricks or slurry trench cut-off walls for containment purposes. This would further
increase their utilization, particularly those fly-ashes which would not satisfy BS EN450 [1] code requirements as
contributing towards all (or part) of the cementitious component.

In this paper, electrochemical impedance spectroscopy (EIS) is used to study fly-ash binders; more specifically, it
is shown that EIS techniques could be developed as a signature for fly-ash and in the study of the pozzolanicity of
fly-ash by direct chemical/thermal activation thereby extending previous work [2, 3].

1.1. Electrochemical Impedance Spectroscopy

The electrical response of a saturated porous material can be quantified in terms of its resistance (or its reciprocal,
conductance) and capacitance. Monitoring these intrinsic electrical parameters as a function of frequency of applied
electrical field represents the area of EIS. The underlying mechanisms responsible for impedance behaviour are
directly related to the physical and chemical properties of the material — the capacitance is a quantitative measure of
the polarization of charges within the material, and the conductance accounts for any direct transfer of charge
through the material (i.e. ionic conduction) together with the dissipation of energy incurred due to relaxation of
polarization processes.

The complex impedance, Z*(@), of a porous, ionic conductor at any angular frequency, @, of applied electrical
field, can be represented by the equation [4],

%) =2'(0) - iZ" () (1)

where Z'(w) and Z"(w) represent, respectively, the resistive (or in-phase component) and reactive (or quadrature
component) of the complex impedance and i :\/-_1 . Both these components can be monitored as a function of
frequency of applied field and values presented on a Nyquist plot, i.e. values Z'(@) vs. -iZ"(w). These are the basic
concepts involved in impedance spectroscopy, with the frequency range over which measurements are made
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Fig. 1. (a) A typical Nyquist plot for hardened concrete, and (b) schematic showing electrode and bulk response and location of bulk resistance, Ry,.
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extending over several decades. A typical response for a hardened concrete is presented in Fig. 1(a) over the
frequency range 100Hz-10MHz with frequency increasing from right to left across the curve [5]. The Nyquist plot
comprises two distinct regions, a high frequency, bulk arc whose centre, C, is depressed below the real axis and a
low-frequency spur representing the response from the electrode/sample interface. The true bulk resistance of the
sample, denoted Ry, is obtained at the cusp-point between the bulk arc and low-frequency spur shown schematically
in Fig. 1(b). In this paper, use is made of both the Nyquist and bulk resistance presentation formalisms.

2. Experimental Programme
2.1. Impedance Measurements

The EIS characterization studies were developed on two fronts:

(1) Frequency-effect. In this phase of the work, EIS measurements were obtained on both the fresh (i.e. plastic) and
hardened samples using a Solartron 1260 frequency response analyser (FRA) with measurements presented in the
form of equation (1) above.

(i1) Pozzolanicity/Activation. Within this phase of the work, fly-ash was mixed with an activator and the electrical
response monitored using an Agilent 4263B LCR meter. Measurements were undertaken at a fixed frequency of
applied electrical field.

Both the FRA and LCR meter operated in voltage-drive mode with a signal amplitude of 100mV used
throughout. FRA measurements were obtained over the frequency range 100Hz-10MHz using a logarithmic
frequency sweep with 20 spot frequencies per decade. The LCR meter was programmed to operate at a fixed
frequency of 10kHz which was optimised through EIS measurements to ensure that electrode polarization effects
had a negligible influence on evaluation of R, (see Fig. 1(b)). Connections to the FRA and LCR meter were by
means of individually screened coaxial leads with measurements taken every 10 minutes over periods extending up
to 150 hours. Lead inductive effects were nulled from the data at each measurement frequency utilising an open-
circuit, short-circuit and load calibration algorithm.

2.2. Test Cells, Materials and Sample Preparation

Paste and mortar samples were compacted into rigid, sealed Plexiglas cells. The cells had internal dimensions
5x5x5cms with electrical contact established by means of 5x5x0.3 cm (thick) stainless steel electrodes attached to
two opposite cell walls. For concretes, the test cell had internal dimensions 15x15x15cms with electrical contact
established by means of 15x15x0.3 cm (thick) stainless steel electrodes.

Table 1: Chemical and physical properties of fly-ashes used within the experimental programme

Oxide% FAl FA2 FA3 FA4 FAS FA6
Si0, 46.5 51.0 50.5 49.6 48 443
AlLOs 28.2 27.4 24.7 253 27 24.7
Fe,03 49 4.6 7.4 10.3 9 92
CaO 33 3.4 2.6 2.0 33 59
MgO 1.2 1.4 1.5 1.9 2.0 1.9
SO3 1.09 0.7 0.8 0.77 0.6 0.69
TiO, 1.3 1.6 1.0 1.1 0.9 1.4
K,O 1.1 1.0 3.0 3.7 33 1.7
Na,O 0.7 0.2 0.8 1.2 1.2 0.6
Lol 10.9 55 53 3.7 4.0 1.9

Fineness (% retained

. 20.6 8 9.5 26.2 29.8 11.6
on 45 um sieve)
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The fly-ashes (FA) used within the current study were obtained from power stations using anthracitic/bituminous
coals. Their oxide analysis is presented in Table 1. For the pozzolanicity studies, the following standard, base-mix
formulation was used: samples were prepared by dry-mixing fly-ash and reagent grade calcium hydroxide in the
ratio 4:1 and then mixing with distilled water at a water:solids ratio of 0.5. In addition to the base-mix, sodium
sulphate (Na,S0O,), at a dosage of 10g/100g water (0.7Moles/l) was used. The paste samples were contained in the
5x5x5cms cell; the tops of the samples were covered before placing in a temperature controlled cabinet at ambient
temperatures of 20°C, 37°C and 54°C (£1°C).

For the frequency-effect studies a CEM I 42.5N cement [6] was used throughout and specimens comprised
cement-pastes, mortars and concretes. Cement pastes were prepared using a fly-ash replacement levels of 0%, 10%,
25% and 40% with a water/binder ratio = 0.3. A BS EN 196-1 mortar [7] was used which had a 3:1 sand:binder
ratio and a water:binder ratio = 0.5; a CEN reference sand [7] was used and the binder comprised CEM I cement and
CEM I cement partially replaced with 33% (by mass) of fly-ash. The concrete mixes used are presented in Table 2
and also had fly-ash replacement levels of 0%, 10%, 25% and 40%. A 10dm’ planetary motion mixer was used in
the preparation of paste and mortar samples and a 0.1m’® pan mixer was used in the preparation of concrete samples.

Table 2: Summary of cement-paste and concrete mixes studied.

Fine Coarse Water

CEM 1 FA 5 N

Mix N N (<4mm) kg/m I/m’
kg/m’ kg/m’ N

kg/m’ 10mm 20mm

Cl 405 - 608 406 811 183

C2 363 40 605 403 806 181

C3 300 100 600 400 800 180

C4 237 158 593 395 791 178

3. Results and Discussion

This experimental program focusses on the use of electrical property measurements, obtained using EIS, in the
study of fly-ash based systems. Results are presented to highlight the direct application of electrical property
measurements in the evaluation of the pozzolanic reactivity of fly-ash through chemical and thermal activation and
show the influence of the unburnt carbon within the ash on electrical response.

3.1. Pozzolanicity Studies

The bulk resistance, R;, of the specimens (obtained at 10kHz) was converted to conductivity, o, through the
relationship,

ool L Siemens/cm (S/cm) 2)
"\ R,4

where A is the area of the electrodes (=5x5 cm?®) and L is their spacing (=4.4cm). The conductivity of the mixture
will be dependent upon the fractional volume of aqueous phase; the continuity and tortuosity of the interstitial
aqueous path between the electrodes, and the ionic concentration within the aqueous phase; hence, as the mixture
reacts and increases in rigidity, all these factors will be affected which will, in turn, change the conductivity of the
mixture.

For illustrative purposes, Fig. 2(a) displays the conductivity versus time response for the base-mix using, in this
instance, FA2 and for clarity, measurement points have been omitted. The conductivity decreases by approximately
15% over the initial 2-days and remains virtually constant over the remainder of the test period. This would indicate
a very sluggish reaction between the fly-ash particles and lime with little strength development; regarding the latter,
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this was the case as samples could easily be crushed by hand and would agree with published work [8]. Fig. 2(b)
presents the conductivity response for all ashes using Na,SO, in the gauging water. It should be noted that the
conductivity of these mixtures is almost an order of magnitude higher than their base-mix counterpart values due to
the increased ionic content within the gauging water. All curves now display a central region where there is a
reduction in conductivity which would signify an increase in rigidity of the mixture, although the time at which this
decrease occurs, the time-scale over which the central region occurs, and the rate of the decrease of conductivity are
different for each material. These features could be used to quantify the pozzolanic reactivity of each ash;
moreover, the derivative of the conductivity/time curves (i.e. do/dt) could be considered as indicative of reaction
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Fig. 2. Change in conductivity for (a) base-mix with FA2, and (b) base-mix with Na,SO, dissolved in gauging water.

kinetics, hence microstructural development [3].

Fig. 3 presents the conductivity/time response for FA4 and the resulting do/dt curve. Four regions can be
identified: Region I, from initial gauging up to approximately 75 hours, over which time do/dt displays minor
fluctuations, perhaps indicating some initial chemical activity; Region II, from 75-113 hours, representing an
acceleratory period with more rapid chemical activity and is taken to signify stiffening of the mixture; Region III,
from 113-145, representing a deceleration period and indicating a reduction in intensity of chemical activity; this
leads into Region IV, where there is a more gradual decrease in conductivity over the remainder of the test period.
Parallels can be drawn with calorimetry methods used to follow the hydration of Portland cement comprising a
dormant period, an acceleratory period, a deceleration period followed by a diffusion controlled period.

A number of metrics can be identified form the electrical responses presented in Figs. 2(b) and 3 which could
quantify the pozzolanic reactivity of a particular fly-ash. For example, Table 3 presents,

(a) the extent and duration of Region II; the shorter the duration of Region II, the more reactive the fly-ash;
(b) the ratio /050 Where o, and G5 are, respectively, the values of conductivity at the beginning and end of the
test period (i.e. at 150 hours); this ratio would give a semi-quantitative measure of the increase in rigidity of the
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Fig. 3. Change in conductivity for FA4 in Fig. 2(b) and Fig. 4. Relative change in conductivity for FA3 at

its derivative, do/dt. different ambient temperatures.
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Table 3. Summary of derivative data for fly-ashes (at 20°C)

Extent (duration) of

Go/Giso

Ash Region II |do/dt|max Time, T, to |do/dt|max
(hrs) (x10* S/cm.hr) (hrs)

FAl 75-117 (42) 411 53 117

FA2 48-73 (33) 11.07 6.2 73

FA3 57-85 (28) 20.28 6.2 85

FA4 75-113 (38) 6.70 5.4 113

FAS 81-130 (49) 2.89 3.5 130

FA6 50-82 (32) 14.86 4.7 82

specimen, with increasing rigidity reflected by increasing values of 6,/G 5.
(¢) the maximum value of the derivative, |do/dt|,,., Which would increase with increasing reactivity of fly-ash;

and,

(d) the time, T, to the maximum value of |do/dt|; as with (a) above, the shorter the time, T, the more reactive the

fly-ash.

It is evident that there is a good correlation between the values presented in Table 3 and the fineness/coarseness

of the ash.

A limited study was undertaken on the influence of ambient temperature on reaction kinetics. Fig. 4 presents the
response for FA3 using the base-mix with Na,SO, dissolved in the gauging water; in this Figure, the change in
conductivity, o, relative to the value at the start of the, o, is presented. This Figure clearly indicates that the
reaction process is also thermally activated with increasing temperature reducing the time zones over which Regions

I-IV start/end.

3.2. Frequency Effect Studies

Fig. 5(a) and (b) displays, respectively, the Nyquist plot for mortar samples obtained ~20 minutes after gauging
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Fig.5. Nyquist plots for mortars (a) 20 minutes after mixing, and (b) 3-days after mixing.
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and ~3 days after gauging, with data presented within the frequency range 100Hz-10MHz. For clarity only selected
measurement points are highlighted, although plots are drawn through all measurement points. A plain CEM I
cement mortar and CEM I mortars with FA2, FA3 and FA6 ashes are presented; some salient frequencies are
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indicated on these plots.

The plot for the plain cement mortar displays a typical two-region response which is well documented [4], with
the electrode polarization arc forming the right-hand-side of a 'V' shaped plot, and a small arc forming the left-hand-
side representing the bulk (sample) response. This feature is more evident in Fig. 5(b). The addition of fly-ash
results in several significant changes in the Nyquist plot:

i)  the two regions associated with the plain mortar response become separated by a distinctive plateau region
creating a response which is now characterised by three distinct zones: the electrode response, a flat region
associated with the inclusion of fly-ash, and a bulk arc;

ii)  the addition of fly-ash results in an overall displacement of the Nyquist plot to the right; and,

iii) the different fly-ashes produce detectable differences; for example, FA2 displays a distinct plateau region,
which takes the form of a circular arc whose centre is depressed below the real axis; FA3 also displays a
circular arc, but the extent of the plateau region is reduced in comparison to FA2; FA6, although having
similar resistances to FA3, displays a plateau region which is not as prominent or arc-shaped as FA2 or FA3.

Fig. 5(b) also illustrates the persistence of the effect of the fly-ash even after the cement component has set and
entered the hardening process. Regarding (iii) above, this feature is more clearly seen in Fig. 6(a) whereby the
Nyquist plots in Fig. 5(a) are normalized by dividing both Z'(@) and Z"(w) by the respective value of bulk resistance
(Ryp) obtained at the junction between the electrode arc and sample response [9]. This allows a better comparison
between the three different ashes as there will be minor variations in the pore fluid chemistry (hence bulk resistance)
resulting from differing oxide compositions. Regarding their composition, the most significant difference between
these three ashes lies in their carbon content, which is quantified by their LOI. FA2 and FA3 have similar LOI's
(5.5% and 5.3% respectively) hence a similar response as shown in Fig. 6(a); however, FA6 is approximately 60%
less (1.9%). The electrically conductive nature of the unburnt carbon [9] would explain the reason as to why the
plateau region is not as prominent in FA6. It is also interesting to note that this plateau region between the electrode
spur and the bulk arc has been identified in fibre reinforced cement composites containing (electrically conductive)
carbon/steel fibres [10, 11]. Fig. 6(b) shows the cellular morphology to unburnt carbon in fly-ash.

Fig. 7(a) and (b) present the Nyquist plots taken ~20 minutes after mixing for, respectively, neat cement pastes
and concretes with different fly-ash replacement levels (FA2 used in this set of tests). This further highlights the
influence of the fly-ash on the electrical response with the plateau region increasing almost in direct proportion to
the fly-ash content. The Nyquist plots also become more progressively displace to the right as the samples become
more resistive and would imply that the fly-ash is acting as an inert filler at this early stage in the hydration process.

0.3 —————T——T—T—
I @

-0.2

Normalised Z"(w)

-0.1

U ad? .

A/\(.a: V  Spot Magn
(S 20.0 kV 3.6 1596

Normalised Z'(w)

Fig.. 6. (a) Normalised Nyquist plots in Fig. 5(a) allowing comparison of the extent of the plateau region, and (b)
micrograph showing cellular nature of unburnt carbon.
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Fig. 7. Nyquist plots for (a) paste and (b) concrete specimens with replacement levels of 0%, 10%, 25% and 40%
4. Concluding Comments

This paper has extended the range of application of EIS to characterise fly-ash in terms of its unburnt carbon
content and reactivity with chemical activators. It was shown that single frequency (10kHz) electrical property
measurements could be exploited in following the reaction kinetics — at ambient and elevated temperatures - when
FA is activated with a suitable activator or combination of activators; it was found that the fineness of the ash played
an important role in this respect. A number of salient features were identified from the conductivity vs. time
response and the do/dt curve which could be exploited in evaluating the efficacy of different activators. In
connection with the unburnt carbon-content of the ash, this results in the emergence of the distinctive plateau when
plotted using the Nyquist formalism. As strict requirements are set on the LOI of the ash, EIS techniques could be
exploited as a rapid means of quality control in this respect.
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Abstract

Sustainable infrastructures may be achieved by utilizing green construction materials. In term of reinforced concrete structure,
this could be attained by the use of concrete with less cement content. In this research, self-compacting concrete has been
developed with an inclusion of high volume fly ash as cement replacement. The benefit of incorporating high volume fly ash on
the creep behaviour self-compacting concrete was investigated through experimental laboratory. The short-term data were then
used to estimate long-term creeps with the ACI 209 model. A computation of creep effect on the long-term deflection of
reinforced self-compacting concrete beam was accomplished to study the influence of major parameters on the magnitude of
deflection.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Infrastructure has a significant impact on sustainability, and promoting sustainable infrastructure is an urgent
need. Sustainable infrastructure may be achieved by utilizing green construction materials. It is recognized that
concrete, one of the major construction materials utilized for the development of various infrastructures, is not
sustainable for a variety of reasons. First, the production of concrete consumes a huge quantities of virgin materials.
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Second, the principle binder of concrete is Portland cement, the production of which is a major contributor to green-
house gas emissions that are implicated in global warming and climate change. Third, many concrete structures
suffer from lack of durability which has an adverse effect on the resource productivity of industry [1].

A special type of concrete, namely self-compacting concrete (SCC), has been developed and widely used in the
concrete industry to efficiently reduce the need for vibration in order to obtain a good quality of hardened concrete.
The ability of SCC to flow, pass through obstacle, and fill any spaces in the congested area offers advantages in term
of concreting practices over conventional concrete. However, the composition of SCC tends to have a higher cement
content compared to that of normal concrete. Hence, a reduction of cement content in the SCC composition becomes
necessary to promote more sustainable concrete. The reduction can be accomplished by a partial replacement of
cement with a high volume fly ash i.e. at least 50% by weight of cement is replaced with fly ash.

SCC incorporating high volume fly ash has been the subject of various investigations. Based on the previous
works [2-5], the strength of SCC could be expected to reach in the range of 15-25 MPa at 28 day; but the
compressive strength is still increased to 25-32 MPa at 90 day. A high strength SCC with high volume fly ash is also
possible. An inclusion of high volume fly ash in SCC could improves the durability of the concrete. The chloride
penetration resistance of this concrete is optimum at about 55% fly ash replacement level. A better resistance of this
concrete against sulfuric acid attack is found when a higher volume fly ash is incorporated. The present of high
volume fly ash could also reduce the shrinkage of SCC. In addition to all of these properties, the design and
utilization of structural SCC containing high volume fly ash should also consider time-dependent effect of creep
which control serviceability of structural member.

Concrete with higher cement content as that of SCC tends to show a higher creep than that of normal concrete. A
higher creep leads to a higher long-term deflection. In the normal reinforced concrete element, creep contributes to
the long-term deflection of reinforced concrete beam by a factor of 2. If SCC is used instead of normal concrete, the
portion of deflection due to creep will be much higher [6]. Hence, to reduce the deflection of reinforced self-
compacting concrete element, a modification in the ingredients of SCC is proposed. It is known that the influencing
parameters that affect creep are similar with that of shrinkage [7]. One of the major influencing parameters is cement
content. Since cement is the source of both shrinkage and creep in the concrete, replacing a portion of cement with
fly ash at high volume level could be justified to lower creep [5].

Modern design codes of structures require that a structure must be designed to simultaneously satisfy a number of
different limit states including strength and serviceability. One of the specified criteria to satisfy the serviceability
limit states is that the magnitude of deflection must be limited [8]. To be able to assess the deflection of reinforced
concrete element that utilizing SCC with high volume fly ash, it is necessary to, first, quantify the creep behaviour of
this type of concrete. Two methods may be employed to quantify creep i.e. quantification of creep based on the mix
composition of concrete and quantification of creep based on the short-term data. The ACI 209.2R-08 [9] model for
estimating long-term creep does not recognize the influence of fly ash as cement replacement at high volume level.
Most of other codes have also been developed using data of normal concrete. Hence, for the current research the best
way to quantify the long-term creep behaviour of SCC containing high volume fly ash is by measurement of this
concrete for short-term period. The obtained short-term data of creep are then used to estimate the magnitude of
long-term creep using ACI 209 model. The procedure of estimating long-term creep adopted in this research is
similar to that for shrinkage [5,10-11]. After creep has been quantified, the next step is to calculate creep effect on
the structural concrete and check if the serviceability limit is satisfied.

Method to calculate long-term deflection with respect to the effect of creep proposed in the ACI 209R-92 [12] is
to calculate the time-dependent deflection based on empirical formula that gives the time-dependent deflection as the
instant deflection multiplied by the factor A where A representing the effect of creep and reinforcement ratio. The
effect of creep may also be calculated using analytical model instead of empirical formula [8,13]. The gradual
development of creep strain in the compression zone of a reinforced concrete cross-section causes an increases of
curvature and a consequent increase in the deflection of the member. Creep in the compression zone causes a
lowering of the neutral axis and a consequent reduction in the compressive stress level. Creep is slowed down as the
compressive stress reduces, and the increase in curvature is proportional to a small of the creep coefficient. For a
cracked beam, the tensile zone of concrete below the neutral axis is assumed to carry no load and thus, does not
creep. For this reason, the relative increase in deflection caused by creep is greater in an uncracked beam than in a
cracked beam, although the total deflection in the cracked beam is significantly greater [8]. For the current research,
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ACI 209 method of estimating creep effect on concrete structures is adopted to assess the influence of high volume
fly ash on the deflection of reinforced concrete beam.

2. Laboratory Investigation of Creep
2.1 Mixture Proportion

The composition of SCC was determined following the recommendation by Okamura and Ozawa [14]. First,
coarse aggregate (CA) having a maximum size of 10 mm was proportioned at 50% of the total volume of solid
ingredients. Fine aggregate (FA) was selected to be 40% of the volume of mortar. Volume ratio of water/cement
(WI/C) was chosen in the range of 0.9-1; and finally the superplasticizer (Sp) dosage was determined to meet the self-
compacting concrete criteria. After several trials, the following proportion of SCC was obtained as per m*: 670 and
671 kg of CA and FA, respectively; 677 kg of cement (C) and 151 kg of water (W). The mixture required 7.72 kg of
Sp. The amounts of fly ash were then determined to replace cement at 35%, 55% and 65% by weight of binder.
Hence, three mixture composition were proposed and identified as SCC-35, SCC-55 and SCC-65. To reduce
excessive water in the mixture as a consequence of cement replacement with fly ash, the amount of water was
adjusted to maintain the mixture possessing similar flowability. Table 1 summarizes the proportion of SCC used in
this research.

Table 1. Proportion of SCC

- R Cement Sand Coarse Aggregate Water -
Mix Identification Fly ash (k Superplasticizer (k
(kg) yahks kg (kg) (k) perp (ko)
SCC-35% 440 237 671 670 151 7.72
SCC-55% 305 373 671 670 149 7.72
SCC-65% 237 440 671 670 124 7.72

2.2 Fresh Properties of SCC
The following test methods were carried out to assess the fresh characteristics of SCC i.e. flow table, J-Ring, L-
Box, Box-Type and V-funnel test. These test methods followed reference [15]. All three mixes meet the

requirements of SCC as shown in Table 2.

Table 2. Fresh Properties of SCC

Results
Type of test Parameter
SCC-35% SCC-55% SCC-65%

diameter (mm) 745 740 765

Flow Table ts00 (S€C) 3.70 3.57 3.27
velocity (mm/sec) 32.533 37.463 54.255

diameter (mm) 605 680 665

J-Ring ts00 (S€C) 9.58 8.36 7,15
velocity (mm/sec) 17.958 35.380 35.395

ta00 (S€C) 3.34 4.20 5.40

L-Box Type taoo (s€C) 6.50 6.70 7.20

h2/h1 0.73 0.90 0,85

Box Type h2 (mm) 350 350 350
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h2/h1 1 1 1
V funnel t (sec) 24.73 22.98 16.00

2.3 Measurement of Creep

Five cylinder specimens of 7.5 mm x 275 mm were cast for each mix proportion of SCC. The shape and size of
the specimens followed RILEM TC 107-CSP [16]. On each surface of cylinder specimen, 4 pairs of demec points
with gauge lengths of 200 mm at equidistant of 90° were glued using epoxy adhesive. All the gluing process of
demec points were conducted at 1 day after casting. Three of these specimens were prepared for measuring time-
dependent deformation without loading (shrinkage). While the rest of the specimens would be arranged in series and
axially under a sustained compressive load in the creep loading frame (see Fig. 1). The compressive load was
applied by tightening loading nuts to give an axial stress equals to 30% of the compressive strength. For the current
study, the following compressive strengths were obtained at 28 day: 54.5, 46.9 and 40.1 MPa for SCC-35, SCC-55
and SCC-65, respectively. The target loading stress could be determined by measuring the deformation of steel
dynamometer that had been calibrated. The instantaneous (elastic) deformation due to the applied axial compressive
stress and the subsequent time-dependent deformation due to the sustained compressive stress were observed by
measuring the change in length of the distance between a pair of demec points. Both deformation (change in length)
on the unloaded and loaded specimens were measured using a demountable mechanical (Demec) strain gauge with a
resolution of 1 micron. For every single specimen, the deformation was calculated as an average of four
measurements of changes in length. The obtained values of change in length were then divided by the original length
(gauge length) to determine the deformation in a strain unit. The time-dependent deformation on the loaded
specimen represents the total deformation due to both shrinkage and creep. Hence, to determine the deformation due
to creep, this total deformation must be subtracted by the time-dependent deformation on the unloaded specimen
(shrinkage). Both deformations on the loaded specimens and their concurrent deformations on the unloaded
specimens were measured for a period of 90 days under laboratory environment.

Steel Rod — Cylinder Specimen
“Loading Nut "Demec Point
ISteel Plate —Recessed Steel Plate
Q — T— e
. T ey & . e e .
@ 4
- Steel Ball Bearing —!
Dynamometer
Tie Rod

Fig. 1. Arrangement of specimens in creep loading frame
3. Creep Behaviour of SCC Incorporating High Volume Fly Ash
3.1 Short-term creep

The time-dependent total deformations measured on the loaded specimens are presented in Fig. 2. (a). These
magnitude of total deformations must be deducted by the deformations due to shrinkage measured on the unloaded
specimens (Fig. 2. (b)) to obtain the time-dependent deformations due to creep (Fig. 2. (c)). The magnitude of creep
is influenced by the level of sustained load; so it is convenient to convert the value into creep coefficient for
structural creep analysis. Creep coefficient is defined as a ratio between deformation due to creep and that of due to
elastic property of the concrete. The value of creep coefficients for the type of concretes investigated in this study
are summarized in Fig. 2. (d). The figure clearly shows that incorporating high volume fly ash into SCC has a benefit
of reducing creep. A lower creep is observed in SCC with a higher inclusion of fly ash. The effect is consistent with



Stefanus A Kristiawan/ Procedia Engineering 00 (2017) 000-000 5

that observed on shrinkage. These results indicate that both creep and shrinkage are influenced by the similar
parameters. For this current study, it is the proportion of the binder which gives a significant effect. SCC with 55-
65% fly ash could reduce the value of creep coefficient by 50-60% compared to that of SCC with 35% fly ash. It is
recognized that cement is the most important factor in creep because the hydrated cement paste is the seat of the
phenomenon. The effect of cement is twofold: that arising from the physical and chemical properties of cement, and
that due to variation in the amount of the hydrated cement paste. The first effect will be significant when a different
type of cement or binder is used. For similar cement or binder, the later effect could be prominent. Creep decreases
with a decrease in the cement paste content [17]. For this current study, there are no differences on the type of
cement and fly ash which are used for the production of all SCC mixtures. The difference is only on the amount of
the proportion of the binder. Thus, this difference in the proportion of the binder could be responsible to the creep
behaviour of SCC observed in this study. SCC with a higher level of fly ash (or lower cement content) tends to have
a lower creep.
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g S 1500 i
©
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o X
S £ 1000 k1
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Fig. 2. Short-term time-dependent deformation properties of SCC

3.2 Prediction of long-term creep

ACI 209.2R-08 [9] provides a guide for modeling and calculating shrinkage and creep in hardened concrete. The
model is applicable for typical composition of concretes having a compressive strength within a range of at least 20
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to 70 MPa. Concrete with fly ash content larger than 30% is excluded. ACI 209 model has two components that
determine the asymptotic value and the time development of creep is presented in Eq. (1) where the predicted
parameter is in the form of creep coefficient.

(t _to)o'6

T

9, M

¢(t,t0) = creep coefficient

@, = ultimate creep coefficient

t  =duration of loading (days)
to,  =time at first loading (days)

For the standard conditions, the average value proposed for the ultimate creep is 2.35. This value needs to be
modified by correction factors to account for conditions other than the standard conditions. For concrete with
composition of fly ash larger than 30% and conditions difference to those specified as standard conditions, the
model may be applied by providing the short-term data of creep. Thus, the model is used to extrapolate the tendency
of creep as obtained from the short-term measurement. The extrapolation procedure is, first, to determine the
ultimate creep value. This can be evaluated from the time ratio of Eq. 1 and the short-term creep coefficient data.
Based on this evaluation technique, the obtained ultimate creep coefficients are summarized in Table 3. The ultimate
creep coefficients of these SCCs are likely to be higher than the ultimate creep coefficient proposed in ACI 209
model. The fewer amount of coarse aggregate in the SCC mixtures may be the cause of this phenomenon. While the
cement paste is the source of deformations both due to shrinkage and creep, the present of aggregate will restrain the
deformations. Thus, the restraint of deformations on concrete with fewer coarse aggregate will be certainly lesser.

The next step in the prediction of creep coefficient is to use the ultimate creep coefficients to extrapolate the
creep coefficients in time using Eq. 1. The results are presented in Fig. 3. It can be shown that the creep coefficients
at 3 months and 1 year after loading could reach about 60% and 80% of the ultimate value, respectively, for all the
SCC mixtures. After 1 year of loading, the development of creep coefficient is very slow and it requires at least 5
years for creep coefficient to attain 90% of the ultimate value.

Table 3. Ultimate creep coefficient

Concrete @,

SCC-35 5.26

SCC-50 3.28

SCC-65 2.59
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Fig.3. Predicted creep coefficient of SCC
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4. Prediction of Creep Effect on the Deflection of Reinforced Concrete Beam

Prediction of structural response of reinforced concrete due to creep effect is complicated by a continuous
redistribution of stress: the neutral axis is lowered with a consequent decrease in the stress in concrete and an
increase the stress in steel. However, an exact analysis of creep effect is not always necessary in most cases. A
simplified method of creep analysis may be used as an alternative which still delivers an acceptable result. ACI
209R-92 [12] provides simplified methods of creep analysis for two cases. One of the cases is when the gradual time
change of stress due to creep and shrinkage is small and their effect is negligible. For this particular case, the
deflection of reinforced concrete beam due to creep, A, is calculated using Eg. (2) as follows:

Aty = 5P (2

where A; is instantaneous (elastic) deflection at time t, when the load is first applied and & is a factor to account for
the movement of neutral axis and the presence of compression steel in reinforced member Ay’, and the inclusion of
tension reinforcing steel As. The value of & is estimated using Eg. (3):

& =0.85- 0.45(%) , but not less than 0.40 (3)

The instantaneous deflection A; could be calculated from a static analysis as given in Eq. (4)

_ M’
T E,

(4)

where € is a constant depending on the type of loading and of support, M is a maximum bending moment, | is the
span length, E is an initial elastic modulus and I is the moment of inertia of the cross section of the reinforced
concrete beam.

Table 4. Material and cross section properties of the reinforced concrete beam

Reinforced Concrete Beam Section Properties SCC-35 SCC-55 SCC-65 Unit
Compressive strength f'c 54.5 46.9 40.1 MPa
— Flexural strength fr 6.21 5.52 451 MPa
-@ Elastic modulus Eci 31702 32823 32911 MPa
Ultimate creep coefficient ¢u 5.26 3.28 2.59 NA
28-50mm = Compression steel As' 100.53 100.53 100.53 mm2
i Tension steel As 402.12 402.12 402.12 mm2
L Yield strength of steel fy 437.89 437.89 437.89 MPa
—r | Elastic modulus of steel Es 200000000 200000000 200000000 MPa
15 Gross Moment of Inertia lg 209527370 208962949 208920229 mm4
Cracked Moment of Inertia ler 60272160 58737240 58621174 mmé
Cracking Moment Mcr 10670544 9621418 7722728 N.mm
Effective depth (d) = 200 mm Yield Moment My 31568100 31852019 31874306  N.mm

Span length (I) =3 m Effective Moment of Inertia le 105371841 108603056 108844832  mmd
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For the purpose of illustrating the effect of SCC creep incorporating high volume fly ash on the deflection of
reinforced concrete beam, a parametric study is executed. The material and cross section properties of the reinforced
concrete beam for this parametric study are summarized in Table 4. A simple beam having a span length of 3 m and
an effective depth of 200 mm are considered in this study. For this deflection analysis, an area of any part of the
composite section is replaced by a transformed area. Deflection of the beam will be examined on two conditions of
loading. First, a distributed sustained load which gives a maximum bending moment (Mp) below cracking moment
(M) is analyzed to represent the uncracked reinforced concrete beam. Second, a higher distributed sustained load
causing a maximum bending moment (Mp) greater than cracking moment (M) but less than first yield moment (M)
is evaluated as an example of cracked reinforced beam. The results of predicted instantaneous and time-dependent
deflection due to creep of SCC incorporating high volume fly ash are given in Table 5 and Fig. 4, respectively.

Table 5. Instantaneous and ultimate deflection due to creep

Level of loading Instantaneous deflection A; (mm) Ultimate deflection due to creep A0y (MM)
Mo (N.mm) SCC-35 SCC-55 SCC-65 SCC-35 SCC-55 SCC-65
600000=Mp<Mg 0.85 0.82 0.82 3.28 1.98 1.54
12000000=Mp>M,, 2.15 3.16 3.14 8.35 7.63 5.93
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(a). Deflection of uncracked reinforced concrete beam (b). Deflection of cracked reinforced concrete beam

Fig. 4. Time-dependent deflection due to creep

The instantaneous deflection of uncracked reinforced concrete beam is similar for all SCC mixtures as the gross
elastic modulus of all the concretes is almost the same. On the other hand, for cracked beam the instantaneous
deflection of SCC-35 is the lowest. The reason is that the flexural capacity of this concrete is the highest and so for
similar level of loading, the SCC-35 beam would crack with the least intensity. Given the least intensity of cracks,
SCC-35 would maintain the highest rigidity. Consequently, under similar level of loading SCC-35 exhibits the
lowest instantaneous deflection.

For the time-dependent deflection due to creep (Fig. 4), the trends are consistent with the contribution of SCC
creep. SCC with a higher creep coefficient would produce a higher deflection both on the uncracked and cracked
reinforced concrete beam. It is noticed that the gap of the time-dependent deflection on cracked beams between
SCC-35 and SCC-55 is closer than that of uncracked beam. The explanation is as follows: the rigidity of the
uncracked beams is almost similar and so the magnitude of time-dependent deflection is merely dependent on the
creep coefficient. In the meantime, for cracked beam a higher rigidity of the SCC-35 beam plays a significant
contribution to reduce the deflection. Hence, the difference in the magnitude of time-dependent deflection becomes
closer.

The ultimate contribution of SCC creep on the deflection of reinforced concrete beam is in the range of 1.89-3.89
multiplied by instantaneous deflection (Table 5). For SCC-65, the contribution (1.89) is similar to the contribution of
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normal concrete creep. At 3 months and 1 year of loading, the deflection due to creep counts to about 60% and 85%
of its ultimate value.

5. Conclusions

A high magnitude of SCC creep could be reduced by incorporating a high volume fly ash as partial cement
replacement. A reduction of creep by 50-60% could be expected when the fly ash replacement level is increased
from 35% to 55-65%. The predicted ultimate creep coefficients of SCCs using ACI 209.2R-08 model confirms that
the values are higher than that of standard concrete proposed in the model. However, an inclusion of fly ash at 65%
by weight of cement will diminish the predicted ultimate creep coefficient of SCC to a similar level with that of
normal concrete suggested by ACI 209.2R-08 model. The long-term deflection of reinforced concrete beam due to
creep as calculated using ACI 209R-92 model is influenced by both the initial instantaneous deflection and the creep
coefficient of the concrete. At an uncracked level of loading, the instantaneous deflection of all SCCs is similar but
at a cracked level of loading, SCC-35 gives the lowest instantaneous deflection which is associated with its highest
rigidity (least cracks intensity) as a consequence of its higher flexural capacity. However, the ultimate deflection of
SCC-35 is the highest since the portion of long-term deflection due to its creep is the largest compared the other
SCCs. Generally, SCC creep contributes to the long-term deflection by a factor of 1.89-3.89.
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Abstract

Agro-concrete concept seems to create interesting links between agriculture sector and building industry. Over the last years,
researcher around the world have reported their investigation on such material made out of different type of agricultural by-
products mixed with lime-based binder. Based on the locally use natural aggregate and good thermo-physical properties, they are
considered as as eco-material for more comfortable low carbon building. Indeed, energy efficiency or thermal conform are
improved from optimization of building envelopes. In this paper, we focus on producing concrete block under mechanical
compaction method from two types of rice husk (natural and reusing) mixing with binder (hydrate lime and metakaolin). Physio-
mechanical properties of concrete block were characterized at appropriate period of curing condition in dry air. Empirical results
show that both compressive strength and splitting strength of concrete block evolve over time due to pozzolanic reactivity and
natural carbonation reaction. Low thermal conductivity 0.27 W/mK with normal density 880 kg/m3 in mixed formulation deal
with the purpose of using in thermal and acoustic insulating solution. In the current context of rural development in the delta
region, the objective of using rice husk concrete for non-load bearing wall building as filling material or non-fired brick would be
discussed.
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1. Introduction

In building sector, the passive house is now a sustainable construction concept that provides for affordable, high-
quality buildings as well as comfortable, healthy living conditions [1]. In general, specific requirement of passive
house standard are rigorous for helping us to improve energy efficiency and to reduce environmental impact of
house building. Researchers and professional engineers around the world contribute to practical implementation of
passive house certificate from this point of view after considering local climate condition for regionally optimised.
For example in tropical climate, they require protecting measure from solar load such as using fixed shading devices
for windows, using reflective, cool colours, low-e solar windows with high selectivity and moderate level of
insulating materials for thermal comfort. Technically, good practice to build a passive house combine firstly an
appropriate architecture design, secondly a new technology in energy saving system and thirdly a relevant material
solution. The third one should be negative carbon building material or eco-friendly material. Currently, that is the
case of hemp concrete that met such requirement and becoming increasingly demand in some European country and
US. We mainly use in housing as filling material or casting material around load-bearing wooden structure for wall
application (figure 1). Neutral carbon footprint of vegetable aggregate deduce from the fact that plants store carbon
during their growth and the carbon remains locked within the plant material until it decays. Moreover, the absorption
of CO2 by lime partially offsets its release during the production of the binder. Furthermore, using lime helps
regulate temperature and humidity within building because it is moisture permeable [2]. In the same way of hemp
concrete, eco-friendly materials using locally available agriculture waste are in full development, for example
bagasse fibres [3], flax shives [4], hemp hurds [5-8], sawdust [9] and rice husk [10].

Fig. 1. Hemp concrete and practical application in wall building, redrawn with photo from ref. [11].

In Mekong delta (South of Vietnam), rice cultivation is one of the most important economic sector in agriculture.
It contributes to overall performance of rice export 6.7 million ton per year of Vietnam. Rice husk is protective shell
of the grain, represent about 20 wt% of the whole grain. Hence, in Mekong delta of Vietnam, rice farming produces
nearly 1.9 million ton per year of rice husk and almost Vietnamese farmer regard this by-product as waste materials
often buried in the ground. In larger scale, recently rice husk was consumed for electricity generation because of
their high calorific value. Amorphous silica resulted from rice husk burning process could be used in cement
industry as pozzolanic admixture. However, burning process in general makes impact on the environment and not
easy to obtain high content of silica in rice husk ash because of their peculiar silica—cellulose structural arrangement
[12]. Therefore, rice husks cause critical problems in Mekong delta of Vietnam because significant volumes are
generated and not used in a beneficial way. The fact that using of raw and whole rice husk in concrete has rarely
been investigated is due to common concern about durable properties of natural aggregate and about mechanical
performances essentially studied in practical application of concrete material. This study combines the use of lime-
based binder and rice husk to design lightweight concrete block or commonly name non-fired brick. In this regard,
rice husks would be considered as natural aggregates like hemp hurds in above hemp concrete. In the following
paragraph, we investigate using two types of rice husks as raw product for concreting. Different mix proportions of
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rice husks and lime-based binder were formulated concrete block in order to analyse variation of their physio-
mechanical properties over curing time.

2. Experimental study

In practice, to produce lightweight concrete, there is a compromise between thermal conductivity and
compressive strength. The more we use natural aggregate, the more we obtain lightweight concrete with low thermal
conductivity. Less mixing water are added in concrete producing, more we obtain high resistance in compression.
Hence, concrete mixture correspond to different binder on aggregates mass ratios and water content.

2.1. Sampling procedure

As we know, one of the difficulties encountered during the mixing period of hemp concrete is competition for
water absorption between the binder and natural aggregate. For this reason, it is essential to take into account the
water absorption capacity of the raw natural particles. But in general, rice husks absorb less water due to their low-
porous microstructure. Short particle with boat-like shape and spherical extremities of rice husk also permit to
disperse easily in binder matrix. Water demand of lime-based binder 0.73 was tested according to standard ASTM
C110. Water mixing in concrete was taken at 0.70 for laboratory concreting condition.

First type of rice husk is natural product that collected from a nearby rice milling station in Long An province.
Respectively, 15 wt% and 20 wt% of natural rice husk were added in two series of concrete sample, named RH15
and RH20. Second type of rice husk is collected from water filter material of wastewater-treatment plant Binh Hung
- Binh Chanh. We rely on the point of view that using solidification/ stabilization technology stabilize the heavy
metal contaminant and reduce their mobility. 15 wt% of these reusing rice husk (RHW) was added in formulating
lightweight concrete.

i Natural :
: rice husk H
‘ Reusing :
i rice husk V

Material characterized

Workability
Concrete sampling }—l
v
Physio- Mechanical Material
mechanical test resistance analysis

I [ |

Fig. 2. (a) Schema of experimental campaign; (b) Different step in producing rice husk concrete.

Different step in experimental campaign are summarized in figure 3a. Before casting in molds, mixture of raw
material and binder was realized in laboratory pan mixer. Total mixing time in mixer was around 20 minutes
including first mixing of lime binder and final incorporating of natural aggregate little by little. The mixture was
then placed in cubic mold 15x15x15cm and cylindrical mold $15x30cm. A mechanical tamping device (figure 3b)
was used for sample compaction. For cubic specimens, the height of a single layer is equal to one-third of the total
height of the concrete specimen (5¢cm) and the compacting action 18 times (eg. 3 rounds) is the same for all layers.
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By increasing water content, we could obtain lower viscous concrete mixture for sampling in spraying machine.
That could be an important factor to increase production yield in practical application. Concrete samples were
demolded after 24 hours kept in room condition (T=28-30°C, RH=80+10%). The process of sample curing was
applied until hydric stabilization. These specimens kept outdoors for curing period. It is noted that cylindrical
samples must be kept carefully from deformation during first time of drying period due to their important height.

2.2. Lime binder and rice husk aggregate

Lime is now regarded as better candidate material than cement for sustainable development. In term of
mechanical resistance, rapid setting time, cement is more suitable material solution. But that is not the case of non
load-bearing element in housing. Aerial lime Minh Duc (90% of Ca(OH),) has been chosen for its great capacity to
generate carbonation reaction to convert calcium hydroxide into calcium carbonate. This process starts mostly when
the lime has dried enough and it can last for month even years. That is also reason for using metakaolin as mineral
admixture. This is high quality supplementary cementing material. We obtained such material from heat treatment
of natural kaolinite Lam Dong. Chemical composition of local resource metakaolin is given in table 1. More we use
metakaolin, more we attribute short-term resistance to concrete material. However, we limited the use of metakaolin
5 wt% in mixture for reasonable cost of binder.

Table 1.Chemical composition of lime binder and metakaolin Lam Dong.

Oxides CaO Si02 AI203 Fe203 MgO  Others LOI
Hydrate lime Minh Duc 62.1 0.14 0.05 0.05 0.08 9.68 27.9
Metakaolin Lam Dong 0.53 55.1 40.46 1.09 0.56 1.44 0.82

Table 2. (a) natural rice husk from Long An; (b) reusing rice husk from Binh Chanh.

Weeks

(a) Natural
rice husk
Long An

(b) Reusing
rice husk
Binh Chanh

Natural rice husk was selected as a local resource. Literature reveals that depending on the resource, there are in
rice husk 75% organic compound and 25% silica inorganic compound. 75% organic compound consists of 45-60%
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cellulose/hemi-cellulose and 25-30% lignin [13]. To compare with other lignocellulose material, total amount of
cellulose/hemi-cellulose compound is quite high as those of coconut fibre, but smaller than those of hemp hurd (65-
70%). In reusing rice husk, the heavy metal contaminant include Pb 32.76ppm, Cd 0.596ppm, Cu 142.9ppm, Zn
382.4ppm and they showed dark colour, smaller particle size than natural resource.

Table 2 shows the result of dissolution two type of rice husk in high alkali solution. These test consisted in
immersing the particles in pure limewater solution during period of 12 weeks and following photo taken at
appropriate interval of time respectively 4-8-12 weeks. After 10 weeks, natural rice husk exposed small dissolution
but remaining the integrity of grain particle. Reusing rice husk exposed dissolution of black coating layer and made
appear spherical particle inside. The results suggest that reusing rice husk remain good character and could be
recycled if we apply an appropriate technique.

3. Results

All concrete samples were kept 1 — 2 — 6 months indoors for hardening period. We discuss on the variation of
material character over that curing time.

3.1. Thermo-physical properties

Volumetric mass were registered on three type of concrete sample RH15, RH20, RHW at 2 months (table 3).
Average result shows only small difference: 880+10 kg/m3 for RH15, 69045 kg/m3 for RH15 and 920+15 kg/m3
for RHW. Those values are equivalent to plaster, foam concrete’s case but still higher than those of autoclave
aerated concrete block. By using more aggregate (5 wt% in case of RH20) permit us to decrease average density by
21.5%. Smaller particle size of reusing rice husk contributes to produce denser concrete block.

Table 3.Physical characteristics of rice husk concrete.

Sample series RH15 RH20 RHW
Volumetric mass, kg/m3 880+10 69015 920+15
Thermal conductivity, W/mK 0.27+£0.015 0.25+0.012 0.31+0.012
Water absorption, %wt 61.9+1.5 62.5+2.0 56.4+1.8

During the test of water absorption, all concrete samples were attributed same behavior: first, floating on the
water and then gradual wetting of sample skin and sinking in the water tank. In reality, high water absorption of
agro-concrete decrease gradually conforming to the progress of carbonation reaction. Among 3 series of concrete
samples, the densest specimens RHW attribute less water absorption result and that is not the case RH20.

Thermal conductivity of concrete block were measured on the apparatus QTM 500 at room temperature T=28°C,
RH<85%. Obtained results on table 3 show that thermal conductivity of RH20 0.25 W/mK is lowest, following by
RH15 0.27 W/mK and the one of RHW 0.31 W/mK. From the binder on aggregates mass ratio point of view, it
seems that we improve thermal isolation by using higher content of rice husk in mixture. High density of RHW
concrete sample was also penalized by the most important thermal conductivity result. Also we noted that,
experimental result is very sensitive with relative humidity of sample storage.

3.2. Mechanical properties

Compressive strength test were conducted on concrete block 15x15x15cm at different interval of curing period 1-
2-6 months. For 2 months sample, average results of drying shrinkage were about 1-3%. Compression load (kN) vs
time (s) curves on the figure 3a describe the global mechanical behavior of material under a constant load rate
1,7kN/s. 4 stages include OA (beginning) = AB (linear quasi-elastic behavior) - BC (recovery) - CP (towards an
elasto-plastic behavior). In general, such elasto-plastic behavior is revealed in almost case of polymeric composite
material. After the recovery stage (BC), the mineral binder and the interface between the natural aggregates and the
binder are progressively damaged. This fact makes compress aggregate part and cause significant deformations of



6 Nguyen Khanh Son et al.,/ Procedia Engineering00 (2017) 000-000

concrete specimens. However, the stress continues to involve due to the compaction ability of rice husk aggregates
without complete crack as usual brittle concrete [10]. Meanwhile, we pay attention to two peaks of compression
load, corresponding to early resistance (B) and to total failure (D) at 25s after B. Average result of compressive
strength are 0.38+0.03 MPa and 0.36+0.02 MPa, respectively mixture RH15, RH20 after 6 months. That means a
lower compressive strength of RHW samples than those of RH15. Regarding the effect of curing time, it seems that
the carbonation progress attribute more elasticity to 3 months samples. But in general the variation of resistance at
different interval of curing time was not so net.

., Load (kN)

_-~"RHW_IM

-
RH15_1M /RH20_2M
7t —-RH15_6M RH15_6M

RH15_2M ““**RHW_6M

L] ] 20 0 40 £ 60 i 80

time (s

Fig. 3. Curve of compression load vs time during (a) compression test; (b) a splitting test of concrete samples.

Splitting test was also conducted on concrete block $150x300mm after 6 months of curing time. We applied
stress constant rate 0.00002 N/mm?%s conforming to the requirement of ASTM standard. Figure 3b shows the
behavior of material until total failure, including 3 stages: OA (beginning) > AP (critical resistance at P) > after P
(sample splitting, decreasing resistance). Average splitting strength was 0.07+0.003MPa, 0.09+0.002MPa and
0.07+0.003MPa respectively for RH15, RH20 and RHW sample series. That means there is a no difference in
resistance between two sample series mixing with natural rice husk and reusing rice husk. To use 20 wt% of rice
husk in concrete made increase splitting strength by 30%. Such result permit to conclude that tensile strength of
agro-material is a relevant property for practical application in wall building.

3.3. Matrix analysis by mean of TG/DTA

Given in the figure 4a is the result of thermal analysis TG/DTA of powdered material that we extracted from
concrete sample. Between 30-200°C, there is a continuous mass loss about 2.089 wt% corresponding to free water
evaporation and/or combustion of organic compound. Between 300-500°C, a mass loss 12.851 wt% associated with
endothermic peak on DTA curve corresponds to the dihydroxylation reaction of portlandite. Mass loss between 575-
800°C is the most important 19.142 wt% that attributes to the decarbonation reaction of calcite. Last result confirms
the presence of calcite after 6 months of hardening due to natural carbonation. In reality, after 1 month, hardening
specimens are covered by a rigid skin, mostly composed of carbonate lime.
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Fig. 4. (a) Diagram of thermal analysis TG/DTA of powdered material; (b) Test on carbonization depth by using phenolphthalein as indicator

Slow carbonation progress could take month or even year for extend the carbonation depth from surface to core
of concrete specimens. We tested with phenolphthalein as indicator of carbonation depth. Respectively, they showed
faint pink color on the surface skin and pink color on the cutting core of producing rice husk concrete (figure 4b).
We explain such result by the fact that pH of portlandite decreased and replaced by neutral calcite product. They
exist reaction product and reactant in the same time that may affect on overall resistance of material.

4. Conclusion

By using local rice husk as a vegetable aggregate and a lime-based binder, we successful developed agro-
concrete product in block. In comparison with common approach of rice husk recycling, we try valorise this residue
in its natural state. We highlight that the formulated composite material could benefit from their low thermal
conductivity for the purpose of using as insulating filling material in a wall timber frame or as non-fired brick in
wall building. Rice husk concrete blocks have been fabricated in laboratory with the remaining dry density about
880 kg/m3. 15 wt% of rice husk and N/V=0.7 are appropriate for the formulation stage with mechanical tamping
method. In term of mechanical resistance, both compressive and tensile strength of the concrete specimens was
studied. Relevant results suggest that producing concrete block should be used for non-load bearing element,
especially in building envelopes. As the carbonation process plays a key role in solidification/ stabilisation of
contaminant, we also could reuse rice husk of wastewater treatment in such agro-concrete product to get over the
current environmental impact.

Acknowledgements

First author would like to thank Ho Chi Minh city University of Technology for the financial support and Binh
Hung wastewater treatment plant for supporting raw material.

References

[1] Passipedia.org, the passive house ressource: What is a Passive House?

[2] Benfratello, S., C. Capitano, G. Peri, G. Rizzo, G. Scaccianoce, and G. Sorrentino. Thermal and structural properties of a hemp—lime
biocomposite. Construction and Building Materials 48 (2013): 745-754.

[3] Bilba, Ketty, and M-A. Arsene. Silane treatment of bagasse fiber for reinforcement of cementitious composites. Composites Part A: Applied
Science and Manufacturing 39, no. 9 (2008): 1488-1495.

[4] Khazma, Mahmoud, Adeline Goullieux, Rose Marie Dheilly, Boubker Laidoudi, and Michéle Queneudec. Impact of aggregate coating with a
PEC elastomer on properties of lightweight flax shive concrete. Industrial Crops and Products 33, no. 1 (2011): 49-56.



8 Nguyen Khanh Son et al.,/ Procedia Engineering00 (2017) 000-000

[5] Nguyen, Tai Thu, Vincent Picandet, Patrick Carre, Thibaut Lecompte, Sofiane Amziane, and Christophe Baley. Effect of compaction on
mechanical and thermal properties of hemp concrete. European Journal of Environmental and Civil Engineering 14, no. 5 (2010): 545-560.

[6] Nguyen, Tai-Thu, Vincent Picandet, Sofiane Amziane, and Christophe Baley. "Influence of compactness and hemp hurd characteristics on the
mechanical properties of lime and hemp concrete." European Journal of Environmental and Civil Engineering 13, no. 9 (2009): 1039-1050.

[71 Arnaud, Laurent, and Etienne Gourlay. "Experimental study of parameters influencing mechanical properties of hemp
concretes.” Construction and building materials 28, no. 1 (2012): 50-56.

[8] Nozahic, V., S. Amziane, G. Torrent, K. Saidi, and H. De Baynast. "Design of green concrete made of plant-derived aggregates and a
pumice—lime binder." Cement and Concrete Composites 34, no. 2 (2012): 231-241.

[9] Aigbomian, Eboziegbe Patrick, and Mizi Fan. Development of wood-crete from treated sawdust. Construction and Building Materials 52
(2014): 353-360.

[10] Chabannes, M., Bénézet, J. C., Clerc, L., & Garcia-Diaz, E. Use of raw rice husk as natural aggregate in a lightweight insulating concrete:
An innovative application. Construction and Building Materials, 70 (2014), 428-438.

[11] A. Gacoin (2010), Hemconcrete - Insulation Plant, ERASMUS INTENSIVE PROGRAM, Multi-Disciplinary International Project in
Passive Design & Construction

[12] Beagle, Eldon C. Rice-husk conversion to energy. Food and Agriculture Organization of the United Nations, 1978.

[13] Ali, M. (2012). Natural fibres as construction materials. Journal of Civil Engineering and Construction Technology, 3(3), 80-89.



Available online at www.sciencedirect.com

ScienceDirect Pmcedia
Engineering

www.elsevier.com/locate/procedia

55
FLSEVIER Procedia Engineering 00 (2017) 000-000

Sustainable Civil Engineering Structures and Construction Materials, SCESCM 2016

Delamination tendency of repair mortar incorporating crumb rubber

Stefanus A Kristiawan®*, Amanah N D Hapsarib

®SMARTCrete Research Group, Civil Engineering Department, Sebelas Maret University, Indonesia
®PT Pembangunan Perumahan, Indonesia

Abstract

The success of repair material to extend the service life of infrastructures will be determined by its performance and durability.
The delamination tendency of this material may be a crucial factor that governs its performance and durability. This paper
investigates the delamination tendency of repair mortar incorporating crumb rubber at various contents. The beneficial effect of
incorporating crumb rubber to reduce the risk of delamination is discussed. A simulation of shear stress due to differential
shrinkage in the interface between repair mortar and substrate concrete is accomplished to highlight the important of material
properties (elastic modulus, creep and shrinkage) with regards to delamination tendency.
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1. Introduction

Reinforced concrete is one of the main materials used in the construction and development of various
infrastructures. There are many reasons why this material turns out to be a preferable choice in the construction of
countless infrastructures around the world. The widespread availability of concrete ingredients and the versatility of
this material to be manufactured into any shapes and sizes could be those of the considerations. In spite of its
advantages, it should be aware that a reinforced concrete will eventually deteriorate due to a number of factors. A
reinforced concrete structure may experience some extreme circumstances during its service life. In the seismic zone
for example, earthquake could trigger excessive loading on the structure causing structural damage. In aggressive
environment, the service life of the structural concrete may be shortened due to the accelerated degradations. All of
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these situations should remind civil engineers that in addition to the creation of new infrastructures, there is a great
challenge to maintain and rehabilitate the existing infrastructures.

Maintenance and rehabilitation are important schemes to extend the service life of existing reinforced concrete
structures. A longer service life means preserving and limiting an exploitation of natural resources that would be
utilized to replace the out of use structures. Thus, maintenance and rehabilitation are part of the holistic strategies to
promote sustainable infrastructures. The type and technique of maintenance or rehabilitation are vary and these
depend on the forms of degradations that would be tackled. Degradations of structural reinforced concrete element in
the forms of spalling and delamination of the concrete cover may be repaired by patching method. The success of
this method relies on the performance and durability of the repair material being used.

Experience shows that the design of durable concrete repair material can be more complex than the design of new
structures, because each damaged structure imposes its own necessities. Mistakes in design, selection of materials,
and execution of repair work lead to crack formation, with a drastic consequence on the durability of the repaired
structure [1]. Matthews [2] investigated performance of repair materials via case histories and found a variety of
modes of repair failure. The principle modes of repair failure were cracking (32 %), debonding (25 %), continues
corrosion of embedded reinforcement (22 %), alkali aggregate reaction (4 %) and others (17 %). Most of the failures
i.e. cracking and debonding (delamination) could be initiated by a dimensional incompatibility between the repair
material and the substrate concrete. This dimensional incompatibility could be explained as follows: when a cement-
based repair material is applied to seal the patching zone of concrete element, hydration of the repair material will
promote adhesion in the interface between repair material and substrate concrete. After the repair material attains a
hardened state, the two components become a composite system. Differential shrinkage and thermal expansion will
exist due to the new repair material tends to exhibit higher shrinkage and thermal expansion than those of the old
substrate concrete. For the case of differential shrinkage, the deformation of the repair material will be restrained by
the substrate concrete which induces tensile stress in the repair material and compressive stress in the substrate
concrete. The induced tensile stress could result in the formation of cracking in the repair material [3, 4]. In addition
to these stresses, shear stress in the interface and tensile stress in the direction normal to the interface plane are also
induced which may cause delamination and peeling [5-7].

Understanding the mechanisms in which cracking and delamination of a repair material may occur is a key to
identify the influencing parameters. As explained in the previous paragraph, cracking and delamination of repair
material are initiated by the development of shrinkage stresses. These stresses are controlled by the magnitude of
differential shrinkage between the repair material and the substrate concrete. Thus, limiting the shrinkage of the
repair material could be one of the approaches to obtain durable repair material. However, it is recognized that creep
of the repair material also plays important role in releasing the shrinkage stresses. A repair material with a higher
creep coefficient will be a better choice than that of a lower creep coefficient. Another parameter that must be taken
into account is an elastic property of the two components of the composite system. A lower elastic modulus of the
repair material will decrease the induced shrinkage stresses. A lower elastic modulus of the substrate concrete will
reduce the degree of shrinkage restraint, which in turn minimizing the shrinkage stresses [4, 8-11]. Based on the
above identified parameters and other relevant properties, Beushausen and Alexander [12] proposed design
considerations for obtaining durable concrete patch repair. Meanwhile, Li and Li [13] proposed a repair material
with special mechanical characteristics i.e. high strength and high ductility. These two characteristics are other
important parameters to promote a higher resistance of repair material against cracking and delamination. Cracking
can only occur when the induced shrinkage stress has attained the tensile strength of the repair material. The ductility
of the repair material which is provided by a large inelastic strain capacity under tensile stress is beneficial to offset
the shrinkage demand and so lowering a risk of delamination.

The effect of all the influencing parameters on the induced shrinkage stresses in the patch repair system could be
formulated in the analytical model. A number of models to compute shrinkage stresses for this case have been
developed by many authors [1, 5-7, 9-12, 14]. In the development of the models, the initiation and then the progress
of shrinkage stresses can be divided into several stages. Firstly, it is assumed that the repair material can freely
shrink. At this stage, there are two distinctive approaches in the consideration of the shrinkage of the repair material.
Most of the models assume that shrinkage is constant across the depth of the repair material. It may be argued that as
a result of drying, the surface of the repair material tends to experience higher shrinkage than the layers below.
Hence, there exists a shrinkage gradient throughout its thickness. Wittmann and Martinola [1] proposed a model that
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represents this shrinkage gradient. However, other researchers suggested that depending on the pore structure and
moisture condition, drying of the repair layer might also take place at the interface. A relatively dry and porous
substrate concrete may generate considerable capillary suction, which results in a higher shrinkage at the interface
than at the layer above it. For simplicity, most of the models considers constant shrinkage profile throughout the
depth of repair material. The second stage in the development of the models assumes that the shrinkage of the repair
material is fully restrained by substrate concrete and thus induces tensile stress in the repair material. The magnitude
of this tensile stress equals to the stress required to pull the shrinking repair material to its original length. The third
step in the development of the model is that external compressive load is applied to the end of the composite system.
This compressive load will balance all forces at the composite system into equilibrium state. At this stage,
Bernoulli’s principle is used to determine the stresses-strains distribution across the composite system. A Birkeland’s
model applies the compressive load to the center of gravity of the repair material. Since this compressive load is
applied out of the center of gravity of the composite system, it also triggers a moment at the end of composite
system. Meanwhile, Junghanns’s model applies the compressive load to the center of gravity of the composite
system and so, moment does not exist [14]. Different approach has been suggested by Beushausen and Alexander
[12] with an argument that shrinkage is restrained along the whole length of the interface. Thus, transmission of
stress due to differential shrinkage is initiated along the interface and not by external compressive load. An
analytical model developed by Zhou et al [6,7] also used external compressive stress at the end of composite system
but they determined the stresses-strains distribution across the composite system using plate theory and the
assumption of the linear relation between shear stress and slip at the interface. In the final stage, the calculated stress
in the previous step is used to superimpose the restrained tensile stress in the repair material.

This paper adopts the model of Zhou et al [6,7] to simulate shrinkage stresses in the repair material for the
purpose of evaluating the delamination tendency. According to this model, the highest shear stress r,, at the interface
are situated at the two ends. This stress could initiate the delamination. The maximum value of the shear stress z,,
can be calculated by the following equation [7]:

£,E ah et -1
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s IS the shrinkage of repair material, E, and E; is the elastic modulus of repair material and substrate concrete,
respectively, h, and hy is the thickness of repair material and substrate concrete, respectively, K is the shear stiffness

of the interface and L is the length of the repair system. To account for relaxation of stress due to creep (¢ ) and
aging property of creep (p), the age-adjusted effective modulus of elasticity E* is employed as shown in Eq. (3):
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where the value of p is in the range of 0.5-1 and a value of 0.8 can be chosen [7].

It has been shown in the preceding paragraphs about the major parameters affecting the shrinkage stresses and
how a variety of models were developed to account for these parameters. Once the major parameters are identified
and formulated into the models, strategies to design or choose durable repair material could be introduced. In the
development of durable repair material, it may not be possible to accomplish all favorable properties to be included
in the design of repair material. For example, designing a high strength repair material may also result in obtaining
repair material with high elastic modulus. High elastic modulus will generate high shrinkage stresses and so, unless
this material exhibits strain hardening behaviour, there is a little value of producing repair material with high
strength. On the other hand, strength may be of little interest. Instead the target property that would like to be
achieved is a deformability of the repair material. With this property, the gradual increase of shrinkage stresses in the

3)
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repair material will be slow and at some point later on it may decrease. The situation could be explained by the fact
that the rate of shrinkage is slower at later age while the release of stresses by creep is greater at later time [3]. Thus,
in any approaches to obtain durable repair material, it is always necessary to evaluate its restrained shrinkage
performance by considering other factors. The assessment could be done either by laboratory investigation,
numerical/analytical simulation or combination of both [1, 7, 13, 15, 16]. For the current research, a durable repair
material is developed by introducing crumb rubber into a mortar mix. The main purpose of introducing crumb rubber
is to modify the flexibility (deformability) of the mortar. It has been shown that an inclusion of crumb rubber could
reduce the elastic modulus of the mortar and concrete [17, 18]. The increase in drying shrinkage of crumb
rubberized-concrete was noticed when this material was used as partial aggregates replacement [19]. However,
crumb rubber may have a little influence on shrinkage if the aggregate content of the concrete is maintained. The
presence of crumb rubber is also expected to increase the creep coefficient of the mortar. The modification of the
mortar properties in particular its deformability is supposed to raise the resistance of the repair mortar against
delamination. Laboratory investigation and simulation of shear stress on the interface are carried out to confirm the
proposition.

2. Materials and method
2.1. Materials

This research utilizes mortar containing various contents of crumb rubber as patch repair materials. The basic
strength property of mortar was designed to be in the range of 20-30 MPa. Other consideration includes the
workability of the mortar. Trial investigation showed that this could be achieved when mortar was proportioned at
1:2.5 by weight of cement/sand ratio and with a water/cement ratio of 0.50. The proportion of superplasticizer was
determined at 2% by weight of cement. At this composition, 12 % of crumb rubber by volume of mortar was found
to be the maximum level of crumb rubber that could be added into the mix while maintaining the workability of
fresh repair mortar still suitable to be mixed, handled and applied manually. Fig. 1 and Table 1 show the physical
properties of crumb rubber used in this research. It is noted that crumb rubber used in this research is that of passing
grading size of No. 4.75. Meanwhile, the use of accelerator was necessary to increase the hardening rate of repair
material since in practice the repair material should adhere to the substrate concrete and work as a composite system
as fast as possible. Table 2 summarizes the proportions of the repair materials including the amount of accelerator
needed. A commercial repair material (SK) was also investigated for a comparison purpose. A part from the repair
materials, concrete with a target strength of 30 MPa was also proportioned to represent substrate concrete which
eventually would be repaired. The obtained proportion of substrate concrete was 376 kg of cement, 622 kg of sand,
1207 kg of gravel and 180 kg of water as per m* of concrete.

Table 1. Properties of crumb rubber Table 2. Proportion of repair material

Grading Length Diameter  Cumulative Identification Crumb Rubber* Composition of mortar
size (mm) (mm) passing M-0% 0 All repair materials have proportion:
4.75 - - 66.60% M-4% 4% cement: sand = 1: 2.5, w/c ratio =0.5,
2.36 21.50 18 56.50% M-8% 8% superplasticizer = 2%**,
118 9.20 12 29.14% M-12% 12% accelerator = 0.4%**
0.85 2.35 0.8 7.80% SK Commercial repair material

* by volume of mortar; ** by weight of cement
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Fig. 1. Crumb rubber used in the research

2.2. Specimens

Ten beams of concrete specimen with dimension of 100x100x1500 mm were cast as substrate concretes. The
beams were stored and allowed to dry in the laboratory environment for 90 days. After 90 days of drying, a layer of
repair material with a thickness of 30 mm was laid on top of the substrate concrete to obtain a composite beam (Fig.
2). Each repair material was used to produce two specimens of composite system. The preceding period of drying
should limit the rate of shrinkage of the substrate concrete and so, a maximal differential shrinkage between the
repair material and substrate concrete could be simulated.

Repair material  Substrate concrete
30 mm
"l 100 mm

Fig. 2. Composite beam specimen to simulate delamination of repair material
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150 mm

In addition to the above beam specimens, 10 cylinder specimens of 75x275 mm were also prepared for measuring
free shrinkage of repair materials. Each repair materials were represented by two cylinder specimens. The shape and
size of the specimens followed RILEM TC 107-CSP [20]. The method and procedure of measuring shrinkage was
similar to reference [21].

2.3. Measurement of delamination tendency

The differential shrinkage between repair layer and substrate concrete would induce shear and peeling stresses at
the interface. These stresses could initiate delamination of the repair layer from the substrate concrete starting at the
two ends of the composite beam. When delamination has occurred, the curling of repair layer could be observed.
Hence, measurement of delamination tendency may be carried out by observing the curling behaviour of the repair
layer. For this purpose dial gauges with a resolution of 1 micron were installed on top of the two end of beam (Fig.
3). The progress of curling could be detected continuously until the reading of the dial gauges showing a barely
increment value. For the current research, the progress of curling would be presented by an increase of the surface
elevation of repair material.



6 Stefanus A Kristiawan / Procedia Engineering 00 (2017) 000-000
3. Results and discussion
3.1. Delamination tendency observed in the laboratory
The surface elevations of the repair materials over time are presented in Fig. 4. A zero elevation was defined as
the height of the surface repair material after 1 day being placed on top of the substrate concrete. Thus, observations

of the surface elevation increments were started at this time for a period of 14 days. A higher surface elevation
means a

e A
a. Dial gauges for detecting the progress of curling b. Delamination at the end of beam

Fig. 3. Measurement of delamination tendency

higher tendency of the repair material to separate from the substrate concrete. Generally, the inclusion of the crumb
rubber into mortar tends to decrease the delamination tendency (Fig. 4 (a)). The decrease in the tendency of the
repair material to detach from the substrate concrete is influenced by the amount of the crumb rubber. A higher
amount of crumb rubber causes a lesser tendency of delamination. Compared to the SK repair material (Fig. 6 (b)),
all of the repair materials with crumb rubber demonstrate a better performance.

Fig. 4(a) also indicates the progress of repair materials curling as shown by the increase of the surface elevation
with time. At the beginning, a fairly fast rate of increment surface elevation could be expected up to 12 days. After
this, the rate tends to slow down suggesting a steady state of curling is nearly reached. A different behaviour of
curling is observed on SK repair material (see Fig. 4(b)). A very fast curling of this material is noted during the first
four days after which the height of the surface layer is almost constant with a tendency of being lower. Investigation
reveals that separation of SK repair material from the substrate concrete has occurred at 1 day (with a distance of up
to 1000 mm). The progress of curling after this time is generated mainly by the shrinkage of this material since there
is no more interface stresses after separation. Fig. 5 shows an example of the different in the extent of separation
between repair mortar with crumb rubber and SK repair material.

The delamination behaviour of repair material is correlated with the shrinkage behaviour of the material even
though other factors should also be considered. It is shrinkage which initiates the development of stresses in the
repair materials that might cause delamination. Previous research by other investigators confirmed that an inclusion
of crumb rubber as partial aggregate replacement would increase the shrinkage of concrete [19, 22]. The increase in
the shrinkage of crumb rubberized-concrete could be related to the amount of aggregates. It is recognized that
cement paste is the seat of the shrinkage phenomenon while aggregates act to restrain this shrinkage. Partial
replacement of aggregates with crumb rubber will decrease the capacity of the bulk aggregates to restrain the
shrinkage of cement paste as crumb rubber is obviously less stiffness than the original aggregates. For the current
research, crumb rubber is introduced into mortar without aiming to partially replace fine aggregates. Hence, the
capacity of aggregate to restrain shrinkage of the cement paste should be less influenced by the added crumb rubber.
The shrinkage of the repair materials investigated in this research are likely confirmed this behaviour as presented in
Fig. 6. An inclusion of no more than 8% crumb rubber into mortar is slightly reduced the shrinkage of repair
material. While incorporating crumb rubber at 12% by volume of mortar will lessen a considerable shrinkage



Stefanus A Kristiawan / Procedia Engineering 00 (2017) 000-000 7

especially at later time. It could be shown that the shrinkage of repair mortar decreases by 20-30% after 10 days of
drying when 12% crumb rubber is used. Two factors might be responsible to this shrinkage reduction. Firstly, the
addition of crumb rubber without modifying the original proportion of mortar will slightly alter the amount of
cement paste. Less cement paste leads to less shrinkage. Secondly, the physical properties of the crumb rubber (see
Table 1) indicates that some of this rubber could act as fiber. Dowel actions by the fibers might also contribute to the
restraint of cement paste shrinkage.
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Fig. 4. An increase in the surface elevation of repair layers

(). Repair mortar with crumb rubber (b). SK repair material

Fig. 5. The extent of separation between repair layer and substrate concrete

The shrinkage of SK repair material behaves in a different way in term of its rate and magnitude (see Fig. 6(b)).
The rate is very fast at the first 3 days after which the rate diminishes. The magnitude of the shrinkage is higher
compared to the repair mortar with crumb rubber. It is shown that the SK shrinkage at 3 days is similar in magnitude
with the shrinkage of repair mortar with crumb rubber at 14 days. The high rate and magnitude of SK shrinkage
could be a determining factor of the observed delamination of this repair material.



8 Stefanus A Kristiawan / Procedia Engineering 00 (2017) 000-000

70 1200
85K
600 —e—M-0% —A—M-4% 1000
—B-M-8% ——M-12%

500 —_

= © 800
g =]
Q —
2 400 <

g, @ 600
£ X
£ 300 E

& < 400

200
200
100
0
0 0 2 4 6 8 10 12 14 16
0 2 4 6 8 10 12 14 16 .
Time (day) Time (day)
a. Repair materials with various crumb rubber contents b. Commercial repair material

Fig. 6. Free shrinkage of the repair materials
3.2. Delamination tendency based on the shear stress simulation

Calculation of shear stress in the interface between repair material and substrate concrete could be useful to
identify the effect of repair material properties on the tendency of delamination. Eq. (1) will be used for this
purpose. It should be aware that Eq. (1) applies to compute shear stress at the interface situated at the ends of
composite beam. If the repair layer at these zones already separate from the substrate concrete, the shear stresses at
these area will be vanished. Based on the laboratory investigation presented in the previous section, delamination of
repair materials did occur. Hence, exact shear stresses could not be simulated. However, exact shear stress may not
be possible considering there exists time-dependent properties of both mechanical and deformation of the repair
material. It is recognized that after repair material is laid on top of the substrate concrete, the progress of hydration
will change the mechanical and deformation properties of the repair material continuously. For realistic calculation
of shear stress, these time-dependent properties should be taken into account. For practical analysis, this may not be
necessary. The purpose of the simulation in this research is to identify the effect of material properties on the
delamination tendency of repair materials. This could be achieved by comparing the relative values of the shear
stresses of various repair materials. Thus, the important thing that would like to be extracted from the simulation is
how the relative shear stresses of various repair materials may provide an indication of the tendency of
delamination. In the current research, the calculation assumes the following conditions: time-dependent mechanical
properties are ignored and repair layer at the two ends of the beam are not separated yet. The mechanical and creep
properties of the repair material are given in Table 3. These properties were determined at 1 day. The shrinkage of
repair materials as presented in Fig. 6 are used. The compressive strength of the substrate concrete is 30 MPa with
an elastic modulus predicted as 4700\30 = 25742 MPa.

Table 3. Properties of repair materials

Repair Compressive Elastic Modulus Creep
Material Strength (MPa) (MPa) Coefficient
M-0% 13.71 17403 4.42
M-4% 10.51 15237 3.09
M-8% 7.12 12541 3.00
M-12% 5.33 10851 2.25

SK 8.85 13982 491
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Fig. 7. The development of maximum shear stress (normalized) on the interface

The result of calculation of shear stress is presented in Fig. 7. The values of shear stresses are normalized by the
magnitude of shear stress of M-0% at 14 days. In this way the relative shear stresses of all repair materials may be
compared. It is obvious from Fig. 7 that the highest shear stress occurs on the SK repair material. This finding is in
agreement with the observed delamination tendency of this repair material as given in Fig. 4 and 5. The effect of
adding crumb rubber into mortar could also be estimated from the shear stress development. The tendency of
delamination is reduced with an increase of crumb rubber content. The reduction of shrinkage by crumb rubber
addition is the possible cause of reduction of delamination tendency in the overlay system. Moreover, the inclusion
of crumb rubber also decrease the elastic modulus of repair material, which has positive effect on lowering the
tendency of delamination. Thus, lower values of both shrinkage and elastic modulus of repair materials could be
chosen as strategy toward designing durable repair material.

Creep of repair mortar with crumb rubber is expected to contribute further on decreasing the tendency of
delamination. However, it seems that the trend of creep does not reflect the expectation. A higher amount of crumb
rubber in the mortar results in lowering creep coefficient (see Table 3). Lower value of creep coefficient means
lower contribution of creep to release the stress. Generally, concrete with lower stiffness will exhibit higher creep.
This is not the case with the repair materials containing crumb rubber. The explanation might be as follows: when a
stress is applied to the repair material, the stress instantly presses the body of the repair material causing elastic
strain. The magnitude of elastic strain depends on the stiffness of the repair material which is also influenced by the
stiffness of its ingredients. Crumb rubber obviously is the ingredient with the lowest stiffness. Consequently, a
higher amount of crumb rubber will produce a higher elastic strain. Once the body of the repair material was
compressed under influence of stress, the contribution of crumb rubber on the subsequence deformation (creep) will
not be as much as in the preceding deformation (elastic). The crumb rubber is already in a squeezed state and so
creep is more or less determined by other factors. The major factor is the cement content because it is the origin of
the phenomenon. Repair mortar with a higher addition of crumb rubber will slightly contain lower cement. Even
though this may not substantially reduce the value of creep, but in term of creep coefficient (i.e. ratio of creep to
elastic strain) it could be significant as the elastic strain of the crumb rubberized mortar is higher. Thus, lower creep
but high elastic strain will yield lower creep coefficient.

4, Conclusions

Repair material is susceptible to delamination as a result of differential shrinkage between the repair material and
the substrate concrete. Reducing the shrinkage of repair material could be one of the strategies to obtain durable
repair material. Of course, other factors both positively or negatively influence the tendency of delamination should
also be taken into account even though all favorable factors may not be possible to be accomplished. An inclusion of
crumb rubber into mortar is beneficial to reduce the risk of delamination. Both experimental and simulation of shear
stress at the interface confirm that a higher amount of crumb rubber tends to cause a lower tendency of
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delamination. Reductions in both shrinkage and elastic modulus of the repair material as a consequence of adding
crumb rubber could be the source of lowering the risk of delamination in the crumb rubberized repair material.
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Abstract

Use of industrial by-products as construction material can help to achieve sustainability in this industry. Phosphogypsum, a by-
product in phosphoric acid manufacturing process, produced in bulk quantity especially from the fertilizer industry, typically
used as a supplementary fertilizer for soil treatment. Alternatively, disposal of these materials in the form of landfill also need
huge land area although environmental hazard concern from these activities has been raised by researches. The material has
therefore, tried to incorporate in cement manufacturing considering its sustainable use. Phosphogypsum could be used as a
substitute of natural gypsum in the production of Portland cement to control the hydration reaction rate of cement. In this study,
raw phosphogypsum was collected from a local fertilizer industry. Properties of phosphogypsum were evaluated and then the
effect of various level phosphogypsum addition (2, 5, 10 and 15 percent by weight of cement) with Portland cement clinker was
investigated. The raw material was treated to remove additional water and impurity by washing, air drying and oven drying. Both
treated and untreated materials were used in experimental work. Setting time, flow and compressive strength behavior of the
prepared paste, mortar and concrete samples were evaluated to find an effective percentage of phosphogypsum to be used in
Portland cement manufacturing. By evaluating properties of cement paste, mortar and concrete it was concluded that 5-10%
phosphogypsum addition in cement clinker gave good results. In general, the processing of phosphogypsum by washing and
drying gave better performance in all the media.
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1. Introduction

Phosphogypsum is a by-product from the wet manufacturing process of phosphoric acid (ammonium phosphate
fertilizer) by the action of sulphuric acid on the rock phosphate. Approximately 4.5-5.5 tons of phosphogypsum is
generated per ton of phosphoric acid production using wet process. Phosphoric acid is produced by reacting
phosphate ore (apatite) with sulphuric acid according to the following reaction, where X may include OH, F, Cl, or
Br. [1]

Cag (PO4)3X + 5H,S0, + 2H,0 — 3H3PO, + 5CaS0,. 2H,0 + HX Q)

Dumping of phosphogypsum into open land could have environmental and health concerns. The stockpiled
material dominated by calcium sulphate dehydrate (around 94-98% by wt.), also contains approximately 5-6% of
impurities including heavy metals, fluoride and radionuclides [2]. These toxic substances can be transported by wind
over long distances. In consequence, it could contaminate soil and or groundwater. Detailed studies are necessary in
order to fully understand the transfer process of toxic sub-stances into the adjacent environment and to assess their
impact [3, 4, 5] but not within the scope of this work.

Treated phosphogypsum can be used as an ingredient of plaster [6, 7, 8]. The most important and motivating use
of phosphogypsum could be in the construction industry. In the manufacturing process of cement, phosphogypsum
could be used as a replacement of natural gypsum which plays the role of a set retarder [9, 10], or to reduce the
clinkerization temperature [11]. Study also conducted with weathered (stored in open air) phosphogypsum as a set
retarder in Portland cement [10]. Partly refined boric acid and phosphogypsum mixture can be used in place of
natural gypsum for Portland and Trass cements [12]. It can be processed by wet sieving and washing process in the
plant. The impurities of phosphate, fluoride, organic matter and alkalies are reduced by considerable extent. The
beneficiated phosphogypsum can be used as an additive in place of mineral gypsum in the manufacturing of Portland
cement and Portland slag cement. Phosphogypsum-slag based aggregate was prepared and tested for compressive,
flexural and splitting tensile strength by using in concrete. It was recommended that the slag aggregate performed
well as a coarse aggregate in cement concrete and should perform satisfactorily in highway pavement system [13]. In
the manufacturing of building materials phosphogypsum was used as raw and calcined materials, however, the
mechanical properties was found unsatisfactory [14]. Heated phosphogypsum used as a binder, improved the
compressive and flexure strength of the material. Phosphogypsum based aggregate used in Roller Compacted
Concrete (RCC) slabs gave good result for set retardation and drying shrinkage compensation [15]. Study on partial
replacement of cement by various percentage of phosphogypsum gave good result with concrete specimens [16].
Researches [17,18] on the basic engineering properties of phosphogypsum-based concrete mixtures concluded that
the unique properties of dihydrate phosphogypsum under compaction-consolidation can significantly contribute to
the compressive strength of concrete mixes. However, with higher percentage of phosphogypsum, the strength of
concrete mixtures is affected by the moisture at the time of testing. Better compressive strength attained with
calcined phosphogypsum [19]. Study with up to 40% cement replacement by phosphogypsum gave 10% level
optimum [20]. Another study with both OPC and PPC replacement in mortars found decreased compressive strength
but increased flexural strength comparing with conventional mix [21]. Phosphogypsum’s presence in the cement
has increased its initial strength rapidly. This strength development was due to the formation of anhydrate at
higher temperatures. Self-compacting concrete mixes using 0-30% percent replacement of cement also gave
maximum flexural strength with 10% phosphogypsum. Study on the properties of both cement pastes and
mortars using Ordinary Portland cement, Limestone Blended cement and Slag cement gave compressive strengths
at 7 and 28 days satisfactory up to 8% phosphogypsum replacement for all the three types of cements at
standard mix proportion. These three types of cement also met the limit of initial setting time and soundness
requirements set by standards [22]. Study suggested modification in concrete mix process to incorporate raw
phosphogypsum as partial replacement in cement mortar and concrete [23].

In view of the characteristics of phosphogypsum and its attractive economic potential at the present time there is a
prodigious curiosity in using phosphogypsum as an alternative raw material for many applications. Replacement of
cement clinker with certain percentage of phosphogypsum could give positive outcomes in mortar and concrete
although there is still debate in related literatures. This research mainly investigated the effect of phosphogypsum
addition with cement clinker on the properties of paste, mortar and concrete. In this regard, both field condition and
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calcined phosphogypsum were used in mortar and concrete at the replacement level of 0%, 2%, 5%, 10% and 15%
where water cement ratio kept 0.45.

2. Materials & Specimen Preparation
2.1. Physical properties of phosphogypsum

Calcium sulfate can be either in dihydrate (CaSQ,4.2H,0) or hemihydrate (CaSO,4.0.5H,0) form depending on the
reaction temperature used to produce phosphoric acid. Usually free moisture content between 25-30% exists in the
gypsum cake after filtration. The generated hemihydrate form of phosphogypsum, in the presence of free water can
rapidly convert to dehydrate form [24]. Moreover, if the process is left undisturbed it will set up into a relatively
hard cemented mass. Di-hydrate consists principally silt-size (<0.075mm) and appear as soft aggregates of crystals
[25]. It depends on the source of the phosphate rock and the reactor conditions.

2.2. Chemical properties of phosphogypsum

Phosphogypsum consists mainly calcium sulphate dehydrate with small amount of silica. The mineralogical
composition of phosphate ore was described by various researchers [26, 27] and is dominated by fluorapatite,
goethite and quartz, with minor amounts of Al-phosphates, anatase, magnetite, monazite and barite. X-ray
Diffraction pattern of obtained phosphogypsum is given in Fig. 1 indicating the material mainly composed of
Gypsum.

== [100-033-0311 (*) - Gypsum, syn - S-Q 100.0 % - CaSO4-2H,0 - I/lc PDF 1.8 - F30= 52(0.0117,49) - a 6.28450 - b 15.20790 - ¢ 5.67760

2.Thata - Seain

Fig. 1. X-ray Diffraction pattern of the Phosphogypsum sample
2.3. Other material property and specimen preparation

Ordinary Portland cement clinker, phosphogypsum, graded river sand and crushed stone was used to conduct the
tests in this research. The fineness modulus of sand was 2.7 which was washed and dried before use to avoid
presence of dust and clay particle. It was free from organic materials. Normal drinking water was used for paste,
mortar and concrete works.

Phosphogypsum sample was collected from triple superphosphate (TSP) complex, Chittagong, Bangladesh. The
industry has considerable production of phosphoric acid and eventually phosphogypsum. Two category of sample
was prepared using phosphogypsum. One using raw phosphogypsum (found in field condition after production) and
the other was washed sample. After washing the sample was oven dried in order to get dry phosphogypsum.

Setting time of paste and flow of mortar samples were conducted according to ASTM C191and ASTM 1437,
respectively. Compressive strength test of mortar and concrete was conducted as per ASTM C109 and ASTM C39,
respectively.
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3. Result & Discussion
3.1. Setting time

Setting time test result is presented in Figs. 2 and 3. Consistency of cement paste was estimated before testing the
setting time. Setting time was always found higher in processed condition than field condition. Using more than two
percent of phosphogypsum, the setting time decreases gradually for processed condition, however, this was opposite
with wet samples. In field condition adding 2% phosphogypsum in the mixture gives setting time up to 3 hours and
10 minutes. In dry condition more than 5% phosphogypsum decreases the setting time value than the control
sample. This may be due to the formation of anhydrate at early stage [21]. The processed sample gave 10% addition
as optimum for both initial and final setting time (comparable with control sample).
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Fig. 2. Setting time of cement clinker and phosphogypsum (field condition)
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Fig. 3. Setting time of cement clinker and phosphogypsum (processed sample)
3.2. Flow of mortar

Flow of mortar samples with different percentage of phosphogypsum is presented in Fig. 4. Higher flow of
mortar was obtained with all replacement level compare to control mortar. The field samples gave better results than
processed samples. This may be due to presence of higher amount of water in field condition. In addition, the
processed sample may agglomerate during drying and might not separate fully during mixing and testing. For field
and processed conditions 10% and 5% addition was found to be best for flow consideration, respectively.
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Fig. 4. Flow of mortar using various level field and processed phosphogypsum addition
3.3. Compressive strength of mortar

Compressive strength of the mortar sample at the age of 7 & 28 days curing is presented in Figs. 5(a) and 5(b). At
7 days the strength was decreased with the phosphogypsum content giving better results for processed samples. At
28 days the wet samples gave optimum at 5% replacement level while strength was increased up to 10% addition of
processed samples.

27 24.9
24
21
18
15
Fig (a) 14.8
12 0% 2% 5% 10% 15%
e [icld 24.9 21.0 195 16.3 14.8
=g Processed 24.9 24.2 23.0 215 215
41
37
33
29
29.6
i 25
Fig (b) 0% 2% 5% 0%  15%
g Ficld 35.7 35.1 36.4 34.2 29.6
=—¢=—Processed  35.7 35.8 37.2 40.4 334

Fig. 5. Compressive strength of mortar at (a) 7 days and (b) 28 days
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This indicates superiority of processed samples over raw filed samples. The field condition contains a lot of water
which might affected the wi/c ratio of the mix. It may also be noted that on processing the samples impurities present
in raw samples were removed which gave better results. To obtain the actual cause of strength increment with
processed samples further research considering the chemical process involved is necessary.

3.4. Compressive strength of concrete

The concrete strength was designed for 28 MPa and calculated cement was replaced by phosphogypsum at 0%,
2%, 5%, 10% and 15% in terms of weight. Compressive strength test results of 7 days and 28 days are given in
Figs. 6(a) and 6(b). As with mortar, it was generally observed that the processed material gave higher strength then
the field sample. The results portrays that addition of 5% and 10% phosphogypsum addition in processed condition
shows similar results to concrete without phosphogypsum at 7 days. At this age a decreasing trend in strength with
phosphogypsum addition was noted for filed condition. At 28 days the processed materials gave higher concrete
strength than the control sample at 10% addition and for field condition this level gave lower strength but found
optimum considering all replacement level. Adding more than 10% phosphogypsum reduces the strength of concrete
significantly for both field and processed condition.

This research studied different properties of paste, mortar and concrete by adding various proportion of
phosphogypsum with cement. Addition of phosphogypsum up to 5-10% gave better results. In general, the
processing of phosphogypsum by washing and drying gave better performance in all medium. Further detail
investigation on the properties of phosphogypsum and reaction mechanism could provide better understanding.
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Fig. 6. Compressive strength of concrete with Phosphogypsum addition at (a) 7 days and (b) 28 days
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4. Conclusion

TSP complex at Chittagong is the main source of phosphogypsum production in Bangladesh. The industry
occasionally sales the product at low price but mainly use for landfilling. 5-10% addition of phosphogypsum with
Portland cement clinker gave promising results while tested various fresh and hardened properties of cement paste,
mortar and concrete. The raw field sample was processed by washing and subsequent drying. In general, the
processing of phosphogypsum gave better performance in all media. Processed sample gave better or at least similar
performance than the control samples (100% clinker) in paste, mortar and concrete at 10% addition level. This
indicated that the industrial by-product could sustainably be used as replacement of natural gypsum (generally used
5% of total cement) in cement manufacturing. Cement industry might then reduce the dependency on natural
gypsum for their production. Environmental concern is an important issue in this regard. A more detailed research
and development work might help to ensure better use of this material in construction industry.
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Abstract

The use of polycarboxylate ether (PCE) as superplasticizer (SP) in the manufacture of high strength concrete is increasingly
common. Each brand of SP available on the market has different compositions, causing differences in dosage requirement and
the resulting characteristics. Beside SP type, cement type and composition also affect the fresh and hardened concrete properties.
In this study, the optimum dosages of several brands of PCE superplasticizer in making mortar were investigated. Two different
cement types were used. The effect of SP on flowability, setting time, and resulting compressive strength were evaluated. The
results show that with the increase of SP dosage in mortar mixture, the flowability increased. However, there is an optimum value
for each brand and for each water cement ratio. The increase of flowability is accompanied by an increase in compressive
strength until it reaches the optimum level. Nevertheless, excessive use of SP could lead to bleeding and segregation, and reduce
the compressive strength. It was found that ordinary Portland cement (OPC) requires higher SP dosage than Portland Pozzolan
cement (PPC) for the same flowability. Longer setting time was observed for all mixtures employing SP, at different degrees of
extension. It correlates with the slump retention time. Simple method to determine the optimum dosage is suggested in this paper.
© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

High strength concrete essentially need to use superplasticizer to reduce cement interparticle force and to disperse
the particle evenly in the concrete mix. High compressive strength could only be achieved when low water to
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cement ratio (w/c) is ensured in the concrete mix design, while maintaining adequate workability of the fresh
mixture. Superplasticizer addition reduces the cohesiveness of the cement particles by electrostatic repulsion, in the
case of naphthalene or melamine-based superplasticizer; and by a combination of electrostatic and steric repulsion
mechanism in the case of polycarboxylate based superplasticizer [1,2].

Different brand of polycarboxylate ether (PCE) superplasticizer has different molecular structures, affected by
the manufacturing process. Its chemical structures consist of main chain and side chains with different length and
density, and will have different effectivity in increasing the workability of concrete mixture [3]. Several researches
have been done on the dispersion mechanism based on the molecular structures of the materials, showing that it
could cause changes in the dispersion behavior (slump flow), performance on slump retention (slump loss), delay on
the reaction rate (setting time) and the particle packing improvement (compressive strength) with different chemical
structures [4-8].

The effect of superplasticizer in concrete fresh mixture depends on its dosage and distribution in the mixture.
Very low dosage will not affect the rheological behavior of the fresh mixture, and on the other hand very high
dosage may cause detrimental effect such as bleeding and segregation. Yamada et al. [9] remark that there are
critical dosage and saturation dosage of SP in the concrete mixture. Critical dosage is defined as minimal dosage
needed to cause overall effect of SP in the mixture. Below critical dosage, the mixture will behave as if no SP is
added. Saturation dosage implies that further addition of SP will not lead to improvement of rheology behavior of
the concrete mixture. However, the SP dosage must also have an upper limit value, as higher dosage reduces
cohesion of the mixture due to excessive bleed water, lowers the viscosity of the cement paste, and hence induces
segregation. Interaction of SP in the concrete mixture is a complex process, as it has to compete with the dissolution
of cement compound. Dissolution of sulfate ions from gypsum to control the setting time of cement occurs at the
beginning of the process. The presence of gypsum, as well as other compounds, affects the effectivity of SP [9].
Direct addition of SP into mixing water may cause different SP dosage requirement compared to delayed addition.
Lower SP dosage requirement was observed for delayed addition, however, delayed SP addition is not always
possible when considering the mixing equipments and production cycle.

Different cement types may alter the critical dan saturation SP dosages, because of the differences of the
chemical compositions of cement. Variation of chemical composition and physical properties of one brand of
cement between shipments may occur, and thus the optimum SP dosage needs to be adjusted for a good and
consistent result. The addition of supplementary cementitious material can also reduce or increase the SP dosage
requirement. Adding fly ash tends to reduce the SP dosage required to achieve the same workability, because of its
chemical and physical properties [10].

The PCE-based SPs currently available in the market in Indonesia, are supplied by several manufacturers, both
local and international, competing one to each other. Each brand of PCE-based SP comes with different behavior
and characteristics, aside from the availability and price range. The customization of the SP by adding other
ingredient, such as retarder, accelerator, foam buster, causes further confusion on the dosage requirement of the SP
to produce a good, homogeneous and predictable fresh concrete. The objectives of this research are to study the
different characteristics of polycarboxylate-based (PCE) superplasticizer commonly available in the market and to
evaluate the proposed simple testing method to determine its properties. Simple testing method is proposed to
simplify the optimization process. Two cement types were used to show the influence of cementitious mixture on
the optimum dosage needed.

2. Experimental methods
2.1. Materials and mixtures

Five brands of PCE-based SP that currently available in the local market in Indonesia, produced by four different
manufactures, were used in this study. The codings for the SPs used are (a) CC, (b) SV, and (c) AS, produced by
three different producers; (d) BA and (e) BS produced by the same producer. Two cement types, i.e. Ordinary
Portland cement (OPC) and Portland Pozzolan cement (PPC) from two different cement producers were used in this
research.
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Distillated water was used throughout the experiment to avoid any contamination. Sand was obtained from local
quarry in Lumajang, East Java, Indonesia. The sand gradation was controlled by sieving to conform to graded sand
according to ASTM C778 [11] to avoid any unnecessary variation in sand gradation that may affect the workability
of the fresh mortar mixture. This controlled gradation is necessary to avoid variation of flowability.

The effective SP dosage was investigated in mortar mixes with sand to cement weight ratio of 2. Three series of
w/c ratio of 0.25, 0.30 and 0.35 was used to investigate the effect of water content in the mixture. Superplasticizer
dosage intended was from 0 to 2% by cement weight at 0.1% increment, the test series was terminated when the
mixture was showing sign of bleeding and/or segregation.

2.2. Test Methods

Workability of the fresh mixture was measured using flow table test apparatus in accordance to ASTM C230
[12]. SP was added directly into the water. Dry material was mixed thoroughly before adding water in the mixture,
then the mortar mixture was mixed using small hand drill for two minutes. Afterwards, the mixture was placed in a
converted cone on the flow table test apparatus. The initial diameter or static flow (D1) was measured after the cone
was removed from the table, and final diameter or dynamic flow (D2) was measured after applying 25 drops. Fig.
1(a) shows an example of a flowability test result. The mortar mixture was then cast in 50x50x50 mm cube molds.
Demolding was carried out on the following day and specimens were kept submerged in clear fresh water until taken
out one day prior to test.

Compressive strength test were conducted on the mortar cube specimens at 7 and 28 days, on three specimens for
each variable. Determination of setting time was performed from temperature measurement of the mortar, on 200 ml
mortar that was placed in a sealed polystyrene container. Monitoring the temperature evolution was done for 48
hours. Initial setting time was determined as the time at the median of the temperature rise, while final setting time
as the time when the maximum temperature was reached, as shown in Fig. 1(b). This measurement was to simplify
testing method based on ASTM C1679 [13].
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Fig. 1. (a) Result of flow table test, showing D1 and D2 with increase of SP dosage; (b) Measurement of initial and final setting time of the
mortar mixture from temperature evolution of the mixture.

3. Results and discussions
3.1. Effect of superplasticizer type and water-to-cement ratio

Mortar mixture was tested for its flowability using flow table test. Initial diameter (D1) and final diameter (D2)
were measured to determine the workability of the mixture. Fig. 2 to 6 show the correlation between the dosage of
five SPs with the flowability of fresh mortar and the 28-day compressive strength. The water-to-cement ratios of
mortar were varied, i.e. 0.25, 0.30 and 0.35, while maintaing the cement content, to investigate the influence of
water content in the mixture. Adding water into the mixture increases the distance amongst the cement particles and
reduces the viscosity. On the other hand, adding SP reduces the inter-particle attractive force, with slight change in
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its viscosity. This difference causing intricate interaction between the mixture composition and the SP dosage
required to achive the targeted workability.

Water-to-cement ratio influences the static flowability of the mixture. Very low water-to-cement ratio (w/c=0.25)
does not cause any static flowability of mortar mixture, even when SP is continually added. The increase of
workability was observed at the dynamic condition, when the table was dropped for 25 times. When the SP dosage
was increased, it was observed that there was an inflection point. The mixture showed low flowability at low SP
dosage. Increase in SP dosage linearly increased the flowability until the optimum SP dosage was reached, where
only slight increase of flowability was acquired with the increase of SP dosage.

From the inflection point, the critical and saturation dosages can be identified for the specific mixture
composition. Different optimum SP dosages observed are depending on the SP brand. This can be attributed to the
concentration of the active component in the SP. Therefore, the active component of SP should be also known for
better estimation of the dosage needed.

The 28-day compressive strength was also shown in the Figures, correlating with the SP product used, SP dosage
and w/c ratio of the mortar mixtures. It is shown that the presence of SP definitely has positive impact in increasing
the compressive strength of concrete with the increase of workability and dispersion of cement particles. The
increase is more pronounce for mixtures with lower w/c. Fig. 3(b) shows an example of the increase of compressive
strength for mortar with SV superplasticizer. There is an optimum dosage of 0.3-0.4% to achieve higher strength.
Further dosage increment reduces the strength, indicating the occurence of bleeding and segregation.
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Fig. 2. (a) Flow diameter and SP dosage with different w/c; (b) 28-day compressive strength of mortar with CC superplasticizer.

30 = 100
=
= 25 —= =
— 20 e > |
2 a ./ g 60—
I //L 2 4
: g —a—w/c=0.25
E —&—D1-0.25 ----o--- D2-0.25 5 20 W/c=0.25 | |
5 —4+—D1-0.30 A+ D2-0.30 | = —+—w/c=0.30
0 D1-0.35 8 0 w/c=0.35
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
2l SP Dosage (%) b SP Dosage (%)

Fig. 3. (a) Flow diameter and SP dosage with different wi/c; (b) 28-day compressive strength of mortar with SV superplasticizer
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Fig. 4. (a) Flow diameter and SP dosage with different w/c; (b) 28-day compressive strength of mortar with AS superplasticizer
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Fig. 5. () Flow diameter and SP dosage with different w/c; (b) 28-day compressive strength of mortar with BA superplasticizer
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Fig. 6. (a) Flow diameter and SP dosage with different w/c; (b) 28-day compressive strength of mortar with BS superplasticizer
3.2. Effect of cement type

The SP dosage increment on mixture using Ordinary Portland cement (OPC) and Portland Pozzolan cement
(PPC) are shown on Fig. 7-11. Distinct results are shown for mixtures with OPC and PPC, where PPC mortar
mixture show better workability. Water-to-cemenr ratio was set constant at 0.3 in this experiment series. SP demand
is lower for PPC mortar because in its composition there is additional pozzolanic material that contributes to
lowering the inter-particle attraction force, and reduces the water demand of the mixture. OPC mortar is more
benefitted from SP addition, because cement particles are distributed more evenly in the mixture. Its compressive
strength is increased compared to the one without SP addition. Higher increase of strength with the increase of
testing age is also observed on mortar mixture using OPC.
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Fig. 7. (a) Flow diameter and SP dosage with OPC and PPC cement; (b) 7-day and 28-day mortar compressive strength with CC superplasticizer
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Fig. 8. (a) Flow diameter and SP dosage with OPC and PPC cement; (b) 7-day and 28-day mortar compressive strength with SV superplasticizer
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Fig. 11. (a) Flow diameter and SP dosage with OPC and PPC cement; (b) 7-day and 28-day mortar compressive strength with BS superplasticizer

3.3. Slump retention and setting time

The slump retention of mortar mixture with different SP was measured by dynamic flow (D2) at 30 minutes
interval. Water-to-cement ratio was set constant at 0.3, with SP dosage was determined from previous step. Fig. 12
shows that there is reduction on slump flow for three SPs (CC, SV and AS) starting from 60 minutes after water
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addition. The other two SPs (BA and BS) show good slump retention even after 120 minutes.

The initial and final setting time measured from temperature evolution of the mixture is shown in Table 1. There
is good correlation between setting time and slump retention time. The setting time is faster for OPC mortar
compared to the one with PPC, as shown in the control mixture. However, the SP addition is also shown to retard

the chemical reaction rate of the mixture with the longest retention time occurs for BS superplasticizer.
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Table 1. Initial and final setting time of PPC and OPC mortar with various SP addition for w/c=0.3

PPC OPC
Superplasticizer ~ Type Dosage Initial set ~ Final set Dosage Initial set  Final set
(%) (h) (h) (%) (h) (h)
Control - 0 3.60 9.00 0 3.33 7.20
CcC PCE 0.3 5.75 11.50 0.4 5.75 8.78
SV PCE 0.3 6.67 12.00 0.6 8.78 12.00
AS PCE 0.6 6.00 11.20 0.6 6.00 10.00
BA PCE 0.5 8.50 13.00 0.5 6.70 10.30
BS PCE 0.5 12.70 18.00 0.4 12.00 16.67
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4. Conclusions

From this study, the following conclusions can be summarized:

1. The addition of superplasticizer improves the flowability of mortar mixture. However, there is an optimum
dosage for each water content. Excessive use of SP causes bleeding and segregation.

2. The increase of flowability increases the compressive strength up to a point. Optimum dosage is depending on
the superplasticizer and cement type. Compressive strength will be reduced with excessive usage of SP.

3. The difference in flowability and strength gain are also affected by the type of cement used. PPC mortar has
higher flowability compared to the one with OPC, but it has lower compressive strength for the same water-to-
cement ratio.

4. Optimizing the superplasticizer dosage using flow table test and temperature evolution measurement give
satisfactory information on the different performance amongst various SP brands.

5. Each SP brand has different behavior with regards to the optimum dosage, setting time, strength development
and slump retention time. Hence, the use of different cement type needs to be carefully considered.

6. The variation of SP and cement type should be considered when doing the material selection for better
prediction on the behavior of the fresh and hardened concrete mixture.
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Abstract

The stiffness differences between aggregate and mortar matrix in concrete create stress concentration at their interface transition
zones. Studies on 100 mm cubes with different volume and shape of inclusions, resembling aggregate particles within the
concrete, suggested that it is always in this transition zone that cracks initiate. Further detailed finite element analysis brought to
light that especially the mortar nodes in principal tension - compressive stresses were most vulnerable to premature failure. The
study also suggested that as the relative stiffness between the inclusion and the surrounding mortar increases, the stress
concentration problem increases, resulting in premature cracking and lower compressive strength, when compared to the
specimens with more homogeneous stiffness profile. This study aims to investigate in more details the influence of inclusion
volume fraction, compressive strength and stiffness modulus on the compressive strength of 100x100x50 mm3 prisms. The
inclusions were in cylindrical shape and made of mortar with a compressive strength ranging from approximately 20 MPa to 50
MPa; the matrix was also made of mortar but with a constant compressive strength of approximately 29 MPa. It is found that the
compressive strength and initial stiffness of the concrete prisms are directly related to the volume fraction and compressive
strength of the inclusions. Finite element analysis is conducted to investigate the influence of the relative strength of inclusion to
the surrounding mortar.
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1. Introduction

Extensive research work has been conducted to study the influence of aggregate inclusions on the mechanical
behavior of mortar and concrete [1-6]. In these studies, the aggregate inclusions were much stronger and stiffer than
the surrounding mortar matrix. As a result, when the mortar/concrete specimens were tested to failure, the inclusions
remained elastic although the surrounding mortar exhibited highly nonlinear behavior. It was concluded as the
inclusion volume fraction is increased, the initial stiffness increases and the compressive strength decreases. The
reduction in compressive strength is likely attributed to the weak interfacial transition zone (ITZ) between the
aggregate inclusions and the surrounding matrix. Apart from the volumetric ratio, the compressive strength and
stress-strain response of the mortar/concrete specimens were found to be influenced by the geometry and
configuration of the inclusions, the presence of sharp angles in the direction of loading, the number of inclusions and
their distance. Other influencing factors include the absorption rate, surface roughness and material homogeneity of
the inclusions. Apart from the study high strength inclusions, work has also been conducted on low strength
inclusions such as in a soil mixture [7, 8] and in concrete using synthetic inclusions [9].

This study aims to study the effect of compressive strength and volume fraction of inclusions on the overall
compressive strength and elastic modulus of concrete. The inclusions were cylindrical and core drilled from mortar
slabs. The 28 days compressive strengths of the inclusions are presented in Table 1, together with the corresponding
strengths at 56 days and their relative strengths to that of the surrounding mortar which has a cylinder compressive
strength of 29.16 MPa at 56 days.

Table 1. Inclusion cylinder compressive strength

Cylinder Compressive Strength (MPa)

Testing age

Al A2 A3 A4 A5
28 days 2294 2889 3571 39.97 46.06
56 days 2395 30.11 36.24 4163 46.80

Strength ratio to mortar 0.82 1.03 1.24 1.43 1.60

This study also investigates the response of concrete as a composite material containing a mixture of aggregate
inclusion and mortar. In theory, the behavior of a composite material can be approximated by the parallel (Voigt,
constant-strain), series (Reuss, constant-stress), Hirsch and Counto model [10] using the following relationships:

Parallel model: Es =V, E, + Vi, Epy Q)
Series model: L=tayIm 2
Es Eq Enm
i . 1, _ Ya 4 Vm
Hirsch model: PR +(1—x) (Ea + Em) (3)
. 1 _ 1-JVg \/V—a
Counto model: %= En + AT 4)

Where E and V represent the elastic modulus and volume fraction; the subscripts s, a and m stand for the
specimen, inclusion and mortar, respectively; x and (1-x) are the relative proportions corresponding to the upper and
lower bound solutions for elastic materials, customary taken as 0.5 for concrete. It should be noted that the first two
models are only a simple approximate as concrete does not exhibit either constant stress or strain even under uniform
loading. The Hirsch model, which is a combination of the parallel and the series models, does not provide accurate
predictions for soft inclusions. For example, when the aggregate stiffness approaches zero (E, = 0), this would result
in zero composite stiffness (e.g. Es = 0) which is incorrect. The Counto model (Eq. 4) therefore appears to be the
most accurate model and is useful for this study. The computed composite elastic modulus will be compared to
experimental data to gauge the accuracy.
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2. Experimental work

The work involved the testing of 100 x 100 x 50 (depth) mm concrete prisms with one single cylindrical
inclusion aligned vertically at the center of the square surface. Two test parameters were investigated: inclusion
volume fraction and inclusion compressive strength. Four inclusion diameters, 11.7, 20.6, 29.7 and 45.7 mm were
prepared, resulting in a volume fraction V, of 0.01, 0.03, 0.07 and 0.16. Control (mortar only) specimens were also
produced representing a zero inclusion volume fraction. For every case, eight specimens were prepared to result in
six valid data. The compressive strengths provided in Table 1 were used as the basis for the second parameter.

The specimens were prepared in two stages. The first stage involved the preparation of the inclusions and for this
purpose, aggregate inclusions were core drilled from 70 mm thick mortar plates using a diamond core drill. The
cylindrical core was then made in a saturated surface dry condition and positioned at the center of 100 x 100 x 50
mm five gang plywood molds (see Fig. 1). The mold had a 5 mm acrylic lid in order to secure the cores in place
during casting. This vertical configuration was done to minimize the bleeding effect that could weaken the interface
between the cylindrical inclusion and the surrounding mortar.

L . Wooden castin,
Cylindrical inclusion R

Acrylic stabilizer

Fig. 1. Cylindrical inclusions placed at the center of a five gang plywood mold.

The second stage involved the mixing and pouring of mortar. Compaction was performed using a vibration table
for a period of 30 seconds. The specimens were then submerged in water for 28 days and dried. The top surface of
the specimen was made flush by cutting part of the inclusion that protruded 20 mm. The specimens were given label
as Ajj, with i representing the inclusion strength ratio and j for the inclusion diameter such as 11, 20, 29 and 45.

The testing surfaces were further leveled, two 100 pm Teflon layers separated by bearing grease were placed on
the top and on the bottom face of the specimen to prevent the loading platen’s confinement on the specimen. A
uniform compression load was applied to each specimen at a rate of 800 N/sec. Four linear variable displacement
transducers (LVDTSs) with a sensitivity of 2000x10°® strain/mm and a load cell with a capacity of 1000 kN were
used to record the load, which was applied incrementally, and the corresponding displacements. Each test specimen
was monitored visually using a high definition digital camera to observe the initiation and propagation of cracks
under monotonic loading.

3. Test Results
3.1. Compressive strength

Figure 2 shows the relationship of the inclusion volume fraction for a range of inclusion strengths ratios. It can be
seen that an increase in inclusion volume fraction resulted in a decrease in the specimen’s load carrying capacity.

The behavior followed a linear pattern and all specimens exhibited lower compressive strengths when compared to
the control (mortar only) specimen. With regards to the effects of inclusion compressive strength, it appears that the



4 Han Ay Lie/ Procedia Engineering 00 (2017) 000-000

lower the strength ratio, the more pronounced the reduction in the specimen’s capacity relative to that of the control
specimen. Al specimens exhibited an almost identical pattern to A2 specimens, which can be seen from comparable
gradients of the plots presented in Fig. 2. This indicates that when the compressive strength ratio is close to unity, it
has only minor influence on the reduction rate in compressive strength with increasing inclusion content.

To better analyze the influence of inclusion strength ratio, the load carrying capacity of specimens were plotted
against this variable, for every inclusion volume fraction variation. The results are presented in Fig. 3.
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Fig. 2. Influence of inclusion volume fraction on compressive strength
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Fig. 3. Influence of strength ratio on compressive strength

The behavior was best described by a quadratic convex path. For all inclusion volume fractions, an increase in
compressive strength ratio has a positive influence on the compressive strength of the bulk composite. Larger
inclusion volume fractions were more sensitive to strength degradation, which can be seen from the patterns of

curves Aqr. Ay, Ay and Ays. The 0.8 volume fraction resulted from the 11.7 mm inclusion had the most moderate
curve’s tangent.

3.2. Initial Failure and Crack Propagation

The control (mortar only) specimen failed due to tensile strains in the direction perpendicular to the line of
loading, resulting in a columnar pattern (Fig. 4a). For specimens with inclusions, two modes of failure were
observed: a columnar pattern with crack passing through the inclusion (Fig. 4b) and a columnar pattern with crack
passing around the inclusion due to interface debonding (Fig. 4c).
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Fig. 4. (a) mortar specimen cracking; (b) cracking in the inclusion; (c) columnar and interface debonding

Cracking in the inclusions was only detected for compressive strength ratios lower than 1.0 (Al series). In this
series, it was found that cracks formed vertically and some of them passed through the cylindrical inclusion (see Fig.
4b). In specimens with larger compressive strengths ratio (A3 to A5 series), the same vertical crack formation was
observed. However, it was found that cracks propagated around the cylindrical inclusion along the inclusion/matrix
interface, creating an en-echelon formation (Fig. 5a) as explained by van Mier in 1997 [11].

Mortar

Inclusion

Fig. 5. (a). En-echelon formations; (b). ITZ tension debonding failure surfaces

Close observation of the cracked surface revealed that no mortar fragments were detected in the failure surface
(Fig. 5b), indicating ITZ tension debonding behavior. The specimens with a strength ratio of 1.0 (A2 series)
exhibited a combination of the two failure behaviors.

The initial cracking was observed visually, from digital recordings. It was observed that regardless of the strength
ratios and the volume fraction, cracking was always initiated in the mortar matrix (Fig. 6a and 6b). In Al series
specimen with a strength ratio of 0.8, it was observed that the cracks rapidly proliferated vertically and passed
through the inclusion. In A3 to A5 series specimens with strength ratios greater than unity, it was found that the
cracks propagated in a straight line and deviated into the interface in tension. In A2 series specimen with a strength
ratio of 1.0, an amalgamation of behavior was noted. This particular case was distinguished by an almost identical
compressive strength between the mortar matrix and the inclusion.

Since all cracks were initiated in the mortar, it can be concluded that a good bond within the interface is present.
This leading to the assumption correctness that the test specimens were a composite material. Also, this finding
contradicts the research on diorite inclusions with identical volume fraction [5] where the crack was found always to
initiate at the 1TZ. Compared to aggregate inclusions, a better bond between mortar inclusions and the surrounding
mortar exist.
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First crack First crack

: Second crack
a b

Fig. 6. (a) Initial cracking for strength ratio of 0.8; (b) Initial cracking for strength ratios larger than 0.8
3.3. Initial stiffness modulus

Fig. 7 illustrates the predicted initial stiffness moduli as derived from the Counto equation, plotted together with
the observed values determined from the specimen’s stress-strain relationship. The Young’s modulus of the mortar
matrix and inclusions were determined from the cylinder compressive strength in accordance with the fib Model
Code 2010 [12]. The experimental data are in good agreement with the values as predicted by the Counto equation.
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Fig. 7. Initial Stiffness modulus as a function of Volume fraction
4. Analysis and Discussions
4.1. Compressive strength

The reduction in compressive strength with increasing inclusion volume fraction for all strength ratios is thought
to originate from the presence of the ITZ. The initial cracking in the mortar suggests that the tensile strength of the
interface exceeded the mortar’s tensile capacity, yet a perfectly full-bond was not achieved. This conclusion is
supported by the 6% to 30% load carrying capacity reduction between the mortar only specimen and the specimen
incorporating inclusion with similar strength (1.0 strength ratio). The higher the inclusion volume fraction, the larger
the strength reduction. The stresses induced by the load were not uniformly distributed between the mortar matrix
and inclusions due to the imperfect ITZ bond. The width of the mortar-strip adjacent to the inclusion is heavily
influenced the resulting maximum stresses. These high-stress concentrations, in turn, led to premature cracking of
mortar. The result of finite element analysis comparing the stresses in a mortar strip specimen nearby a hole (weak
inclusion), inclusion with a perfect bond and no inclusion are shown in Fig 7. The stresses in the direction of the z-z
axis are plotted against the nodal coordinates of the mortar strip. In the analysis simulating the effect of inclusion, it
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was assumed that the strength ratio is 1.6, and the inclusion is perfectly bonded to the mortar. A similar approach
was conducted by [13], validating the finite element results to the iBEM readings.
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Fig. 6. Stress concentration in the ITZ

The blue line shows the theoretical stresses for the mortar only specimen, the green line stands for the specimen
with a hole and the red line represents the analysis case with an inclusion perfectly bonded to the surrounding
matrix. The analysis results show that when an inclusion with a perfect bond is present, the stress concentrations in
the vicinity of the ITZ are drastically reduced. If the volume fraction increases, the remaining mortar strip will
decrease, resulting in a significant escalation in stresses. The true behavior would lay between the two lines,
explaining the better load carrying capacity for the inclusion with relatively higher strength ratios. This analysis also
supports the fact that for a constant inclusion volume fraction, the higher stress ratios resulted in a better
performance in compression. Figure 6 also implies that for high volume fractions, eq. larger sized inclusions, the
low strength ratio has a more pronounced effect on the load carrying capacity. For the larger inclusion volume
fraction, the ITZ surface area also increases, resulting in an additional negative effect on the overall specimen
behavior.

4.2. Cracking behavior and initial stiffness modulus

The crack propagation is strongly affected by the inclusion strength ratio, but is less influenced by the volume
fraction. When the strength ratio is smaller than 1.0, the crack propagation will follow a pattern as if the specimen
was homogeneous. No deviation from the columnar path was detected. For a strength ratio larger than 1.0, the
cracks propagated through the ITZ in tension, following an en-echelon shear flow. For a strength ratio equal 1.0, a
combination of both failure modes occur. When the inclusions have a stronger bond in tension to the surrounding
mortar than the mortar matrix tensile capacity, the crack will initiate in the mortar matrix. For aggregate inclusions,
the ITZ bond is weaker, first cracking always takes place in the ITZ. However, even for mortar inclusions, the 1TZ
bond is imperfect, concluded from the reduction in compression strength between the mortar only specimen and the
specimen with an equal strength inclusion (strength ratio = 1.0). The finite element models constructed by Wu and
Wong [8] using low and high strength inclusions, and the study of iron inclusions [6] underlined these findings.

The evaluation on the initial stiffness revealed that for specimens with an inclusion strength ratio lower than 1.0,
the stiffness decreases with increasing inclusion volume fraction. For a 1.0 ratio, the path follows an almost
horizontal line, while for ratios larger than 1.0, an enhancement in stiffness is observed. While an increase in
inclusion volume fraction always decreases the compressive strength, it may increase the initial stiffness as in a case
when the strength ratio is larger than 1.0. The initial stiffness ratio directly related to the compressive strength by the
fib and the majority of standards is, therefore, incorrect. The approach of Counto provides a better illustration of the
stiffness behavior of an inclusion specimen. These findings were also underlined by previous studies [1, 14, 15]. The
study of Le Roy et al. [14] investigated the inclusion size effect in lightweight concretes. Their research work
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suggested to asses a physical model rather than an empirical one through, for example, using the Hashin-Shtrikman
bounds to approximate the Young’s modulus.

5. Conclusions

In a nutshell, it is concluded that a lower inclusion volume fraction, thus smaller inclusions, will lead to a better
load carrying capacity regardless of the quality of inclusions. When dealing with larger volume of inclusions, a
better performance will be obtained when the inclusions are stronger than the surrounding mortar matrix. When
calculating the initial stiffness, the laboratory results obtained support the notion that the stiffness is not only related
to the compressive strength. The mathematical models proposed by Counto and Hashin-Shtrikman were proven to
provide more accurate predictions of the Young’s modulus of concrete.
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Abstract

Pumice Breccia is a natural material which is available in a vast deposit of volume in Indonesia, especially in Yogyakarta area.
The main characteristics of this type of rock are lightweight and having low thermal conductivity. Pumice breccia utilization is
expected to support the implementation of green building concept by minimizing electrical power needs that may be required for
setting the room temperature (air conditioning system). The aim of this study is to evaluate the effect of pumice breccia
utilization as fine aggregate in various compositions on the thermal conductivity and compressive strength of the mortar. This
study conducted using the experimental method to determine the thermal conductivity and compressive strength of each variation
of the mortar. Two (2) types of mortar were investigated in this research. The first type is normal mortar using sand as the fine
aggregate with mixture compositions variations of 1 Pc (Portland Cement):4 Ns (Sand), 1 Pc:6 Ns, and 1 Pc:8 Ns, which are
labeled as MN1, MN2, and MN3. The second type of mortar is pumice breccia mortar that utilizing pumice breccia material as
fine aggregate with mixture compositions variations of 1 Pc (Portland Cement):4 Pb (Pumice Breccia), 1 Pc:6 Pb and 1 Pc:8 Pb,
named as MP1, MP2, and MP3. All composition of mortar mixtures is prepared based on the volume ratio. Test results show by
using the Pumice Breccia as fine aggregate in the mortar mixtures, the thermal conductivity of the normal mortar can be reduced
nearly considerably. Even though, the reduction in compressive strength is observed in all the compositions of mortar mixtures,
based on SNI 03-6882-2002, still the Pumice Breccia based mortar can be classified into the type-O mortar that can be used for
partition walls, protective and decorative purposes.
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1. Introduction

The increase of human population led to the rapid development of the construction industry. The existence of a

business center buildings, offices, education and housing become a necessity that cannot be avoided. In accordance
to the development of construction technology, the need of complementary infrastructure inside the building is also
increasing. One of building fixtures which is largely use is air conditioning system (Air Conditioner). It is widely
used for almost every type of buildings, starting from skyscraper, educational buildings to housing. The use of AC
(Air Conditioner) has given rise to negative effects such as global warming.
One of the main triggers of global warming caused by the use of AC is that Chlorofluorocarbons (CFCs) gas which
is resulted from the cooling process. Increased use of AC in the building is very risky to accelerate the depletion of
the ozone layer of the earth. It will lead to global warming acceleration. Any reduction of temperature in the air-
conditioned room will always be followed by the increase of outdoor temperature. In addition, the use of air
conditioning system in the building also spent large energy consumption. It encourages governments in various
countries to pursue policies for energy saving, especially associated with the electricity consumption for lighting and
air conditioning. For each additional one degree Celsius of thermostat, it will be able to save 3-5% of the air
conditioning cost [1].

In order to minimize the negative impact of the use of air conditioning system in the building, it has developed
the concept of environmentally friendly building (green building) by minimizing the need for air conditioning
system. To minimize the need for air conditioning system, it is necessary to develop the wall material becomes
capable to reduce the propagation of heat from the outdoors that will fit into the room. To develop a heat-absorbing
wall material, it is necessary to develop such kind of materials that have quite small thermal conductivity. In general,
building materials that save a lot of pores and has low specific gravity will have a lower thermal conductivity or
better thermal insulating capability.

Experimental research on foamed concrete (FC) exhibits that thermal conductivity increases with increasing
density, as expected. For the low density specimen of FC, more foam is incorporated in the concrete, and, as a result,
a high amount of air pores are formed inside. As air is a good insulator, the thermal conductivity of FC was found to
be lower than that of lightweight concrete. The thermal conductivity of FC and lightweight concrete is lower than
that of normal weight concrete, conventional block and brick, which are conventionally used in construction field
[2].

Pumice breccia is a type of coarse grained pyroclastic rocks with its breccia fragments dominated by pumice with
highly variable shape and size, white-gray color, and its matrix consisting of limestone with amorphous silica.
Pumice breccia is formed by the volcanism activity. Therefore, it can be found abundantly along the volcanic line in
Indonesia. The location that had been identified as the largest pumice breccia deposit area is Semilir Formation. The
Semilir Formation is typically originated from products of a very explosive volcanic activity. It is a widespread
mountainous area at the southern part of Java Island. The formation is widely distributed from the west side at Pleret
and Piyungan areas in Bantul Regency, Special Province of Yogyakarta until Eromoko area in Wonogiri Regency,
Central Java Province in the east [3]. Based on the official data which is released by the center of investation
resources development in the Indonesian Ministry of Public Works, the Special Province of Yogyakarta has 2.50
billion m® deposit of pumice breccia which is located in Bantul, Gunung Kidul and Sleman region [4]. Pumice
breccia having relatively low density therefore it is met the requirements to be used as lightweight aggregate [5].

In this research, pumice breccia which can be found abundantly in Indonesia proposed to be utilized as the fine
aggregate for the development of insulating mortar. The main objectives of this research are: (1) evaluating the
effect of pumice breccia utilization as fine aggregate in various compositions on the thermal conductivity, and (2)
examining compressive strength of several mortar types which are using pumice breccia as fine aggregate.

2. Material and Methods

The mixtures were prepared with blended cement which satisfies to the requirements in the Indonesian National
Standards [6]. The detail of its chemical compounds is presented in Table 1.
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Table 1: Chemical composition of Portland cement
Chemical Compounds SiO, Al,O, Fe,03 CaO MgO SO, Lol
Mass (%) 23.13 8.76 4.62 58.66 0.90 2.18 1.69

The coarse aggregate of all concrete mixtures utilize continuously graded crushed lightweight pumice breccia
from Bawuran Mountain, Bantul District in the Special Province of Yogyakarta which is one of the largest pumice
breccia deposits in Indonesia. This pumice breccia has dry-loose bulk density of 760 kg/m® with particle density of
1620 kg/m® which is satisfied to the technical specification of lightweight aggregate. Therefore, it is proposed to be
utilized as coarse aggregate in the mixtures. The fine aggregate prepared using pumice breccia with maximum size
of 4.8 mm, and in air-dried condition before mixing process. Detail of mixes proportion between Portland cement
(Pc), natural sand (Ns), and pumice breccia (Pb) in this research can be found in the following Table 2.

Table 2: Mixture proportion of nine (9) series of mortar mixtures

No Samples type Volume ratio
1 MN1 1Pc : 4Ns

2 MN2 1Pc: 6Ns

3 MN3 1Pc: 8Ns

4 MNP1 1Pc: 2Ns : 2Pb
5 MNP2 1Pc: 3Ns: 3Pb
6 MNP3 1Pc: 4Ns : 4Pb
7 MP1 1Pc : 4Pb

8 MP2 1Pc : 6Pb

9 MP3 1Pc: 8Pb

3. Experimental Works

Hardened properties of mortar mixes were evaluated based on its thermal conductivity and compressive strength
after 28 days of mortar age. Thermal conductivity evaluation was conducted for all the mortar variants using
cylinders with 40 mm in diameter and 5 mm height. Compressive strength examination for all variants was done on
standard cubes with 50 mm x 50 mm x 50 mm dimension. The thermal conductivity and compressive strength of the
mortars was determined as the average of those five specimens for each variant. The experimental setting for
thermal conductivity and compressive strength test can be observed in figure 1.

a. Thermal conductivity measuring apparatus b. Compressive strength test

Figure 1: Experimental setting
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For determination of thermal conductivity of each sample, the calculation was carried out using standard formula

as follows:
_ Atq 2+ Aty 3+At3 4 +At; g+Atg 9+Atg 10

Aty = - (°C) )
Ny = 2Rxla)y (WimeC) @)
Atg LR
1o AR Ly
Ay = T Az (W/m.°C) (3)
A= 2 (W/imeC) (4)
Xp Ma
where
Aty : temperature change between first and second node
Aty : temperature change of sample “a”
Aty : temperature change of sample “b”
At : average of temperature change
L, : height of sample “a” (5 mm)
Ly : height of sample “b” (10 mm)
Lg 130 mm
A : thermal conductivity
Na : thermal conductivity of sample “a”
Ap : thermal conductivity of sample “b”
AR : thermal conductivity of copper rod (372.16 W/m. °C)
While following formula was used to determine the compressive strength of each mortar sample
P
f,ck = X (5)
where
e : compressive strength of cube (MPa)
P : compression load (N)
A : area (mm?)

4. Results and discussion

Experimental results of nine types of mortar which were evaluated to determine the thermal conductivity and
compressive strength can be observed in Table 3 as follows.

Table 3: Thermal conductivity and compressive strength of nine (9) series of mortar mixtures

No Samples type Avergg_e thermal Average compressive Mortjar type based on
conductivity (W/m.°C) strength (MPa) SNI: 03-6882-2002

1 MN1 0.63 521 N

2 MN2 0.61 3.45 0

3 MN3 0.53 1.66 -

4 MNP1 0.50 3.33 O

5 MNP2 0.49 291 O

6 MNP3 0.40 217 -

7 MP1 0.37 3.99 O

8 MP2 0.35 2.55 o

9 MP3 0.29 0.46 -
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Test results show by using the Pumice Breccia as fine aggregate in the mortar mixtures, the thermal conductivity
of the normal mortar can be reduced nearly considerably. It can be observed that thermal conductivity decreases in
accordance with the decrease of mortar compressive strength, as expected. For the low compressive strength of
mortar, more air pores are formed inside. As air is a good insulator, the thermal conductivity of mortar was found to
be lower than that of normal mortar. The thermal conductivity of lightweight mortar that utilizing pumice breccia as
fine aggregate is lower than that of normal weight mortar which is conventionally used in construction field

Even though, the reduction in compressive strength is observed in all the compositions of mortar mixtures, based
on the Indonesia National Standard of mortar specification for construction works; SNI: 03-6882-2002, still the
Pumice Breccia based mortar can be classified into the type-O mortar that can be used for partition walls, protective
and decorative purposes [7].

Simple steady state heat transfer analysis also performed to get an initial information regarding the effectiveness
of the use of mortar utilizing pumice breccia as fine aggregate in decreasing the inside room temperature buildings
in the Indonesian coastal region with assuming that outdoor temperatures is around 36 °C. The numerical analysis
was conducted using Strand7 software. The model will only assign convection coefficients, and assumed that there
is no radiative heat transfer, as it is not significant over the range of temperatures considered. Analysis result shows
that using Class-O pumice breccia mortar the indoor temperature will be 23.1 °C and when using normal mortar the
indoor temperature will be 24.5 °C. The finite element model of heat transfer analysis can be found in Figure 2 as
follows.

Plate Temperature (C)
3.711988x 10} [Pt:1, ek 1]

3.637042x10°
3.487150x10°
3.337258x10°

3.187365x10°

3.037473x10°

2.887581x10°

2.737689x10°

2.587786x10°

2.437904x10°

2.288012x10° [PL:4200,Nd:4515]

¥

.

Figure 2: Finite element model of steady state heat transfer analysis in building wall using Strand7

5. Conclusions

Based on the tests results of the hardened properties of pumice breccia lightweight concrete, the following
conclusions can be drawn:

(1) Utilization of pumice breccia as fine aggregate in the mortar mixtures will effect to the thermal
conductivity reduction significantly. The thermal conductivity can be reduced nearly 40%.

(2) Thermal conductivity of mortar specimens can be reduced in accordance with the decrease of mortar
compressive strength. Based on the Indonesia National Standard of mortar specification for construction
works; SNI: 03-6882-2002, still the Pumice Breccia based mortar can be classified into the type-O mortar
that can be used for partition walls, protective and decorative purposes.
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Abstract

It is essential to understand the single fibre pull-out response in order to understand and predict the behavior of fibre
reinforced composites. Hook geometry can largely affect the post-crack behaviour of fibres in structural elements.
There is limited data available on newly developed multi hooked end steel fibers. This paper presents results of single fibre
pull-out tests of three types of hooked end steel fibres embedded in high volume fly ash (HVFA) mortar. Steel fibres
were defined as double, triple or quadruple hooked based on their geometry. The results of this study indicates that the pull-out
load of the steel fibres was increased with the increase of the number of bends at the ends. It was also observed that
the extra hooks resulted in some plastic deformation of the fibres. The average pull-out load of the quadruple hooked
fibre was 1.4 times higher than that of the average pull-out load of the double hooked fibre. Pull out strength was increased
with the increase of the matrix strength. The compressive strength of the mortar was increased by 18% with the addition of
2% nanosilica (NS) and 10% microsilica (MS). Inclusion of these fine particles improved the bond between fibres and
the mortar which consequently increased the pull-out load. The double hooked end fibre exhibited the smallest pull-out load
among the three types of fibre studied. It was also observed that the pull-out load of all types of fibres increased with the
reduction of fly ash (FA) content. Furthermore, results also demonstrate that the addition of MS and NS increased the
pull-out load of steel fibres in HVFA mortar up to 31%.
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1. Introduction

Despite all the benefits of cement based mortar and concrete, they are identified as brittle construction materials
with a low tensile strength which makes them prone to cracking. For decades, the addition of fibres to these
materials have been a common practice to improve the mechanical behaviour, and delay propagation of cracks while
saving the costs of excessive reinforcement. An additional mechanical component is obtained when straight fibres
are deformed, which produces anchorage effect. In case of smooth fibres the only mechanism preventing slippage
are adherence and friction. However, in case of deformed fibre particular geometry such as hooked end or twists will
provide additional bonding force. Mechanical anchorage is the key parameter affecting toughness and energy
absorption capacity and is caused mainly by deformations or hooks in fibres.

It is important to study the bond between fibre-matrix interface characteristics in order to understand the
behaviour of any composite material produced with fibres. The fibre-matrix interface bond has been studied in
recent years [1]. Numerical models have been developed based on geometry and strength of fibres with focus on
fibre inclination [2-4]. Some of the parameters affecting the bond are known as length of the fibres (L), diameter
(d), embedement length (L), Aspect ratio (L/d) , fibre orientation angle (0) and the tensile strength of fibres [5].
Analytical models have been developed to predict the pull-out load by other researchers [6-8]. Alwan et al. [9]
investigated various parameters such as fibre diameter, length and aspect ratio.

The fiber—matrix interface bond is usually determined by a single fiber pull-out test. Pull-out behaviour depends
on both the matrix and the fibre characteristics. An ideal pull-out test has two main components:sliding and
mechanical anchorage. The embedment length of smooth and hooked-end fibres have been studied by researchers
[10-12]. Tuyan and Yazici [10] showed that the peak pull-out load of hooked steel fibres was significantly higher
than smooth steel fibres. By implementing microstructral study, it has been observed that the transition zone in
mature traditional cementitous composite is quite porous which is filled with CH gel where it is also in direct
contact with fibres [13]. The density of the interfacial transition zone can be increased by addition of supplementary
cementitious materials (SCM) [14-20]. Shannag et al. [11] studied the embedment length of fibres, it has been
observed that embedment length affects both the peak pull-out load and pull-out work. Silva et al. [21] reported that
fibre morphology plays an important role in the bond strength of the fibre-matrix. Lee et al. [22] observed that
highest peak load for fibre during the pull-out test occurs with angle of 30° and 45°.

A series of experimental pull-out tests of different fibres from various types of matrix have been investigated in
this paper. Limited studies are available on the effects of fibre geometry, matrix type and combined actions of the
above parameters. The effect of end condition of steel fibres on the fibre-matrix bond charastristics is investigated
here. Based on the results, the pull-out behaviour has been analysed and mechanisms affecting the pull-out load and
post peak behaviour are explained.

2. Experimental program
2.1. Materials and specimen preparation
Ordinary Portland cement (OPC), Class F fly ash, microsilica (MS) and nanosilica (NS) with the properties given

in Table 1 were used in all the mortar mixtures. The properties of the fibres used in this study are given in Table 2.
The fibres were of a smooth surface with the ends bent in three different configurations, as shown in Fig. 1.
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Table 1-Chemical composition and physical properties of cementitous materials

Chemical Cement Fly ash Microsilica Nanosilica
analysis (Wt%) (Wt%) (Wt%) (Wt%)
SiO, 211 63.13 89.6 99
Al,O3 5.24 24.88 - -
Fe,0; 31 3.07 - -

CaOo 64.39 2.58 - -

MgO 1.1 0.61 - -

K,0 0.57 2.01 0.225 -

Na,O 0.23 0.71 0.11 -

S0O3 2.52 0.18 - -

LOI 1.22 1.45 3.8 -
Particle size - 73% < 45 ym 95% <1 Um 25 nm
Specific gravity 3.17 2.65 0.625 2.2-2.6
BET Surface area (m?g) - 1.53 15-30 160

Table 2-Properties of fibres

Length Modulus Tensile
Type Geometry 9 Diameter (mm) Aspect ratio strength
(mm) (GPa)
(MPa)
Steel Hooked end 60 0.90 65 210 1345

0 0 0 0
e gee T

Figure 1- Configuration of fibres used in this study: (A) doubled bend ; (B) triple bend ; (C) quadruple bend.(bends numbering is based on
number of bends shown by the arrows).

I he mixtures were mixed In a Hobart mixer. A constant water/ binder ratio ot 0.4 and sand/binder ratio of 2 was
used to prepare all the mortars. In this study, seven types of mortars were prepared and cast in plastic moulds. The
first series was control mortar that consisted of OPC only as the binder. After casting, the specimens were kept for
24h in 20 £ 2 °C and then were demolded and cured for a testing period of 7 and 28 days.

The second, third and fourth series were HVFA mortars containing 40%, 50% and 60% (by wt) fly ash as partial
replacement of the OPC, respectively. The fifth, sixth and seventh series contained 2% NS, 10% MS and combined
2% NS + 10% MS, respectively, with fly ash. The specimens were prepared in a plastic mould with a size of 12 x 24
x 42 mm. Cube specimens of 50 mm size were cast for compressive strength tests at 28 days.
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2.2. Test procedure

In order to determine the fibre-matrix characteristics, a single fibre pull-out test was carried out which is a
common method for pull-out test used by other researchers [20]. A stiff steel frame was used during the pull-out
test. The fibre was embedded half way through the matrix (L,=0.5xls) during casting. The fibre orientation is in the
same direction as that of the pull-out force. The specimen was mounted in a steel supporting system with a hole
located on the top, through which the fibre was clamped to the upper jaw of a universal testing machine, while a
long screw bolt which is connected to the bottom of the tube was clamped by the lower jaw of the machine. The test
set up is shown in Fig 2. By using this setup it was assured that the specimens were only under pull-out load and no
other lateral confining pressure existed. The upper jaw was connected to a load cell with a capacity of 5 kN and a
loading rate of 1 mm/min was used in the test. The pull-out load vs displacement data were recorded for each
specimen. The maximum pull-out load was determined from the load displacement curve.

Figure 2-Apparatus of pull-out test

3. Results and discussion

The 28-day compressive strengths of the mortars containing fly ash, microsilica and nanosilica with no fibres are
presented in Fig. 3. As expected, compressive strength of mortars decreased with the increase of fly ash replacing
cement. It can be seen that 2% NS, 10% MS or 2% NS and 10% MS increased compressive strength as compared to
the mortar containing 40% fly ash. The compressive strength of the mortar containing 10% MS and 2% NS was
closest to that of the control mortar mix.
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Figure 3-compressive strength of mortars at 28 days
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Figure 4-Peak pull-out load at 28 days curing
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A) Double bend hook end fibre
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Figure 5-Pull-out vs displacement of the double-bend fibres
B) Triple bend hook end fibre
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Figure 6- Pull-out load vs displacement of the triple-bend fibres
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C) Quadruple bend hook end fibre
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Figure 7-Pull-out vs displacment of the quadruple-bend fibres

3.1. Effect of fibre geometry on the pull-out behaviour

The maximum values of the pull-out load of the fibres in different matrices are shown in Fig.4. It can be seen
that the maximum pull-out load of the fibre in each type of matrix was increased with the increase in the number of
bends in the fibre. The pull out load was decreased by the replacement of cement by fly ash. However, it can be seen
that the pull-out load gradually increased by the addition of microsilica and nanosilica. The decrease of the pull-out
load is attributed to the decrease of the compressive strength by fly ash. The maximum pull-out load of the fibres in
the matrix containing 28% fly ash, 10% MS and 2% NS were almost same as those of the fibres in the control
matrix. The trends of the maximum pull-out load of a particular type of fibre in different matrices is seen to be
similar to that of the compressive strength of the mortars shown in Fig. 3.

The effects of different fly ash contents, 2% NS, 10% MS and combinations of both (2NS%+10MS%) on the
bond behavior of three types of hook-end steel fibres in HVFA mortar are presented in Figs. 5, 6 and 7. By
investigating the failure modes of fibres in this study, it was observed that the fibres were pulled out with some
plastic deformation. It can be observed from results that pull-out load displacement curves present characteristics
mainly based on fibre geometry and matrix properities. A variability of experimental results were observed by
considering a single matrix on various fibre types. This is be attributed to fibre geometry. Quadruple fibre has shown
superior peak loads in all mixes as compared to the triple bend and double bend fibres. This can be due to the
effectivness of hook geometry and better mechanical interlock of bends.

Zile et al. [23] identified the overall pull-out load (P) of steel fibres into two main resisting elements; the first
component is the load associated with geometric deformation under plastic bending force (P, ) and the second is the
load corresponding to the frictional force ( Pgc ), as described by Eq. 1

I:’:Ppl + Pfric (Eq 1)

Py is a result of bending or unbeding of fibers. A similar amount of load is required to bend a straight fibre during
the production of a hooked fibre, and is known as plastic bending force. This load will be released when fibres are
under debonding process and while the geometric deformation happens during the pull-out. The cementious matrix
is assumed as a curve duct where fibres are positioned inside it. Frictional force (Pyc) is another resisting element
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which is a result of the friction between steel fibre and the matrix duct. The frictional force is affected by the
parameters such as friction shearing stress, embedded length and the fibre slip.

By observing Fig. 5, it can be said that, addition of combined MS+NS resulted in highest peak load and the best
post peak behaviour in case of double bend fibres. A very similar effect was observed in Fig. 6 in case of triple bend
fibres and in Fig. 7 for quadruple bend fibres.

By comparing Figs. 5, 6 and 7, the effect of different fibre geometry can be observed. The repetitive bending and
unbending required to smoothen the quadruple fibres has increased the plastic deformation. Furthermore, extra
bending of this fibre in comparision to the triple bend fibre has increased the frictional force by increasing the
anchorage which have been in a direct contact with the matrix during the bending. Better post-peak behaviour was
observed due to the greater mechanical interlock of bends with quadruple and triple bend fibres.

The principal failure mode observed in case of double, triple and quadruble end steel fibres was plastic
deformation followed by pull-out. The reason for fluctualtion after peak load can be due to fractures of matrix in
micro-level while fibres go through an elasto-platic phase. As it can be observed in Fig 5, 6 and 7 the slope of the
load vs displacement graph of these type of fibres has been close to linear to the point of peak load. The first stage
of pull-out of the fibres occured when the maximum load was reached. The second stage of pull-out begun after
peak load, when the fibre went through the curved matrix and debonding resulted. The debonding happened either in
a hardening behaviour such as the double bend fibre in the matrix of FA28MS10NS2 or with a drastic drop in the
load such as the triple bend fibre in in the matrix of FA2BMS10NS2.

4. Conclusion

In this study a sustainable mortar containing a high volume of fly ash as a partial replacement of cement was used
to characterize the bond slip behaviour of three types of hooked end steel fibres. A displacement controlled pull-out
test was conducted. The results are discussed based on compressive strength of the matrix and the pull-out load vs
displacement graphs. The main findings of this study can be summarized as follows:

1. The addition of 2% NS and 10% MS increased the compressive strength of flu ash mortar by 18%. By
implementing a relatively low w/c ratio besides the addition of these SCMs, the amorphous content of the
matrix has been increased. Due to the addition of SCM materials, the formation of additional calcium silicate
hydrate (C-S-H) gel improved the bonding. All these resulted in the production of a sustainable matrix with a
dense microstructure which improved the frictional force (Ps.). The stiffness of the matrix played an important
role both in failure modes and in post peak behavior of the fibre pull-out.

2. The fibre geometry has affected both peak load and post peak behavior. The average pull-out load of the
quadruple hooked fibre was 1.4 times higher than that of the average pull-out load of double hooked fibre.
An elasto-plastic semi-hardening behaviour has been observed in most mixes which is result of debonding and
sliding in the fibre-matrix interface. The pull-out peak load and the debonding toughness increased with
increase in number of bends, this corresponds to increase in plastic bending force (Pp) and increased
mechanical interlock caused by the bends at the ends.
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