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ABSTRACT

Bricks are such an element that can’t be thought of to construct a house. Usually, burnt clay bricks is
using to meet the ambition but to do so, a large amount of soil is removing for the production of clay
bricks. This paper reveals the mechanical properties of fly ash bricks taking different proportions of
fly-ash, gypsum, sand and a fixed amount of cement. To perform this research a varieties of tests were
conducted i.e., compressive strength, water absorption, unit volume weight, apparent porosity, open
pore, and impervious pore in the laboratory. Ingredients were being used to produce the bricks at four
proportions of using fly-ash (50%, 55%, 60%, 65%), gypsum (12%, 9%, 6%, 3%), sand (28%, 26%,
24%, 22%) respectively and 10% of cement in each and every proportions. All the weighted materials
were mixed in a mixing pan until the homogeneous mixture attained and then added 80 ml of water
considering the total volume of the brick mold. Then the mortar was placed to a mold of 9.5cm x 4.5cm
x 2.75cm which is the ratio in cm scale of traditional brick using in Bangladesh. ASTM code of practice
was followed to conduct the tests of this research. From the study, it is concluded that proportion no. 1
shows the good quality of bricks which can be employed as an alternative to the conventional burnt clay
bricks.

Keywords: Fly-ash bricks, compressive strength, water absorption, unit volume weight, apparent
porosity, open pore, impervious pores and apparent specific gravity.

INTRODUCTION

Brick is one of the most widely used construction materials, now a days. Manufacturing of bricks
consume larger amount of clay which leads to top soil remover and land degradation. In brick kilns, the
firing of bricks causes serious environmental pollution and health problem. Environmental value is the
people’s cognition on belief, attitude, rational consideration and value of the environment. In 1995 O.
Brien and Guerrier pointed that environmental value is advisory and supportive activities of
environmental concern and responsibility. McMilln et al. (2004) investigated that fly ash is a byproduct
which is generated from thermal power plants and industries and its disposal causes a serious
environmental problem. Fly ash brick is a building material, specifically masonry units, containing
class C and class F fly ash and water. Fly ash is generally evaluated in cement and concrete production
as an inexpensive pozzolanicblending material, Pei-wei et al. (2007). Lingling et al. (2005) conducted a
scientific study to find out the effect of wet fly ash in burnt clay brick replacing a high volume of ratio.
They finally got a conclusion that the plasticity index for both fly ash and clay had the proportional
relationship in nature. They also made conclusion replacing clay by high amount of fly ash can improve
compressive strength as well as gave low water absorption, no cracking and high strength during the
melting of the frost. Gourav and Reddy (2018) tried to reveal the causes behind the clay-fly ash-
gypsum-lime masonry. They also experimented their materials i.e., SEM, XRD, and TGA for the
investigation. In the conclusion, chemical bonding took place among those materials. Cultrone and
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Sebastian (2008) conducted a research to develop strength of solid bricks using fly ash in five
proportions. Naganathan et al. (2015) conducted to search the performance of traditional bricks using
fly ash and bottom ash together. They concluded that compressive strength was a range from 7.13 to
17.36 MPa and UPV was from 2.2 to 2.96 km/s. They also found that at the time of increasing the
percentage of fly ash resulted the decreased of the water absorption. Tayfun and Yasin (2015)
conducted to find the possibility of the production of light weight bricks considering fly ash and lime,
and they concluded that it can be utilized as an alternative means of the conventional burnt clay bricks.
Fly ash bricks are lighter and stronger than clay bricks. Now a days it has become more popular than
clay bricks in most of the country like India, China. In India, The Ministry of Environment and Forests
issued directives for proper utilization of fly ash discharged from coal or lignite-based thermal power
plants (Gazette of India). In Bangladesh, it is estimated that 1.3 million cubic feet of fly ash is produced
per annum for dumping from thermal power plants. There are 6 potential coal fields which have been
identified till date, out of which only one, Barapukuria coal field is in production.

MATERIALS AND METHODOLOGY OF TESTING PROGRAM
Raw Materials

Fly Ash

Fly ash is collected after the combustion of coal in almost every portion of the Kilnker. The chemical
composition of the fly ash were tested and presented in table 1. Class “F” fly ash was used to make
mortar for the production of the bricks. Fly ash was collected from Noapara, Jessore to do the research.

Table 1. Chemical composition of fly-ash

Compound SiO; Al;0O3 Fe,03 Cao MgO
Mass fraction, % 62.45 214 6.58 1.25 0.55
Gypsum

Hydrated calcium sulphates are called gypsum (CaSQ42H,0). Basically, gypsum doesn’t create any
adverse effect to the environment, human beings, animals, and plants. It is moderately water soluble.
Gypsum blocks are used like concrete blocks in building construction. Gypsum was also collected from
Noapara, Jessore to do the research

Sand

Locally available sands were used in this study. To perform the research sands were collected from the
construction site of Architectural Building of RUET. Specific gravity and fineness modulus were tested
in the laboratory to see the physical properties, and the specific gravity and fineness modulus of sand
were 2.78 and 2.34 respectively.

Cement
Cement is a binder, a substance used for construction that sets, hardens and adheres to other materials,
binding them together. Ordinary Portland Cement was used in this study. The physical properties used
are given in table 2.

Table 2. Physical properties of ordinary Portland cement

No Characteristics Value obtained experimentally
1 Specific gravity 3.14
2 Setting
time(minutes)
Initial 75
Final 610
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Mixing of Raw Materials

Raw materials including fly ash, gypsum, sand, cement and water were prepared for mixing to make
mortar blocks in certain proportion of weight. For each proportion, the required materials were
calculated correctly and the materials were weighted properly. The percentages of materials required
for fly-ash bricks and weight of the materials are given in table no 3 according to brick sample no.

Table 3. Mixing proportion of raw materials and brick sample no.

Brick Fly ash Gypsum Sand Cement

Proportion Sample (%) (%) (%) (%) Water

no. No. Weight Weight Weight Weight (ml)
(gm) (gm) (gm) (gm)

1 A 50 12 28 10 80
119 31 88 35

2 B 55 9 26 10 80
131 24 82 35

3 C 60 6 24 10 80
143 16 76 35

4 D 65 3 22 10 80
155 8 70 35

Preparation of Brick Sample

For the preparation of brick sample, a brick mould was used which inner diameter was
9.5cmX4.5cmX2.75cm. After preparation of the mixing raw materials following the raw materials
proportion chart, they were placed in the mould and a compaction procedure was done. The mortar was
compacted using digitec concrete compression machine. The load was applied with average load of
35-40 KN. Sixteen specimens were prepared, four samples of each proportion. After that the brick
forming load from the screen of the digitec concrete compression machine was recorded.

Curing Procedure

After compaction, the brick samples were taken out from the mould after 2 minutes. Air curing is the
process of preserving or drying by exposure to air and water curing is the process of controlling the rate
of moisture loss from concrete during cement hydration. So some of the samples were kept in air for 14
days and others were kept in water for 14 days including 3 days kept in air before curing.

Table 4 Curing process and curing period of brick sample

Proportion Curing process Curing Curing
No. Brick sample | Brick No. (Air) Brick No. | Process (Air) Process
(Water)
1 A As 14 Az 3 14
Az Ay
2 B B, 14 Bs 3 14
B. B,
3 C C: 14 Cs 3 14
C, Cs
4 D D 14 D3 3 14
D; D,

Method of Testing

Compressive Strength Test

Compressive strength was determined by applying load on the specimen using a digitec concrete
compression machine. No factor was applied to attain the actual compressive load and actual
compressive strength.
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Water Absorption Test
The specimens were dried in a ventilated oven at a temperature of 105°C to 115°C for 24 hours. Then
these were cooled at room temperature and obtained its weight (M1). These were immersed in clean
water for 24 hours. Finally, the specimens were removed and wiped out and obtained the weight (M.).
Water absorption test, (%) by mass were conducted by following 1S:3495 and the formula is given in Eq
1),

M, — M;
= % 100

My (1)

The value of the test results were taken carefully.

X

Unit Volume Weight

After curing, the bricks were then dried at oven maintain the temperature of about 110 degree
centigrade for 24 hours and kept them t make the room temperature. After that the bricks were put to the
water to make immersed maintain room temperature and at that time the suspended weight was also
recorded. Then the bricks removed from the water and by using a cloth the water was wiped off and
saturated weight was measured. Dry weight, D gm, Suspended weight, S gm, Saturated weight, W gm
were noted in a note book. Unit volume weight B, gm/cm3 = D/ V, where volume V, cm3 = (W - S) was
evaluated.

Apparent Porosity, Open Pore and Impervious Pore

To calculate the apparent porosity, open pore and impervious pore, ASTM code of practice (C 67-00)
was used. The following equations were employed to determine the Apparent porosity P, % = [(W - D)/
V], Open pore volume, cm3 = W — D and impervious pore volume, cm3 =D —S.

RESULTS AND DISCUSSION

The mechanical properties of the specimen such as compressive strength, water absorption, unit volume
weight, apparent porosity, open pore volume and impervious pore volume were determined by
following standard laboratory test method. From the calculation, test results and graph figure, the
optimum values were found showing in the Figs 1, 2, 3, 4, 5 and 6.

For air dried curing, the optimum value of compressive strength, average value of each sample was
found in proportion no. 1 from the Table 3, shown in Fig 1. For water curing, the optimum value of
compressive strength, average value of each sample was found in proportion no. 1 from the Table 3,
shown in Fig 1(a). For water absorption test, the lower average value of each sample was found in
proportion no. 1 from the Table 3, shown in Fig 1(b).
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Fig. 1 Mechanical Properties, (a) Compressive strength test result in air dried and water curing
condition; (b) Water absorption test result in various proportion
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For unit weight volume test result, the maximum average value of each sample was found in proportion
no. 1, shown in Fig. 2(a). For Apparent porosity test result, the maximum average value of each sample
was found in proportion no. 3, shown in Fig. 2(b).
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Fig. 2 Mechanical Properties, (a) Unit volume test results; (b) Apparent Porosity results of fly ash bricks

For open pore volume tests result, the value of each proportion is shown in Fig. 3(a). For impervious
pore volume tests result, the value of each proportion is shown in Fig. 3(b).
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Fig. 2 Mechanical Properties, (a) Open pore volume test results; (b) Impervious pore volume
test results in various proportions

CONCLUSIONS

The chemical composition shows a very high amount sandy properties in fly ash (62.45% SiO,) and
also a high amount Alumina (21.4%). The chemical reactions were taken place to form a harder block
among fly-ash, gypsum, sand, and cement. At the wet stage, fly ash reacts very quickly with gypsum.
But attaining the full hydration, generally it takes lot of time. From figure 1(a), it is shown that
compressive strength of water curing is higher than air curing but in proportion no. 3 and 4,
compressive strength in air curing is higher than water curing. This was happened because of the early
time hydration. It can be also seen from figs 2 and 3 that proportion no. 1 relatively god results from the
other proportions of the fly ash bricks mixture. More bricks also should be checked to find relationships
among the properties. Considering all the test results, it can be said that fly ash brick can be used as a
building material to reduce the deduction of soil from the earth.
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ABSTRACT

Concrete is the most used building material composed of cement, sand, stone and aggregate. Tiny micro-
crack is the main reason to cause failure in concrete structure. A noble technique has been developed in
recent years to remediate these cracks by incorporating special species (bacillus) of bacteria in concrete.
These types of bacteria have the capability to secret calcite precipitation and eventually repair the cracks.
This paper investigates the performances of bacterial concrete exposed to plain water. Concrete
specimens of 100 mm cubical size were cast and cured for 120 days with and without using bacteria.
Using spectrophotometer to determine optical density has always been a central technique in micro-
biology. Concrete specimens having ODgy 0.107, 0.20, 0.637 and 1.221 have been studied in plain water.
The specimens were taken out periodically and subjected to compressive & tensile strength tests. From
the investigation, it has been revealed that microbial concrete having ODso 0.637 shows better resistance
against strength deterioration under all curing conditions and curing ages. Later on the concrete
specimens were subjected to Ultrasonic Pulse Velocity (UPV) tests. This study proposes the UPV and
strength relationship curves for different microbial ratios used in concrete. From this test, it has been
observed that specimens having ODsoo 0.637 shows better pulse velocity. The higher pulse velocity can
therefore be used to assess the quality and uniformity of the concrete material.

Keywords: OPC; Microbial Concrete; Bacillus subtilis; Optical Density; MICP; UPV test

INTRODUCTION
Concrete is one of the most widely used construction materials by mankind and it is the main material

used for the infrastructure development of every country. It has an ultimate load bearing capacity under
compression but the material is weak in tension. That is why steel bars are embedded in the concrete for
the structures to carry tensile loads. The steel reinforced bars take the tensile load when the concrete
cracks in tension. The elasticity of concrete is relatively constant at low stress levels but starts decreasing
at higher stress levels as matrix cracking develop. That why concrete is a high maintenance material that
cracks and suffers serious wear and tear over the decades of its expected term of service.

Repair of conventional concrete structures usually involves applying a concrete mortar which is bonded to
the damaged surface. Sometimes, the mortar needs to be keyed into the existing structure with metal pins
to ensure that it does not fall away. Repairs can be particularly time consuming and expensive because it
is often very difficult to gain access to the structure to make repairs, especially if they are basements or at
a great height. An advance technique has been developed in remediating cracks and fissures automatically
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in concrete by utilizing Microbiologically Induced Calcite or Calcium Carbonate (CaCOs3) Precipitation
(MICP) which will ultimately increase the durability of concrete structure. By incorporating special
species (bacillus) of bacteria in concrete these cracks can be repaired as natural healing process. These
types of microbes can secret calcite precipitations which will ultimately repair the cracks and increase the
durability of structure.

Ultrasonic pulse velocity (UPV) test is a non-destructive test technique to monitor the post construction
performance of concrete. This technique was first introduced by Long, Kurtz and Sandenaw (1945) for
evaluating the non destructive method of testing for quality of concrete by transmitting an irrational pulse
to travel a known distance through a concrete. In this study, cylindrical specimens of dia 100 mm and
height 200 mm were used. Curing period for test was taken as 28 days. 5 different microbial groups
having ODggo 0, 0.107, 0.20, 0.637 and 1.221 had been studied.

EXPERIMENTAL DETAILS
The experimental work was carried out to study the different aspects of strength development of
microbial concrete in plain water over a period of 28 days. The variable parameters studied and the
materials involved were as follows:
Materials
(i) Bacteria :
Bacillus subtilis strain 121 has been used in the following study. It was obtained from Micro-biology
Department, Chittagong University. Media used was nutrient broth for B. subtilis growth. Four different
ODesoo (0.107, 0.20, 0.637 and 1.221) has been used to investigate the performances of bacteria.
Absorbance of the cell suspension is also being measured by using ‘Spectrophotometer’. The cell
concentration varies with optical density and could be roughly determined by following formula:

Y=8.59 x 107X*%2
where,
X =reading at OD 600 nm
Y= concentration of bacterial cells per ml
(ii) Cement :
Ordinary Portland Cement (OPC) ASTM Type-1, conforming to ASTM C-150 was used as binding
material. Its physical properties and chemical compositions are given in Table 1.

-

Endospores

Fig. 1: Microbial Concrete

(iii) Aggregate :

Locally available natural sand passing through 4.75 mm sieve and retained on 0.075 mm sieve was used
as fine aggregate. The coarse aggregate was crushed stone with nominal size of 12.5 mm. The properties
of aggregates are given in Table 2.

(iv) Water :
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Water confirming to the requirements of 1S456-2000 was taken with pH value 7 and at zero turbidity.

Table 1: Physical properties and chemical Table 2: Physical properties of aggregate
composition of OPC
Properties Coarse Fine
SL. Characteristics Value Aggregate Aggregate
No Specific
) 2.59 2.55
1 Blaine’s Specific surface 2900 Gravity
(cm?/gm) Unit Weight | 1560 Kg/m® | 1580 Kg/m?
2 | Normal Consistency 26% mzﬂ?zz 6.77 257
Soundness by Le -
3| Chatelier’s Test (mm) | #°>MM é;’;ggf’tt}'lon 0.6% 1.45%
4 Specific gravity 3.15 Mo
- : oisture 0 0
5 (a) Initial (min) 70
(b) Final (min) 175
Compressive Strength
(a) 3 Days (MPa) 16.2
6 (b) 7 Days (MPa) 21.2 ) ) )
(c) 28 Days (MPa) 31.4 Table 3: Properties of microbial water
Calcium Oxide (CaO 4% (Absorbance  reading: T60  UV-VIS
alcium Oxide (CaO) 0 Spectrophotometer @ RT & Absorbance at
Silicon Dioxide (SiOy) 21% 600 nm wave length)
9 Aluminum Oxide (Al.O3) 6% . .
- - Group | Control Bacterial | Optical
11 | Magnesium Oxide (MgO) 1.2% A 0.196 0.107
12 | Sulfur Trioxide (SO3) 2.5% B 0.089 0.289 0.20
13 | Loss on ignition 1.2% C ' 0.762 0.637
14 | Insoluble matter 0.6% D 1.31 1.221
Variables

(i) Concrete Quality :

Three different grades of microbial concrete having OD600 0.107, 0.20, 0.637, 1.221 were used. OPC
plain concrete was cast for comparing its properties with that of microbial concrete.

(ii) Exposure Period :

Specimens were tested periodically after the specified curing period of 28 days in plain water.

(iii) Size of Specimens :

Cylindrical specimens of 100 mm dia and 200 mm high were used following ASTM standard procedure.
(iv) Curing Environment :

A total of 45 cylindrical concrete specimens were cast in the laboratory. After casting, the specimens were
kept at 27°C temperature and 90% relative humidity for 24 hours. After demoulding, all the specimens
were cured in plain water for curing at room temperature.

(v) Mix Proportion :

Concrete was designed on the basis of material properties. For a mix design of 20 MPa concrete, the ratio
of cement, fine aggregate, coarse aggregate was obtained as 1.0: 2.57: 2.71 with water cement ratio of
0.592 by mass. For 30 MPa concrete the mix ratio was 1.0: 1.68: 2.04 with water cement ratio of 0.45 and
for 40 MPa concrete it was 1.0: 1.28: 1.73 with water cement ratio of 0.38 by mass. 100% water by mass
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was used for conventional concrete and a water cement ratio of 50% and microbial culture of 50% by
mass was used for microbial concrete.

RESULT & DISCUSSION

The ultrasonic pulse velocity of a material can be determined by placing a pulse transmitter on one face of
a sample of the material and a receiver on the opposite face. A timing device measures the transit time of
the ultrasonic pulse through the material. If the path length is known, then the UPV can be calculated
from the path length divided by the transit time. In UPV test, an appropriate coupling agent of petroleum
jelly is applied to the transducer diaphragms and over the test surface to avoid air entrap between the
contact surfaces of the transducers diaphragms and the surface of concrete. Then the transducers are
pressed against the surfaces of the concrete for reasonably good contact between two surfaces and then
the transit time is measured. Measurements are repeated at same location to minimize erroneous readings
due to poor contact (Ref. Figure: 2).

Tester Calibration reference bar

Transducers

Fig. 2: Ultrasonic Pulse Velocity Measurement Process

It can be seen that concrete specimens having ODeggo 0.637 have the higher velocity. That means that
specimens having ODego 0.637 are denser and more compact than other microbial groups. UPV values for
different grades of concrete have been presented in Figure 3.
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Fig. 3: UPV Values for different grades of concrete specimens with various optical density
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Many scientists have studied and mentioned how UPV can be correlated with concrete strength.
According to previous research by Tharmaratnam, the compressive strength and ultrasonic pulse
velocity UPV values are related by the following equation (Non-linear model is suggested):
Fe= ae®Vv
Here,
Fc= Compressive strength

V = Pulse velocity (km/s)
a and b are empirical constants

50

Scatterplot of Compressive strength-againt UPV

40 7 3

30 o %
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Fig. 4: Correlation between compressive strength against UPV

Considering the test result, the following expression relating compressive strength (Fc in MPa) to UPV (V
in m/s) was established:

y =-0.000x? + 0.659x - 1007

Rz =0.844
It was an acceptable polynomial relationship between UPV and compressive strength. Because of R?=
0.844, it can be said that 84.4% of the variation in the values of compressive strength is accounted
for by polynomial relationship with UPV.

CONCLUSION

Based on the limited number of test variables including different concrete grades, the following
conclusions can be drawn.

(i) Bacterial concrete technology has been proved to be better than many conventional technologies
because of its eco-friendly nature, self-healing abilities and increase in durability of structural concrete as
building materials.

(if) Cementation by this method is very easy and convenient for usage. This will soon provide the basis
for high quality structures that will be cost effective and environmentally safe but, more work is required
to improve the feasibility of this technology from both an economical and practical viewpoints

(iii) Mix proportion of microbial water with plain water has a significant effect on strength development
of microbial concrete. Among the microbial concretes, concrete with ODggo 0.637 is found to be most
effective in increasing the strength and pulse velocity.

(iv) It can be seen from the above Figure 4 that 84.4% of the variation in the values of compressive
strength is accounted for by polynomial relationship with UPV.

(v) If the spectrophotometer technique is adequately controlled and the sample is properly calibrated, the
estimation of microbial numbers by optical density can be considered sufficiently accurate for use in
preparing inoculate for QC testing.
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(vi) The study may provide some necessary information related to the use of microbial concretes for the
construction of marine onshore / offshore reinforced concrete structures.
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ABSTRACT

The non-destructive testing (NDT) of various components of reinforced cement concrete structures is
becoming increasingly important for both economic and safety reasons in Bangladesh perspective. The
modern NDT methods have received growing attention during recent years, especially to study the
mechanical properties and quality characterization of damaged constructions made of concrete. There
are many non-engineered constructions of reinforced concrete (RC) buildings which have been
constructed without any consideration to resist earthquake forces or without following current code of
earthquake resistance design. A quick NDT assessment could be a good approach for safety
measurement of buildings within considerable cost for such type of seismically deficient buildings. In
this study, a five (5) storied RCC building was selected and assessed its mechanical properties and
quality of concrete through NDT. To investigate the mechanical properties of existing concrete
structures against different loading patterns, several non-destructive tests such as Ferro-scanner, Rebar
detector, Ultrasonic device, rebound hammer have been introduced. The present work deals with
different NDT techniques for the assessment of the quality of existing old concrete structures and key
findings obtained from the analysis of the surveyed data.

Keywords: RCC; NDT; Ferro-Scanner; Ultrasonic Device; Rebound Hammer Test.

INTRODUCTION

Non-destructive testing is the process by which the inspection or evaluation of materials and structural
components are performed without destroying the serviceability of the structural system. Due to their
simple operating system NDT are widely used to determine uniformity, strength, durability and other
properties of concrete structures. The modern NDT techniques have a much more authenticity to
integrity assessment of existing structures before re-strengthening work. According to the international
norms and regulations any building that are going to be designed should have sufficient physical and
strength properties to meet the required ultimate strength during their full design life (Samia, 2012). The
modern NDT are widely accepted to diagnose the strength properties, quality, surface absorption,
surface hardness and reinforcement details (location, size and spacing) embedded in concrete without
damaging any part of the concrete structures (IS 13311, 1992, Jones 1969, IAEA, 2002). NDT
techniques also determine the lack of bonding with reinforcing bars, location of in-built piping, wiring,
ducting and the extent of defects such as cracks, corrosion, honeycombing, voids etc. (IS 13311, 1992,
IAEA 2002). NDT is carried out to determine the suitability of existing concrete structures for its
intended use. The major applications of NDT are to investigate the mechanical properties or checking
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adequacy of structural elements for old existing concrete structures (IS 13311, 1992). For new concrete
structures, the quality control of construction are the principal applications of NDT. The main
objectives of this study were to study the mechanical properties of existing old concrete structural
elements, to determine the reinforcement details (location, size and spacing) in the members of concrete
structure and to evaluate the quality of in built concrete.

MATERIALS AND METHODS
Basic Information of Assessed Building
The assessed building was a garments factory building located in Dhaka, the capital of Bangladesh. The

basic information of the assessed building are given in Table 1.

Table 1: Basic Information of Assessed Building

Information Description

Structural System The structural system of main production building is RCC Beam-Column
frame system and foundation system is isolated column footing.

Area of Floor Total building area: 30,000 sft.

Number of Stories Five storied RCC building

Year of Construction 2005

Construction Materials Concrete (with brick chips and steel)

Methodology
The step by step approaches for evaluation of mechanical properties and quality of in built
concrete are given as follows:

Selection of Building
(To be Assessed)

Non-Destructive Testing

UPV Test Rebound Hammer
Test

Ferro-Scanning

| Amnalysis of Result I
| {(Mechamnical Properties) I

Quality Assessment

Application of Schmidt RH Test

Standard Schmidt rebound hammer (RH) test is the most widely applied surface hardness procedure.
Swiss engineer Ernst Schmidt developed the test in 1948 and is known to as the Schmidt RH (Kolek,
1969). While testing the rebounded hammer counts a rebound number under the impact of concrete
surface and the compressive and flexural strength of concrete can be determined from the established
empirical correlations between the rebound number and the strength of concrete. Small rebound
number (RN) indicates the weak concrete surface at which corrosion may occur. However, several key
factors affect the test results of concrete such as surface smoothness, type of coarse aggregate and
cement, geometric properties, age and moisture condition of concrete and carbonation of the concrete
surface (Malek and Kaouther, 2014). While conducting hammer test, it is necessary to place the
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hammer in perpendicular direction to the concrete surface to be tested (Malek and Kaouther 2014, 1S

13311, 1992). Fig. 1 shows the details of the equipment.

Release

Concrete Window & Scale catch

surrace Hammar
Higor on Guictes

Impact Quido rod
spring

_— I /@4

Comgrosnion
spring

Plungor Housing
Locking

Hammer mass button

(b)
Fig. 1: (a) Schmidt Hammer (b) Different Parts of Schmidt Hammer.

Application of UPV Test

The modern ultrasonic pulse velocity (UPV) techniques provides an easy means of estimating the
strength, quality and the uniformity of in built concrete by measuring the propagation speed of
ultrasonic waves. The location of defects, cavity inside structures, depth of fractures and the strength of
old concrete can also be determined by UPV test (Alexandre et Al., 2013). This ultrasonic device
essentially consists of an amplifier, time measuring device, electrical pulse generator and two
transducers (Jones 1969, Alexandre et Al., 2013). Fig. 2(a) shows an ultrasonic concrete testing
instrument.

Fig. 2: (a) Ultrasonic Concrete Testing Instruments (b) Hilti PS 200 Monitor and Scanner Device.

Ferro Scan

Ferro scan is portable, non-destructive steel reinforcement detection system using electromagnetic
pulse. It can reduce costly effort to drill, cut or physically break concrete surface to find out the bar. The
position, depth and diameter of rebar in existing concrete structure can be determined using Ferro scan.
The key elements of the system are the scanner and the monitor. After scanning a structure data has
been transferred to the monitor. Collected data can be analyzed by monitor or in a PC using PS 200
software’s. Maximum depth of scanning is 180 mm (at 36 mm rebar diameter) where rebar diameter
range 6 - 36 mm. Depending on the mode of scan used and the range of depth, the accuracy of the
measurement of depth for reinforcement is £1 mm. Fig. 2(b) shows monitor and scanning device
produced by Hilti Corporation, 2011.

RESULTS AND DISCUSSIONS

The evaluation of in-place mechanical properties and quality of concrete structures were performed by
UPV, Hammer test and Ferro scanning of structural members along with checking of foundations,
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taking dimensions and removing plasters at different locations of the building for conforming
reinforcement details.

Test result of UPV
Total UPV test at 16 points in different locations of the selected structure was performed to examine the
strength of concrete. The data obtained from the UPV test are given in Table 2.

Table 2: Data of UPV Test

ID Member UPV Results V (m/s)
Type Location | Size/Distance (mm) | Time (micro second)
1. Column 4F 343.5 94.2 3646
2. Beam 4F 345.1 87.4 3949
3. Column 3F 3314 89.6 3699
4, Beam 3F 332.6 85.9 3872
5. Column 2F 326.9 91.6 3569
6. Column 2F 355.6 85.4 4164
7. Beam 2F 341.2 86.6 3940
8. Beam 2F 341.8 87.8 3893
9. Beam 1F 339.2 87.4 3881
10. | Column 1F 340.5 915 3721
11. | Beam 1F 338.5 88.6 3821
12. | Column 1F 342.5 83.4 4107
13. | Column GF 342.5 87.3 3923
14. | Column GF 340.5 91.2 3734
15. | Beam GF 336.6 89.6 3757
16. | Column GF 336.8 90.4 3726

The quality of concrete based on UPV value may be interpreted by the general guidelines for concrete
quality as shown in Table 3 (Nikhil et al., 2015, CPWD Handbook 2002, IS 13311, 1992). Generally,
higher pulse velocity represents the higher quality and durability of concrete and lower pulse velocity
represents the lower quality concrete (Alexandre et Al., 2013).

Table 3: Quality interpretation of Concrete based on UPV Value

Concrete Quality V (m/s)

Very Good > 4000

Good, But May Be Porous = 3500 to 4000

Poor = 3000 to 3500

Very Poor = 2500 to 3000

Very Poor and Low Integrity = 2000 to 2500

No Integrity, Large Voids Suspected | < 2000 and Reading Fluctuating

From the assessment, the UPV value was found above 3500 m/sec for beams and columns at
different locations of the selected structure and ranged from 3569 m/sec to 4164 m/sec (as
shown in Table 2). So, the quality of concrete was found to be good based on UPV value (from
Table 3).

Test result of Rebound Hammer

Rebound hammer was used in columns & beams located at different floors to evaluate the elastic
properties or strength of concrete. Rebound hammer test was performed at 16 points in different
locations of the selected structure. An average of 12 impacts was considered for each concrete surface.
The data obtained from the rebound hammer test are given in Table 4.
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Table 4: Data of Rebound Hammer Test

Member
ID | Type Location | 12 Values of Rebound Average R Value
1. Column 4F 37, 31, 31, 35, 34, 30, 32, 30, 31, 36, 37, 38 33
2. Beam 4F 45,43, 49, 42, 38, 45, 36, 42, 38, 42, 48, 40 42
3. Column 3F 38, 36, 49, 37, 40, 40, 46, 43, 42, 38, 40, 39 40
4, Beam 3F 40, 38, 35, 42, 38, 49, 38, 39, 47, 32, 37,41 40
5. Column 2F 34, 32, 36, 29, 30, 28, 32, 26, 27, 30, 29, 37 31
6. Column 2F 38, 40, 34, 36, 35, 42, 26, 46, 28, 40, 40, 38 38
7. Beam 2F 32,29, 40, 42, 42, 32, 32, 40, 40, 32, 34, 35 36
8. Beam 2F 42,42, 28, 48, 29, 38, 48, 28, 32, 28, 30, 38 36
9. Beam 1F 30, 28, 35, 32, 30, 27, 38, 35, 34, 33, 31, 35 32
10. | Column 1F 35, 29, 34, 35, 31, 40, 36, 36, 30, 42, 38, 28 34
11. | Beam 1F 28, 32, 36, 38, 38, 28, 35, 39, 40, 35, 34,33 35
12. | Column 1F 40, 44, 32, 42, 38, 44, 38, 43, 49, 45, 42, 39 42
13. | Column GF 34, 35, 31, 31, 38, 32, 40, 50, 32, 34, 30, 31 34
14. | Column GF 32, 28, 34, 39, 18, 18, 32, 34, 30, 36, 30, 36 31
15. | Beam GF 32,31, 32,32, 32, 35, 37, 34, 33, 40, 36, 41 33
16. | Column GF 38, 38, 52, 38, 32, 32, 39, 42, 33, 39, 38, 34 37

The quality of concrete based on average rebound number may be interpreted as shown in Table 4. For
the concrete made with the same coarse aggregate, higher RN value represents higher compressive

strength of concrete while the lower RN value represents lower compressive strength of concrete.

Table 5: Average Rebound Number and Quality of Concrete (CPWD Handbook, 2002).

Quality of Concrete

RN (average)

Very Good Hard Layer

Greater than 40

Good Layer From 30 to 40
Fair From 20 to 30
Poor Concrete Less than 20
Very Poor and/or Delaminated 0

From the assessment it was found that average rebound value ranged from 31 to 42 (as shown in Table
4) for beams and columns at different locations of the selected structure. So, the quality of concrete was

found good to very good hard layer (from Table 5).

Ferro-Scanning

The reinforcement details using Ferro-scanner for beam and column are shown in Table 6.

Table 6: Details of Reinforcement using Ferro-Scanner

Location and

Reinforcement Details

Image from Ferro-Scanner

Member Type
Along 22" face:
Main Reinforcement: 3-@20mm + 2- @16mm ”&
GE Tie Bar: @10 mm @ 7" c/c o
Column Along 12" face: 6-20mm@bar
(22" X 12") Main Reinforcement: 2-@20mm + 1- @16mm +6-16mm@bar
Tie Bar: @10 mm @ 7" c/c 10mm@bar@7"
c/C
Column Strip: —
Main Reinforcement: 2-@20mm + 3- @16mm E— Tl
Tie Bar: @10 mm @ 7" c/c
2-§6mn10.
+3-16mm@
402 10mmB@7"c/c




GF Middle Strip:
Beam Main Reinforcement: 2-@20mm + 3- @16mm
(12" X 15" Tie Bar: @10 mm @ 7" c/c

Slab (Bottom): 10mm®Obar

1t|"l Floor @12 mm @ 4 C/C | (Q’}4" c/c |
Slab (6") S|ab (Top) - ) , e e o0 0
@10 mm @ 4" clc 12mm@bar
@4" clc

The detail Ferro-scanning was performed to evaluate reinforcement details (to know the existing rebar
diameter, quantity & spacing) of column, beam & slab. As built analysis was performed by remodeling
the structure using powerful finite element based structural design software package CSI Etabs V9.7.4.
It was found from the analysis results that the selected structure had sufficient structural strength to
resist BNBC loadings and load combinations.

CONCLUSIONS

In this study, an overview of NDT and the evaluation of the in situ mechanical properties of reinforced
concrete structures by NDT are presented in a simple. To ensure safety and credibility of concrete
structures NDT plays an extreme role in each stage of construction. The integrity of structure
throughout its design life can also be determined by NDT techniques. A series of non-destructive tests
have been performed to evaluate the in situ mechanical properties of concrete structures due to its easy
execution system and minor disruption to the occupants. The NDT has a great technical importance for
guality and condition assessment of existing concrete structures and evolved in great savings of cost and
time. However, the optimal in situ NDT techniques must be routinely adopted to diagnose and evaluate
the concrete structures which enable accurate, reliable and cost-effective inspection of buildings during
its whole useful life.
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ABSTRACT

The mechanical strength of concrete depends on well-graded coarse aggregates used in construction.
The strength can be increased by increasing the sizes of coarse aggregates. However, excessive increase
in size of coarse aggregates can cause internal bleeding due to water being trapped on the underside of a
large sized aggregate, which will reduce strength, and crack may occur early. This study is intended to
inspect the impact of sizes of crushed stones of diameter of 14 mm, 19 mm and 28 mm on compressive
and split tensile strength of concrete. Three separate mix designs were conducted targeting 3000 psi
concrete for these three sizes of crushed stones. Total nine cubes for compressive strength test and nine
cylinders for split tensile strength test were casted by using ordinary Portland cement. For each size,
three samples were casted for different curing period of 7, 14 and 28 days. Overall, concrete with 19
mm crushed stone showed improved result in both the tests compared to others. The compressive
strength was found as 3142 psi for concrete with 19 mm crushed stone, which was 7.96% more than 14
mm and 4.93% more than 28 mm and the split tensile strength was established as 1920 psi for concrete
with 19 mm crushed stone that was 6.35% more than 14 mm and 2.92% more than 28 mm. Both the
strengths were found less than the target strength for concrete with 14 mm and 28 mm stones.

Keywords: Concrete; Crushed stone; Compressive strength; Split tensile strength.

INTRODUCTION

Concrete usually consists of cement, sand and aggregates. Aggregate occupies most of the volume of
the concrete. It acts as structural filler in concrete. The larger the aggregate percentage in concrete mix
makes it to contribute a lot to its strength (Waziri et al., 2011). The workability, durability, strength,
weight, and shrinkage of the concrete depend on composition, shape, and size of the aggregate.
According to Patel et al. (2013), aggregate shape and grading can significantly influence concrete
workability. Aggregate size and gradation are the most important factors when aggregates are selected
for concrete casting. Aggregate can be large or small, being fist-sized rocks to fine sand.

Vilane et al. (2016) studied the effect of aggregate size on the compressive strength of concrete.
The experiment had three treatments, which were the aggregate sizes (9.5 mm, 13.2 mm and 19.0 mm)
and the control. It was concluded that concrete workability (slump) was directly proportional to
aggregate size. The mean concrete compressive strength increased with increasing aggregates size.
Sneka et al. (2018) conducted the utilisation of three sizes of aggregate for concrete work. The
experiment had three treatments, which were the aggregate sizes (19mm, 25mm, and 37.5mm)
and the control. The mean concrete compressive strength and split tensile strength increased with
increasing aggregates size. According to Adiseshu et al. (2011), larger aggregates demand lower water
on its mix thus reducing the workability and increasing the compressive strength of concrete. So, in this
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study the effects of aggregates sizes as of 14 mm, 19 mm and 28 mm (Fig. 1) on compressive and split
tensile strength of concrete were investigated to find out the aggregate size impact on concrete strength.

METHODOLOGY

Materials

Ordinary Portland cement was used for casting of concrete. Specific gravity of cement was tested.
Locally available sand collected for Sylhet, Bangladesh was used as fine aggregate (FA). Specific
gravity, absorption tests and gradation were conducted on FA as illustrated in Fig. 2 and Fig. 3. Crushed
stones of three different sizes having diameter of 14 mm, 19 mm and 28 mm were used as coarse
aggregates (CA). Specific gravity, absorption, dry rodded unit weight tests and gradation were
performed separately on all three sizes of CA as shown in Fig. 4, Fig. 5 and Fig. 6. All the test results on
materials are given in Table 1. Specific gravity increased here as the particle size decreased. Because as
the aggregate particles get smaller, the fraction of pores exposed to the aggregate surface increases.

19 mm diameter.
Fig. 1: Different sizes of coarse aggregates.

Fig. 2: Specific gravity and absorption capacity
tests of FA.

Fig. 4: Specific gravity and water  Fig. 5: Dry rodded unit weight test Fig. 6: Gradation of CA.
absorpotion capacity tests of CA. of CA.
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Table 1: Test results of different materials.

Materials Name of tests Results
Specific gravity
Cement (ASTM C188-16) 282
Specific gravity 21
(ASTM C128-15) '
. Absorption capacity 0
Fine aggregates (ASTM C128-15) 2.25%
Gradation . _
(ASTM C778-13) Fineness Modulus = 3.1
Sizes —» 14 mm 19 mm 28 mm
Specific gravity
(ASTM C127-15) 2.56 2.33 2.11
Absorption capacity 0 0 0
Coarse (ASTM C127-15) 1.63% 1.54% 1.42%
aggregates Dry rodded unit weight 5 s s
(ASTM C29-C29M-17) 112.13 Ib/ft 107.24 Ib/ft 101.53 Ib/ft
Gradation . . .
(ASTM Fineness Fineness Fineness
Modulus = 6.1 Modulus = 6.7 Modulus = 7.1
C33-C33M-16¢e1l)
Mix Design

Concrete mix design was done to find out the right proportions of cement, sand and coarse used for
concrete casting. Three ACI mix designs were done for three sizes of coarse aggregates targeting 3000
psi compressive strength of concrete. From the results of materials tests, ACI mix design was conducted
and the ratio among cement (C), FA and CA and water-cement ratio (W/C) were found as given in
Table 2. The detailed mix amount according to different sizes of CA is shown in Table 3. The slump
value was also found satisfactory.

Table 2: Mix design results.

Diameter of CA 14 mm 19 mm 28 mm
C: FA: CA 1:2.31:2.92 1: 2.33: 3.57 1: 2.44:3.74
Wi/C 0.59 0.59 0.59

Table 3: Detailed mix amount according to different sizes of CA.

Sizes of CA —» 14 mm 19 mm 28 mm
Water (Ib) 190.48 215.15 234.14
Cement (Ib) 396.83 398.43 396.85
Coarse Aggregate (Ib) 1158.74 1422 .4 875.68
Fine Aggregate (Ib) 916.68 928.34 571.3
2662.73 Ib/yd3 2964.32 Ib/yd? 2077.97 Ib/yd?
Total 3
or, 98.62 Ib/ft or, 109.79 Ib/ft® or, 76.96 Ib/ft:

Casting and Curing

Total 9 cubes and 9 cylinders were casted (Fig. 7) for compressive strength test and split tensile strength
test respectively. Appropriate mix proportion was maintained during the construction. After 24 hours of
casting, the cylinders were demolded and submerged under water for curing.
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Fig. 7: Casting of concrete.

Compressive and Split Tensile Strength Test

The cubes were tested for compressive strength with respective ages of curing as 7, 14 and 28 days.
Compressive strength test helps to determine concrete grading. A compressive axial load was applied to
the cubes at a rate which is within a prescribed range until failure occurred (ASTM C39-C39M-17).
Again, the cylinders were also tested for split tensile strength test with respective ages of curing as 7, 14
and 28 days. It is a method to determine the tensile strength of concrete. A diametral compressive force
along the length of the cylinders was applied at a rate which is within a prescribed range until failure
occurred. This loading generated tensile stresses on the plane containing the applied load (ASTM
C496-C496M-11). Split tensile strength test of concrete was done to find out the load at which crack
occurs, because concrete is weak in tension due to its brittle nature. Tensile strength of concrete greatly
affects the extent and size of cracking in concrete. Universal Testing Machine (UTM) of capacity of
1000 KN was used for both compressive strength and split tensile strength tests as shown in Fig. 8 and
Fig. 9.

Fig. 8: Compressive strength test of concrete Fig. 9: Split tensile strength test of concrete
cube. cylinder.

RESULTS AND DISCUSSIONS
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Fig.10: Comparison between compressive strength of concrete with 14 mm , 19 mm and 28 mm CA

Fig. 10 shows the comparison between compressive strength of concrete with 14 mm, 19 mm and 28
mm CA with respect to curing periods. The compressive strengths were measured in 7, 14, and 28 days
of curing respectively for all the specimens and compared. It was seen that, compared to 14 mm CA
the 19 mm CA concrete compressive strength was increased by 5.34% being
maximum and 28 mm CA concrete compressive strength was also increased by 3.29%. In 14 days, the
19 mm CA concrete compressive strength was increased by 9.25% being maximum and 28 mm CA
concrete compressive strength was also increased by 3.11%. Finally, in 28 days, the 19 mm CA
e strength was increased by 8.64% being maximum again and 28 mm CA concrete

concrete in 7 days,

concrete compressiv

Curing period

with respect to curing periods.

compressive strength was increased by 3.28%.

Fig. 11: Compari

2400
B1ldmm
2000 1920 41864
— H19mm
& | 1600
e
=3 m28mm
5 1200
E g26 874 858
' 800 -
[
)
= 400 -
wn
D 1
7 days 14 days 28 days
Curing period

son between split tensile strength of concrete with 14 mm , 19 mm and 28mm CA

with respect to curing periods.

408




Fig. 11 shows the comparison between split tensile strength for concrete with 14 mm, 19 mm and 28
mm CA with respect to curing periods. The split tensile strengths were calculated in 7, 14, and 28 days
respectively for all the specimens and compared. It was found that, compared to 14 mm CA concrete in
7 days, the 19 mm CA concrete split tensile strength was increased by 5.81% being maximum and 28
mm CA concrete split tensile strength was increased by 3.87%. In 14 days, the 19 mm CA concrete split
tensile strength was increased by 7.37% being maximum again and 28 mm CA concrete split tensile
strength was increased by 4.72%. Finally, in 28 days, the 19 mm CA concrete split tensile strength was
increased by 6.78% and 28 mm CA concrete split tensile strength was also increased by 3.67%.

CONCLUSIONS

Result states that both compressive strength and split tensile strength of concrete were strongly
influenced by aggregate size distribution. The strengths increased as the size of the aggregates increased
but again decreased with over size of aggregates. Because an addition of excessive sized coarse
aggregates resulted in surplus mixing water that resulted in slight segregation that reduced the overall
strengths. Again the tensile strength of concrete became about 60% of the compressive strength because
of different shape and surface texture of CA and slow progression of tensile strength compared to
compressive strength.
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ABSTRACT

The response of reinforced concrete (RC) rectangular beam under loading both experimentally and by
Finite Element Analysis (FEA) were observed in this study which is crucial for efficient structure. Mix
design was conducted by the data collected from materials test and total three beams were casted by
using ordinary Portland cement (OPC) for three consecutive curing periods of 7, 14 and 28 days. The
beams were loaded in Universal Testing Machine (UTM) of 1000 KN capacity. The flexural strength of
beam was found as 8889.3 psi in 7th days of curing which increased to 16061.5 psi in 28th days. Again,
the beam was modelled in SolidWorks v13 and analyzed in ANSY'S v16 platform. From Finite Element
Analysis (FEA), total deformation was found as 0.77986 mm and normal strain as 0.0027214. The
normal stress was also witnessed and found as 0.52 psi experimentally which increased in FEA and
became 8.88 psi.

Keywords: Concrete; Rectangular beam; Finite Element Analysis; Flexural strength; Deformation;
Normal stress; Normal strain.

INTRODUCTION

Reinforced concrete (RC) is one of the most important building materials and is widely used for various
types of constructions and structural elements. The economy, the efficiency, the strength and the
stiffness of reinforced concrete make it an attractive material for a wide range of structural applications
(Dawari et al., 2014). Understanding the response of the structural elements during loading is vital to
the development of an effective structure.

Experimental investigation is widely popular for evaluating the behaviour of RC structure under
loading. It is an efficient method but it consumes a lot of time. To help in this regard, Finite Element
Analysis (FEA) is a method that can be used to analyse these structural components. Finite element
method is a numerical analysis method that divides the structural element into smaller parts and then
simulates static loading conditions to evaluate the response of concrete (Logan, 2011). Flexural strength
of concrete is the theoretical maximum tensile stress reached in the bottom fibre of a test beam during a
flexural strength test (Ajamu et al., 2015). It is one of the important parameters for computing deflection
in reinforced concrete structures (Anbuvelan et al., 2014). The flexural behavior of RC beams was
studied experimentally and the results were compared with analytical values (Buckhouse, 1997).
Wolanski (2004) has verified and validated the experimental test results provided by Buckhouse (1997)
using the finite element software ANSYS. Dahmani et al. (2010) studied the crack propagation in RC
beams using ANSYS software modelled with Solid65 element with smeared reinforcement approach.
Vasudevan et al. (2011, 2012) explored the advantages of batch mode approach and non-linear FE
analysis has been carried out by creating a single batch file from modelling to complete post processing.
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In this study, RCC beam was constructed to evaluate by both experimental works and finite element
method.

METHODOLOGY

Materials

Ordinary Portland cement was collected for this study for quick curing and specific gravity was tested
as shown in Fig. 1. Sand as fine aggregate (FA) collected from Sylhet, Bangladesh was used for its
granular shape. Specific gravity, absorption capacity and gradation test were carried out as shown in Fig.
2 and Fig. 3. Crushed stones as coarse aggregates (CA) passing 19 mm sieve were used and also tested
for specific gravity, water absorpotion capacity, dry rodded unit weight and gradation as shown in Fig.
4, Fig. 5 and Fig. 6. The results of the various tests on materials are given in Table 1.

Fig.1: Specific gravity test of Fig. 2: Specific gravity and Fig. 3: Gradation of FA.
ordinary Portland cement. absorption capacity test for FA.

Fig. 4: Specific gravity and water  Fig. 5: Dry rodded unit weight test Fig. 6: Gradation of CA.
absorpotion capacity test of CA. of CA.
Table 1: Test results of different materials.
Materials Name of tests Results
Cement Specific gravity ASTMC 188-16 2.82
Specific gravity 2.1
Fine aggregates Absorption capacity 2.25%
Gradation Fineness Modulus = 3.1
Specific gravity 2.56
Coarse aggregates Absorption capacity 1.63%
Dry rodded unit weight 112.13 Ib/ftd
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| Gradation | Fineness Modulus = 6.1 |

Mix Design
ACI mix design was conducted based on the materials test results targeting 3000 concrete compressive
strength as shown in Table 2. The slump value was established as 25 mm.

Table 2: Mix design ratio.

Compressive strength 3000 psi
C:FA:CA 1:239:3.17
wW/C 0.59

Table 3: Detailed mix amount.

Materials Amount
Water (Ib) 222.35
Cement (lb) 376.86
Coarse Aggregate (Ib) 1194.65
Fine Aggregate (Ib) 900.7
Total 2694.56 Ib/yd?
or, 99.8 lb/ft

RCC beam preparation

Total 3 RCC beams were designed as in Fig. 7. The shuttering and the steel frameworks were prepared
as shown in Fig. 8. The beams were then casted (Fig. 9) and immersed under water (Fig. 10) for
respective curing period as 7, 14 and 28 days.
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Fig. 7: Reinforcement detailing of RCC beam. Fig. 8: Steel framework of RCC beam.

el

Fig. 9: RCC beam casting on prepared mould. Fig. 10: RCC beam immersed under water for
curing.

Loading of RCC beam
The beams were loaded with respective ages of curing as 7, 14 and 28 days. Universal Testing Machine
(UTM) of 1000 KN capacity was used as shown in Fig. 11.
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Fig..11: Loading on RCC beam by UTM.

Finite Element Analysis
The RCC beam was modelled in SolidWorks v13.0 platform (Fig. 12) and then analyzed in ANSYS

v16.0 by finite element method. From ANSYS the total deformation (Fig. 13, 14, 15), normal strain
(Fig. 16, 17, 18) for respective 7, 14 and 28 days of curing and normal stress (Fig. 19) were observed.

[Esovovcos | 0050 BE0=8.

Fig. 13: Total deformation Fig. 14: Total deformation Fig. 15: Total deformation
(at 7 days curing period). (at 14 days curing period). (at 28 days curing period).

Fig. 16: Normal strain Fig. 17: Normal strain Fig. 18: Normal strain
(at 7 days curing period). (at 14 days curing period). (at 28 days curing period).
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Fig. 19: Normal stress.

RESULTS AND DISCUSSIONS

The flexural strength was calculated according to ASTM C78/C78M-18. Form Fig. 20 it can be seen
that, the flexural strength was found 8889.3 psi in 7" days of curing and gradually increased by 8.68%
to 16061.5 psi in 28" days of curing. The total deformation was also increased gradually from 0.4316 in
7" days to 0.77986 in 28" days (Fig. 21). The normal strain was also observed and found to be 0.001 in
7" days which increased to 0.002 in 28" days of curing (Fig. 22). Finally, the normal stress found by
both experimental investigation and FEA was compared (Fig. 23). The experimental normal stress was
less than the FEA by large amount.
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Fig. 20: Comparison between flexural strength  Fig. 21: Comparison between total deformation

of RCC beam with respect to curing periods. of RCC beam with respect to curing periods.
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Fig. 22: Comparison between normal strain of ~ Fig. 23: Comparison between experimental and
RCC beam with respect to curing periods. FEA value of normal stress of RCC beam with
respect to curing periods.

CONCLUSIONS

A small scale experimental investigation and finite element method was carried out in this study to
observe the behavior of RCC beam under loading with respect to curing periods. The flexural strength,
total deformation and normal strain were increased as the curing periods increased, being maximum in
28" days of curing. But, the experimental value of normal stress was not close to FEA value. It caused
due to sensitivity of finite element method to mesh size, materials properties, load increments, etc. The
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analysis procedure used in this paper and various output plots constructed by FEA would provide a
deeper insight for future application of finite element software for the non-linear analysis of RC beams.
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ABSTRACT

In this study, an attempt is made to investigate mechanical properties of rubberized normal weight
aggregate concrete, wherein rubber content is used as a volumetric replacement of coarse aggregate.
The mechanical properties including compressive strength, splitting tensile strength, flexural strength
and flexural toughness are tested in order to study the effect of rubber content on concrete strength. For
experimental investigation, five batches of concrete specimens are prepared with 0%, 25%, 50%, 75%
and 100% rubber contents. Cylindrical specimens are casted to investigate the compressive strength and
the splitting tensile strength properties whereas beam specimens are prepared to study the flexural
strength and the flexural toughness properties. Test results indicate that there is a significant reduction
in the compressive, splitting tensile and flexural strengths of concrete with increasing rubber content. It
is found that the compressive strength is reduced by 87% of initial strength with 100% rubber content
whereas with the same rubber content, the splitting tensile and flexural strengths are decreased by 82%
and 70% of initial strength, respectively. However, the flexural toughness of concrete is increased by
86% with 100% rubber content, which indicates such concrete could be adopted in special construction
where vibration mitigation is a major concern.

Keywords: Rubberized normal weight aggregate concrete; Rubber content; Splitting tensile strength;
Tire derived aggregated; Toughness.

INTRODUCTION

Globally, the waste tires have been increasing with an alarming rate and nowadays is a major concern to
the researchers and environmentalists. According to the Environmental Protection Agency (EPA), the
annual production of scrap tires in the United States is about 289 Million (Miller and Tehrani, 2017).
Recycling of rubber materials from waste tires has become a vital concern across the world. The closed
loop recycling technique is regarded as the most appropriate practice for recycling waste materials.
However, the closed loop technique of waste rubber cannot be applied in recycling process because of
high cost associated with this processes of waste rubber materials (Taha and Nounu, 2009). So, waste
rubber could be a suitable option to be used as the coarse aggregate in concrete.

Concrete is the single most widely used artificial material on the earth owing to its remarkable
versatility as a construction material (Crow, 2008). Accordingly, the annual production of concrete
exceeds about 2 Billion metric tons per year across the world. A major weakness of the concrete as a
construction material is the harmful effects on the environment posed by the production of its
components (Roskos et al., 2015). In Bangladesh, the generation of rubber waste has been substantially
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increased due to increase of use of rubber materials. Therefore, it is important to devise viable options
in order to convert rubber wastes into resources for the sustainable development of the country.

The objective of this study was to investigate the mechanical properties of rubberized normal weight
concrete. Rubberized normal weight aggregate concrete is a concrete prepared by using rubber (waste
rubber material) as aggregate in the concrete mix. Numerous researches have been conducted since the
early 1990s to study the rubberized normal weight aggregate concrete. Some studies have shown that an
increase in rubber content enhances durability, while some investigations have found that compression
strength is decreased with the increasing rubber content (Topgu, 1994; Ganjian et al, 2008; Zheng et al,
2008; Xue et al, 2013). Other common properties of concrete such as the splitting tensile strength (Li et
al, 2004) and static flexural strength (Khatib et al, 1999) have also been found to decrease with the
increased rubber content in the concrete. However, no studies have been found in the past to investigate
several mechanical properties of the rubberized normal weight aggregate concrete including
compressive strength, splitting tensile strength, flexural strength and flexural toughness. Therefore, an
attempt has been made in this study to study the aforementioned mechanical properties of the
rubberized normal weight aggregate concrete.

MATERIALS AND METHODS

In this study, several mechanical properties of the rubberized normal weight aggregate concrete were
investigated. This includes compressive, splitting tensile and flexural strengths, and flexural toughness
properties. Test setup was developed according to the ASTM specifications for each of the
aforementioned tests. Five batches of concrete mix were used, which contains 0%, 25%, 50%, 75%, and
100% of tire derived aggregate (TDA) as a volumetric replacement of coarse aggregate.

TDA was extracted from the auto-mobile’s tyre and crumbled for using it as the coarse aggregate. It was
found that TDA had specific gravity of 1.74 and unit weight of 652 kg/m3. According to the ASTM
C150 specification for using binding materials, Ordinary Portland Cement (OPC) was used in the
current study. Black stone was used as the coarse aggregate with a specific gravity of 2.70 whereas
Kushtia sand was used as the fine aggregate having a specific gravity of 2.52. The concrete mix was
designed for a slump value of 100 mm, maximum aggregate size of 19 mm for 21 MPa of concrete with
a water-cement (w/c) ratio of 0.48. The mixing ratio of concrete was 1:1.7:2.7 by weight whereas the
ratio was 1:2:3 by volume.

Experimental set up to test mechanical properties of the rubberized normal weight aggregate concrete is
shown in Fig 1. As can be seen from the figure, four tests (e.g., compressive, splitting tensile and
flexural strength tests, and flexural toughness test) were undertaken in this study. The compressive
strength test was performed according to the ASTM C39 standard test procedure. A total of 15
cylindrical samples (4" diameter x 8" height) were prepared with the aforementioned five different
rubber contents (RC). Samples were kept in curing for 28 days before carrying out the test. The
experimental set up for this test is shown in Fig 1a. For the splitting tensile strength test, the ASTM
C496 standard test procedure was followed. Fig 1b shows the experimental set up for this test. A total of
15 cylindrical samples (4" diameter x 8" height) were made in this test with five different RC like the
compressive strength test procedure. The specimens were also kept under curing for 28 days before
performing the test.

In order to undertake the flexural strength test, 5 beam specimens (6" width x 6" height x 24" length)
were casted for 5 different concrete mixes with different RC as indicated above starting from 0% to
100%. In this test, the ASTM C78 specifications were used. Samples were kept in curing for 28 days
before undertaking the test. Samples were tested using the Universal Testing Machine (UTM). The
experimental set up is shown in Fig 1c. In this test, 5 beam specimens were casted with the same
specifications detailed in the flexural strength test. To perform this test, the ASTM C1018-97 standard
test procedure was adopted. It is important to mention that this test calculation is based on an
experiment for which deflection against load data are necessary. Accordingly, the same setup of the
flexural strength test with dial gauge deflections were used in this test. The experimental set up for this
test is shown in Fig 1d.
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Figure 1. Experimental set up for (a) compressive strength test, (b) splitting tensile strength test,
(c) flexural strength test, and (d) flexural toughness computation.

RESULTS AND DISCUSSIONS

Compressive Strength Properties of Rubberized Normal Weight Aggregate Concrete

The compressive strength test results indicate that there is a reduction in the compressive strength with
the increasing rubber content, which is shown in Fig 2. It is seen from the figure that the strength
reduction takes an exponential pattern for the rubberized normal weight aggregate concrete in the
current study. The control mix (standard case with 0% rubber content) strength was found as 19.4 MPa,
which is less than the estimated 21 MPa, decreased to 2.5 MPa for 100% replacement of coarse
aggregate by the rubber content. The reason behind this could be the fact that the surfaces of the rubber
aggregate were not rough enough to create proper bonding with the binding materials.
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Figure 2. The compressive strength of rubberized normal weight aggregate concrete at 28 days
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Failure mode of the test specimens was also investigated for all the replaced quantity of rubber. Three
different types of failure patterns were observed following the ASTM C 39 specification to identify the
failures. The observed failure patterns were shear, cone and shear, and columnar. For the control mix,
failure occurred with taking sufficient time. However, failure occurred with less time compared to the
control mix with the increasing rubber content in the concrete mix.

Splitting Tensile Strength Properties of Rubberized Normal Weight Aggregate Concrete

In this test procedure, load was applied at the perimeter of concrete cylinder block. It was found from
the test results that the splitting tensile strength value for the control mix (standard case with 0% rubber
content) was 2.60 MPa. However, the strength values were decreased exponentially with the increasing
rubber content. Fig 3 shows the variation of splitting tensile strength for the rubberized normal weight
concrete for different rubber contents. As can be seen from the figure, the strength reduction is
exponential with the increasing rubber content. It is important to note that the characteristic
splitting-tensile mode of failure was observed for all specimens in this test, which was followed by a
single crack formed down the centre of the cylinder prior to failure. It is worth mentioning that with the
reduction in splitting tensile strength, failures were more rapid compared to the control mix but the
failure was occurred similarly at the middle of the cylindrical specimens.
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Figure 3. The splitting tensile strength of rubberized normal weight aggregate concrete at 28 days
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Figure 4. The flexural strength of rubberized normal weight aggregate concrete at 28 days
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Flexural Strength Properties of Rubberized Normal Weight Aggregate Concrete

In order to investigate the flexural strength behaviour of the rubberized normal weight concrete, the
specimens were tested under a simply supported loading orientation. The test results indicated that the
flexural strength for the control mix was 4 MPa. The flexural strength obtained for the rubberized
normal weight concrete with different rubber contents is shown in Fig 4. The figure reveals that the
flexural strength also decreases with the increasing rubber content in the rubberized normal weight
concrete and the strength reduction follows an exponential pattern. The reason could be the loose
bonding between the aggregates due to inadequate roughness of the aggregates.

Flexural Toughness Properties of Rubberized Normal Weight Aggregate Concrete

Toughness usually refers to the ability to absorb energy comes from the external sources. Toughness is
often represented by an index named Toughness Index. Toughness Index can be defined as the ratio of
area under load-deflection curve up to 3.0 times first crack deflection to the area under load-deflection
curve up to first crack deflection, which is often noted as Is (Miller and Tehrani, 2017). Fig 5 shows the
variation of Toughness Index for different rubber contents. As can be seen from the figure, initially after
an unexpected slight decrease in index value from 7.41 for 0% to 7.31 for 25%, the values are
increasing with the increasing rubber content in the rubberized normal weight concrete. The noticeable
fact is that the index value is the highest for 100% coarse aggregate replacement by the rubber content
in rubberized normal weight concrete. The toughness index value for 100% rubber content was found as
13.8. This gives an important insight regarding the potential utilization of the rubberized normal weight
concrete for the cases where shock absorption is more important rather than the concrete strength.

16

12 t
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Figure 5. The flexural toughness of rubberized normal weight aggregate concrete at 28 days.

CONCLUSIONS
The conclusions and specific findings of the research are summarized as follows:

o Rubber reduces the compressive strength, splitting tensile strength and flexural strength up to 87%,
81.7% and 70%, respectively for 100% rubber content with respect to normal concrete (standard
case with 0% rubber content as a volumetric replacement of coarse aggregate).

e Most impressive part of this study is that there is an increase in the flexural toughness with
increasing rubber content in the concrete mix. It was found that rubber increases the flexural
toughness by 28.9%, 31%, and 86% for a rubber content of 50%, 75%, and 100%, respectively.
Increased flexural toughness demonstrates that the energy absorbing capacity of concrete increases
with increasing rubber content.

o The results of the current study suggest that the rubberized normal weight aggregate concrete could
be used for applications where absorption of excessive energy or mitigation of vibration is a key
concern at high rubber replacement values rather than achieving higher strength.
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ABSTRACT

Plaster is a mix of cement, sand, and water. Plaster is applied on the masonry surface to cover rough
surfaces of the wall. The key purposes of providing plaster are to protect the masonry surfaces from
environmental exposure to hide defective joints, to prevent moisture entrance, and to obtain clean,
smooth, and durable surface. Besides these advantages, plaster increases the axial capacity of the wall.
The main objective of this paper is to investigate experimentally the increase of axial load bearing
capacity of a plastered masonry wall. To accomplish the objective, six specimens (234.95 x 114.3 x
63.5 mm) are constructed. Among these specimens, three specimens are plastered with 12.5 mm thick
plaster. The cement-sand ratio of the plaster is 1:2.5 and water-cement ratio is 0.6. After 28 days wet
curing period, all the specimens are tested under axial compressive load. The average compressive
strength of the masonry walls without and with plaster is 3.48 and 3.85 MPa, respectively. Therefore,
the 12.5 mm plaster could increase the axial capacity by 10.63% and the efficiency of the plaster is
17.29%.

Keywords: Brick; Masonry; Plaster.

INTRODUCTION

Masonry wall is one of the most popular and common type of structural component which is made from
individual units laid in and bonded together using mortar. For many years, masonry wall is being used
because of its aesthetic appearance, cost effectiveness, and ease of construction. The key advantages of
masonry wall include increase of thermal mass and fire protection of the building, reduced life cycle
cost, and 30 to 100 times higher useful life cycle than structural steel. Masonry walls are most
commonly used as partition wall, structural wall, retaining wall, and even in heritage structures.
Masonry walls are constructed usually as unreinforced. These unreinforced masonry (URM) walls are
vulnerable to high axial load and earthquake load. URM walls can be used as load-bearing wall, if
proper strengthening materials are used. Some researchers used CFRP, GFRP sheet and bars, tensile
reinforced mortar, ultra high performance concrete, and ordinary mortar for strengthening (Basaran et
al., 2013; Vasconcelos et al., 2012; Mahmood et al., 2008; ElGawady et al., 2006; Zhao et al., 2003;
Mazumder, 2017; Mazumder et al., 2017) and found out axial capacity of masonry wall with and
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without strengthening schemes. Some researchers investigated the axial capacity of masonry wall using
numerical simulations (Mazumder and Sarfin, 2017; Mazumder and Nishat, 2017).

URM wall is more useful for load-bearing type of wall with proper strengthening techniques and
cementitious material could be one of the possible solutions. Usually, cement-sand mortar is used to
plaster a wall. Plaster is provided to protect the masonry wall surface from rough environmental
exposure, to hide defective joints, to prevent moisture entrance, and to obtain clean, smooth, and
durable surface. A 12.5 mm thick plaster is provided for inner surface and 18.75 mm plaster is provided
for outer surface of the wall. This plaster makes the wall stronger, durable, and increases the load
bearing capacity of the wall as well. The main objective of this study is to investigate experimentally the
increase of load bearing capacity of unreinforced masonry wall with the use of 12.5 mm thick plaster on
both sides.

METHODOLOGY

The load bearing capacity of unreinforced concrete masonry wall prisms are evaluated using axial load
tests. In this test, incrementally increased compressive load is applied to the prisms. Six specimens are
tested in two categories — i) three unreinforced masonry prisms (UMP) and ii) three 12.5 mm thick
plastered masonry prisms (UMPP). The compressive strength of brick and mortar is also investigated.
Six specimens are constructed and wet cured. Specimens are tested under compressive load after curing
period.

Material properties

Mechanical properties of wall components, concrete masonry brick and mortar, are investigated
experimentally. Compressive strength of concrete masonry bricks is obtained following test procedure
of Barbosa (2009). The average compressive strength of bricks is 957.75 psi. The compressive strength
of mortar is tested following ASTM C39. The 28-day compressive strength of mortar is obtained and
average value is 2688.35 psi. The water-cement and cement-sand ratio of mortar are 0.6 and 1:2.5,
respectively.

Construction of prisms

Six prisms are constructed with concrete masonry bricks and Portland cement mortar is used as head
and bed joints. The nominal size of a brick is 235 x 110 x 70 mm, approximately. Three layers of bricks,
containing one and a half bricks in each layer, are cast to form the prisms. 12.5 mm thick plaster is
applied on the both sides of the three prisms. The aspect ratio for all walls is 0.9 and height to thickness
of the wall is 2.10, approximately. After casting, specimens are wet cured for 28 days. After curing
period, the specimens are tested.

Experimental setup, instrumentation, and procedure

According to ASTM C1314 and European Standard EN1052-1(1999), masonry prisms (UMP and
UMPP) are tested under uniaxial compressive load. To avoid eccentricity, the prisms are placed
vertically and horizontally perfectly aligned on Universal Testing Machine (UTM). The axial
compression forces are exerted on the prism through steel plate and rubber sandwich. The steel plate
and rubber sandwiches are attached on the top and bottom of the prisms to ensure uniform distribution
of the axial force without any stress localization. Fig. 1 shows the test setup for UMP and UMPP.
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a) Experimental setup of UMP b) Experimental setup of UMPP
Figure 1: Specimen and experimental setup of UMP and UMPP

RESULTS

Six prisms are tested to evaluate compressive strength using UTM. An incrementally increased
compressive load is applied on the prisms until failure. Table 1 shows the compressive strength of UMP
prisms. The average compressive strength of UMP is 504.73 psi. Compressive strength of each UMPP
is presented in Table 2. The average compressive strength of UMPP is 557.65. The 12.5 mm plaster
could successfully increase the compressive strength of UMP by 10.63%. The efficiency of the plaster
is 17.29%.

Table 1: Compressive strength of UMP
Dimension

Serial Load Stress Average
(LxBxH) . .
no. (mm x mm x mm) (kN) (psi) stress (psi)
1 360 x 112.33 x 219 140 502.12
2 363 x 111 x 214.33 148 532.74 504.73
3 365 x 111.67 x 219 135 480.38
Table 2: Compressive strength of UMPP
Serial (DL'T%ni'?_?) Load Stress Average
no. (mm x mm x mm) (kN) (psi) stress (psi)
1 370 x 110 x 225 150 534.54
2 365 x 112.67 x 220.67 152 536.07 557.65
3 323 x 110.33 x 225.33 148 602.35

CONCLUSIONS

Ordinary Portland cement mortar is used to plaster the inner and outer surface of an unreinforced
masonry wall. The main purpose of plastering is to protect the wall from deleterious moisture ingress
and provide a smooth, clean, and durable surface. Plaster increases the axial capacity of the masonry
wall. To evaluate the increase in axial capacity, six prisms are constructed and three of them are
plastered. All the specimens are tested under compression in universal testing machine after 28 days
wet curing period. The average compressive strength is 504.73 and 557.65 psi for UMP and UMPP
prisms, respectively. Therefore, the axial capacity of masonry wall is increased by 10.63%
approximately due to 12.5 mm plaster. The efficiency of the plaster is 17.29%.
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ABSTRACT

Use of recycled aggregate concrete (RAC) can be beneficial to environmental upkeep and waste
management. Enormous amount of RAC are generated daily in developing countries like Bangladesh
nowadays. Using this RAC can be an economical option hereafter. This paper highlights the scope of
using RAC as a fully replacement of natural aggregate. In this study, physical properties, workability,
compressive strength and splitting tensile strength of RAC are investigated deftly and discussed about
their impacts on concrete. RAC has been used in two different concrete mix proportion (1:1.5:3 and
1:2:4) for four arbitrary w/c ratio of 0.4, 0.45, 0.5 and 0.55 to find out the 28 days compressive strength
and splitting tensile strength of RAC. Portland composite cement (PCC) of CEM Il and Sylhet sand
(Sari River) having a constant F.M. of 2.81 are used to conduct the study. Experimental results show
that the maximum compressive strength 18.70 Mpa of RAC is found for the mix proportion of 1:1.5:3
and w/c ratio of 0.45 and maximum splitting tensile strength 2.42 Mpa of RAC is found for the mix
proportion of 1:1.5:3 and w/c ratio of 0.45. Thus, these results are satisfactory comparing to natural
aggregate concrete. Furthermore, this practice can be a new aspect of using RAC to conserve the natural
aggregate resources as well as uncover a cost effective approaches in concrete technology.

Keywords: Recycled Aggregate Concrete; Compressive strength; Splitting Tensile Strength; Water
Cement Ratio; Demolished waste; Cost effective.

INTRODUCTION

As urbanization rate trend in Bangladesh is increasing day by day like other developing countries, the
need for new buildings and infrastructure has also grown up. This has an influence on the storage of
natural aggregates as they are depleted up rapidly. The way this matter is evolved which causes adverse
environmental threat afterwards. Alternatively, a huge amount of construction wastes are continuously
being generated daily which are being usually unloaded in landfills. So, it requires a large area to
manage this waste (Kalpavalli and Naik, 2015).

Rather, if this waste can use as recycle aggregate which can be a probable way of replacement of natural
aggregates in construction work. Thus, it opens a solution from running out of natural aggregate
problem by preserving the natural resources of aggregate. In addition, it could solve the environmental
phenomena and also maintain the sustainability of the construction work.

Common sources of recycled aggregate are outdated buildings, demolished concrete pavements, and
pile cap from new construction site. Another source of these aggregates are destroyed buildings,
concrete pavements, bridges, etc. due to natural disaster like earthquake, cyclone, floods or manmade
disaster like war.

426



Recycled aggregate is lighter than natural aggregate which indicates its low density but having higher
absorption capacity of recycled aggregate results less strength than natural aggregate. In that case,
concrete made from recycle aggregate can be employed where less strength requires for instance in low
rise building, in reinforced concrete pavement etc. (Somani et al., 2016)

Moreover, these large amounts of construction wastes can purchase in a very cheap cost which is
normally considered as debris by most of the people. By using this debris, people can easily reduce the
cost construction cost.

METHODOLOGY

Sand

Locally available coarse sand (Sari River Sand) was used as fine aggregate in concrete mix which
fineness modulus value was 2.82.

Cement
Portland Composite Cement of CEM-II/B-M (ASTM C595) has been used from Seven Rings Cement
brand of Bangladesh for using as binding material.

Recycled Aggregate Concrete

Recycle aggregate were collected from a demolished illegal commercial building near Kumar Para
road, Sylhet. Demolished wastes were mostly taken from beams, slabs and columns portion. The
demolished aggregate were mostly rock and were ash in color (see Fig. 1).

o W’ 3 Ty
Recycled Aggregate

[Fig. 1]

Processing of Recycled Aggregate

Collected demolished wastes were crushed through stone breaking machine. After completion of
crushing, cementing mortar and other foreign materials are filtered out through screening, hand pickling
and water flotation process and then mixing of different sizes of aggregate was done (see Fig. 2). The
sizes of the recycled aggregate are kept between 6 mm to 12 mm.

Recycled
Agoregate

Crushing Screening Mixing Washing

[Fig. 2] Processing of Recycled Aggregate

Mixing process

Two arbitrary mix proportion of 1:1.5:3 and 1:2:4 (Cement: Fine aggregate: Coarse aggregate) by
volume was chosen for the experimental work. These mix proportion was chosen because of their
widespread application. Four water-cement ratios of 0.40, 0.45, 0.50 and 0.55 were used in this study.
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For casting of concrete specimens, both coarse aggregate (RAC) and fine aggregate (sari sand) were
kept in saturated surface dry (SSD) condition.

Specimen

A total number of 48 concrete cylinders were casted to perform compressive strength test and splitting
tensile strength test. The mould size was 100 mm diameter X 200 mm height. Each Cylindrical
specimen were set for 28 days curing and tested by universal testing machine (UTM).

Testing Procedures

The compressive strength test was carried out according to ASTM C39, 2003 method by using 100 mm
X 200 mm concrete cylinders as specimen. The splitting tensile strength test was carried out according
to ASTM C496 method by using 100mm X 200mm concrete cylinders as specimen.

RESULTS AND DISCUSSIONS

Relative Density (Specific gravity) and Absorption

According to ASTM C127, specific gravity and absorption capacity test were conducted for recycled
aggregate. The specific gravity for recycled aggregate ranges between (2.13-2.23) which is slightly
lower than the acceptance criteria of natural aggregate (see Table-1). Due to cement mortar attached to
recycled aggregate, absorption capacity is much higher than the acceptance criteria of natural aggregate
(see Table-1).

Bulk Density and Void

ASTM C29 followed to determine the bulk density (both rodding and shovelling) and void of recycled
aggregate. Bulk density of recycled aggregate is slightly higher than the minimum criteria of the bulk
density of natural aggregate (see Table-1) according to ACI EI-07. Void ratio of recycled aggregate is
also satisfying the acceptance criteria of natural aggregate (see Table-1). Proper crushing and screening
is necessary to maintain a uniform shape of recycled aggregate as it ensures the voids. Thus voids affect
on some engineering properties like compressive strength (Kabir et al., 2016).

Table 1: Properties of Recycled Aggregate comparing with Natural Aggregate

Properties Recycled Acceptance Criteria
Aggregate (For Natural Aggregate)
Oven dry Specific gravity- ASTM C127 2.13 2.30-2.90 (ACI EI-07)
Apparent Specific gravity - ASTM C127 2.23 2.30-2.90 (ACI EI-07)
Absorption Capacity (%) - ASTM C127 2.11 <2, (IS 2386-Part 5)
Bulk Density (Shoveling) (Ib/cft) - ASTM C29 83.4 80-120 (ACI EI-07)
Bulk Density (Rodding) (Ib/cft) - ASTM C29 90.85 80-120 (ACI EI-07)
Void (Shoveling) (%) — ASTM C29 37.12 >30
Void (Rodding) (%) - ASTM C29 31.52 >30

Compressive Strength of RAC

As absorption is much higher in recycled aggregate, RAC consumes much water for mix proportion
1:2:4 than mix proportion 1:1.5:3. Thus, mix proportion 1:1.5:3 gives much higher compressive
strength than mix proportion of 1:2:4 for four different water cement ratios of 0.4, 0.45, 0.5 and 0.55.
Whereas water cement ratio containing of 0.45 gives the maximum compressive strength of 18.70 Mpa
(See fig.3) for RAC for mix proportion 1:1.5:3 which is quite acceptable for construction or pavement
works. Firstly, compressive strength relationship follows an increasing trend for both mix proportion.
Compressive strength increases 9.1% (Mix proportion 1:1.5:3) and 21.76% (Mix proportion 1:2:4) for
changing water cement ratio 0.4 to 0.45. But after the water cement ratio of 0.45, the relationship
follows a decreasing trend. Compressive strength decreases 13% (Mix proportion 1:1.5:3) and 3.11%
(Mix proportion 1:2:4) due to changing the water cement ratios from 0.45 to 0.5. And compressive
strength again decreases 8.97% (Mix proportion 1:1.5:3) and 30.87% (Mix proportion 1:2:4) for 0.5 to
0.55 water cement ratio.
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Compressive strength of Recycled Aggregate Concrete (RAC)

18.70

16.27

14.81

0.57

—&— Mix Proportion 1:1.5:3
—&— Mix Proportion 1:2:4

Compressive Strength (Mpa)
>

0.4 0.45 0.5 0.55

Water-cement ratio

[Fig. 3] Compressive strength for RAC

Splitting tensile strength of RAC

Like compressive strength, splitting tensile strength also found maximum for mix proportion of 1:1.5:3
than mix proportion 1:2:4 for all the water cement ratios of 0.4, 0.45, 0.5 and 0.55. Here, water cement
ratio containing of 0.45 gives the maximum splitting tensile strength of 2.42 Mpa (See fig.4) which is
greater than the 10% compressive strength (18.70 Mpa) of same water cement ratio for mix proportion
1:1.5:3. Initially, splitting tensile strength relationship follows an increasing trend for both mix
proportion. Splitting tensile strength increases 13.62% (Mix proportion 1:1.5:3) and 12.37% (Mix
proportion 1:2:4) for changing water cement ratio 0.4 to 0.45. Then again, after water cement ratio of
0.45, the relationship follows a decreasing trend. Splitting tensile strength decreases 14.88% (Mix
proportion 1:1.5:3) and 17.89% (Mix proportion 1:2:4) for changing the water cement ratios from 0.45
t0 0.5. And decreases 20.87% (Mix proportion 1:1.5:3) and 5.59% (Mix proportion 1:2:4) for0.5 to 0.55
water cement ratio.

Splitting Tensile Strength of Recycled Aggregate Concrete (RAC)

&

(5]

242
2.13 2.06

[S+]

1.63

o
=

—®— Mix Proportion 1:1.5:3
169 o Mix Proportion 1:2:4

[a—

Splitting Tensile Strength (Mpa)

o
<
.

0.45 0.5 0.55

Water-cement ratio

[Fig. 4] Splitting Tensile strength for RAC

Correlation between Compressive and tensile strength

Correlations between the compressive strength and splitting tensile strength of the different samples
were calculated in order to determine the relevance of the results, based on the Pearson correlations
calculations; in particular, the correlations between the results of the compressive strength tests and the
results of the other tests were calculated for mix proportion 1:1.5:3 and Mix proportion 1:2:4.
Correlation between compressive strength and splitting tensile strength for mix proportion 1:1.5:3 are
shown in “Fig. 5” and “Eq. 1”. A linear relationship is noted between these two properties (R?=0.9624).
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Sp=0.1965fc-1.2316 ......... (1)
Where, S; is the splitting tensile strength and f’c is the compressive strength

2.6
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[Fig. 5] Correlation between compressive strength
and splitting tensile strength for mix proportion 1:1.5:3

Correlation between compressive strength and splitting tensile strength for mix proportion 1:2:4 are
shown in “Fig. 6” and “Eq. 2”. A linear relationship is noted between these two properties (R?=0.4568).
Here, R? values for mix proportion 1:2:4 depicts that “Eq. 2” doesn’t show a proper linear relationship.
As the water cement ratio increases, the compressive and splitting tensile strength characteristics are
becoming aberrant in mix proportion 1:2:4.

Sp=0.0598fc + 157.31......... ()

23

22 S

S, =0.05981¢ + 157.31

21 R?=10.4568

Splitting Tensile Strength (Mpa)
3
&
L 4

1.5 T T T T T T 1
10 11 12 13 14 15 16 17

Compressive Strength (Mpa)

[Fig. 6] Correlation between compressive strength
and splitting tensile strength for mix proportion 1:2:4

CONCLUSIONS

1. Physical properties of recycled aggregate satisfy the specific gravity and bulk density criteria of
natural aggregate for both shoveling and rodding but absorption capacity found 2.11% which is
higher than the natural aggregate.

2. For Mix proportion of 1:1.5:3, compressive and splitting tensile strength found maximum 18.70
Mpa and 2.42 Mpa respectively for water cement ratio of 0.45 which is quite satisfactory
regarding natural aggregate concrete.

3. For Mix proportion of 1:1.5:3, compressive and splitting tensile strength shows a linear
correlation with a high R?=0.9624 whereas for mix proportion 1:2:4 correlation is very poor
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having a low R?=0.4568.
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ABSTRACT

Bridges with Steel-Concrete Composite | Section is a relatively new structural system for Bridges in
Bangladesh. Number of studies regarding this particular type of bridge is very few. An attempt has been
made in this research to conduct a comparative study between straight bridge and curved bridge using
steel concrete composite | section. The analysis is carried under the dead load, live load of AASHTO
LRFD 2007 vehicle load. This research is focussed on the comparative study of different girder sections
with constant span keeping the cross-sectional shape and material properties constant. Finite element
method has been employed for analysis using CSI Bridge (2016). The comparative investigations
performed on different girders helps to evaluate the effects of change in girder section due to curvature.
This study would enable bridge engineers to better understand the behaviour of steel-concrete
composite | girder bridges and the results presented will be a valuable guidance to them in further
studies regarding the topic or designing a bridge using similar type of girder.

Keywords: Steel Concrete Composite | Girder, Straight and Curved Bridge, CSI Bridge

INTRODUCTION

The main objective of this study is to conduct a comparative study of moment, shear force, axial force,
torsional force and lateral shear force both for entire bridge section and girder section between straight
bridges and curved bridges using Steel-Concrete Composite | Section to have an idea about the effect of
curvature. This is an initial approach regarding selection of curvature in case of steel bridge design. This
study will be helpful for those who want to do further studies on bridges using composite section. In this
study, a straight bridge and a curved bridge are analysed using finite element software CSI Bridge 2016.
The comparisons are done for a fixed span length and fixed degrees of curvature. Only dead loads and
live loads are considered in this study. No lateral force is considered. Full composite action is
considered. For further progression of this study, comparison for lateral forces can be done. The
behaviour can be checked by changing the percentage of composite action too. Considering all the
design considerations and cost analysis, an economic section can be designed and this study will be
helpful for initial selection.

METHODOLOGY

Modelling of the Bridges:

The bridges to be analysed are modelled using frame and shell elements. CSI Bridge 2016 software is to
generate nodes, elements, bearing line, lane, material properties, deck system, loading pattern, vehicle
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class. The standard truck is HL 93 according to AASHTO LRFD 2007 design preference. The bridge
modelling data are as follows-

1. Bridge Type:
a. Straight Bridge using Steel Concrete Composite | Girder
b. 90° Curved Bridge using Steel Concrete Composite | Girder (Left to Right Curve)

2. Bridge Layout Data: Length = 30 meter; Width = 12 meter; Lanes = 2

3. Material Properties: Concrete Yield Strength = 4 ksi; Steel Yield Strength = 50 ksi

4. Girder Properties:

Table 1: Girder Properties
Properties Dimension Cross- Section of Girder
Height (H) 1 meter r_ btf _,11
Top flange width (by) 400 mm ' 1 f
Top flange thickness (t) 40 mm tw
H
Web thickness (tw) 20 mm
Bottom flange width (bur) 500 mm I t}ff
Bottom flange thickness (tyf) 50 mm bt;f §
Material Properties 50 grade steel

5. Bent Properties: Depth = 1.52 meter; Width = 1.22 meter; Cap Beam Length = 9.15 meter;
Number of Columns = 1

6. Super —Structure Properties: Top Slab Thickness = 304.8 mm; Concrete Haunch+ Steel Flange
= 128.9 mm; Haunch Depth = 88.9 mm; Girder Spacing = 3.39 meter; Overhang Length = 1.19
meter; Overhang Distance to Fillet = 0.30 meter; Steel Flange = 40 mm.

Cross Section of the Super-structure along with necessary dimensions are given below-
ViR
L1 L2 |
E}L Fﬁ I 4;’ %
i Ineti o
i Girder 1 Girder 2 Girder
S1 L s2 L §3
Constant or Variable Girdér Spacing
Fig.1: Cross-section of Bridge Super-structure

Width = 12 m; L1 = 1186.5 mm; L2= 1186.5 mm; L3= 305 mm; L4= 305 mm; S1=S2=S3=
3.39 m; t1= 305 mm; t2= 128.9 mm; t5= 305 mm; t6= 305 mm; f1= 305 mm; f2= 305 mm.

7. Diaphragm Properties: Height= 1 meter; Top Flange Width = 400 mm; Top Flange Thickness =
18 mm; Web Thickness = 15 mm; Bottom Flange Width = 500 mm; Bottom Flange Thickness
=18 mm

8. Load Cases:

a. Dead Load: Self Weight of the Structure + 3” Wearing Surface + Railing
b. Live Load: HL 93 Live Load (Design Truck, Design Tandem, Design Lane)
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The comparative study has been made separately for dead load and live load cases. The main focus of
the study is to find out the change of forces for entire bridge section as well as girder section. Graphical
representation has been shown to make the comparison. Comparison has been made for moment, shear
force, axial force, torsional moment, lateral shear force.

Comparative Study for Dead Load Cases:

Chart 1: Comparison of Moment for Dead Load

18000
16000
14000
12000
10000
8000
6000
4000
2000
0

Moment (KN-m)

N —

Entire Bridge Left Exterior Interior Interior Right Exterior
Section Girder Girder 1 Girder 2 Girder

W Straight Bridge 11976 2920 3067 3067 2920
M Curved Bridge 16609 678 4058 6717 7612

Chart 2: Comparison of Shear Force for Dead
Load

1800
1600
1400
1200
1000
800
600
400
200

Shear Force (KN)

Entire Bridge Left Exterior | Interior Girder | Interior Girder | Right Exterior
Section Girder 1 2 Girder

W Straight Bridge 1641 369 431 431 369
H Curved Bridge 1641 512 556 863 632
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Chart 3: Comparison of Axial Force for Dead
Load
. 1000
E 800
- 600
S 400
(<] 200
:_: 0 — -:
< -200
< -400
Entire Bridge Left Exterior | Interior Girder | Interior Girder | Right Exterior
Section Girder 1 2 Girder
M Straight Bridge -178 111 67 67 111
M Curved Bridge -173 431 756 0 227
Chart 4: Comparison of Twisting Moment for
€ Dead Load
g 12000
- 10000
as:, 8000
£
o 6000
S 4000
oo
£ 2000
9 0 / . . .
2 Entire Bridge Left Exterior Interior Interior Right Exterior
= Section Girder Girder 1 Girder 2 Girder
W Straight Bridge 0 0 0 0 0
M Curved Bridge 9549 1232 1232 1129 1005
Chart 5: Comparison of Lateral Shear Force for
z Dead Load
g 1200
|2 1000
5 800
2 600
% 400
;- —
]
% 0 [ 1]
- Entire Bridge Left Exterior | Interior Girder | Interior Girder | Right Exterior
Section Girder 1 2 Girder
M Straight Bridge 0 0 0 0 0
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Comparative Study for Live Load Cases:
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Chart 6: Comparison of Moment for Live Load
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Chart 7: Comparison of Shear Force for Live
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Chart 8: Comparison of Axial Force for Live
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Chart 9: Comparison of Twisting Moment for
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Chart 10: Comparison of Lateral Shear Force for
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RESULTS AND DISCUSSIONS
From the above comparison curve, a certain change in forces due to curvature effect. The changes can
be summarized as follows-

1. Bending Moment is 1.4 times more in case of Curved Bridge than Straight Bridge in case of
Entire Bridge Section. This number is directly proportional to Degrees of Curvature. Moment
will increase if Curvature Angle is increased. In case of Girder to Girder Comparison, we can
see a gradual change of Moment in case of Curved Bridge from inner girder of the curved
bridge to the outside girder of the curved bridge.

2. Development of Axial Force is constant throughout the entire span length in case of Straight
Bridge, but in case of Curved Bridge, it varies along the length.

3. Development of Twisting Moment and Lateral Shear Force is quite large in case of Curved
Bridge, but no Twisting Moment or Lateral Shear Force is developed in case of Straight Bridge.
This large amount Twisting Moment and Lateral Shear Force must be considered in designing
Curved Bridge.
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Lateral Loads are not considered in this study. This study is done for a fixed radius of curvature. Full
Composite Action is considered in this study. Further progress of this study can be done considering
Lateral Loads, different radius of curvature and different composite action. The design can be done




considering all these things and cost analysis can be done. This analysis will be helpful in decision
making.

CONCLUSIONS

A certain change in case of flexural moment is noticeable in case of curved bridge. Large amount of
torsional force and lateral shear force is developed due to curvature effect. These cases must be
considered in case of designing Curved | Section. This large moment and development of torsional
force and lateral shear force make the curved | section heavier. Feasibility study can be made
considering these effects.
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ABSTRACT

Earthquake is a natural phenomenon which has an adverse effect on human lives and natural resources.
It is now a growing concern of our structural engineer to design an earthquake resisting structure. In this
study, the comparison has been made between earthquake response spectra with our national building
code provided response spectra. BNBC 2006 has provided us with a normalized response spectrum for
5% damping ratio. This is used in this study to develop a response spectrum for rock and stiff soil (soil
type S1) and earthquake zone 2. With the help of Pacific Earthquake Engineering Research Centre
(PEER) we have selected 5 earthquake response spectra named Friuli earthquake Italy, Gazli
earthquake Uzbekistan, Imperial Valley 2 earthquake USA, Imperial Valley 6 earthquake USA, and
Tabas earthquake Iran for the comparison. The analysis has been done by using SAP2000 on a steel
structure. With some modification, the model structure has been developed from Federal Emergency
Management Agency (FEMA) 355C report Appendix B which is a 9 storied building, square in plan
and with 5 bays in each direction with one underground basement. The structural response like base
reaction, joint reaction, and joint displacement has been considered for the comparison. Finally, it is
found out that the response spectrum for earthquake Gazli of Uzbekistan which is a magnitude of 7.0
provides response close to BNBC response spectrum for soil type S1.

Keywords: Response Spectrum; BNBC 2006, PEER; FEMA; SAP2000

INTRODUCTION

Dhaka is the capital of Bangladesh which is a developing country facing the problem of overpopulation,
environmental degradation, open space loss, and socio-economic tension. Dew to centralization Dhaka
controls the major portion of the Bangladesh economy. This growing economy leads to
industrialization, which demands quicker and sustainable development of infrastructure to ensure
accommodation and employment for new residents. Steel structures are now gaining more
concentration due to its advantages over RCC structure. So almost every industry are now constructed
by steel. Also, residential buildings are constructed using steel frame and RCC which we called
composite structure. Though steel structure has many advantages over RCC structure it is not free from
the risk of an earthquake. As Bangladesh is not free from the danger of earthquake so whatever the
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building type is it should be sustainable and can withstand any danger posed by the earthquake. There
are lots of techniques to study a building response when it is faced by earthquake and response spectrum
analysis is one of them which is a fine tool to understand building behavior under earthquake.

In this study, response spectrum analysis has been done on a standard steel structure which is described
in FEMA 355C article (FEMA 355C, 2000). For response spectrum analysis, BNBC provided
normalized response spectrum has been used to develop response spectra for Dhaka city which is
located at zone 2 according to BNBC 2006 earthquake zooning (BNBC, 2006). After that, this
developed response spectrum has been used to find similar response spectrum of some real earthquake.
Finally, the comparison has been made between the developed response spectrum and response
spectrum of the different earthquake to find the most suitable response spectrum of an earthquake based
on the structural response which can be used for future analysis.

The objectives of the study are:
1. To find some similar earthquake response spectrum to developed earthquake.
2. To compare the developed response spectrum with different earthquake response spectrum to
find the most similar earthquake response spectrum based on structural response like base
reaction, joint reaction, and joint displacement.

METHODOLOGY
Development of Response Spectrum for rock and stiff soil and zone 2 from the normalized response
spectrum:
The ground acceleration Sa graph has been developed based on the normalized response spectrum
provided in the BNBC 2006 (Shafi et al., 2015). Two conditions have been considered in order to
calculate the ground acceleration. They are:

1. Zone 2 has been considered (where, z=0.15)

2. Ordinary Moment Resisting Frame OMREF for steel has been considered (where, R=6)

Calculation:

Sa/gZ = 2.48 (1)

Or, Sa =248 *g *Z
Or, Sa=248*32.2%0.15
Or, Sa=11.98
Now;, Sa for OMRF = 11.98/6 = 1.9964

Based on the above calculation following table has been prepared.

Table 1: Ground acceleration for different soil.

Time Period Sa
Soil | Soil 11 Soil 111
0.0 1.9964 1.9964 1.9964
0.4 1.9964 1.9964 1.9964
0.5 1.6020 1.9964 1.9964
0.9 0.9660 1.2880 1.9964
1.0 0.8855 1.1914 1.8515
15 0.5635 0.7970 1.2075
2.0 0.4347 0.6440 0.8855
2.5 0.3542 0.4830 0.6762
3.0 0.2737 0.4025 0.5796

Based on the above table following graph has been prepared which can be used for response spectrum
analysis.
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Sa(g) for 526 damping ratio and Ordinary moment
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Fig 1: Response spectrum developed from BNBC normalized response spectrum.

A brief description of the development of building model in Etabs:

We have used the 9 stories SAC building for the analysis. The detail of the building has been
described in FEMA 355C report appendix B. A brief summary has been described in this
section.

K R —
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< 1 1 1 1 oo
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/ =1 -
5 bays @ 30" —— A A A & A& A
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Fig 2: (a) plan view (b) elevation view

The orientation of the frame elements of the structures is given in the following table.
Table 2: Orientation of frame elements.
9-story Building

Story/Floor COLUMNS DOUBLER GIRDER
Exterior Interior PLATES (in)

-1/1 W14X370 W14X 500 0.0 W36X160
1/2 W14X370 W14X500 0.0 W36X160
2/3 W14X370. W14X370 W14X500. W14X455 0.0 W36X160
3/4 W14X370 W14X455 0.0 W36X135
4/5 W14X370. W14X283 W14X455. W14X370 0.0 W36X135
5/6 W14X283 W14X370 0.0 W36X135
6/7 W14X283, W14X257 WI14X370, W14X283 0.0 W36X135
7/8 W14X257 W14X283 0.0 W30X99
8/9 W14X257. W14X233 W14X283. W14X257 0.0 W27X84
9/Roof W14X233 W14X257 0.0 W24X68

The joint restraint has been defined as fixed support. The joint constraint has been provided as a rigid
diaphragm. For this study auto meshed has been used. Mesh has been done by 5X5 area meshes. A mass
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source has been defined as “From loads” where only the dead and super dead loads have been included.
For modal load case, we have considered a maximum of 12 modes and minimum of 01 mode and the
other parameters are as default. The response spectrum has been defined as RS1, RS Friuli, Italy RS
Gazli, RS Imperial Valley 2, RS Imperial Valley 6 & RS Tabas.

Finding similar earthquake response spectrum using PEER (Pacific Earthquake Engineering
Research Centre):

At first, the developed response spectrum data should be written file where one column contains the
time period and another column contains the soil acceleration. After that, the file should be saved as
CSV (Comma delimited). Then we logged into the PEER website and enter NGA west 2 database. Here
we select user-defined spectrum model and use the previously developed CSV file to generate the
spectrum. After that, we search the record to find the most suitable response spectrum that matched our
response spectrum. The criteria’s has been shown in the following figure.

Load Sample Input “Values Clear Input VYalues
=
These characteristics are defined in the NGA-West2 Flatfils. Spectral Ordinate  : | H1 -
oL mesd o re-run Se=rch when =my of thess parsmerers =re
updated. Damping Ratio : | 5% v
IR d Ch ct isti E . = -
ECOr aracteristics: Eniis S . | Arithmetic v
RSM(s) : RENI,. RSN
Station Name : ; -
Scaling Method & | No Scaling -
Search Parameters:
Fault Type : | All Types -
Magnitude : |6.57.5 YN, TEs
R_JIBE(km) B T, TS
R_rup(km) ] FFNE, TS
Ws3I0(mu's) B YN, TEs
DS5-95(sec) B T, TS
Pulse : |Any Record w
Additional Characteristics:
Max Mo. Records 2 |30 (==2100)
Initial ScaleFactor : (0.5,2 M, max

Search Records | Rescale Only |

Fig 3: Search criteria for finding similar spectrum to developed spectrum.
Here spectral ordinate has been selected as H1 so that we could use the raw data of the earthquake in one
direction. Finally, from the search result, we have selected 5 earthquake spectrums. The values for time
period 0.01 sec to 0.032 sec have been shown in the following table.

Table 3: Response spectrum data of five earthquakes.

Period | Friuli_ Period | Gazli pSa | Period | Imperial | Period | Imperial Period | Tabas_
(sec) Italy-01 (sec) (9) (sec) Valley 2 | (sec) Valley-06 | (sec) Iran pSa
pSa () pSa (9) pSa (9) (9)

0.01 0.4782703 | 0.01 1.2206390 | 0.01 0.352449 | 0.01 0.416275 | 0.01 0.531173

0.02 0.4874193 | 0.02 1.4793732 | 0.02 0.351271 | 0.02 0.455293 | 0.02 0.533529

0.022 | 0.4949621 | 0.022 | 1.4445406 | 0.022 | 0.351456 | 0.022 | 0.474753 | 0.022 0.562051

0.025 | 0.4928253 | 0.025 | 1.7216740 | 0.025 | 0.351738 | 0.025 | 0.541016 | 0.025 0.574011

0.029 | 0.4936260 | 0.029 | 2.0473408 | 0.029 | 0.352179 | 0.029 | 0.663627 | 0.029 0.569074

0.03 0.4996952 | 0.03 2.0434354 | 0.03 0.352315 | 0.03 0.6916 0.03 0.565956

0.032 | 0.5151942 | 0.032 | 2.0354354 | 0.032 | 0.352623 | 0.032 | 0.691264 | 0.032 0.541983
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RESULTS AND DISCUSSIONS
The comparison has been discussed made on three outputs. They are base reaction, joint reaction, and
joint displacement.

Comparison based on base reaction:

To perform the comparison based on base reaction two reactions have been considered. They are
reaction force in global X direction and moment about global Y direction.

20000
1]
2
S _ 10000
5 S H B
£ = 0
e RS1 RS Friuli, Italy RS Gazli RS Imperial RS Imperial RS Tabas
e Valley 2 Valley 6

Response spectrum cases

Fig 4: Base reaction force in the global x-direction for different earthquake response spectra.

The [Fig. 4] compare different earthquake response spectrum with BNBC response spectrum for soil
type 1. The horizontal axis represents different response spectra cases and in the vertical direction, it
represents the reaction force in kKip. The RS Gazli has maximum reaction followed by RS1. Here the
base reaction of RS1 is 18516.74 kip and of RS Gazli is 18846.58 kip. The least reaction was found for
RS Tabas which is 8691.903 kip.

. 150000
E oo . .

e — —

EE T ] ]
g .=

2= RS1 RS Friuli, Italy RS Gazli RS Imperial RS Imperial RS Tabas
E Valley 2 Valley 6

x

Response spectrum cases

Fig 5: Base reaction moment about global Y direction for different earthquake response spectra.

The [Fig. 5] compare different earthquake response spectrum with BNBC response spectrum for soil
type 1. The horizontal axis represents different response spectra cases and in the vertical direction, it
represents the reaction moment in kip-ft. The RS Gazli has maximum reaction followed by RS1. Here,
the base reaction moment of RS1 is 111100.42 Kip-ft and of RS Gazli is 113079.49 Kkip-ft. The least
reaction was found for RS Tabas which is 52151.41 kip-ft.

Comparison based on Joint reaction:

Joints of the bottom-most floor have been considered since it will provide maximum reaction.

600
400

HRS1

M RS Friuli, Italy

3

H RS Gazli

b bl bl e e

1 67 133 199 265 331
Joint No

o

B RS Imperial Valley 2

Joint Reaction,F1
(kip)

M RS Imperial Valley 6

Fig 6: Joint reaction force about local 1(red) direction for different earthquake response spectra.

The [Fig. 6] represents the comparison between different response spectra based on joint reaction force
in local 1 direction. Since the structure is symmetric and the joints are in the same plane so the reaction

443



of each joint is similar. The joint reaction of RS Gazli is maximum followed by RS1 which is 429.05
kip and 421.54 kips respectively.
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o
- Joint No M RS Imperial Valley 6

Fig 7: Joint reaction moment about local 2 (white) direction for different earthquake response spectra.

The [Fig. 7] represents the comparison between different response spectra based on joint reaction
moment in local 2 direction. Since the structure is symmetric and the joints are in the same plane so the
reaction of each joint is similar. Like the previous chart, it showed that the joint reaction of RS Gazli is
maximum followed by RS1 and the value is 2574.33 kip-ft and 2529.27 kip-ft respectively.

Comparison based on joint displacement:

From left third column, joints have been selected for analysis.

1
£ ERS1

Q

§ o5 — RS Friuli, Italy

= = e b 1] i

g2 o . ]L]L " RS Gazli

= .

£ 155 156 157 158 159 160 161 162 163 164 165 B RS Imperial Valley 2
2 Joint No M RS Imperial Valley 6

Fig 8: Joint displacement in U direction for different earthquake response spectra.

The [Fig. 8] represents the comparison between different response spectra based on joint displacement
in UL direction. in the horizontal axis, it represents joint number and in the vertical axis, it represents
joint displacement in ft. the joint number 155 is at the base so it has no displacement and joint number
165 is at the top so it has maximum displacement. In every case except for the joint no 155, RS Gazli
provide maximum displacement followed by RS1 and the values are almost the same.

CONCLUSIONS

Finally, it can be concluded that the response spectrum of Gazli earthquake which has a magnitude of
7.0 is the most identical to the response spectrum developed from BNBC normalized response
spectrum. We can use this study to find more similar real earthquake response spectrum in order to
analyze our structure against earthquake. Though this study only considers rock and stiff soil we can
also use this study for the other two types of soil condition provided in the BNBC 2006.
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ABSTRACT

This paper demonstrates the parametrical analysis of RCC square columns under fire conditions. Proper
resistance of column against fire hazards is crucial as column turns out to be one of the most vital load
transferring members of a building. During a fire hazard, the rising of temperature in column is a time-
dependent phenomenon. When it comes to susceptibility to fire damage, steel is more vulnerable than
concrete. It is evident from the observation that the integrity of a column under fire hazard depends greatly
on the exposure time of the reinforcement to fire. It indicates that the reinforcement of a column needs to
be protected from fire exposure with adequate clear cover. For this study, three different sizes of column
(12"X12", 16"X16" & 20"X20") with same steel percentage (3%) but having various clear covers are
taken for analysis in three stages. The pre-processing is done by GID and the processing phase is executed
by SAFIR while DIAMOND culminates the analysis through post-processing. Based on numerical
analysis using these programs, an empirical relationship between clear cover required for square column
and duration of fire exposure has been developed. BNBC code has been followed to establish the premise
for the thermal resistivity of columns. Using the empirical formula, required clear cover of column can be
directly computed for a particular duration of fire exposure which has significant value in planning and
designing of a building.

Keywords: Fire on Column; Clear Cover Requirement; Relation between Clear Cover & Temperature;
SAFIR; GiD.

INTRODUCTION

Concrete and Steel structures show different behavior to fire. Comparatively concrete structures are more
sustainable under a longer period of fire attack. Steel losses it's strength in a significant amount with the
rise in temperature much earlier (Gillie, 2004). So structural steel shouldn't be exposed to fire at all for the
safety issue. In RCC structure, reinforcement bars are kept safe providing adequate clear cover. So, the
adequate clear cover should be provided for safety at various temperature (Awoyera et al., 2014).
Sometimes design requirements against fire are less emphasized which may lead to an increase in the
chance of loss of life and properties.

This parametrical study was aimed to observe the impact of fire on RCC square column visually and
prescribe a solution to it. The definite objectives of the study were to observe the relation between the
thickness of clear cover of the square column and the time of exposure to standard fire (Bostrom and
Johansson, 2017) without significant damage and develop a simple empirical relation between them.

The question may arise, why column was chosen rather than other components of a structure. It's not
unknown that column is considered to be the most critical component, as failure of the column eventually
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leads to failure of the whole structure (Mills,
2011). So, the safety of the column during a fire
event is of so much importance because of its
inherent structural significance.

Norwegian Building Research Institute has
studied that concrete has no threat up to 100°C
and undergoes normal thermal expansion up to a
temperature of about 300°C (Norwegian, 2001).
Above 300°C, it starts to get pink color and
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different properties of concrete start to

deteriorate. These characteristics should be demonstrated briefly in case of detailed study (Bilow and
Kamara, 2008). In this study, this 300°C temperature is considered as the benchmark for the safety of
concrete. Under fire loading, behavior of both concrete structure (Fletcher et al., 2007) and steel structure
(Mahale and Kandekar, 2016) should be analyzed for a better understanding of the study. SAFIR analysis
and modeling of the structure under fire can be considered for future works (Franssen, 2003).

The standard fire applied in the simulation was according to 1SO 834 fire curve (ISO, 1999) which
represents a fully developed fire in a compartment with a constant rate of increase in temperature.

SIMULATION

In this study, Simulation has been run to determine the temperature at different portions of an RCC square
column section after the application of fire with the flow of time. Simulation process can be classified into
3 steps: i) Pre-processing, ii) Processing & iii) Post-processing

i) Pre-processing: GiD has been used for the pre-processing step. The objective of this segment is to
create an INPUT (.in) file which contains the coding of a complete description of the RCC column section
and its fire application. The Input file can be executed manually by coding.

The work segments can be stated in this step sequentially like these- Drawing the column section of actual
size with proper reinforcement; Assigning concrete and steel in the proper portion; Applying fire in the
frontier constraints; Meshing & Calculation Run. “FISO” is used as frontier constraints which indicates
the side where 1SO-834 fire curve was applied in.

ii) Processing: SAFIR has been used for processing the simulation whose objective is to process the input
(.in) file and extract output which can be used in Post-processing. The thermal attack from the fire is given
as input data to process. It computes the evolution of temperature in the section. It executes three kinds of
file - TEM (Temperature Details) file, OUT (Output) file, XML document (.xml)

iii) Post-processing: DIAMOND is a post-processor for the finite element code SAFIR. It reads the XML
file (.xml) and allows to read the temperature of any node after a certain time of fire application and also
authorizes to save these temperature ranges in column section as an image file for further usage.

Material Properties: Various properties of used concrete and steel in the simulation are given below-

Table 01: Mechanical Properties of Concrete Table 02: Mechanical Properties of Steel

Properties Value
Poisson’s Ratio, ¢ 0.3 Properties Value
Compressive Strength, f’c 4.35 ksi Poisson’s Ratio, o 0.3
Tensile Strength, fc 0.435 ksi Yield Strength, fy 3.55x 108 N/m?
Specific Mass, p 2400 kg/m?® . —
Y 0 Modulus of Elasticity 29X10° psi
Convect_ion Coeﬁfic_ient (Hot) 25 Convection Coefficient (Hot) 25
Convectllon Coefficient (Cold) 4 Convection Coefficient (Cold) 4
Relative Emission 0.8 ; feci
— Relative E 0.7
Parameter of Thermal Conductivity 0.5 ealve =mission
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RESULT & DISCUSSION

12"
Simulation has been performed for 3 sets of RCC Column
Section (127X12”, 16”X16”, 207X20”) of 3% Steel o o a1 8 #7
Percentage and 13 different sizes of Clear Cover (from 1 to
4” with 0.25” interval) for variation of the result. The fire has
been appointed at concrete reinforcement interface (shown in 1o e ke
Figure 02) in two ways (4 sides, 2 Sides) and temperature & Re';:gf;:;e"t <
data has been collected at eleven times (from 20 minutes to 2
hours with 10 minutes interval). Simulation result exhibited %
by using DIAMOND software demonstrates different © o Shor
temperature ranges on different points of the column section e

with the change of time.

[Fig. 02]. Section of 12”°X12” Column

(3.00” CC, 3% Steel percentage)

For example: 12X 12” column with 3” clear cover and 3% steel reinforcement.

Diamond 2016 for SAFIR

FILE : 3.00cc
NODES : 343
SOLIDS : 428

INITIAL CONFIGURATION SELECTEL
TEMPERATURE PLOT

TIME : 1800 sec
748.6°C to 852.7°C

644.5°C to 748.6°C
540.4°C to 644.5°C
436.3°C to 540.4°C
332.2°C to 436.3°C
228.2°C to 332.2°C
124.1°C to 228.2°C
20°C to 124.1°C

Diamond 2016 for SAFIR

FILE : 3.00cc- 4 side
NODES : 343
SOLIDS : 428

INITIAL CONFIGURATION SELECTEL
TEMPERATURE PLOT

TIME : 1800 sec
748.6°C to 852.7°C

644.6°C to 748.6°C
540.5°C to 644.6°C
436.4°C to 540.5°C
332.3°C to 436.4°C
228.2°C to 332.3°C
124.1°C to 228.2°C
20°C to 124.1°C

[Fig. 03]. 30 Minutes Fire applications on 2 Sides

Time vs. Clear Cover Graph: To understand the impact of temperature

[Fig. 04]. 30 Minutes Fire applications on 4 Sides

at concrete reinforcement

interface by the clear cover particularly, six detailed Clear Cover vs. Temperature Curve has been
constructed. We already know that the parts of a concrete structure that is exposed to temperatures above
approximately 300 °C should be considered to fix. That’s why a straight line has been constructed at
300°C temperature parallel to the X-axis (Clear Cover) in the graph. The 300°C temperature straight line
intersects different time curves, and we get some intersection points. Then the corresponding clear cover

data of the intersection points have been noted.
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[Fig.05]. Clear Cover vs. Temperature Curve at different times (2 side fire at Concrete Reinforcement Interface,

Steel percentage 3%)
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Clear Cover vs Temperature Curve (20"X20"- 2 Side Fire)
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Formation of Empirical Relation between Time & Clear Cover: By using corresponding clear cover
data of intersection points, another Time vs. Clear Cover graph has been sketched. A straight line-shaped
figure has been noticed after plotting the data. A best fitted straight line has been constructed to represent
the relation between Fire Resistant Time and Clear Cover.

: Fire Resistant Time vs Clear Cover Graph
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[Fig. 11]. Formation of Empirical Relation between Fire resistant time and Required Clear Cover for 300°C
Temperature
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The equation we get from the graph is-
C=0.029t+0.817
Where, C= Required Clear Cover (Inch) and t= Fire Resistant Time (Minute). This empirical equation has
notable significance to build a fire-resistant structure. It demonstrates us what should be the size of the
clear cover of a square column if want to protect the column for a certain time from fire damage. For
example, our traditional 2.5-inch clear cover in the column is safe till 58.034 minutes of fire application.
After that, the column should be repaired.

CONCLUSION

In our Study, it was observed that whether the fire is applied in 2 sides or 4 sides, concrete reinforcement
interface point at fire application side shows almost the same temperature for a definite time. While
performing the study some limitations have arisen. The whole simulation was classified in pre, during and
post-simulation. And they require individual software to perform. So, Simulation was much time-
consuming. GiD is only compatible to work with SI (System International) unit system. It was a matter of
extensive complication to convert every measurement of the traditional unit into Sl unit as input in GiD.
The software should be compatible with receiving input in various system of units so that it can be used by
all types of user who use a different unit of measurements. In the post-processing, while using
DIAMOND, the temperature can only be evaluated at the intersection of mesh lines. Since Auto mesh was
used in GiD, the temperature of every point in the section couldn’t be estimated. Manual meshing is
encouraged so that the user can detect the temperature of their desired points.

An empirical equation has been evaluated to establish the relation between Fire Exposure Time &
Required Clear Cover Size. But the equation won’t be acceptable if any material property of the column
has been changed. Those variations of the equation should be evaluated in the further study to be
incorporated in codes for improving the safety of concrete structures under fire.
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ABSTRACT

Old masonry buildings are quite common in Bangladesh. One of the major drawbacks of these masonry
buildings is their weakness to in plane and out of plane shear force. Besides, shear resistance of these
buildings has decreased due to aging making them more vulnerable to earthquake. Furthermore, recent
occurrences of earthquake in neighbouring countries have caused minor ground shaking in this country
that can pose a threat to the safety of these structures. So, retrofitting of these buildings has become
necessary. Considering the economic condition of Bangladesh ferrocement retrofitting technique can be
both cost-effective and suitable among some available retrofitting techniques. This paper aims to
investigate the performance of ferrocement retrofitted masonry wall units under cyclic compression.
Total three masonry wall units (29 inch x 29 inch) have been prepared. Among them two wall units
have been retrofitted with 18 gauge and 20 gauge woven wire mesh. Then these wall units have been
tested by applying cyclic load along the diagonal of the specimens. The test results show that ultimate
load carrying capacity of the ferrocement retrofitted specimens is 27%-46% greater than the reference
specimen. Besides, ferrocement retrofitted specimens have experienced 33%-46% greater deformation
before failure than the reference specimen.

Keywords: Earthquake, Masonry wall, Ferrocement retrofitting technique, 18 gauge and 20 gauge
woven wire mesh, Cyclic load.

INTRODUCTION

Bangladesh is geographically a small country but every year visited by many devastating natural
disasters. Among them earthquake is more lethal which has been threatening Bangladesh in the recent
past (Al Zaman and Monira, 2017). Because, more people are killed by earthquakes than those by any
other form of weather hazard lately (Roy, 2014). A huge portion of masonry buildings are located in
Bangladesh. During extreme loading like an an earthquake, these unreinforced masonry buildings are at
high risk of failure (Nayak and Dutta, 2016). Weakness in resisting horizontal forces and heavy mass of
these masonry structures make themselves more vulnerable to earthquake. Therefore, increasing
seismic resistance of the masonry structures by using different retrofitting techniques has become an
important issue. Among many retrofitting techniques ferrocement makes itself satisfactory and
cost-effective (Trikha et al., 1988).

Ferro- means iron although metal commonly used in ferro-cement is the iron alloy steel. Ferrocement is
a system of reinforced mortar or plaster (lime or cement, sand and water) applied over layer of metal
mesh. Ferrocement has become very popular in our country because of its cost-effective process,
availability of raw materials and flexibility in construction (Kantharaju et al., 2001). It is found that, in
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plane and out of plane strength and ductility of an unreinforced masonry wall can be enhanced by using
thin ferrocement coating (Reinhorn and Prawel, 1985). Again, the effectiveness of Ferrocement as a
rehabilitation material on masonry walls under gravity load was found satisfactory (Venkatesh, 2010).

The primary objective of the present study is to investigate the performance of ferrocement retrofitted
(both with 18 gauge and 20 gauge wire mesh) masonry wall units under cyclic compression in terms of
ultimate load carrying capacity, first cracking load and corresponding deformations. This study also
includes different failure patterns of specimens.

METHODOLOGY

Three masonry wall specimens were investigated. One of them was control specimen (bare masonry
wall) denoted as URMC whose final section size stood 29"x29"x5.5" as showed in Fig. 1. The other
two were ferrocement retrofitted specimens denoted as FRSC-18 (wrapped with 18 gauge wire mesh)
and FRSC-20 (wrapped with 20 gauge wire mesh) whose final section size stood 29"x29"x6.5" as
showed in Fig. 2. All the bricks were connected by stretcher bond. 0.5" mortar was used between two
adjacent layers of bricks. Between ferrocement layer and brick wall, 1.5" standard nails were placed at a
spacing of 6" c/c at alternate brick layers and embedded to 1" into the wall.

T | 15voail [ ]
| | | |+ 5 momar e el ||

| ‘ L] lnyer 1 layer of [ —

29"

|

29"
20"
29"

e Fomi

—— —

1
———F R

Fig. 1 Control specimen Fig. 2 Ferrocement retrofitted specimens

Proper preparation of specimens is essential for obtaining accurate results from structural tests. Three
walls were prepared with brick and mortar as showed in Fig. 3. In case of brick jointing mixing ratio 1:4
(cement : sand) was used in mortar. But in case of plastering the ratio was 1:2 (cement : sand). Water
cement ratio was maintained at 0.45 (BNBC, 2017). After that, two walls among them were coated
with ferrocement as showed in Fig. 4. One of them was wrapped with 18 gauge wire mesh and another
was wapped with 20 gauge wire mesh. Both wire meshes were woven and with 0.5" x 0.5" opening size.
Eventually curing, grinding and painting were done to complete the preparation of specimens.

e e,

Fig. 3 Construction process of brick wall Fig. 4 Brick wall with ferrocement coating

452



The summary of the specimens are showed in Table 1.

Table 1: Summary of the specimens.

Ferrocement coating Mix proportion of mortar
Specimen Dimension Wire . No of Masonry Ferrocement
. Mesh size
size(gauge) layer mortar mortar
URMC 29"x29"x5.5" - - - 1:4 -
FRSC-20 29"x29"x6.5" 20 5"x 5" 1 1:4 1:2
FRSC-18 29"x29"x6.5" 18 5"x.5" 1 1:4 1:2

After completion of preparation of the specimens, they were tested by testing machine. The
experimental setup is showed in Fig 5. Two M-shaped steel frames were used as showed in Fig. 6 to
hold the specimen. Pure epoxy binder was used to fix the wall with M-shaped steel frame.

Z

S Steel frame

L Hydrsulic jack
Vz A Base

Fig. 5 Experimental setup

Fig. 6 M-shaped steel frame.

Cyclic load was applied by hydraulic jack as shown in Fig. 7. The load was applied by maintaining 51.5
KN of residual compression as shown in Fig. 8. The maximum value of compressive force per cycle
was increased with the increment of cycle number.

— g s
8 8 3

Applied load (KN)
=l

Fig. 7 Hydraulic jack

Fig. 8 Load history
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RESULTS AND DISCUSSIONS

The performance of both ferrocement retrofitted specimens and control specimen were investigated
under cyclic compression. First crack was appeared on the surface along the diagonal of the specimens
for all cases. Gradually this crack extended further along the diagonal. For ferrocement retrofitted
specimens this crack was accompanied by a series of cracks and finally complete failure occurred along
the diagonal of the specimens as shown in Fig. 9. In case of bare masonry wall, failure was abrupt and
failure occurred due to mortar joint failure. But for ferrocement retrofitted specimens, failure was
gradual and failure occurred due to both mortar joint failure and brick failure.

(b) (c)
Fig. 9 Failure pattern of the specimens (a) URMC (b) FRSC-20 (c) FRSC-18

Load deformation curve for all specimens are provided in Fig. 10. It is clear from the graph that before
failure, ferrocement retrofitted specimens experienced more deformation than the bare masonry wall.
Besides, stiffness of the ferrocement retrofitted specimens were greater than the bare masonry wall and
it decreased gradually with the increment of cycle. Summary of experimental results is provided in
Table 2.
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Fig. 10 Load deformation graph of the specimens URMC, FRSC-20 and FRSC-18
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Table 2: Summary of the experimental results

Specimen Compres.sive load at . UItimate_ load Ma?dmum
cracking(KN) carrying capacity (KN) deformation (mm)
URMC 217.49 248.61 4.93
FRSC-20 290.11 316.62 6.56
FRSC-18 331.6 363.55 7.2

CONCLUSIONS
The following conclusions may be drawn from the present study:

1. Under cyclic compression, ultimate load carrying capacity of the specimens retrofitted with 20
gauge and 18 gauge wire mesh were found 27% and 46% greater than that of bare masonry wall
unit respectively. Before failure, the specimens retrofitted with 20 gauge and 18 gauge wire
mesh experienced 33% and 46% greater deformation than the bare masonry wall respectively.
Comparing the results, it is clear that retrofitting with 18 gauge wire mesh is more effective
than 20 gauge wire mesh.

2. Large deformation before failure of the retrofitted specimens indicates that ductility of the
specimens have been improved due to ferrocement coating. Besides, stiffness of the retrofitted
specimens have also been improved as indicated by load deformation graphs.
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ABSTRACT

Analysis of a truss is performed using joint method, section method, matrix method, and upper and
lower bound theories of plasticity. Optimization of topography and cross-section are the main concerns
of truss design. Many methods, algorithms, and software are available to perform analysis and
minimum weight design. These tools are complicated and time consuming. Therefore, the need of a
simple and time efficient tool still persist. The main objective of this paper is to develop a simple and
time efficient tool that is capable of performing analysis and minimum weight design of truss.
Therefore, a code is developed in MATLAB incorporating linear programming (LP). Users of the code
need to input the nodal coordinates, nodes connecting elements, and support and loading conditions.
With the given input, the MATLAB code performs truss analysis and minimum weight design by
generating objective function and constraints. A truss was analysed by hand and minimum weight
design was performed by commercially available software LINGO. Same truss was analysed and
designed by the developed MATLAB code. Analysis results obtained from hand calculation, minimum
weight design from LINGO, and analysis and minimum weight design results obtained from MATLAB
show 100% congruency.

Keywords: Linear programming; MATLAB; Truss.

INTRODUCTION

The analysis of trusses is performed considering three basic assumption. The weight of the members is
often insignificant compared to the applied loads and omitted or half of the weight is applied to both end
joints of a member, moments transmitted through the joints are negligible, and nodes are treated as
hinge or pin-joint as the members are long and slender. Under these simplified assumptions, every
member of the truss is subjected to pure compression or tension forces. Therefore, shear, bending
moment, and other complex stresses are considered to be zero. These simplification make the trusses
stronger than other ways of arranging structural elements because nearly every material can resist a
much larger load in pure tension or compression than in shear, bending, torsion, or other kinds of
complex forces. These simplifications make trusses easier to analyse. Truss analysis is performed using
joint method, section method, and a matrix method such as the direct stiffness method or flexibility
method. Similarly, truss is analysed using upper and lower bound theories of plasticity (Charnes and
Greenberg, 1951) which is also known as limit load analysis. Some researchers tried to use limit load
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analysis to find out ultimate load carrying capacity (Petrovic et al., 2011) of a given truss. Limit load
analysis measures the ultimate load carrying capacity of a truss before failure of any member.

Load calculation for a given truss is performed considering dead, live, snow, earthquake, and wind
loads following national and international codes. Minimum weight design is required to perform as the
number of members, topography, size, and shape are unknown to sustain a calculated load. Structural
optimization has become a valuable tool for engineers and designers in recent years. Optimization in
engineering has not been a commonly used design tool until high performance computing systems were
widely available. Trusses are becoming lighter, stronger, and cheaper as industry adopts higher forms of
optimization. Optimization of cross-section of truss members and topography are the main concerns
before designing a truss. Different methodologies, algorithms, and genetic algorithm are adopted to
optimize a given truss (Abo-Hamd, 1983; Romero et al., 2002; and Romero et al., 2004). These
techniques consume a significant amount of time and require a high performance computer. As an
example, genetic algorithm takes hours to perform optimization although time required to perform
optimization depend on the configuration and type of truss and loading conditions. On the other hand, a
simple and time efficient tool like linear programming is available to perform the analysis and
minimum weight design of a truss.

Linear programming (LP) is used to perform truss analysis and minimum weight design. A MATLAB
code is developed incorporating LP to analyse and perform minimum weight design of a given truss
adopting upper and lower bound theories. Users of this code need to provide the nodal coordinates,
nodes connecting elements, and support and loading conditions. With the given input, the code
generates objective function and constraints of linear programming. A built-in tool (linprog) in
MATLAB is used to perform minimum weight design. To check the result, hand calculation is
performed to analyse the truss and minimum weight design is performed using commercially available
software LINGO.

METHODOLOGY

LP is a mathematical model of achieving the best outcome. The equations of the mathematical model is
formulated with linear equations. LP is a tool to optimize an linear objective fuction that is subjected to
constraints. Constraints are composed of linear equality and inequlity. The feasible region of LP is a
convex polytope that is defined by the intersection of many finitely half-spaces. Each half-spaces are
defined by a linear inequality. The objective function is a real-valued affine (linear) function defined on
the polyhedron. The LP finds a point in the polyhedron where the objective function is optimized. A LP
problems is expressed in a canonical form and presented below, where g represents the vector of
variables that to be determined, R and S are vectors of known coefficients, and C is a known matrix of
coefficients. R7q is the objective function and Cq < S and q > 0 are the constraints. The inequalities
specify a convex polytope and objective function is optimized over the polytope.

Maximize RTq
Constraints Cq<S
And q=0

LP tool is used to analyse and optimize a given truss. For any kind of truss members, let U; are the
member forces, n;j are the direction cosines of the members, |; are the lengths of the members, F; are the
forces in the nodes applied in global X and Y directions, Ai are the areas of the members, and o is the
compressive and tensile strength of the steel used in the truss. The main objective is to design a truss
with minimum weight. Therefore, the volume of the truss members are required to be minimized. In
case of plane truss, the volume is the product of length and cross-sectional area of each member. The
full program to perform minimum weight design by using LP tool is presented below.

Obijective Function Minimize, X7, 4. I,
Constraints = Umn; = F,
—gd;, = U, = g4,
Ai>0
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FORMULATION

A truss presented in Fig. 1 consists of four nodes, five members, two supports, and one vertically
downward applied force P at node 2. To optimize the truss using LP, the formulation is presented
below. The cross-sectional areas of five truss members are denoted by A; to As for member | to V,
respectively. Length of the members is 1, V2, 1, V2, and 1 (unit of length) for members | to V,
respectively. Tensile and compressive strength of the members is £6. Member forces are denoted by Uj,
where i and j represents starting and ending node, respectively. Following equations are developed
using nodal equilibrium conditions.

At node 2

At node 3
V2
Uz + ?Ullil =0

V2

The LP is written for the truss as shown below.

Objective Function Minimize 41 +VZ 4, + A; + V2 A, + A,

Constraints U, -|-£U2 , =0
V2
Uss + ?UH =-F
V2
Uy +—5 Uz =0
2
V2
Uge + ?Ulﬂ =0
—gA; = Uy, £ g4y
—ﬂ'ﬂz = UlE = J‘q:
—Cl'ﬂa = UEE = 'ﬂ'ﬂg
—gA, = U,, = g4,
—gA. = Uy, = g4,
Ai>0

The MATLAB code formulates the objective function, constraints for the truss. First, it performs the
truss analysis then the minimum weight design.

m| |7/

Figure 1: Example of a truss
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ANALYSIS AND MINIMUM WEIGHT DESIGN

The analysis and minimum weight design are performed in three ways. First, the truss is analysed by
hand calculation using joint method, and then the same truss is optimized by commercially available
software LINGO. Then developed MATLAB code is used to find out member forces and minimum
cross-sections.

Truss analysis using joint method

The reactions of the truss are calculated first. The reactions are found and shown in Fig. 2 a. Fig. 2 b
shows equilibrium conddition in nodes. Using joint method, member forces are calculated and
presented below.

Ui =P
Uis =0
U2 =0
Ua  =\2P
U34 =0
P 3/\ ! ; Uy5=0
P 37 Node 1 /
4 v 3» e<+— Up=P
IV
m| |/ Node 2 UEE\I;NTUEFU
—  p®
I UsP P
P 4 I 2| -—
32/1 Node 3 Uss=0 .U23=U
; . /l
< Uiz=0
a) Truss with reaction forces b) Analysis of truss using joint method

Figure 2: Truss with reaction forces

Optimization Using LINGO

The objective function and constraints are provided in LINGO software. Fig. 3 a and b shows the
LINGO input code and output, respectively. LINGO result shows member Ui, carries P and Uy caries
-1.414427 P force. The minimum cross-sectional area calculated by LINGO for members Ui, and Uz
are 0.02857143 and 0.0404122, respectively. Other member carries zero load. Therefore,
cross-sectional are is zero.

MATLARB result

Developed MATLAB code is used to analyse and optimize the truss presented in Fig. 1. Fig. 4 a shows
the guideline for user to provide input and Fig. 4 b shows the input provided for the truss presented in
Fig. 1. Result is obtained after the simulation and simulation time was approximately 2 seconds. Table 1
shows MATLAB result. Member forces in Ui, and Uy, are P and V2 P, and cross-secational area for
both the members are 0.0286 and 0.0404, respectively. Forces and cross-sectional area for other
members are zero.
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!'Objective function; !'Nodal equilibrium conditions;
Min=1*A1+1.414*A2+1*A3+1.414*A4+1*A5; Ul2+0.707*024=0;
U23+0.707*0U24=-1;
!Constraints; U23+0.707*U13=0;
!To ensure no negative value; U34+0.707*U13=0;
Al1>=0; !Upper and lower bound theorems;
A2>=0; Ul2>=-A1*35;
A3>=0; Ul2<=A1*35;
A4>=0; Ul3>=-A2*35;
A5>=0; Ul3<=A2*35;
Ul2>=0; U23>=-A3*35;
Ul3>=0; U23<=A3*35;
U23>=0; U24>=-p4%*35;
U24>=0; U24<=A4*35;
U34>=0; U34>=-A5*35;
U34<=A5*35;

a) LINGO input

Variable Value Reduced Cost
Al 0.2857143E-01 0.0000000
A2 0.0000000 1.414000
A3 0.0000000 1.000000
A4 0.4041220E-01 0.0000000
A5 0.0000000 1.000000
Ul2 1.000000 0.0000000
Ul3 0.0000000 0.0000000
U23 0.0000000 0.0000000
U24 -1.414427 176750.0
U34 0.0000000 0.0000000

b) LINGO output
Figure 3: LINGO input and output

Full history of the geometry

_ e = total _ | = total number o =tensile and
n = total number of b = total number . .
number of nodes where load is  compressive strength
nodes of supports .
elements applied of steel
Node history
Node no. X coordinate Y coordinate
Element history
Element no. Starting node Ending node

Support conditions history
Node no. with supports

Load history
Node no. Load along X direction Load along Y direction

a) User input to MATLAB

Full history of the geometry

n=4 e=5 bh=2 =1 c=35
Node history
1 0 0
2 1 0
3 1 1
4 0 1
Element history Support conditions history
1 1 2 1
2 1 3 4
3 2 3 Load history
4 2 4 2 0 -1*
5 3 4 * |_oad P was applied as a multiplier of 1

b) MATLAB input for the truss presented in Fig. 1
Figure 4: MATLAB input
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Table 1: MATLAB output
Member Member Force Cross-Sectional Area

Uz 1s0P 0.0286
Uss 0 0
Uz 0 0
Uz \2 so \2P 0.0404
Uss 0 0

CONCLUSION

A truss needs to be analysed first before designing. Many methods and software are available to
perform the analysis. In case of design, several algorithm and software are available to perform
minimum weight design. But, some softwares are limited to truss types and algorithms are complicated
and consume a significant amount of time. As an example, genetic algoritm consumes hours to perform
optimization of truss. On the other hand, linear programming (LP) is a time efficient tool that is used to
perform minimum weight design. A MATLAB code is developed incorporating LP to perform analysis
and minimum weight design. One truss (presented in Fig. 1) is analysed by joint method to know the
member forces, and LINGO is used to perform minimum weight design. LINGO required user input of
objective function and constraints that representes the equilibrium equations of unsupported nodes.
Developing objecting function and constraints required more time and it is easy to make a mistake,
while performing hand calculation, although LINGO took less than two seconds to develop the result.
On the other hand, the accuracy of the result is compromised since the decimal places are required to
consider for trigonometric function of angle. The same truss is analysed by MATLAB. MATLAB
simulation takes approximately two seconds to perform analysis and optimization. Conclusion can be
drawn to the following points:

e The member forces obtained from MATLAB code is same as the member forces obtained from
hand calculation and LINGO output.

e The minimum cross-sectional area obtained from MATLAB code is same as the result obtained
from LINGO output.

e MATLAB code finds the unnecessary members with zero force and zero cross-sectional area.
MATLAB code shows 100% congruency with hand calculation and LINGO.

e MATLAB code is less time consuming than LINGO in terms of formulation of the problem and
there is minor chance of mistakes while using MATLAB code to perform truss analysis and
minimum weight design.

e Hence, developed MATLAB code is recommended to use for performing truss analysis and
minimum weight design of a plane truss.
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ABSTRACT

Plaster is a mix of cement, sand, and water that is applied on the masonry surface to cover rough
surfaces of the wall. The key purposes of providing plaster are to protect the masonry surfaces from
environmental exposure to hide defective joints, to prevent moisture ingress, and to obtain smooth and
durable surfaces. Besides having these advantages, plaster also increases the axial capacity of the wall.
The main objective of this paper is to investigate the increase of axial load bearing capacity of a
plastered masonry wall. To accomplish the objective, six specimens (234.95 x 114.3 x 63.5 mm) are
constructed. Among these specimens, three specimens are plastered with 18.75 mm thick plaster. The
cement-sand ratio of the plaster is 1:2.5 and water-cement ratio is 0.6. After 28 days wet curing period,
all the specimens are tested under axial compressive load. The average compressive strength of the
masonry wall without and with plaster is 3.48 and 3.98 MPa, respectively. Therefore, the 18.75 mm
plaster could increase the axial capacity by 14.37% and the efficiency of the plaster is 15.53%.

Keywords: Brick, masonry, plaster.

INTRODUCTION

Masonry wall is one of the most popular and common type of structural component which is made from
individual units laid in and bonded together using mortar. For many years, masonry wall is being used
because of its aesthetic appearance, cost effectiveness, and ease of construction. The key advantages of
masonry wall include increase of thermal mass and fire protection of the building, reduced life cycle
cost, and 30 to 100 times higher useful life cycle than structural steel. Masonry walls are most
commonly used as partition wall, structural wall, retaining wall, and even in heritage structures.
Masonry walls are constructed usually as unreinforced. These unreinforced masonry (URM) walls are
vulnerable to high axial load and earthquake load. URM walls can be used as load-bearing wall, if
proper strengthening materials are used. Some researchers used CFRP, GFRP sheet and bars, tensile
reinforced mortar, ultra high performance concrete, and ordinary mortar for strengthening (Basaran et
al., 2013; Vasconcelos et al., 2012; Mahmood et al., 2008; ElGawady et al., 2006; Zhao et al., 2003;
Mazumder, 2017; Mazumder et al., 2017) and found out axial capacity of masonry wall with and
without strengthening schemes. Some researchers performed experimental investigation of
compressive strength of unreinforced masonry wall (Ravula and Subramaniam, 2017; Annamalai et al.,
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1987). Some researchers investigated the axial capacity of masonry wall using numerical simulations
(Mazumder and Sarfin, 2017; Mazumder and Nishat, 2017).

URM wall is more useful for load-bearing type of wall with proper strengthening techniques and
cementitious material could be one of the possible solutions. Usually, cement-sand mortar is used to
plaster a wall. Plaster is provided to protect the masonry wall surface from rough environmental
exposure, to hide defective joints, to prevent moisture ingress, and to obtain smooth and durable
surface. A 12.5 mm thick plaster is provided for inner surface and 18.75 mm plaster is provided for
outer surface of the wall. This plaster makes the wall stronger, durable, and increases the load bearing
capacity of the wall as well. The main objective of this study is to investigate experimentally the
increase of load bearing capacity of unreinforced masonry wall with the use of 18.75 mm thick plaster
on both sides.

METHODOLOGY

The load bearing capacity of unreinforced concrete masonry wall prisms are evaluated using axial load
tests. In this test, incrementally increased compressive load is applied to the prisms. Six specimens are
tested in two categories — i) three unreinforced masonry prisms (UMP) and ii) three 18.75 mm thick
plastered masonry prisms (UMPP). The compressive strength of brick and mortar is also investigated.
Six specimens are constructed and wet cured. Specimens are tested under compressive load after curing
period.

Material properties

Mechanical properties of wall components, concrete masonry brick and mortar, are investigated
experimentally. Compressive strength of concrete masonry bricks is obtained following test procedure
of Barbosa (2009). The average compressive strength of bricks is 6.61 MPa. The compressive strength
of mortar is tested following ASTM C39. The 28-day compressive strength of mortar is 18.54 MPa. The
water-cement and cement-sand ratio of mortar are 0.6 and 1:2.5, respectively.

Construction of prisms

Six prisms are constructed with concrete masonry bricks and Portland cement mortar is used as head
and bed joints. The nominal size of a brick is 235 x 110 x 70 mm, approximately. Three layers of bricks,
containing one and a half bricks in each layer, are cast to form the prisms. 18.75 mm thick plaster is
applied on the both sides of the three prisms. The aspect ratio for all walls is 0.9 and height to thickness
of the wall is 2.10, approximately. After casting, specimens are wet cured for 28 days. After curing
period, the specimens are tested.

Experimental setup, instrumentation, and procedure

According to ASTM C1314 and European Standard EN1052-1(1999), masonry prisms (UMP and
UMPP) are tested under uniaxial compressive load. To avoid eccentricity, the prisms are placed
vertically and horizontally perfectly aligned on Universal Testing Machine (UTM). The axial
compression forces are exerted on the prism through steel plate and rubber sandwich. The steel plate
and rubber sandwiches are attached on the top and bottom of the prisms to ensure uniform distribution
of the axial force without any stress localization. Fig. 1 shows the test setup for UMP and UMPP.
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a) Experimental setup of UMP

b) Experirﬁental setup of UMPP
Figure 1: Specimen and experimental setup of UMP and UMPP

RESULTS

Table 1 shows the compressive strength of UMP prisms. The average compressive strength of UMP is
3.48 MPa. Compressive strength of each UMPP is presented in Table 2. The average compressive
strength of UMPP is 3.98 MPa. The 18.75 mm plaster could successfully increase the compressive
strength of UMP by 14.37%. The efficiency of the plaster is 15.53%.

Table 1: Compressive strength of UMP
Dimension

Serial Load Stress Average
no. (mr;Lxxrr?mxxHer) (kN) (MPa) stress (MPa)
1 360 x 112.33 x 219 140 3.46
2 363 x 111 x 214.33 148 3.67 3.48
3 365 x 111.67 x 219 135 3.31
Table 2: Compressive strength of UMPP
Serial (E'T%ni'?_?) Load Stress Average
no. (kN) (MPa) stress (MPa)
(mm x mm x mm)
1 365 x 110.67 x 217.33 159 3.94
2 371 x 115.67 x 228.33 156 3.64 3.98
3 366 x 109.67 x 220 175 4.36

CONCLUSIONS

Plaster increases the axial capacity of the masonry wall. To evaluate the increase in axial capacity, six
prisms are constructed and three of them are plastered. All the specimens are tested under compression
in universal testing machine after 28 days wet curing period. The average compressive strength is 3.48
and 3.98 MPa for UMP and UMPP prisms, respectively. Therefore, the axial capacity of masonry wall
is increased by 14.37% approximately due to 18.75 mm plaster. The efficiency of the plaster is 15.53%.
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ABSTRACT

Profiled steel sheet is a ductile and lower stiffness material which is increasingly used as roofing
elements in recent years. Structurally strong, efficient, lightweight and easily erected profiled steel
sheet composite sandwich panel can be developed with non-ductile and stiffer materials plastic board
and plywood. The composite panel system consist of the profiled steel sheet attached to top layer plastic
board and bottom layer plywood by simple mechanical connector. Profiled steel sheeting plastic board
with plywood (PSSPBP) system can be used as an alternative to traditional form of roof construction.
The objective of this study is to develop composite sandwich roofing system of profiled steel sheeting
plastic board with plywood (PSSPBP). The structural strength and behaviour of composite profiled
steel sheet with plastic board and plywood are investigated in this study. A series of tests were
performed on composite sandwich roofing system of profiled steel sheeting plastic board with plywood
(PSSPBP) subjected to combined flexure and web crippling loading. The failure loads, failure modes
and the load-web deformation behaviour of profiled steel sheeting with plywood are also presented. The
experimental and analytical results were compared to validate and determine the structural strength and
behaviour of profiled steel sheeting plastic board with plywood (PSSPBP). This PSSPBP composite
sandwich roofing system helps to enhancing the stiffness and strength of the composite system. The
proposed PSSPBP composite roofing system has a great potential to be exploited for the construction of
housing as well as disaster relief shelter. The application of plywood as a load bearing structural
component in PSSPBP system has the potential for disaster relief shelter. This system can reduce time
and overall cost of construction and has the potential of opening up new composite system as disaster
relief shelter as well as the building construction industry.

Keywords: Composite panel; profiled steel sheet; plywood; plastic board; structural behaviour.

INTRODUCTION

The growth rate of industrialization, urbanization and population is high now-a-days and for this
housing necessity is also increasing. An emergency relief shelter is often required when sudden disaster
takes place. Structurally strong, efficient, lightweight and easily erected construction material is needed
for solve this problem. Profile steel sheet are used in roofing elements popularly due to aesthetic and
economical use of materials. Experimental and numerical investigation on structural strength and
behavior of self-supporting cylindrical profiled steel sheet proof roofing elements have been performed
by (Islam et al. 2006). Rib of profiled steel sheet provided ten time’s higher strength and stiffness than
plain steel sheet. The profiled steel sheeting with plywood (PSSPW) can solve this problem. The main
advantage of PSSPW is to reduce the internal trussing and supporting system is as traditional trussed
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roof system. The PSSDB system was first invented in the United Kingdom by (Wright et al. 1989) as a
replacement of timber joint flooring for low cost small scale domestic buildings. PSSDB is easily
erectable and bear structural load described by (Wright et al. 1989). Structural behavior of profiled steel
sheet dry board folded plate structure has been investigated by (Ahmed, 1999). The PSSDB is far better
than others form construction system like reinforced concrete system from many aspects. These are
described in other publications (Ahmed et al., 2000; Ahmed et al., 2002; Badaruzzaman et al., 2003).
Ahmed and Badaruzzaman (Ahmed et al., 2005) conducted numerical investigations on structural
performance of PSSDB and proposed as a disaster relief shelter. They were used dry board outside of
the profiled sheet. However, it may easily damage due to rain, thunderstorm and weathering. It should
be used inside of profiled steel sheet. Dry board should be provided inner site which will be provided
better results. However they did not considered profiled steel sheeting and plywood (PSSPW)
composite system in inner side. There is no research yet to be done with profiled steel sheet and
plywood composite structure. The profiled steel sheeting connected to plywood and plastic board can
be considered as an alternative to traditional forms of roof as well as floor construction. The main
advantage of this system is to reduce the internal trussing and supporting system is as traditional trussed
roof system thus adding to livable space in a building.

There is no research on profiled steel sheet, plywood and plastic board as sandwich composite structure
either roof or flooring system. This proposed sandwich model can be used as a roof or floor surface to
provide an efficient emergency shelter. The purpose of this study is to evaluate the structural strength
and behavior of profiled steel sheeting plywood and plastic Board (PSSPBP) system. The failure loads,
failure modes and the load-web deformation behavior of profiled steel sheeting with plywood and
plastic board are also presented. Web crippling is one of the failure modes that can occur due to high
local intensity of concentrated loads or reactions which should be considered. The structural strengths
and behaviour of profiled steel sheet subjected to web crippling is also investigated in this study.

Material Properties of profiled steel sheet, Plywood and Connector and Plastic Board

The material properties of the profiled steel sheet were determined by tensile coupon tests following to
the American Society for Testing and Materials Standard, (ASTM, 1997) and the Australian Standard
(AS 1391, 1991) using Universal Testing Machine (UTM). Here 12.5 mm wide coupons were used.
Deformation is measured by using deformation gauge. The test set-up and tested specimen after tensile
test is shown in Fig. 2(a) and 2(b) respectively. Measured material properties obtained from tensile
coupon tests are given in Table 1.

7-Step Colour Coating Process

(@) Profile steel sheet (b) Composition layer of profile steel sheet

Fig.1 Profile steel sheet and its composition
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() Test set-up

(b) Tested specimen after tensile test

Figure 2: Profiled steel sheet tensile coupon test setup and failure mode

Table-1: Measured material properties obtained from tensile coupon tests

Specimen Width Thickness Yield Stress Ultimate
No. be (mm) te (mm) oy (N/mm?) Stress
ou (N/mm?)
12.7 0.66 232.7 251.6
. 12.6 0.65 238.6 261.5
3. 12.7 0.66 244.8 268.2

Plywood consists of numbers of thin sheets of wood (veneers) which are pressed and bonded together
with some binding or cementing material like glue or synthetic adhesives. Plywood is also light in
weight in comparison to those of cement-bonded boards, which is also very convenient for transporting
and handling. Nominal thickness of plywood 15 mm, weight 7.55 kg/m?, area of plywood 557418.24
mm? and Modulus of electricity 6019 MPa as shown in Fig 3(b). Simple mechanical connectors, such as
self-drilling, drilled screws have been used to connect the plywood & plastic board to the steel sheeting
to form the composite unit as shown in Fig. 3. Mechanical properties of screw connectors which have
carbon steel material, spacing 0.05-0.1 0 zinc Chromium, length 27.00 mm and diameter of thread
4.0mm. Thickness of plastic board is 7.7mm, area 2880000mm?, tensile strength is13.8ksi and Yield
strength is 22.5ksi. Modulus of flexure is 783ksi.

Connector

(¢) PSSPW

() Plastic board (b) Plywood

(d) PSSPBP

Fig-3: Plywood plastic board and connector

METHODOLOGY

Test specimens lying inside and outside of certain geometric profiled parameter ranges of the
specifications were tested under concentrated load. Photograph of test specimen and test rig is shown in
Fig. 3(c) and Fig. 3(d). Two rectangular identical small- scale specimens were prepared for the
experimental investigations 0.56mm thick profiled steel sheeting 15mm thick plywood, 7.5 mm thick
plastic board and self-tapping, drilled screws were selected for this purpose. All specimens one with
plywood, plastic board the other one is single corrugated steel sheet dimensions of 1828.8mm by
304.8mm and were constructed. The connectors were arranged along PSSPBP with a spacing of
200mm. Testing specimen and plywood plastic board connected with profiled steel sheet using
connectors is shown in Fig 3(d). Steel bearing plate was placed under the loading tool to distribute the
loading. Fig 4: shows the loading arrangement. The PSSPBP panels were tested using an incremental
loading procedure. For each increment of loading, the deflection at selected positions on the panels was
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Fig.4: Test setup of bending test Fig.5: Failure of mode of bending test specimen

The web crippling tests were carried out under Interior-One-Flange (10F) loading condition specified in
the ASCE Specification (ASCE, 2002). Test setup and failure mode of web crippling test is shown in
Fig. 6. The webs of the specimens were buckled outward.

Figure 6: Test setup and failure of mode of web crippling test specimen

RESULTS AND DISCUSSIONS

The results were obtained experimentally and analytically, which are then followed by the comparison
of two results. The failure loads, failure modes and the load-web deformation behaviour of profiled
steel sheeting with plywood and plastic board are also presented. It is found that the deflection of
composite PSSPBP is lower and load carrying capacity is higher than the single profiled steel sheet as
shown in Fig 7. The proposed system helps in enhancing the stiffness and strength of the composite
system.
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Fig. 7: Comparison load-deflection curve of profiled steel sheet, composite PSSPW and composite
PSSPBP

Based on test results, it is observed that the structural strength and behaviour of composite PSSPBP
under concentrated loading is better than the single plain profiled steel sheet. The experimental results
were compared to validate and determine the structural strength and behaviour of profiled steel sheet
and profiled steel sheet with plywood (PSSPW) and composite profiled steel sheet with plywood and
Plastic Board (PSSPBP) as shown in Fig. 7. Fig-8 represents the result of web crippling test.
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Figure 8: Comparison load-web deformation curves for under different condition

Table 2: Comparison of Analytical results with Experimental results for different condition

Web Web
Condition/Case Bearing Length | Thickness crippling crippling P/ Py
length (mm) (mm) strength Pt strength P
n
(mm) (kN) (kN))
50 335.1 0.66 0.707 0.803 0.88
Fasten
. 75 460.0 0.66 0.805 0.956 0.84
Muli-web
50 335.1 0.66 0.529 0.601 0.88
Unfasten
75 460.0 0.66 0.592 0.704 0.84
50 335.1 0.66 0.970 1.066 0.91
Fasten
Single 75 460.0 0.66 1.090 1.267 0.86
web f 50 335.1 0.66 0.725 0.796 0.91
Unfasten
75 460.0 0.66 0.817 0.950 0.86

According to the Canadian Specification and using North American coefficient the web crippling
strength is determined. The unified North American (AISI S100, 2007) equation is provided in equation
1.

P =Ct2fysim9(1—CR\/%j(1+CN\/g}(l—ch\/?j (1)
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A comparison is carried out between the test value (Py) and the design predicted value (P,) as shown in
Table 1. The web crippling capacity of profiled steel sheet may restrict the use of profiled steel sheet. It
is recommended that the web crippling strength should be considered to achieve more effective designs
of profile steel sheet.

CONCLUSIONS

The paper presents an experimental investigation on the structural strength and behaviour of composite
profiled steel sheet with plywood and plastic board. The failure loads, failure modes and the load-web
deformation behaviour of profiled steel sheeting with plywood and plastic board are also presented. It is
found that for composite PSSPBP the deflection is lower and load carrying capacity is higher than the
single profiled steel sheet. Its basic behaviour in the elastic range was investigated and checking
deflection as the main controlling design factor. Based on test results, it is observed that the structural
performance of composite PSSPBP is better than the simple single profiled steel sheet. The method of
enhancing the structural stiffness and performance of the system is proposed. Based on experimental
results, increasing load carrying capacity of PSSPBP is 309.09% for flexure test and 102% for web
crippling test with respect to profiled steel sheet. Therefore, the proposed PSSPBP composite roofing
system has a great potential to be exploited for the construction. The application of Plastic board as heat
reducing and aesthetic component, plywood as a load bearing structural component in PSSPBP system
has the potential to meet the demands of building construction. PSSPBP panel is light weight, easily
erectable and flexible for handling which is suitable for disaster relief centre. This system can reduce
time and overall cost of construction and has the potential of opening up new composite system in the
building construction industry.
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ABSTRACT

Response Spectrum Analysis (RSA) is a linear dynamic statistical analysis which measures the
contribution from each natural mode of vibration to indicate the likely maximum seismic response of an
essentially elastic structure. For taller buildings RSA is found to be more suitable for more accurate
results in analyzing the building response to ground motion. In the BNBC 2015 (final draft), sites are
classified in the code based on soil properties in the code. In this paper, a comparative study has been
conducted in regards to storey drift for different site types, using RSA. ETABS has been used to
conduct the analysis. Site type SD has been identified as the site most vulnerable to earthquake
responses and finally a comparison of the storey drifts for buildings in different site classes has been
guantified.

Keywords: Site specific Response Spectrum Analysis; BNBC 2015; Dynamic analysis.

INTRODUCTION

The modern construction has been dominated by high-rise buildings. The problem of limited space for
use by a large number of people has been solved by the tall buildings. The development of different
building systems has made is increasingly easier to construct skyscrapers.

But these developments of tall buildings have brought greater risk of loss of life in case the structure
fails for any reason. The devastation caused by recent past earthquakes has been reminders of the
importance of effective seismic analysis.

As Bangladesh lies close to a fault line, structural engineers practicing in Bangladesh needs to design
with proper seismic analysis to avoid earthquake hazard as much as possible.

The simplest method of seismic analysis is Equivalent Static Analysis. It is a linear static analysis
method and it can predict the seismic response in an acceptable way for relatively short buildings. For
taller buildings Response Spectrum analysis is a lot more effective. Moreover, many construction firms
and government projects design similar types of building as a part of a package. The buildings are often
designed for one place that is in a specific seismic zone and applied at various other places within that
zone. According to the code however, the sites of construction has significant impact on the structural
performance in RSA, irrespective of the seismic zones.

473


mailto:labib.ruet@gmail.com

In this paper, in accordance with the BNBC 2015, a comparative study is conducted using Response
Spectrum analysis with the software analysis to show and quantify the difference in building responses
in different classes of sites.

METHODOLOGY

Spectral Acceleration (SA) is a unit measured in g (the acceleration due to Earth’s gravity, equivalent to
the g-force), that describes the maximum acceleration in an earthquake on an object — specifically, a
damped, harmonic oscillator moving in one physical dimension. The spectral acceleration graphs were
prepared using BNBC 2015 provisions for the five site types [Fig. 1].

Three different plans of buildings with different heights were chosen [Fig. 2], [Fig. 3] and [Fig. 3].

The 3d models of the buildings were created with ETABS. The height of the building 1 in the model
was 142ft. The Building 2 and Building 3 were of 132ft and 122ft heights respectively. The plinth area
of the Building 1 was 2218.84 sq. ft.; Building 2 was 6460 sq. ft. and Building 3 was 11907 sq. ft.

The dimensions of columns of the models were 12"x24" and 12"x30"; dimension of beams was 12"x18"
and the thickness of slab was taken as 8". The material properties used for the models were —
Compressive strength of concrete, f'c = 3.5 ksi; tensile strength of steel = 60ksi.

The applied loads were as follows — Superimposed dead load = 30 psi; live load = 70 psi; wall load = 9
k/ft (exterior walls) and 4.5 k/ft (interior walls).

For lateral loads, load directions U1 and U2 were applied. U1 and U2 are defined as direction with a
specified angle of rotation about Z axis. In the program UX, UY, UZ loads corresponds to unit
transitional acceleration of the ground in X, Y, and Z directions respectively. Angle of rotation about Z
axis in response spectrum case was specified zero, so U1, U2 and U3 were the same as UX, UY and UZ.
The load combination used for the analysis was — 1.2DL + 1.0LL + 1.0E (BNBC 2015, page 6-141).
CQC method was used for combination of the modal results and response spectrum case results were
analysed.

The title of the section shall be in capitals bold face letters (11 pt). Methodology of the paper should
provide the reader with all the information necessary to repeat the work. For a modification of published
methodology, only the modification needs to be described, with reference to the original source.
Statistical analysis of the data (where applicable) is mandatory, using appropriate methods, which must
be cited.

Figures
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Fig. 1: Normalised Response Spectra Fig. 2: Plan of building 1
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Fig. 3: Plan of building 2 Fig 4: Plan of building 3

RESULTS AND DISCUSSIONS

After running the simulation, the maximum inter-storey drift was found to be at site type SD for all
three buildings [Fig. 5]. The maximum base shear was also found to be at site type SD for all three
buildings.

\

There was a 49.85% to 49.91% increase in inter-storey drift found in the analysis for site SB relative to
site SA; a 14.87% to 14.95% increase in site SC relative to site SB; a 55.99% to 56.34% increase in site
SD relative to site SC and a decrease of 34.88% to 35.06% in site SE relative to site SD.

As for base shears, there was a 46.72% to 48.54% increase in site SB relative to site SA; a 12.38% to
14.14% increase in site SC relative to site SB; a 50.88% to 53.61% increase in site SD relative to site SC
and a decrease of 31.18% to 33.45% in site SE relative to site SD.

The values of the maximum inter-storey drift and maximum base shear are tabulated in Table 1 and
Table 2.

These changes in inter-storey drifts and base shears were the result of the different non-linear

normalized spectral acceleration graphs used for the site specific response spectrum analysis. The site
properties stated on the code and the generated accelerations for particular site are the reasons for the
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varying values of inter-storey drifts and base shears. The highest responses were found to be in the site
type SD indicating the sensitivity of the particular site to seismic forces.

Furthermore it was found that the rate of relative change of inter-storey drift and base shear is fairly
uniform for symmetrical buildings despite the difference in the building height and area. This signifies
that the effect of earthquake on the building responses is broadly proportional in the different site types
relative to each other, irrespective of their plinth area and height.

The site type SD is found to be the most vulnerable site type for seismic hazards by a long margin.
Therefore the identification of this type of site in any construction project is of great importance and
structures in such sites should be designed with greater care, instead of using similar structural elements
for similar buildings irrespective of the site.
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Drift (inch) Max. Base Shear (K)
2.5 7000
6000
2 A
5000 // N
15 . T 4000 S
——Building 1 / —#—Building 1
Building 2 3 s Building 2
.l o 3000 / uilding
—o—Building 3 —o—Building 3
A
2000
0.5 + \l
1000
0 0
SA SB SC sD SE SA SB SC SD SE
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Fig 6: Maximum base shear in different
sites for different buildings

Tables
Table 1: Table for maximum drift for the buildings in different sites
Building 1 Building 2 Building 3
Soil type Max. Drift Soil type Max. Drift Soil type Max. Drift
SA 0.005634 SA 0.007031 SA 0.005962
SB 0.008446 SB 0.010537 SB 0.008934
sC 0.009709 sC 0.012104 sC 0.010268
SD 0.015174 SD 0.018881 SD 0.016053
SE 0.009856 SE 0.012296 SE 0.010425
Table 2: Table for maximum base shear for the buildings in different sites
Building 1 Building 2 Building 3
Soil type Max. Base Soil type Max. Base Soil Type Max. Base
Shear (K) Shear (K) Shear (K)
SA 839.295 SA 1733.096 SA 2665.439
SB 1246.752 SB 2563.492 SB 3910.843
sC 1422.983 sC 2899.288 sC 4394.877
SD 2185.789 SD 4402.013 SD 6630.856
SE 1454.722 SE 2991.011 SE 4563.129
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CONCLUSIONS

If the site characteristics are found to be consistent with the SD type as prescribed in the BNBC final
draft (2015) — that is, shear wave velocity 7s<180; SPT value N <15 and undrained shear strength S,
(kPa) <70 — then special care needs to be taken to ensure the structural integrity and design against the
increased drift.

Alternatively, some soil improvement techniques may be used to improve the characteristics of the soil,
S0 as to reduce the inter-storey drift in structures.

In many construction firms or for official projects of the government, some specific types of buildings
are prepared. At the same seismic zone, the same types of properties are used to construct the buildings.
But the work here shows that there is a significant change in structural response in different site types
even if the proposed buildings are in the same seismic zone.

Therefore, recommendations can be made that, the structures with similar physical properties - that are
being built in the same seismic zone - cannot be considered safe without a proper site investigation and
taking necessary considerations in the design according to the results of the investigation.

Many owners of the property are not willing to invest much in soil investigation - in some cases even no
actual soil investigation is carried out. This study shows the importance of changing that attitude
towards site classification through soil investigations. Classifying the site and then taking precautions
for the earthquake hazards and the appropriate building response according to the BNBC 2015 is
essential.
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ABSTRACT

Micro-concrete is a special type of concrete which has high compressive strength. Micro-concrete, due
to its greater strength over conventional concrete, has found an increasing use in construction work. It
is mainly used for retrofitting purposes. In micro-concrete the size of coarse aggregate is reduced
significantly without compromising the strength of concrete. Due to using higher ratio of cementitious
material and smaller size of aggregate, it undergoes volume change during its service life. This is due
to the loss of capillary water from the concrete, a phenomenon known as shrinkage. Thus cracks and
fissures appear in the concrete structure. In this study we are mainly concerned with finding the right
additive for micro-concrete. Currently, the best additive available is GI wire fiber. We have measured
the drying shrinkage as well as the compressive strength for three different mix ratios. By using Gl
wire strength increases up to 19.2% and shrinkage decreases up to 47%. Considering strength and
shrinkage, we find that 1:1:1.5 mix ratio with GI wire fiber content of 1.5% by weight is optimum.

Keywords: Micro-concrete, drying shrinkage, strength, GI wire

1. INTRODUCTION

Concrete is the most important material for RCC construction. Many researches have been done to
improve the strength of concrete. Micro-concrete and fiber reinforced concrete are the results of such
research. However, although there are examples of historical buildings constructed using micro-
concrete (e.g. the Roman Coliseum); the properties of micro-concrete are not well understood. We do
not find any combined research on these two types of concrete before. In this experiment property of
micro-concrete with Gl wire additive has been investigated. Fibers from Gl wire can provide a viable
low cost substitute for steel fibers, especially for Bangladesh since steel fiber for use in FRC is not
available in local market and importing proves quite expensive. Main focus of this research is to a find
suitable fiber for micro-concrete and an optimum mixing ratio.

1.1 Objective
e To observe the variation of compressive strength of concrete with GI wire at different ratios
of cement, fine aggregate, coarse aggregate, water and admixture.
e To find a mix ratio that will provide high early compressive and tensile strength.
e To find a mix ratio that will provide high flow ability.
e To observe the shrinkage behavior of MC with GI wire fiber.

1.2 Micro-concrete

Micro-concrete is a ready mix cementitious based composition formulated for use in repairs of areas
where concrete is damaged or the area which is restricted in movement, making the placement of
conventional concrete difficult (Shannag et al, 2002). Due to using higher ratio of cementitious
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material and smaller size of aggregate, it undergoes volume change during its service life. This is due
to the loss of capillary water from the concrete, a phenomenon known as shrinkage (Bazant, 1995).

1.3 Advantage of using micro concrete

The main advantage of using this micro-concrete is its capability of using in congested area where the
spacing of reinforcement is kept smaller than usual spacing. Due to its flow ability it can be easily
pumped to desired depth & areas. Rapid strength gain of micro concrete helps in early reinstatement &
removal of shuttering. It makes repaired sections highly durable & compatible to parent. Micro
concrete develops high initial and ultimate compressive strength.

1.4 Fibers used in concrete

Fiber reinforced concrete is a concrete mix containing water, cement, aggregate and discontinuous
fibers of various shapes and sizes (Bentur and Mindess, 2006). Man-made fibers produced from steel,
glass, synthetics, asbestos and natural fibers such as cellulose, sisal. Jute is example of material that is
being used in contemporary FRC. According to origin there are four types of fiber-reinforced
concrete: steel fiber, glass fiber, synthetic fiber and natural fiber reinforced concrete (Naaman, 2003).
For architectural and decorative concrete products and for prevention of early age cracking, synthetic
fibers may be used. Steel fibers are used for applications where properties of concrete in hardened
stage have to be modified, namely, post crack flexural strength, abrasion resistance, impact resistance
and shatter resistance of concrete. In this research we have used steel fibers only.

1.5 Specifications for steel fiber used in FRC

There are no specific specifications for steel fiber used in Micro-concrete. For normal concrete three
are some specifications stated in ACI and ASTM. The length of the steel fiber to be used in FRC
generally varies between 0.5 in. (12.7 mm) to 2.5 in. (63.5 mm) (Figure 1) and the most common fiber
diameters are in the range of 0.017 in. (0.45 mm) to 0.04 in. (1.0 mm) (ASTM A820, 2004).
Galvanized Iron (GI) wire is a slender strain like piece of filament of relatively rigid or flexible metal
coated with Zinc to protect corrosion. The commonly available GI wires are either mild carbon or high
carbon steel wires, which are coated with Zinc which impart the base wire with superior properties i.e.
high resistance to moisture and mechanical damage and have a very bright and smooth surface finish.

Figure 1.GI wire as steel fiber

1.6 Material used

For this experiment we have used 5mm downgraded crushed stone as coarse aggregate, Sylhet sand as
fine aggregate, ordinary Portland cement (OPC) as binding material,1 inch long GI wire(Figure 1)
which is locally available as steel fiber. To improve the flow ability and reduce the water cement ratio
of micro concrete an admixture called La adcrete GF has been used.

2. METHODOLOGY

The range of tests carried out was quite multi-dimensional and a carefully thought planning was
required to accomplish the work in the stipulated time frame. For making micro concrete 1:1.1:1.4;
1:1:1.5; 1:1.1:1.6 mix ratios by weight and amount of admixture 3.33, 4.55,6 mil/kg of cement have
been used. we have taken optimum fiber content which has been found from research (1.5% GI wire)
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for making GI wire reinforced micro concrete (GWRMC). All the tests were performed according to
ASTM specification.

2.1 Slump test
The first phase of testing was for the determination of slump (Figure 2) which was done during the
mixing and preparation of concrete for casting cylinders. This test method is intended to provide the
user with a procedure to determine slump of plastic hydraulic-cement concretes according to ASTM
(ASTM C143/143 M, 2010). Slump value is a important parameter for micro-concrete as it is used in
congested places and joi'rlts.
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Figure 2.Test setup for slump test

2.2 Compressive Strength and tensile strength test

Compressive strength of cylindrical concrete specimens; for example, molded cylinders and drilled
cores; is determined according to ASTM (ASTM C39/ C39M, 2003) (Figure 3). Compressive strength
is measured after 28 days curing in lime water. The splitting tensile strength of cylindrical concrete
specimens, such as molded cylinders and drilled cores, is determined by ASTM specification (ASTM
C496, 2010) (Figure 4). According to the standard, a diametric compressive force is applied along the
length of a cylindrical concrete specimen to conduct this test method at a rate that is within a
prescribed range until failure occurs.

Figure 3.Test setup for compression test Figure 4.Test setup for splitting tensile strength

2.3 Test for linear Shrinkage

Linear shrinkage test measure the volume change of concrete due to hydration. Shrinkage test was
conducted as per ASTM specification (ASTM C 157, 2014) (Figure 5). This test method covers the
determination of the length changes that are produced by causes other than externally applied forces
and temperature changes. Linear Shrinkage is measured up to 84 days.

Calculation for shrinkage measurement: DLx = CRD-initial CRDG *100%

Where: DLx = length change of specimen at any age, %,

CRD = difference between the comparator reading of the specimen and the reference bar at any age,

G = the gage length (10 in. [250 mm])
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- Figure 5.Test set up for linear shrage
3. RESULTS AND DISCUSSIONS

3.1 Slump test

Slump gives an indication about the workability of concrete during placing and casting. Figure 6
summarizes the results obtained for the slump test. For mix ratio 1:1:1.5, the slump value for control
sample (sample without fiber) is found to be the highest (8in). For mix ratio 1:1.1:1.4, the slump value
was obtained to be lowest (5.5 inch). So from this research it can be said that workability decreases
with addition of GI wire fiber.
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G ° %
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1:1.1:1.6 1:1:1.5 1:1.1:1.4
Figure 6.Variation in slump value with different mix ratio

3.2 Compressive strength and tensile strength

Strength is the capacity of a material or structure to withstand loads tending to reduce size.
Characteristic compressive strength was determined with cylindrical concrete samples for 28 days of
curing according to ASTM specification (ASTM C496, 2010). The results of compressive strength
tests and tensile strength of all samples are presented in Table 1 for mix ratios 1:1.1:1.6; 1:1:1.5;
1:1.1:1.4. The maximum compressive strength of GWRMC and control sample is 7574 psi and 6357
psi respectively under ratio 1:1:1.5. From figure 7 we find that, increase in compressive strength is
19.14% for GWRMC with respect to control sample for mixing ratio 1:1:1.5. Tensile strength is about
(7-8) % of compressive strength and tensile strength also increases with the addition of fiber. Increase
in compressive strength is 13.48% for GWRMC with respect to control sample for mixing ratio
1:1:1.5. But the increment in tensile strength is not satisfactory.
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Table 1.Determination of strength for different mix ratio

Trials Types Compressive strength(psi) | Tensile strength(psi)
Control sample 6039.96 442
1:1.1:1.6
GWRMC 6433.66 501
Control sample 6356.98 460
1:1:15
GWRMC 7574.01 522
Control sample 6152.38 455
1:1.1:14
GWRMC 7086.57 512
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Figure 7.Variation in compressive and tensile strength due to adding fiber

3.3 Linear shrinkage

Knowledge of the shrinkage characteristics of micro concrete is a necessary parameter as it undergoes
larger percentage of shrinkage comparing to normal concrete. Figure 8 shows the variation in drying
shrinkage for control sample and GWRMC under different mix ratios after 28 days, 32 days, 35 days,
42 days, 56 days and 84 days respectively (ASTM C157, 2014). From this figure an initial swelling
effect can be observed for all cases. This is due to the fact that specimens were kept submerged under
water for the first 28 days and as a result no evaporation of mixing water occurred. It is also clear from
the figures that after the initial swelling effect, the shrinkage of control sample increased with time.
The shrinkage of GWRMC was less than that of control sample. Figure 9 shows that, for ratios
1:1.1:1.6 and 1:1:1.5 shrinkage is almost same around 45%, the decrease in shrinkage percentages
being at 15.63% for GWRMC for ratio 1:1:1.4 with respect to control sample.
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Figure 8.Variation in shrinkage due to adding fibers
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Figure 9.Decrease in drying shrinkage due to using fiber with respect to control sample

4. CONCLUSIONS
This research is an attempt for incorporating locally available GI wire fiber as a substitute for
commercially available polyester fiber in Micro-concrete in Bangladesh. From the research we can
conclude that-
e By analysis of all the experimental values mix ratio of 1:1:1.5 is considered as optimum
mixing ratio with 1.5% GI wire.
e Gl wire reduces shrinkage of micro concrete up to 45% and increases compressive strength up
to 20%.
e However, the behavior and performance of such Gl wire reinforced Micro-concrete
(GWRMC) and other fiber are yet to be explored. Therefore, this research made an effort to
discover several basic characteristics of GWRMC chiefly related to strength and durability.
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ABSTRACT

The suddenness of earthquakes constitutes one of the greatest hazards on earth. This paper reveals the
seismic vulnerability of 10 No. ward of Dinajpur City with a goal of identifying whether the buildings
can withstand the seismic force effect to avoid serious risk and to mitigate the corresponding earthquake
impacts of earthquakes. The vulnerability assessment was conducted by adopting Modern Turkish
method. Level | and Level Il survey were performed by considering several parameters like storey,
pounding effect, apparent quality, redundancy, strength index, etc. A total number of 340 buildings
have been surveyed in the study area. Among these buildings 283 are found safe, 48 are moderate and
nine numbers of buildings are unsafe. The main target of this study is to identify the damage category
and reducing risk of Dinajpur City in a potential earthquake.

Keywords: Building; Dinajpur City; Seismic Vulnerability; Turkish Method.

INTRODUCTION

Due to geographic location, Bangladesh is in high seismic risk. A minor tremor can affect the major
parts of the country. Bangladeshi people have significant experience of the earthquake and other natural
disasters (Alam et al., 2014). This country is surrounded mostly by India, a small part with Myanmar
and the south portion by the Bay of Bengal. In the west, the country is located near the boundary of the
Indian plate and in the East with the Eurasian plate and North (figure 1). At present, the Indian plate is
moving at a speed of approximately 6 cm per year in the northeast direction (Bilham, 2004).
Furthermore, the Bogra Fault System (BGF), the Jamuna Fault (JF), the Madhupur Fault (MF) and the
Sylhet Fault (SF) are lying inside Bangladesh (Alam, 2016). A right-lateral fault extending from
Kakarbitta in Nepal to Saidpur in the northwest of Bangladesh (Nakata et Al., 2002). As reported by,
CORONA photo interpretation, the low scarp is developed in the southwest of Saidpur Town (Figure
2). Any sudden release of energy throughout these fault systems may lead to a massive earthquake loss.
Multistoried buildings are increasingly popular nowadays. In multistorey buildings for providing
commercial or parking space, the ground floor is kept open which leads to form a soft storey. A building
is considered to be having a soft storey if it’s one floor is 70 percent less stiff than its upper floor
(UBC-1997, ASCE-2002). A study by Fintel and Khan (1969) acknowledged this concept. Soft storey
arises due to the presence of large open space either due to the large unobstructed commercial area or by
windows, doors. Hejazi et al, (2011) reported that soft storey allows lower storey column to yield during
seismic activity which reduces acceleration in a building and generates an energy-dissipation
mechanism. The government of Bangladesh has developed earthquake-resistant building codes, with a
few exceptions; these codes are rarely used for new building design (M.R. Sadat et al., 2010). That’s
why, the number of people living or working in unsafe structures is increasing (Paul, 2010).
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Fig. 1: Plate Boundary between the Indian and Fig. 2: Active fault in Saidpur.
Eurasian Plate (Dr. S.H. Akhter).

METHODOLOGY

Dinajpur is the northern district of Bangladesh. It is surrounded by Thakurgaon and Panchagarh
districts to the north, Joypurhat and Gaibandha districts to the south, Rangpur and Nilphamary districts
to the east, West Bengal (Indian State) to the west (BBS, 2011). Although in the basic seismic zoning
map of Bangladesh Dinajpur has been shown in the medium risk zone, earthquake risk of the Dinajpur
Town is growing with every passing moment because of the unabated growth of human settlement and,
administrative and other economic activities (CDMP, 2014). This paper aimed at identifying the riskiest
structures, make a database with proper information about vulnerable buildings and emphasize the
importance of seismic safety.

Study Area

The study area in Baluadanga ward no.10 of Dinajpur Municipality Area is situated near the banks of
Kanchan River. The population of the ward is 17,686 (source: Dinajpur Municipality-general
information 2016). A large amount of building in this area is old some are historic. Even a moderate
earthquake can cause severe damage to these buildings and can lead to the loss of valuable lives
(Ahmed et al. 2012). The location map of Dinajpur Town and the study area is shown in fig. 3 and 4.
This study has been carried out to reveal an inventory of vulnerable structures so that highly vulnerable
structures can be retrofitted on the priority basis and to develop an earthquake preparation program.
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Fig. 3: Dinajpur Sadar Upazila map Fig. 4: Study area ward no. 10
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Seismic Vulnerability Assessment

The seismic vulnerability is the inability of buildings to withstand the damaging effects of seismic
forces. There are several techniques regarding the assessment of the seismic vulnerability of buildings.
Some countries have their own seismic vulnerability assessment procedures considering local
seismicity, local soil conditions, local building types, construction materials and quality practices, etc.
In this study, depending on the complexity of seismic vulnerability evaluation methods can be classified
into two main groups. Walk down Evaluation, is the first and the simplest level. The procedures in
FEMA 154 (1988), FEMA 310 (1998) Tier 1 and the procedure developed by Sucuoglu and Yazgan
(2003) are examples of the walk down survey procedures. In preliminary assessment methodologies
(PAM), the simplified analysis of the building under investigation is performed based on a variety of
methods. Data on the dimensions of the structural and non-structural elements in the most critical storey
are required for these analysis. However, this paper only focuses on the Level-1 survey.

Walk Down Evaluation

The procedure developed by Sucuoglu and Yazgan (2003) has been used for level-I assessment. The
trained observers collect data through walk-down visits. Simple structural and geotechnical parameters
need for the street survey procedure which can be observed easily from the sidewalk. Following
parameters are selected for representing building vulnerability:

. The number of stories above ground

. Presence of a soft story

. Presence of heavy overhangs, such as balconies with concrete parapets
. Apparent building quality

. Presence of short columns

. Pounding between adjacent buildings

. Local soil conditions

. Topographic effects

CO~NO OIS WN -

All of the above parameters are found to have a negative impact on a variant scale on the building under
earthquake excitations.

Building Seismic Performance

Seismic performance is the identification of structure's ability to keep up its due functions, like safety
and serviceability, at and after a particular earthquake. Once the vulnerability parameters of a building
are obtained from the walk down surveys and its location is determined, the seismic performance score
PS can be calculated by using Eq. (1). A performance scoring system is developed to rank the
vulnerability assessment methodologies according to three different criteria namely, general
description, physical vulnerable parameters and description of output (Hill and Rossetto, 2008). The
base scores (BS), the vulnerability scores (VS) and the vulnerability score multiply (VSM) to be used in
Eq. (1) are defined in Tables 1 and 2, respectively. The performance score (PS) can be calculated by the
following general equation-

PS = (BS) - £ (VSM) x (VS) )
Table 1: Vulnerability Parameters (VSM) (Yakut et al. 2003)
Soft story Does not exist=0 Exists=1
Heavy overhangs Does not exist=0 Exists=1
Apparent quality Good =0 Moderate = 1; Poor =2
Short columns Does not exist=0 Exists=1
Pounding effect Does not exist=0 Exists=1
Topographic effects Does not exist=0 Exists=1
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Several studies have been conducted in Bangladesh for vulnerability assessment by using the procedure
developed by Sucuoglu and Yazgan (2003). The Base Scores (BS) and Vulnerability Scores (VS) used
in some recent study in India also analogous with the procedure manifested by Sucuoglu and Yazgan
though Indian method of evaluation consists of some other factors like frame action, water tank location
in roof, basement (Jain et al., 2004, Srikanth et al., 2010). Based on their number of stories and the
seismic hazard level at the site, buildings are assigned different base scores as shown in Table 2.

Table 2: Base Scores and Vulnerability Scores for Concrete Buildings (Yakut et al. 2003)

Base Scores(BS) Vulnerability Scores(VS)

Number

Of_ Zone | Zone Il Zone Il Soft Heavy Apparent Short Pounding Topography
Stories  (60<PGV<80) (40<PGV<60)(20<PGV<40) Story Overhang Quality Column Effects  Effects
lor 2 100 130 150 0 -5 -5 -5 0 0

3 90 120 140 -15 -10 -10 -5 -2 0

4 75 100 120 -20 -10 -10 -5 -3 -2

5 65 85 100 -25 -15 -15 -5 -3 -2
6or 7 60 80 90 -30  -15 -15 -5 -3 -2

Buildings are classified into three risk groups in this study based on the calculated Seismic performance
score (PS). Buildings are considered unsafe for PS<30. The moderate and safe groups are categorized
by the performance score range 31<PS<60 and 61<PS<100 respectively.

RESULTS AND DISCUSSIONS

The number of stories is the prime dominating damage instigating parameter which is observer after the
recent earthquakes in Turkey. Reinforced concrete buildings are in the riskiest state due to storey
numbers. The study defined this damage inducing parameter as the total number of particular floors
over the ground level where the vertical cross-sectional areas and the moments of inertia are performed.
The initial study reveals that various construction practices are carried out in Dinajpur, however, the
predominant structures were made of RCC. Almost all structures in the study zone are residential. Some
buildings are typical masonry construction types while large of them are made of moment resisting
frame. A total of 340 RC buildings was surveyed in case of Level I survey. A significant number of
these buildings are two-storied, 180 numbers to be exact. Of the 94 buildings are three-storied, 44
buildings are four-storied, 13 buildings are five storied and only 9 buildings are six storied [Fig. 5].

Total Number of Buildings Apparent Building Quality
100
o 180 , B2 = Poor
g 200 £ 80 1 mhoderate
= 150 2 Good
E 54 & &0
M 100 as &6
5 5p l 13 3 5 40 1 32
ZC;S - = - 'E 20 a 1 E
0 a 3 02gy 01
Two Three Four  Five Six 0 L : : =0 — e
Storey Storey Storey Storey  Storey Two Three Fow Five Six
Types of Building story  story  story  story story
Building Types
Figure 5 Total Number of Different Storied Figure 6 Apparent Building Quality

Buildings.

The apparent quality of buildings depends on material, workmanship quality and its maintenance. A
well-trained surveyor is required to classify a building’s apparent quality as good, moderate or poor. A
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recent study of Turkey showed the existence of a close relationship between the damage categories due
to an earthquake with the apparent quality of buildings. Poor apparent quality of buildings exhibits
lower material strengths. Apparent building quality is classified into three categories poor, moderate
and unsafe. For two storey buildings, 55 buildings are found poor, 82 numbers are moderate and 43
buildings are found in good condition. 18% buildings of three storey categories are found poor, 42.5%
moderate and 39.5% buildings are in good condition. Only 3 buildings out of 44 buildings are in poor
condition for four storey category, 9 buildings are in moderate and 32 buildings are surveyed in good
quality. Five and six storey buildings have zero structures in poor condition, and most of them are in
good condition [Fig. 6]. Overall survey parameters revealed that among 341 buildings 103 buildings
have heavy overhangs, 157 buildings have short column problem, 100 buildings have soft story
problem, 112 buildings have pounding possibilities and in terms of apparent quality 75 buildings are
poor, 131 buildings are good and 134 buildings are average as shown in [Fig. 7].

Survey Parameters
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Vulnerability Parameters

Fig. 7: Vulnerability Parameters after Walk down Fig. 8: Risk Groups after Level | Survey.
Evaluation.

CONCLUSIONS

The focus of this study is to disclose the present scenario of Dinajpur City for an oncoming earthquake
by seismic vulnerability assessment by the walk down evaluation. Numerous buildings (about 134
numbers) are subjected to the problem-related to pounding effect. Pounding is experienced up to
separation gap between structures is six inches (Noman et al., 2016). If one of the soft buildings goes
under liquefaction fails (Ahmed et al., 2013) it will affect the others easily because all the building
structures are subjected to pounding effect. Among 340 buildings 283 (83%) buildings are found to be
safe, 48 (14%) buildings are found to be moderate, and nine (2.6%) buildings are found to be unsafe in
terms of their performance score (PS) value after level | survey. Based on this study the
recommendations are marked below:

1. Engineers, architects, and the property owner should be aware of the earthquake and work
simultaneously to minimize this threat.

2. The identified vulnerable buildings must be taken under retrofit as early as possible on the
priority basis.
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ABSTRACT

The performances of retrofitted beam with ferrocement in comparison to un-retrofitted one is
investigated herein by considering various loading positions. Over the last few decades, numerous
research works have been focused on the level of stress, loading conditions, section size and shape,
reinforcements detail, age and properties of concrete, confinement and so on. The scanty results are
available in the literature on the effect of loading positions such as unsymmetrical loading distance on
the deflection behavior of concrete beams. To this end, two simply supported reinforced un-retrofitted
and retrofitted concrete beams having width 230 mm, height 230 mm, and length 2135 mm were
subjected to four points incremental static loads on two different positions. Additionally, in order to a
deeper understanding of the experimental results, a three-dimensional nonlinear finite element model
was developed via the use of ABAQUS and SAP2000 v19.2. The experimental results have shown
that the unsymmetrical loading distance decreases the load carrying capacity and deflection than
symmetrical loading distance one. Ferrocement beams reinforced by steel wire mesh exhibited
superior ultimate load carrying capacity and deflection compared to without ferrocement beams. It is
noticed that the numerical results are in good agreement with the experimentally measured data.

Keywords: Reinforced concrete, Load-displacement relation; Retrofitting; Ferrocement; ABAQUS.

INTRODUCTION

The deflection characteristics of RC beams depends on many variables such as loads and their acting
positions, supporting conditions, placement of main and shear reinforcements. Among the
aforementioned issues, the position of the acting loads are immensely critical as it generates
significant amount of shear forces and bending moments. In particular, when the loads are placed in
symmetrical and un-symmetrical distance from the supports. For instance, the un-symmetrical loading
from the supports may occur due to heavy machinery in industries, production factories (e.g.
garment), storehouse and library building and so on. In such case, not only the vertical loads,
earthquakes or any vibration from the machineries may intensify the effect of concentrated loads at
different positions and may lead to partial-failure or fully-collapse of the structure, as beam works as a
medium of transferring loads to column. Additionally, the increase in multi-purpose use of structures
in recent years has created an interest in strengthening via retrofitting any existing structural (those are
partially damaged) members to amplify its compatibility of carrying extra loads.
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It is mentioned earlier that the strengthening of RC beams has taken serious attention, as structures are
now used for multipurpose e.g. commercial cum residential/industrial. To minimize overall project
cost, different retrofitting methods are used, for instance, the retrofitting with ferrocement is gaining
more popularity for its cost effectiveness and inexpensiveness. A study by Al-Sulaimani et al., 1991
retrofitting with ferrocement wire mesh in web and flange of the beam and the improved shear
resistance capacity by reducing tension cracks are reported. Also, several researches show that
ferrocement channel beam’s shear strength increases due to several reasons, such as the decrease of
span to depth ratio and the amount of wire mesh or mortar strength increases (Ahmad et al. 1995;
Desayi et al., 1992). Additionally, retrofitting by using Carbon fiber reinforced polymer (CFRP)
laminates for shear and flexure, which shows an increase in its stiffness, maximum load and decrease
in cracks width when compares with their corresponding control beam (Obaidat et al. 2011). It was
also reported by many that the use of glass fiber reinforced polymer (GFRP) to strengthen RC beams
resulted in better performance in the strength and load carrying capacity of the beams. It was also
observed that a U-wrapping carried a greater load than the beams with GFRP stripes on sides alone
(Sundarraja and Rajamohan, 2009). In existing literature, there are many alternatives are available for
retrofitting such as Kevlar Fiber-epoxy Reinforced Plastic (KFRP) and steel plates to enhance the
shear performance of partially damaged beams (Alam et al., 2016; Alam et al., 2014). Typically, the
retrofitting materials e.g. CFRP, GFRP, KFRP are expensive to use due to the unavailability in the
local market and the associated implementation technology might be expensive due to inexperienced
labor and epoxy. Therefore, herein the locally available ferrocement technology is employed by
considering local construction deficiencies such as proper mixed design. To do this end, the
performance of both un-retrofitted and retrofitted beams with ferrocement subjected to symmetrical
and un-symmetrical loading distance discussed herein. Finally, the experimentally observed behavior
was compared with numerical results and quite good agreement was reported.

The rest of the paper contains the experimental investigation, finite element analysis via different
software e.g. SAP2000, ABAQUS, results and discussions, and finally the paper was ended with
conclusion and remarks.

EXPERIMENTAL INVESTIGATION

Preparation of the Beam Specimens

Two beams (2135 mm x 230 mm x 230 mm) were cast to evaluate the flexural performances under
two different loading positions. The beams were made with first class burnt clay brick chips and
natural river sand (locally called Sylhet sand). The volumetric mix ratio of 1:2:4 and water to cement
ratio (by weight) of 0.45 were used for the mix. The average compressive strength of concretes are
13.0 MPa for Reference case beam and 13.3 MPa for Shear case beam, respectively. The beams were
provided with 2 @ 16 mm mild steel bars as tension reinforcements and 2 @ 16 mm bars were used for
anchorage. 10 mm bars @ 127 mm c/c (center to center) was used for shear reinforcements. The clear
cover from the reinforcements in all the beams was 40 mm and the flexural tests were carried out after
28 days of curing. The un-retrofitted beams were loaded up to the initiation of major cracks.

In order to perform the retrofitting, the damaged concrete layer and loos materials from all sides of the
beams were removed by using chipping hammers. Square welded wire steel mesh (an opening of 4
mm orthogonally) available in local markets was used as the reinforcing mesh. The beams were
wrapped with a single layer of steel wire mesh around the beam surface. The joints of the wire mesh
were secured by stitch all along length of the beam using thin steel wires that are commonly used in
tying reinforcing bars. The sand to cement ratio by weight of 2 and water to cement ratio of 0.45 were
used for the mortar mix of ferrocement. The mortar mix was poured around the beam specimens by
hand plastering. Then the top surface of the specimens were finished and covered with double layer
wet burlap in the laboratory temperature. The flexural tests were performed after 28 days of curing
until collapse occurred. For the visualization purpose Figure 1 is given in the next section.
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Instrumentation and test setup

Two beams were constructed and subjected to two different loading positions in order to observe the
deflection behavior and the failure pattern of the beams due to the change of loading positions. The
beams were loaded in four-point incremental static loads each on different positions, which were at
L/3 interval (Reference case) and both close to the support (Shear case). More specifically, the
Reference case of both un-retrofitted and with retrofitted was subjected at a uniformly spaced loads
(660 mm). For the shear case, one load was placed 305 mm from the support and the other one at 530
mm from the first one. During the flexural tests, the deflections were monitored via three dial gauges
positioned at mid-span of the beam (Gauge 2), two gauges at 305 mm of left and right sides of the
Gauge 1 and Gauge 3, respectively. For the un-retrofitted beam tests, the beams were first loaded until
major cracks (e.g. flexural and diagonal) appeared. While for the retrofitted beam tests, the load was
increased until complete failure of the specimen was reached.

FINITE ELEMENT ANALYSIS USING SAP2000 AND ABAQUS

The FEA simulations were performed in SAP2000 v19.2 and ABAQUS/Standard 2017. To model the
beams in SAP2000, the plasticity values acquired from the test samples were used in material non-
linearity data. To model the beams in ABAQUS, a concrete damaged plasticity model was considered.
Fig. 1 shows the un-retrofitted and retrofitted cross-section in ABAQUS and SAP2000. Value of the
modulus of elasticity was also taken from the test samples and the poison’s ratio for the concrete and
reinforcements was 0.2 and 0.3 respectively. For retrofitting, an additional layer of ferrocement with
an embedded wire mesh was modeled. The loads were carefully positioned and the load-deflection
values from both models were collected and compared with their corresponding beams experimental
results.

(a)
# - : * ®——Wire mesh
(b) .. e
s 8 N
e ; Ferrocement Layer

Fig. 1: A typical model of beam generated via FEM software: (a) the 3D view of beam, (b) un-
retrofitted beam section, (c) retrofitted beam section.

RESULTS AND DISCUSSIONS

Load-deflection behavior

The load-deflection curves from three gauges of un-retrofitted and retrofitted beams are represented in
Fig. 2. For the un-retrofitted beams, the Reference case (RC) experience significantly higher
deflection than the Shear case (SC). For example, the maximum load and deflection are, respectively,
82.3 kN and 12.9 mm for RC and 52.4 kN and 4.9 mm for SC. This behavior could be due to the
development of high concentration of shear stress in the SC beam than RC beam. Further, a thick
crack was observed for Shear case close to the loading point at the end of the beam, while no similar
cracking or damage of this type was observed for RC. From this observation, it implies that the beams
with un-symmetrical loading distance (i.e. SC) decrease the load carrying capacity and deflection due
to higher cracking than the symmetrical one which could be worst scenario and then can collapse of
the structure which could increase the risk of human life.
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Fig. 2: Comparison of load-deflection behavior of retrofitted and un-retrofitted beams: at 305 mm
left, Gauge 1 (a) and right, Gauge 3 (b) from the midpoint, (c) at midpoint (Gauge 2) of the beam.

As concern the retrofitted tests, Reference case exhibited superior load-deflection behavior compared
to without ferrocement beams. This could be attributed to the fact that the steel wire mesh of the
ferrocement prevented the propagation of micro-cracks and cracks and provided additional tensile
strength in the tension face (i.e. bottom surface) of the specimens. While in the Shear case, the beam
was damaged at the end of the beam close to the support due to higher concentration of shear stress. It
was also observed that the retrofitted beam of Reference case has nearly 18% greater load carrying
capacity than their un-retrofitted beams, while there was a decrease of about 20% for the Shear case
due to early collapse of the beam. It can be seen that the deflections of the retrofitted beams are
significantly higher than the un-retrofitted beams. For example, the maximum deflection measured at
midpoint (Gauge 2) of the retrofitted and un-retrofitted beams are 25.92 mm and 12.95 mm for
Reference case. Similar behavior was observed for the deflection measured by Gauge 1 and Gauge 2.
This is in agreement with one of our test results on flat plate systems reported by Miah et al. (2018).

Failure pattern

Fig. 3 illustrates the cracking patterns of retrofitted beams at failure.

Retrofitted Reference Case |

Retrofitted Shear Case

Fig.

3: Failure pattern of t
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In the Reference case, a well distribution of cracks was observed all along the whole length of the
tension zone of the beam and then failed due to its bending and shear effect. While the Shear case, the
beam was failed at the end of the beam just beneath of the load as it was failed in the un-retrofitted
test condition due to its higher shear stress. However, the number of cracks observed in the Shear case
was much lower than RC. Ductile mode of failure was observed for the Reference case, while a brittle
failure was seen for the Shear case. The ductile failure mode of the beam can be explained in three
steps: (i) Once the load is introduced on the beams, the load-deflection curve is quite linear, meaning
that no crack in the tension zone and the specimen maintains its full flexural stiffness and rigidity. As
the load increased gradually, the deflection of the beam increased. (ii) As load continues further, beam
reaches in plastic stage, meaning that the initiation of cracks which reduce the slope of the load-
deflection curve (see Fig. 2), resulting, lower bending stiffness. Therefore, a rapid propagation of
cracks occurred from the tension side towards the compression side of the beam. (iii) In the final
stage, as the load increase, the deflection increase, but in a significantly higher rate due to the opening
of the cracks in the tension zone which allow beam move towards the loading direction. In that case,
probably the steel wire mesh failed first by yielding of the steel wires, then deboned the mesh from
the concrete surface, and then finally fails the concrete beam with significant higher deflection.

Predicted load-deflection behavior
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Fig. 4: Comparison of numerical and experimental result: un-retrofitted Reference case (a),
un-retrofitted Shear case (b), retrofitted Reference case (c).

The predicted load-deflection behavior of the beams measured at three different locations of the un-
retrofitted beams are presented in Fig. 4a-b. It can be seen that there is quite good agreement between
the measured and the predicted (SAP2000 v19.2 and ABAQUS) deflections of the un-retrofitted
beams. As concern the retrofitted beam test, since the Shear case beam was damaged, therefore, only
load-deflection behavior of Reference case is compared with experimental results and presented in
Fig. 4c. Both numerical results have some good agreement with the experimental results. It seems that
the numerical deflection trend predicted via SAP2000 v19.2 is quite close to the experimental one
than predicted via ABAQUS. The load-deflection curves predicted via ABAQUS are bit higher than
that of experimental and via SAP2000. Actually, ferrocement behavior is a bit complicated than the
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RC beam due to different role of different materials such as steel wire mesh, reinforced concrete, and
cement mortar which could explain of this behavior. Also, since this test was performed till failure,
hence the prediction of propagation and opening of cracks are quite complicated, which could explain
the scatter of this behavior.

CONCLUSIONS

In this study, the beams are tested considering symmetrical and un-symmetrical loading distance. And
the performances of the tested retrofitted and un-retrofitted beams are investigated experimentally and
numerically. The poor performance of RC beam was observed for the case when shear forces are
governing that leads to the formation of major crack at the end of the beams. Further, the retrofitted
beams with ferrocement exhibited superior performances in terms of ultimate load carrying capacity
and deflection compared to un-retrofitted beams. In a nutshell, the ultimate load carrying capacity of
retrofitted beam is about 18% greater than without retrofitted beams. The ferrocement technique
induced more ductility into the systems as a result the structural element can give warning to the
peoples inside the building/structures to escape during an accident such as earthquake.
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ABSTRACT

The durability performance of Fair-Faced Concrete (FFC) made with various percentage of White
Portland Cement (WPC) under various exposure conditions such as water absorption porosity and
capillary water absorption capacity tests are reported. The FFC was made with a combination of WPC
and Ordinary Portland Cement (OPC). In order to optimize the durability performance of FFC, four
different replacement percentage of OPC by WPC (0, 25, 75, and 100% for brick aggregate and 0, 30,
80, and 100% for stone aggregate) have been investigated. The volumetric mix ratio of 1:1:2 (cement:
fine aggregate: coarse aggregate) and water to cement ratio (by weight) of 0.40 were used for all
concretes. The water absorption porosity test was carried out according to the French standard NF
P18-459 and capillary absorption capacity was followed by the French recommendations of the
AFPC-AFREM. The experimental results showed that the FFC has lower apparent porosity and
absorption capacity than normal concrete (made with 100% OPC). It is found that up to 75% WPC for
brick aggregate and 80% WPC for stone aggregate could be suitably used to keep minimum porosity
and absorption capacity of FFC which can provide maximum durability performance and can prevent
the corrosion of steel bar.

Keywords: Fair-faced concrete; White Portland Cement; Porosity; Absorption capacity; Durability.

INTRODUCTION

The application of Fair-Faced Concrete (FFC) is receiving significant attention in the
architectural/civil design of modern buildings due to its aesthetic qualities, infinite range of color
tones, natural surface texture, lowering cost by avoiding plastering or veneered, and cladding as well
as makes structures more sustainable and easier to recycle (PERI, 2002; Doka, 2013; Sun et al., 2012).
In one of our recent study, it has been shown that the compressive strength and modulus of elasticity
of FFC is higher than Normal Concrete (NC). It was also observed that the outer surface of FFC is
smoother, impressive in color, and brighter than NC (Miah et al., 2018). Since the outer surface of the
FFC specimens are smoother, hence, generally the plastering or painting are avoided to highlight the
natural texture of the concrete surface. Though the FFC surface is smoother than NC, it does not mean
that it can provide better prevention of penetration of water or any other effects that can decrease the
durability performance of FFC. Therefore, it is essential to have exhaustive knowledge about the
durability performance of FFC to guaranty the extra protection from the environmental actions at all
seasons such as penetration of water to protect corrosion of steel bar, carbonization, penetration of
chloride ion and so on.

In the literature, numerous research works have been conducted on the mechanical properties of fair-
faced concrete or concrete made with white Portland cement. While comparatively, there are few
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published data on the durability of FFC. Zhou et al., 2011 have investigated the durability
performance of fair-faced lightweight aggregate concrete. Frost resistance test was carried out on the
cubic specimen (100 x 100 x 100 mm?®) which went through freezing-thawing cycles until their
average mass loss is up to 5%. The results showed that the fair-faced lightweight aggregate concrete
has better frost resistance than the normal lightweight aggregate concrete one. Dellinghausen et al.,
2012 carried out the oxygen permeability and chloride ion penetration tests in concrete made with
white Portland cement and blast-furnace slag. Authors concluded that the partial replacement of 70%
of the white Portland cement by slag reduced chloride penetration by an average 37% and 47% when
the concrete samples were cured for periods of 3 and 7 days, respectively. Lower permeability was
observed for the concretes composed of white Portland cement and slag (50% and 70%) than those of
similar mixtures composed of gray Portland cement. Ozturk and Kaplan 2017 investigated durability
properties of mortars with white cement and Portland cement with different water to cement ratios.
Authors concluded that the less expansion was observed on the mortars using Portland cement while
the white cement gave the largest expansions. The mortars produced using white cement has less
impact of higher temperatures in comparison with normal Portland cement. Durability tests also
carried out by (Chengqiu et al., 2012 and Veiga and Gastaldini, 2012) and found quite similar
observation as above mentioned authors.

It needs to be mentioned that almost no study has been done so far regarding the durability of FFC in
Bangladesh. Therefore, this study investigates the durability performance of fair-faced concrete made
with different replacement percentage of Ordinary Portland Cement (OPC) by White Portland Cement
(WPC). Water absorption porosity and capillary absorption capacity tests are performed to analyze the
durability performance of FFC.

EXPERIMENTAL INVESTIGATIONS

Preparation of the specimens

The durability tests were performed on different concretes made with different replacement
percentage of OPC by WPC (0, 25, 75, and 100% for brick aggregate and 0, 30, 80, and 100% for
stone aggregate). The same mix design was used for all concretes; the only difference is the
percentage of WPC. For the simplification, the following shortened name such as FFCB for fair-faced
concrete made with brick aggregate and FFCS for fair-faced concrete made with stone aggregate will
be used throughout the paper. The control concrete (FFCB 0/FFCS 0, FFC denotes fair-faced
concrete, B indicates brick and S for stone aggregate) was made with 100% OPC and the other
concretes, named as, FFCB 25/FFCS 30, FFCB 75/FFCS 80, and FFCB 100/FFCS 100 were made
with replacement percentage of OPC by WPC of (25/30)%, (75/80)%, and 100%, respectively. First
class burnt clay bricks and locally available natural stones were used as coarse aggregates, while
natural river sand (locally called Sylhet sand) was used as a fine aggregate. The volumetric mix ratio
of 1:1:2 (cement: fine aggregate: coarse aggregate) and water to cement ratio (by weight) of 0.40 were
used for all concretes. After completion of mixing, the cylindrical concrete specimens (104 mm in
diameter and 300 mm long) were made for both durability tests.

Test procedures

The porosity of concrete was investigated by means of a technique based on water absorption porosity
according to the French standard NF P18-459, see Fig. la. This technique was performed on a
guarter-cylinder of 104 mm in diameter and 50 mm thickness concrete specimens. Three specimens
were used for each concrete and then the final porosity was calculated by the arithmetic mean of three
specimens. The specimens were dried in an oven at the temperature of 105 °Cx 5 °C until a constant
value of mass was reached. Stabilization was considered achieved when the difference in terms of
mass in an interval of more than 24 h was lower than 0.1%. The porosity (in %) of concrete is
calculated by measuring the mass of concrete specimens in three states of saturation: (i) mass of dry
(at 105 °C) test specimen, (ii) apparent mass of immersed test specimen, and (iii) mass of soaked test
specimen.

The capillary water absorption capacity test was performed in accordance with the French
recommendations of the AFPC-AFREM. The water capillary absorption capacity tests were
performed on 104 mm diameter and 70 mm thickness concrete disc. The upper and lower discs were
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not taken into account to avoid the edge effect which could influence the measurements of absorption
capacity. Also, the concrete discs were cut very carefully by the diamond blade saw, meaning that not
to damage the specimen which could allow faster migration of water from bottom to top. The curved
surface of the specimen was sealed with epoxy so that the flow occurs uniaxially (from bottom to top)
through the thickness of the specimen. First, the specimens dried in an oven at the temperature of 80
°C until a constant value of mass was reached. Then oven dried samples were placed vertically in
water on average 3 mm diameter steel rods to allow free access of water to the inflow. The increased
mass due to absorbed water was recorded up to 24 h. At the beginning of the test, readings were
collected more frequently (least frequency of reading is done per 15 min) and after that, at least of one
reading per hour was taken. The reading was determined by weighing specimens in each time step. It
should be noted that the water depth along the 70 mm thickness of specimen was approximately 3 mm
(see Fig. 1b), which was maintained throughout the test duration.

(a) Water absorption porosity test set up (b) Capillary absorption capacity
Fig. 1: Test setup for porosity (a) and capillary water absorption capacity (b) according to French
standard NF P18-459 and AFPC-AFREM, respectively.

RESULTS AND DISCUSSIONS

Effect of WPC on Porosity

Knowledge of porosity and capillary water absorption capacity will allow us to better understand the
fluid transport behavior in concrete, which could influence the durability of concrete by directly
influencing the corrosion of steel bar. The apparent porosity of concrete made with brick and stone
aggregates are presented in Fig. 2a. The solid line represents the average value of three test data,
while the three different symbols indicate each single test data. It can be clearly seen that the test data
has some good repeatability especially for concrete made with brick aggregate. As the replacement
percentage of OPC by WPC increased, the apparent porosity decreased up to 75% WPC for brick
aggregate and 80% WPC for stone aggregate concrete, after that the increase in the percentage of
WHPC lead to increase in values of porosity. This behavior could be due to the higher percentage of the
total silicates (CsS + C.,S) and the higher percentage of dicalcium silicate (C,S), leading to more CSH
(calcium silicate hydrate) and less calcium hydroxide [CH or Ca(OH)[ in the WPC concrete (Hamad
1995; Miah et al., 2018). Indeed, the higher the CsS and C,S, the higher the CSH gel, resulting in
denser microstructure and higher compressive strength. As concern the 100% WPC concrete made
with both brick and stone aggregates, a bit higher porosity was observed but not higher than 0% WPC
concrete. Since those concretes containing a large amount of white cement, hence there is a possibility
that hydration may not occur in all white cement with the mixed water which is also not so high (w/c
= 0.4). Therefore, it can be believed that the concrete should be more porous due to un-hydrated
cement particles than the other concrete made with low white cement.

Normalized porosity has been calculated to better analyze the durability performance of FFC. This
was carried out with respect to reference porosity (i.e., porosity of 100% OPC), i.e.,
pWPC(%) yp100% OPC for concrete containing brick and stone aggregates. The normalized apparent
porosity is shown in Fig. 2b.
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Fig. 2: Apparent water absorption porosity (a) and normalized apparent porosity (b) as a function of
replacement percentage of OPC by WPC.

The experimental results showed that the porosity of FFC is about 20% for 75% WPC concrete made
with brick aggregate and 46% for 80% WPC concrete made with brick aggregate lower than the 100%
OPC concrete. From this observation, it can be concluded that up to 75% WPC for brick aggregate
and 80% WPC for stone aggregate could be suitably used to obtain minimum porosity of FFC which
can provide maximum durability performance. As concern the effect of aggregate on the porosity of
concrete, concrete made with brick aggregate exhibited higher porosity (i.e. lower durability) than the
concrete made with stone aggregate. These results are in good agreement with the mechanical
properties of FFC carried out by Miah et al., 2018. Higher compressive strength and modulus of
elasticity was observed for concrete made with stone aggregate than the concrete made with brick
aggregate (Miah et al., 2018). This behavior could be due to the formation of a stronger interfacial
transition zone (ITZ) around stone aggregates than brick aggregates as well as higher hardness
properties of stone aggregates than brick aggregates. Hence, from this observation, it is clear that the
permeability of concrete made with brick aggregate could be higher and can promote faster water and
chloride penetration which could destroy the passivation film around the steel bar and then corrosion
can start.
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Fig. 3: Evolution of capillary water absorption coefficient of concrete made with brick (a) and
stone (b) aggregate as a function of time.

The evolution of capillary water absorption coefficient of concrete is presented in Fig. 3. Except for
100% WPC, it can be noticed that the FFC concrete has lower absorption capacity than concrete made
with 100% OPC. The concrete made with 100% OPC and stone aggregate (FFCS 0) test is not present
in Fig. 3b due to technical problem in the lab. As mentioned earlier, white cement has higher amount
of calcium silicate hydrate which creates denser microstructures as well as strong ITZ. Probably, this
is the reason for the lower water absorption for mixes containing white Portland cement.
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Moreover, a higher absorption capacity was observed for 100% WPC than 100% OPC concrete.
Probably, this behavior could be explained by the formation of a porous paste structure and a poorer
interfacial transition zone that lead to higher permeability than the 100% OPC concrete. The increase
in capillary voids in the concrete microstructure with the addition of higher WPC in the mix results in
higher absorption of water by capillary action. These results are in good agreement with the
measurement of water absorption porosity. This higher water absorption capacity can induce higher
corrosion than the other concretes. Also, as explained before that there is a possibility that hydration
may not finish completely for 100% WPC due to lower amount of water (i.e. lower water to cement
ration, w/c = 0.4) available for complete hydration. Probably, further hydration process may occur in
the un-hydrated white cement particles when specimens were in contact with water during absorption
capacity tests. Therefore, lower available water for higher amount of WPC due to lower w/c could be
a reason for faster water absorption in the matrix. It can be also clearly seen in Fig. 3(a-b), a steep
absorption capacity was observed for the concrete made with 100% WPC than other concrete. As seen
before, brick aggregate has higher absorption capacity than the stone aggregate concrete. This is
probably due to higher water absorption capacity of brick aggregate itself than the stone segregate.
The absorption capacity of brick aggregate is about 30% higher than the stone aggregate. This higher
absorption capacity of brick aggregate could explain the higher absorption of concrete made with
brick aggregate.

The normalized relation between apparent porosity and absorption capacity measured at 4 h and 24 h
of concretes made with different % of WPC and the results are analyzed and presented in Fig. 4. No
clear relation between apparent porosity and water absorption capacity was observed. But in some
cases, as the apparent porosity increased or decreased, the capillary water absorption capacity of
concrete also increased or decreased. For example, at 75% WPC of brick aggregate and 80% WPC of
stone aggregate, the porosity and absorption capacity was lower than 100% OPC concrete, see Fig.
4a-b.
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Fig. 4: The normalized relation between water absorption coefficient and apparent porosity of
concrete made with brick (a), and stone (b) aggregates, respectively. Note: fore stone aggregate,
FFCS 30 has been considered as reference concrete since FFCS 0 is not present here.

CONCLUSIONS

In existing literature, many studies have shown that the porosity and absorption capacity of concrete is

one of the important parameters that influence the migration of water and also can influence the

durability performance of concrete. It is worth noting, however, that a number of studies have been

conducted on the mechanical properties of FFC, while in contrast, there are very few works have

been done on the durability of FFC. To this end, the apparent porosity and capillary water absorption

capacity tests were carried out on FFC made with different percentage of WPC and the results were

compared with 100% OPC concrete. The main findings regarding the partial replacement of OPC by

WPC on the durability performance of FFC can be summarized as follows:

e The porosity of FFC is much lower than the normal concrete (100% OPC concrete). As the

percentage replacement of OPC by WPC increased, the porosity decreased up to 75% WPC
for brick aggregate and 80% WPC for stone aggregate concrete.
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e Lower absorption capacity was observed for FFC than 100% OPC concrete, especially for
concrete made with stone aggregate.

e The FFC made with 100% WPC of both brick and stone aggregates has little higher porosity
and absorption capacity but not more than 100% OPC concrete for porosity.

e Though no clear relation between apparent porosity and absorption capacity was observed, in
some cases, the porosity increased or decreased with the increase or decrease in absorption
capacity of concrete.

e It has been found that up to 75% WPC for brick aggregate and 80% WPC for stone aggregate
could be suitably used to obtain minimum porosity and absorption capacity of FFC which can
provide maximum durability performance of FFC.

The results presented in this paper is from an ongoing project, and further work is currently underway
such as behavior of FFC under fire made with different percentage of white cement.
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ABSTRACT

This study presents an experimental investigation on the optimization of mechanical properties of High
Performance Concrete (HPC) made with partial replacement of Ordinary Portland Cement (OPC) by
fly ash and slag. In order to optimize the mechanical properties of HPC, initially, four different
replacement percentage of OPC by fly ash or blast furnace slag (0, 10, 20, and 45%) have been
investigated. Additionally, an unconstrained nonlinear optimization scheme known as Nelder-Mead
Simplex Method was employed for modeling the stress-strain behavior of HPC and the predicted
optimized results are also compared with existing model for better understanding. The experimental
results have shown that the replacement of OPC by 20% fly ash (FA) and slag (SL) can increase the
strength of HPC on average of about 3%, after that the increase in the percentage of FA and SL leads
to decrease in values of concrete compressive strength. In contrast, lower reduction of compressive
strength of HPC was observed for slag based concrete than fly ash concrete. From the experimental
results, it is observed that 20% fly ash and slag can be incorporated in cement to maintain the maximum
compressive strength of HPC. Finally, the stress-strain behavior is modeled by employing a nonlinear
optimizer and a good agreement with the experimentally measured stress-strain curve for both fly ash
and slag based concretes are observed.

Keywords: High performance concrete; Fly ash; Slag; Stress-strain relation; Optimization.

INTRODUCTION

There is a growing trend toward the use of supplementary cementitious materials (SCM) such as Fly
Ash, Ground Granulated Blast-furnace Slag, Silica Fume, Rice-husk Ash, etc. in the production of
Portland cement concrete. The application of such supplementary cementitious materials receiving
serious attention in the scientific community and concrete industry due to significant reduction of
carbon dioxide gas emissions arising from cement making, cost savings, energy savings, resource
conservation as well as their very good durability performance (ACI Committee, 226; ASTM C618-05;
Rashad, 2015; Gholampour and Ozbakkaloglu, 2017).

Rao et al., 2016 carried out the compressive strength of concrete made with five different replacement
percentage of OPC by fly ash (0%, 10%, 20%, 30%, and 40%). A total number of 20 cubes (15 cm x
15 cm x 15 cm) were cast and tested at 3, 7, and 28 days. The author concluded that the maximum
compressive strength of concrete is obtained at optimum dosage at 20% fly ash replacement with
cement. Mohamed, 2011 investigated the effect of fly ash and silica fume on compressive strength of
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self-compacted concrete made with partial replacement levels of 10%, 15%, 20%, 25%, 30%, 35%,
40%, and 50% of fly ash by weight of OPC. The compressive strength tests were performed on
cylindrical specimens (100 mm in diameter and 200 mm in length) at 7 and 28 days. The experimental
results showed that the compressive strength of concrete is increased up to replacement percentage of
30% of fly ash. Harison et al., 2014 studied that the effect of different percentage of fly ash (0%, 10%,
20%, 30%, 40%, 50%, and 60%) on compressive strength of concrete. It was observed that no
significant changes of compressive strength occurred up to 30% replacement of OPC by fly ash as
compared to reference concrete (without fly ash).

Shariq et al., 2008 investigated the strength development of cement mortar and concrete incorporating
20%, 40%, and 60% replacement of OPC by Ground Granulated Blast Furnace Slag (GGBFS). The
compressive strength of concretes were carried out on cubic (150 mm x 150 mm x 150 mm) and
cylindrical (150 mm in diameter and 300 mm in length) specimens at 3, 7, 28, 56, 90, 150, and 180
days. The authors concluded that a significantly higher compressive strength was observed in concrete
incorporating 40% GGBFS after 56 days than 20% and 60% replacement. A study carried out by
Sundaramoorthy and VimalBalaji, 2017 found that the compressive strength of concrete made with
20% slag cement gives higher strength than without slag cement. Shyamala et al., 2016 found that 10%
to 20% replacement of cement by GGBS the compressive strengths are higher than the concrete made
without GGBS. Awang and Aljoumaily, 2017 observed that 30% blast furnace slag foam concrete mix
exhibited higher compressive, flexural, and splitting tensile strengths than the control mix at all ages.

However, rapid growth in infrastructure is becoming the number one priority at the global level,
particularly, in the developing countries like Bangladesh. Due to the aforementioned issues, the demand
of High Performance Concrete (HPC) is increasing drastically. This paper provides insight on some of
the mechanical properties of concrete containing different percentage of fly ash and slag. Additionally,
an unconstrained nonlinear optimization scheme known as Nelder-Mead Simplex Method was
employed for modeling the stress-strain behavior of HPC and the predicted optimized results are also
compared with an existing model.

EXPERIMENTAL INVESTIGATION

Materials, mix design, and preparation of specimens

In this experimental campaign, locally available black stone was used as coarse aggregates whose
specific gravity, density, and abrasion resistance are 2.74, 1550 kg/m?, and 12.01 % respectively. While
natural river sand (locally called Sylhet sand) passing the standard No. 4 sieve (4.75 mm), clean and
free of any deleterious substance, and of fineness modulus and specific gravity 3.29 and 2.56,
respectively was used as a fine aggregate. The maximum size of coarse aggregate was 20 mm and the
grading of the coarse aggregates was controlled as per ASTM C33. The weight basis mix design with
water to binder ratio (w/b) of 0.3 and sand to total aggregate volume ratio (s/a) of 0.38 were used for
all mixes, see Table 1. Ordinary Portland cement (OPC) with different percentage of fly ash and slag
was used as binder. Since the w/b ratio is lower, hence superplasticizer is used (1.5% by mass of total
binder) to maintain the workability of fresh concrete. In order to optimize the mechanical properties of
HPC, four different replacement percentage of OPC by fly ash or slag (0, 10, 20, and 45%) have been
investigated. In order to monitor the compressive strength of concrete, the cylindrical (100 mm in
diameter and 200 mm long) concrete specimens were made and demolded after 24 hours of casting.
Then all the concrete specimens were cured underwater (20 £ 2 °C) up to the day of the tests.

Test program and procedures

The compressive strength tests were performed at 14, 28, and 60 days to monitor the evolution of
compressive strength as per ASTM C39 by using Universal Testing Machine (UTM) setup of UAP.
Within the scope of the study, a total of 72 concrete cylindrical specimens (9 for each mix, means, 3 for
each day) were tested. During the test, the deformation of concrete specimens was measured by a strain
measurement setup with two dial gauges. The gauge length was 100 mm in the central part of the
specimen. After crashing, the failure surfaces of concrete were also observed carefully. The overview
of the experimental program for the compressive strength is presented in Table 1.
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Table 1: Summary of the experimental program and mix design

ID | OPC (%) F'%Sh Slag (%) | Binder | wib | sfa | Superplasticizer
FAO 100 0 -
FA10 90 10 -
FA20 80 20 - L5% b .
FA45 55 45 - ~270 DY Mass 0
) 100 - 0 500 kg/m®* | 0.3 | 0.38 binder
SL10 90 - 10
SL20 80 - 20
SL45 55 - 45
Notations: FA — Fly ash, SL — Slag, OPC — Ordinary Portland Cement, w/b — water to binder
ratio, s/a — sand to total aggregate volume ratio.

RESULTS AND DISCUSSIONS

Effect of supplementary cementitious materials on stress-strain curve of HPC

An example of stress-strain curves of HPC made with partial replacement of OPC by fly ash and slag
are shown in Fig. 1. The stress-strain curve of fly ash and slag are based concrete measured at 60 and
28 days respectively. It is quite clear that after sudden percentage replacement of fly ash or slag can
decrease the slope of the stress-strain curve (i.e., modulus of elasticity). This behavior is more
pronounced for higher amount of fly ash or slag. Indeed, supplementary cementitious materials reduce
the heat of hydration which provides lower compressive strength in the early age of concrete while a
higher strength can be observed beyond a couple of months if the moisture is available for continued
pozzolanic reaction. A significant difference of the slope of the stress-strain curve was observed with
the increasing percentage of fly ash. While almost no significant change in the development of stress-
strain curve has been observed for concretes made with different percentage of slag. Interestingly,
higher modulus of elasticity can be seen for the concrete incorporating 10% and 20% of both fly ash
and slag concrete than without fly ash and slag concrete.
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Fig.1: Stress-strain curve of HPC measured at 60 days for fly ash (a) and at 28 days for slag (b).

Effect of supplementary cementitious materials on compressive strength of HPC

The average compressive strength of HPC incorporating with different percentage of fly ash and slag
measured at 14, 28 and 60 days are presented in Fig. 2. For every data set, three cylinders were tested
and then the average value was calculated. It can be seen that in the addition of fly ash and slag, at 14
days the strength decreased at all replacement levels and this is more significant for fly ash concrete.
However, it is significantly increased at 60 days for both fly ash and slag based concrete. As mentioned
earlier that the decrease in strength could be due to slow heat of hydration process since fly as is slow
reactive pozzolan which delays the hydration process. These figures also indicate that an increasing
trend of compressive strength was observed until 20% of fly ash and slag, after that the increase in the
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percentage of FA and SL lead to decrease in values of concrete compressive strength. This behavior
could be linked to the microstructure of the HPC made with FA and SL. Since the particle size of FA
and SL is much smaller than the OPC which can fill the voids left by OPC (i.e. improve interfacial
transition zone) and can provide very dense microstructure. Indeed, interfacial transition zone (ITZ)is
the weakest path for failure of concrete during loading. And the supplementary cementitious materials
can improve the ITZ and then can take more load than the OPC concrete. Likely, this is the reason why
combined (both mortar and aggregate) failure was observed for all specimens made with fly ash and
slag. Also, in the presence of water, pozzolan such as fly ash reacts with calcium hydroxide [Ca(OH2)]
and produce second calcium silicate hydrate (CSH) which gives more compressive strength.
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Fig. 2: Compressive strength of HPC made with different replacement percent of fly ash (a) and
slag (b) by OPC measured at 14, 28 and 60 days.

For better understanding, normalized mechanical properties of HPC made with fly ash and slag are
plotted in Fig. 3. The experimental results showed that the compressive strength of HPC containing
20% fly ash and slag is about on average 3% higher than without FA and SL concrete. This implies that
without compromising the compressive strength, 20% clinker can be replaced by fly ash or slag which
not only save the money and energy, it will also significantly reduce the carbon dioxide gas emission
arising from the cement making industry. From this study, it has been found that up to 20% fly ash and
slag could be suitably used to obtain maximum compressive strength of HPC. It is worth
noting that the reduction rate of strength due to higher replacement percentage of OPC is comparatively
higher for the fly ash based concrete than the slag based concrete. The maximum reduction of concrete
compressive strength at 60 days of 45% fly ash and slag based concrete are 45% and 9% respectively.
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Fig. 3: Normalized compressive strength as a function of replacement percentage of OPC by fly ash
(a) and slag (b).

Since Bangladesh is highly populated country and limited in land, hence the demand of high rise
buildings and infrastructures are significantly increasing, as a result, the demand of HPC is also
increasing. From the outcome of this research, it can be summarized that it is possible to make concrete
strength of about 60 MPa (= 9000 — 10000 psi) with locally available stone aggregate and 20% fly ash
or slag with cement. The HPC is not only capable of increasing the strength but also it will give dense
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microstructure, lower porosity and permeability, higher durability, and lower risk of earthquake due to
lower self-weight of the structure by reducing the size of the section.

Optimization of Stress-Strain Modeling

In order to model the stress-strain behavior of the investigated HPC an existing model proposed by Tsai
in 1988 has been selected. Interested reader may get detail information regarding aforementioned model
via Tsai, 1988. Further, an unconstrained nonlinear optimization so-called the Nelder-Mead Simplex
(Lagarias et al., 1998) was employed for modeling the stress-strain behavior. The Nelder-Mead Simplex
Method has been employed due to its superior performance among other alternatives Miah et al., 2015.
The equation of Tsai was given as

tsai _ kx ' (1)

= : - X
7 1+(k—]._L1)x+].’i—]1 o

In the above equation, k and j are the scaling parameters. And for the optimization, the fitness function

exp_ tsai .
was defined as error = % where ¢f5% is the proposed model data, a¢*P means the true
results. It needs to be noted that the existing model is not suitable for the HPC due to inherant properties
of HPC such as aggregates type. However, the proposed (optimized) model shows a good match with
the true data, see Fig. 4. It can be seen from the aforementioned figure that the proposed model is
capturing the true results quite efficiently and the error is less than 2%.
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Fig. 4: Modeling of stress-strain behavior of HPC: with Fly-Ash 10% (a) and 45% (b) respectively,
with Slag 10% (c) and 45% (d) accordingly.

CONCLUSIONS
This paper presents an experimental program to investigate the effect of incorporating of fly ash and
slag in cement on the mechanical properties of HPC. Additionally, an optimization scheme for modeling
the behavior of stress-stress is studied as well. The main findings regarding the partial replacement of
OPC by fly ash and slag on the mechanical properties of HPC can be summarized as follows:
» The replacement of OPC by 20% fly ash and slag can increase the strength of HPC on average
of about 3%, after that the increase in the percentage of FA and SL lead to decrease in strength.
»  Comparatively lower reduction of compressive strength of HPC was observed for slag based
concrete than concrete made with fly ash.
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» Based on the experimental results, the optimum percentage replacement of OPC by fly ash and
slag is about 20% that can maintain the maximum compressive strength of 100% OPC concrete.

» It is possible to make concrete strength of about 60 MPa (= 9000 — 10000 psi) with locally
available stone aggregate and 20% fly ash or 20% slag with OPC which is economical and
environmentally friendly since making clinker is more expensive and can increase the CO-
emission.

» Even though, the data are limited to propose a generic model for HPC made with different
replacement percentage of OPC by fly ash and slag, a very good agreement between the
measured and the predicted stress-strain curves was observed.

Through quite good results have been observed, it is essential to study more percentage replacement of
OPC by FA and SL and also need to study the durability performance of HPC to draw strong conclusion.
This is an ongoing project, further work is currently underway and more percentage of FA and SL,
additionally, the implementation of rice husk ash is outlined.

REFERENCES

Committee 226, ACI. 1987. Ground Granulated Blast-Furnace Slag as a Cementitious Constituent in
Concrete. Materials Journal, 84(4): 327-342.

ASTM C618-05. 2005. Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan
for Use in Concrete. [online]. Available at: https://www.astm.org/Standards/C618.htm [Accessed 18
June 2018].

Rashad, AM. 2015. A brief on high-volume Class F fly ash as cement replacement-A guide for Civil
Engineer. International Journal of Sustainable Built Environment, 4: 278-306.

Gholampour, A and Ozbakkaloglu, T. 2017. Performance of sustainable concretes containing very high
volume Class-F fly ash and ground granulated blast furnace slag. Journal of Cleaner Production, 162:
1407-1417.

Rao, GS; Kumar, GS and Ganesh, GL. 2016. Comparison of Compressive Strength of M25, M30
Grades of Concrete by Partially Replacement of Fly Ash with Normal and Accelerated Curing.
International Journal of Innovative Research in Technology, 3(1): 164-172.

Mohamed, HA. 2011. Effect of fly ash and silica fume on compressive strength of self-compacting
concrete under different curing conditions. Ain Shams Engineering Journal, 2: 79-86.

Harison, A; Srivastava, V and Herbert, A. 2014. Effect of Fly Ash on Compressive Strength of Portland
Pozzolona Cement Concrete. Journal of Academia and Industrial Research, 2(8): 476-479.

Sharig, M; Prasad, J and Ahuja, AK. 2008. Strength Development of Cement Mortar and Concrete
Incorporating GGBFS. Asian Jo. of Civil Engineering (Building and Housing), 9(1): 61-74.
Sundaramoorthy, G and VimalBalaji, TK. 2017. Investigation of Strength in Concrete by Partial
Replacement of Portland Slag Cement. SSRG International Journal of Civil Engineering, Special Issue,
439-442,

Shyamala, K; Vinod, C and Manna, SA. 2016. Comparison of Strength for Concrete with GGBS and
Cement Using Accelerated Curing Method. International Journal of Engineering Research and
Application (Part -2), 6(10): 96-100.

Awang, H; Aljoumaily, ZS and Hussain, RR. 2017. Influence of granulated blast furnace slag on
mechanical properties of foam concrete. Cogent Engineering 2017(4): 1409853.

ASTM C33. 2003. Standard Specification for Concrete Aggregates. ASTM International, West
Conshohocken, PA, USA, 11p.

ASTM C39. 2005. Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens.
ASTM Standard, West Conshohocken, PA, USA, 16p.

Tsai, WT. 1988. Uniaxial Compressional Stress-Strain Relation of Concrete. Journal of Structural
Engineering, 14(9): 2133-2136.

Lagarias, JC; Reeds, JA; Wright, MH and Wright, PE. 1998. Convergence Properties of the Nelder-
Mead Simplex Method in Low Dimensions. SIAM J. on Optimization, vol. 9, no. 1, pp.112-47, 1998.
Miah, MS; Chatzi, EN; Dertimanis, VK and Weber, F. 2015. Nonlinear modeling of a rotational MR
damper via an enhanced Bouc-Wen mode. Smart Mat. and Str, vol. 24, no. 10: 105020, 2015.

507



4™ International Conference on Advances in Civil Engineering 2018 (ICACE 2018)
19 —21 December 2018

CUET, Chittagong, Bangladesh

www.cuet.ac.bd

EFFECT OF INTERNAL CURING ON CHLORIDE DIFFUSSION
COEFFICIENT OF CONCRETE

A. T. M. Masum®, M. F. A. Khan, T. Torsha& T. Manzur

Department of Civil Engineering, Bangladesh University of Engineering & Technology, Dhaka,
Bangladesh.
E-mail:masum.ce08buet@gmail.com

*Corresponding Author

ABSTRACT

Proper curing of concrete at early age is essential to obtain desired strength and durability. However,
lack of knowledge and awareness and absence of strict supervision often result in inadequate curing of
concrete. Such improper curing produces permeable concrete and eventually, reduces the service life
of reinforced concrete (RC) structures. Some recent researches showed that saturated brick chips can
be used as internal curing (IC) medium within concrete. It has been found that concrete mixed with
optimum proportion of brick chip as IC agent was able to produce better concrete in the absence of
proper curing or under adverse curing conditions. On the other hand, serviceability of concrete due to
chloride induced corrosion primarily depends on chloride diffusion coefficient. It is expected that
internal curing will increase the service life of concrete by reducing chloride ingress under harsh
curing conditions. In this study, different adverse curing conditions have been simulated in the
laboratory to determine the effect of internal curing on chloride diffusion coefficients of concrete.
Samples (both control and internally cured) were exposed to the simulated conditions and tested for
non-steady-state migration experiment to measure diffusion coefficients. It has been observed that
internal curing significantly reduces the chloride diffusion rate under adverse conditions.

Keywords: Durability; Adverse Curing Condition, Internal Curing; Service Life; Chloride Diffusion
Coefficient

INTRODUCTION

Bangladesh has been undergoing a boom in construction sector in recent years. Concrete is being
used as main construction materials in most of the projects in the country [Manzur, 2017]. The reason
of using concrete as main construction material is due to its wide spread availability and relative low
cost. Proper curing of concrete at early ages is crucial to obtain design strength and maximum
durability [Al-Gahtani, 2010].The curing of concrete at the early age is usually done by supplying
external water from outside after the casting [Manzur et al., 2015]. However, absence of proper
curing is often observed in many construction site specially in small to medium scale projects at
remote locations due to lack of knowledge and awareness among the workers [Afroz et al., 2015;
Manzur et al., 2015; Iffat et al., 2017]. Moreover, strict supervision during construction is often not
ensured. Such improper curing results in weaker and permeable concrete and eventually, reduces the
service life of RC structures significantly particularly in aggressive environmental conditions. The
primary cause for reduced service life is chloride induced corrosion resulting from ingress of chloride
ion [Zhou et al., 2014]. The negative impacts caused by the lack of proper curing can be overcome by
adapting the internal curing (IC) mechanism [Manzur et al., 2015]. In IC, additional water is supplied
into the concrete from the internal source [Bentz et al. 2005]. In some recent studies, it is found that
saturated brick chips (BC) can be used as internal curing (IC) medium within concrete [Iffat et al.,
2017 and 2016]. Brick chip has the ability to absorb sufficient quantity of water during mixing and
desorb it afterwards under favorable conditions [Manzur et al., 2015, Iffat et al., 2016]. Recent
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research shows that optimum proportion (20 percent replacement of stone chips by saturated BC) of
BC as IC agent produce more durable concrete compared to the conventional concrete with 100
percent stone chips [Iffat et al., 2017] in the absence of proper curing. On the other hand, chloride
ingress within concrete primarily depends on chloride diffusion coefficient of the concrete. Chloride
diffusion coefficient is defined by the resistance to chloride penetration of a particular concrete mix
which can be evaluated by non-steady state migration test [Yang and Wang, 2004]. Concrete, mixed
with optimum proportion of BC as IC agent is expected to produce reduced value of diffusion
coefficient under harsh curing conditions. In this context, an attempt has been made to investigate the
effect of internal curing on the chloride diffusion coefficient of concrete under varying curing
conditions. The results obtained were compared with two sets of normal concrete; one of which was
produced ensuring proper external curing (NC) and another without any curing (NCOW). For
calculating the coefficients, Nordtest method [NT Build 492, 1999] was followed. Besides, in this
study, a comparison is also made between compressive strength of conventional concrete and IC
concrete for an in depth understanding of the positive impact of IC.

EXPERIMENTAL INVESTIGATION

Material Properties and Mix Proportions

Locally available stone chips (SC) as coarse aggregate (CA) and Sylhet sand as fine aggregate (FA)
were used in this study to produce the concrete specimens (Fig. 1). Ordinary Portland Cement (OPC)
produced by local industry was used as binding material. Saturated brick chips (BC), produced locally
from burnt clay, was used as internal curing agent. Properties of mix ingredients were measured using
relevant ASTM standards prior to the casting in order to confirm the quality of the ingredients.

b
Fig.1 Aggregates a) Sand b; Stone chips c) Brick chips

Adverse curing conditions

A total of 10 different adverse curing conditions were simulated in the laboratory. Concrete
cylindrical specimens produced from 20% saturated BC as partial replacements of SC were kept
under these simulated conditions [Fig.3]. Two sets of control samples (CS) were made by using only
SC as coarse aggregate for comparison. One set of CS was kept under water for 28 days to represent
the ideal curing condition which is termed as NC. Other set was exposed outside without any curing
just after the casting (NCOW) to represent the most adverse curing condition. All the samples were
prepared using a common mix ratio 1:1.5:3 (cement: FA: CA) on volume basis with a water cement
ratio of 0.40. Details of different adverse curing conditions are shown in Table 1. Figure 3 shows
example of three adverse curing conditions simulated in the laboratory.

Concrete compressive Strength Test

Concrete cylinders of 100 mm diameter and 200 mm height were made to carry out the compressive
strength test [Fig.4]. After casting, samples were kept under different simulated curing conditions. At
the age of 28 days, compressive strength test was performed for samples kept under each simulated
curing condition as per ASTM C39 (2005).
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Table 1 : Simulated curing conditions in the laboratory

SL | Simulated curing conditions Symbol
1. Control sample curing under water for 28 days NC

2. Control sample exposed outside without covering just after casting NCOW
3. IC concrete exposed outside covered with polythene just after casting ICOP
4, IC concrete exposed outside without covering just after casting ICOW
5. IC concrete exposed outside covered with polythene after 3 days curing under water | IC3P
6. IC concrete exposed outside without covering after 3 days curing under water IC3W
7. IC concrete exposed outside covered with polythene after 7 days curing under water | IC7P
8. IC concrete exposed outside without covering after 7 days curing under water IC7TW
9. IC concrete exposed outside having 3 days curing by wet gunny bag IC3G
10. | IC concrete exposed outside having 7 days curing by wet gunny bag IC7G
11. | IC concrete exposed outside having 28 days curing by wet gunny bag IC28G

Chloride Migration Test

Test specimen

To carry out non steady state migration experiment as per NT Build 492(1999), concrete cylindrical
specimens of 100 mm diameter and of 50 mm thickness were sliced out from previously cast
cylinders (100 mm x 200 mm). Non- steady state migration experiment was carried out for each
sample subjected to both normal and adverse curing conditions at the age of 65 days.

Preconditioning

Before conducting migration test, test specimens were taken for preconditioning. Sides of the
specimen were coated with epoxy keeping only two end surfaces exposed [Fig.5]. The samples were
then taken into SSD condition and put into the vacuum chamber [Fig.6]. The specimens were then
made vacuum saturated with Ca(OH), for around 20 hours.

(a)IC3P (b) IC3W (c) IC3G

Fig. 3: IC samples exposed outside after 3 days curing under water

Test Procedure
After making vacuum saturated with Ca(OH),, the specimen was immersed in an catholyte solution of
NaCl and anolyte solution of NaOH. Applying an external voltage across the specimen, chloride ions
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from catholyte solution were forced to migrate into the specimen through the exposed surface for 24
hours. The specimens were then split axially and silver nitrate solution was sprayed on the split
section. Chloride penetration depths were then measured from visible white silver chloride
precipitation. After that, chloride diffusion co-efficient of concrete samples kept under different
simulated curing conditions were calculated from penetration depths, applied voltage and temperature
using the equation provided in NT Build 492 (1999). Relevant figures of the test are shown in Fig.7.

Fig.7: Chloride Migration Test a) Test set up b) Split surface of the tested specimen
¢) Measurement of Chloride penetration depth

RESULT AND ANALYSIS

Compressive strength

Effect of internal curing under different adverse curing condition on compressive strength at the age
of 28 day is illustrated in Fig.8. Control samples under normal curing condition (NC) showed
maximum compressive strength of 40.5 MPa. On the other hand, CS under NCOW condition
produced minimum strength of 27.3 MPa which is around 33% less than that of NC sample. All
internally cured samples exhibited higher strength (ranged from 8% to 42%) as compared to NCOW
samples. This clearly indicates the supremacy of IC concrete over CS under adverse condition. From
Fig. 8 it is seen that internally cured samples with covering produced better concrete than without
covering. Moreover, it is observed that internally cured samples with 7 days curing under water (IC7P
and IC7W) and 28 days curing by wet gunny bags (IC28G) produced relatively better performed
concrete as compared to IC concrete subjected to other adverse curing conditions. Those samples
showed around 40% higher strength than that of NCOW sample.

Chloride Diffusion Coefficient

Chloride diffusion coefficient values obtained from the chloride migration experiment are showed in
Fig. 9. It is observed that control sample under proper curing exhibited minimum chloride diffusion
coefficient value of 15.66 x 102 m?/s. Such observation was expected since it showed the lowest
depth of penetration. On the other hand, control sample under adverse curing condition of NCOW
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exhibited the maximum coefficient value of 37.43 x 102 m%s. All the internally cured samples
showed around 15-50% reduced coefficient value than that of NCOW samples according to the
adversity of the curing condition. It should be noted that IC concrete produced around 15% less
diffusion value than control sample under the most adverse curing condition where samples were
exposed outside without covering just after casting (ICOW and NCOW). This clearly demonstrates the
positive impact of internal curing over normal concrete when exposed to adverse curing condition.
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The importance of curing on the chloride diffusion coefficient is clearly evident from Fig 9. Samples
which were exposed to comparatively less adverse condition like IC7G, IC7W, IC7P and 1C28G
showed 40-50% lower diffusion values than NCOW. On the other hand, samples exposed to severe
condition like ICOW, ICOP, IC3W, IC3G and IC3P showed around 15-30% lower value than control
sample under NCOW condition. It is also quite evident that sample with covering (by both polythene
and gunny bags) produced smaller value of chloride diffusion coefficient than that of sample without
covering for all the adverse curing conditions.

CONCLUSION
This paper demonstrated the detrimental effects of adverse curing on chloride diffusion coefficient of

concrete. The beneficiary aspect of using BC as internal curing under different simulated adverse
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curing conditions is clearly evident from the study. The following conclusions can be drawn from the
study performed:

i. It is evident that internal curing with saturated BC under adverse curing condition can
produce concrete with higher compressive strength as compared to conventional concrete
with SC only.

ii.  The chloride diffusion coefficient of concrete can be significantly reduced through internal
curing under harsh curing conditions.

iii.  Itis also observed that covering of IC samples with polythene or gunny bags can improve the
strength and durability in comparison with uncovered IC samples.

iv. Al IC samples exhibited significantly improved strength and diffusion coefficient properties
as compared to control samples when subjected to most adverse curing condition of NCOW.

Therefore, it could be concluded that utilization of saturated BC as IC medium in concrete has
immense potential to produce durable concrete in the absence of proper curing mechanism. The
outcome of this paper will surely motivate the practicing engineers to explore the application of
locally available brick chips as internal curing agent within concrete under adverse curing conditions.
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ABSTRACT

A new approach is presented for the sensitivity analyses of optimum design parameters of a
post-tensioned pre-stressed concrete I-girder bridge system. The objective of this study is to determine
the relative significance of each parameter of the I-girder bridge system optimized by “Evolutionary
Operation Based Global Optimization Algorithm (EVOP)” for predicting structural adequacy as well as
relative cost. This problem contains total 14 design variables along with 14 explicit constraints and 46
implicit constraints. To obtain the result, deviations of each of the 14 parameters on both the upper and
lower sides of the optimum solution have been considered reflecting their realistic possible ranges of
variation. In this process the remaining parameters have been held unchanged. For small fluctuations
from the optimum design solution, compliance with the explicit and implicit constraints has been
examined. Variation in the cost has also been estimated. Among 14 design parameters, deck slab
thickness is found to be very sensitive for the 30m span bridge. It is observed that for only about 1 mm
increase or 1mm decrease in slab thickness, structural adequacy of the bridge is affected. So the
obtained result suggests that, for realistic design purpose, sensitivity analyses should be combined with
optimum design methodology of a bridge system.

Keywords: Sensitivity analyses; optimum design; evolutionary operations; PC girder bridge.

1. INTRODUCTION

PC I-girder bridge system is an extensively used bridge system. During design procedure the bridge,
structural adequacy and economy play the most important roles. A large number of design parameters
are required while designing this type of concrete bridge. The parameters which are correlated with
each other, lead to innumerable feasible designs of the bridge. Optimum design of bridge system is a
significant design methodology which produces a cost effective solution ensuring structural safety.
Ghani (1989) developed a global algorithm named EVVOP (Evolutionary Operations) which can locate
the global minima. The optimum method of design uses this algorithm to determine the optimum value
of design parameters. Cost optimization for a post tensioned prestressed I-girder bridge system was
done for bridge system with 14 design parameters (Rana and Ahsan, 2010; Ahsan et al. 2012). This
optimization method gives the optimum solution for minimum cost of the bridge. Usually during design
procedure, it is assumed that the optimum design parameters are kept unchanged at the time of
construction. However, the optimum parameter values and assumptions derived from this method are
subject to change due to constructional ease. Deviations in these parameters can affect structural
adequacy. Therefore, sensitivity analyses should be combined with design methodology to determine
the impact of design parameters.
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Sensitivity analysis (SA) of any structure is the investigation of these potential changes of design
parameters and their impacts on the structure. It allows the designers to assess the effects and sources of
deviations during construction of any structure and facilitates structural modifications. The status of an
optimum solution cannot be understood without such information. Over the years, sensitivity analysis is
done for optimization problem in various discipline areas. Seferlis and Hrymak (1996) studied on
sensitivity analysis for chemical process optimization. Yue et al. (2008) presented a sensitivity analysis
and robust experimental design of a signal transduction pathway system. Becker et al. (2011) presented
a Bayesian sensitivity analysis of a model of the aortic valve. Chen and Yang (2017) presented a
sensitivity analysis and optimization of a typical passively designed residential building with hybrid
ventilation in hot and humid climates. It can be recognized that there is a little research on combining
sensitivity analysis and optimization in civil engineering field. Cost optimization method using EVOP
for bridge structure is the most recent design method and sensitivity analysis for this type of method has
not been attempted yet.

The main focus of the study is to analyze the sensitivity of 14 design parameters of pre-tensioned PC
I-girder 30m span bridge in terms of structural safety and cost of bridge which was primarily optimized
for minimum cost by “Evolutionary Operation Based Global Optimization Algorithm (EVOP)”. The
focus is also to determine whether the structure is safe or not for small deviation of any parameter from
optimum solution.

2. METHODOLOGY

In the present study a post-tensioned PC I-girder bridge system of 30m span is considered. The bridge
system is simply supported and consists of cast-in place reinforced concrete deck with precast girders.
A typical I-girder arrangement in the bridge is shown in [Fig. 1].

/\\/ BW /\\/

I DECK SLAB

IIII

Figure 1: I-Glrder arrangement in the bridge

The bridge system was primarily analysed for minimum cost for certain constant parameters using the
computer program in C++ developed for minimum cost design of PC 30m span I-girder bridge system (
Rana and Ahsan 2010). The optimization problem consists of 14 explicit and 46 implicit constraints
with the objective function of cost minimization. The design parameters, explicit constraints and
implicit constraints are tabulated in Table 1. By solving the problem, 14 optimum design parameters
were obtained.

Finally sensitivity analyses were done on the obtained optimum solutions. The computer program, used
for optimization, was modified to analyze the sensitivity of the design parameters. The design
parameters used in optimization are considered as input parameters. For small deviation in input
parameters (which reflect real life deflection) impacts on output parameters were investigated. The
constraint parameter value and cost of bridge are considered as output parameters. The output contains
the following information:

= If 14 explicit constraints are satisfied.

= If 46 implicit constraints are satisfied.

= The objective function value that is the total cost of the bridge.
= Value of any implicit constraint parameter.

After summarizing the results, whether the design is safe or not is determined. The main approach in
the analysis is involves the following steps-
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a. Deviation of one input design variable at a time from its optimum value and assess the impacts.
b. Repetition of this process for remaining parameters.

c. Summarization of output results.

Table 1 Design parameters, explicit and implicit constraints

Design parameters(14)

1. Girder spacing, S (mm)

Explicit Constraints (14)

Bw/10 < S <Bw

Implicit constraints (46)

Flexural working

2. Top flange width, TF, (mm) 300<TFw<S stress constraint

3. Width of Bottom flange, BF, (mm) 300<BFw<S ii. Flexural ultimate

4. Thickness of Bottom flange, BF; (mm) a<BF:<600 strength constraints
5. Depth of girder, G4 (mm) 1000 < Gg <3500 iii. Deck slab design

6. Number of strands per tendon, Ns 1 <N 27 constraint

7. Number of tendon per girder, Nt I<SNt<20 iv. Shear constraints

8. Lowest tendon position from bottom, y: (mm) Am < y1< 1000 (ultimate strength)
9. Prestress at initial stage, n (%) 1% < n< 100% v.  Tendons eccentricity
10. Thickness of slab, t (mm) 175 <t< 300 constraint

11. Main reinforcement ratio, p (%) Pmin< P < Pmax Vi. Lateral stability

12. Thickness of top flange, TF; (mm) 75 <TF: <300 constraint

13. Transition thickness of top flange, TFT; (mm) 50 <TFT:<300 vii. Deflection constraints
14. Web thickness, Wy, (mm) b< Wy <300 Viii. Ductility constraints

a = sum of clear cover and duct diameter; b = sum of clear cover, web rebar diameter and duct diameter;
Awm = Minimum vertical edge distance for anchorage

3. RESULTS AND DISCUSSIONS

Table 2 Cost Data Including Equipment and Labour

Cost Parameters BDT
Cost of precast girder concrete (UPgc) per m® 12,500
Cost of girder formwork (UPgr) per m? 400
Cost of cast-in-place deck concrete (UPpc) per m® 6,000
Cost of deck formwork (UPpg) per m? 415
Cost of Girder post-tensioning tendon (UPps) per ton 90,000
Cost of anchorage set (UPanc) per set 4,500
Cost of metal sheath (UPsy) per lin. meter 90
Cost of mild steel reinforcement (UPos) per ton 45,000

3.1.Optimization of the 30m span bridge
In this process 30m span bridge is designed for optimum cost. The cost data used in optimization are
based on the data used for cost optimization for a post tension prestressed I-girder bridge system (Rana
and Ahsan 2010). These data are listed in Table 2. For constant parameters listed in Table 3, the bridge
is optimized and optimum parameter values are obtained. The optimum values the 14 design parameters
and total cost of bridge are shown in Table 4. The cross section showing the values of design parameters
of the bridge are given in [Fig. 2].
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Table 3 Material Properties and Design Data

Material fou = 1861 MPa; fy = 410 MPa; f:=40 MPa; fegeck = 25 MPa fii = 30 MPa; K = 0.005/m;
properties  p=0.25; 8 =6 mm;
Girder Span = 30 m (L = 29.25 m); Bridge Width, Bw=12.0 m (3 Lane)
Bridge Live Load= HS20-44
design Diaphragm number = 2; Width of diaphragm = 250 mm;
data Wearing course thickness = 50 mm; Curb height = 600 mm; Curb width = 450 mm;

7 wire low-relaxation strand; Freyssinet anchorage system.

Table 4 Optimum Design Parameter Values and Variation Ranges for Sensitivity Analyses

Variation Range for

Design parameters Optimum Design o )
Sensitivity Analysis
1. Girder spacing, S (mm) 4000 3975-4000
2. Top flange width, TFy (mm) 400 399-425
3. Bottom flange width, BFy (mm) 300 299-325
4. Bottom flange thickness, BF; (mm) 177 176-200
5. Girder depth G4 (mm) 2000 1999-2025
6. Number of strands per tendon, Ns 8 (15.2mm dia) 7-9
7. Number of tendon per girder, Nt 4 3-5
8. Lowermost tendon position, y; (mm) 243 238-248
9. Initial stage prestress, n (%) 29% 28.3-35
10. Slab thickness, t (mm) 250 249-250
11. Slab main reinforcement ratio, p (%) 0.633% 0.632-0.64
12. Top flange thickness, TF; (mm) 75 74-100
13. Top flange transition thickness, TFT; (mm) 50 49-75
14. Web thickness, Wy, (mm) 150 149-175
Obijective function: Total cost of bridge (BDT) 2103960

1.1.Sensitivity analyses of design parameters
In this process sensitivity of 14 design parameters is analysed in terms of design constraints and total
cost of bridge. The variation ranges for this analysis are given in Table 4. Among the 14 parameters, if
number of strand per tendon and number of tendons per girder are changed constraints are violated.
Therefore further analyses are done for other 12 parameters.
1.1.1. Sensitivity with respect to design constraints
Sensitivity is analysed for both the explicit and implicit constraint parameters. There are total 14
explicit constraints and 46 implicit constraints for 30m span bridge system. Parameters are deviated
from the optimum values. The results are summarized as follows-
= |tis observed that the parameters are sensitive for some particular implicit constraints. Among
46 implicit constraints, bottom fiber stress at mid section at loading stage 4, effective depth are
the most significant constraints for almost all the 14 parameters.
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= Among 14 design parameters slab thickness is found to be the most sensitive parameters. For
about 1 mm increase from the optimum value, it violates the bottom fiber stress at mid section
(ob1) constraint. For 1 mm decrease from the optimum value it violates the effective depth (dreq)
constraint. The results are tabulated in Table 5. Graphs have been plotted showing the
variations in [Fig. 3a] and [Fig. 3b].

1 | _ - zs}m

50.

L1500 2000.0

37.
P
o 0
300 4tendon

15.2 mm dia 8 strand
per tendon

Figure 2: Section of |- girder at midspan for optimum design

Table 5 Variations of constraint values with variations in slab thickness

Slab thickness, obl Ob1 Ob1 d d d Remark
t (mm) (min) (max) required min provided
249.8 3.1519 -24 3.16228 192.842 109.898 192.8 Not Ok
249.9 3.1554 -24 3.16228 192.847 109.901 192.9 Ok
250 3.1589 -24 3.16228 192.852 109.904 193 Ok
250.1 3.1623 -24 3.16228 192.857 109.906 193.1 Not Ok
Bottom fiber stress (o,) constraint Effective depth (d) constraint vs Slab
vs Slab Thickness Variation Graph Thickness Variation Graph
0 4 195 —
-5 3 194 E
_-10 TR 5 E S o= 193 u@
E o E O—0—O0—0—0—0-%°0 £
:%45 3 g E 192 _UE
5 I iz 3
o 110 @2 | == e e e e e ——-—-———-—- -
25 AT TR R S 100 ﬁ
08 0.6 0.4 0.2 0 0.2 g
30 Variation in o
0.8 06 ’?{'4 02 0 0.2 Slab Thickness (mm)
ariation in
Slab Thickness (mm) — — = dminimum —O— drequired
— = —obl{min) —O0—obl ----- obl(max) == Optimum  eeea- dprovided === Optimum
Figure 3a: Sensitivity of slab thickness with respect Figure 3b: Sensitivity of slab thickness with respect
to bottom fiber stress constraint to effective depth constraint

1.1.2. Sensitivity with respect to total cost of bridge
In this part, percent variations of total cost from the optimum value for percent variatons of the 12
design parameters are recorded. Comparison among 12 parameters are shown in Figure 4.
From this analysis it is observed that total cost can vary at a large percentage for only a small percentage
of deviation of slab thickness and reinforcement ratio from their optimum values.
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Variation in Total Cost from optimum (%)

0.8
0.7

£ o6
-
w
S 0.5 A
= 04
£ A
+ 0.3 X Sy
£ x A
e 02 -:A -
[=} P sl o - % S
= 01 =% X 20 ===
£ S 1
] 0 HF ¥
-0.1
-0.2
-5 0 5 10 15 20 25 30 35 40
Variation of design parameters from optimum (%)
< Variation in Girder spacing (%) — 11— Variation in Top Flange Width (%)
—#—— Variation in Bottom Flange Width (%) © -~ Variation in Bottom Flange Thickness (%)
—3%¥— Variation in Depth of girder (%) ——o0—— Variation in Slab thickness (%)
-+ Variation of Cable Distance (%) = Variation in initial stage prestress (%)
——— Variation in Reinforceent ratio (%) ——<—— Variation in Top Flange Thicknes (%)
m) Variation in Top Flange Transition Thicknes (%) - - Variation in Web Thicknes (%)

Figure 4 Sensitivity of 12 design parameters with respect to total cost of bridge

4. CONCLUSIONS

In this paper, sensitivity analysis is done for the cost optimized design of continuous PC girder bridge
(30m span 3 lane) for a number of design variables required for the girders and the deck. Prior to that,
cost optimized design of that bridge determined. To determine whether the cost optimized design is
effective with regard to sensitivity of the design parameters, sensitivity analysis is done for the
parameters for small deviations from the optimum. A modified C++ program is used for this analysis
and output results are summarized. It has been found that slab thickness can be very sensitive for the
optimum design solution since implicit constraints are violated for only 1mm increase or 1 mm decrease
in the slab thickness. From further research it has been noted that slab thickness and reinforcement ratio
are very sensitive with respect to total cost variation. Hence, it can be concluded that sensitivity can
play a significant role in regard to structural safety. For this reason structural sensitivity analyses should
be integral part in any of the design methodology.
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ABSTRACT

Plaster is a mix of cement, sand, and water that is applied on the surface of masonry wall. The key
purposes of providing plaster are to protect the masonry surfaces from moisture ingress, hide defective
joints, and obtain a smooth and durable surface. Plaster also increases the axial capacity of the wall.
Investigation of increase of axial capacity of masonry wall due to application of plaster is needed.
Therefore, an experimental program is undertaken. The main objective of the work is to investigate the
increase of axial load bearing capacity of a plastered masonry wall. Hence, six prisms (234.95 x 114.3 x
63.5 mm) are constructed. Three prisms are plastered on both sides with 12.5 mm thick plaster. The
cement-sand ratio of the plaster is 1:2 and water-cement ratio is 0.6. All the prisms are tested under
incrementally increased axial compressive load after 28 days curing period. The average compressive
strength of the masonry wall without and with plaster is 3.48 and 4.23 MPa, respectively. Therefore, the
12.5 mm plaster could increase the axial capacity by 21.55% and the efficiency of the plaster is 25.28%.

Keywords: Brick; Masonry; Plaster.

INTRODUCTION

Masonry wall is one of the most popular and common type of structural component which is made from
individual units laid in and bonded together using mortar. Aesthetic appearance, cost effectiveness, and
ease of construction are main features of masonry wall. Thermal mass and fire protection of the
building, reduced life cycle cost, and 30 to 100 times higher useful life cycle than structural steel are the
key advantages of masonry wall (Wikipedia). Usually, masonry walls are used as partition wall,
retaining wall, structural wall, and in heritage structures. The typical practice of using masonry walls as
unreinforced. Portland cement mortar is used to plaster on both sides of unreinforced masonry wall
(URM). Plaster is provided to protect the masonry wall surface from rough environmental exposure, to
hide defective joints, to prevent moisture entrance, and to obtain clean, smooth, and durable surface. A
12.5 mm thick plaster is provided for inner surface and 18.75 mm plaster is provided for outer surface of
the wall. This plaster makes the wall stronger, durable, and increases the load bearing capacity of the
wall as well.

Unreinforced masonry (URM) walls are vulnerable to high axial and earthquake load. URM walls can

be used as load-bearing wall, if proper strengthening materials are used. Some researchers used CFRP,
GFRP sheet and bars, tensile reinforced mortar, ultra high performance concrete, and ordinary mortar

520


mailto:emonsaha445@gmail.com

for strengthening (Basaran et al., 2013; Vasconcelos et al., 2012; Mahmood et al., 2008; EIGawady et
al., 2006; Zhao et al., 2003; Mazumder, 2017; Mazumder et al., 2017) and found out axial capacity of
masonry wall with and without strengthening techniques and schemes. Some researchers investigated
the axial capacity of masonry wall using numerical simulations (Mazumder and Sarfin, 2017;
Mazumder and Nishat, 2017). The axial capacity of the URM wall is also increased due to the
application of plaster. Thus, an experimental study is needed to investigate the increase of compressive
strength due to the application of plaster on the both sides of the wall. Therefore, a study is initiated. The
main objective of this study is to investigate the increase of load bearing capacity of unreinforced
masonry wall with the use of 12.5 mm thick plaster on both sides while keeping cement-sand ratio as
1:2 and water-cement ratio as 0.6.

METHODOLOGY

The load bearing capacity of unreinforced masonry wall prisms are evaluated using axial load tests. In
this test, incrementally increased compressive load is applied to the prisms. Six specimens are tested in
two categories — i) three unreinforced masonry prisms (UMP) and ii) three 12.5 mm thick plastered
masonry prisms (PMP). The compressive strength of brick and mortar is also investigated. Six
specimens are constructed and wet cured for 28 days. Specimens are tested under compressive load
after curing period.

Material properties

Mechanical properties of wall components, brick and mortar, are investigated experimentally.
Compressive strength of bricks is obtained following test procedure of Barbosa (2009). The average
compressive strength of bricks is 6.61 MPa. The compressive strength of mortar is tested following
ASTM C39. The 28-day compressive strength of mortar is 26.09 MPa. The water-cement and
cement-sand ratio of mortar are 0.6 and 1:2, respectively.

Construction of prisms

Six prisms are constructed with bricks and Portland cement mortar is used as head and bed joints. The
nominal size of a brick is 235 x 110 x 70 mm, approximately. Three layers of bricks, containing one and
a half bricks in each layer, are cast to form the prisms. 12.5 mm thick plaster is applied on the both sides
of the three prisms. The aspect ratio for all walls is 0.9 and height to thickness of the wall is 2.10,
approximately. After casting, specimens are wet cured for 28 days. After curing period, the specimens
are tested.

Experimental setup, instrumentation, and procedure

According to ASTM C1314 and European Standard EN1052-1(1999), masonry prisms (UMP and
PMP) are tested under uniaxial compressive load. To avoid eccentricity, the prisms are placed vertically
and horizontally perfectly aligned on Universal Testing Machine (UTM). The axial compression forces
are exerted on the prism through steel plate and rubber sandwich. The steel plate and rubber sandwiches
are attached on the top and bottom of the prisms to ensure uniform distribution of the axial force without
any stress localization. Fig. 1 shows the test setup for UMP and PMP.

i ~ W

' a) Exér'imenfal sefup of UI-\/IP" ' b) Experimental setup of PMP

521



Figure 1: Specimen and experimental setup

RESULTS

Six prisms are tested to evaluate compressive strength using UTM. An incrementally increased
compressive load is applied on the prisms until failure. Table 1 shows the compressive strength of UMP
prisms. The average compressive strength of UMP is 3.48 MPa. Compressive strength of each PMP is
presented in Table 2. The average compressive strength of PMP is 4.23 MPa. The 12.5 mm plaster
could successfully increase the compressive strength of UMP by 21.55%. The efficiency (n) of the
plaster is found to be 25.28% as presented below.

_ (Increase in compressive strength) x Wall thickness ~ (4.23-3.48) x111.67

= - - x100 = 25.28%
Plaster thickness x Compressive stregnth of mortar 12.7x26.09

Table 1: Compressive strength of UMP

Serial Dimension Load Stress Average
(LxBxH)
no. (kN) (MPa) stress (MPa)
(mm x mm x mm)
1 360 x 112.33 x 219 140 3.46
2 363 x 111 x 214.33 148 3.67 3.48
3 365 x 111.67 x 219 135 3.31
Table 2: Compressive strength of PMP
Serial (DL'TeBni'?_T) Load Stress Average
no. (kN) (MPa) stress (MPa)
(mm x mm x mm)
1 360 x 106.67 x 216.67 155 4.04
2 375 x 112.33 x 228 152 3.61 4.23
3 369 x 110 x 218.33 205 5.05

CONCLUSIONS

Ordinary Portland cement mortar is used to plaster the inner and outer surface of an unreinforced
masonry wall. The main purpose of plastering is to protect the wall from deleterious moisture ingress
and provide a smooth, clean, and durable surface. Plaster increases the axial capacity of the masonry
wall. To evaluate the increase in axial capacity, six prisms are constructed and three of them are
plastered. All the specimens are tested under compression in universal testing machine after 28 days
wet curing period. The average compressive strength is 3.48 and 4.23 MPa for UMP and PMP prisms,
respectively. Therefore, the axial capacity of masonry wall is increased by 21.55% approximately due
to 12.5 mm plaster. The efficiency of the plaster is 25.28%.
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ABSTRACT

Corrosion in concrete is an electro-chemical process that results in degradation of embedded steel as a
consequence of reaction with environment. In coastal regions corrosion of rebar in concrete is largely
associated to a degree of presence of chloride ion that is in contact with concrete. The amount of
chloride ion in concrete is important as chloride ion plays a significant role in depletion of passive layer
of rebar and in promoting corrosion of rebar in concrete in presence of moisture and oxygen. This
procedure involves direct measuring of chloride ion concentration in curing water at 1%, 3", 7", 14" and
28" days of curing period where concrete cube samples were submerged in a container for curing and
chloride concentration of that curing water was measured. The curing water was 3.5% (by weight)
sodium chloride solution which simulates the saline condition of coastal area. The test was conducted
on concrete samples prepared from both OPC and PCC. The depletion of amount of chloride ion in the
curing water will be the measure of absorbed chloride ion by concrete which may be used to interpret
the corrosion rate of embedded steel as an alternate to Rapid Chloride Permeability Test (RCPT).

Keywords: Corrosion; Durability; Absorption; Chloride lon; Curing;

INTRODUCTION

Concrete is the mostly used construction material all over the world (Islam et al., 2018). Concrete
envelops the reinforcing bars which plays an important role in carrying the design loads. Concrete
durability is referred to its ability to resist physical and chemical deterioration caused by interaction
with the surrounding environment or by interaction between the constituents. When concrete is exposed
to harsh environment like high salinity of coastal areas, it becomes susceptible to ingress of chloride
ion. Despite having several benefits, reinforcing bars lack resistance against chloride induced corrosion
and is vulnerable to degradation. The overall capacity of structure depends on the strength of the
individual components of that structure (Rahman et al., 2017). Thus corrosion of the rebar results in
reduction of service life of the structure. The durability of concrete structures depends on the
surrounding environment and on the nature of the concrete construction (Iffat et al., 2014). Rapid
Chloride Permeability Test (RCPT) was developed in FHWA research program (Iffat et al., 2014). The
programme was aimed at developing techniques to measure the chloride permeability of concrete. The
process of performing RCPT is specified in AASHTO T122 and ASTM C1202. There are instruments
available in the market for performing RCPT but they are quite expensive. This situation has asked for
an attempt to build a low cost experimental setup that will provide us an indication about the chloride
absorption rate for various mixes of concrete which might help us to interpret the corrosion rate of the
embedded steel similar to RCPT but with minimum possible costs.
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METHODOLOGY

The test scheme included casting of total 8 numbers of 4 inch x 4 inch x 4 inch concrete cubes. Among
them 4 cubes were cast with 3.5% (by weight) saline water and 4 cubes were cast with fresh water.
Moreover, 4 of them were made by using OPC cement and 4 of them were made with PCC cement. The

mix ratio for 1m? concrete for all of the cubes are given below:

Cement =402 kg

Stone Chips = 1119.8 kg
Sylhet Sand = 602.5 kg
Water = 160.8 kg

The details of the test scheme are presented in Table-1

Table 1: Details of the Cubes Tested

Designation Cement Type Casting Water Curing Water
FSOC1 £SO OPC Fresh water Saline Water
FSOC2 OPC Fresh water Saline Water
FSPC1 Esp PCC Fresh water Saline Water
FSPC2 PCC Fresh water Saline Water
SSOC1 e OPC Saline Water Saline Water
SSOC2 OPC Saline Water Saline Water
SSPC1 ssp PCC Saline Water Saline Water
SSPC2 PCC Saline Water Saline Water

*First letter describes casting water, Second letter describes the curing water, third letter describes the cement type
and fourth letter is for cube samples. Here, F=Fresh Water, S= Saline Water, O= OPC, P= PCC, C=Cube Sample

Here, four samples were both cast and cured with saline water in order to simulate the worst possible
case where there is extreme scarcity of fresh water and there is no other alternative but to use saline
water for casing and curing process.

Experimental Setup
After casting, the concrete cubes were placed on plastic containers and they were submerged under
3.5% (by weight) saline water shown in Fig. 1 which simulates the saline condition of the coastal areas
(Rashid et al., 2013).

J :

Fig. 1: Process of Curing

Titration

Chloride ion concentration of the curing water was evaluated by direct titration method using standard
silver nitrate solution (0.0141 N) and potassium chromate as an indicator on the 1%, 3¢, 7" 14" and 28"
day of curing period. Chloride ion concentration of the curing water was determined using Eq. (1).

Chloride lon, CI' (mg/L) = (mL of AgNOs used) x (Multiplying Factor) @
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Multiplying Factor = (Normality of AgNOs) x (Equivalent weight of CI") x 1000 / (mL of sample taken)

With the progression of time the chloride ions were absorbed by the concrete cubes as a result there
were a decline in the concentration of the chloride ion in the curing water. Thus the decline in the
concentration of the chloride ion is equal to the absorption of chloride ion by cubes.

RESULTS AND DISCUSSIONS

The data obtained from the test are presented on Table 2 and in Fig. 2. From the result we can see that
cubes made with PCC cement and casted with fresh water absorbed least amount of chloride ion and
cubes made with OPC cement and casted with saline water absorbed the most amount of chloride ion.

Table 2: Chloride lon Absorbed by Concrete

Chloride lon Absorbed by Concrete (mg / sg.inch)
Designation
Day-1 Day-3 Day-7 Day-14 Day-28
FSO 0 136.7 195.3 204.2 252.7
FSP 0 130.2 148.7 154.4 196.3
SSO 0 138.4 206.5 284.2 484.9
SSP 0 134.8 184.9 243.8 402
600
s
=0
=5 500
iz
S F 400 =
<9 300 // —&—FS0
B i i ey [
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=5 100
N
0
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Fig. 2: Chloride Absorbed by Concrete for various mixes.

According to Faradays law, the amount of any substance deposited or liberated during electrolysis is
proportional to the quantity of electric charge passed and to the equivalent weight of the substance

wW=2Q (2

Where, W= Weight of Substance
Z= Constant of proportionality called electrochemical equivalent
Q= Quantity of charged passed

In case of RCPT, charged is passed from one surface of a 4 inch diameter cylindrical disk. If we convert
the value of charge described in AASHTO T277 and ASTM C1202 for the interpretation of RCPT
results, then using Eq. (2) we can find the weight of chloride ion for that amount of passed charge and
can compute the weight of chloride ion passing through per square inch of the surface of the 4 inch
diameter cylindrical disk. Details are described in Table 3.
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Table 3: Conversion of Charge to Weight Using Faraday Formulae

Charge Passed (Coulombs) Weight of Chloride lon per Area
(mg/sq.inch)
>4000 >117.2
2000-4000 58.6-117.2
1000-2000 29.3-58.6
100-1000 2.93-29.3
<100 <2093

Using similar mix ratio as described earlier the average total charge passed through the concrete
specimens were found to be 4719.5 coulomb in RCPT test for PCC cement (Iffat et al., 2014). If we
convert this value by using Eq. 2 we found weight of chloride per area to be 138.2 mg/sg. inch. In our
case we found this value to be 196.3 mg/sq.inch which is very close. The depth of chloride ion
penetration was obtained on the 80™ day by spraying AgNO; solution to the cross section which is
presented in Table 4 and Fig. 3. From all of these data we can see that this concrete cubes will not be
durable in marine conditions. Besides, RCPT and titration method give almost similar results.

: .‘\"." Y WS
FSPC1
Fig. 3: Chloride lon Penetration Depth on 80" Day

SSOC2

Here, the white portion of the above pictures denotes the chloride ion penetration in concrete cubes.
Concrete is not a uniform material in nature and so the chloride penetration depth is also not uniform
throughout the section. Therefore, the average depth of chloride ion penetration was evaluated by
taking average of more than 16 data per cube.

Table 4: Average Chloride lon Penetration Depth on 80" Day

Designation Average Chloride lon Penetration (mm)
FSO 13
FSP 10
SSO 15
SSP 14

Comparison of Cost

Total cost for the whole test procedure was less than 1000 BDT (12.5 USD). Whereas, the total cost for
RCPT setup with locally available materials is 30,000 BDT (375 USD) (Iffat et al., 2014). Moreover,
there are some ready apparatus available in the market for RCPT test which costs are more than 4000
USD. This comparison clearly shows how economically feasible this method can be.
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CONCLUSIONS

The experimental setup requires less than 5% of the cost required to perform RCPT. Moreover, the test
can be performed wherever there is facility for performing titration with ordinary apparatus. Comparing
with the results of RCPT in literature (Iffat et al., 2014), it can be concluded that this method will
provide reasonably good results if conducted properly. Concretes exposed to saline environment are
highly subjected to chloride induced rebar corrosions. By performing this test, the probability of
corrosion can be predicted at nominal cost. This method can become popular in construction sites of
developing country like Bangladesh.
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ABSTRACT

Waste plastic has now been an important issue due to its non-biodegradable properties for all
developing countries especially in Bangladesh. The amount is also growing at a fast rate day by day.
So it has now become the most challenging concern in the recent times for environmental wellbeing.
In the present study, waste PET which is a polymer compound of Polyethylene Terephthalate has been
selected as the aggregate for partial replacement of coarse aggregate in producing concrete in the
construction industry. The plastic particle obtained from PET bottle has been replaced 5% by volume
of stone as well as brick aggregate in the concrete. After finding the data from all tests performed in
the laboratory, results are compared among 4 types of concrete. However, water cement ratio is 0.40
for all cases having the same gradation of coarse aggregate, fine aggregate and cement content.
Concrete cylinder having the diameter of 100 mm and height of 200 mm has been made for testing of
compressive strength, splitting tensile strength and stress-strain diagram for 28 days. Beam specimen
of dimensions 125mm X 125 mm X 600 mm is also made to understand the behaviour of flexural
strength. In addition to that pull test out has been conducted to determine the shear strength of
concrete. Research results show the prospect of using 5% plastic particles as the replacement of
conventional aggregates in the concrete in order to save the green environment.

Keywords: Plastic waste; PET bottle; Compressive strength; Tensile strength; Bond strength;
Flexural strength.

INTRODUCTION

Following a normal growth of population in Bangladesh, the amounts of plastic waste materials are
also growing at a faster rate. Plastics have become an intimate and inseparable part of our lives. At
present, there are a large number of plastic industries, are producing plastics in Bangladesh in order to
make life easier. The factors behind the growth of plastic are low density, user-friendly designs,
fabrication capabilities, long life, light weight, as well as low cost (Habib et al., 2017). In Bangladesh,
due to the rapid increase in the use of plastic materials, a new problem is raised i.e. solid waste
disposal problem. It needs a long time even more than a hundred years to degrade the waste plastics in
the soil (Haque, 2015). In Dhaka, the capital of Bangladesh, around 3400 tons of solid waste is
generated every day, of which 4.15% was composed of plastic materials during 2005 and 5.46%
during 2014 (Haque 2015). These reports indicate that plastic waste generation rises at the rate of
10.43% per year in the amount of plastic waste (Rahman et al., 2012; Waste concern, 2016). Land
filling is also not feasible with such waste plastic due to large area is needed moreover; it will lose the
fertility of valuable lands as well as clogging in the drainage systems. So, plastic waste has now been
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a serious environmental issue. On the other hand, Uses of concrete in the world are increasing day by
day. As reported by Robinson et al. (2004), and Mehta (2009), concrete consumption in the world is
estimated to 17.5 billion tons for 7 billion populations in the world. To make this huge amount of
concrete, huge amount of coarse and fine aggregates are needed. The availability of coarse aggregates
in Bangladesh has also become a serious issue in the recent years. In Bangladesh, around 147 tons
plastic waste is generated every day and most of the volume is Polyethylene Terephthalate (PET)
coming from different sizes and shapes of plastic bottles, toys, furniture and so on (Habib et al.,
2017). If waste plastic is used as the partial replacement of coarse aggregate for new constructions, it
will save huge amount of natural resources as well as the cost for new materials. Moreover, the
disposal problem of waste plastic material will be solved (Himon et al., 2018; Youcef et al., 2009).
So, using waste plastic as the partial replacement of coarse aggregate has been now an interesting
solution in order to shorten the consumption of natural coarse aggregates and preservation of energy.
The main objectives of this study are to identify the physical and mechanical properties of concrete
made of partially replaced plastic particles as well as make comparison with fresh aggregate concrete
and finally, to find out the potentialities of using plastic particles as the partial substitution of fresh
coarse aggregate in producing concrete.

METHODOLOGY

Materials

In the present study, two types of coarse aggregate i.e. stone aggregate and crushed clay brick
aggregate have been used. Besides, locally available Sylhet sand as fine aggregate and Portland
composite cement (CEM I1/B-M) have been used as the binding material.

Plastic particles as coarse aggregate (pp)

Plastic particles have been used as the partial replacement of coarse aggregate in the current study.
Collected PET bottle were cut into pieces manually to have a size of 19 mm downgraded as shown in
Fig. 1. The plastic particles were then sieved to control a standard grading as per ASTM C33-93.

Fineness modulus of the plastic particle was obtained 6.35 in the laboratory and shown in Fig. 2. The
unit weight and void content are calculated according to the ASTM standard requirements of
specification C29. Rodding method is used to calculate the unit weight. Specific gravity and
absorption capacity of the plastic particle are also determined according to the ASTM standard
requirements of specification C127. Table 1 presents the physical properties of all materials.

100
—8-Sand
80 | ——Plastic particles

60 | —A—Brick aggregate
40 | —e—Stone aggregate

% Finner

20
0

“
0.1 1 Sieve size (mm) 10 100

Fig. 2: Gradation curve of all materials

Coarse aggregate (CA) and Fine aggregates (FA)
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Stone chips and Crushed brick is commonly used in Bangladesh as coarse aggregate. In the present
study both types of coarse aggregates as well as sand found in Sylhet district in Bangladesh called
Sylhet sand as fine aggregate have been used. The size of the collected coarse aggregate was19 mm
downgraded. The aggregates were then sieved to control a standard grading according to standard
ASTM C33-93. The unit weight and void content, specific gravity were calculated according to the
ASTM specification C29 and C27 respectively for all types of aggregates. Table 1 shows the physical
properties of all types’ aggregates that have been tested in the laboratory.

Table 1: Properties of all materials

Fineness Unit BUI.k. BUI.k. Appa.re.nt .
Types of M - % Specific Specific Specific Absorption
odulus | Weight . : . . o
aggregates (FM) (Kg/m?) Voids Gravity Gravity Gravity Capacity %
(SSD) (OD) (OD)

Plastic Chips 6.35 245 | 83.04 1.33 1.30 1.34 0.98
Stone chips 6.91 1623 | 38.25 2.66 2.64 2.70 1.23
Brick chips 6.76 1644 | 17.0 1.97 1.68 2.38 17.42

Fine aggregates 2.89 1674 | 33.81 2.54 2.47 2.64 2.63
Cement & Water

Portland composite cement (CEM 11/B-M) has been collected from the local market in Dhaka city and
its initial setting time and final setting time is determined according to the ASTM standard C191. In
the present study, the used cement contains 70-79% clinker, 21-25% fly ash, slag, limestone and 0-5%
gypsum. However, potable water is used in all cases for the casting of concrete.

Mixture proportion

In the present study, total 4 types of concrete have been produced. i.e. Brick aggregate concrete
(BAC), Brick aggregate concrete made with partially replaced plastic particles (BACPP),Stone
aggregate concrete (SAC), as well as Stone aggregate concrete made with partially replaced plastic
particles (SACPP). The mixture proportions have been summarized in the Table 2. Water to cement
ratio (w/c) of concrete is 0.44 for all cases and no admixtures are used. Sand to total aggregate volume
ratio (s/a) is 0.44. However, 5% plastic particles have been replaced with the weight of coarse

aggregate.
Table 2: Weight based mix proportion for 1 m of concrete

SL Types —of  Cement Aggrrég;tes Agztrzgeeltes PFz;Ir?iSé:gs sand (\é\/?tesr)
3 3 m
No.  concrete (kg/m?) (kg/m?) (kg/m?) (kg/m?) (Kg/md) g
1. BAC 400 818.5 - 0.0 489.5 489.5
2. SAC 400 - 1083.5 0.0 689.5 689.5
3. BACPP 400 778.4 - 40.1 489.5 489.5
4, SACPP 400 - 1029.3 54.2 689.5 689.5

Sample preparation, Mixing, Casting, and Curing of Concrete

Fig. 3 shows the details of sample preparation, mixing, casting and curing of concrete. However,
concrete cylinder with a dimension of 100 mm in dia and 200 mm in height has been made as
specimen for determining the results of compressive strength, tensile strength as well as stress-strain
pattern.




(a) (b) (©) (d)

Fig. 3: Preparation of sample (a) Preparation of mold (b) Concrete casting (c) Slump test (d) Concrete curing
For bond strength of concrete, pull-out test has been conducted with 10 mm bar diameter. For flexural
strength of concrete, 150 mmX150mmX600mm beams have been made as specimen. Here, 10 mm
bar is used as main bar and 8 mm bar is used as tie bar having 100 mm spacing. An automated
mixture machine has been used for mixing of concrete. Trial mix has been prepared for every case as
mentioned earlier before the final mixing is done. In this study, under water curing method is applied
with normal tape water to ensure adequate moisture and temperature as requirements of specification
by ASTM C192/C192M-02.

2.7 Experimental test setup

Details investigation has been carried out to determine the mechanical properties of fresh and partially
replaced plastic aggregate concrete. Experimental setup has been conducted for obtaining the results
from compressive strength test, splitting tensile strength test, stress-strain behaviour, bond strength
test, shear strength test as well as flexure strength test for 28 days. Compressive strength of concrete
has been measured by using Universal Testing Machine (UTM) of 800 kN with a rate of loading
controller as shown in Fig. 4(a). Compressive strength of the cylinder is determined as per ASTM C3
9M-03. Tensile strength of concrete is determined as per ASTM C496M-04 as shown in Fig. 4(b). In
this study, a strain gauge is used having the gauge length of 75 mm to measure the strain of specimen
under a uniform loading rate. In the present study, in order to determine the bond strength from pull
out test a special arrangement is arranged with the UTM as per the instruction of ASTM C900. Here, a
hollow steel ram is also used at the lower portion of the steel bar which is embedded into the concrete
cylinder as shown in Fig. 4(c). Fig. 4(d) shows the flexural strength test by 3 point loading setup.

) (b) © (d)
Fig. 4: Experimental setup (a) Compressive strength setup (b) Splitting tensile strength setup (c) Pull-out test
setup (d) Flexural strength test setup

Here, the bonding depth is 200 mm with 10 mm dia steel bar. To measure the shear strength as well as
flexure strength of beam, a 3 point loading arrangement has been conducted as shown in Fig. 5. In
this method, loading rate is controlled by using controlling regulator. The load is applied at a very
slow rate and an initial load of about 10 kN is applied and then slowly increased until failure.

P P

10 mm dia main bar

) 4 P 4 N
8 mm dja tie bar|@100 n|1m clc
!! /3 . /3 . /3 ;

Fig. 5: Schematic diagram of third Point loading for flexural strength test

RESULTS AND DISCUSSIONS
In the present study, fresh and mechanical properties of hardened concrete have been determined to
understand the behaviour of partially replaced plastic particles in producing concrete.

Compressive and Splitting Tensile Strength of concrete

Workability of fresh concrete has been decrease with the partial replacement of plastic particles as
shown in Fig. 6. The result of using plastic particles on compressive & tensile strength of concrete is

532



tested at 28 days as shown in Figs. 7 and 8 respectively. No significant downfall is observed in
compressive and tensile strength. A value of around 10% decrease in 28 days for both compressive
and tensile strength is found for brick aggregate concrete made of partially replaced plastic particles
(BACPP) compared to the concrete made of fresh brick aggregate (BAC). Similar trend is also found
for SACPP compared to SAC.
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BAC BACPP SAC SACPP BAC BACPP SAC SACPP BAC BACPP SAC SACPP
Types of concrete Types of concrete Types of concrete
Fig. 6: Workabiliy of concrete Fig. 7: Compressive strength Fig. 8: Splitting tensile strength

Stress-Strain pattern and Modulus of elasticity of Concrete

Effect of partial replacement of plastic aggregate on the behaviour of stress-strain and modulus of elasticity
of concrete made of both brick chips and stone chips are observed for 28 days and presented in Figs. 9 and
10 respectively. It is shown that rupture strain limit of BACPP and SACPP is 10 to 15 % lower than that of
fresh brick and stone aggregate concrete. For modulus of elasticity, around 15-20% value is found lower
for BACPP and SACPP compared to BAC and SAC.

Bonding and Shear Strength of Concrete

In all cases, it is seen that the concrete made of partially replaced plastic aggregate i.e. BACPP and SACPP
is around 10 to 15% downfall compared to BAC and SACPP respectively as presented in Fig. 11 for
bonding strength and Fig. 12 for shear resistance.

25 15 - 6 -
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@ —=—SACPP 3 3 ©
5 ——BAC E 3
——SAC S0 0
| =
O .
0 0.002 0.004
Strain Types of concrete Types of concrete
Fig. 9: Stress-Strain pattern Fig. 10: Modulus of elasticity Fig. 11: Bond strength

Flexural Strength of and maximum midspan Deflection of Concrete Beam

Figs. 13 and 14 show the flexural strength of beam as well as the maximum deflection during testing
at 28 days. Around 10-15% downfall in 28 days flexure strength is observed for both BACPP and
SACPP compared to BAC and SAC. However, maximum mid span deflection is 12.5 mm for
BACPP.

Fractured surface of the specimen

Fig. 15 shows the fractured surfaces of compressive strength test, tensile strength test, bond strength
and flexural strength test. Failure mode of concrete cylinder for both compressive and tensile strength
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is relatively brittle for BACPP and SACPP. In case of bond strength test by pull-out method both slip
and grip failure is observed. However, in the flexural strength test of beam, shear failure is seen at an
angle of about 45 degree.
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Fig. 12: Shear resistance Fig. 13: Flexural strength Fig. 14: Maximum deflection

Fig. 15: Fractured surface of all specimens tested in laboratory

CONCLUSIONS
The main conclusions that can be drawn from this experimental study are stated as below:

1) Around 10% to 12% decrease is found in 28 days compressive as well as splitting tensile
strength of concrete made with partially replaced plastic particle compared to fresh aggregate
concrete.

2) Rupture strain limit decreased around 10%-15% for partially replaced plastic aggregate
concrete compared to fresh aggregate concrete. Similar trend is found for modulus of
elasticity of concrete.

3) About 10%-15% downfall is found in 28 days shear strength as well as flexural strength of
concrete made with partially plastic particle.

4) Around 15% more deflection is observed for partially replaced plastic aggregate concrete
compared to fresh aggregate concrete. However, more brittle failure is seen for partially
replaced plastic aggregate concrete due to less bonding among the aggregates.
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ABSTRACT
In this article, we analyze a numerical algorithm for solving one-dimensional wave equation. The finite

difference scheme is used for solving numerically the wave equation of second order partial differential
equations. The proposed FDM is quite efficient for solving this type of linear second order partial
differential equation (PDE). We examine approximate solution of wave equation with the analytic
solution. The approximate solution using proposed FDM is satisfactory with the analytic solution.
Finally we investigate numerical solution of proposed finite difference scheme for different space step
size and time step size. Two examples are shown to verify the applicability and competency of the finite
difference method.

Keywords: finite difference scheme, wave equation, application examples, etc.

INTRODUCTION

The finite-difference scheme is mainly used for finding approximate solution of the real life
engineering problems. Finite difference scheme is the advanced numerical method. In technology,
engineering and science fields finite difference technique is highly demand for solving second order
partial differential equations. In many situations, findings an analytic solution to wave equation of
second order partial differential equations (PDE) is impossible, where numerical method are applied to
get computation solutions. In real world, most of the problems in science, engineering and technology
are most complicated to find analytic solution. Then numerical method is applied to find approximate
solution of the required problems. The wave equation is widely used in fields such as fluid dynamics,
biomedical imaging, electromagnetics and acoustics. The wave equation of linear partial differential
equation (PDE) is an important second order differential equation (DE), which is an extremely
important evolution model in describing the propagation of water waves, electromagnetic waves,
seismic waves, gravity waves, lights waves, sound waves, and oscillatory waves. Feng and Li (2013)
discussed the stability of a one dimensional wave equation of partial differential equation. Wazwaz
(1998) presented decomposition method to solve one-dimensional wave equation. Chun et al. (2009)
discussed homotopy perturbation method for solving different type of partial differential equations.
Szyszka (2017) presented finite difference method to solve one-dimensional wave equation. He (2005)
discussed solution procedure of partial differential equations (PDE) applying homotopy perturbation
method. Abbasbandy (2008) analyzed a numerical method to solve different type of partial differential
equations. Noor and Mohyud-Din (2008) discussed solution of nonlinear higher-order boundary value
problems using variational iteration method. Han et al. (2005) proposed a finite-difference method for
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solving Schrddinger equation of one-dimensional. In this paper, we have applied developed finite

difference method to solve wave equation of second order linear partial differential equation.
FINITE DIFFERENCE SCHEME
In this research, we consider wave equation of linear partial differential equation (PDE) with initial

boundary conditions (IBC). Finite difference method (FDM) is a powerful numerical method to obtain
computational solution of differential equation on the basis of mathematical discretization. The finite
difference schemes are derived from truncated the Taylor’s series method in which partial differential
equation(PDE) and initial- boundary conditions are replaced by a set of algebraic equations. Finite
difference method is also used to find approximate solution of the partial differential equations of
engineering problems such as heat transfer problems, fluid dynamics problem, etc. The main purpose of
this work is to find close approximate solutions of an initial boundary value problem for equation (1.1)
using FDM. To explain the finite difference technique, we consider the general form of one dimensional
wave equation defined by:

2 2
6_‘; _ g 5_‘: (L.1)
ot OX
The given differential equation can be described as
azuxx —Uy =0 (1.2)

with initial and boundary conditions (IBC):

u(0,t)=0, u(m,t)=0;0<x<m L3
u(x,0)= f(x), u,(x,00=0;t>0 (1.3)
The central finite difference in space and time approximations of second derivatives are given by
) . . o
6_L2,|zU(|+1, J)_Zu(lz’ J)+U(l—1, J)+O(h2) (14)
OX h
) - . -
a_l:z u(i, j+2) —2u(i, j)+u(, j-1) +O(K?) (L5)
ot k?
Substituting (1.4) and (1.5) in (1.1) we get the following equation
u(i +1, J)—2uk(]|2, j)+u(i-1 ) g2 udi, j +1)—2u|5|2, j+u(i, j-1) (1.6)
a’h’
u@i+1 j)-2ui, j)+u(i-1,j) = % u(i, j+1-2u@, j)+ud, j-1)
=>u(i, j+)=0%u(i+1 j)+20-02)u(i, j)+o°uli -1 j) -u(i, j-1) (1.7)

where, 5:% :%k is known as a courant number and equation (1.7) is called the finite difference

scheme for wave equation.

NUMERICAL SOLUTION PROCEDURE

Finite Difference Method (FDM) is the most important numerical method used to solve practical
engineering problems where there exist a different type boundary conditions and shapes in the defined
region of partial differential equations (PDE). The finite difference approximations to partial

derivatives at a point (X;,t i ) are described as : The Xy -plane is divided into a network of rectangles of

length AX = h and breadth At =k by drawing the lines X; =iAx=ih and t; = jA4t = jk parallel to
X and Yy axes. The points of intersection of these lines are called grid points or mesh points or lattice

points. The grid point (X;,t;) are denoted by U(i, j) . The approximate value of U(i, j) can be
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obtained by using equation (1.7) for all values of iand j. In this finite difference scheme has

truncation error of spatial order O((AX)*) = O(h?) and temporal order O((At)?) = O(k?).
APPLICATION EXAMPLES

In this section, we consider two examples of wave equations to verify accuracy of the proposed finite
difference method (FDM). Numerical results are obtained and the approximate results of solution are
described by graphically in figures 1(a)-1(d) & 2(a)-2(d).
2 2
. . . . u u ..
Example 1: we consider one-dimensional wave equation, 6—2:16—2 with initial and boundary

conditions (IBC): u(x,0) =6sin zx —3sin4zx,u(0,t) =0,u(2,t) =0,u, (x,0)=0;0< x < 2,t > 0.
The exact solution is given by u(x,t) = 6sin(zx)cos(4xt) —3sin 4zxcos16zt and shown in figure

1(a) and also approximate results are obtained using proposed finite difference method (FDM) and the
graphs of the numerical solutions of wave equation are shown graphically in figures 1(b)-1(d).

= ]

u{x,1)

4
2
0
. 2
-4-

1
o

Figl(a): Exact solution u(x,t) for different ~ Figl (b): Approximate solution u(x,t) for space
values of x and t. step, h=0.10 and time step, k=0.10.

ux,1) ux,1)
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Figl (c): Approximate solution U(X,t) for space ~ Figl (d): Approximate solution u(x,t) for space step
step h=0.05 and time step, k=0.05. h=0.001 and time step, k=0.001.

2 2
Example 2: we consider one-dimensional wave equation, ¥:4y with initial and boundary

conditions (IBC): u(x,0)=sin4x,u(0,t)=0,u(z,t)=0,u,(x,0)=0,0< x < 7,t>0.
The exact solution is given by u(x,t) = sin(4x)cos(8t) and shown in figure 2(a) and also approximate

results are obtained using proposed finite difference method (FDM) and the graphs of the approximate
solutions of the wave equation are shown graphically in figures 2(b)-2(d).

u{x.1)

Fig2(a): Exact solution u(x,t) for different Fig2 (b): Approximate solution u(x,t) for space step,
values of x and t. h=0.25 and time step, k=0.25.

w{x,1)

Fig2 (c): Approximate solution U(X,t) for space ~ Fig2 (d): Approximate solutionu(x,t) for space step
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step h=0.05 and time step, k=0.05. h=0.01 and time step, k=0.01.

DUSCUSSION OF RESULTS

Accuracy of the solution will depend on step size, hand K. In order to compare the approximate
solution with the exact solution we consider two numerical examples. The effect of the space step /4 and
time step k in the solution is shown in all figures: 1(b)-1(d) and figures: 2(b)-2(d). To obtain more
accurate results, h should be small and K is necessarily very small. A numerical method is said to be
convergent if |U (x,,t,)—u(x, ,tn)| =0forh — 0,k — 0 .WhereU (X,,t,,) denotes the exact solution
and U(X,,t,) denotes the approximate solution. The approximated solution is evaluated by using
Maple software for proposed numerical method at different step sizes. Finally we observe that the
proposed finite difference method (FDM) is converging faster if AX=h —>0and At =k — Oanditis
the more reliable method for finding the approximate solution of wave equation of initial boundary
value problems for partial differential equations (PDE).

CONCLUSION

In this paper, we have applied the finite difference algorithm to develop numerical solution scheme for
the wave equation. We present two numerical tests to show the convergence and efficiency of the
proposed numerical method. To find more accurate results to need the space step size and time step size
smaller for this proposed method. From the figures we can easily see that the accuracy of the solution of
the problem is depending on the pace step size 4 and time step size k. The graph of the approximate
solution approaches to the graph of the exact solution when AX=h-—>0 and At=k —0. The
computational solutions attained by the proposed finite difference method are in good agreement of the
results with exact solutions. By the proposed method obtained result are generally more accurate and
also the approximate solution converged faster to the exact solution.
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ABSTRACT

Predicting service life is an essential aspect of long-term sustainability of any reinforced concrete
(RC) infrastructure in a marine environment. The service life of RC is primarily affected by chloride
induced corrosion of embedded reinforcement and the consequent degradation of concrete. One of the
major factors that have a pronounced effect on the degree of chloride induced corrosion is the chloride
diffusion coefficient of concrete which represents the ability of concrete to resist chloride penetration.
The chloride diffusion coefficients for concrete with different types of cement are available in few
codes and literature. Those values could be used for predicting service life for similar concrete
structure. However, diffusion coefficient largely depends on concrete mix proportions, local
construction practice and materials. Therefore, it is of immense importance to evaluate the diffusion
coefficient of various local mixes for predicting the service life of concrete infrastructure of
Bangladesh. This prompted an investigation of the diffusion coefficients of some common concrete
mixes of Bangladesh. Rapid Migration Test (RMT) has been used to achieve this end. The code NT
BUILD 492 has been followed to perform the non-steady state migration test. The coefficients thus
determined demonstrate that cement mixes using PCC cement are superior to their OPC counterparts
in terms of durability. Similarly mixes prepared with stone aggregates show better resistance to
chloride diffusion than those prepared with brick aggregate.

Keywords: service life; sustainability; chloride diffusion coefficient; non-steady state migration test;
durability.

INTRODUCTION

Concrete, in recent times, has emerged as a popular construction material as it is an economical,
relatively durable and most importantly, an inert material. The constituents of the concrete themselves
are often less affected by or in some cases, immune to the degrading impacts of a harsh surrounding.
However, the steel rebar, often used to reinforce concrete elements, are highly reactive to such a harsh
exposure and eventually, play a part in reducing serviceability of a RC element. One of the most
noteworthy factors that is responsible for service life reduction of a RC element can be said to be
chloride induced corrosion (Manzur et al., 2018; Baten et al., 2016; Maaddawy and Shoudki, 2003).
In the southern region of Bangladesh, the salinity in groundwater is constantly growing and as per a
study by Mott McDonald (2016), nearly 32% of the total area was found to be affected. Thus, effects
of chloride ingress on durability aspect of a structure need to be considered while designing an RC
structure, situated at or near coastal areas. The reactions among the constituents of concrete,
create a high pH environment within the material (Moreno et al., 2004). This encourages
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the development of a passive layer of oxide that surrounds and protects the embedded bar from
corrosion (Verma et al., 2014). However, this is only possible by ensuring proper quality control
while construction which is, often, neglected in our country (Afroz et al., 2015). Hence, results in
permeable concrete. In addition, some mixes are inherently more permeable than others due to their
mix constituents. In such cases of permeable concrete, chloride ions penetrate up to the passive layer
around embedded reinforcement, reduce the pH level and stimulate the rust formation at a rate three
orders of the magnitude faster (Portland Cement Association, 2002). The degree to which a particular
mix of concrete is susceptible to the ingress of chloride ions depends, primarily, on the mix quality
and can be expressed in terms of migration or diffusion coefficient values (NT BUILD 492, 1999).
This paper focuses on studying the resistance to corrosion susceptibility of concrete mixes, prepared
using commonly used and locally available aggregates (brick and stone) and cement types (Ordinary
Portland Cement or OPC and Portland Composite Cement or PCC). The mixes were prepared
following local mix practices and the water-cement ratios were also selected so as to reflect the
contemporary practices of Bangladesh. Thereafter, the mixes were tested for chloride migration as per
the specifications of NT BUILD 492 (1999). The test yields the depth of chloride penetration for a
particular mix from which the degree of resistance of a particular mix can be determined. Based on
the obtained values, the effects of aggregate and cement type variation were evaluated and presented
in this paper. This comparative analysis can be hoped to give the field engineer a basic idea regarding
selection of proper material for durable RC structure.

METHODOLOGY

Experimental Plan

The Rapid Migration Test is a method that uses an electric potential to accelerate the flow of chloride
ion through concrete and a colorimetric indicator - in this case AgNO; - to measure the depth of
penetration. This experiment prepares 9 different mixes of concrete; 3 variations of water-cement
ratios using OPC cement and brick aggregate; 3 variations of water-cement ratios using PCC cement
and stone aggregate and 3 more variations of water-cement ratio using PCC cement and brick
aggregate. Compressive strength values were taken at 28 days. The RMT experiment was run after 45
days of casting the concrete.

Experimental setup

The experimental setup was prepared as per the specifications of NT Build 492. Rubber sleeve: with
inner diameter 100mm and outer diameter 115 mm, of about 150 mm height were made for the
experiment. The catholyte reservoir was a glass box having the dimensions of 370mm by 270mm by
280mm. Glass supports that would have a top surface bent at an angle of 32° were used as a stand for
the specimen to be placed upon. The cathode was a stainless steel plate of 0.5 mm thick attached to
the support with a rod attached for connection to the electric power source. The anode was a stainless
steel mesh of 0.5 mm thick; it also had a rod attached for connection to the power source. A power
source capable of supplying up to 30V DC voltage was used. Fig. 1 shows a complete experimental
setup.

a. Rubber sleeve e. Catholyte
b. Anolyte f. Cathode

c. Anode g. Plastic support
d. Specimen h. Plastic box

(b) (©

Fig. 1: a) and b) RMT Setup and c) Preconditioning of Concrete Slice
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Preparation of specimen

Cylinders measuring 100mm in diameter and 200mm in height were produced for each concrete mix.
After the concrete had set and hardened, one cylinder of every mix variation was cut into 3 sample
specimen of 50 mm height each with the excess from each end being discarded. The middle piece of
each set was used for the migration test run. Once the pieces were cut, they were washed off and the
excess water was wiped off to make them surface dry. The curved faces of the specimen were coated
with paint.

Preconditioning

Before the tests are run, it was required that the specimen be preconditioned by subjecting it to
pressures and environments as specified by NT Build 492. This was done in order to simulate the
worst case scenario for the concrete. First, the specimens were put inside a desiccator outfitted with a
vacuum pump capable of reducing the pressure inside the desiccator chamber to 1kPa. The specimen
was sealed inside the desiccator in an airtight manner and the pressure was brought down to 1-5kPa.
This low pressure condition was maintained for 3 hours. At the end of the 3 hour period, saturated
Ca(OH), was introduced into the chamber, completely immersing the specimen. The pressure was left
at 1-5kPa after which the specimen was allowed to rest at atmospheric pressure for another 18+2
hours.

Materials

Ordinary Portland Cement (OPC) and Portland Composite Cement (PCC) were the binding agents
used for this study. Locally sourced stone and brick chips (3/4 inch downgrade) were used as coarse
aggregates.The catholyte solution was prepared by mixing 100g NaCl in 900g tap water. The anolyte
solution was prepared with 12g NaOH pellets dissolved in 1L distilled water (0.3N NaOH solution).
Saturated Ca(OH)- solution was for preconditioning and 0.1M AgNO3 solution was used for chloride
penetration depth measurement.

Test procedure

The catholyte reservoir was filled with the NaCl solution. The specimen was fitted into the rubber
sleeve and secured with clamps. This was subsequently placed on a plastic dais within a tank
containing the catholyte solution. The interior of the sleeve was fed with 300mL of the anolyte
solution - up to 2/3 of the height of the sleeve. The electrodes were connected to their respective
terminals and the electric switch was flipped. Initially the voltage was set to 30V. The initial current
as well as the initial temperature of the anolyte solution was recorded. The voltage was adjusted
according to the Tablel of NT Build 492. The new voltages and currents were also recorded. Current
was run through the specimen for 24 hours after which the final current and temperatures were
recorded and the power supply was turned off. The specimen was disassembled from the setup,
washed with tap water and any excess water was wiped off to make it surface dry. The specimen was
split axially into 2 pieces, taken to a dark room and the split surface of one of the pieces was sprayed
with 0.1M AgNO; solution. Once the white precipitate had formed and was discernible, the depth of
penetration was measured using a ruler upto a precision of 0.1mm. At least 7 readings were taken at
0.1mm intervals disregarding 0.1mm at the edges. Any place where the penetration front is blocked
by an aggregate is also discarded.

The non-steady state chloride migration coefficient was calculated using Eq.(1). (NT Build 492,
1999)

0.239(273+T)L (2734T)L
Drcm = W(xd —0.0238 Tx‘i)(l)

Where,
Drssm: Non-steady-state migration coefficient, x1012, m%/s;
U: absolute value of the applied voltage, V;
T: average value of the initial and final temperatures in the anolyte solution, °C;
L: thickness of the specimen, mm;
Xq: average value of the penetration depths, mm.
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RESULTS AND DISCUSSIONS
The chloride diffusion coefficients calculated using Eq. (1) is shown in the Table 1 below along with
the respective average compressive strengths of the concrete mixes.

Table 1: Experimental data summary

Cement Type CA WIC Compressive Strength, psi Chloride Diffusion
Type Ratio Coefficientx107?, m?/s
PCC Stone 0.42 5880 11.9
Stone 0.45 4880 15.7
Stone 0.48 4520 17.5
OPC Brick 0.42 3950 24.3
Brick 0.48 3410 25.0
Brick 0.5 2790 27.0
PCC Brick 0.42 3860 20.1
Brick 0.45 3610 21.7
Brick 0.5 2570 24.0

From diffusion coefficient it is seen that the mix utilizing PCC as its cement type and stone as the
coarse aggregate has the most satisfactory performance. An elementary idea of the resistance to
chloride penetration of the mixes can be gathered from existing literature (Zych, T. 2014). It is
ascertained that only the PCC stone mixes with w/c ratio below 0.45 are in the acceptable range while
all other types are unacceptable.

Fig. 2 shows the variation of chloride diffusion coefficient for non-steady state migration against
compressive strength (psi) for the OPC brick and PCC brick mixes. It is construed that there exists a
linear correlation between strength and chloride diffusion rates; the diffusion coefficient changes
inversely with strength. Comparison between OPC and PCC shows that PCC performs better in case
of durability since for same strength OPC has higher diffusion coefficient than PCC. This can be
accounted for by the fact that the fly ash (silica) in PCC cement reacts with calcium hydroxide to form
more C-S-H gel at later ages and eventually refines pore distribution (Rumman, et al., 2015). This
finding is momentous as it means locally produced PCC cements are better from a durability
standpoint.

Fig. 3 displays the diffusion coefficient plotted against compressive strength of the PCC stone and
brick mixes. When compared, it was observed that concrete using stone aggregates performed
considerably better than those using brick. The least value of the coefficient for the brick samples is
20.1 whilst the worst one for stone samples is 17.5, meaning even the worst stone samples are better
than the best brick ones. Bricks being more porous would allow for easier passage of chloride ions to
it, jeopardizing the durability of the concrete (Amin and Choudhury, 2015).

Fig. 4 portrays the diffusion coefficient against water-cement ratio, juxtaposing the PCC stone mixes
against the PCC brick mixes. It is observed that with the increase in w/c ratio, the value of the
coefficient also seems to increase indicating the durability of concrete diminishes for higher water
content mixes. The stone mix also shows greater resistance to ingress compared to the brick ones as
was previously stated.
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CONCLUSIONS

From the present study, strong correlation between compressive strength and the rate of chloride
diffusion is observed for the similar cement type. The susceptibility of concretes using brick
aggregates to chloride ingresses found to be greater than for conventional stone aggregates. Another
significant observation is that locally produced PCC cements exhibited enhanced performance than
OPC cements from durability perspective. It is also found that concrete using PCC cement and stone
aggregates met the resistance to chloride penetration standards laid out NT Build 492. The outcome of
the present study provides a preliminary idea on chloride resistivity of some common concrete mixes
of the country prepared with available materials. It is obvious that further study will be required to
obtain a more comprehensive understanding of the durability characteristics of concrete.
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ABSTRACT

In this research the earthen material powder and marble dust are used as partial replacement of cement
and sand respectively in varying percentage in order to investigate the compressive strength of fiber
reinforced concrete. To fulfil this objective, physical and mechanical properties of raw materials are
investigated as per ASTM code. At first control concrete is mixed with cement, sand, khoa (brick
chips) and 2% GI wire of total weight of concrete (A-type) and then concrete is mixed with 5%, 10%,
15%, 20%, 25% and 30% EMP, keeping constant 5% MD and 2% GI wire which define B-type
concrete. Further keeping constant 5% EMP and 2% GI wire, concrete is mixed with 2%, 4%, 6%,
8%, 10% and 12% MD which define C-type concrete. During mixing a variety of w/c is used to
obtain medium degree of workability. After testing all types of cylindrical concrete specimen, the test
result of G4-MD5-EMP15-GIW2-D28-WC50 specimen exhibits maximum compressive strength in
B-type concrete and G9-MD4-EMP5-GIW2-D28-WC60 specimen exhibits maximum compressive
strength in C-type concrete but not more than control concrete. So, it can be summarized that,
concrete in which replacement of cement is done by 15% EMP and replacement of sand is done by
4% MD exhibits better performance.

Keywords: Fiber Reinforced Concrete (FRC), Compressive Strength, GI wire fiber, Low cost, Earth
Material Powder (EMP), Marble Dust (MD).

INTRODUCTION

This study is regarded as one of the initial effort to incorporate earthen material as a substitute for
cement in fiber reinforced concrete. Literature exhibits that there had never ever performed any task
with earth material powder as partial replacement of cement. That’s why, the research followed the
guidelines and specifications available in the literature concerning partial replacement of ceramic
waste as sand in concrete (Sivaprakash et al., 2016). Considering this study as pristine attempts, the
present research attempts to move the current state of affairs forward and to lay the groundwork for
future research in this field by exploring the prospects of earth material as a partial replacement of
cement in fiber reinforced concrete.

Marble is a metamorphic rock resulting from the transformation of pure lime stone (Malpani et al.,
2014). Marble sludge powder can be used as filler and helps to reduce the total voids content in




concrete (Hameed & Sekar, 2009). Marble dusts incorporation results in significant improvements in
the compressive, flexural and split tensile strengths of concrete and this industrial bi-Product is
capable of improving hardened concrete performance up to 10% (Ali & Hashmi, 2014). On the other
hand, the maximum compressive and flexural strengths were observed for specimens containing a 6%
waste sludge when compared with control and it was also found that waste sludge up to 9% could
effectively be used as an additive material in cement (Corinaldesi et al., 2005). The maximum
utilization of marble waste in various industrial sectors, especially the construction, agriculture, glass
and paper industries would help to protect the environment.

Conventional concrete is normally weak in tension, bending, impact, fatigue, abrasion, deformation
capacity, post crack load carrying capacity and toughness. The maximum cracking deformation in
fibre reinforced concrete is much higher compared to traditional concrete. The main mechanism by
which glass, synthetic, carbon, steel, etc. fibres make improvement in concrete performance is
preventing the growth of cracks. It was observed that steel fibre content of 2.5-3.5% by weight
produces relatively better results for the particular mix design used (Emon et al. 2017).

The replacement of these construction materials has a good impact in the field of engineering
technology if following objectives are satisfied:

i) The observation of compressive strength of fiber reinforced concrete (FRC) by partial replacement
of cement and sand by earth material powder and marble dust respectively (with varying percentage).
ii) Reduce the extra pressure on natural resource.

iii) Protect environment from different environmental problems which results from those waste
materials.

METHODOLOGY

In order to launch this experimental work, concrete were prepared using earth material, marble dust as
partial replacement of cement and locally available dumar sand respectively, 2% GI wire and 25mm
downgrade coarse aggregate. The whole research work has carried out under the following steps:

Step 1 Preparation of Materials

In this research, Brick chips and dumar sand are used as coarse and fine aggregate respectively. These
materials are collected from local market. Earthen material powder and marble dust are used as the
substitutes of cement and sand respectively. Earthen pot and marbles are collected from local market
and then grinding these materials manually by hammer in order to obtain usable size. Since Gl wire is
used as fiber that’s why wires are cut into small pieces one inch in length [Fig. 1].

Fig. 1: Prepared Materials

Step 2 Physical Property tests
Physical properties of coarse aggregate, fine aggregate, earth material, marble dust, OPC have been
summarized in the following table




Table 1: Physical Properties of raw materials

Test Name C.A. F.A. Cement Marble Dust Earth
Material

Specific Gravity 1.946 2.675 2.96 2.48 2.65
Unit Weight(Kg/m?3) 953.207 1608.01 1440 1701.28 1701.28
Voids (%) - 39.77 - 31.26 -
Water absorption (%) - 0.185 - 0.28 -
Fineness Modulus 8.28 3.003 0 2.99 0
Setting Time (min) Initial 96 -

Final 542
Normal Consistency 29

(%)

Step 3 Workability Test

The slump test does not measure the workability of concrete directly but it is an indirect measure of
the same. A slump value of 50.8mm to 101.6mm (2”- 4°) indicates medium degree of workability of
concrete mixes (Aziz, 2012, p. 130-132). In this research, in order to obtain a medium degree of
workability (slump value 2°’-4"’) a variety of wi/c ratio was used both in B-type & C-type concrete so
that the w/c ratio was found be practical for the concrete mixes [Fig. 2].

Fig.2: Slump Test.

Step 4 casting of Cylindrical Specimen

Before casting Fiber Reinforced Concrete (A, B & C-type), Cement mortar cube were casted using
w/c of 0.485 to know the compressive strength In this research, Concrete cylinder of size 100mm
(4inch) diameter and 200mm (8inch) height for both B-type and C-type were cast using 1:2:4 mix
(Binder : FA : CA) with variety of w/c ratio.

Fig. 3: Casting of Cylindrical Specimen.

The control concrete specimen was also cast using 1:2:4 mix (Binder: FA: CA) with w/c ratio of 0.65.
Specimens with OPC replaced by earth material at 5%, 10%, 15%, 20%, 25% and 30% replacement
levels and sand replaced by 5% marble dust were cast with 2% GI wire. Specimens with sand
replaced by marble dust at 2%, 4%, 6%, 8%, 10% and 12% replacement levels and cement replaced
by 5% earth material were cast with 2% GI wire [Fig. 3].



Step 5 Curing of Specimens

Curing is essential in the production of good quality and durable concrete. Water curing is the best
method as it satisfies the entire requirement namely, promotion of hydration and elimination of
shrinkage and absorption of the heat of hydration. In this study the test specimens were removed from
the moulds after 24 hours and were shifted carefully to the place of curing for 28 days. Cylindrical
specimens were then submerged into water tank and kept undisturbed there as shown in Figure () for
the curing period designed [Fig. 4].

Fig. 4: Curing of Casted Specimen.

Step 6 Compressive Strength Test of Specimen

After the specified curing period, the concrete cylinders was subjected to compressive strength test by
2000KN capacity universal testing machine following the ASTM C39 (2003) specifications. An
operational stage of the compression test is shown in Fig. 5(a). The compression was applied and the
maximum or ultimate load carried by the specimen was recorded.

(@) (b)
Fig. 5: Compressive Strength Test.

The compressive strength was calculated based on the ultimate load and the cross-sectional area of the
cylinder and maximum from the results of three specimens. This load was increased gradually until
the specimens failed are shown in Fig. 5(b). The crushing load was recorded at 28 days.



RESULTS AND DISCUSSION
Compressive strengths of B-type cylindrical specimen were represented in the following bar diagram

[Fig. 6] at medium degree of workability using different replacements of EMP in fiber reinforced
concrete:

Compressive Strength of Concrete Cylinder
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-
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Fig. 7: Compressive strength of concrete for varying (%) of Earth Material with bar diagram.

Similarly compressive strengths of C-type cylindrical specimens were represented in the following
bar diagram [Fig. 8] at medium degree of workability using different replacements of MD in fiber
reinforced concrete:
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Fig. 8: Compressive strength of concrete for varying (%) of Marble Dust with bar diagram.

This results have reached that, replacement of 15% EM and 4% MD have better performance in case
of compressive strength on fiber reinforced concrete than control concrete which is the reasons that
maximum void filled at that percentage.

CONCLUSIONS
According to this research, we can reduce the extra pressure on raw materials like cement and sand as

well as the material cost by keeping constant compressive strength. This type of materials will be
helpful for constructing low rise building.
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ABSTRACT

As urbanization continues, the urge to introduce greener and more competent technologies is
expanding. The pervious concrete (PC) belongs to the concrete ancestry and is composed of the same
material requirements as that of a regular concrete, except that the high amount of interconnected void
networks within it allow the passage of water through it and therefore prevent ground surfaces from
inundation. Monitoring the rate of permeability of a PC helps to decide its applicability. Among the two
American Concrete Institute (ACI) recommended methods, the falling head and constant head, this
study used the falling head method in order to measure the rate of permeability of PC. Three mix
proportions each having a different fine aggregate (FA) content, namely 0%, 10% and 20% FA, were
prepared and the samples were then tested for permeability. The test results showed that there is an
inverse relationship between the percentage of FA and the rate of permeability. The 0%FA sample
having the lowest compressive strength, showed the highest rate of permeability unlike the 20%FA
sample, having the lowest rate of permeability with the greatest compressive strength. Void content
analyzed for each of the samples and a relationship drawn with the permeability rates indicate that an
amount of permeability prevails even when the void content is negligible.

Keywords: Pervious concrete; Permeability; Falling head method.

INTRODUCTION

In recent years the World Risk Report 2011 (Birkmann, 2011) published that Bangladesh is highly
vulnerable to unusual floods due to the lack of adaptive measures and coping ability leaving more than
30% of its land area inundated and affecting many people with health and occupational hazards.
Developed countries like China, due to uncontrolled construction of impervious concrete land surfaces
experienced extensive water pollution in Songhua River in 2005 (Haojie et al., 2018). To address this,
the Sponge City is invented by the Ministry of Housing and Urban-Rural Construction of the People's
Republic of China that uses the properties of PC (Hu et al., 2018).

The PC is termed as one of the Best Management Practices by the US Environmental Protection
Agency (1999). To obtain the pervious nature, that its name already suggests, the aggregates are chosen
to be of such a grading that allows a certain percentage of voids to be present within it. The typical void
percentage in a PC ranges from 15% to 25% and the permeability within 100 to 750 I/min/m? (Tennis et
al., 2004). The fine aggregate content are minimized in order to facilitate the porous structure. The
water to cement (w/c) ratio is normally ranged from 0.28 to 0.45. The ACI Committee 522 (2010)
recommends the use of coarse aggregates having sizes between 9.5mm to 19mm and that no fine
aggregates to be incorporated in the mix proportion.

554



Numerous researches have been done to compute the rate of permeability using both falling head
method and constant head method. Although the American Concrete Institute recommends it, the
falling head method cannot identify the changes in porosity imparted by different materials used in the
mixed design whereas the constant head method is sensitive to such variations (ACI, 2010 and
Sandoval et al., 2017). Moreover, the constant head method is economical and has a less complicated
procedure than the ones used in falling head method (Qin et al., 2015). Since PC consists of a design
that uses minimal amount of FA, it is found to have lower compressive strength than that of a
conventional concrete (Cui et al., 2016). Also, in PC, the permeability coefficient increases with the
porosity and the rate of increment typically follows an accelerating trend. Schaefer et al (2006)
proposed a linear correlation between void content and strength of PC which states that lower the void
content, higher is the compressive strength.

The purpose of this study is to measure the rate of permeability of a PC by the falling head method and
relate with the strength of concrete. In the present study, three types of mix designs were prepared and
each mix had different amount of FA (0%, 10% and 20%, respectively) and the w/c ratio is kept
constant to 0.4 throughout the study. The rate of permeability can be an effective indicator of the extent
of porosity in the concrete. Although the relation is not directly proportional, the rate of permeability
increases with the increase in porosity. However with increase in void content strength of concrete will
reduce significantly. The significance of the test is to find out the water permeation capacity of a PC
having a particular strength and thus to avail the decision about where can the PC be used basing on its
capacity.

METHODOLOGY

Material Properties

The study has been done using ASTM Type | ordinary Portland cement (OPC) as the binding material
(ASTM C 150, 2012). A w/c ratio of 0.4 was used, the amount of water needs to be adequate as too little
of it would provide strength much lower than required whereas excess of it would not allow the
consistency needed. The coarse aggregate selected were natural crushed stone aggregates complying to
a size range with that of the ASTM C 33 size 67 (ASTM C 33, 2011). As permeability is the main output
for the PC, the use of single-sized coarse aggregate would apparently seem beneficial but when strength
is the concern, range of aggregate sizes is found to be more functional in terms of both permeability and
strength. Sylhet sand was used as the FA having a fineness modulus of 3.2.

Mix design

The mix proportioning was done according to the ACI 211.3R-02 (2009) Guide for Selecting
Proportions for No-Slump Concrete. Three mix designs were made having 0%, 10% and 20% FA to
cast cylinders each having 100 mm diameter and 200 mm height. Each mix designs were used to cast 21
such cylinders making a total of 63 specimens to carry out the study and Table 1 below shows the
proportions for a design void content of 15%.

Table 1 Mix proportion of PC for 1m?®

Designation Mass of Mass of Mass of Coarse Mass of Fine
Cement (kg) Water (kg) Aggregate (SSD) (kg) Aggregate (SSD) (kg)
0% FA 362.4 145 1567 0
10% FA 3345 133.8 1472 145
20% FA 292.7 117.1 1361 301

Specimen preparation

All the cylinders were prepared according to the ASTM C 192 standard. The concrete mix was placed
inside a steel mold conforming to the specifications of ASTM C470 and rodded 25 times in three layers.
The samples were taken out of the mold after 24 hours and cured as per the ASTM regulations.
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Permeability measurements

Permeability of the PC samples were measured at 28 days age by a falling head permeability apparatus
shown in Figure 1 customized in such a way that it was similar to the one used in the permeability
measurement of soil (ASTM D 5084, 2003).

Fig. 1 Falling head apparatus

In order to limit the movement of water in only the vertical direction the surface of the cylindrical
samples were coated with a waterproofing surface sealant leaving the top and bottom surfaces off.
Nitobond EP, a two-component solvent free epoxy resin, was used as the sealant for this study. The
sample was placed above a rubber pad in the bottom part of the graduated cylinder. The interface
between outer surface of the PC samples and the inner surface of graduated cylinder of the apparatus
was closed by wrapping the test samples with a sheet of synthetic rubber 3mm thick. The samples were
saturated at the beginning in order to eliminate any air voids present within it. With the valve closed, the
apparatus was filled with water to the top mark in the graduated tube and the initial height of water in
the tube was noted as h;. The valve was then opened and a stopwatch started simultaneously to record
the time t required for the water to drain down the specimen to a final height noted as h,. The process
was repeated three times for each PC sample with the same initial and final water height and the average
length of time calculated. The coefficients of permeability (K) of the samples were then calculated
using Eq. (1) derived from the Darcy’s law.
K= Al log [&] 1)
At h,

Here Asand | denotes the cross-sectional area and length of the sample being tested respectively and A
being the cross-sectional area of the tube.

Void content analysis

Void content of the PC samples in this study were measured following the ASTM C 642 (2013)
standard. This analysis was made on samples aged at 28 days. The code specification allows measuring
the void content in a concrete sample by the determination of variation of its weight in different
conditions.

RESULTS AND DISCUSSIONS

Compressive strength and tensile strength

Figures 2(a) and 2(b) present the compressive strength measured after 7 and 28 days and the tensile
strength tested after 28 days of casting respectively. It can be observed that as the amount of FA
increased both the compressive and tensile strength increased.
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Fig. 2 (a) Compressive and (b) tensile strength of PC samples.

Coefficient of permeability

The PC samples were tested for permeability after 28 days of casting and the results are summarized in
Table 2. The results show that the highest permeability observed was in 0% FA sample and the lowest at
20% FA sample meaning the permeability decreased with increase in percentage of FA in the mixture.
Neithalath et al. (2006) conducted a similar experiment using falling head permeability apparatus and
their results varied from 1mm/sec to 5mm/sec with a standard deviation of 0.3mm/sec to 0.8mm/sec.
For comparison, the standard deviation in this research is found to be within 0.2mm/sec and 0.5mm/sec.

Table 2 Summary of permeability test results

Designation Sample As Az I t h1 h2 K Avg.
(mm?)  (mm? (mm) (sec) (mm) (mm)  (mm/sec) K

(Go)
1 7524.9 10936 207 22.0 250 30 5.89

0%FA 2 8332.3 10936 204 23.4 250 30 6.03 6.07
3 7088.2 10936 196 18.4 250 30 6.29
1 7389.8 10936 204 35.0 250 30 3.58

10%FA 2 7238.8 10936 202 30.7 250 30 3.96 3.96
3 7088.2 10936 204 33.0 250 20 4.34
1 8332.3 10936 204 100 250 30 1.40

20%FA 2 7088.2 10936 205 46.9 250 30 2.58 1.99
3 7238.2 10936 207 63.0 250 30 1.98

Fig. 3 represents the trend of compressive and tensile strengths with the rate of water permeability
imparted by the amount of FA incorporated in the mix design. Both the strengths decreased as the
permeability increased and vice versa which depicts that reducing the FA content improve permeability
leaving lower strength which is often disadvantageous for structural uses.
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Fig. 3 Variation of the physical properties of the PC samples with the rate of permeability.

A speculation made on the comparison between void content and permeability (Fig. 4) signified that the
rate of permeability increased with the void content in the PC samples. However, the increasing trend is
found to be an accelerating one. This identifies the fact that permeability depends upon the
interconnectivity between the voids that give access to the water for permeation but not the content of
void and so it does not vary linearly with the void content in the PC. The proposed Eq. (2) presents that
a PC has certain permeability even when the void content is 0%, where x and y present the void content
(%) and rate of permeability in mm/sec respectively.

y =02236e%507% (9
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E 5
=
2 .
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S 3
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1
0 : . . .
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Fig. 4 Relationship between void content and permeability of PC

CONCLUSIONS

This study focuses on permeability measurements by the falling head method through an apparatus
made specifically for the research. Using Darcy’s law, the coefficient of permeability was determined
and the results compared with the strength of PC varying with the amount of FA in the mix design. PC
having 0%FA is found to have the lowest 28 days compressive strength (9.5 MPa) whereas its rate of
permeability being the highest (6.07 mm/sec). On the other hand, PC containing 20%FA exhibited
greatest 28 days compressive strength (13.70 MPa) which in turn has the lowest rate of permeability
(1.99mm/sec). Both compressive and tensile strength decreased as the permeability of PC samples
increased. Void content analyzed and plotted against the results of permeability to form an equation
which indicates a direct relationship between these parameters. The equation proposed could therefore
be used to determine the void content in a PC sample using the results of permeability.

558



REFERENCES

ACI 211.3R, 2009 Guide for Selecting Proportions for No-Slump Concrete. American Concrete
Institute, USA.

ACI Committee 522, 2010. Report on Pervious Concrete 522R-10, American Concrete Institute,
Farmington Hills, MI, USA.

Agency, E.P.U.S 1999 Storm water technology fact sheet porous pavement. Washington, D.C: United
States Environmental Protection Agency, Office of Water.

ASTM C 33, 2011. Standard Specification for Concrete Aggregates, ASTM International, West
Conshohocken, PA. www.astm.org.

ASTM C 150, 2012 Standard Specification for Portland Cement ASTM International, West
Conshohocken, PA. www.astm.org.

ASTM C642, 2013. Standard Test Method for Density, Absorption, and Voids in Hardened Concrete,
ASTM International, West Conshohocken, PA. www.astm.org.

ASTM D 5084, 2003. Standard Test Methods for Measurement of Hydraulic Conductivity of Saturated
Porous Materials Using a Flexible Wall Permeameter, ASTM International, West Conshohocken, PA,
Www.astm.org.

Birkmann J. 2011. Global Risks Report 2011. World Economic Forum [online]. Available at
https://www.weforum.org/reports/global-risks-report-2011. [Accessed 3 September 2018].

Cui, X., Zhang, J., Huang, D., Gong, X., Liu, Z., Hou,F. and Cui, S. 2016. Measurement of
Permeability and the Correlation between Permeability and Strength of Pervious Concrete. 1st
International Conference on Transportation Infrastructure and Materials (ICTIM 2016). ISBN:
978-1-60595-367-0.

Haojie, L., Rentai, L., Honglu, Y., Chenyang, M. & Heng, Z. 2018. Experimental study on the
performance of pervious concrete. IOP Conference Series: Earth and Environmental Science, 113(1):
012126.

Hu. M., Zhang, X., Siu Y.L., Li, Y., Tanaka, K., Yang, H. and Xu, Y. 2018. Flood Mitigation by
Permeable Pavements in Chinese Sponge City Construction. Molecular Diversity Preservation
International (MDPI), 10(2): 172.

Neithalath, N., Weiss, J. and Olek, J. 2006. Predicting the Permeability of Pervious Concrete (Enhanced
Porosity Concrete) from Non-Destructive Electrical Measurements. Proceedings of the 2006 Concrete
Technology Forum on Pervious Concrete. Nashville, USA.

Qin, Y., Yang, H., Deng, Z., and He, J. 2015. Water Permeability of Pervious Concrete Is Dependent on
the Applied Pressure and Testing Methods. Advances in Materials Science and Engineering, vol. 2015:
5-6.

Sandoval, G. F. B., Galobardes, 1., Teixeira, R. S. and Toralles, B. M. 2017. Comparison between the
falling head and the constant head permeability tests to assess the permeability coefficient of
sustainable Pervious Concretes. Case Studies in Construction Materials, 7: 317-328.

Schaefer, V. R., Wang, K., Suleiman, M.T., and Kevern, J.T. 2006. Mix design development for
pervious concrete in cold weather climates. Final Report, National Concrete Pavement Technology
Centre, lowa State University, Ames, 1A. 16p.

Tennis, P.D., Leming, M.L. and Akers, D.J. 2004. Pervious Concrete Pavements,
EB302.02, Portland Cement Association, Skokie, Illinois, and National Ready Mixed Concrete
Association, Silver Spring, Maryland, USA. 5p.

559


http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
http://www.astm.org/
https://www.weforum.org/reports/global-risks-report-2011

4" International Conference on Advances in Civil Engineering 2018 (ICACE 2018)
19 —21 December 2018

CUET, Chittagong, Bangladesh

www.cuet.ac.bd

STRUCTURAL ANALYSIS OF SEMISUBMERSIBLE OFFSHORE
PLATFORM

M. R. Karim®

Department of Mechanical Engineering, University of Creative Technology Chittagong,
Chittagong, Bangladesh.
E-mail: rezaulkarim4307 @gmail.com

*Corresponding Author

ABSTRACT

This paper presents a case study of an offshore platform regarding the structural analysis. In search of
oil and gas resources we need to approach to the deep sea, harsh environment and remote locations. One
of the remarkable accomplishments of the petroleum industry is the development of technology that
allows for exploring wells offshore to access additional energy resources. This offshore structures are
largely exposed to stresses which induced more significantly by sea waves. Therefore, to provide
structural safety and durability, the effects of wave induced loads have to be taken into consideration.
One of the approaches for that is to perform a global structural analysis with the extreme hydrodynamic
loading on the semisubmersible platform.

Keywords: Structural Analysis, Semisubmersible Platform, Hydrodynamic Load

INTRODUCTION

Despite an increase in complexity, improvements in offshore technology have allowed more complex
well patterns to be explored to a greater depth such that additional petroleum resources can be
discovered at a greater distance from the production structure, allowing more energy to be produced
with less environmental impact. These offshore structures are greatly impacted by large wave loads.
The repeated wave loads reduces the performance of the structural member. Structural analysis is one of
the technic to quantify wave induced loads to ensure structural durability and safety of the offshore
platform.

The main objective is to make structural analysis and identify critical locations of the offshore platform
with respect to von Mises stress for different wave direction. A methodology has been developed for
structural analysis of a Semisubmersible Offshore Platform with extreme environmental loading
condition.

METHODOLOGY

For the Finite Element modelling and analysis of the offshore platform, DNV software Sesam GeniE
has been used. The hydrodynamic simulation is carried out in the DNV software HydroD Wadam. The
hydrodynamic simulations are performed in the frequency domain for the structure operating in north
Atlantic. For the frequency domain, a Bret-Schneider spectrum with 26 frequencies and 8 wave
directions are chosen. The global motion response of the structure was analysed using a post-processing
software named POSTRESP. The FE-simulations are carried out in the DNV software SESTRA for
linear structural FE-analysis. Following are the steps taken for analysis

» 3D-Modelling (Sesam-GeniE)
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*  Hydrodynamic Analysis (HydroD-Wadam)

» Structural Analysis (Sestra)

»  Global Response(Xtract)
3d Structural Modelling
Simplified model of a twin pontoon column stabilized semisubmersible unit is considered which consist
of 4 sets of columns legs, 2 horizontal pontoons, 2 bracings and a derrick that has been chosen to
perform structural analysis. Its characteristic length is 90 meter, Pontoon Height 9 meter, Width of

Pontoon 18 meter, height of column 35 meter, Diameter of Column 15 meter and deck height is 10 m.
St52 is used as a material which has following properties:

Table 1 Material Properties of the Structural Model (St52)

Material Property Value Unit
Yield Stress 2.35x 108 Pa
Density 7850 Kg/m?3
Young’s Modulus 2.1x101 Pa
Poison’s Ratio 0.3
Thermal co-efficient 1.2x10° delC?
Damping co-efficient 0.03 N.s/m

Modelling has been done with Sesam GeniE software as shown below with color-coding:

Section

Girder

Pipe1

Pipe2

Pipe3

Stiffener
Thar425x120x12x25
TbarS575x150x12x25
Thar885x200x14x35

Fig.1: Structural Members
Global model includes following:

o the longitudinal stiffness of the pontoons,
o the axial and bending stiffness of the braces,
o the axial and bending stiffness of the columns,

¢ the in plane and vertical bending stiffness of the deck

561



Hydrodynamic Analysis

Extreme hydrodynamic loading condition of North Atlantic Ocean is considered. Wave loads are
computed by HydroD Wadam using Morison’s equation and potential theory. Wadam is an integrated
part of the SESAM suite of programs which is tailored to calculate wave loads on models created by the
SESAM Genie. The results from the Wadam global response analysis stored on a Hydrodynamic
Results Interface File (G-file) for statistical post processing in Postresp. Hydro model is shown in
Figure below which is consisted of finite element model of the structure.

Fig.2: Hydro Model of the Offshore Structure
Mass Model properties for the Hydrodynamic Analysis is given below in Table 2

Table 2 Mass Model Properties of the Structure

Property Value Unit
Mass of structural Model 23.6 x 106 Kg
Buoyancy Volume 25.1x10° ms3
Centre of Buoyancy in coordinate(x,y,z) (0, 0, -13.5)
Centre of Gravity in coordinate (X,y,z) (0, 0, -10)
Radius of Gyration (x,y,z) 30.9, 29.7,38.6 m
Roll-Pitch Centrifugal Moment (XYRAD) -5.67 x10°%4 m?
Roll-YAW Centrifugal Moment (XZRAD) 0 m?
Pitch-Y AW Centrifugal Moment(YZRAD) -4.63 x10°° m?

The response of the structure was measured in terms of its Response Amplitude Operators (RAOs) for
the 6 degree of freedom
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amplLtude of

Fig.3: RAO -Relative motion at water surface (0, 0, and 40)

The RAO is shown above. There are two peaks, one at 21.5s (amplitude 7.8) which comes from the
heave resonance mainly and one at 23.5s (amplitude 2.2) which comes from the roll resonance mainly.
The worst wave direction is 270 and 45 degrees for both peaks. Wave loads applied on the structure is
shown below.

5

Fig.4: Surface loads of the structure in frequency domain
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Structural Analysis
The hydrodynamic load is applied to the structural model for subsequent quasi-static analysis of the

structure. To avoid rigid body motion of the global structural model 6 degrees of freedom have fixed
with the following restraints:

e 3 vertical restraints (2)

e 2 transversal horizontal restraints ()

¢ 1 longitudinal horizontal restraint (X).
Structural analysis is presented in following figures based on von-misses stress considering self-weight.

-

‘.‘
i

Fig.6: Von Mises Stress Water depth 300, Wave dir. 45 deg, Excit. Freq. 0.25 Hz
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RESULT AND DISCUSSIONS:

The maximum stress level due to wave induced loading were found to be occurring at around similar
wave frequency range (f= 0.04-0.05 Hz or T= 20-25 sec). The worst wave direction is found at 270 and
45 degrees. The analyses showed that the critical regions with respect to von-misses stress are located in
the column to pontoon connections. Heave and roll are the most significant motion response for
operations of Semisubmersible offshore structures.

CONCLUSIONS:

Structural analysis of a semisubmersible platform with extreme environmental conditions was depicted
in this paper. First, a 3d structural model of the platform was created and then hydrodynamic loads are
applied for subsequent hydro-analysis. Finally A linear structural FE-analysis was performed for the
global model in order to find out the critical locations. To get more accurate result local sub-models can
be created and analysis for local models can be performed as stress ranges could locally become
significant
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ABSTRACT
This paper is devoted to the study of approximate solution of saint venant torsion problem using finite

element method (FEM). The Finite element method is most popular for solving this type of problems.
The finite element method is mostly used in the field of structural mechanics. We derived global
stiffness matrix and load vector for four sided quadrilateral elements of mesh of two triangles and mesh
of six triangles. In this paper, we consider 3 four-nodded quadrilateral elements and 3 eight-nodded
quadrilateral elements to compute the Prandtl stress function values and the torsional constants & of
Saint-Venant torsion problem for a square cross-section. The obtained finite element solution will be
very nearest to exact solution if the domain of the body is splitted into smaller elements. We obtained
finite element results which are compared with the exact torsion solutions to verify the accuracy of
proposed FEM. The finite element solutions to reach the good agreement with the exact solutions of

Saint venant torsion.
Keywords: Saint-Vennat torsion, stress function values ,torsional constant and application example.

INTRODUCTION
The finite-element method (FEM) is a popular numerical method used for solving a large range of

science and engineering problems. Applications range of finite element method from stress and
deformation analysis of automotive, spacecraft, shipbuilding and bridge structures to filed analysis of
magnetic flux, heat and fluid flow, and other flow problems. In finite element method, the complex
domain like a complicated structure is discretized into many numbers of finite elements and the solution
like nodal displacements, element stresses are evaluated in the various locations of the structure.
Nowadays, finite element analysis (FEA) is used in some biomechanical engineering problems
typically include analysis of human spine, skull, hip joints, heart, eye, etc. In FEM, stiffness matrix,
body force vector are to be determined numerically. In this paper, finite element method (FEM) is
applied to calculation of torsional constants and stress function values of saint-venant torsion problem
for a square cross section. In order to find the solution of saint vennat torsion problem for a square
domain by FEM, the domain or continuum is divided into finite number of small elements of simple
regular shapes. In finite element analysis, the size of the elements influences the convergence of the
solution. In square cross-section has four axes of symmetry; therefore, only one —eighth of the
cross-section has been analyzed. This fractional portion is divided into 4-noded and 8-noded three
elements for finding accurate solution of saint venent torsion. The accuracy of the finite element
solution depends on the finite element mesh. Li er al. (2000) discussed finite element based on
Galerkin’s method for the torsional rigidity of an arbitrarily shaped bar made of different materials.
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Najera and Herrera (2005) presented a method to approximate the torsional rigidity of any cylindrical
solid cross section. Darilmaz et al. (2007) developed a hybrid finite element method to calculate the
torsional rigidity of arbitrarily shaped composite sections. Jog and Mokashi (2014) presented finite
element solution of the Saint-Venant torsion and also shown finite element formulation based on the
warping function of torsion and bending problems for prismatic beam. Islam and Karim (2017)
presented finite element Solutions of Saint Venant torsion problem for a trapezoidal cross section.
Baretta et al. (2015) analyzed closed form solution of the torsion problems. Teimoori et al. (2016)
discussed the torsion for rectangular cross section of bars with effective coating layers. Taheri and
Hematiyan (2017) analyzed accuracy of the developed algorithm for a torsion. Nguyen (1992)
discussed straight and curved quadrilateral elements to find Prandtl stress function values for torsion
problems. Ecsedi and Baksa (2010) discussed electric displacement potential function and Prandtl’s
stress function for the Saint—VVenant torsional problems. In this paper, the accuracy and efficiency of the
presented technique is demonstrated through the calculation of Prandtl stress function values and
torsional constant of square cross section on the basis of finite element approach.

FINITE ELEMENT MODELLING
In this section, domain is divided number of finite elements. The set of finite elements is said to be mesh

generation of the domain. In this model, we have discretized of the quadrilateral domain with triangular
finite elements. To find the accurate finite element solution of required torsion problem, we needs
higher order finite elements. Quadrilateral element of this model can be easily expressed to well-shaped
triangles. In most of the engineering problems, the domain has irregular shapes. For this reason, the
irregular shaped domain is splitted into convenient number of regular shaped finite elements. The finite
element meshes shown in figs. 1(a) and 1(b).The finite element is a small portion of the system (or
domain).

A& ¥
4 ¥
1 4 !
6
5
2 3 3
4
> 3 -
Figure 1(a): Mesh of two Triangular elements. Figure 1(b): Mesh of six Triangular elements.
The transformation formulae between two coordinates systems are
3 3
XZZXiNi; y:ZyiNi (1.1)
i=1 i=1
The shape functions of triangle elements are given by,
N, =1-¢&-m; N, =& N, =7; (1.2)
From (1.1) & (1.2), we have,
X=X, =%)&+ (X =X+ X, (1.3)
Yy=,=Y)S+(Y;—Y)n+y (1.4)

The corresponding Jacobean can be written as:
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o&,n) dédnp dnpdé

GLOBAL STIFFNESS MATRIX AND LOAD VECTOR EVALUATION SCHEMES

In this section, we have used four-noded and eight-noded quadrilateral elements for construct global
stiffness matrix and load vector [see Fig.1 (a) & Fig.1 (b)]. A matrix formulation is also developed and
applied to the problems in the analysis of Saint Venant torsion. The finite element formulation of the
laplacian matrix defined by the equation:

ON: ON:  AN. ON ; 11-¢( oN; ON;  AN. ON:
KI[Je]zﬂ( 1 ]+ | J]dXdy=J J{ 1 J+ 1 JJJ[E]dndé:

2\ OX  OX oy oy 00| ox ox oy oy
11-¢&
R = [[N (6 yydxdy = [ [N, (&,7)3®dédn
kej 00
For Figure-1, we have global stiffness matrix and global load vector
kll k12 k13 kl4 fl
k21 k22 k23 k24 and F — f2
k31 k32 k33 k34 f3
k41 k42 k43 k44 f4

Where kij and F, are the global coefficients, which can be written in terms of the element coefficients.
_ Ll 2] . k. — . kL 2] . VR i A A
kll - k’o[‘3] + k£2] s k12 - k21 - k3l s k13 - k31 - k£2] + k£3] s k14 - k41 - kgl] 2 k22 - k]Fl] 2
_ _ lel[21. _ -0N- _ 1l 21. _ _ 2. _ 12
k23 - k32 - kl[Z]’ k24 - k42 - 0 H k33 - kgz] + kéS] H k34 - k34 - kgl]’ k44 - kll .
_ M 2. ¢ _ M. § _ gl 2. ¢ _ I2
f=FM+F; f,=F8; f,=F"+F2; f, =F* .
From figure-2, we have global stiffness matrix and global load vector

Ky Ky K Ky K Ko Ky Ky fy ]
Ko Koo Kag Koy Ky Kyg Ky Ky f,
Kai Ko Ky Ky K Ky Ky Ky fs
K = Ko Kz Kig Ku Kis Kgg Kyp Kyg and F = f,
Ksy Ksp Ksg Key Kes Kgg Kg Ky fs
Koo Koz Koz Koo Kes Keg Koz Kgg fs
Koo Ko Kig Ky Ky Kyg Ky Kyg f,
_k81 Keo Kos Ko Kgs Kgg  Kgr  Keg | L fy |

Where k; and F; are the global coefficients, which can be written in terms of the element coefficients.
Kip =kopi Kz =Kapikyg = Kgpikis =Kgp; Kig = Kepi Koz = kapikog = kgpikos =kspi Kog =Kepi ko7 = kyy:
Kog =Kgpi Kag = KyziKas =Ksgikas =kKgz: kay = koai kg = kgzikyas = KsgiKag =Kea: kg7 =Kgs; Kag = Kgy:
kss =Kes: ks7 = k5iksg = KgsiKey =Kzgi keg = Kas: kzg = Kgzikyy = KT kip = K kig = kyg = kg =0
kis = ki7 =Kgp = 0; kig = kgy = Kfgi kpp = KE] + KV KB o il = IR gy = kBT 4 KBS ks = 0
ko = Kig' + Kl ikor = 01k = KB + K kg = klilikgy = KIS kas = kgg = ka7 =kgg =0;

3 4 6. 6. 3 6. , 6]. 6. .
Kag = KED + K5 + KB ks = KB ke = KIS + KB k7 =kgg = Oikeg = KIP): keg = KI5 ke =kgg = 0;

2 3 5 6]. 51, —wlbBly _wbBl. |, il 2 5].
Kge = K£3] + ng] + K£3] + K£2]’k67 = Kgll’kﬁ = Kl[l]’k78 = K1[2]1 Kgg = Kgs] + ng] + ng]'
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f=FN = F + F B L F 1, =B r, 1 EL L E9, g, ),

fe = F3[2] + F2[3] + F3[5] + FZ[G]; f; = F1[5] g = F3[1] + Fl[z] + F2[5];
PROBLEM FORMULATION

In this section, in order to find the reliability and accuracy of the finite element method, we
consider a two-dimensional boundary value (Torsion) problem.
2 2
éTu + az_u =-2 inQ
o°x 0%y (L6)
u=0onc, and 6_u:0 onc,
on
in a square region[see Fig.2(a)]
O ={(x,y):-05<x<0.5-05<y<0.5}
where U(X,y) is the Prandtl stress function and C,,C, are boundaries of the constitute the
cross-section. The finite element model of equation (1.6) can be expressed as the matrix form as
[KI{u}={F}
Where, [K] = Global stiffness matrix.
{u}= Nodal displacement vector.
{F}= Nodal force vector/global load vector.
The torsional constant K is given by

k= ”ui (%, y)dxdy

APPLICATION EXAMPLE

In this section, we consider one example to verify efficiency of our proposed finite element method
(FEM). The approximate results of stress function values, torsional constant (k) and maximum

errors (E, ) are obtained and shown in table-1:

Examplel: The Finite Element (FE) models of the physical geometry are shown in
figures-2(a), 2(b) and 2(c). This cross-section has four axes of symmetry; therefore, only one
—eight of the cross-section needs to be analyzed. This fractional portion is partitioned into three

elements as shown in the figure 2(b) and 2(c).

Y
[

(05,0.5)

- (0,0) (05,0 X

Figure 2(a): Axes of symmetry of a square cross-section
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Figure 2(b): The FE model-1 with 3 four-nodded
elements

(0.5,0.5)

(ep)
(0.5,0.25)

(050)

Figure 2(c): The FE model-2 with 3

Eight-nodded elements

Table-1: Computed stress function values, torsional constant k and Error a square cross section.

FE u; values Computed Error
Model | i u; values i u; values [ u; values Torsional E,
No constant k
1 1 10.1687704123 |2 |0.1098614665 |4 | 0.07088683659 | 0.1209181652 | 14.01%
5 ]0.07059626924 | - -
1 |0.1507258725 0.1403092055 0.1126971687 | 0.135182421 | 3.87%
4 | 0.06759445117 0.1335117459 0.1008446742
2 9 |0.08784755322 | 10 | 0.08585832250 | 11 | 0.07697950938
12 | 0.04150879918 | 14 | 0.03661101666 | -
Exact Torsional constant k= 0.140625

RESULT AND DISCUSSION
The accuracy of the solution will depend on small element size. A measure of error

E, = 100|1 — K/ Kopoxt | is given when an exact solution of the torsional constant (K) is available. From

the figure: 2(b) for FE model-1 using the developed element of this study computed torsional constant
k=0.1209181652 and error (E, ) = 14.01%. We get also from the figure: 2(c) for FE model-2 using the

developed element of this study computed torsional constant k=0.135182421 and error (E, ) =3.87%.

Finally we observe that the computed result is more efficient and it is expected that the torsional
constant may be computed by increasing element numbers.

CONCLUSION
In this paper, we have used finite element method (FEM) to find numerical solution of saint Vennant

torsion problem for a square cross section. An important part of finite element modelling is the mesh
generation, which involves numbering the nodes and elements, and the generation of nodal coordinates
and the connectivity matrix. The numerical solutions obtained by the proposed method are comparing
with the exact solutions in good agreement. The finite element solutions obtained by two different
meshes of triangular elements are compared in table-1.The finite element solution obtained by
6-tainagular elements is most accurate when compare to the FE solution obtained by 2-trainagular
elements. Finally we may be concluded that numerical solution of saint-vennat torsion problem apply
the higher order elements is more efficient.
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ABSTRACT

Sugarcane Bagasse Ash (SCBA) is one kind of waste which can be termed as the residue left over
from burning sugarcane bagasse. The utilization of this waste may be very economical and can also
solve the environmental problem. The partial replacement of cement and sand by SCBA can reduce
the production of cement and also reduce the cost of making concrete.

SCBA has been chemically and physically characterized in this paper. From chemical test it shows
that bagasse ash contains significant amount of silica. The effect of cement replacement by SCBA on
the setting time was evaluated. Then cement was replaced by SCBA upto 25% in conventional
concrete with a mix proportion of 1:2:4 and compressive strength at the ages of 7, 28 and 90 days was
determined. Effect of addition of baggase ash on the workability of concrete was also studied in this
study. Results show that replacing cement by SCBA upto 25% in conventional concrete increases the
slump value gradually from 0% to 15% and increasing more than 15% decreases the slump value.
Replacement of 5% cement with SCBA gains more compressive strength than target strength, where
as 10% cement replacement causes a slight reduction in compressive strength compare with target
strength at 28 days. Finally sand was also replaced by SCBA upto 60% by volume in conventional
concrete with same mix proportion and compressive strength at the ages of 7, 28 and 120 days was
also evaluated. The test results show that upto 30% sand replacement causes strength gaining more
than 100% of target strength at 28 days. Conventional concrete where sand replaced by SCBA at
10%, concrete gain more compressive strength than 0% sand replaced by SCBA at 7, 28 and 120 days
test separately.

Keywords: Sugarcane Bagasse Ash; Workability; Compressive Strength.

INTRODUCTION

Bangladesh is a developing country. As a developing country focus are given on ways of utilizing the
waste products. These wastes utilization would not only be economical, but may also help to create a
sustainable and pollution free environment (Vyavhare, 2013; Modani, 2013). Sugar mill is one of the
major sources of wastes in Bangladesh. There are several sugar mills in Bangladesh which produce
0.8 million ton Sugarcane Bagasse Ash (SCBA) approximately per year. These by products and
wastes are not only difficult to dispose but also cause some health hazards. Disposal and management
are the major tasks for this large amount of wastes. Today, the main aim of the environmental
agencies and governments is to minimize the disposal problem. The productive use of these materials
is one of the best ways to alleviate some of the problems of the solid waste management (Srivastava,
2014; Krishna, 2014). One of the key solutions is to utilize these wastes in the concrete.

There are several types of industrial wastes which can be utilized in the concrete either as a
replacement of cement or as an additive material. Some of these wastes are Coal Fly Ash, SCBA,
Ground Granulated Blast Furnace Slag, Waste Glass, Plastics, Wood Ash, Rice-husk ash etc. It has
been identified that utilization of these wastes enhances some properties of the concrete (Ganesan et
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al., 2007). Significant researches have been going on in various parts of the world related to these
subjects.

Sugarcane bagasse is burned under controlled condition in high temperature which contains the large
amount of silica which has pozzolanic properties. The use of SCBA in concrete can also reduce the
environmental pollution and save the sources of natural raw materials used in the construction
industry (Srinivasan, 2010; Sathiya, 2010). In this present study, investigation of the effect of SCBA
in conventional concrete by partial replacement of cement at various ratios by weight was done. To
study the effect of replacing the fine aggregate was also carried out. Concrete cylinders with different
proportion of SCBA were cast to determine the compressive strength. Workability of the concrete mix
was measured alongside using standard test. Determination of chemical composition of SCBA was
done using the standard specifications. Determination of initial and final setting times of partially
replaced cement by SCBA was also done.

METHODOLOGY

The workability and compressive strength of conventional concrete were determined experimentally
where cement and sand were partially replaced with SCBA. The standard methods of testing the
physical properties of aggregates and chemical properties of SCBA were used in this study and
discussed in following sections.

Materials Used for the Research

Cement: The ordinary Portland cement of strength class: 52.5 N (as per BDS EN 197-1) was used in
this research work. This cement has specific gravity of 3.15 and normal consistency of 28%.

Fine aggregate: Fine aggregate (commonly known as Domer sand) free from debris was used having
specific gravity of 2.62, fineness modulus of 2.44 and unit weight 1521.62 kg/m?®.

Coarse aggregate: Coarse aggregate (crushed black stone) was used having specific gravity of 2.66,
fineness modulus of 7.09 and unit weight 1631.22 kg/m®,

Determination of Properties of SCBA

SCBA was collected during the cleaning operation of a boiler in the sugar factory, located in the town
of Harian, Rajshahi. SCBA was used having specific gravity of 2.10; fineness modulus of 0.93 and
unit weight 444.82 kg/m?.

Portland cement mainly content particle size of equal and less than 75 um. When both cement and
sand was partially replaced by SCBA the particle size of SCBA need to be close of cement or sand
particle size. So SCBA was obtained after passing through 75um standard sieve used for this thesis.
The chemical composition test was done in Central Science Lab, University of Rajshahi. The
chemical test for the determination of different constituents in the SCBA sample was performed using
EDXRF (Energy Dispersive X-ray Fluorescence) spectrometer.

Table 1 Chemical composition of Portland cement, Fly Ash and SCBA

Materials SiOz A|203 Fe,O3 CaO MgO MnO | NayOs3 Ti02 K,0 SOs LOI

Portland
Cement Type| 224 3.3 2.9 52.2 2.3 0.1 0.4 0.3 1 135 15
1

FYASNC | s 68| 1834| 28 | 1539 36 | - | - | - | - | 150112
class
SCBA
Rujerany | %6%3| 252 | 283 - | - | 78| - | o023| - | - | 0

Results from the analysis of the chemical composition of SCBA are shown in table. The chemical
composition of baggase ash was compared with type Il Portland cement and class C fly ash. Data of
type 1l Portland cement and class C fly ash were collected from Abbasi and Zargar’s (2013) research
work. It was observed that SCBA mainly content silica (SiOz) which is larger in compare with
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Portland cement and fly ash. Cement and fly ash content a fair amount of calcium oxide, where SCBA
was not content any calcium oxide. Silica and lime are the two main compounds which play the major
role in binding the concrete and strength development of concrete.

Experimental Work

First we determined the setting time of cement using SCBA upto 25%. Second experimental
investigation was to partially replace cement with SCBA upto 25% on the basis of weight (0%, 5%,
10%, 15%, 20%, and 25%) and third experimental investigation was to partially replace sand with
SCBA upto 60% on the basis of volume (0%, 10%, 20%, 30%, 45%, and 60%) to study the effect on
strength and workability of conventional concrete.

The mix design of concrete was done according to Indian Standard guidelines, where the concrete
grade was used M 20 for both case. Maximum nominal aggregate size was used 20 mm, mixing
proportion of concrete was used 1:2:4 (cement: fine aggregate: coarse aggregate). For cement
replacement with SCBA water cement ratio was used 0.50 and for sand replacement with SCBA the
water cement ratio was used 0.55.

For M 20 grade = concrete grade strength = 20 MPa (cube) = 16 MPa (cylinder)

A total of 108 numbers of concrete specimens were casted in full study. The specimens considered in
this study consisted 300 mm long and 150 mm diameter cylinders. A total of 54 numbers of cylinders
were casted for each case and each of these six different percentages of both cases workability was
found out by slump test as per Abram's law.

The ingredients of concrete were thoroughly mixed in mixer machine till uniform thoroughly
consistency was achieved. Before casting, machine oil was smeared on the inner surfaces of the cast
iron mould. Concrete was poured into the mould and compact thoroughly using vibrator. The top
surface was finished by means of a trowel. The specimens were removed from the mould after 24h.
All the cylinder specimens were cured for different time period. After curing each specimens were
tested for compressive strength at different days of curing. The specimens were taken out from the
curing tank just prior to the test. The test for compressive strength was conducted using universal
testing machine.

RESULTS AND DISCUSSIONS

Our test results are divided into two parts. In first case cement was replaced by SCBA upto 25% by
weight and in second case sand was replaced by SCBA upto 60% by volume. The results obtained
from the experimental investigations are showed in tables. All the values of compressive strength are
the average of the three trails in each case in the testing program of this study. The results are
discussed as follows.

Table 2 initial & final setting times of cement using SCBA

Cement content % (by SCBA content % (by Initial Setting Time Final Setting Time
weight) weight) (minutes) (minutes)
100 % 0% 64 250
95 % 5% 40 240
90 % 10 % 29 210
85 % 15% 20 205
80 % 20 % 14 181
75 % 25% 11 172

SCBA has a tendency to absorbed water from cement paste, because of this tendency the setting times
of cement decreased gradually with the increased percentage of SCBA in cement paste. As per Indian
Standard (IS) minimum initial setting time of OPC cement should be 30 minutes and maximum final
setting time of OPC cement should be 600 minutes. Upto 10% SCBA used cement give initial setting
time close to minimum value given by IS. For final setting time all the values are within the limit of
IS.

Cement Replacement by SCBA
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Target strength or grade strength of cylinder at 28 days = 16 MPa

Table 3 Slump value, compressive strength, and percentage strength gain of target strength by
concrete where cement replaced by SCBA upto 25% at 7, 28 and 90 days.

Cement Slump | Compressive | Compressive Compressive| Strength at 7 | Strength at 28 | Strength at 90
replacement P P P strength at |days compared|days compared|days compared
. value | strength at |strength at 28
by weight (mm) | 7days (MPa) | days (MPa) 90 days to target to target to target
(%) 4 Y (MPa) strength (%) | strength (%) | strength (%)

0 10 14.14 21.25 23.80 88.38 132.81 148.75

5 13 13.12 19.51 23.18 82.00 121.94 144.88

10 24 11.11 15.71 19.54 69.44 98.19 122.13

15 38 9.82 13.22 18.09 61.38 82.63 113.06

20 6 9.30 11.18 16.01 58.13 69.88 100.06

25 8 7.77 10.19 13.86 48.56 63.69 86.63
40.00

30.00

20.00 +

Compressive strength (MPa)

& 7 days
W28 days
90 days
10.00 \p\\‘
0.00 -
0] 5 10 15 20 25 30

Cement replacement (%)

Figure 1 Compressive strength (MPa) vs Cement replacement in percentage

In normal condition where cement was not replaced with SCBA has an average compressive strength
= 21.25 MPa at 28 days, which is greater than concrete grade strength = 16 MPa. Slump value
increased gradually upto 15% when cement was partially replaced by SCBA. Upto 10% cement
replaced with SCBA concrete gain over 69% of target strength at 7 days which is greater than desire
strength of 65%. At 5% cement replaced with SCBA concrete gain 121.92% of target strength and at
10% cement replaced with SCBA gain over 98% of target strength at 28 days. Also upto 20% cement
replaced with SCBA, concrete gain compressive strength more than 100% of target strength at 90
days.

Sand Replacement by SCBA
Target strength or grade strength of cylinder at 28 days = 16 MPa

Table 4 Slump value, compressive strength, and percentage strength gain of target strength by
concrete where sand replaced by SCBA upto 60% at 7, 28 and 120 days.
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Sand . |Compressive|Compressive| Strength at 7 | Strength at 28 | Strength at 120
Slump |Compressive
replacement strength at | strength at | days compared |days compared| days compared
value | strength at
by volume (mm) |7days (MPa) 28 days 120 days to target to target to target

(%) 4 (MPa) (MPa) strength (%) | strength (%) | strength (%)
0 27 14.01 21.24 29.20 87.56 132.75 182.50
10 24 14.20 23.03 30.55 88.75 143.94 190.94
20 19 12.49 19.23 22.38 78.06 120.19 139.88
30 12 11.06 18.21 21.88 69.13 113.81 136.75
45 10 6.60 9.63 10.50 41.25 60.19 65.63
60 12 5.91 7.63 10.09 36.94 47.69 63.06
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&
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Figure 2 Compressive strength (MPa) vs Sand replacement in percentage

In normal condition where sand was not replaced with SCBA has an average compressive strength =
21.24 MPa at 28 days, which is greater than concrete grade strength = 16 MPa. By replacing sand
with SCBA upto 45% volume wise, the workability of concrete decreased gradually with the
increased of SCBA in the concrete. Upto 30% sand replaced with SCBA concrete gain over 69% of
target strength at 7 days which is greater than desire strength of 65%. Upto 30% sand replaced with
SCBA volume wise, concrete gain compressive strength over 113% of target strength at 28 days and
at this point concrete also gain compressive strength over 136% of target strength at 120 days.

CONCLUSIONS

SCBA was chemically and physically characterized and then it was used as partial replacement of
cement upto 25% to determine the effect on setting time of the binding material. After that SCBA was
used in conventional concrete which was divided into two parts. First, Cement replaced by SCBA upto
25%. Second, Sand replaced by SCBA upto 60%. From the experimental investigation and discussion
of results, the following conclusions are drawn-

SCBA has a tendency to absorb water from cement paste, because of this tendency the initial
and final setting times of cement decreased when the percentage of SCBA increased in
cement.

When cement partially replaced with SCBA in conventional concrete upto 25% by weight,
workability of the concrete increased gradually from 0% to 15%. But when sand replaced
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with SCBA upto 60% volume wise, the workability of concrete decreased gradually with the
increased of SCBA from 0% to 45% in the concrete.

e Conventional concrete where cement was replaced by SCBA at 10%, concrete gain
compressive strength close to target strength at 28 days.

o When sand was replaced by SCBA at 10% in conventional concrete, concrete gain more
compressive strength than 0% sand replacement with SCBA occurs at 7, 28 and 120 days test
separately. Also at 10% when sand was replaced by SCBA in conventional concrete 28 days
strength gain more than 143% of target strength.

o When cement was replaced by SCBA from 5% to 25% by weight and sand was replaced by
SCBA from 10% to 30% by volume in conventional concrete, long-term strength gain by
concrete for each condition was more than 115% compare to 28 days strength which was
significant.

e From chemical composition test it was observed that SCBA mainly contain siliceous and
some aluminous materials which in the presence of water react with calcium hydroxide
(Portland cement) to form compound possessing cementitious properties. So SCBA can be
used as mineral admixture or filler material in concrete which has some pozzolanic properties.
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ABSTRACT

Worldwide cement industry emits 5% of the total annual CO, emitted by man-made causes. Carbon
emission can be reduced by replacing cement with an alternative material in the preparation of concrete.
‘Carbon sequestration” which is a natural or artificial process by which carbon dioxide is removed from
the atmosphere and held in solid or liquid form. Carbon savings come from carbon sequestered for the
long-term (100's to 1000's years) in biochar. If we are able to confine the carbon in the form of biochar
in concrete, it will remain there for a long time even after the disposal of concrete. This study focused
on determining the optimum amount of Rice husk biochar that can be replaced in cement-concrete
without losing much its strength and durability. The mechanical properties, i.e., compressive strength,
water retention rate & workability were measured using sample mortar mixes that contained rice husk
biochar as a replacement of cement at 0%, 5% & 10% replacement rate. 27 specimens of 2” mortar
cubes were tested for compressive strength after 28 days of water curing, 28 days of air curing & 56
days of water curing. To examine the water retention rate, the weight losses of the specimens were
measured at different intervals up to 49 days. To measure the workability, flow test of mortar mixes was
conducted. It was found that biochar can be used as a replacement of cement up to 5% without
significantly reducing the workability and strength. Another significant observation is that biochar
mixed sample continues to gain strength at a moderate rate even after 28 days of curing, whereas the
increase rate for ordinary concrete mixes is very low after 28 days.

Keywords: Rice husk biochar; carbon sequestration; compressive strength; curing; cement replacement

INTRODUCTION

Cement is a must material for present day’s construction industry. But its production requires a highly
energy-intensive process and this process produces about 5% of man-made carbon dioxide annually
(Choi et al., 2012). On the other hand, a large amount of dry waste is being disposed by burning them
into ash and this process also emits a large amount of carbon dioxide. According to a study, in
Germany, the incineration of 1 Mg of municipal waste in MSW incinerators is associated with the
production/release of about 0.7 to 1.2 Mg of carbon dioxide (Johnke, 2001). One possible solution to
these two problems is —try to turn the dry waste into biochar (not ash) and this biochar will be stored in
the concrete and thus the carbon will be stored in the concrete instead of releasing carbon dioxide in the
atmosphere. This sequestration process using biochar would reduce the release of carbon dioxide back
into the atmosphere, but it is a challenge to consume the high carbon content of biochar in concrete.
Because the carbon itself increases the water demand in the concrete and causes a reduction of
compressive strength with an increase in replacement rate (Choi et al., 2012). But if it is possible to
produce such biochar which has a some kind of cementitious property, then the reduction of
compressive strength may be less. A study suggests that rice husk has the chemical compositions that
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are required for pozzolanic activity (Cordeiro et al., 2009). So, rice husk can be used for producing
biochar and replacing this biochar as a supplementary to cement and observing the negative effects and
finally trying to find the optimum amount of replacement rate is our intention.

METHODOLOGY

Preparation of rice husk biochar

Rise husk biomass was first put in pyrolysis process (using an aluminium pot and cover the pot with a
lid) through stove to convert it into biochar. At the beginning, the white smoke was emitting that is
actually the moisture evaporating from the biomass. Heating has been stopped when the grey smoke
starts to emit because the grey smoke creates when the carbon in the biomass is burnt. Then grind the
biochar into fine particle when it has been cooled down.

Compressive strength test

This test method conforms to the ASTM standard requirements of specification C109. To make 2" cube
mortar specimens, all the materials needed as per requirement was mixed to prepare a mixture of
cement & sand having ratio of 1: 2.75. It goes on to say that 0%, 5% and 10% biochar is mixed (as the
replacement of cement) separately for different samples. Water/cement ratio of 0.50 is controlled for all
samples. In accordance with given specifications, tamping and water/air curing was done. For this test,
3 cubic specimens have been made for each batch (total 27 Nos.) and their compressive strength is
measured under UTM and finally, the average strength of each batch was taken.

Water retention / weight loss test
To compare the water retention rate, weight loss has been measured by filling cylindrical containers (4"
inside diameter & 5” height) with mortar mixes with 0%, 5% & 10% biochar variation as the
replacement of cement. The mortar was put into the cylinders in three steps with uniform tamping. Once
all the mixes were made, the weights were recorded in the following intervals: O hr, 1 hr, 2 hrs, 3 hrs, 5
hrs, 1 day, 3 days, 7 days, 10 days, 14 days, 20 days, 31 days, 39 days, and 49 days.

Fig. 1: Sample pling, tamping and measuring weight

Flow / workability test

In order to determine the workability of the mortar mix samples, a flow test was conducted by
measuring the percentage of mortar flow in accordance with ASTM C1437. The test utilizes a specially
designed table that repeatedly raises and drops a known quantity of mortar 25 times (Choi et al., 2012).
A higher w/c ratio of 1.5 was used due to the unavailability of the shaking table. For this test a mold of
4 cm height, 6 cm top dia, 7 cm bottom dia was used. All the materials needed as per requirement was
mixed to prepare a mixture of cement & sand having ratio of 1: 2.75. As usual three batches of sample
mixes were prepared with 0%, 5% & 10% biochar variation as replacement of cement. First the mold
was put on a smooth surface, then the mixes were poured into the mold up to top level & then the mold
was taken away to allow the mortar to spread and finally the largest dimension was recorded.

Fig. 2: Mortar paste, Molding & measuring diameter after demolding sample
RESULTS AND DISCUSSIONS

Compressive strength test
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Table 1: Compressive strength data

Sample ID | Crushing Load (Ib) | Avg. Compressive Strength (psi) Note:
N, 5% & 10% = cement
NW28D 2378.92823 606.8694462 .
replacement rate by biochar
5%W28D 2084.74325 538.1371314 (0%, 5% & 10%
10%W28D 1207.87597 311.86896 respectively);
NA28D 1605.11337 427.805605 ] o
5%A28D 1596.70551 412.1593995 * W& A = Curing condition
) (Water curing & Air curing
10%A28D 862.187256 222.5573712 respectively);
NW56D 2354.42405 617.6322592
5%W56D 2199.48573 567.8988127 e 28D & 56D = Curing
10%W56D 1438.86716 377.4556967 period (in days)
. —#— No Biochar
—— 56 Days Water Curing .
—e— 28 Days Water Curing ——5% Biochar
200 28 Days Air Curing 200 —a—10% Biochar
606.87 617.63
4—-——-.
600 | = %?600 / —
2 500 ?;5500 / 533.14 567.90
£ 2 377.46
2 100 , \\ £400
3 . % 31
<) >
2 500 2300
& o
g 2200
E 200 £ /
© ©100
100
0 T T
0 .28
No Biochar 5% Biochar ~ 10% Biochar Water Curing Period (Days)
Fig. 3: Development of compressive strength Fig. 4: Compressive strength development due
200 to water curing for more than 28 days
0-28 Days m 29- 56 Days 25
600 — s
\q-: 4
= 500 — £ 20 # 21.03
= 2
S 400 — S
& ] 215
© 300 — — =
% 200 — — % 10
© [«5)
100 — — 2
2 5 4 553
0 E_ /
No 5% 10% E
Biochar Biochar Biochar (&) 0 1.77
29- 56 Days| 10.76 29.76 65.59 0 g 10
0-28 Days 606.87 538.14 | 311.87 _ N
Fig. 5: Compressive strength development due _ Percentage of Biochar Addition (%)
Fig. 6: Compressive strength increase between

to water curing for more than 28 days

From Fig..ffui

R ARCkAdp that —

— Normal concrete gains 99% of its total strength in 28 days.
— Due to addition of biochar into concrete, it continues to gain strength even after 28 days.
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— For normal concrete the rate of gain of compressive strength is much slower after 28 days. Whereas
for biochar mixed concrete, the rate is much higher.

700 No Biochar m 5% Biochar = 10% Biochar g 60 == 5% Biochar
o .
600 — € __ 50 ——10% Biochar
2 500 — c o 48.61
= o5 40
§ 400 —— s E - 38.89
& ® 3
‘% 300 — —— — ﬁ = 30
£ 2 .x
5 200 —  — — 2E 20
E s 11.33
100 —— — — T8 10  -—
o £33 —* 8.05
28 days 56 days qc_, 0
water curing water curing =
No Biochar 606.87 617.63 » 28 days water 56 days water
5% Bic_\char 538.14 567.90 Curing Curing
10% Biochar 31187 377.46 Fig. 8: Strength difference of biochar mixed
Fig. 7: Effect of biochar addition on strength sample w.r.t. normal mix with varying
depending on water curing period water curing period

From Fig. 7-8, it can be concluded that —
— According to the test result, compressive strength is reduced with the addition of biochar. The more
the biochar is added, the more the strength is reduced.

— But if the biochar mixed sample is water cured for a long period, its strength might be equal to
conventional mixed sample at a point.

700 = 28 Days Water Curing 35
500 m 28 Days Air Curing GEJ QQ, 20 29 51 2864
F >
c /
- 5 g5 2 ~—
g 400 13 3 20 23.41
o 8 3
& 300 e 2
£ 2T 15
g 200 E
g S g 10
Q =
8 100 =3 g
SO 9
0 5 g
No 5% 10% h T
Biochar Biochar Biochar 0
28 Days Water 0 5 10
Curing o687 | s%814 | 81187 Percentage of Biochar Addition (%)
28 Days Air Curing| 427.81 412.16 222.56 Fig. 10: Strength difference of air cured
Fig. 9: Effect of biochar addition on strength sample w.r.t. water cured with
depending on Curing condition Varying biochar addition

From Fig. 9-10, it can be concluded that —

— In normal practice, most of the time it is unable to continue the water curing regularly. Between
these gaps, the concrete is mainly cured by air. That’s why the strength gained is lower than the
desired strength.

— But if the biochar mixed sample is used in normal practice, the strength will not be such lowered

than that for normal concrete due to irregular water curing.
Water retention / weight loss test

Table 2: Percentage of weight loss with respect to initial weight
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Time Weight (g) Weight Loss (g) Percent of Weight Loss (%)
(hr) No 5% 10% No 5% 10% No 5% 10%
Biochar | Biochar | Biochar | Biochar | Biochar | Biochar | Biochar | Biochar | Biochar
0 2258 2369 2536 0 0 0 0.000 0.000 0.000
1 2255 2366 2534 3 3 2 0.133 0.127 0.079
2 2253 2364 2532 5 5 4 0.221 0.211 0.158
3 2253 2363 2531 5 6 5 0.221 0.253 0.197
5 2251 2362 2530 7 7 6 0.310 0.295 0.237
24 2238 2349 2516 20 20 20 0.886 0.844 0.789
72 2220 2331 2496 38 38 40 1.683 1.604 1.577
168 2203 2312 2481 55 57 55 2.436 2.406 2.169
240 2194 2303 2476 64 66 60 2.834 2.786 2.366
336 2191 2302 2472 67 67 64 2.967 2.828 2.524
480 2185 2296 2469 73 73 67 3.233 3.081 2.642
744 2181 2291 2463 77 78 73 3.410 3.293 2.879
936 2174 2285 2459 84 84 77 3.720 3.546 3.036
1176 2171 2282 2457 87 87 79 3.853 3.672 3.115
4.0 —No Biochar 5% Biochar ——10% Biochar
E e
(@]
o .30 /g[,
=g  —
G« 2.0
= 8
8~ 10
(5]
[a
0.0
0 200 400 600 800 1000 1200
) Elapsed Time (hr) o
Fig. 11: Percentage of weight loss with time
Workability / flow test
Table 3: Determination of flow rate
Biochar Initial Average Diameter After Flow Difference in Flow Rate
Addition Diameter (inch) (inch) Diameter (inch) (%)

0% 6.9 4.34 169.53

5% (2.55+2.57)/12 = 2.56 6.7 4.14 161.72

10% 6.5 3.94 153.91

8 Initial Diameter = Diameter Expanded

7 172
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5 > 160

2 2 158 AN
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0 No Biochar 5% Biochar 10% Biochar 152 ]
Diameter 4.34 414 3.94 0 5 10
ET:;?;(M Percentage of Biochar Addition (%)
Diameter 2.56 2.56 2.56

Fig. 12: Variation of workability due to biochar addition

biochar addition

Fig. 13: Variation of flow rate due to

Tabled: ReduPsimmary
|

Findings
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Compressive Strength Test:

1. Carbon emission from cement industry can be reduced by reducing the use of cement. Biochar can be used
as a replacement of cement in concrete upto 5% without significantly reducing the concrete strength. Thus
the concrete can be a source for carbon sequestration.

2. The more the biochar-mixed concrete is water cured, the more the possibility that it gains the strength equal
to normal concrete.

3. For biochar replaced mixes, it is found that concrete continues to gain strength at a moderate rate even after
28 days curing, whereas the increase rate for normal mixes is very low after that period. The reason is —
biochar has a high water holding capacity and it holds the water that is added during casting.

4. If it is not possible to perform continuous water curing, the strength will not be such lowered for
biochar-mixed concrete than that for normal concrete.

Weight Loss Test:

1. The weight loss over time due to moisture evaporation is less for the mortar mixes that include biochar than
that for the conventional mix. It might be happened because biochar holds the water in it, that’s why less
moisture evaporates and thus the biochar mixed samples loose less weight than normal concrete.

Flow Test:

1. A negative effect of biochar addition is that — the more the replacement rate is, the less the workability of
the mixture is.

2. For 5% biochar replacement, this problem is not that much effective.

CONCLUSIONS

Hazardous greenhouse gas emission from cement industry which is responsible for global warming can
be reduced by using biochar as a partial replacement of cement in concrete upto 5 percent without
significantly reducing its strength and in this process carbon will also be stored in concrete for a long
term in the form of biochar instead of releasing into atmosphere as a gas. Alongside biochar can also be
used as a self-curing agent in concrete due to its high water holding capacity. As a result, for
conventional mixes of concrete, the increase rate of strength is significantly reduced after 28 days. But
for biochar mixed mixtures, even after 28 days the increase rate is much better. Finally, a negative side
of biochar addition is that — the more the biochar is used as a replacement of cement, the more the
workability of the mix is reduced.
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ABSTRACT

This study aims at investigating the effect of substrate moisture content on the interfacial bond between
substrate and overlay concrete. Several parameters were studied in this study such as: type of overlay
concrete, moisture content and specimen shapes. A total 24 slant shear specimens made with brick and
stone aggregate concrete (12 half prismatic + 12 half cubic) were tested. The substrate concrete surface
was chipped with conventional metallic chisel and then the overlay concrete was bonded on it. In order
to investigate the effect of moisture content, the substrate specimens were pre-wetted in potable water
for 0, 8, 12, 24, 36 and72 hours before adding overly concrete. Afterwards, the slant shear test was
conducted using the universal testing machine. Experimental results reveal that bond strength increases
with moisture content up to 24 hours pre-wetted condition, when specimens were submersed
more/lower than 24 hours, bond strength found decreasing. The maximum bond strength was obtained
8.72 MPa and 7.11 Mpa with prismatic (P) specimens whereas 8.41 Mpa and 11.74 Mpa with cubic (C)
specimens for Brick to Brick (BB) and Brick to Stone (BS) specimens, respectively. The maximum
bond strength was observed at 24 H pre-wetting SSD condition for both prismatic and cubic specimens.

Keywords: Substrate, overlay, interfacial bond strength, pre-wetting.

INTRODUCTION

Strengthening of existing structures is very common all over the world due to its financial viability and
environmental friendliness as compared to reconstruction. In Bangladesh, a large scale strengthening
have been being executed after the disastrous collapse of Rana Plaza at Savar, Dhaka especially, in the
Ready-Made Garments (RMG) factory Buildings with a view to avoid manmade disaster.
Strengthening are usually required to address a number of conditions of the existing structures;
restorations, vertical extensions and horizontal expansion beyond the design limit, change of function
of structures, change of load(s), inferior quality construction, improper structural design, deterioration
of concrete due to aggressive environment or age and so on. There are several techniques of
strengthening for instance, RC jacket, steel jacket, Fibre Reinforced Polymer (FRP) jacket, externally
bonded reinforcement. Among different techniques of strengthening, RC jacket is very commonly used
in Bangladesh accounting for the technical skill of the construction workers and cost of strengthening.
In RC jacketing are accompanied by adding new concrete layer termed as overlay next to old concrete
layer termed as substrate represents a common strengthening practice in all over the world. In most of
the cases of RC strengthening, substrate concrete made from brick and/or stone aggregate are
strengthened by stone aggregate concrete which reveals that composite member are made with non-
homogenous or homogenous properties. The RC jacketing consists of wrapping overlay concrete with
required reinforcements next to substrate concrete introducing different surface preparation techniques.
The load transfer mechanism of substrate concrete (brick or stone) to overlay concrete (stone or brick)
is different due to having different mechanical properties of brick and stone aggregates. The mechanical
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properties; surface texture, moisture absorption capacity, unit weights, modulus of elasticity and
mechanical interlocking capabilities of brick aggregate and stone aggregate are different. The bond
developed at the interface of substrate to overlay concrete is largely influenced by several parameters:
surface roughness, use of adhesives, moisture of the substrate surface, presence of micro-cracks,
numbers of shear connector, and compressive strength of concrete (Julio et al., 2004; Beushausen,
2010; Talbot et al., 1994; Saucier et al., 1991; Silfwerbrand, 1990).

However, disagreement among the researchers have been observed on substrate pre-wetting before
applying overlay concrete and the optimum moisture content to ensure proper bonding between
substrate and overlay concrete interface. Even in codes of practice recommendations regarding
substrate pre-wetting are shown contradictory. These controversial opinions are based on dry substrate
concrete and wet substrate concrete resulting the formation of a harsh mix concrete and dilute overlay
mix concrete respectively that affect the bond strength as stated by Beashausen & Alexander (2009).
Talbot et al. (1994) stated that pre-wetting the substrate concrete (i.e., saturated surface dry surface)
before applying overlay is the most appropriate solutions. Saucier and Pigeon (1991) refer to the
AASHTO-AGC-ARTBA joint committee that recommends a dry substrate concrete except in dry and
hot summer days, and the Canadian standard association A23.1 recommends that wetting the substrate
surface for at least 24 h before applying overlay concrete.

In the contrast, Silfwerbrand (2003) and Zhu (1992) have reported that the moisture content does not
play a major role in affecting bond strength of the repaired concrete specimen as long as there is no free
water on the substrate surface. In connection to, Cleland and Long (1997) conducted an experimental
study on four moisture condition of substrate concrete and found lower bond strength for oven dry and
saturated substrate wet condition while a similar bond strength for laboratory dry and saturated
substrate wet condition. In addition, Emmons (1994) mentioned that moisture level of the substrate
surface may be critical in achieving bond and an excessively dry substrate may absorb too much water
from the overlay while excessive moisture in the substrate may clog the pores and prevent absorption of
the overlay concrete. In addition to, Silfwerbrand & Beushausen (2006) established a graph which
represented the effect of moisture improving interfacial bond.

< 100

—

Bond strength (%

T T T
Verydry  Prewetted + Wet Free water
superficially dry

Fig.1: Effect of moisture condition on interfacial bond strength

Finally, conclusion can be drawn based on study conducted by Chorinsky (1996). He specified that
excessively dry or excessively wet of substrate concrete dependably results in feeble of the interfacial
bond. With this background, the present study aims to achieve the objectives;

1) To conduct literature review and

2) To investigate the effect of substrate moisture on the interfacial bond strength;

Methodology

In this study, a total number of 24 slant specimens were made where, 12 numbers prismatic specimens
and 12 numbers cubic specimens. Adopted Prismatic and cubic specimens’ dimensions were
200mmx200mmx450mm and 150mm x150mm x150 mm, respectively. In the first phase of
constructing substrate specimens, first had the 12 nos. half prismatic and 12 nos. half cubic specimens
with 30-degree inclination of having mixing ratio; cement: sand: brick aggregate are 1:15:3 and water:
cement ratio is 0.45, specimens were cured for 30 days. After cured aforesaid days, these specimens
were kept open to the air for 120days and substrate concrete have been made roughen by conventional
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metallic chisel. On the second phase of adding overlay concrete, overlay concrete having mixing ratio;
cement: sand: stone aggregate is 1:1.25:2.5 and water: cement ratio is 0.40 were added next to substrate
concrete. Prior to adding overlays, substrate specimens have been pre-wetted to vary the moisture
condition of the substrate. These substrate specimens were submersed before adding overly for OH, 8H,
12H, 24H, 36H and 72Hours, respectively. Adding overlay concrete, again these specimens were kept
for curing for 30 days. Finally, these specimens were sent to laboratories for the evaluation of interfacial
bond strength by Slant shear test as per ASTM C882 (1999). The water absorption capacity of brick and
stone aggregates, compressive strength of both concretes and interfacial bond strength obtained for all
situations are shown in Table 1, Table 2 and Table 3, respectively.

Fig.2: Monolithic failure (P); F ig.3: Substrate failure (P); Fig.4: Shear failure (P); Fig.5: monolithic
failure (C);
Table -1: Water absorption capacity of brick aggregate and stone aggregate.

Type Mass (SSD), gm. Mass (oven dry at 105°C), gm. | Water absorption capacity %
Brick aggregate 3036 2796 9.00
Stone aggregate 3900 3732 5.00

RESULTS AND DISCUSSIONS

Table 2 represents the average values obtained with tests performed on standard specimens to evaluate
the compressive strength of the substrate concrete and overlay concrete. In table 3, the interfacial bond
strength in shear determined with the Slant shear test for prismatic and cubic specimens are given for
different moisture conditions. The interfacial bond strength, illustrated in fig 6-11, shows that bond
strength increases with the pre-wetted hours up to 24H, and when the specimens are pre-wetted more
than 24H, interfacial bond strength is decreased. It is to be mentioned that the failure mode, observed in
all specimens, tested for both prismatic and cubic specimens were found ambiguous with the relevant
results. The maximum bond strength was obtained 8.72MPa and 7.11Mpa with prismatic specimens
whereas 8.41Mpa and 11.74Mpa with cubic specimens for Brick to Brick (BB) and Brick to Stone (BS)
specimens, respectively. In case of Prismatic specimens, illustrated in Fig 7 and Fig 9, bond strength
were found increasing of 32%, 142%, 187%, 152%, 96% for BB and 62%, 85%, 99%, 91%, 75% BS
specimens compared to OH pre-wetting condition to each situations, respectively. And in case of cubic
specimens, illustrated in Fig. 6 and Fig 8, bond strength were found increasing of 23%, 47%, 74%, 68%,
55% for BB and 19%, 38%, 57%, 51%, 15% for BS specimens compared to OH pre-wetting condition
to each situations, respectively. The maximum bond strength, in both cases, was observed for the 24H
substrate pre-wetted SSD (saturated surface dry) condition.

Table -2: Strength of substrate and overlay concrete.

Type Cylinder size Avg. compressive strength, Mpa Loading rate
Substrate Overlay

BB(P) 22 26.6 JKNIS

BS(P) 100mmx200mm 22 362

BS(C) 22 37.3

SS(C) 37 40
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Table -3: Interfacial bond strength (Slant shear test results).

Parameters Prismatic specimens Cubic Specimens
. Bond .
SL Pre-wetted | Type of Failure Failure Bond Type of
. Load, Name Load, strength -
no. Hours, H | specimen strength Failure
KN KN Mpa
Mpa
BB (Brick to brick bond) BS (Brick to stone bond)
1 BB-0H 156 3.04 BS-0H 248 4.83 Shear failure
2 BB-8H 206 4.01 BS-8H 305 5.94 Bond failure
substrate
3 12 BB-12H | 378 7.36 BS-12H 364 7.09 failure
Monolithic
4 24 BB-24H | 448 g2 | BS2H 1432 g4 failure
Monolithic
S 36 BB-36H | 393 765 | BB36H 1416 g4, failure
6 72 BB-72H | 306 5.96 BS-72H 384 7.48 Bond failure
BS (Brick to stone bond) SS (Stone to stone bond)
7 0 BS -0H 184 3.58 SS-0H 384 7.48 Shear failure
8 457 substrate
8 BS-8H 298 5.80 SS-8H 8.90 failure
9 substrate
12 BS-12H 340 6.62 SS-12H 529 10.30 failure
10 Monolithic
24 BS-24H 365 7.11 SS-24H 603 11.74 failure
11 Monolithic
36 BS-36H 352 6.85 SS-36H 580 11.29 failure
12 72 BS-72H 321 6.25 SS-72H 455 8.86 Bond failure
14.00 10.00 9.00 ‘ h
g 12.00 24 g 00 4,8.72 g 8:00 24,886,810
4 36, -3 e < g A== 72,7.48
8 8,8.90 5 a6 5 coo f e~ § 60 —Bso
g 800 S ANNEE 12,336 # 500 Yo
g 6.00 é 00 }014_ 5 E 4.00
ZE 4.00 :E 3.00 0,304 ZE 3.00
E 2.00 E 20 E .
1.00 1.00
0.00 0.00 0.00
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Pre-wetted hours,H Pre-wetted hours,H Pre-wetted hours,H

Fig. 6: SS Bond strength (C); Fig.

7-BB Bond strength (P);

Fig. 8-BS Bond strength(C)
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Fig.9: BS Bond strength (P);

Fig.10-11. Comparisons of bond strength for all situations;
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It is noted that maximum bond strength was observed for 24 H pre-wetted SSD condition in all
situations considered in the study. In case of substrate pre-wetting more than 24H and lower than 24H,
lower bond strength were observed as free surface water has been tended to dilute the overlay mix
resulting in the increase of the water binder mix ratio and a dry substrate concrete absorbed the water
from the overlay material resulting in the formation of a harsh mix concrete which cannot provide a
proper interlocking mechanism.

CONCLUSIONS

The main conclusions drawn from this experimental study are that moisture of the substrate concrete
greatly influences the interfacial bond strength. The maximum bond strength, in all cases, was observed
at 24H pre-wetting SSD condition. With this adequate pre-wetting hour, the maximum bond strength
were observed increasing of 187%, 99% for BB (P) and BS (P) and 74%, 57% for SS (C) and BS (C)
specimens compared to OH pre-wetting condition, respectively. In case of BB and SS specimens,
superior bond strength were found compared to BS specimens due to having the same surface texture,
moisture absorption capacity and monolithic behaviour of two layer concrete. Finally, lower bond
strength was observed for poorly pre-wetting (lower than 24 H) and over pre-wetting condition (more
than 24 H) as a dry substrate concrete absorbed the water from the overlay material resulting harsh mix
concrete and free surface water tended to dilute the overlay mix resulting increase the water binder mix
ratio.
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ABSTRACT

This study is to investigate the possibility of using plastic bottles in masonry wall. Plastic bottle is
considered as useless items but it has sustainability characteristic that can be helpful for masonry
building construction instead of some conventional material such as brick. Disposal of plastic bottle has
become an issue of major concern in modern days. A suitable approach for this situation is using some
part of plastic bottle waste as required materials for building construction. Therefore, in this study
compressive strength, temperature susceptibility test on masonry wall are made with plastic bottles and
are experimentally investigated. Also cost analysis and weight comparison between brick masonry and
bottle brick masonry block are investigated. A total of 24 specimens are prepared with various
combinations of plastic bottles and then tested in accordance with ASTM recommendations. This study
utilized 500ml MUM plastic bottle, those are placed inside the masonry block specimens and then
analyze the resultant weight and compressive strength. Different temperatures (300C and 400C) are
applied to investigate the compressive strength due to the effect of temperature on the specimens. The
test results revealed that compressive strength of the bottle brick masonry is come to close to the
standard brick masonry and the compressive strength decreases with the increase of temperature on the
specimen. The use of waste plastic bottle in masonry wall is cost effective. Moreover, it also reduces the
weight of the masonry wall and it may provide an easy outlet of the efficient disposal of this
environmental hazard.

Keywords: Plastic bottles; masonry wall; building construction; compressive strength; temperature
susceptibility; environmental hazard.

INTRODUCTION

At the present time, urbanization is very rapid with the population growth in Bangladesh. It offers
modernization for human life but changes the environmental aspects. Today, cost effective materials is
very essential for construction industry to increasing the strength of concrete structures. The need to the
building has increased and to respond this demand, the country tends to use the industrial building
materials. But these building materials in spite of increasing the energy consumption in the industry
section, they can also increase the cost of homes and are considered as the barrier for users to obtain the
basic needs of the human life. So, now it is time to use of indigenous, locally available and cost effective
waste materials which can be recycled or reused for the purpose of building construction.

Plastics are non-biodegradable substance in nature and takes more than 300 years to degrade if left
unhandled without proper disposal (Pappu et al. 2007). Every second 22,000+ empty bottles are
discarded in this world (Bezeau, 2016). Among different waste materials, plastic waste justifies special
attention on account non-biodegradable property which is creating a lot of problems in the environment.
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Fig.1 Clogging of drainage system Fig.2 Disposal of plastic bottles
Now-a-days, plastic bottle is common in packing some liquid foods such as mineral drinking water,
juice, milk, medicine etc. After use, only a few amounts of bottles are disposed to the trash bin which
then gets collected by municipality and transported for recycle or final disposal. But most of the plastic
bottles are disposed here and there which cause considerable damage to the environment such as
clogging of drainage system, soil pollution etc. Figure 1 shows the clogging of drainage system by
waste plastic bottles and Fig. 2 shows waste plastic bottles around the dustbin that are responsible for
soil pollution because of its non-biodegradable nature.

In many parts of the world, a considerable amount of research is carried out in the field of masonry
work, but only a few publications in this field are available. Safinia and Alkalbani (2016) examined the
possibility of using plastic bottles in concrete block. They utilized 500-ml plastic bottles that were
placed inside the concrete masonry units and checked the compressive strength. The testing results were
supposed to reasonable as a control of compressive strength for the concrete blocks. Mojtaba et al.
(2013) studied the purpose of using plastic bottle as a sustainable material in the building construction.
It has been confirmed that the plastic bottles can be used in some parts of building construction. Reusing
the plastic bottles as the building materials can have significant effects on saving the building embodied
energy by using them instead of bricks in walls. Also it is reducing the CO; emission in manufacturing
the cement by reducing the percentage of cement used in construction. Ramadevi and Manju (2012)
investigated the mechanical behaviour of concrete with using plastic bottle fibers as fine aggregates.
The concrete with mortar of plastic bottle fibers as fine aggregates reduced the weight of concrete. It
was observed that the compressive strength increased up to 2% replacement of the fine aggregate with
plastic bottle fibers and it gradually decreased for 4% and 6% replacements. Raghatate (2012) studied
the properties of concrete containing different percentages of plastic were tested for compressive
strength. The testing results shows that an appreciable improvement in tensile strength of concrete can
be achieved by introducing cut pieces of plastic bags. Compressive strength of concrete is exaggerated
by addition of plastic pieces and it is decreasing as the percentage of plastic increases. In addition about
1% of plastic used in concrete causes about 20% reduction of compressive strength after 28 days curing.
Therefore, it is conclude that the use of cut pieces of plastic can be feasible to increase the tensile
strength of concrete. Khilesh (2014) studied the compressive strength behaviour of concrete by using
steel fiber with waste plastics. The use of plastics in concrete lowered the compressive strength of
resultant concrete. Rahman (2016) studied the use of waste plastic bottle in mortar block for bank
protection work. The compressive strength of mortar block filled with waste bottle decrease with the
increase of bottle content. From the above study it is observed that in most cases people are less
concentrated on using plastic bottle as replacement of brick on masonry wall. Therefore, in this study
waste plastic bottle is used to observe the compressive strength of masonry wall and the temperature
susceptibility of plastic bottles on masonry block are investigated thoroughly. Also cost analysis and
weight comparison between brick masonry and bottle brick masonry block are investigated.
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METHODOLOGY

Fig.3. Standard brick (9.5"x4.5"x2.75"). Fig.4. 500m! MUM PET bottle.

In this study, PET plastic bottles (MUM 500ml mineral drinking water PET bottle) are used as the
substitute of bricks for the making of masonry wall. MUM mineral drinking water is the most popular
and available mineral drinking water in our country. According to Partex Beverage Limited (PBL),
yearly production of MUM 500ml bottle in our country is 31,04,64,000. The dimension of MUM 500ml
bottle is nearly equal to the dimension of a standard brick. The dimension of the standard brick is
9.5"x4.5"x2.75" shown in Fig.3. The diameter and height of a MUM 500ml bottle is 2.75" and 7.3"
respectively shown in Fig.4. Moreover, its uneven surface helps to create bond with the mortar.

Specimen Preparation

For compressive strength test, temperature susceptibility test and weight comparison, total 24
specimens were prepared using different dimensional cubical steel mould. The MUM 500ml bottles
were bind using G.I. wire and nylon rope and placed into steel mould. The mortar mixing was prepared
by taking cement-sand ratio of 1:3 and water cement ratio is 0.50. The specimens were systematically
placed in curing tanks after 24 hours for 28 days. After that the weight of the specimens were taken. The
masonry specimens were tested in the universal testing machine according to ASTM C1314-11. Some
pictures are shown in Fig. 5, which represents the different size, alignment and connection type of block
specimens. From which Al and A2 consists of 4 bottles that are vertically alignment and connected
with G.1. wire and nylon rope respectively. A3 consists of 6 bottles that is horizontally alignment and
connected with G.1. wire. Type B1 and B4 specimens consist of 12 bottles that are vertically alignment
and connected with G.I. wire. But the filling sand used in B1 type is wet and in type B4 is dry. Also in
B2 type specimen bottles are connected with nylon rope and B3 type specimen bottles are horizontally

b) A3-10"x10"
(

(d) B3-18"x10" (e) C1, C2-8"x8" | () S-18"x10"
Fig.5. (a), (b), (c), (d), (e), (f) shows different type of block specimens.
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alignment and connected with G.l. wire. Type C1 and C2 specimens are horizontally aligned and
connected with G.I. wire and type S is standard specimen made with standard brick.

RESULTS AND DISCUSSIONS

Compressive strength test

The graphical representation of average compressive strength of type Al, A2 & A3 specimens
(10"x10") are shown in Fig. 6. This figure shows that type Al specimen has obtained comparatively
larger compressive strength than type A2 and A3 specimens because of vertical bottles alignment
connected with G.l. wire. Compressive strength of G.I. wire connected specimen and nylon rope
connected specimen are 697.18 psi and 618.92 psi respectively. Therefore, bonding is increased with
G.l. wire connection. Also the graphical representation of average compressive strength of type B1, B2,
B3 and B4 specimens (18"x10") are shown in Fig. 7. This figure shows that type B1 specimen
(501.78psi) has obtained comparatively larger compressive strength than other types B2, B3 and B4
specimens because of vertical bottle alignment connected by G.I. wire and fill with wet sand.

Average compressive strength of type C1 specimen (8"x8") is 1070.82 psi that is connected with G.1.
wire shown in Fig. 8 and average compressive strength of type S specimen (18"x10") is 544.64 psi
shown in Fig. 9. Different temperatures (300C and 400C) were applied to investigate the compressive
strength due to the effect of temperature on the specimens. Results of compressive strength before and
after applying temperature between type C1 and type C2 (avg.) specimens (8"x8") are shown in Fig. 10.
This figure shows that compressive strength decreases with the increase of temperature. It was occurred
because of the fact that melting point of PET plastic is about 255C to 265C (Raut et al., 2015).
Polyethylene terephthalate is a semi crystalline polymer resin of the polyester in which polymer chains
are parallel and closely packed. When heat was applied into the specimens above the melting point, the
polymer chains became flexible and plastic bottles inside the specimens could not withstand its original
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properties which caused decrease of compressive strength of the specimen. So, it can be conclude that
temperature is an important factor on which the compressive strength depends. The graphical
representation of compressive strength of type B1, B2, B3, B4 and S specimens (18"x10") are shown in
Fig. 11. This figure shows that the compressive strength of bottle brick specimen is nearly equal to the
standard brick specimen. But between type B1 and B4 the compressive strength is high in B1 which is
filled with wet sand than type B4 which is filled with dry sand. Also it is seen that the compressive
strength of bottle brick specimen is increasing with the decrease of the size of specimen shown in Fig.
12, as plastic bottles are closely and properly oriented in small block specimens. Therefore, use of each
small block specimen as masonry unit is more effective.

Weight comparison

The weight of the same size specimens of B1, B2, B3, B4 and S types were calculated to compare the
weight among these specimens shown in Fig. 13. The weight of the standard brick specimen is 70.5 kg,
however the weight of the bottle brick specimen is less than the brick specimen. Therefore, use of
bottole brick will be suitable to build a lite weight structure.
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Fig.13. Comparison of weight of B1, B2, B3,  Fig.14. Comparison of cost between bottle brick block
B4 and S specimens. and brick block specimens.
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Cost analysis

Cost is calculated of a single bottle brick block and a single brick block and compared with them shown
in Fig.14. The cost for making each bottle brick specimen is 118.94 taka and the cost for making each
brick block specimen is 150.05 taka. So, the cost for making each bottle brick specimen is 20.73% less
than for making brick block specimen. Therefore, the use of bottle brick in masonry wall can be
substitute of brick and it is economical.

CONCLUSIONS

This paper attempts to highlight the potential of waste plastic bottle used as an alternative material in
construction and its low cost specialty. Experimental investigations were carried out to observe the
compressive strength behaviour of the bottle brick masonry with variation of number of bottle use, their
alignment and connection type. On the basis of results and subsequent discussion, it is conclude that the
compressive strength of bottle brick masonry block is decrease with increase the temperature. Also the
compressive strength of bottle masonry wall is nearly equal to the brick masonry wall, bottle brick can
be used for building construction purposes mainly as partition wall. So, using the concept of bottle brick
is cost effective, light weight than brick, energy efficient and available as compared to other
conventional building materials. Therefore, it is consider as one of the low cost potential green project
and has immovable attention of the architecture and construction firms.
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ABSTRACT

Ferrocement jacketing is used to rehabilitate the deficient RC column in order to increase its strength.
This is comparatively easier to implement than other available methods of jacketing. In this study, the
conventional ferrocement jacketing method is improved using both wire mesh and steel angle plates at
four corners of the RC column. Total four RC columns were prepared, among which one was kept as
reference column & rest three were jacketed. Each column was tested under concentric axial load. The
results of the study have indicated a significant improvement in axial capacity and failure behavior of
RC columns with the implementation of improved techniques of ferrocement jacketing. Conventional
ferrocement jacketed column (using single wire mesh layer) showed 11% increase with respect to the
reference column. Additionally, it has been found that ferrocement jacketed columns with additional
mesh layers at corners showed 70% improvement in capacity with respect to reference RC column. On
the other hand, provision of steel angles at corners of ferrocement jacketed column has resulted in 98%
enhancement in capacity with respect to reference RC column. The ferrocement confined RC columns
have shown improved ductility at failure as compared to the unconfined RC column.

Keywords: Ferrocement, Jacketing, Confinement, RC Column, Strengthening.

INTRODUCTION

A. Background:

Columns are the most important elements of the structural system to carry the vertical load as well as to
provide lateral resistance and transfer total loads to the foundation (D. Sen et al. 2016). Reinforced
columns capacity is lessened due to various reasons like overloading, corrosion of steel, earthquake,
higher wind loads, fire, impact loads, etc. Therefore, the strengthening of deficient columns is necessary
to increase the load carrying capacity and prevent spalling which can be achieved by confinement of
column externally (M. Salih & C. Arunkumar, 2016). Columns have to be locally strengthened to
ensure life safety using one of the following approaches, e.g. additional reinforced concrete layer,
ferrocement jacketing, steel jacketing, FRP jacketing etc. (D. Sen & M. Begum, 2016). Ferrocement
jacketing is found to be such an attractive technique due to its properties such as good tensile strength,
lightweight, overall economy, water tightness, easy application and long life of the treatment (Prem Pal.
& Dr. Manik Kumar). Ferro-cement jacketing consists of using different wire mesh layer throughout
the column surface. The gaps between installed ferrocement wire mesh layer and existing concrete
surfaces are filled with mortar to ensure a continuous contact. This type of improved column is known
as a conventional ferrocement jacketed column. Researchers have indicated that this type of column
often used to fail at corner due to having rich mixes of mortar at corner. To overcome this failure pattern
A.B.M.A. Kaish (et al. 2015) proposed different techniques to improve conventional ferrocement
jacketed column. Among which, two improvements are to be brought by using wire mesh layers and
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angle plate at four corners. However, in his study, he only tested improved column using wire mesh
layer at four corners. So, the behavior of column with ferrocement wire mesh layer & angle plate at
corner needs to be investigated.

In this study, the column is improved using angle plates as well as wire mesh layer at four corners of the
columns. These columns have been tested under axial compressive load to evaluate the behavior of
improved ferrocement techniques.

B. Objectives:

The objectives of this study are as follows-

a. To investigate the effect of ferrocement confinement on RC columns under axial compressive loads.
b. To study the effect of corner improvement of ferrocement jacketed RC column by wire mesh & steel
angles.

c. To investigate the failure behavior of RC columns confined with ferrocement.

METHODOLOGY (SECTIONS)
A. Description of test Specimens:
In this study, four RC columns were constructed, among which three columns were jacketed with
ferrocement wire mesh layer and one column was kept as a reference column. All the columns were
tested under axial compressive load. Jacketing of columns consists of adding wire mesh layer, using
angle plate & wire mesh at corner. This type of strengthening improves the axial and shear strength of
columns. The reference column was constructed by brick chips, sand, cement, and steel. The micro
concrete jacket was constructed by sand & cement. The drinkable water was used during the casting
period. Four half scale RC columns measuring 152mm x 152mm in cross sections were constructed.
Each column height was 1524mm. Among them, three columns were jacketed by using wire mesh of
(8.5mm x12.5mm) opening and 20 gages of wire was used. Wire mesh layers were bonded with the
sides of RC column with cement mortar of 19 mm. In order to improve the corner, additional wire mesh
and angle plate were used at corner in two of columns. In order to avoid local failure, the top and bottom
of the column were constructed with high strength concrete and with closely spaced ties. 10mm
diameter longitudinal reinforcement along with 8mm diameter ties at an interval of 150mm had been
embedded in RC core. Details of the column jacketing techniques have been described in Table 1. & 2,
and cross sections are illustrated in figure 1.

Table 1. Model Specimen Configurations Before Jacketing

Cross . )
. . Reinforcement Details
Column Section Height
Designation Dimension | (mm) Longitudinal
A Stirrup
(mm”2) Bar
Ci1A 152 x 152 1524
C2A 152 x 152 1524 #8 mm tie
C3A 152 x 152 1524 4 No. #10 mm bar @ 150
C6B 152 x 152 1524 mm c/c

B. Material Properties:

Standard Portland Composite cement (CEM 1l1A) was used to construct all test columns. Locally
available brick chips of 0.75-inch downgrade and sand were used as coarse aggregate and fine
aggregate respectively. Total two batches of concrete were prepared for the initial casting of the
column. Batches were designated by A & B, and concrete compressive strength obtained was 11.10
MPa & 9.63 MPa after 28 days cylinder test. Properties of steel, angle plate & wire mesh are given in
Table 3 & 4.
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Table 2. Model Specimen Configurations After Jacketing

#8mm tie bar __jlL 8"

0

@152 mm C/C -

C2A

@152 mm C/IC —[T=19

Column Cross Height Jacketing Details
Designation |  Section (mm) Wire Mesh No. of wire mesh layer
Dimension Configuration
(mm?)
Cil1A 152x152 1524 None None
C2A 190x190 1524 (8.5mm x 12.5 mm) Single layer & double layer at corner
C3A 190x190 1524 opening with Single layer
C6B 190x190 1524 0.8mm diameter Single layer with (50mmx50mmx5mm)
wire angle plate at corner.
i) '] 52 ——— r1 =—190—
4# 10mm pamrrary 4# 10mm 7 | __SINGLE LAYER
main bar ~7’ 4 éz main bar I WIRE MESH
#8mm tie bar __ /| <8 | # 8mm tie bar .|
@152mmc/iC — 19 @152 mm C/C —{T—13
Reference Column C3A
DOUBLE LAYER WIRE STEEL ANGLE AT
MESH AT CORNER <" CORNER
°F, sl ’ — SINGLE LAYER
4# 10mm _('_ SINGLE WIRE {190 WIRE MESH
main bar MESH

(i,

ce6B

Fig. 1. Cross sectional details of four columns (dimensions are in mm)

Table 3. Properties of Steel Elements Used in Jacketing

Reinforcement Angle
Properties
10mm ¢ | Smm e | 50mmx50mmx5mm
Yield stress (MPa) 409 576 449
Ultimate stress (MPa) 556 647 624

Table 4. Properties of Ferrocement Wire Mesh

Cross . . .
. . Wire Mesh Yield Ultimate
Gauge Dia sectional mesh opening | strength | strength
(mm) | area type | (mmr2) | (Mpa) | (Mpa)
(MMA2) yp p p
Woven | (8.5x
20 | 0.86 0.581 401 448
square | 12.5)

C. Strengthening of RC Columns:
After 28 days of curing, surfaces of hardened columns, except C1A had been chipped off to get an
uneven surface. Afterward, ferrocement wire meshes were attached in round throughout the column
specimen. Mortar is necessary for perfect bonding between existing RC column and ferrocement wire
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mesh. According to BNBC 2015[5] for brick jointing, the ratio 1:2 (cement: sand) should be used in
mortar. And water-cement ratio should be 0.45. The mix ratio was controlled perfectly. Strengthening

ey - mn CGB ' Iﬁe];errenlce gpr:umnn
Column C2A. Column C6B  after jacketing etore loading |

UTM.

Fig. 2. Different types of ferrocement jacketing techniques applying on RC columns and loading

column during test.

D. Test Set Up:
The specimens were placed in the Universal Testing Machine (UTM) of capacity 2000kN between the
upper cross-head and the fixed crosshead. Loading was done at a rate of 3 mm/min and the
load-displacement data were recorded by data-acquisition software. The specimens were mounted on
the machine and at two ends geotextile were placed on both ends of the specimens to ensure uniform
load distribution on the specimens. The loading condition during the experiment is shown in figure 2.

RESULTS AND DISCUSSIONS

A. Load- Deflection Behavior:

Reference Column is very weak in its capacity. Different kinds of jacketing were performed in order to
increase its capacity using ferrocement wire mesh. It is observed that column with a single wire mesh
jacket has more capacity than the column with no wire mesh layer. However, the column with a single
wire mesh layer without improving corner can be regarded as the conventional ferrocement jacketed
column. In this case, there is a huge probability that the failure will be initiated at the corner. This type
of failure will occur without reaching the column’s ultimate capacity. In order to prevent this failure in
the column, new techniques should be adopted. In this study, jacketing had been done at the corner
using wire mesh layers and also by using angle plates. From these two improved strategies, it has been
seen that the capacity of columns is increased as well as prevented its failure in the corner. The

Load-deflection curves of these columns are shown in figure 3.
700
600
500
o
5 400
=
= 3200
=]
—
200
100
o —-—C:II.A C2A|+C3A —‘O—CGB
o} 2 4 6 8 10 12
4. Deflection (mm)

Fig 3. Load vs Deflection curve of column C1A, C2A, C3A, C6B
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From the above curve, it can be seen that the capacity of core column is 294 KN and column with single
wire mesh layer is 325 KN. The capacity of column with improving corner using double wire mesh is
498 KN and column with improving corner using angle plate is 580 KN. Histogram of ultimate axial
capacities of four columns are shown in figure 4 & their percentage increase are provided in Table 5.

800

m Axial... >80

600 - 498

400

200

C1A C3A C2A C6B
Fig 4. Histogram showing Axial Capacity (KN) of column C1A, C2A, C3A, C6B

Table 5. Ultimate Capacity of Each Column & Percent Increase in Capacity

Types Ultimate Capacity | Percentage Increase Axial Deflection % Increment of

(KN) in Capacity with (mm) Axial Deflection

respect to Core
Column (%)

Control Column / 294 8.6 0
No Wire Mesh
(C1A)

Column with Single 325 11% 6.6 -23
Wire Mesh Layer
(C3A)

Column with Single 498 70% 10.7 25
Wire Mesh Layer &
Double wire mesh
layer at corner
(C2A)

Column with Single 580 98% 9.3 9
Wire Mesh Layer &
Angle Plate at
corner (C6B)

It is also evident that the column with a single wire mesh layer is increased its capacity by 11% with
compare to the reference column. Column with single wire mesh and double wire mesh at corner is
increased its capacity by 70% with compare to reference column. The conventional jacketed
column improved by using steel angle plates at corner is increased its capacity by 98%, which
indicates an increase in the confinement of the column as well as an increase in the strength of the
column. Moreover, column improved by using angle plate at corner is increased its capacity by
26.67% than that compare to column improve using double wire mesh layer at corner. Axial
deflection of each column and their increment with respect to the reference column is provided in Table
5.

It can also be seen that before rupture the column with a single wire mesh layer and having double
wire mesh layers at corner shows more deflection. And the deflection pattern of angle improved
column is much higher. Thus, it can be concluded that both corner improved columns have more
ductility than that of the other two columns.
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B. Failure Mode:

The axial shortening increased in a linear manner till failure would occur in the column. In order to
distribute the load uniformly to the column, jute fiber was used in the top and bottom of every column.
The failure modes that took place are shown in figure 5. It is observed that column C2A & C6B has
prevented its failure at corner, while C1LA & C3A has shown corner failure.

C1A
Fig 5. Failure pattern of columns C1A, C2A, C3A, C6B

CONCLUSIONS

The conclusions of the study can be summarized as,

e The axial capacity and failure behaviour of the reference RC column is observed to be improved
significantly with the application of ferrocement jacketing.

e Columns with improvement in the four corners showed higher (about 50% more) capacity than that
of only conventional single wire mesh layer column without corner improvement. However, corner
improvement columns not only increased column capacity, but it also prevent the brittle failure that
occurred at the corner of conventional ferrocement confined columns.

e Provision of steel angles at the corners resulted in significant improvement in capacity as well as
failure behavior as compared to double layer mesh at corners of conventional ferrocement column.
About 98% increase in capacity was found in comparison to the reference column, almost twice
with the reference column
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ABSTRACT

In recent time sections which are cold-formed are commonly used in a wide range in different roof and
wall system. The sections are found in various shapes such as lipped C and Z plain sections, Supa-Cee
sections etc. Since the sections are cold-formed which means they are formed at room temperature
usually by bending, they are usually thin sections. The paper provides the behaviour of the cold-formed
plain lipped C-sections in shear and combined bending and shear by constructing a finite element (FE)
model of cold-formed plain lipped C-sections using ANSYS. A simply supported beam was
investigated through this numerical analysis. An investigation on the Direct Strength Method (DSM)
which was carried out by this FE model has been provided in this paper. The influence of section depth
in DSM nominal shear capacity is explained by constructing graphs in this numerical study.

Keywords: purlins; finite element model; buckling; ultimate capacity; shear

INTRODUCTION

The DSM was extended to purlin systems for shear and for combined bending and shear by Pham
(2010). The vacuum rig tests on continuous lapped cold-formed purlins at the University of Sydney
over a 10-year period were used to calibrate DSM design proposals for shear and combined bending and
shear (Pham and Hancock 2009). The experimental investigation consisted of three different test series
on high strength cold-formed C-section purlins. The test series were known as predominantly shear .V/,
combined bending and shear .MV/ and bending only .M/ test series. The influence of torsion/distortion
restraint straps screwed on the top flanges adjacent to the loading points were also considered in that
research. In this paper, a numerical non-linear simulation, based on the finite element method (FEM)
using the software package ANSY'S, of high strength plain lipped C-section which could be recognized
as cold-formed steel purlins can be found. The behaviour of this FE model is investigated in shear,
combined bending and shear, and bending only. The evaluation of the performance of this FE model
was carried out by comparing to the previous experimental tests conducted by Pham(2010) as described
earlier. Material and geometric non-linearities were used to to develop this model in ANSYS. A
detailed FE model has been developed to study the structural behaviour of high strength cold-formed
purlins in shear, combined bending and shear, and bending only. In order to obtain realistic models for
the finite element nonlinear analysis, plastic strains are included. The results of this numerical study are
discussed in this paper. The accuracy of the DSM was examined in this study. It is found from this study
that The DSM nominal shear capacity with considering tension field action (TFA) can be used where
the section is developing such behaviour in reality. Thinner and higher depth sections are tend to
develop this behaviour in real case. For this case the formula can be used. The DSM nominal shear
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capacity without considering tension field action (TFA) gives more conservative results in this regard.
For thicker and shorter depth sections the DSM nominal shear capacity with considering tension field
action (TFA) cannot be used since the real capacity is lower here. The details are explained in this paper
by proper graphical representations.

TEST RIG CONFIGURATION AND SPECIMEN BOUNDARY CONDITIONS (PHAM 2010)

V and MV series (Pham 2010)

Fig. 1 shows both the V and MV series test set up by Pham (Pham 2010). The only difference between
the V and MV tests is the ratio of shear span to depth. The shear span here was the distance between the
lines of bolts at the loading and support points. With the V series, the ratio of shear span to depth was
1:1 whereas that of MV series was 2:1.

M series (Pham 2010)

Fig. 2 shows the detailed test configuration of the bending only series used by Pham (Pham 2010). The
four point bending arrangement provided a central region of uniform bending moment and zero shear
force.

B - Loading Ram JIR Loading Ram

Spherical Heud - Spherical Head Elﬂ:
W T o
_ond Transfer A I Beam with Stiffeners
*late p > Dcam with
Smbers 2
- T

| ‘ | Half Rownd  Tuo Channel
NP Section Members

| 200- 1 Series | 200-F Series | | 300 | 1000 | 800 |
T 400-MV Scries ™ g 4D0-ATV Series ™ |

" .
Moment Diagram Moment Diagram

Fig. 1 V and MV Test Set-up and Actual Fig.2  M-Test Set-up and Actual
Experimental Test (Pham 2010) Experimental Test (Pham 2010)

FINITE ELEMENT MODELING OF PLAIN C-SECTION

Element modelling
In ANSYS shell elements are special type of elements that are designed to efficiently model thin
structures. SHELL 181 is used for the model generation.

Material modelling

Cold-formed steel display linear behaviour in the stress versus strain study until the load exceeds the
yield load, after that the material deformation is no longer fully recoverable. The Young’s modulus and
Poisson’s ratio are included in this FE model to incorporate the linear behaviour of the material. In this
FE model material behaviour is described by bilinear kinematic hardening (BKIN command in
ANSYS) to get the full stress versus strain behaviour of this material.

Meshing
Optimum meshing is done to get good results.

Boundary conditions and load application

Here the Z axis direction is defined along the span, the Y axis direction is defined along the depth of this
section, The X axis is defined along the flange of the section. The nodes along depth excluding two lips

603



at support are selected and then translation in X and Y direction and rotation in Y and Z direction are
restrained at these nodes . The origin (0,0,0) is selected at the mid depth of the section starting from one
end and the translation in Z direction of this node is kept restrained . The nodes along depth excluding
two lips at loading points are selected and the translation in X direction and rotation in Y and Z direction
are restrained at these nodes . A displacement in Y direction is applied at these nodes .These boundary
conditions are same for shear series (V-series) ,combined bending and shear series (MV-series) and
only bending moment series(M-series) in this numerical study. The nodes along width of flange
excluding two corners are selected at strap location and then the translation in X direction are restrained
at these nodes. The displacement in Y direction of these nodes at any strap location are kept same by
defining a set of coupled degrees of freedom in ANSYS. But in only bending moment test series the
translation in X direction of nodes at strap location away from support and loading points are not kept
restrained . Fig.3 and 4 shows the boundary conditions.

AT HNUM

(@) With straps

(b) Without straps

Fig. 3 Support conditions and displacement application at nodes for shear test series (V-
series) and combined bending and shear test series (MV-series): (a) With straps, (b) Without straps
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(@) With straps

(b) Without straps

Fig. 4 Boundary conditions and load application at nodes for only bending): (a) With straps, (b)
Without straps

ANALYSIS RESULTS OF PLAIN C- SECTIONS

Figure 5 shows V1 / V, vs. depth for thickness 2.4 mm where V, is the DSM nominal shear capacity
without considering TFA. Figure 6 V1 /V, vs. depth for thickness 2.4 mm where V, is the DSM nominal
shear capacity with considering TFA. Here V1 is the shear at the support which is found from the
analysis.

In fig.5 for only shear test with thickness 2.4 mm and V, without considering tension field action the
ratio V1 / Vy increases with depth which is shown from regression line. In fig.6 for only shear test with
thickness 2.4 mm and V, with considering tension field action the ratio V't / V increases with depth
which is shown from regression line but the slope of regression is not higher than the slope of regression
line for only shear test with thickness 2.4 mm and V, without considering tension field action. This
shows the ultimate capacity is getting higher than the nominal capacity when depth is increasing. With
increasing depth which means with more buckling potential DSM gives reduced capacity than the
ultimate capacity remaining in conservative side and DSM is more conservative where tension field
action is not considered. Where tension field action is developing more, there DSM capacity can be
taken. But in case of with lower buckling potential for sections with lower depths DSM capacity cannot
be used since DSM gives higher capacity than the Ultimate capacity.

In fig.5 for combined shear and bending moment test with thickness 2.4 mm and V, without
considering tension field action the ratio V1 / Vy increases with depth which is shown from regression
line. In fig.6 for combined shear and bending moment test with thickness 2.4 mm and 7, with
considering tension field action the ratio V1 / Vy increases with depth which is shown from regression
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line. In MV tests the span is longer which leads to lower buckling potential. The ultimate capacity is
higher than the nominal capacity when depth is increasing. Since tension field action is not developing
in MV tests V1 / V, is always less than 1 when DSM capacity is used with considering tension field
action. DSM capacity with considering tension field action cannot be used where tension field action is

not developed.
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Fig. 6 Vr/V, vs depth for thickness of 2.4 mm with TFA

CONCLUSIONS

For this investigation, a finite element model of cold-formed plain C- lipped sections has been
developed using ANSY'S with reference to the past experimental program conducted by Pham. The
limitations of DSM was examined in this study. The behaviour of the FE model was studied by
constructing the graphs the ratio V1 / Vy vs. depth where V, is the DSM nominal shear capacity and Vr is
the shear at the support which is found from the analysis. The influence of the depth to develop tension
field action was investigated in this research. The applicability of the DSM is determined by the
structural behaviour of the FE model. The findings of the study is included in this conclusion in
short.When tension field action tends to develop more in the structural behaviour, DSM nominal shear
capacity without considering tension field action remains in more conservative side than DSM nominal
shear capacity with considering tension field action. When tension field action does not tend to develop
in the structural behaviour, DSM nominal shear capacity without considering tension field action and
DSM nominal shear capacity with considering tension field action cannot be used. For thinner and
higher depth sections which tend to develop more tension field action, DSM nominal shear capacity
without considering tension field action remains in more conservative side than DSM nominal shear
capacity with considering tension field action. For thicker and lower depth sections which do not tend to
develop tension field action we have to be careful in using DSM nominal shear capacity without
considering tension field action and DSM nominal shear capacity with considering tension field action.
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ABSTRACT

The seismic performance of primary schools is of high importance because of their exceptional
occupancy and their significant role after any natural disaster. Bangladesh is highly vulnerable to
earthquake because of her proximity to the boundary of tectonic plates and fault lines. Chittagong is a
major leading city and business capital of Bangladesh which is positioned in the south-eastern part of
the country, falls in the moderate seismic zone according to Bangladesh building code (BNBC, 2015
draft) with a seismic zone coefficient of 0.28 g based on 2% probability in 50 years. In this city most of
the government primary schools were built before implementation of seismic code. Therefore, it is
necessary to investigate the seismic performance of existing buildings in government primary schools
in Chittagong City. In the present study, a structural record of existing government primary school
buildings in Chittagong City Corporation area has been developed. The seismic vulnerability of these
buildings has been evaluated by using FEMA 154. The result of the study represents that the total 107
buildings of government primary school in Chittagong City Corporation are safe against probable
earthquakes and 216 buildings are required more specified analysis to evaluate the level of actual risk.

Keywords: Rapid Visual Screening; Primary School Buildings; Vulnerability Assessment; Chittagong
City Corporation.

INTRODUCTION

Bangladesh is a highly populated and developing country in the world. It is a naturally disaster prone
country and most affected region due to global climate change over last decades (Kreft et al., 2014).
Recently, the country affected by numerous disasters such as floods, cyclones, landslides, earthquakes,
droughts and etc. As a result, each year the country faces thousands of casualty and lots of economic
lose. Moreover, the proximity of the country to the edge of two energetic plates, i.e., one of them Indian
plate and another is the Eurasian plate causes more vulnerable to earthquake. Though, there is no
evidence of great earthquake happened in these faults for several years, repeatedly occurring small to
medium earthquakes in this region makes us conscious about happening of serious earthquakes in the
future. In 2009, CDMP has proposed five major fault zone, i.e., Madhupur fault (MF), Dauki fault, Plate
boundary fault (PBF) -1, Plate boundary fault (PBF) -2 and Plate boundary fault (PBF) -3 (Fig. 1).
Chittagong is second major city and business principal consists of 41 administrative wards with
numerous important lifeline structures. This region falls in the moderate seismic zone according to
Bangladesh National Building Code (BNBC, 2015 draft) with a seismic zone coefficient is 0.28g based
on 2% probability in 50 years.
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Chittagong has an extended evidence of earthquakes. Serviceability of lifeline facility is of high
importance for emergency response after natural disasters especially earthquakes. This lifeline facility
includes school buildings, hospital, fire service station, electrical power station, road network, bridges,
gas lines etc. The school buildings are the most important structures and serious human concern and
their safety needs to be ensured first. Any kind of slight collapse of any component of those buildings
will cause loss of many lives. Most of the government primary school buildings in Chittagong city were
constructed to be used as cyclone shelter and relief centre also. So, it is necessary to investigate the
seismic performance of existing school buildings.

Thought, some of the researchers conducted research on evaluation of seismic vulnerability of
important buildings in Chittagong city (Sarraz et al., 2015, Mazumder et al., 2018), none of them
focused on school buildings. The present study has been carried out to evaluate seismic safety
assessment of government primary school buildings in Chittagong City Corporation. In this study, main
objective is to prepare a seismic vulnerability database of government primary school buildings in
CCC. The result of this present study can be used for further seismic risk mitigation plan.
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Fig. 1: Proposed earthquake fault zones by CDMP (CDMP, 2009)

SEISMICITY OF BANGLADESH

The past seismic data and recent seismic activities in and around Bangladesh indicate that the country is
at seismic risk. The earthquake specialists are expecting severe earthquakes in this area in near future
which can cause serious human casualties and damage of infrastructures. Bangladesh is highly
vulnerable to earthquake because of its location in reasonable seismic region in the world seismic map
prepared by Global Seismic Hazard Assessment Program (GSHAP, 1992) and proximity to the border
of two energetic plates such as the Indian plate and the Eurasian plate. Attendance of existing fault lines
in and surroundings the nation, are capable to produce damageable earthquake. The largest earthquake
event occurred surroundings this region was Assam Earthquake in 1897 with magnitude 8.7 (Jain,
1998). This is broadly known as Great Indian Earthquake. There are hundreds of evidences of tremors
that jolted Chittagong and its nearby areas. One of the largest earthquake in history happened in 1762 at
Arakan in the southern part of Chittagong division which caused huge damage. It also triggered the
earliest documented Tsunami in the Bay of Bengal. Another big earthquake occurred in 1869 with a
surface-wave magnitude of 7.5 at Cachar, Assam. This was powerfully felt in the entire Chittagong
division. Another citable earthquake known as Srimangal Earthquake (7.6 magnitude) was occurred
around Sylhet in 1918 (Sabri, 2001). Epicentre of this earthquake was about 130 km from Dhaka. In
2003, a 5.2 magnitude earthquake shock the Barkal area of Rangamati district which causes damaged to
several buildings, killed 2 people and injured more than 100 hundred people (Ansary and Sadek, 2006).
No major earthquake has been take place in this region during last century. But regularly occurring
small to medium earthquakes in this region makes us concern about future seismic risk.

609



STUDY AREA

Chittagong City Corporation (C.C.C.) area covers 185 square kilometres consisting 41 administrative
wards and around 14000 persons live in per square kilometres. Total number of government primary
schools in the Chittagong City Corporation is 215. Among them 14 schools are under construction.
Most of the schools are comprised of several buildings. Total 343 independent school buildings are
existed where 16 buildings are under construction, 2 are Tin shed and 2 are unused. Different buildings
at each site have different characteristics. Most of the primary school buildings were constructed to use
as cyclone shelter and relief centre. The condition of most of the government primary school buildings
is poor due to becoming old and lacking of repair and maintenance.

METHODOLOGY

At present, a number of evaluation procedures are available to assess the safety level of a structure
during an earthquake. Rapid visual screening (RVS) is one kind of procedure which use to identify
record and class building structures that are potentially seismic hazardous during earthquake (FEMA
154, 2002). FEMA 154 RVS methodology is encapsulated in a one-page format that joins an
explanation of a building structure. This method is planned to be applied without performing any
structural computations. The Fig. 2 shows the score modifier for the assessment of the vulnerability of
building structures according to FEMA 154,

Score Modifier
BASIC SCORE, MODIFIERS, AND FINAL SCORE, §
BUILDING TYPE wi w2 81 $2 83 54 S5 c1 c2 c3 PC1 PCZ2 RMW RMZ URM
WRF)  (@R) ()] (RCSW)  (URMINF]  (MARF] (W)  (URMINF)  (TU) [FD) L]

Basic Score 44 38 28 30 32 28 20 25 28 16 26 24 28 28 18
MdRse 4lo7siores) NA NA 402 +04 NA 04 W4 04 04 02K NA 02 <04 04 00
High Rise [> 7 slories) NA NA 406 +08 NA +08 {38 406 +08 (Y NA  +04 NA  +06 NA
Vertical Imequiarity 25 20 10 -15 NA -10 -10 15 -10 -10 NA -10 -10 10 -10
Plan imegularity 05 05 05 05 05 45 95 05 05 05 05 05 05 45 D5
Pre-Code 00 10 -0 D8 08 08 02 A2 -10 02 08 08 A0 08 02
Post-Benchmark 4 04 M4 M4 NA O +1E NA  +14 424 NA  #24 NA 428 426 NA
Sail Type C 00 04 04 04 04 04 04 04 -04 04 04 04 04 04 04
Sail Type D 00 08 06 06 06 06 04 06 06 04 08 08 08 06 06
Soil Type E 00 08 A2 42 40 42 98 42 08 08 04 42 D4 06 08

Fig. 2: Basic score modifiers for final score calculation (FEMA 154, 2002)

The method has been developed for a broad audience. The audience are including building officials and
superintendents, government organization and private-sector building structure owners to recognize,
record and order buildings that are potentially seismically dangerous during an earthquake. Although
rapid visual screening is appropriate to all building structures. Its principal purpose is to investigate (i)
older buildings that were planned and constructed earlier than the adoption of sufficient seismic design,
(ii) building structures on soft or poor soils, (iii) building structures having performance features that
harmfully influence their earthquake response. According to FEMA 154/ATC-21 process the
vulnerability factors are: apparent quality of building, vertical irregularity, short column effect,
pounding effect, post benchmark, soft story, age of construction of building, torsion effect of building
and structural system.

DATA ANALYSIS AND RESULTS

The number of Government Primary Schools (G.P.S.) in the Chittagong City Corporation is 215. In the
present study total 323 buildings are analyzed to assess the seismic vulnerability by considering rapid
visual screening method of FEMA 154. There are mainly two types of structures exist in the school
buildings in Chittagong City Corporation, such as, Unreinforced Masonry (URM) structure with rigid
diaphragm and Reinforced Concrete frame (C3) structures with masonry infill. Fig. 3(a) represents the
percentage of schools according to thana. Most school buildings are low rise; about 83% buildings are 3
storeys or less. Among the building stock the highest building is five storeys which is around 7%.
Government primary school buildings can be categorized as variety of three important phase of
development of BNBC code. Study found that about 19% buildings were built before the year of 1993,
51% were built from 1993 to 2006 and 30% were built after the year of 2006.

To assess the seismic vulnerability of primary school buildings in the CCC area, rapid visual screening
of FEMA 154 is used. Information of every building structure are collected by walking around the
building.
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(a) (b)
Fig. 3: Percentage of building (2) according to thana (b) according to physical condition

Fig. 3(b) represents the existing physical visible condition of the buildings in percentile form. From
figure it is found that about 68% buildings are in poor condition and 23% and 9% buildings are in
moderate and good condition respectively.

(@) (b)

Fig. 4: Percentage of building having (a) short column effects (b) plan irregularity

Short columns carries shear force which is much higher than the shear carried by the lateral members.
Short column can be described as the relation of the clear height of the column to depth of the column
and is less than 2. Fig. 4(a) represents the percentage of buildings having short column effects in the
government primary schools in CCC. It is observed that total 93% building having the short column.
Complex structural feature is another key parameter responsible for poor seismic performance of school
buildings. These irregular features are identified among the studied buildings. Total 187 buildings have
no plan irregularity and 137 buildings have some irregularity especially with the re-entrant corners. Fig.
4(b) shows the percentage of presence of plan irregularity in government primary school buildings. It is
seen that total 42% buildings are irregular in plan. Another type of irregular feature is vertical
irregularity. The vertical irregularity is an important vulnerability factor which attributed in buildings
by adopting setbacks, soft stories etc. The study found that total 117 buildings possess vertical
irregularity which around 37% (Fig. 5(a)).

(@) (b)

Fig. 5: Percentage of building having (a) vertical irregularity (b) pounding effects
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Pounding effect of building is considered due to missing of enough space among the adjacent building
structures which is significant vulnerable factor during earthquake. Fig. 5(b) shows that pounding effect
is identified among 27% buildings of government primary school in CCC.

(@) (b) (©
Fig. 6: Percentage of building having (a) parapet (b) cladding (c) other falling hazard

Non-structural masonry components of buildings such as parapets, chimneys, cladding and other falling
hazards are prone to fall in earthquakes. Parapet indicates any low wall along the roof of a building
which is defensive mini-wall made of bricks or other materials and cladding is extra glass work in a
buildings. Other falling hazards are considered as chimneys, walls, appendages, tanks, signs, or any
other building components that could fall during ground shaking. Fig. 6(a), 6(b) and 6(c) show the
percentage of presence of falling hazard in the government primary school buildings in studied area. It
is seen that total 267 buildings contain parapet, 46 buildings have cladding and 116 buildings
constructed with other falling hazard which are around 83%, 14% and 36% respectively.

Fig. 7: Percentage of building that required detail Analysis

In the present study the cut off value of final structural score is considered as 2.0 which indicates that
below this score seismically hazardous and detailed seismic evaluation of the building is required. This
study summarized that total 216 buildings have score below cut off score and remaining 107 buildings
have passed the score. It can be concluded that about 67% buildings required more detailed
investigation to decide the level of actual seismic risk (Fig. 7).

CONCLUSIONS

In the present study, a structural record of existing government primary school buildings in Chittagong
City Corporation area has been developed. The total number of government primary school in
Chittagong City Corporation is 215. Among them 14 schools are under construction. Most of the
schools are comprised with several buildings. In this study total 323 buildings are analysed to assess the
seismic vulnerability of the schools. The final structural scores (S) of school buildings are determined
by applying rapid visual screening suggested by FEMA 154. The parameters contributing the scoring
system are mainly, the height, irregularities of the buildings, type of the soil underneath, Pre-Code and
Post-Benchmark. From the results it can be concluded that total 107 buildings (around 33%) of
government primary school in Chittagong City Corporation are safe against probable earthquakes and
216 buildings (around 67%) required further detailed analysis to determine the level of actual risk.
These results are expected to be useful for administrative body who are going to conduct pre-disaster
planning and capital investment planning.
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ABSTRACT

Bangladesh is extremely vulnerable to seismic events because of its position near the boundary of
tectonics plates. In this country, the primary school buildings have distinguished structural
characteristics which cause them more vulnerable to earthquakes. Many existing government primary
school buildings in Chittagong City Corporation were designed only to resist the gravity loads without
seismic provisions. Also the seismic awareness among the tender-hearted children is not that much
high. Therefore, it is necessary to investigate the vulnerability of these buildings to avoid serious
damage and casualties in the future. In this paper, the seismic vulnerability of primary school buildings
in Chittagong City Corporation (CCC) area has been evaluation by two phase, i.e., Tier 1 & Tier 2
analysis. Tier 1 analysis is done according to FEMA-154 guideline and Tier- 2 analysis has been
conducted on the basis of FEMA-310 guideline. Total ten school buildings in Ward no.3 and Ward no.4
of the CCC area have been investigated. These results are expected to be helpful for administrative body
who are going to conduct pre-disaster planning.

Keywords: Seismic Vulnerability; FEMA- 154; FEMA- 310; Soft Story; Chittagong City Corporation.

INTRODUCTION

Bangladesh which is situated in south-asia region, is one of the most seismic vulnerable countries in the
world. Even a moderate seismic event can be cause a devastating consequence in the major cities of the
country, particularly Chittagong, Sylhet and Dhaka (Alam et al., 2011). The main criteria for assessing
an earthquake prone region are geology, topography, density of population and infrastructure and so on.
Bangladesh is located in the moderate seismic region in the world seismic map prepared by Global
Seismic Hazard Assessment Program (GSHAP, 1992). Geographically the country is situated near the
boundary of two active continental plates, i.e., the Indian plate and the Eurasian plate. This country is
encompassed by the regions of high seismicity including the northern Shillong Plateau and Himalayan
Arc, eastern Arakan Yoma anticlinorium and Burmese Arc and northeast complex Naga-Disang-
Jaflong thrust zones. Moreover, the country is located in the Dauki Fault system where numerous
subsurface active faults are existed. The largest earthquake event was occurred surroundings this region
was Assam Earthquake in 1897 with estimated magnitude 8.7 (Jain, 1998) broadly known as Great
Indian Earthquake. Another citable earthquake with an estimated magnitude was 7.6 (Sabri, 2001) in
1918 around Sylhet known as Srimangal Earthquake. Epicenter of this earthquake was about 130 km
from Dhaka. In 2003, a 5.2 magnitude earthquake shock the Barkal area of Rangamati district which
causes damaged to several buildings, 2 people were killed and more than 100 hundred people were
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injured (Ansary and Sadek, 2006). No major earthquake has been take place in this region during last
century.

Chittagong City Corporation is roughly 70 km away beyond the above described fault zones in the
Bangladesh-Myanmar border zone. The Chittagong-Tripura folded belt experiences recurrent
earthquakes (Alam et al., 2006). According to BNBC (BNBC, 2015 draft), Bangladesh has divided into
four generalized seismic zones as shown in Fig. 1. The Chittagong region falls in the moderate seismic
zone with a seismic coefficient of 0.28g based on 2 percent probability of exceedance in 50 years. The
region has a long history of earthquakes. In 1762, one of the most devastating earthquakes occurred at
Arakan which caused heavy damage in the southern part of Chittagong division. It also produced
Tsunami in the Bay of Bengal. Another big earthquake occurred in 1869 with a surface-wave
magnitude of 7.5 at Cachar, Assam. This was powerfully felt in the entire Chittagong division. The
1912 Mandalay earthquake with a surface-wave magnitude of 7.9 strongly felt in this region. The 1950
Assam earthquake with a magnitude of 8.6 was also felt in the same region with a strong shaking.
During any natural disasters, the serviceability of lifeline facilities is very important. This lifeline
facility includes school buildings, hospital, fire service station, electrical power station, road network,
bridges, gas lines etc. The school buildings are the most important structures and any kind of slight
collapse of any component of those buildings will cause loss of many lives.
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Fig. 1: Seismic zoning map of Bangladesh (BNBC, 2015 draft)

The seismic performance evaluation of the primary school buildings should have a crucial importance
as they can be used as a temporary shelter after the occurrence of a major earthquake. However, most of
these buildings have inadequate seismic resistance because of not maintaining any seismic provision in
construction phase or poor seismic provision and also continuous processes of deterioration. Though,
some of the researchers conducted research on evaluation of seismic vulnerability of important
buildings in Chittagong city (Sarraz et al., 2015, Mazumder et al., 2018), none of them focused on
school buildings. The present study has carried out to evaluate seismic safety assessment of government
primary school buildings in Chittagong City Corporation using FEMA 310. In this study, main
objective is to prepare a seismic vulnerability database of government primary school buildings in
CCC.
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STUDY AREA

Chittagong City Corporation (CCC) area covers 160 square kilometres where 41 administrative wards
are existed and around 14,000 persons live in per square kilometres. Total number of government
primary schools in Chittagong City Corporation is about 215. Among them 14 school are under
construction. Most of the schools are comprised of several buildings. The survey areas of this research
work are Panchlaish at ward-3 and Chandgoan at ward-4 of the CCC which are located on the edge of
the river named Karnaphuli. Total 11 and 15 government primary school buildings are located in
ward-3 and in ward-4 respectively. Most of the school buildings established as a reconstruction project
under the Saudi financing.

METHODOLOGY

Earthquake is one of the most demolishing natural disasters which cause destructive effect on human
lives as well as in infrastructures. There are several methods to determine seismic vulnerability
assessment such as (FEMA-154, 1988), (FEMA-310, 1998), EURO CODE 8, New Zealand Guideline,
Modified Turkish Method, IITK-GSDM etc. In this study, seismic vulnerability assessment procedure
is conducted by two tiers. Tier 1 analysis is done according to FEMA-154 guideline and Tier- 2 analysis
has been conducted on the basis of FEMA-310 guideline.

Rapid Visual Screening (RVS)

The Rapid Visual Screening has been thoroughly described in FEMA-154. This method is one of the
quickest procedures to identify the seismically vulnerable buildings without the use on any expensive
detailed evaluation of any particular building. In Rapid Visual Screening a scoring system has been
developed that enables the users to identify the primary lateral load resisting system of structure and the
seismic performance of the structures. The observation of the building will take an average of 15 to 30
minutes. Moreover, the surveyors can categorize the buildings into two types using a cut off score i.e.,
buildings safe against probable seismic events or buildings which are seismically hazardous.

FEMA-310

For the evaluation in Tier-2 phase, the professional design engineer can carry on a complete analysis of
the building that has been identified as non-compliant, i.e., further evaluation of the individual
deficiency of an unsafe building is needed according to Tier-1. This analysis is limited to simplified
linear analysis methods and it could be done using one of the common linear static or dynamic analysis
methods. After the seismic evaluation has been performed, a final assessment report shall be prepared.

RESULTS AND DISCUSSIONS

In Tier-1, total 10 numbers of primary school buildings have been evaluated using Rapid Visual
Screening (RVS) method. Considering Chittagong City Corporation as moderate seismic risk zone, the
cut off value is taken as 2.0. Buildings having cut off value less than 2.0, needed to be evaluated further
in Tier-2 phase. The following Table 1 shows of the RVS scores of different primary school buildings.

Table 1: Final scores of RVS

Name of the school building RVS Score | Detailed Evaluation Required

WAPDA colony govt. primary school building-1 1.7 Yes
WAPDA colony govt. primary school building-2 2.2 No
Shamsher para haji chand miya govt. primary -0.8 Yes
school building-1

Shamsher para haji chand miya govt. primary 2.2 No
school building-2

Ekhlasur Rahman govt. primary school building -0.1 Yes
Wajediya govt. primary school building 1.7 Yes
Taiyebiya govt. primary school building 1.7 Yes
Shahed para govt. primary school building 2.2 No
Chandgaon board govt. primary school building 2.2 No
Hajir pul govt. primary school building 2.2 No
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Tier-2 evaluation has been conducted using FEMA-310 guideline. FEMA-310 guideline basically
focuses on the features like soft story, geometry, mass & torsional irregularity etc. In the following
Table 2 the summary of the deficiency of the individual has been shown.

Table 2: Summary of the deficiency exist

Name of the school building Deficiency
WAPDA colony govt. primary school building-1 Re-entrant corners, torsional irregularity
Shamsher para haji chand miya govt. primary Soft story, torsional irregularity

school building-1
Ekhlasur Rahman govt. primary school building | Soft story, plan irregularity, vertical geometric
irregularity, mass & torsional irregularity.

CONCLUSIONS

Seismic vulnerability assessment of the primary school buildings at the Panchlaish ward (No. 3) and
Chandgaon ward (No. 4) has been conducted by two tiers. Tier 1 evaluation process has been done by
FEMA-154 which has the combined description of a building, its layout, occupancy and a rapid
evaluation of seismic hazard related to structural elements. In the study 10 primary school building has
been screened out. Among them 3 school buildings have been investigated further using Tier 2. Tier 2
evaluation has been conducted using FEMA-310 guideline. FEMA-310 guideline basically focuses on
the features like: soft story, geometry, mass & torsional irregularity. From the study it has been found
that WAPDA colony govt. primary school at 3 no. ward has the vulnerability parameters, i.e., re-entrant
corners and torsional irregularity. Shamsher para haji chand miya govt. primary school building at 4 no.
ward, has the soft story and torsional irregularity. Ekhlasur Rahman govt. primary school building has
severe irregularity problem like soft story, plan irregularity, vertical geometric irregularity, mass
irregularity and torsional irregularity. As the vulnerability parameters exist at these three buildings, it
can be said that WAPDA colony govt. primary school building-1, Shamsher para haji chand miya govt.
primary school building-1 and Ekhlasur Rahman govt. primary school building are required further
detailed analysis to determine the actual seismic risk level.
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ABSTRACT

Chittagong University of Engineering and Technology (CUET) campus is located in the Zone Il of
BNBC 2015 Draft with a seismic zoning coefficient 0.28g based on a maximum credible earthquake of
2 percent probability of exceedance of 50 years. In this University, many of the buildings including
academic and residential were constructed before building code adaptation and seismic code provision
enforcement. The present study has been carried out to assess the seismic vulnerability of existing
buildings in CUET campus. Multi-level performance assessment techniques, i.e., FEMA 154, Turkish
Preliminary Assessment and FEMA 310 are used to evaluate the seismic performance of the buildings.
In this present study, total 25 buildings of CUET campus including 11 reinforced concrete and 14
masonry structures are assessed in the level 1 investigation. The structural information found in
walk-down assessment procedure is presented in the Geographic Information System (GIS). Among
them, 11 buildings which are student hostels and residential buildings are selected for level two
investigation based on their level of importance in building use. Finally, detailed investigation was
performed for those reinforced buildings.

Keywords: CUET; Seismic Assessment; FEMA 154; FEMA 310; Turkish Method.

INTRODUCTION

Bangladesh is highly vulnerable to earthquake because of her proximity to the boundary of tectonic
plates (Eurasian plate and Indo-Australian Plate) and fault lines. The country and its surrounding areas
have a long history of earthquakes. The last big event surrounding these region, The Great Indian
Earthquake (Yeats et al., 1997) was happened due to the rupture of the Dauki fault (Morino et al., 2014)
in 1897. Bangladesh is in the moderate seismic zone in the world seismic map which was developed by
Global Seismic Hazard Assessment Program (GSHAP, 1992). In 2009, Comprehensive Disaster
Management Program (CDMP) study proposed five major fault zones in Bangladesh, i.e., Madhupur
fault (MF), Dauki Fault (DF), Plate Boundary Fault-1 (PBF-1), Plate Boundary Fault-2 (PBF-2) and
Plate Boundary Fault-3 (PBF-3). Chittagong is located close to the PBF-2 and the city falls into zone 11
in the Bangladesh National Building Code (BNBC, 1993) with a seismic coefficient of 0.15g,
considering a return period of 200 years. In proposed Bangladesh National Building Code (BNBC,
2015 draft) seismic map, Chittagong city region falls into zone 111 with a coefficient of 0.28g. In the
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proposed seismic map where MCE was corresponded to a return period of 2475. That means in 50 years
2% probability of exceedance.

A project has been conducted by the Institute of Earthquake Engineering Research to evaluate the
seismic vulnerability and develop a structural database of existing building at CUET Campus. Initially,
under this project a total number of 80 buildings including 26 Reinforced Concrete and 54 Masonry
structures were assessed in the level 1 investigation. Most of the buildings were found to be perform
well during first level investigation. In this present study, total 25 buildings are assessed by FEMA 154
and FEMA 310. The structural information found in walk-down assessment procedure is presented in
the Geographic Information System (GIS). Finally, detailed investigation was performed for the
selected reinforced buildings which have high level of importance in building use.

STUDY AREA IN GIS MAP

The study area (Fig. 1) is situated in the Tripura-Chittagong Fold Belt (Alam et al., 1990). This region
has a thick sedimentary sequence deposited through the Tertiary to Pleistocene age. During the
Himalayan orogenic movements, this sedimentary sequence has been folded. This region has
experienced a varied environment during the long geological time. The transgression and regression of
sea were the reasons behind this variation of environment. Sitakunda fault, Tigerpass fault and
Kamaphull fault cut this the plunge area.
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Fig. 1: Surveyed buildings with identification number in GIS
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METHODOLOGY

To evaluate the seismic condition of the existing buildings, three level of risk assessment procedures
have been applied based on importance level of the structures. There are two major types of structures
are existed in CUET campus, i.e., Reinforced Concrete (RC) Frame Structures with unreinforced
masonry infill wall and Unreinforced Masonry Buildings.

Ozcebe et al. (2006) employed the discriminate analysis technique for developing a preliminary
evaluation methodology. Using this methodology seismic vulnerability of several existing RC
buildings with low to medium has been assessed in Turkey. Identification of the buildings which are
highly vulnerable to seismic events is the main objective of the procedure. This technique can only be
applied up to seven stories RC frames and frame-wall structures.

In 1988, Federal Emergency Management Agency (FEMA) published a report (FEMA 154) on Rapid
visual screening (RVS) of buildings for potential seismic hazards. RVS provides a procedure to
identify, record and rank buildings considering potential seismic hazard (FEMA 154, 2002). RVS can
be applied to both RC and masonry structures.

The third level detailed evaluation procedure is based on the determination of the anticipated strength of
lateral load resisting elements. This probable strength can be compared with the expected seismic
demands. The procedures in the level 3 employ linear analyses of the building according to FEMA 310.
It requires the as built dimensions of all structural elements for performing this analysis. The linear
static and non-linear static methods are applied to evaluate the capacity demand analysis of structure.

RESULTS AND DISCUSSIONS

Table 1 represents the summary of final score of different student halls and residential buildings at
CUET campus obtained from RVS using FEMA 154. According to RVS (FEMA 154, 2002), score in
between 0.7 to 2.0 has a high probability of Grade 3 damage and very high probability of Grade 2
damage (Rahman, N., 2014). On the other hand, score in between 2.0 to 3.0 have the high probability of
damage grade 2 and very high probability of damage grade 1. Almost all the surveyed buildings have
the score in the range of 0.7 to 2.0. So, masonry buildings may face cracks in many walls. Moreover,
fall of plaster, and partial failure of chimneys of the buildings can also be occurred. On the other hand,
RC buildings may face cracks in beams and columns of frames, and in partition and infill walls.

Table 1. Summary of final score using FEMA 154

Building Name Building Type Final Score
BANGABANDHU HALL C3(URM INF) 1.9
Q.K.HALL C3(URM INF) 0.9
TAREQ-HUDA HALL C3(URM INF) 0.9
SHAH HALL C3(URM INF) 0.9
LADIES HALL C3(URM INF) 0.9
CUET SCHOOL PART 1 C3(URM INF) 1.2
CUET SCHOOL PART 2 C3(URM INF) 1.2
CUET SCHOOL PART 3 C3(URM INF) 1.2
CUET SCHOOL PART 4 C3(URM INF) 1.2
CUET SCHOOL PART 5 C3(URM INF) 2.2
Old Dormitory C3(URM INF) 1.9
14 Residential Buildings URM 1.7

Q.K. HALL, SHAH HALL, TAREQ-HUDA HALL and LADIES HALL, these have the lowest RVS
score among the other buildings and have high probability of Grade 3 damage. That means these
buildings may face cracks in columns and beam-column joints of frames, at the base and at joints of
coupled walls. It is seen that most of the residential building configuration are somewhat similar.
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Therefore, the obtained performance for single story residential URM represents a similar result in first
level assessment.

Second level assessment is conducted for the RC buildings following Turkish level 2 guideline
prepared by Ozcebe et al. in 2006. Eleven buildings are analyzed based on building importance level
considering building use. From the summary of all the surveyed buildings in second level assessment
(Turkish Preliminary Assessment) procedure lies in the low-risk group.

The structural model is developed using structural software ETABS for level 3 assessment. There are
basically five buildings. We are assuming that these buildings are separated in different segments. So,
each separated segments of these buildings are considered as distinct structure. That is why there are 11
C3 (URM INF) type structures. Firstly, the linear analysis is carried out for the models of the buildings.
Finally, non-linear static (inelastic) procedure is applied for the model to evaluate the capacity analysis
of the structure by plotting pushover analysis. Fig. 2 represents the story response plot and pushover
curve of Dormitory building.
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Fig. 2: Story response plot and Pushover curve of Old Dormitory Building.
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Fig. 3: Ductility of the residential and school buildings

In the third level assessment, the structural responses of the eleven RC buildings are checked to confirm
that the conditions are within the acceptable limit according to BNBC. The drift values of all the
buildings showed that the drift limit in both X and Y direction conform the story drift limitation as
mentioned in Bangladesh National Building Code. Fig. 3 is showing the ductility of the different
segments of the major buildings. This graph is giving a fair idea of the relative ductility and stiffness of
the buildings. Shah hall and Tareq Huda hall are showing maximum ductility. On the other hand, the old
dormitory building is showing less ductile behaviour.

CONCLUSIONS

A total of 25 buildings were investigated using Rapid Visual Screening (FEMA 154) assessment
approach. Q.K. HALL, SHAH HALL, TAREQ-HUDA HALL and LADIES HALL have the lowest
RVS score among the other buildings and have high probability of having cracks in beam-column joints
and columns of frames. Moreover, these buildings may face cracks at the base, and at joints of coupled
walls. Detail investigation was performed by using structural software ETABS for 11 reinforced
buildings based on their level of importance in building use. The results of non-linear static analysis
show that the response of structures was found within acceptable range according to BNBC. However,
Masonry buildings need to be assessed in detail for more consistent results. Furthermore, Shah Hall and
Tareq Huda hall show maximum ductility, whereas the old dormitory building represents less ductile
behavior.
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ABSTRACT

The soil structure interaction (SSI) has become an important measure in the seismic response evaluation
of engineering structures with the emergence of massive constructions on soft soils such as dams,
flyovers, tunnels, etc. This study investigates the effects of SSI on the non-linear seismic response of
flyover pier for different far field ground motion history. Yield and ultimate displacements of pier have
been evaluated by developing the force-displacement relationship through pushover analysis of a pile
supported typical pier of a multispan simply supported flyover. Effect of SSI has been included in the
study by calculating the stiffness of equivalent soil springs for pile foundation recommended by Japan
Road Association (JRA). The non linear time history analysis has been adopted to measure the seismic
response of the pier. Finally, maximum displacement of the pier top and corresponding displacement
ductility demand has been used to evaluate the damage state of the pier with and without considering
the effect of SSI in the modeling of flyover pier. From the analytical investigation, it can be concluded
that, consideration of SSI in the modeling of flyover pier increases the seismic response.

Keywords: flyover pier; soil structure interaction; displacement ductility; seismic response.

INTRODUCTION

Flyover is one kind of bridge, which is an elevated structure carrying highway over roads, railways and
other features. Since bridges are one of the most critical components of highway systems, it is necessary
to evaluate the seismic safety of highway bridges (Hwang et al., 2001).Most of the structures involve
some type of contact with ground. When the external forces, such as earthquakes, act on these systems,
neither the structural displacements nor the ground displacements, are independent of each other.
Conventional structural analysis neglect the SSI effects, while neglecting SSI is reasonable for light
structures in relatively stiff soil such as low rise buildings but effect of SSI, however, becomes
prominent for heavy structures resting on relatively soft soils for example high-rise buildings and
elevated-highways on soft soil (Wolf, 1985). Methods that can be used to evaluate the SSI effects can
be categorized as direct and substructure approaches. In a direct analysis, the soil and structure are
included within the same model and analyzed as a complete system. In a substructure approach, the SSI
problem is partitioned into distinct parts that are combined to formulate the complete solution.

Based on the above background, the study aims at evaluating the seismic response of a pile supported
typical pier of Kadamtali flyover, constructed in Chittagong city of Bangladesh, with and without
considering SSI. Initially, the yield and ultimate displacement of pier from pushover analysis and
maximum displacement of pier tops from non linear time history analysis for three different ground
motion history have been evaluated for both considerations of SSI. Effect of SSI has been included in
the study through direct approach by calculating the stiffness of equivalent soil springs for pile
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foundation recommended by JRA (2002). Finally, the seismic performance of the pier has been
evaluated based on displacement ductility demand expressed in terms of damage states.
MODELING OF PIER

Physical Model

Kadamtali flyover (22.34°N; 91.82°E) was constructed to reduce traffic jam in Chittagong city of
Bangladesh. Figure 1 shows a 3D view of the flyover. The flyover is approximately 1127 m long and
8.54 m wide. The reinforcement with yield strength of 413 N/mm? and concrete with compressive
strength of 30 N/mm?2are used to construct the flyover. It is spanning around 630 m with 22 spans of
variable length from 21.3 m to 42.0 m. There are 21 piers with variable heights ranging from 4.66 m to
8.5 m. Figure 2 shows the transverse section of the typical pier of the flyover. The deck of the flyover is
comprised of four pre-stressed concrete girders with 200 mm reinforced concrete slab. The girders rest
on elastomeric neoprene bearing over concrete bearing pad installed on top of each pier. Each
elastomeric neoprene bearing with a cross-section of 500 mm x 350 mm consists of 4 numbers of 3 mm
steel plates with a total thickness of 70 mm. For this study, a typical pier (Pier 7 as shown in Figure 1) of
the flyover has been selected for analysis purpose. Geometric dimensions of the typical pier are
presented in Table 1.

Table 1. Geometric dimensions of a typical pier of Kadamtali flyover

Pier No. Pier height, H (m) Pier Dimension (m x m) Longitudinal Reinforcement
7 8.27 1.2x25 66-Y25 bar
8.54m
1.0m e 1 o] = =
H
12m ‘ ‘
L 52m A/J

Fig. 1: 3-D view of Kadamtali flyover (Mukhlis Fig. 2: Transverse section of typical pier
and Bhuiyan, 2017)

Lumped mass element "~ Lumped mass element
T f(')r loads ﬁ'c')m deck, ¥ for loads from deck,
girder and pier cap « girder and pier cap
P
o+ | Inelastic force-based =

Inelastic force-based

frame elements for pier i
frame elements for pier

o |
PR 4 | Lumped mass elements
— i,‘ for pile cap
T Zero length linear
spring elements
777 for foundation
Fig. 3: Analytical model of typical pier without Fig. 4: Analytical model of typical pier
considering SSI considering SSI

Analytical Model
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The pier-girder system is approximated as a continuous 2-D finite element frame using the
SeismoStruct nonlinear analysis program. The superstructure and substructure of the system are
modelled as a lumped mass system divided into a number of small discrete segments. The mass of each
segment is assumed to be distributed between two adjacent nodes. The body of the flyover pier is
modelled using fiber elements. The loads from deck, prestressed concrete girders and pier caps are
calculated and modelled as lumped mass element on the pier top. The base of the pier is assumed to be
fixed neglecting the foundation movement effect when SSI is not considered in the analysis. On the
other hand, the base of the pier is modeled with zero length spring elements when SSI is considered in
the analysis. At that case, the mass of the pile cap are simply put on the base node of the pier using
lumped mass element in SeismoStruct. Analytical model of the typical pier without and with
considering SSI are shown in Fig. 3 and Fig. 4 respectively.

PUSHOVER ANALYSIS OF PIER

The sectional analysis has been conducted by response 2000 to obtain the moment-curvature (M-®)
relationship of pier cross section as shown in Fig. 5 which is used to derive the force-displacement
relationship of the pier. In addition, SeismoStruct 2016 is used to conduct the pushover analysis to
derive the force-displacement relationships of the pier. This typical pier is modelled as single degree of
freedom system with a lumped mass on the pier top carrying all the seismic dead load coming from
deck, girder and pier cap. Fig. 6 shows the pushover model of the typical pier in SeismoStruct 2016 and
Fig. 7 shows the force displacement relationship of the typical pier obtained from pushover analysis.
This bilinear idealization of force displacement relationship can be easily found in the analysis result in
SeismoStruct 2016, from which yield displacement (3y), ultimate displacement (3y) and ultimate
strength (P.) are obtained as shown in Fig. 8 and tabulated in Table 2 for the typical pier.

25000 | s Pier cross-section 1.2 m x 2.5 m 1
. 20000 - e
£
< 15000 -
5
Z 10000 -
s
5000 -
Z
0 ; ; ; ; .
0 5 10 15 20 25 (
Curvature (rad/km) X
Fig. 5: Moment-curvature (M-®) relationship Fig. 6: Pushover model of the typical pier
for the typical pier cross-section (SeismoStruct 2016)
3000 7 A Force
= 2000 h :
= | !
8 B [T !
L? 1000 ‘;\Occurrenceof :
i first plastic hinge ;
0 0 160 2(‘)0 360 i i Displacement
i /’ \ Su
Displacement (mm) 8 O
Fig. 7: Force-displacement relationship of Fig. 8: Bilinear idealization of
typical pier force-displacement relationship

Table 2: Ultimate strength of typical pier
Pier no. Yield displacement, 8, Ultimate displacement, d, Ultimate strength, Py
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(mm) (mm) (kN)
7 37 175 2454

SEISMIC RESPONSE EVALUATION OF PIER

Seismic performance of bridge components are generally expressed in terms of damage conditions of
those components subjected to seismic ground motions. Piers are generally the most critical
components of bridges and different forms of engineering demand parameters (EDP) such as
displacement ductility demands () are generally used to measure the damage state (DS) of the bridge
piers (Bhuiyan and Alam 2012, Bhuiyan and Alim 2017). Table 3 summarizes the definitions of
various damage states and their corresponding damage criteria available in the literature.

Table 3: Damage states of bridge pier

Bridge EDP Damage States Physical Phenomenon
Component  (Displacement Ductility, pd) (DS)

pa < 1.0 No Damage No Physical phenomenon

10<m<1.2 Slight (DS 1) Cracking and spalling

Pier 12 <py<1.76 Moderate (DS 2) Moderate cracking and spalling
1.76 < pg < 4.76 Extensive (DS 3) Degradation without collapse
ug > 4.76 Collapse (DS 4) Failure leading to collapse
Reference Hwang et al. 2001 FEMA 2003 FEMA 2003

Displacement ductility demand (uq) has been estimated from the results of time history analysis (THA)
for specific ground motion history with and without considering soil structure interaction (SSI) using
Eq. (1), where, dy = maximum pier displacement from THA, dy = yield displacement of pier.

lud = d_ (1)
Selection of Ground Motions
As sufficient seismic data is not available for this region, the time history analysis is conducted by
applying three selected earthquake ground motion records with different peak ground acceleration
(PGA) as shown in Table 4. The time histories of these three earthquakes are shown in Fig. 9.

Table 4: Earthquake ground motions for time history analysis

Earthquake No. Earthquake Name Magnitude, My PGA (g) Occurrence time of PGA (s)
EQ-1 El Centro-1940 6.9 0.35 2.12
EQ-2 Northridge-1994 6.7 0.45 4.06
EQ-3 Kobe-1995 6.9 0.24 15.16

c 0.50 - ——EL Centro-1940
% —— Northridge-1994
s 0% —— Kobe-1995
$3 000 ‘
k=]
S  -0.25 -
4
© 050 -
0 5 10 15 20 25 30
Time (sec)

Fig. 9: Selected earthquake ground motion records for THA

THA without Considering Soil Structure Interaction (SSI)

Rayleigh damping has been chosen for THA of the pier with 5% damping using two fundamental
modes in transverse and longitudinal direction with a period of 0.525 s and 0.252 s respectively found in
the eigenvalue analysis. THA has been conducted by applying three selected ground motions shown in
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Fig. 9 at the base of the pier in three separate models. The displacement response at the top of piers are
represented with respect to time as shown in Figure 10 with peak displacements of 86 mm at 2.86 s, 154
mm at 7.28 s and 89 mm at 15.42 s for EQ-1, EQ-2 and EQ-3 respectively without considering SSI.

. 160 4 ——El Centro-1940
o .
2 80 Northridge-1994
8~ —— Kobe-1995
SE \ AN
ZE
o
5 -80
2

160

0 5 10 15 20 25 30
Time (sec)

Fig. 10: Displacement response at pier top (without considering SSI)

THA Considering Soil Structure Interaction (SSI)

Soil structure interaction is considered in seismic analysis by modeling the soil medium. According to

JRA (2002), spring constants for ground can be evaluated using the geometric properties of pile

foundation and physical properties of underlying soil layer by following equations.

Ky =nky ; K, = nkyy ; Koy = nky + kyp Xi=1 %% ; Kygy = —nk,

when, pile head is assumed to be hinged, k; = 2%" 1 ky=ks =k, =0

aApEp
Lp

3

() = [ ;e = ko (22) ™ (katiom?); By = [£D, (cm)
kno = =2 (Kgffomd); Ep = 2(1 + Vo) 12 Vsp® (kgflen?); Vsp = 0.8 (1001\/1/3) (mis)

here, Ky = translational constant of ground along x-axis (tf/m); K, = vertical constant of ground along
z-axis (tf/m); Key = rotational constant of foundation around the y-axis (tf-m/rad); Kxey = coupling
constant of foundation of the displacement along x-axis and rotation around the y-axis (tf-m/m); n = 4,
representing the total number of piles. Coefficient for distribution of soil vertical stiffness along the
length of pile (a) is assumed to be 1. Poisson’s ratio of soil (vp) is taken as 0.5, considering saturated
clay & also the maximum value. Unit weight of soil (ys) is taken as 1.27 (tf/m3), considering soft silty
clayed sand layer. Finally, K, K; and Ky are found to be 1.93x10° kN/m, 6.03x10® kN/m and 1.95x107
kN-m/rad respectively. These spring constants of ground and foundation in longitudinal direction have
been used at the base of the piers as zero length spring elements in the modeling of piers followed by
THA by applying three selected ground motions shown in Fig. 9 at those spring elements of the pier in
three separate models. The displacement response at the top of piers are represented with respect to time
as shown in Figure 11 with peak displacements of 88 mm at 2.88 s, 158 mm at 7.29 s and 93 mm at
15.43 s for EQ-1, EQ-2 and EQ-3 respectively considering SSI.

where, k,, =

160 ——EI Centro-1940
:,E, 80 4 Northridge-1994
§ Kobe-1995
'—E N—r
5 -80 A
2

-160 -

0 5 10 15 20 25 30
Time (sec)

Fig. 11: Displacement response at pier top (considering SSI)

Damage State Evaluation of Pier

Damage states of the pier are evaluated based on displacement ductility demand (uq4). Displacement
ductility demands of pier models with and without considering SSI are shown in Table 5 using Eq. (1)
and comparison of displacement ductility demands are shown in Fig. 12. It has been observed that pq
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values increases up to 4.49% for EQ-3 due to SSI considerations though the physical damage state
remains the same with extensive damage state (DS 3) representing degradation without collapse in
response to all applied ground motions for both modeling considerations.

Table 5: Displacement ductility demand (uq4) of typical pier

Earthquake Displacement Ductility Demand (Lq) Increase in g
No. Barthquake Name =0 Considering SSI Considering SSI  considering SSI (%)
EQ-1 El Centro-1940 2.32 2.38 2.33
EQ-2 Northridge-1994 4.16 4.27 2.60
EQ-3 Kobe-1995 241 2.51 4.49
416 427

EQ-1 EQ-2 EQ-3
B Without Considering SSI ~ ® Considering SSI
Fig. 12: Comparison of displacement ductility demand (uq) of typical pier

CONCLUSIONS

Interaction between soil and structure is considered in the modeling procedure of a typical pier of a
flyover through equivalent spring constants. Pushover analysis of the pier has been conducted to
determine the yield and ultimate displacement of the pier. Three selected earthquake ground motions of
different PGA are used to compare the response of the pier models through time history analysis with
and without considering SSI. From the time history analysis maximum top displacement of the pier
models are used to determine the displacement ductility demands. These displacement ductility
demands are used to evaluate the seismic performance of piers in terms of damage states. For all three
earthquake ground motions, displacement ductility demands of piers show higher value when SSI is
considered in the pier model though, physically the pier indicating towards damage with degradation
without collapse with extensive damage state (DS-3) for both type of model. Hence, from the analytical
results, it has been revealed that soil structure interaction has great impact on seismic response analysis
of bridge piers and should be carefully taken into account in the modeling procedure.
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ABSTRACT

Multispan bridges are very common structures in transportation system. Generally, all the bridges are
designed using force-based design (FBD) method. Though displacement correlates damage better than
strength does, FBD assumes damage in the structure is controlled by the provision of strength and uses
displacement as the final check to determine the structural performance. Although current FBD method
is considerably improved, there are some fundamental problems in its procedure. Displacement-based
design (DBD) methods have been developed overcoming deficiency associated with FBD method. In
this study, two DBD methods, direct displacement-based design (DDBD) and alternative
displacement-based design (ADBD), have been compared with FBD method for the seismic response
of multispan bridges. Two different configurations of bridge models are considered here to compare
their seismic response. Base shear and displacement are taken as primary seismic response parameter
for this study. From the numerical evaluation it can be concluded that, DBD methods have shown better
performance in calculating seismic responses than FBD method. Base shear calculated by DDBD and
ADBD methods are less than that calculated by FBD method, whereas displacement estimated by
DDBD and ADBD methods are more than that estimated by FBD method.

Keywords: multispan bridge; force-based design; direct displacement-based design; alternative
displacement-based design; seismic response.

INTRODUCTION

Bridges are very important structures for safe and smooth passage of vehicles over rivers, roads,
railways and other features. Bridges also connect islands to mainland (Bhuiyan and Alam 2012,
Bhuiyan and Alim 2017). Since bridges are one of the most critical components of highway systems, it
is necessary to evaluate the seismic safety of highway bridges in terms of seismic response (Hwang et
al., 2001). Multi-span bridges are generally used when width of the obstacle is large. These bridges can
be simply supported or continuous. Continuous bridges are more economical because less thickness can
be provided due to less bending moment in midspan. They are suitable where there is no possibility of
uneven settlement of foundations. But analysis of continuous bridges is more complex and they need
more detailing (Chen and Duan, 2000). Bridges can be considered as simple structures as they possess
little number of elements. At the same time this simplicity makes bridge structure less redundant.
Failure of one element or connection between elements can cause collapse due to lack of alternate load
path (Ghosn and Yang, 2014). Any kind of damage of bridges will destroy the transportation system.
So, special care should be given in designing bridges.
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On the basis of above background, the study aims to evaluate analytically the seismic response of
multispan bridges of two different configurations based on the variation of pier height to compare the
estimation of seismic response by force-based Design (FBD) method with those by direct
displacement-based design (DDBD) and alternative displacement-based design (ADBD) method. Base
shear and displacement are taken as seismic response parameter for this study. Design response
spectrum of Bangladesh National Building Code (BNBC Final draft, 2015) is used for the analysis in
this study. Finally, these three methods have been compared for evaluating base shear and displacement
in both of the longitudinal and transverse direction.

MODELING OF MULTISPAN BRIDGES

Multispan continuous bridges of two different configurations shown in Fig.l are taken into
consideration for this study with the variation of pier height. The geometric dimensions of pier-girder
system are shown in Fig. 2. Each configuration of bridge models consists of spans with 30 m length.
Bridge model 1 shown in Fig. 1(a) consists of three piers with equal height of 8 m whereas; Fig. 1(b)
shows bridge model 2 with two equal outer piers of 8 m with a central pier of 16 m height. The diameter
of each circular pier is taken as 1.60 m for both models (Fig. 1 and Fig. 2). Both of the bridge models
also consist of similar span width of 12 m (Fig. 2). The layout of the superstructure is straight and
continuous over the pier cap of size 1.6 m x 1.5 m for both models (Fig. 1 and Fig. 2). A hollow
continuous box girder is considered for the deck of the bridge models (Fig. 2). Connection between pier
top and box girder is considered as pinned. The superstructure is free to move both in the longitudinal
and transverse direction. Pier longitudinal and transverse reinforcements are calculated for the critical
case and used for all other cases. In addition to dead load, an area load of 1.7 kN/m? is taken in
consideration for wearing surface. The bridge models are considered to be situated in a region with
PGA value of 0.28g (BNBC Final draft, 2015). Site class is taken as B and importance category of the
bridge is taken as critical and response reduction factor is taken as 1.5 (AASHTO, 2006). Both bridge
models are analytically modelled in CSI Bridge software and analyzed by FBD, DDBD and ADBD
method. Reinforcement details and material properties of piers for all models are described in Table 1.

Table 1: Pier reinforcement and material properties

Clear cover to longitudinal reinforcement 50 mm
Percentage of longitudinal reinforcement, p; (92 nos., dp= 32 mm) 3.74%
Strain to ultimate stress of longitudinal reinforcement 0.10
Percentage of transverse reinforcement, pt (dp= 16 mm, s = 90 mm) 0.59 %
Strain to ultimate stress of transverse reinforcement 0.12
Concrete compressive strength, f.’ 27.5 MPa
Reinforcement yield strength, fy 414 MPa
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Fig. 1: Four span bridge models; (a) Model 1- bridge with equal pier heights (b) Model 2- bridge with
unequal pier heights (high central pier)
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Fig. 2: Geometric dimensions of pier-girder system

METHODOLOGY
Different approaches have been developed to accomplish seismic design of bridges. FBD and DBD
methods are considered for the seismic response analysis of multispan bridges in this study.

Force-Based Seismic Design

In force-based design (FBD) method forces are calculated corresponding to elastic response to a design
acceleration response spectrum. In this process, elastic stiffness is used. These elastic forces are then
divided by a response-reduction factor representing the assessed displacement ductility capacity. The
structure is then designed for these reduced forces, and the displacement is checked with code-specified
limits. If displacement does not meet the requirement, the process is repeated. The main philosophy of
FBD is shown in Fig. 3, where Tg, Tc, Tp are characteristic time periods of design response spectrum as
a function of site class. The bridge models (Fig. 1) are analyzed by FBD method in this study to
compare the seismic response of bridges with DBD methods.
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Fig. 3: FBD method; (a) typical design acceleration response spectrum (b) reduction of elastic force

Displacement-Based Seismic Design

A number of new methods have been developed overcoming deficiency associated with FBD method,
direct displacement-based design (DDBD) and alternative displacement-based design (ADBD) method
are among them. DDBD method, first proposed by Priestley (1993), aims at obtaining a structure, which
will reach a target displacement profile when subjected to earthquakes consistent with a given reference
response spectrum. The performance levels of the structure are governed through the selection of
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suitable values of the maximum displacement and maximum drift. After calculating vyield
displacements from the geometry of the elements, displacement ductility demands may be directly
calculated from target displacements (Ag). Starting with this ductility and with a set of response
displacement spectra, the effective period (Te) of an equivalent linear SDOF system is determined at
peak displacement, considering an equivalent damping ratio (&). The effective stiffness (Ke) of the
equivalent SDOF system at maximum displacement can be found from Eq. (1) using effective mass
(me) of the structure participating in the fundamental mode of vibration. Finally, design base shear
force, is calculated by Eq. (2).

Ke = 471',2 % (1) F= Vbase:
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Fig.4: DBD methods; (a) SDOF simulation (b) effective stiffness for DDBD (c) effective stiffness for
ADBD (d) Effective damping ratio estimation (e) effective period estimation from displacement spectra

The only difference between DDBD and ADBD is that, ADBD utilizes pushover analysis to determine
yield displacement (Ay), ultimate displacement (A,) and ultimate force (F.), from which effective
stiffness is calculated. The main philosophy of DBD methods are shown in Fig. 4. The bridge models
(Fig. 1) are also analyzed by DDBD and ADBD methods in this study.

NUMERICAL RESULTS

Design Base Shear

The base shear for both models in longitudinal and transverse direction is determined by FBD, DDBD
and ADBD methods. Figure 5 shows the comparisons of the base shear in both directions. In the
longitudinal direction, DDBD and ADBD estimated 54% and 35% less total base shear respectively
than that calculated by FBD for bridge model 1 (Fig. 5a). DDBD and ADBD have estimated 40% and
30% less total base shear respectively than that calculated by FBD for bridge model 2 (Fig. 5b). In the
transverse direction, DDBD and ADBD have estimated 38% and 12% less total base shear respectively
than that calculated by FBD for bridge model 1 (Fig. 5c). DDBD and ADBD have estimated 38% and
34% less total base shear respectively than that calculated by FBD for bridge model 2 (Fig. 5d).
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Fig. 5: Comparison of design base shear of bridge models; (a) Model 1 - longitudinal direction (b) Model 2 -
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Fig. 6: Comparison of design displacement of bridge models; (a) Model 1 - longitudinal direction (b) Model
2 - longitudinal direction (c) Model 1 - transverse direction (d) Model 2 - transverse direction
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Design Displacement

The displacement at pier tops for both models in longitudinal and transverse direction is determined by
FBD, DDBD and ADBD methods. Figure 6 shows the comparisons of the displacements in both
directions. In the longitudinal direction, FBD and ADBD have estimated 72% and 54% less design
displacement respectively than that calculated by DDBD for all three piers of equal height in bridge
model 1 (Fig. 6a). But FBD and ADBD have estimated 67% and 54% less design displacement
respectively than that calculated by DDBD for two outer piers of small height, though FBD and ADBD
have estimated 72% and only 7% less design displacement respectively than that calculated by DDBD
for the central pier of large height in bridge model 2 (Fig. 6b). In the transverse direction, FBD and
ADBD have estimated 81% and 59% less design displacement respectively than that calculated by
DDBD for two outer piers of equal height, though FBD and ADBD have estimated maximum of 84%
and 69% less design displacement respectively than that calculated by DDBD for the central pier of
equal height in bridge model 1 (Fig. 6¢). FBD and ADBD have estimated 78% and 57% less design
displacement respectively than that calculated by DDBD for two outer piers of small height, though
FBD and ADBD have estimated 82% and 24% less design displacement respectively than that
calculated by DDBD for the central pier of large height in bridge model 2 (Fig. 6d).

CONCLUSIONS

Displacement-based methods use the displacement spectrum for calculating the base shear force. It is
observed that using displacement spectrum needs less step of calculation than using acceleration
spectrum of FBD method which makes the calculation easier. From numerical evaluation of two bridge
models, it is observed that base shear calculated by DDBD and ADBD is as much as 54% and 35%
lesser than that calculated by FBD which makes the pier having less dimension and reinforcement.
Again, design displacement estimated by FBD and ADBD is as much as 82% and 59% lesser than that
calculated by DDBD. Eventually, FBD method estimates low fundamental period of structures which
determines high acceleration resulting high base shear. On the other hand, DBD methods estimate high
fundamental period of structures using effective stiffness in place of initial stiffness resulting low base
shear and from displacement spectra for high fundamental period high design displacement is obtained.
It can be summarized that, DBD methods are more effective than FBD in predicting seismic demand of
multispan bridges. DBD methods are introduced with better performance than FBD method in
predicting seismic demand of the structure as it designs the structure to achieve a given performance
limit state depending on design displacement. In compare to that, FBD requires repetitions of several
design steps to achieve desired performance specified by the code.
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ABSTRACT

Recent earthquakes have clearly demonstrated an urgent need to upgrade and strengthen seismically
deficient structures. Retrofitting is one of the best options to make an existing inadequate building safe
against future probable earthquake or other environmental forces. Any technology or material has its
limitations and to meet the new requirements, new technologies have been invented and used over ages.
Recently, an active confinement technique using Shape Memory Alloys (SMAS) has been proposed as a
more effective alternative to conventional passive confinement methods. This study focuses on the
seismic vulnerability of an existing RC building in Chittagong city. Two analytical models have been
generated to make a comparison between the existing building in ETABS 2015 and SMA retrofitted
building in SeismoStruct 2018. Nitinol (Nickel titanium) is used as a SMA material for retrofitting the
columns of the RC building. Linear static analysis of the two analytical models has been performed to
compute the structural responses according to Bangladesh National Building Code (BNBC Final Draft,
2015). Demand Capacity Ratio (DCR) is taken as the primary parameter to measure the structural
response. Based on the analytical evaluation, SMA retrofitted building using Nitinol has shown better
seismic performance.

Keywords: demand capacity ratio; retrofitting; seismic performance; shape memory alloy.

INTRODUCTION

Practically no building can be made earthquake proof. The engineering intention is to make buildings
earthquake resistant, such buildings resist the effects of ground shaking, although they may get
damaged severely but would not collapse during the strong earthquake. Old buildings have been
structurally designed for much lesser seismic actions when compared to buildings that are designed
today. Structurally rehabilitation brings a structure or a structural member to a specified safety and
performance level. Depending on state of a structure or structural member, rehabilitation can be divided
into two categories: Repairing and Strengthening. Repair is the rehabilitation of a damaged structure or
a structural member, on the other hand strengthening is upgrading an undamaged structure or the
member. Re-strengthening of reinforced concrete members has become very common in the modern
world. But the failure of columns is a major concern for structural engineers because the failure of a
column may lead to global failure of a structure. One popular solution to the problem of strengthening
old reinforced concrete (RC) structure is to place jackets around the structure elements. Jackets have
been constructed using concrete jacketing, steel jacketing, precast concrete jacketing, external
pre-stressing, FRP wrapping and SMA wrapping. Each method has its own advantage and
disadvantages.
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This study focuses on retrofitting by SMA material. SMA is a unique class of alloy that undergoes large
deformation as well as energy dissipation capacities while maintaining a super-elastic response and
return to its original shape through stress removal (super-elasticity) or heating (shape memory effect).
There are various components of SMAs such as Ni-Ti, Cu-Zn-Al, Cu-Al-Ni, Fe-Mn, Mn-Cu etc. The
copper-based and NiTi-based shape-memory alloys are considered to be engineering materials. These
compositions can be manufactured to almost any shape and size (Awan and Khan, 2018). In this study
Ni-Ti alloy is used as a SMA material. When a SMA is in martensite form at lower temperatures, the
metal can easily be deformed into any shape. When the alloy is heated, it goes through transformation
from martensite to austenite. In the austenite phase, the memory metal remembers the shape it had
before it was deformed. Superelastic and shape memory effect of SMA material is shown in Fig. 1
(Alam et al., 2005).

Ordinary Plastic
Deformation Superelastic

600+ (

Shape Memory

Stress 6, MPa
—
Stress o, MPa

/ /—
pomperd® 0 2 4 6 8
Strain e, %

Fig.1: 3D stress-strain-temperature (0-€-T) diagram of SMA showing SME in martensite state, PE
during austenite/martensite phase transformation and elastic-plastic behavior of austenite at higher
temperature (Alam et al., 2005)

In this figure we can see that, an ordinary plastic material goes through deformation with the stress
increment but it cannot regain its original phase after stress removal. In case of smart materials; as the
stress increases the material goes through deformation. But after the removal of stress the material
returns to its original position; which is called the superelastic property of SMA materials. The shape of
a smart material deforms when the temperature reaches martensite finish state. But when the
temperature reaches the austenite finish state the material returns to its original phase; which is called
the shape memory property of smart materials (Christian, 2018). In this study Nitinol is used as a SMA
material. Properties of Nitinol are listed below in Table 1 (Alam et al., 2012).

Table 1: Properties of Nitinol

Parameter Sl Unit English Unit

Modulus of Elasticity 28000 MPa 4061362 psi
Austenite to Martensite starting stress 410 MPa 59477.832 psi
Austenite to Martensite finishing stress 470MPa 68181.907 psi
Martensite to Austenite starting stress 170 MPa 24661.545 psi
Martensite to Austenite finishing stress 140 MPa 20309.514 psi

An existing 7 storey garments building JEANS 2000 LTD, located at Plot #67, Sector #7, CEPZ,
Chittagong, shown in Fig. 2 is analyzed in this study. Equivalent static analysis is performed according
to Bangladesh National Building Code (BNBC Final Draft, 2015). C/D method (Capacity-Demand) is
followed in this study taking demand capacity ratio (DCR) as the primary parameter to measure the
structural response. Jacketing with SMA is performed analytically in this study for retrofitting under
strength or weak columns. Finally DCR values of column from both retrofitted and nonretrofitted
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model are compared to understand the influence of SMA retrofitting in the seismic performance of
structure.

Bangladesh

®
Dhaka

o
Kotkata

Fig. 2: Existing garments building under study

METHODOLOGY
Concrete material of 2500 psi compressive strength and grade 60 steel is used in the analysis. The
reinforcement details of the columns and beams are listed in Table 2 and Table 3.

Table 2: Reinforcement detailing of column

Types of Size Longitudinal Transverse bars No. of stirrup Clear cover
column bars thickness
Along Along
height width
C1 247724 12-22mm @ 10mm@ @7-12" 4 4 257
Cc2 2477%24” 14-22mm @ 10mm@ @7-12” 4 4 257
C3 2477%24” 20-22mm @ 10mm@ @7-12” 4 4 257
C4 2477*%24” 24-22mm @ 10mm@ @7-12" 4 4 257
Table 3: Reinforcement detailing of beam
Size Longitudinal bars Transverse bars
Top Bottom
Support-section 257*12" 3-22mm@ and 3-22mm@ 10mmg @ 5-8”
3-22mm @ E.T.
Mid-section 257*12” 3-22mm@ 3-22mmd@ and 10mm@ @ 5-8”
3-22mm @ E.B.

Load Calculations

For the building under study, dead load and live loads are estimated according to Bangladesh National
Building Code (BNBC Final draft, 2015). Floor finish, beam wall, partition wall, RC water tank, PVC
water tank loads are taken into account as dead loads. Roof live load, slab live load having storage and
machineries, slab live loads without storage and machineries are taken as live loads. Calculations for
earthquake loads and wind loads for both X and Y-direction is also performed according to Bangladesh
National Building Code (BNBC Final Draft, 2015). The analytical method is used here to calculate the
wind loads. All the coefficients and load combinations are taken according to Bangladesh National
Building Code (BNBC Final Draft, 2015). Using the base shear, part of shear force at each storey of the
building is calculated. Seismic weight of the structure is used to calculate the base shear force which is
found from the ETABS analysis.
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Modelling and Analysis of Existing Structure
Modelling of Existing Structure is performed by ETABS 2015. After generating an ETABS model,
seismic weight, W is calculated from the axial force diagrams of each elevation. Seismic weight is
determined according Bangladesh National Building Code (BNBC final draft, 2015). The total dead
load of a building, including partition walls and applicable portions of other imposed loads listed below:

(@) For live load up to and including 3kN/m?, a minimum of 25 percent of the live load shall be

applicable.
(b) For live load above 3kN/m?, a minimum of 50 percent of the live load shall be applicable.
(c) Total weight (100 percent) of permanent load or retained water or any imposed load sustained
in nature shall be included.

After determining the seismic weight; earthquake loads are calculated. Then earthquake and loads are
applied in both X and Y-direction. From a lot of methods of analysis static analysis is performed in this
section. A total number of 9 load combinations were used in this analysis. For different load
combinations, there are different values for AFD (axial force diagram), SFD (shear force diagram) and
BMD (bending moment diagram). The load combinations are used according to Bangladesh National
Building Code (BNBC final draft, 2015). The maximum values for axial force and moment are found
from the envelope. Selecting the preferences ACI-318-11 the model is checked. There are total of 448
columns from which 210 columns cannot withstand the assigned loads. Demand Capacity Ratio of
those columns exceeded 1.0. CSI Column software is used in this study to check the DCR values found
from ETABS. A hand calculation is also performed to double check the DCR values. DCR value of a
defected column will be discussed in the result and discussion section.

Modeling and Analysis of Retrofitted Structure

A SeismoStruct model is generated to retrofit the weak columns. After creating the building model,
dead load, live load, earthquake and wind loads are applied. A total number of 9 load combinations
were used in this analysis to apply the nodal loads. The columns which showed DCR value greater than
1.0 are retrofitted here with Nitinol SMA. Static analysis is performed in this study. At first a wrapping
of 1.25 mm thickness was applied to the defected columns. Using the AFD, BMD and SFD from the
SeismoStruct software demand capacity ratio at top and bottom is calculated through the CSI Column
software. 184 columns showed DCR value less than 1.0 after retrofitting. Then 1.5 mm thickness
wrapping was applied to other 26 columns. Those columns also showed better result after retrofitting
with SMA wrapping of 1.5 mm. DCR value of a retrofitted column will be discussed in the result and
discussion section.

RESULTS AND DISCUSSIONS

To make a comparison between a retrofitted and non-retrofitted column, a column of C3 property of
storey 4 is taken. Two DCR value will be considered in this case. One for the retrofitted DCR which
will be found from SeismoStruct analysis and the other form the nonretrofitted column which will be
found from ETABS analysis. Static analysis is considered in both of the cases.

DCR value of a Non-Retrofitted column
To determine the DCR value of that column, axial load, Mux-Bottom, Myx-Top, My-Bottom, Myy-Top is
determined from ETABS. The values of the corresponding column are listed below in Table 4.

Table 4: Moments of the column

Storey Column Profile Mux-Bottom Mux-Top Myy-Bottom | My,-Top
(k-ft) (k-ft) (k-ft) (k-ft)
S4 C30-3 322.13 328.56 214.26 235.59

Using these values, DCR value of both top and bottom of the column is calculated using CSI column
software and the maximum of those two is listed below in Table 5.

Table 5: DCR value of the Non-Retrofitted column
Storey Column profile Demand capacity ratio Remarks
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S4

C30-3

1.28

Not safe

All the columns are checked by the same process and 210 columns were found having a DCR value

greater than 1.0. Those columns were retrofitted using SeismoStruct software.

DCR value of a Retrofitted column

To determine the DCR value of that column, axial load, Mux-Bottom, Myx-Top, My-Bottom, Myy-Top is

determined from SeismoStruct. The values of the corresponding column are listed below in Table 6.

Table 6;: Moments of the column

Storey Column profile Mux-Bottom Mux-Top | My-Bottom | My-Top
(k-t) (k-ft) (k-ft) (k-ft)
S4 C30-3 483.06 461.43 63.08 58.21

Using the values of axial force, moment at top and moment at bottom from SeismoStruct analysis; DCR

value was determined using the CSI Column software and listed below in Table 7.

Table 7: DCR value of the Retrofitted column

Storey

Column profile

Demand capacity ratio

Remarks

S4

C30-3

0.67

Safe

A comparison between the moment carrying capacities of the columns and their demand capacity ratio

is shown in Fig. 3 and Fig. 4 respectively.
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Fig. 3: Comparison between moment carrying capacities of retrofitted and nonretrofitted column.
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Fig. 4: Comparison between the DCR values of retrofitted and nonretrofitted column.

This process is repeated to check DCR values for all columns retrofitted with Nitinol SMA of 1.25 mm
thickness. After this step, 26 columns showed DCR values greater than 1.0. Then they were retrofitted
using 1.5 mm wrapping. After the comparison, it is clear that columns retrofitted with SMA will show
better performance in the future. As SMA is a corrosion resistive material, those columns will have this
advantage. After the assessment of the outcome of the investigation some recommendations can be
stated for future research. In this project only static analysis was considered. But dynamic analysis
should be performed to make the structure fully restrained against seismic loads. In this study
foundation was not considered. The support of every frame was fixed support. But foundation analysis
should be performed to get more accurate result. This study didn’t consider the permanent weight of
machine and equipment because of lack of information. Instead of that the largest live load for garments
building from BNBC was assigned in those particular slabs. For better result, permanent weight of
machine and equipment should be estimated clearly.

CONCLUSIONS

The building analyzed in this study is a garments building (Jeans 2000 Ltd.) located in CEPZ,
Chittagong, Bangladesh. The type of analysis considered here is static analysis according to BNBC.
The primary parameter considered in this study is Demand-Capacity-Ratio (DCR). DCR value of 210
columns of the existing structure analyzed in ETABS 2015 exceeded 1.0, which means higher demand
of columns than allowable capacity. To retrofit these defected columns, Nitinol SMA of 1.25 mm
thickness wrapping is used for 184 columns and 1.5 mm wrapping is used for the remaining 26 columns
by the assistance of SeismoStruct 2018 software. DCR values of the retrofitted columns were less than
1.0 which means that those columns can withstand the existing loads. These conclusions indicate that
Nitinol SMA can be used as a more effective retrofitting material. The numerical results have revealed
that responses of RC columns are significantly reduced after retrofitting it by SMA material.
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ABSTRACT

The use of high strength concrete has become popular in construction work because of its improved
strength and durability. High-strength concrete can be used as a substituting material over conventional
concrete for structural members. This study describes the flexural behaviour of high strength reinforced
concrete beam. The variation of flexural ductility with concrete compressive strength is quite
complicated and thus sincerely reviewed in this paper. An experimental and numerical investigation of
high strength reinforced concrete beam has been conducted in the present study. Four simply supported
beams, having compressive strength of 27.50 MPa, 43.85 MPa, 54.05 MPa and 62.01 MPa, reinforced
in top and bottom edges of the beam have been investigated in this study. The beams were tested under
two-point loading to reveal their flexural behaviour. Load-deflection diagram and ductility index are
the primary parameters that were considered in this study. The ultimate loads that obtained from the
experimental results were found to be in good agreement with the numerical results. In addition, this
study also compared the theoretical and experimental deflection at the mid-point of the beam. The
cracking behaviour of all the beams and the crack width is also reviewed in this paper.

Keywords: high strength concrete; flexural ductility; load-deflection; crack width.

INTRODUCTION

In recent years, because of the advancement of concrete technology, the use of high strength concrete
has increased and high strength concrete has been now used in many countries around the world. They
also raised the upper limit of the concrete strength in their building code (Pam et al., 2001) to consider
the higher strength of modern concrete. The use of high strength concrete can improve the durability of
concrete, decrease the shrinkage and creep of the concrete, and reduce the size of the structural member
(Lin et al., 1992). Although, in many cases the behaviour of high strength concrete is different from
normal strength concrete, therefore high strength concrete should not be treated as normal strength
concrete with greater strength. Another problem of high strength concrete i.e. generally more brittle in
nature compared to that of normal-strength concrete (Pam et al., 2001). As high-strength concrete is
more brittle in nature, their crack does not always occur in aggregate-hardened cement paste interfaces
(Ho et al., 2002). It has been found that reinforced concrete beams made of high-strength concrete, if
not properly designed, could fail in a brittle manner (Sarkar et al., 1997). As a consequence, in the
design of reinforced concrete integrating high strength concrete, meticulous checking of ductility,
cracking, and shear strength of the structure is ineluctable.
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METHODOLOGY

Four beams were tested under simply supported condition. The dimensions of each beam were 915 mm
x 152.4 mm % 139.7 mm. The span length of each beam was 813 mm with 51 mm clearance from the
each end to the support. The span depth ratios taken in this study is around 6 which are lower than the
previous studies available in the literature. To facilitate the cracking patterns on beam during the
application of load, gridding was done. Each unit was 10 mm x 10 mm. The beams were tested under
two concentrated loads with a constant moment region. The distance between the two point loads was
305 mm. The deflections were measured at mid-point. The beams were tested under load control
condition. The deflection was recorded for each 10 kN increment of load up to failure and their crack
pattern was also recorded. The experimental setup of the beam under two point loading are shown in
Fig.1. Material properties and the geometric dimensions of the tested beams are shown in Table 1.

Fig. 1: I |

» Roller
305 mm f 305 mm 305 mm——
Beam
—151mm 21mm p=—
Support
/&\ * Dial gauge
—Steel Member
I I—’ Hydralic Platform
Experimental setup
Table 1: Material properties and the geometric dimensions of the tested beams
Beam no. Compressive Depth of the centre Depth of the No. of No. of Top
strength, of bottom Steel centre of top Steel | Bottom Steel, Steel A's
f'c (MPa) layer, d (mm) layer d' (mm) As
Bl 27.50 96.3 254 2#16 2#12
B2 43.85 96.3 254 2#16 2#12
B3 54.05 96.3 254 2#16 2#12
B4 62.01 96.3 25.4 2#16 2#12

Experimental Investigation

The main objective of this experiment program is to investigate the flexural behavior of reinforced
concrete beam. A total of four small-scale rectangular concrete beams were tested. All of them were
reinforced with grade 60 steel. A total of four batches of concrete were used for this study. The designed
compressive strengths for four batches were 27.50 MPa, 43.85 MPa, 54.05 MPa and 62.01 MPa.
Development of first crack in the beam and fracture of the beam during experiment are shown in Fig. 2
and Fig. 3 respectively.
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Fig. 2: Development of first crack in the beam Fig. 3: Fracture of the beam during experiment
All specimens were loaded up to failure using a four-point flexural test under monotonic loading
condition. The main variables are the compressive strength of concrete. The overall performance of the
tested specimens was evaluated based on the overall flexural behavior.

Numerical Investigation

In this study the beam is analysed by static pushover analysis method due to incremental load
application. The reinforcement detailing of the beam is carefully maintained and material property that
is used in this program are tried be synchronized with the experimental result. The properties of
concrete and reinforcement details used for experiment program were put in SeismoStruct software as
shown in Table 2. The two point loading was set in the model of the beam by applying two incremental
loads of 10 kN from 305 mm distance of each end of the beam. The two hinge support was placed at the
bottom of the beam at 51 mm from both ends. The analytical model of the beam and development of
first crack in the analytical model of the beam is shown in Fig. 4 and Fig. 5 respectively.

Table 2: Material properties of the beams for numerical investigation

Material Material type Material properties Remarks
name
Concrete 1 Con_ma f'e=15 MPa up to 45 MPa | Used in beam B-1 and Beam B-2
Concrete 2 Con-hs f'c =50 MPa up to 120 MPa | Used in beam B-3 and Beam B-4
Steel Stl_bl E =200071.60 MPa Used in all four beams
Fy= 462 MPa
1 d

Fig. 4: Analytical model of the beam Fig. 5: Development of first crack in the
analytical model of the beam

RESULT AND DISCUSSION

The parameters used to evaluate flexural performance were flexural cracking load and ultimate load
under the load deflection behaviour, cracking width, ductility index, flexural capacity and deflection
under service load.
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Load deflection behaviour

Four separate load deflection curves were obtained experimentally and numerically and they are shown
in Fig. 6 and Fig. 7. From Fig. 6 and 7 it can be shown that experimental load deflection curve slightly
varies from numerical load deflection curve and numerical result shows larger deflection than
experimental result except from beam B-1 where the experimental result shows larger value than
numerical one.

The comparison of development of first crack loading and ultimate loading between experimental
results and numerical evaluation are shown in Fig. 8 and Fig. 9. As seen in Fig. 8 and 9 the cracking load
increases with the increase of concrete compressive strength both experimentally and numerically but
numerical results showed larger value than experimental results. But the opposite phenomenon
occurred in case of ultimate load. Here, experimental results showed larger value than numerical results
except for beam B-1 which showed the similar value for both experimental and numerical.

Load-Deflection curve Load-Deflection curve
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Fig. 6: Load-deflection curve from experimental Fig. 7: Load-deflection curve from numerical
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Fig. 8: Comparison of first crack load Fig. 9: Comparison of ultimate load

Cracking behaviour

Crack widths were measured at every load interval at the tension steel level and the crack formations
were marked on the beam. The crack width at the tensile face was measured at every load stage in all the
tests. The cracks forming on the surface of the beams were mostly vertical, suggesting failure in flexure.
From experimental investigation it is observed that the crack widths are increasing for higher strength
concrete. Though in most codes of practice, the maximum allowable crack width lie in the range of 0.10

645



to 0.40 mm (Vidivelli and Subbulakshmi, 2016), all crack widths found from the experiments exceed
the value recommended in codes.

Table 3: Crack width and numbers of cracks for beam

Beam no Max crack width No. of crack between
(mm) loading points
B-1 1.0 2
B-2 1.3 3
B-3 3.1 5
B-4 3.9 6

Ductility index

The ductility index (M) was calculated depending on (Amax/Ay), Where the deflection at ultimate load
(Amax) is the deflection when the load reached 85% of the ultimate load and (Ay) is the deflection when
the applied load reached 75% of the ultimate load (Pam et al., 2001). The variation of ductility index of
beam both experimentally and numerically are shown in Fig. 10.

Ductility index vs. compressive strength
4
35 ¢ ¢ .
3 °
i 25
e . *
3 2 ¢
N #— experimental
%* '1 #— numerical
El
A 05
0
20 30 40 50 60 70
Compressive strength (MPa)

Fig. 10: Variation of ductility index with concrete compressive strength

From Fig. 10 it has been observed that the ductility index of beam showing large variation between the
experimental and numerical results and opposite trend in the results. The main reason behind this
variation and opposite trend in the result is the inaccuracy in casting of beam with lack of adequate clear
cover and lack of required no. of dial gauge to measure the deflection under two point loading. It is
known that concrete becomes less deformable and more brittle when its compressive strength increases
especially when it is heavily reinforced. This might be the reason behind the decrease in ductility index
for higher compressive strength of concrete.

Flexural capacity
Flexural strength of beams are shown in Table 4. From Table 4 it has been observed that the flexural

strength of beam increases with the increase in the compressive strength of concrete both
experimentally and numerically. This increase in flexural strength is rapid in case of beam B-2 and
beam B-4.

Table 4: Flexural strength of beams

Beam no. Compressive strength (MPa) Flexural strength (MPa)
Experimental Numerical
B-1 275 31.98 32.0
B-2 43.85 38.12 37.27
B-3 54.05 39.97 38.29
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| B-4 | 62.01 | 46.73 | 45.08 |

Maximum deflection at service load

Comparison between the calculated (3seraci), the corresponding experimental deflection (Jserexp) and
numerical (Sser,num) at service load are shown in Table 5. From the Table 5 it is observed that ACI 318-11
code expression for Ec value leads to a highly unconservative prediction of (8sraci) in terms of
experimental result. But ACI 318-11 code overestimates the predicted deflection in terms of numerical
result except for beam B-3.

Table 5: Experimental, numerical and predicted deflection at service load

Beam Oser,exp Oser,num Oser, ACI Oser,exp/ Oser, ACI Oser,num/Oser,ACI
No. (mm) (mm) (mm)
B-1 3.90 2.00 2.66 1.47 0.75
B-2 3.95 2.30 2.67 1.48 0.86
B-3 4.00 3.80 2.59 1.54 1.47
B-4 3.40 1.90 2.87 1.18 0.66

CONCLUSIONS

The effect of concrete compressive strength on the flexural behaviour of reinforced concrete beam was
investigated in this study. The load-deflection curves from the beams obtained experimentally are
slightly different from numerical analysis. As concrete compressive strength increases the flexural
strength of reinforced concrete beam also increases. The ductility index increases as concrete
compressive strength increases for the same p up to some limit in terms of experimental results
thereafter decreases as f." increases. ACI 318-11 code expression for E.leads to a highly unconservative
prediction of deflection at service (8seraci) in terms of experimental result. The maximum crack width
lies in the range of 1.0 mm to 4.0mm which is larger than code suggested value.
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ABSTRACT

Leaching of calcium and other ions from hydrates increases the porosity of cement based materials
which has a negative effect on strength and durability. This study investigated the effects of leaching on
the properties of mortar. Compressive strength and weight of the mortar and pH of leached water at
different leaching periods were evaluated. The mortar specimens were subjected to tank leaching test
where samples were exposed to demineralized water for 15, 30 and 90 days. The experimental results
demonstrate that after leaching, the alkalinity of leached water increased due to the dissolution of
calcium and other ions from mortar samples. Generally, for the first 30 days leaching there was no
significant negative effect on the properties of mortar, rather leachant act as a curing medium. Due to
the dissolution of hydration products, after 90 days leaching period, weight of the mortar specimen was
decreased by 0.75% compared to without leaching sample. On the other hand, after 90 days leaching
compressive strength of mortar increased by 72.60% compared to without leaching sample. In addition,
after 90 days leaching period, compressive strength and weight decreased by 23.48% and 1.48%
respectively compared to 30 days leached specimens.

Keywords: Leaching; dissolution; demineralized water; hydration products; mortar.

INTRODUCTION

Dissolution and alteration of cementitious materials occur due to long term contact with water.
Concrete structures such as hydraulic structures, underground structures, radioactive waste containers,
water purification plants, tunnels etc. when contacted with water leaching occurs. Leaching is a
diffusion reaction phenomenon which takes place when cementitious materials are exposed to poorly
mineralized or demineralized water (Roziere et al., 2009). The mechanism of leaching is very slow but
can be a risk at longer periods (Kamali et al., 2003).

Hardened cement concrete is a porous material which contains solid hydration products such as
portlandite (CH), calcium silicate hydrates (C-S-H), monosulfate (AFm), ettringite (AFt), etc. as well as
pore space. Pore space is filled up with interstitial solution which is highly charged with Ca?*, OH-, Na*,
K*, etc. (Faucon et al., 1998). Normally solid hydration products and the interstitial solutions remain in
thermodynamic equilibrium condition. However, when concrete contacts with demineralized or poorly
mineralized water the thermodynamic equilibrium condition does not exist. Leaching is accelerated
with soft or demineralized water. Water creates concentration gradients which lead to the diffusion of
ions from the highly concentrated interstitial solution to demineralized water and progressively
dissolution or precipitation of the solid product occurs (Burlion et al., 2006; Faucon et al., 1998; Planel
et al., 2006). The rate of attack depends on the quality and shape of the concrete, the rate at which the
water percolates through or flows over it, the temperature, pH and the concentration of solutes in the
water (Taylor, 1997; Kamali et al., 2003).
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Porosity and transport properties of concrete increased due to leaching. Porosity of concrete has great
influence on strength, toughness, durability and overall performance of concrete. Pore of the concrete
leads to the cracks in concrete structures and degrade the performance. Moreover, other aggressive
chemical such as chloride, sulphate, magnesium, etc. can penetrate into the concrete structure during
the leaching process (Moranville et al., 2004). Chemical properties of pore water, such as pH, Eh
(oxidation potential) and element concentration are also affected due to the process of leaching (Carde
and Francois, 1999; Haga et al., 2005). Therefore, deterioration due to leaching causes severe damages
on concrete structures such as cracking, delamination, spalling or even fracture (Weiting et al., 2011).

METHODOLOGY

Materials

Ordinary Portland Cement (OPC) was used as the binding material in this study. The specific gravity
and specific surface area of cement were 3.15 and 3600 cm?/gm, respectively. Natural silica sand was
used as a fine aggregate. The physical properties of the sand are shown in Table 1.

Table 1: Physical properties of fine aggregate

Property Sand

Bulk specific gravity (OD basis) 2.60

Absorption capacity (%) 2.48

Fineness modulus (FM) 2.7

Mix Proportions and test methods

The sand to cement ratio of the mortars was 2.75. The water to cement ratio was kept constant at 0.55.
The mortar mixture was prepared on a water tight platform. First, the fine aggregates and cement were
dry mixed thoroughly. Then the required amount of water was added carefully so that no water was lost
during mixing. The fresh mortar was then put into the 50 mm sides cube moulds and compacted using
the standard temping method. The specimens were allowed to remain in the mould for the first 24 hours
at ambient condition. After that these were demoulded with care so that no edges were broken and were
placed in the curing tank at the ambient temperature for curing of 28 days until the leaching process
began.

Tank leaching test was conducted in order to evaluate the effect of leaching on mortar. To conduct the
tank leaching test, after 28 days curing period, hardened mortar was exposed to demineralized water in
accordance with NEN 7345 (1995) standard. To prepare the leachant, 5 ml of the demineralized water
was used per 100 mm? of the surface area of the specimen. The properties of leachant and leached
mortar specimen were evaluated at 15, 30 and 90 days leaching periods.

pH of leached water was recorded at different leaching periods. Compressive strength tests were
performed following the ASTM C109/C109M (2016) standard. First compressive strength tests were
conducted after 28 days curing of sample in normal water before leaching process. After that the
compressive strength of mortar was determined at 15, 30 and 90 days leaching periods. Three
specimens were tested at each leaching period and an average value of the compressive strength is
reported. In addition, the weight of the mortar specimen was accumulated at 0, 15, 30 and 90 days
leaching periods in order to evaluate the change of weight after different leaching periods.

RESULTS AND DISCUSSION

PH variations of leached water
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Fig. 1 shows the variation of pH of leached water at different leaching periods. From the Fig. 1 it is
observed that the pH of the pure water was 6.6 and pH of the leached water varies from 6.9 to 9.2 which
suggests the alkalinity of leached water. Alkalinity of leached water increased compared to pure water
due to the dissolutions of ions such as Ca**, Na*, K*, OH, etc. from the mortar specimen. It is also seen
that pH variation is not so high for the different leaching period because pH also depends on many
factors such as temperature, CO; in the surrounding environment, etc.
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Fig. 1: pH of leached water at different leaching periods

Compressive strength variations

Fig. 2 illustrates the change of the compressive strength of mortar at different leaching periods. It is
noticed that after 28 days curing period (0 days leaching period), the compressive strength of mortar
was 21.9 MPa. The compressive strength of mortars were 27.9, 49.4, 37.8 MPa for 15, 30 and 90 days
leaching periods, respectively. After 15 and 30 days leaching, the compressive strength of mortar
specimens was increased by 27.39% and 125.67%, respectively compared to without leaching sample.
This result suggests that up to 30 days leaching, there was a formation of solid products which might
come from further curing and leads to increase compressive strength. In contrary, after 90 days
leaching, the compressive strength was decreased by 23.48% compared to 30 days leaching specimens.
This result indicates that dissolution of hydration products was happened due to 90 days leaching and
consequently compressive strength was decreased.

0 15 30 2

Leaching Period (Days)

Compressive Strength (MPa)
— 2 tw N n =
= = = = = =

(=]

Fig. 2: Compressive strength of mortar at different leaching periods
Weight variations
The weight variations of the mortar specimen due to leaching are shown in Fig. 3. The weight of the
specimen were 268, 268, 270 and 266 gm for 0, 15, 30 and 90 days leaching periods, respectively. It can
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be seen that after 15 days leaching, weight of mortar specimen is same as without leaching sample.
However, after 30 days leaching the weight of mortar increased by 0.75% compared to without leaching
sample. This result also indicates that there was a formation of solid products for up to 30 days leaching
period, which might come from further curing and leads to increase the weight of mortar. On the other
hand, after 90 days leaching the weight of mortar decreased by 0.75% and 1.48% compared to without
leaching and 30 days leaching specimens, respectively. This result suggests that dissolution of
hydration products due to leaching leads to decrease the weight of mortar.
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Fig. 3: Weight of mortar at different leaching periods

CONCLUSIONS

In this study the effect of leaching on mortar specimens was investigated. Leaching was conducted
using tank leaching test. Based on the experimental analysis of this study, the following conclusions
could be drawn:

o Alkalinity of leached water increased due to the dissolution of ions such as Ca?*, Na*, K*, and
OH- etc. from the mortar specimen.

e After 15 and 30 days leaching the compressive strength of mortar was increased by 27.39% and
125.67%, respectively compared to without leaching sample. In contrary, after 90 days
leaching, the compressive strength was decreased by 23.48% compared to 30 days leaching
specimens.

o After 30 days leaching the weight of mortar increased by 0.75% compared to without leaching
sample. On the other hand, after 90 days leaching the weight of mortar decreased by 0.75% and
1.48% compared to without leaching and 30 days leaching specimens, respectively.

e In general, for the first 30 days leaching there was no significant negative effect on the
properties of mortar, rather leachant act as a curing medium. However, after 90 days leaching
period, performance of mortar gradually deteriorated.
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ABSTRACT

Bricks & sand are used in various types of construction work such as partition wall, reservoir, road &
building. Problems frequently occur due to the use of low-quality bricks & sands. Bricks & sand that do
not fulfil the quality standards make structures weak & faulty. Different field and laboratory tests are
needed for quality control of these engineering materials. This study covers the experimental
investigation sand and brick samples collected from ten different local areas of Chittagong district.
These materials were tested through field and laboratory tests to assess their engineering properties in
order to compare with standard limiting values. Unit weight, Fineness modulus, Salinity, Water
Absorption Capacity, Specific gravity and Chloride tests were conducted for sand. Whereas Field Test,
Size & Shape, Salinity, Chloride, Unit Weight, Water Absorption and Crushing Strength tests were
performed for Bricks in the laboratory of Chittagong University of Engineering and Technology. The
properties of brick and sand samples are observed to vary for different sources. However, the test data may
provide necessary information to ensure quality of construction works in this region.

Keywords: Bricks; Sand; Engineering properties; Laboratory test; Field test

INTRODUCTION

Soil is the upper layer of earth containing inorganic particles and organic substance covering most of
the land surface. Sand has been defined as a loose granular substance and various organic matter
having liquid and gas in the empty space between the soil particles. Soil is also considered to be harsh
grained particle with particle size between 0.07 mm to 4.75 mm (Lambee, 1951) and is an engineering
material that plays a significant part in civil engineering works. Soils vary mostly in their chemical
and physical properties depending on their age and states (parent material, climate, topography and
vegetation) under which they are shaped. The major component of the most soils is inorganic material.
It comprises mostly of mineral particles having particular physical and chemical properties that differ
on the basis of the parent material conditions under which the soil was formed. The texture of soil is a
feature that is ascertained mostly by the relative ratio of inorganic particles of various sizes. Grit
particles are larger than 2mm in diameter, frieze sand-particles less than 2 mm and larger than0.2 mm
in diameter, fine sand-particles are either 0.2mm or 0.02mm in diameter, spilt-particles between0.02
mm and 0.002 mm in diameter (Das and Sobhan, 1998). Quartz is the remarkable mineral in the sand
fraction of a large number of soils. On the other hand, sand particles have a relatively small surface
area per unit weight, less water retention with little chemical activity in comparison with silt and clay.
So, it is essential to know about physical and chemical properties of soil so as to know whether the soil
is chemically active or not (Zaman and Islam, 2010). Soil engineering has wide application in the
construction of different civil engineering structure like foundations, retaining structures, stability of
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slopes, underground structures, pavement design, earth dam etc. The properties defining sand as
standard quality would be well graded, coarse and clean, free from all types of detrimental substances,
and does not contain any uncleanliness like iron pyrite acidic and basic, mica etc.

Meanwhile, Brick is the small building material in the form of a rectangular block which was first
produced in a sun-dried from at least 6,000 years ago. Clay is the basic component that is mined from
open pits, formed, and then fired in a kiln in order to produce strength, hardness, and heat resistance.
Brick was the major building material in the ancient Near East and its multi-dimensionality was
extended in shale ancient Rome by developments in manufacture and by new techniques of bonding.
Little amounts of manganese, barium, and other additives are mixed with the clay to produce various
shapes and barium carbonate is used to develop brick’s chemical resistance to the components. Many
other additives such as byproducts from papermaking, ammonium compounds, wetting agents,
flocculants causing particles to form loose clusters and deflocculants dispersing clusters have been
used in brick and some clays need the addition of sand or grog (pre-ground, pre-fired material like
scrap brick). Various types of coating materials and procedures are needed to produce brick of a
certain color or surface texture. The flux lowers the melting temperature of the sand in order to be
bonded to the brick surface. There are some other materials such as graded fired and unfired brick,
nepheline syenite and graded aggregate can also be used. The primary step in producing brick is
crushing and grinding the raw materials in separator and a jaw grinder. Then, the mixture of
components desired for each particular batch is selected and filtered before it was sent on to one of the
three brick shaping processes. They are extrusion, molding or pressing. Among the three processes the
first one is the most adaptable and it is the most common. Once the bricks are shaped and they are
dried to remove excess moisture which may cause cracking during the ensuing firing process.
Firing in ovens and then cooling, they are detached-automatically stacked, wrapped with steel bands
and padded with plastic corner protectors. The bricks which are used in construction works are burnt
bricks. They are classified as the first-class bricks, second class bricks, third class bricks and fourth-
class bricks. So, the optimum properties which make quality bricks are well burnt with copper
colored. They are free from cracks having square and sharp edges. They produce audible metallic
sound at time of struck. These types of bricks absorb minimum water when they are submerged in
water. These bricks do not break although they are dropped from 1-meter height (Aziz, 1995). The
main objectives of this study are to assess the quality of the locally available bricks and sand by field
test and relevant laboratory tests. Thereafter the properties of brick & sand will be compared with
standard value.

EXPERIMENTAL PROGRAM

Materials used

Sand

Sand samples were collected from the following areas: Karnaphuly (bahirerchor), CUET balurchora,
Shilok sand, Karnaphuly river (vitorerchor), Modunaghat, Bangalkhali, Tarabuniar chora, Ranir hat,
Ichamoti river, Raojankhal.

Brick

Bricks samples were collected from different brick fields of Raozan and Rangunia Upazila. The
various frog marks were BBC, SBM, EBM, FM, BBM, MBI, KBM, MBM, BBI, PBM. For each
source sample No.1 (first class), No.2 (second class) and No.3 (picket) were collected.

Test conducted
Sand
The following laboratory tests were performed to asses the quality of the collected sand sample.
Standard test procedure (ASTM C29, ASTM C128-15, ASTM C136, ASTM D1411-09) were
followed for the relevant test:
e Sieve Analysis
Specific Gravity
Unit Weight
Salinity
Chloride
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Bricks

The various tests were performed in the laboratory according to relevant standard procedure (ASTM
C67 / C67TM-18):

Compressive Strength

Water Absorption

Unit Weight

Efflorescence Test

Field Test of Brick

RESULT AND DISCUSSION

As stated earlier, brick and sand samples were collected from the locally available sources. For each
test, average of at least 03 samples test results were taken. The test results are shown in graphical and
tabular forms. Fig. 1 to Fig. 5 shows the F.M., unit weight, specific gravity, chloride content and
salinity respectively of sand samples collected from various sources. Also, Table 1 shows the
comparison of results with the standard values. On the other hand, Fig. 6 to Fig. 10 show the crushing
strength, salinity, unit weight, water absorption and chloride content respectively of brick samples
collected form different brick fields. Likewise, Table-2 shows the brick field test results. Also, Table
3 shows the comparison of results with standard values for brick samples. From the Figures and
tables, it is seen that engineering properties of the brick and sand samples vary form source to source.
However, after detail analysis of the test results, a few conclusions and recommendations are made
therefrom.
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Table 1: Comparison of Results with Standard values (Sand)

o3

Parameters Results Standard Values
Fineness modulus [1.57-1.74 2.3-3.1
Specific gravity [2.54-2.73 2.65-2.68
Unit weight 14.97-15.67 (14-19
Salinity 0.072-0.12 |0.074-.099
Chloride content |0.042-0.07  |0.045-0.060
. . SALINITY
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Table 2: Field test of brick

Test Name | Sample | BBC | SBM | EBM | FM | BBM | KBM | MBI | MBM | BBI | PBM
1 S S S S S S S S S NS
T-Test 2 NS S S S S NS S NS NS S
3 NS S NS S S S NS S S S
1 S S S S S S S S S NS
Nail Test 2 NS NS S S S NS S S S S
3 NS S NS S S S NS S S S
1 S S S S S S S S S S
Sound Test 2 S S S S S S S NS S S
3 NS S S S S S NS S S S

CONCLUSIONS

* S- satisfactory; NS- not satisfactory
Table 3: Comparison of Results with Standard values (Brick)

Parameters Results Standard Values
Field test Satisfactory

Unit weight (kN/m?3) 13.22-17.46  [18.84

\Water absorption (%) 0.06- 0.21 15-20

Salinity (%) 0.067-0.094

Crushing strength (psi)  [1600-2400

In this study, samples of brick & sand from ten different sources of sand & brick fields were collected,
tested and analyzed with regard to assess the various aspects of engineering properties. It is clear that
for locally available sand and bricks, test results for different engineering properties vary with the
sources location. The key findings are:
(i) The Fineness Modulus of sand collected from different sources falls below the standard limit, but

the other properties including specific gravity, unit weight, salinity, chloride content of sand lies

within standard limiting values.
(ii) Among all the sources Shilok sand is found satisfactory as it mostly complies with the standard

limiting values.

(iii) The field test of first-class bricks collected from the various sources are found satisfactory. But

for 2" class and picket brick, the quality doesn’t satisfy in maximum cases.

(iv) The unit weight, salinity and chloride content of bricks collected from different sources lies
within the standard limit in most of the cases.
(v) Water absorption capacity of bricks lies within standard limit. However, 2" class and picket
bricks absorb more water and exceed the limiting value.

(vi) The crushing strength of bricks collected from all the sources falls below the standard limit.
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ABSTRACT

Fire resistance needs to be considered carefully during concrete structures’ design which could be
improved by addition of discrete fibers. As a local and ecofriendly biodegradable natural fiber, jute
could be an effective material to improve concrete properties under elevated temperature. This
experimental research studied residual compressive strength, crack and spall of jute fiber concrete
exposed to different elevated temperatures (200°C, 400°C, 600°C, and 800°C). Properties of C35
strength concrete composites containing 15 mm and 20 mm length jute fibers were compared with plain
concrete without fiber. With addition of jute fiber, compressive strength of concrete increased up t016%
and 6% respectively for 15mm and 20 mm fibers. Up to 200°C strength increased for both plain and
15mm fibered concrete, where the latter gained more strength (max 25%). At 400°C, 600°C and
800°C, strength reduction in control concrete is more than 15mm fibered concrete (max 20%). At any
elevated temperature, 20mm fiber reduced the compressive strength than both control and 15mm
fibered concrete. Crack area (max 71%) and width (max 20%) reduced using 15 mm jute fiber at
elevated temperature than control while 20 mm jute fibered concrete produces higher density thinner
micro-crack. Both 15 mm (max 43%) and 20 mm (max 65%) could resist spalling better than control
concrete. Overall, 20mm length jute fiber was found to be more effective in reducing crack width and
spalling.

Keywords: jute fiber; residual compressive strength; crack area; spall area.

INTRODUCTION

Because of large number of fire accidents, design of building structures against fire became more and
more important. On November 24, 2012 a fire broke out in Tazreen Fashions garment factory in
Ashulia, Bangladesh that led to the death of at least 112 workers trapped in a building and almost 200
were injured without emergency exits (The Daily Star, 2012). During terrorist attack, accidental break
out and different type of explosions, properties of concrete undergo a rapid change within a short
period. At elevated temperature, strength of concrete decreases owing to its physical and chemical
changes; excessive cracking, decrease of bond and anchorage between the concrete and reinforcement
or spalling of concrete cover can also be seen. Moreover, premature collapse of the whole structure can
happen due to faster warm up the reinforcements situated below the detached concrete layers (Czoboloy
et al, 2016). To mitigate this losses, different types of fiber was used to improve the fire resistant
properties of concrete. Use of jute fiber in construction could increase the exploration field for the
material and restrict the utilization of polymer which is environmentally detrimental. Moreover, in
Bangladesh, jute is locally available and hence less expensive (Zakaria et al., 2016). The main aim of
the proposed study is to evaluate the residual compressive strength, cracking and spalling of jute fiber
concrete exposed to high temperature.
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METHODOLOGY

Materials

Processed jute fiber was used for this study. To process, raw jute was mixed with jute batching oil
(JBO), emulsifier (liquid soap) and noni det P40 and was run through Spreader Machine. Jute batching
oil increased flexibility and smoothness of the raw jute surface. Main purpose was to remove gammy
substance by forming bacteria and softening the surface. Secondly, the producer from first step was
driven through Carding Breaker Machine to make the fiber more separable from each other. These fine
and slicer fiber used in this study was collected from Karnafuli Jute Mills Limited, Chittagong. The
processed jute fiber prepared in 15 mm and 20 mm length to use in concrete. Bundle form and desired
length are shown in Figs. 1, 2 and 3. Properties of the processed jute fiber are given in Table 1.

A | i
(a) (b) (©

Fig. 1: (a) Processed Jute Fiber, (b) 15 mm length jute fiber and  (c) 20 mm length jute fiber

Table 1: Properties of Jute Fiber

Property Value Property Value
Length (mm) 15, 20 Density (g/cm?) 1.3-1.46
Diameter (um) 15 Elongation (%) 15-1.8
Aspect ratio (I/d) | 1000, 1333 | Young’s modulus (GPa) | 10-30

CEM | was used as binding material. Graded crushed stone chips according to ASTM C33 with 20 mm
nominal maximum size was used as coarse aggregate. Coarse sand with fineness modulus 2.70 was
used as fine aggregate. PCE based superplasticizer (0.9% by weight of cement) was used as water
reducing agent. In addition Viscosity Modifying Agent (VMA) (0.3% by weight of cement) was used.

Concrete Mix Design

Concrete mix was designed as per ACI 211.1-91 (2009) to obtain target strength of 35 MPa (w/c = 0.45)
at 28 days curing considering slump value of 125 mm. Three mixes were prepared; control mix was
without fiber and the other two with same fiber content but varying length (15mm and 20 mm).
Previous researches found concrete with higher jute fiber content has discontinuous distribution of
materials which produces low strength areas in the composite. Remarkable enhancement in
compressive strength of concrete was observed with 0.1% volumetric content (Zakaria et al, 2016;
Asaduzzaman, 2018). Therefore, fiber content was kept 0.1% of total concrete volume for this study.
The detailed concrete mix proportions of constituent materials (SSD condition where applicable) of
concretes used for the study are presented in Table 2.

Table 2: Mix proportion for 1 m? fresh concrete (target strength 35 MPa)

Constituents Amount, kg
Water 170
Cement 455

Super Plasticizer 4.09

VMA 1.36
Coarse aggregate (SSD) 1000

Fine aggregate (SSD) 785

Jute fiber (0.1%) 0.241
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Preparation of the test specimen

In total 162 (4 inch) concrete cubes with (15 and 20mm) fiber and control samples were prepared. The
fibers were cut to specified length manually by a hand scissor. Jute fibers were dispersed in three layers.
One-third of jute fiber was placed over stone chips (SSD), over that sand (SSD) was placed and over
sand again one-third of jute fiber was placed (Fig. 2 (a) and (b)). Then after pacing cement rest of the
fiber was placed (Fig. 2(c)). Dry mixing of stone chips, sand, cement and jute fiber was done uniformly.
Mixing water with admixtures was added to concrete and mixed uniformly (Fig. 2(d)). Fresh concrete
was casted in cube moulds. These were demoulded after 24 hours and cured underwater for 28 days.

(d)
Fig. 2: (a) fibers placed over coarse aggregate, (b) 1/3 fibers placed over fine aggregate,
(c) Fibers placed over cement and (d) Mixed fiber concrete

Experimental Program

After underwater curing for specified period, the samples were surface dried. These were then heated in
an electric furnace (Fig. 3(a)) at 200°C, 400°C, 600°C and 800°C for 2 and 4 hours. The heated samples
were cooled at room temperature and surface images were captured using a digital camera. Cracks and
spalls were drawn and scanned from printed images of cubes surfaces. By using Image J software crack
area, average crack width and spall area were measured (Fig. 3(c) and (d)). Compressive strength test
(Fig. 3(b)) was conducted according to BS 1881-116:1983.

OO0

(@) (b) (©) (d)
Fig. 3: (a) Electric furnace for sample heating, (b) 800°C- 4 hours cracking, (c) 600°C -2 hours spalling
and (d) Compressive strength testing set up of concrete block

RESULTS AND DISCUSSIONS

Compressive strength test

Fig. 4 shows that compressive strength of control concrete and 15 mm jute fibered concrete increase at
200°C, where 15 mm jute fibered concrete gained more strength than plain concrete (max 25%). With
further increase in exposure duration, compressive strength was also increased. This increase might be
due to removal of free water with temperature increasing surface forces between gel particles (Lankard
et al, 1971). Residual compressive strength decreased for both plain and 15mm fibered concrete at
400°C, 600°C and 800°C due to removal of chemical water for bonding. However, 15mm fibered
concrete gave better performance than control concrete due to Poisson’s effect initiates cracks at micro
levels. With increment of applied load, these cracks keep growing. When the advancing crack
approaches the fiber, the fiber blocked the forward propagation of the crack and diverting the path of
crack. This permits the fiber reinforced concrete to withstand additional compressive strength over the
control specimen with no fibers (Srikar et al, 2016).
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In case of 20 mm jute fibered concrete, residual compressive strength were found to be in decreasing
trend. Longer length of fibers is more effective to make well connected network with pre-existing pores
(Heo et al, 2011). At elevated temperature, well connected bigger pore creates due to melting or
degradation of longer fiber. The presence of higher porosity and small channels might reduce the
mechanical strength of the composites (Alomayri et al., 2014).

45

: o] O without fiber (2hr) O without fiber (4hr) [
0 7 BE15mm (4hr) B 20mm (2hr) i
30 | | N
25

20 "
15

10 +

Residual Compressive Strength (MPa)

0 i S R by ‘ R ‘ AN | 3
Fig. 4: Residual compressive strength of concrete exposed to high temperature

A/,

Crack area and width

At high temperature (600°C and 800°C) crack occurred on the concrete surface. Use of 15 mm jute fiber
reduced both crack area (max 71%) and average crack width (max 20%) compared to control concrete.
This indicates that jute fibers are effective in prevention of cracking caused by high temperatures. Crack
occurrence was reduced due to the formation of small cavities inside the matrix created by the char and
burnt fiber. (Alomayri et al, 2014) used cotton fibers and found results similar to this study. However,
in the case of 20 mm length jute fibered concrete exhibits a much higher crack density than the control
concrete. At 800°C, very thin cracks with a dense network were found between and around the sand and
aggregate skeleton. Micro cracking occurs due to thermal dilation or shrinkage gradients between
cement and aggregates. At high temperature such as 800°C, aggregates dilate whereas paste shrinks as a
result of dehydration. As the fiber dilates during melting, this might create a tensile stress in the matrix
that favors nucleating cracks (Khalifa et al., 2001). Shorter fibers are less effective than longer fibers in
concrete at elevated temperatures. Crucial connectivity of pores inside of concrete to evacuate vapours
is assumed to be dependent on the length of fiber. The passage created by inclusion of longer length of
fibers build up well connected network with pre-existing pores, particularly cracks induced by thermal
incompatibility of cement and aggregate (Heo et al, 2011). Jute fiber concrete shows better result in
reducing crack width in this study where 20 mm length acts better than 15 mm due to its longer length.
Every case, crack area and width increased for 4 hours than 2 hours exposure.

@ (b) ©
Fig. 5: (a) cracking at 200°C for 4 hours, (b) cracking at 800°C for 4 hours (raw image) and
(c) cracking at 800°C for 4 hours (drawn on tracing paper)

Spall area

At high temperature (600°C and 800°C) crack and spalling occur on the surface of concrete (with and
without fiber). Study shows jute fiber is effective in reducing spalling. No explosive spalling occurred
in any case. At high temperature burnt fibers increase the porosity in concrete which results in the
escape of vapour pressure and thereby lower the risk of spalling (Srikar et al, 2016). Using 15 mm (max
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43%) and 20 mm (max 65%) jute fiber spall area reduced. Moreover, longer length (20 mm) fiber
improves the performance of spalling protection as found by (Heo et al, 2011). Therefore, 20 mm jute
fiber reduced spall than 15 mm jute fiber. Every case, spall area was increased with the exposure period.
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CONCLUSIONS
From the experimental result of compressive strength and software analysis of crack area, width and
spalling area of 0.1% jute fiber concrete exposed to fire the following conclusion can be drawn:

» With addition of 0.1% jute fiber, compressive strength of concrete increased up to 16% and 6% for
15 mm and 20 mm length jute fiber respectively;

» At elevated temperature up to 200°C, compressive strength increased for both control and 15 mm
jute fibered concrete, where 15 mm jute fibered concrete gained more strength than control
concrete (max 25%) but strength decreased for 20 mm jute fibered concrete. Above 200°C
compressive strength reduced for all concrete samples. It was observed that exposing to 400°C,
600°C, 800°C, residual compressive strength of 15 mm jute fibered concrete was better than
control concrete (max 20%). The residual compressive strength was found lower for 20 mm jute
fibered concrete compared to other two samples;

> At high temperature (600°C, 800°C) crack and spalling occur on the surface of concrete (with and
without fiber). Crack width reduced using both 15 mm (max 20%) and 20 mm length (max 43%)
jute fibered concrete compared to control concrete. Crack area reduced for 15 mm jute fibered
concrete (max 71%) but in 20 mm jute fibered concrete higher density thinner micro crack was
produced. Reduced spalling was obtained for both 15 mm (max 43%) and 20 mm (max 65%) jute
fibered concrete; and

» Overall, 20 mm length jute fiber was found more effective in reducing crack width and spalling.
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ABSTRACT

Sustainability of concrete as well as eco-friendly construction materials that make the pollution free
environment are currently an innovative focus in concrete industries. A huge amount of waste
ceramics are generated enormously all over the world. These wastages of ceramic are generally
dumped at nearby places resulting in the environmental pollution causing harmful effect to inhabitant
and agricultural lands. With increasing constraints on landfills, it is crucial to find alternative effective
ways for recycling of ceramic wastes. Moreover, there is a large amount of greenhouse gas (CO,)
emitted in the atmosphere due to the manufacture of cement, and hence, reduction of uses of cement
in concrete can play an important role to save the energy and protect the environment resulting makes
the world more sustainable. This research highlighted the possibilities of using ceramic waste powder
as effective partial replacement of cement in concrete. This research is mainly concerned with the
experimental investigation of the performance of reinforced concrete short columns under axial
compression loading. Test results indicated that the use of ceramic waste powder in concrete is one of
the best possible option for solid waste management.

Keywords: Sustainability; recycling; ceramic waste powder; short columns; compression loading;
solid waste management.

INTRODUCTION

The production of industrial wastes have been increasing gradually because of the continuous
demands of resources use. However, due to increase of limitations of disposal industrial wastes on
landfills, industries have to discover new effective approaches for recycling by-products as well as
their wastes. A large quantity of wastes are generated in the production stage. From the perspective of
the sustainability, recycle of waste ceramic from ceramic industries as well as electric power
companies is one of the most significant methods to control global environmental problems
(Higashiyama et al. 2010). Senthamarai and Devadas (2005) reported that approximately 30% of the
daily manufacturing volume in the ceramic industries converted into wastes. In Europe, the quantity
of wastes in the several production stages of the ceramic industries extents about 3 to 7% of its global
production (Fernandes et al. 2004). Liu et al. (2015) stated that wastes ceramic have produced critical
issues to environment, particularly in ceramic producing regions because of its poor biodegradability.
Moreover, the practices of damping or scarce management of waste from the numerous manufacturing
sectors have a prominent effect on the receiving environment, leading to air, soil, water and noise
pollution, amongst other problems in addition to current environmental complications. Therefore,
recycling of ceramic wastes can provide the pronounced economic, social, and environmental profits
(Liu et al. 2015).
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Construction consumes huge quantities of building materials. Due to widespread use, concrete has
attracted the attention of research all over the world. It is comprised of three major constituents such
as aggregate, binder and water. The major component of concrete from the embodied energy point of
view is the binder. A material that appears to have the potential to partially substitute of both binder
and aggregate is ceramic waste. The production of one ton of Portland cement produces around an
equal amount of CO, (Sadek et al., 2014). This contributes to approximately 8% of the yearly global
green-house gas emissions to the atmosphere (Najim et al., 2016). Besides, advance technologies, it is
often solved by the incorporating of various secondary or waste materials (Vieira et al. 2016; Hela et
al. 2016). The philosophy of utilization of waste materials in the building materials denotes one of the
current issues of materials engineering.

Ceramic waste can be used securely in the production of concrete because of its numerous satisfactory
properties. It is durable, hard and highly resistant to biological, chemical and physical composition. It
can originate from the production or demolition of a multitude of products such as wall and floor tiles,
bricks and roof tiles, household ceramics, refractory products, sanitary ware, technical ceramics,
expanded clay aggregates, inorganic bonded abrasives, therefore the chemical composition and
physical properties vary considerably. Aggregate with ceramic electrical insulator has good resistance
to the chemical attacks such as sulphate attack and chloride attack by inhibiting penetration of these
chemicals (Dhavamani and Gobinatha, 2013) and the compressive strength suffers a very slight
decrease (Senthamarai et al. 2011). The negative impact of industrial solid waste have on environment
has led researchers (Halicka et al. 2013) to examine the use of ceramic sanitary ware waste as coarse
and fine aggregate. The utilization of waste ceramic powder as a filler for self-compacting concrete
has been investigated by Subasi et al. (2017), especially when the fresh state properties were
improved. The addition of waste ceramic powder only slightly affects final mechanical properties
(maximal dosage used in was 25%) (Subasi et al. 2017).

A classification of ceramic waste can be divided into two categories according to the source of its raw
materials. In every category, the fired ceramic waste can be classified in accordance with the
production procedures differentiating them by the use of red or white ceramic pastes. Nevertheless,
the usage of red paste is more common and much greater in volume. Reuse of ceramic waste also
provides advantageous in the perspective of energy, predominantly when the waste is from Kkiln
industry (the ceramic industry) where highly endothermic decomposition reactions have already taken
places, thus improving the energy formerly incorporated during production. In the ceramic industry
several types of waste are generated, among them cement and concrete production can contribute a
significant percentage of the total produced waste materials which can ease the serious environmental
impact of these materials and also partially assist to attain the much needed sustainability in cement
and concrete production and greener environment. In view of environmental issue and by-product
waste disposal problems made the researches to investigate and to explore the possibility to utilize it
for construction activities. Most researches concrete with waste ceramic powder deal with the
characterization of fresh and hardened concrete properties, with the lack of information regarding the
structural performance of sections cast with concrete containing waste ceramic powder. Therefore,
this study explores the experimental observation of the performance of short column using waste
ceramic powder as replacement of cement subjected to axial loading.

METHODOLOGY
Sample Preparation

The concrete constituents were mixed in a revolving drum in approximately three to five minutes to
obtain uniform consistency. After mixing, 6 numbers of 900 x 150 x 150 mm reinforced concrete
short columns were prepared with 12 mm bar as longitudinal reinforcement and 8 mm bar as tie
reinforcement. During the preparation of short columns, the cement is replaced by ceramic powder by
an amount of 20%. The optimum percentage of replacement of cement by ceramic waste powder has
been selected based on the investigation of the mechanical properties of concrete using ceramic waste
powder performed by Hamid (2018). After casting, the specimens were left in the casting room for 24
hours. After that, the specimens were demolded and cured. An initial curing for 28 days in water, then
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specimens were kept inside the lab under ambient conditions until testing. Figure 1 shows the
prepared sample reinforced concrete short column sample.

Figure 1: Preparation of reinforced concrete short column sample

Compressive Strength Test of Column Specimens

Several researchers, for instance, Niang et al. (2015) performed reinforced concrete short columns test
incorporating glass powder subjected to compression loading. The test strategy of this research is
almost identical to other researchers like as Niang et al. (2015) as presented in Figure 2. The complete
test setup of reinforced concrete column under axial load is illustrated in Figure 3. It should be
mentioned that compressive strength test was carried out after curing the specimens for 28 days in
water bath.

Dial gauge 1 ¢ — q) Dial gauge 2 1 of 4 -12 mm dia bar

12 mm dia bar

| |
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- l=—150 mm—=|

Figure 2: Schematic diagram of test set-up

A geotextile was used on the floor parallel to the fixed support. The fixed support has a center point
so along that point a center point was kept on the floor. Then the column was set up there and
geotextile was used again with the setup of a circular and long plate. The long plate was used to
measure vertical deformation. Dial gauges were set at the center point of the column to measure
lateral deformation. The average value of two dial gauges positioning the opposite faces of the
column was taken as the lateral deformation of this direction. Two dial gauges were set at the top of
the column to quantity the axial strain. The average value of this two dial gauges was taken as the
axial strain for the specimens. It should be noted that the capacity of the dial gauge was 0.01-30 mm.
There was a setup of load cell over the long plate.
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Figure 3: Test setup of reinforced concrete column under axial load

The capacity of the hydraulic jack was 500 KN. After setting everything the empty space was covered
with plate of steel. Then hydraulic jack was pumped to obtain zero reading. Reading was taken for
every 10 kN of load. The load was applied continuously until failure of the specimen. This process
was repeated for each specimen.

RESULTS AND DISCUSSIONS

Six column specimens (three specimens with cement referred as control specimen; and three
specimens containing 20% replacement of cement by ceramic waste powder) were prepared and
tested after 28 days curing condition. The compressive strength of columns was determined under
axial loading. Figure 4 shows the variation of capacity of reinforced concrete short column due to
20% replacement of cement by ceramic waste powder.

400

350
300 | / / //ﬁ/zé
- o
150 | o
F
) i
Control specimen ‘White ceramic

Specimen

Figure 4: Variation of capacity of reinforced concrete columns with 20% replacement of cement using
ceramic waste powder

From Figure 4, it is observed that the capacity of columns is 334.1 kN and 284.7 kN for cement and
20% red ceramic powder replacement respectively. There is approximately 15% variation of capacity
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observed due to the 20% replacement of cement using ceramic powder which provides satisfactory
results for using ceramic waste powder in concrete as a better alternative option of cement. Figure 5
shows the stress-axial strain relationships for columns incorporating waste ceramic powder and
column containing cement only. It can be stated that column containing cement only provides higher
stiffness compared to column incorporating ceramic waste powder. However, column containing
ceramic waste powder shows higher ductility with respect to cement containing column only. The
development of higher ductility may be occurred due to the crystals of ceramics since they have no
inherent grain boundaries to interfere with dislocation motion as supported by researcher Pelleg
(2014). However, some others factor like as grain size, additional second phase, structural
modification (preferably to nanostructure) can be responsible for the ductility of concrete containing
ceramic powder (Pelleg, 2014).
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Figure 5: Stress vs. strain relationships for columns incorporating waste ceramic powder.

As the reinforced concrete columns were axially loaded, the reinforcement steel and concrete
experienced stresses. When the loads were high compared to the cross area of the column, the steel
and concrete reached the yield stress and column failed without undergoing any significant lateral
deformation. The concrete column was crushed and collapse of the column was due to the material
failure. In both columns, failure occurred due to crushing of concrete (shown in Figure 6) that
corresponds to general failure criteria of short columns.

=

(a) Failure pattern for column containing (b) Failure pattern for column containing 20%
cement only replacment of cement using ceramic waste powder

Figure 6: Observation of cracks for different reinforced concrete columns
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SUMMARY AND CONCLUSIONS

This research highlighted the possibilities of using ceramic waste powder as effective partial
replacement of cement in concrete. This research is mainly concerned with the experimental
investigation of the performance of reinforced concrete short columns under axial compression
loading. From the illustrated results it can be concluded that the 20 percentile replacement of red
ceramic waste showed good agreement with the concrete containing cement only and hence it
becomes more economical without compromising concrete strength than the standard concrete.
Therefore, test results indicated that the use of ceramic waste powder in concrete is one of the
technically and economically feasible and viable option for safe disposal of ceramic waste, and hence,
maintain towards the sustainability of concrete construction. Moreover, utilization of ceramic waste
and its applications can be beneficial in the construction industries.
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ABSTRACT

An investigation of the scattering behavior of A, mode Lamb wave at a subsurface cylindrical hole in
unidirectional composite laminates is presented. A three-dimensional finite element method is used in
this study to discuss the influence of the fiber direction in the wave propagation. The excitation
frequency of 30 kHz is allowed to propagate with plane strain condition along a defected squared shape
laminate. Four different specimens, based on the fiber direction (0°, 30°, 60°, and 90°) with an identical
defect are considered. It is found that the Lamb wave scattering is complicated in other fibre directional
laminates than the horizontal (0°) and vertical (90°) fibre directional laminate. The results depict that the
amplitudes and directivity pattern of the scattered wave is considerably influenced by the fibre direction.
The outcomes of this computational study help to the use of the A, mode Lamb wave for damage
characterization and detection in composite laminates.

Keywords: Ao mode Lamb wave; unidirectional laminate; scattering characteristics; fibre direction.

INTRODUCTION

Health Monitoring of the infrastructure based on Non-destructive Evaluation (NDE) becomes popular
to the researchers from the last several decades as it increases the reliability and reduces the life-cycle
cost for infrastructure. Among the various NDE techniques, Lamb waves based technique proved
sensitive and efficient to detect the most type of defects (Guo, 1993; Rose, 2002). The perception
regarding the scattering behavior of Lamb wave is an essential part in the application for detecting
anomalies in structures. Number of researches has been carried out to investigate the Lamb wave
interaction at various types of damage for isotropic material (Lowe, 2002; Cegla, 2008; Moreau, 2008).
In recent years, Composite Laminates (CL) draws more attention in a wide spectrum of industries,
especially in safety-critical applications such as aircraft primary structures, constructional structures,
cars, rail vehicles, etc. Better strength & stiffness-to-weight ratios, controllability in fibre alignment,
good acoustic and thermal insulation, low fatigue are the dominating advantages of CL. CL could be
damaged during manufacturing as well as in long-term use in many ways and could be generated by
fatigue, overload or impacts, which further leads to delamination, fibre breakage, voids, and matrix
cracking. Due to the anisotropic nature of CL, researchers are yet to found the effective analytical
solutions of Lamb waves scattering at defected region. Numerous investigations have been carried out
through numerical simulation to understand the scattering of Lamb wave at through holes in the
structure. Guo and Cawley (1993) studied the reflection of the So mode Lamb wave in CL with plane
strain assumption and it was shown that such type of mode is not useful to detect the delamination at the
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through-thickness locations. The reflection behavior of fundamental mode Lamb waves from
delamination of CL was studied by Hayashi and Kawashima (2002). It was found that Ao mode Lamb
wave is extensively responsive to the delamination type defect at all through-thickness locations.

In recent years, an analytical model based on the Poisson theory is proposed by Zhang et al. (2014) to
predict the reflection of Sp mode Lamb wave from a cylindrical flaw in a Tl composite plate. The
outcomes of the research suggest that in low frequency the Poisson theory can precisely illustrate the
behaviour of the Sp wave. Hai et al. (2015) offered an analytical study of the So Lamb mode reflection
froma blind hole in a plate-like structure using the 3D theory. They described the interaction of the high
frequency Lamb waves with defects. Reza and Ng (2015) investigated guided wave (GW) based
scattering behavior at delamination in composite beams and the mode conversion phenomena as well.
They conducted the 3D FE simulation and the result was verified by experimental studies. It was
reported that, sizes and location of the flaw have crucial influence on the reflecting behavior of GW.
A NDE method using the Ao mode to spot the position of the delamination along the thickness of a CL
has been presented by Singh et al. (2017) by means of humerical and experimental studies. Chiu et al.
(2017) studied the reflection of the Ao mode by delamination at the edge of a quasi-isotropic CL. To
interrogate the delamination, located at the mid-plane of the structure, they carried out the
computational as well as the experimental studies. They concluded that the scattering behavior and
amplitude remarkably influence by the ratio of flaw size to the wavelength. The interaction of A mode
Lamb waves with delamination using finite element simulations have been analyzed by Feng et al.
(2018). Lamb waves propagation in a multiple layer laminate was compared with propagations
obtained in a delaminated. Based on the comparison of the scattering characteristics between
multi-layer laminate and single layer sub-laminate, they proposed a reference-free localization
technique for damage identification.

This paper studies the Ao mode Lamb wave scattering at a subsurface cylindrical flaw in unidirectional
composite laminate, focusing on the effect of the fibre direction on the scattering behavior. The exciting
features of Ao mode compared to its counterpart are (i) relatively easy to generate at low frequency, and
(ii) shorter wavelength at the entire range of frequency. These leading characteristics of Ao mode Lamb
wave attracted considerable interest in quantitative damage evaluation (Diamanti, 2007; Belanger,
2009; Ng, 2009).

MATERIAL CHARACTERISTICS
Generalized Hooke’s Law for anisotropic material can be denoted as

[o]=[C][¢] (1
In the aforementioned equation, the 4™ order stiffness matrix [C] defines the behaviour of the material.
Unidirectional laminate with 0°fibre direction [Fig. 1] known as the transversely isotropic media and is
the building block of composite laminated structures. The engineering constants of each layer is

determined by micromechanical modelling (Chamis, 1989) and given as C1;=96.0, C2,=9.60, C1,=3.60,
C23=7.01, Cs5=3.30 (all values are in GPa).
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Dispersion curve of A; mode Lamb wave for such laminate is depicted in [Fig. 2]. In this study, 4
unidirectional laminate with the fibre direction of 0> 30°, 60°, and 90° is considered. Directional
dependence of the phase velocity is a key property of an anisotropic material. To investigate these
criteria, the fibre orientation must be transformed to the new coordinate system. Any cartesian
coordinate system into a new coordinate system (consider both coordinate system share same origin), is
obtained by rotating the coordinate axes through an angle & about the vertical (z) axis and for a 4™ order
stiffness matrix [C], transformed components of new stiffness matrix can be formulated by (Bao, 2005):

[C1=[T]lc]T] @
These transformed components are directly involved to calculate the characteristics of unidirectional

laminate with any fibre direction. Based on this criterion a polar diagram is constructed showing the
angular dependency of phase velocity will be discussed on the next section.

FINITE ELEMENT MODEL

A 3D FE simulation is conducted to study the propagation of the A, mode Lamb wave in a
unidirectional laminate with the subsurface cylindrical defect. Generation of the geometry and meshing
are done in explicit type software LS-DYNA (LS, 2007) and the simulations were done using the same
platform. The laminates considered in this study consisting of the eight-ply unidirectional lamina with a
stacking pattern of [0]s, [30]s, [60]s, and [90]s. The density of each lamina is considered 1500 kg/mq.
The dimension of the model is 6 mm in length and width having 1 mm of thickness where each lamina
has a thickness of 0.125 mm. The theoretically calculated wavelengths at the fibre direction and
perpendicular to it are 7.36 mm and 5.70 mm respectively. To ensure the number of nodes per
wavelength for perfect prediction of wave propagation, a fine mesh with dimension 0.1 mm x 0.1 mm
(20 nodes) is used for the entire model (Alleyne, 1992). The eight-node 3D reduced integration solid
brick [Fig. 3] elements with hourglass control are considered to generate the flawless region of the 3D
model whereas the surrounding of the cylindrical defect modelled using the combination of six-node
wedge element.

Fig. 3 3D model plate meshing (a) flawless region, (b) Fig. 4 Wave propagation in [0]s
surrounding of defected region unidirectional laminate for f=30 kHz, after 7
s of irradiation

To validate the model for experiment, a sample run carried out in a [0]s flawless plate allowing the wave
propagation from a circular transducer diameter of 0.9 mm source with a frequency of 30 KHz and
located at the centre of the model. Contours of normal displacement of the particles taken into account
and [Fig. 4] clearly illustrates that the wave frontal profile follows the information considered in this
study according to “Eq. 1”. At any particular location, the Ao mode Lamb wave signal can be obtained
by monitoring the normal (z) displacement of the elements located at the mid-section of the 3D model in
the vertical direction. This guaranteed that only Aq mode is detected as the So and SHo mode have zero
normal displacements at that location. [Fig. 5] illustrates the angular dependence of the Ao mode Lamb
wave phase velocity from the theoretical calculation and FE simulation which resembles good
agreement. Each value of the phase velocity is normalized by its maximum value. It can be said that the
wave propagation is solely focused the fibre direction of the laminate.

To generate the subsurface laminate, elements are removed from the 3D model and the geometrical
configuration considered in this study is illustrated in [Fig. 6]. During the experiment, Lamb wave is
excited by applying the 30 kHz mono-cycle tone burst nodal displacement pulse to the surface nodes in
the out-of-plane direction at the ‘L’ part of the 3D model. The time step is approximately 100 ns, which
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is sufficient to satisfy the conditions for the explicit type of finite difference numerical analysis
(Courant et al., 1967). The hourglass energy is found less than 2% of the internal energy for all carried
out studies which sufficiently helpful to predict the Lamb wave field accurately. After excitation from
the ‘L’ end of the model, Lamb wave strikes at the boundary of the defect, reflection and transmission
immediately occurred throughout the entire defected area. Next section will discuss these interactions
of Ao mode Lamb wave g/ovith the defect.
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Fig. 5 Angular dependence of phase velocity from Fig. 6 Geometrical specification of the model used
theoretical calculation and FE simulations for 6= in the FE simulations with the considered
0° at f=30 kHz coordinate system.

INTERACTION OF LAMB WAVE WITH SUBSURFACE DEFECT

Reflection and Transmission Characteristics

In this subsection, the reflection as well as the transmission characteristics of the Ao mode Lamb wave
at the defect is studied. To measure the reflection, measurement points are taken at the periphery of the
defect and 140 < 6 <220 with a 10° interval. In contrast, 0 <0 <30 and 330 <60 <350 with the same
interval, transmission behavior is measured. [Fig. 7] illustrates the amplitude of the reflection and
transmission at the defected region, respectively (values are normalized by the maximum amplitude
measured on the surface at that instant). As illustrated in the figure, [0]s laminate shows the maximum
whereas [90]s laminate shows the minimum amplitude of the reflection and the variation is assumed to
be symmetric along the axis passing through the centre of the defect. On the other hand, it is also
depicted that [60]s and [90]s laminate shows the negative amplitude in case of the transmission and in
both cases the [30]s and [60]s laminate shows that the amplitude pattern is not symmetric.

1 T

T

0 finer 0° fiber
30° finer 5 0.6 - 30° fiber —° 4
60° finer —=— 60° finer —*—
0.8r o0° fiber b 90° fiber

0.4+
06F

nzh S N ————

Reflection ratio

P
|

|
o
|
|
f
|

04

Transmission ratio
|
|
&

0.2 m A —_— . . e
o I I I 1 I 02 L L L L . . .
140 160 180 200 220 30 20 10 4] 350 340 330
Angle (degrees) (a) Angle (degrees) (b)

Fig. 7 Amplitude of the (a) reflection and (b) transmission from a subsurface flaw as a function of 6 by
the interaction of 30 kHz wave (normalized with its maximum value).

Directivity Pattern of the Scattered Wave

This subsection is employed for quantitative analysis of the scattered normal displacement in the
vicinity of the defected region for unidirectional laminate through plotting the Directivity Pattern (DP).
For DP analysis, the additional out-of-plane displacement due to the interaction of the incident wave is
extracted using the baseline subtraction technique. This can be done by conducting two simulations
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(each for the defected and intact laminate) with identical meshing. The normal displacement of the
scattered wave U; (X, y,t) is evaluated by

uy (x,y,t)=u; (xy,t)—ul (xy.t)
where u; (X, y,t) and u, (X, y,t) are the out-of-plane displacement components at measuring points

of a particular time, of the defected and intact laminates, respectively. The pattern is generated by
calculating the absolute normalized value taken from the experiment (normalized by maximum
absolute amplitude of the incident wave at the defect centre location of the intact laminate). [Fig. 8]
depicts the DP of the 30 kHz incident wave at the 1 mm diameter circular subsurface defect. DP for each
laminate on the boundary of the defect indicates that there is a definite variation in amplitude almost in
every angle. The zero value in [Fig. 8(a)] is quite understandable as in those points; both of the values
nullify each other which are also illustrated in [Fig. 7]. Another point of interest to be noted, the DP is
not symmetric concerning the 0° direction for the symmetric subsurface defect although it looked like
symmetry in [Fig. 7]. This phenomenon is another differentiable criterion of anisotropic material from
the isotropic as in case of isotropic material the scattering DP is perfectly symmetric (Cegla et al.,
2008). This characteristic suggests that the DP of CL is complicated than that in the isotropic material.

nas e 1520

120 60 120 60

CEES Frin
150 a0 150 a0
.05 P ns—

Incident 7 Incident
wave wave

15 iy ‘0 1 — o=

]
210 330 210 s30
240 300 240 300
270 (a) 270 (b)
el 1520
T 120 60
120 60
o
o
150 a0 = D
1 05—
Incident Incident
wave [t /-
10— i 0 1 B N et I W P
210 230 210 430
240 300 240 300
270 (C) 270 (d)

Fig. 8 DP for (a) [O]s, (b) [30]s, (c) [60]s, and (d) [90]s unidirectional laminates at the boundary of the
subsurface defect after interaction with 30 kHz incident wave.

[Fig. 8] displays that with the same geometrical configuration of the subsurface defect, the scattering
characteristics are dependent on the fibre direction. The sensitivity of the DPs on the subsurface
cylindrical defect demonstrates that scattering behavior in composite laminates is in general much more
complicated and fibre direction is playing a significant role on that.

CONCLUSION

This paper investigated the effect of fibre direction on scattering characteristics of the fundamental
mode antisymmetric (Ao) Lamb wave at a subsurface cylindrical flaw in unidirectional CL. The details
of 3D FE modeling and analysis on the prediction of Lamb wave propagation as well as scattering
behavior have been demonstrated concisely. Angular dependence of the phase velocity dispersion curve
found by computational study showed quite decent agreement with that from the analytical.
Unidirectional laminates with four different fibre directions (0°, 30°, 60°, and 90°) have been
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investigated where the shape and size of the defect remained identical. The results depicted that, the
amplitude and directivity distribution significantly influenced by the fiber direction. Outcome of the
computational study provides the idea of the influence of fibre orientation on the scattering phenomena
of Ao mode Lamb wave at subsurface cylindrical flaw, leads to further development in damage
detection technique for CL.
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ABSTRACT

The rapid growth in the expansion of the construction work is leading to a depletion of natural resources
like river sand. This overuse should be balanced by introducing certain abundantly available other
natural materials which can replace the river sand. On the other hand, the production of every ton of
cement contributes to the production of one ton of CO,. The coal-based power plant produces a huge
amount of fly ash that creates disposal problems but at the same time, it can be utilized as a partial
substitution of cement. The alkali-activated fly ash concrete (Geopolymer Concrete) shows
considerable promise for application in the construction industry as an alternative to OPC. In this
experimental work, the chloride content of sea sand from different region of Chittagong & Cox’s Bazar
is determined and its removal techniques are discussed. The sea sand (washed and unwashed) has been
used as an alternative to river sand and strength properties of OPC and geopolymer concrete are studied.
The results show that washed sea sand gives satisfactory strength compared to river sand in case of
OPC. Unwashed sea sand affects the compressive strength in OPC concrete but gives similar results as
of washed sea sand in geopolymer concrete.

Keywords: Geopolymer Concrete, Fly Ash, River Sand, Sea Sand, Chloride content etc.

INTRODUCTION

The annual Cement consumption of Bangladesh was 27.1 million tons in 2017. This means that every
year more than 20 million tons sand and rock are used. River sand has been widely used in the
production of concrete in Bangladesh. However, river sand is expensive. Its cost of transportation to
construction sites and excessive erosion associated with excavation from the natural sources are
additional burdens. Large-scale depletion and over consumption of naturally occurring building
material have also indirectly created numerous environmental problems. Therefore, it is an immediate
requirement to seek an alternative to river sand in production of concrete. Available alternative fine
aggregate resources for producing concrete in Bangladesh are coastal sand or sea sand from different
coastal beach of Cox’s bazar and Chittagong side. Due to large scale availability, ease of extraction and
low cost, sea sand has the greatest potential to replace river sand as an alternative. The chloride ion
present in the sea sand makes its application potentially threatening to the durability of concrete
structures. Therefore, it is important to remove chloride ions from the sea-sand by washing them either
natural rainfall or artificial washing plants prior to use for the concrete. Besides the chloride problem,
consumers are much concerned about shell contents and textural suitability of sea sand. Therefore, sea
sand usage in Bangladesh is limited and only rarely used for concrete work. This study examines the
suitability of sea sand as an alternative fine aggregate for the river sand in concrete production by
reducing salt concentration within the permissible value & by increasing its strength with the help of
geopolymer concrete.

In Bangladesh, one of the major sources of material for power generation is coal and it’s by product- fly
ash- is an environmental threat to the public, if not disposed of properly. Therefore the safe disposal of
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fly ash is still a major concern. So, the use of geopolymer concrete with fly ash as alumino-silicate
material not only helps to reduce the release of CO; emission (by reducing the production of cement),
but also effectively disposes off fly ash, an industrial waste produced in large quantities.

The sea sand is available in abundant quantity but due to presence of salt and chloride it can’t be used as
fine aggregate in concrete as the salt and chlorides both affect the strength and durability of Portland
cement concrete. But in geopolymer concrete the case is different. In cement concrete the reaction is
hydration and in geopolymer concrete the reaction is polymerization. The nature of these two reactions
is not same. The work is carried out to study the effect of treated and untreated sea sand in cement
concrete as well as geopolymer concrete. The present research work also focuses on the influence of
geopolymer concrete using sea sand, both at ambient temperature and after exposure to elevated
temperatures, and makes a comparison of strength with the concrete made with river sand.

METHODOLOGY

Based on the literature study, the research was done in two phases:

Phase 1: Salinity Concentration of local sea sand and salt removal techniques:

Aggregate properties such as grading and dry density, along with determination of soluble chloride
content in sea sand were carried out. Leaching, Retained water washing test, simulated rain test and
influence of temperature were conducted to study the salinity removal characteristics (Samraj and
Nagarajan, 2013).

Phase 2: Strength development characteristics of concrete made with sea sand

100 mm cubical OPC Concrete and Geopolymer Concrete specimens were incorporated with Alkali
activator (Sodium Hydroxide flakes and Sodium Silicate solution) and Fly Ash as a partial replacement
of cement were cast. Washed and unwashed sea sand was used in this process. Some concrete cubes
were also cast using River sand for comparison. The 100 mm concrete cubes were cast for compressive
strength test at 1, 7, 28 and 90 days. Temperature curing was followed for geoploymer concrete whereas
for OPC cubes water curing was done (Shinde & Kadam, 2016).

MATERIALS

SEA SAND

Samples were collected from five different coastal regions of Chittagong — Guliakhali, Bashbaria,
Potenga and Parki sea beach and also from Kolatoli point, Cox’s Bazar. Sample was collected in wet
state and it was dried in Oven before determining the parameters.

FLY ASH

Fly ash was obtained from Premier Cement Mills limited, Chittagong, Bangladesh. From this Table 1 it
could be observed that, the fly ash has low calcium content. In this experiment 0%, 20%, 40%, 60% of
fly ash is used as a partial replacement of cement in geopolymer concrete cube preparation.

Table 1: Chemical composition of Fly ash (Mass %)
SiO; Al,O3 | FexO3 CaO Na,O TiO; MgO | Mny0O3 SOs Loss of ignition
60.78 28.36 4.57 2.1 0.04 1.82 0.83 0.04 0.40 1.06

ALKALINE ACTIVATORS

In geopolymer concrete, to activate the fly ash, a combination of sodium hydroxide solution and sodium
silicate solution was chosen as the alkaline activator. NaOH pellets of 98% purity and the Na,SiO3
solution had 34.64% SiO», 16.27% Na,O, and 49.09% water. Sodium silicate relative density was
2.13gm/cm®. The sodium hydroxide (NaOH) solution was prepared by dissolving either the flakes or
the pellets in water. In this experiment 35% of alkaline activators with respect to binder was used.

CEMENT
The properties of cement used in this experiment are given in Table 2.

Table 2: Physical properties and Chemical composition of cement
Blaine's Specific Normal Specific Setting Time (min) 28 days Compressive
surface (cm?/gm) | Consistency gravity (a) Initial | (b) Final Strength (MPa)
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3500 26% 3.15 70 175 30.4

CaO SiOz A1203 F6203
64% 21% 6% 3.50%
AGGREGATES

Coarse aggregate with nominal sizes of 12.5 mm were used. Fine aggregates were used in the form of
River sand from Fatikchori and Sea sand from Kolatoli point. Aggregates were prepared in
saturated-surface-dry (SSD) condition to avoid the absorption of the alkaline solution by the aggregates
which reduce the polymerization of the fly ash. Table 3 shows the physical properties of aggregates

Table 3: Physical properties of aggregates

Properties Coarse Aggregate | Fine Aggregate (River sand) Fine Aggregate (Sea sand)
Specific Gravity 2.59 2.35 2.56
Unit Weight 1560 kg/m3 1580 kg/m3 1612kg/m’?
Fineness Modulus 6.77 2.57 1.17

SOLUBLE CHLORIDE CONCENTRATION DETERMINATION

The amount of chlorides present in the sea sand was determined using Silver Nitrate method
(Karthikeyan and Nagarajan, 2017). First 50 grams samples of each location were immersed in 100 mL
water separately. Then 25 mL solutions for each sample were used to titrate with 0.0141N Silver
Nitrate solution. Silver Nitrate reacts with chloride ions to form Silver Chloride. The completion of
reaction was indicated by the red colour produced by the reaction of Silver Nitrate with Potassium
chromate solution which was added as an indicator. The reduction of soluble Chloride concentration of
sand after washing was also determined by the same method. Fig.1 displays the Experimental Setup for
determination of soluble chloride in sand

SOLUBLE CHLORIDE REMOVAL TECHNIQUE

LEACHING TECHNIQUE

After determining the initial chloride concentration of different samples collected from various sources,
(Parki, Potenga, Cox’s Bazar-Kolatoli point), sand samples having higher Chloride concentration were
taken for Chloride removal. 500 grams sample of each source were taken in separate SL volume
container filled with normal water. They were retained in a large tank having 140 L capacity. The whole
tank was filled with water.

SIMULATED RAIN TECHNIQUE

Fresh water was allowed to pass through the sand which leached out water soluble Chloride and
Chloride content was measured after every 30 minutes time intervals. In this process, sample was kept
in a tank of space area 63cm X 63cm. It was washed with water having a controlled flow of 1.60cm®/hr
that resembles with the normal rainfall intensity in Bangladesh during Monsoon. Samples were
collected after 30 minutes time interval up to 2 hours simulated rain and Chloride concentration was
measured by Silver Nitrate Method. Cox’s Bazar Kolatoli Point sand has the highest soluble Chloride
concentration and also the highest Chloride removal rate in Leaching technique. So Simulated rain
washing was only done for the sand collected from Cox’s Bazar Kolatoli Point.
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RETAINED WASHING TECHNIQUE
Sand collected from Cox’s Bazar Kolatoli point was immersed in full depth of water in a tank of 140L
capacity. Samples were collected at each day interval and continued for 3 days.

BOILED WATER WASHING TECHNIQUE

5L water was added to 500 grams untreated sand in a pan. Solubility is a property that is affected by
temperature, so more salt dissolves in hot water than cold water. The water was heated until the salt
present in sand dissolved. Then salt water was poured into a separate container and Chloride
concentration of sand was measured by Silver Nitrate Method.

PREPARATION OF ALKALI SOLUTIONS

The NaOH solution was first prepared at the required molarity of 12M. For this, 12X40=480 grams
Sodium Hydroxide flakes are dissolved in 1 litre water. The exothermic reaction was continued for
some time. 30 minutes before casting, sodium silicate was added and thoroughly mixed.

CASTING & CURING OF GEOPOLYMER CONCRETE SPECIMENS

Coarse and fine aggregates in saturated surface dry condition were well mixed with required percentage
of fly ash and cement in a pan mixture. Premixed alkaline activator solution was then added gradually in
the mixer. Mixing was continued for further 4-6 minutes. All geopolymer concrete specimens were cast
using standard molds of 100 mm cubical shpae. The geopolymer concrete was compacted in 3 layers
with the help of a tamping rod. The fresh fly ash-based geopolymer concrete was dark in color and
shiny in appearance. Samples were demolded 72 hours after casting. Three different curing approaches
are adopted for the samples (Hardjito et al., 2004; Wallah and Rangan, 2006). Some are left in 28-35°C
for air curing until testing and some are kept under water for water curing. Dry air curing at elevated
temperature of 60'C for one day was adopted for the rest of the sample

RESULTS AND DISCUSSIONS

SALINITY REMOVAL

The result of Chloride ion removal varies with collected sand location. Table 4 shows the initial
Chloride ion concentration was maximum (1320 ppm) for raw sand collected from Cox’s Bazar-
Kolatoli point. Table 5 shows the highest Chloride ion removal rate and lowest concentration of
Chloride ion after treatment (29 ppm) for this sand. This sand was used for the following salinity
removal techniques.

Table 4: Salinity concentration of sand collected from different coastal region

Source Parki Guliakhali Potenga Bashbaria | Cox’s Bazar (Kolatoli)

Conc. In ppm 610 478 726 99 1320

Table 5: 1%, 2" & 3™ Leaching data of 500gm sand sample (using Normal water):

Source Raw sample conc. in ppm | 1% wash (4 days) | 2™ wash(8 days) | 3"wash (22days)
Parki 610 87 76 34
Potenga 726 75 61 40
Cox’s Bazar 1320 66 52 29

In leaching technique, 500 grams samples were taken in circular 5L oil container separately. Retained
water washing result was analogous to Leaching technique using normal water. But the tank used in
retained water washing had a surface area almost 30 times greater than that of circular oil container used
in leaching technique. So with the increase of surface area of washing, salinity removal at a high rate
was achieved. This is because of larger surface area coming in contact with water in retained water
washing technique. For simulated rain technique, a 2 hours continuous rainfall in Monsoon shows
better salinity removal than all other retained washing processes. Because of continuously washing
away the water, the solubility of Chloride ion was always less than its solubility limit in water. As a
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result, more Chloride ion got dissolved in continuous washing than retained water washing process. In
endothermic reaction, increasing temperature increases the solubility of the solute. Therefore, lowest of
all Chloride ion concentration has been achieved only after 3 times washing of sea sand sample with
boiled water. A maximum 99% chloride ion has been removed in this process. Table 6 shows the final
chloride ion content for various methods.
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2 60 -— 55 ——Leaching
2 5 }[\\ using
3] normal
g %40 \37\ 59 water
_5 £330 \ \ .
p 20 = Retained
2 20 water
= washing
5 10
O T 1
1st wash 2nd wash 3rd wash

Fig. 2: Influence of surface area in Chloride ion removal.

Table 6: Final Chloride ion content of 500 grams sand sample

Method Leaching | Retained water washing | Simulated rain washing | Boiled water washing
Final CI' conc. in ppm 29 20 15 13
COMPRESSIVE STRENGTH

Results of compressive strength of cement concrete and geopolymer concrete are presented in Table 7,
and the graphical variation is shown in following Fig.3, 4 and 5

Table 7: Details of Mix and Compressive Strength

Notation Types of Fly Ash | 28 days Comp. Types of curing 1 day Comp.
curing (%) Strength (MPa) Strength (MPa)
BI1RSF00(OPC) | Water - 31.2
B2TSSF00(OPC) | Water - 27.2
B3USSF00(OPC) | Water - 25.8
B4TSSF20(GP) | Ambient temp. 20 26.4 Temp. curing at 60'C 25.9
B5TSSF40(GP) Ambient temp. 40 27.0 Temp. curing at 60°C 26.8
B6TSSF60(GP) Ambient temp. 60 26.6 Temp. curing at 60°C 29.8
B7USSF20(GP) | Ambient temp. 20 25.1 Temp. curing at 60°C 24.5
B8USSF40(GP) | Ambient temp. 40 26.4 Temp. curing at 60°C 26.3
BI9USSF60(GP) | Ambient temp. 60 26.5 Temp. curing at 60°C 29.1
40

5
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Fig. 3: Comparison of OPC concrete compressive strength results in Water curing using river sand,
treated and untreated sea sand.

Ordinary Portland Cement concrete strength using river sand (RS) is always greater than the strength
using treated (TSS) and untreated sea sand (USS). The lowest compressive strength is seen for OPC
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concrete using untreated sea sand and the most important fact is that, as time goes on, the difference in
strength between treated and untreated sea sand becomes more and more.

From Table 7, it can be said that with the increase of Fly ash content from 40 to 60%, 1 day elevated
temperature curing strength of geopolymer cube has become greater than 28 days ambient temperature
curing strength for both Treated (B6TSSF60) and untreated sand geopolymer concrete (BOUSSF60).
For other batches, with lower Fly ash content 28 days ambient temperature curing strength is quite
similar to 1 day elevated temperature curing strength.

Variation of strength between Ordinary Portland Cement and Ambient temperature cured Geopolymer
Concrete having varying percentage of Fly ash (20%, 40% and 60%) are shown in Fig.4 and in Fig.5.
For 20% Fly ash geopolymer concrete, the early strength is a little smaller than that of Ordinary
Portland Cement concrete but greater than 40 and 60% Fly ash geopolymer concrete. Though early
strength was smallest, 90 days strength is the greatest for 60% Fly ash geopolymer concrete. The
difference in 90 days strength between 20% Fly ash containing geopolymer concrete with treated sea
sand (B4TSSF20) and OPC with treated sand (B2TSSFO00) is 2.9 MPa. This difference has increased to
6.8 MPa when 60% Fly ash containing geopolymer concrete is used. So, with the increase of Fly ash
content, the strength becomes higher and higher than the Ordinary Portland Cement concrete in the long
run.
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Fig. 4: Comparison of Compressive strength of OPC and Geopolymer Concrete with 20, 40 & 60% FA
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Fig.5: Comparison between 90 days compressive strength results

For OPC concrete specimens made from treated sand obtained by washing showed better performance
than concrete specimens using untreated sea sand. The strength of OPC concrete with river sand

681



(BIRSFO00) is 4.8 MPa higher than that with Treated sea sand (B2TSSF00).

This difference has increased to 9.3 MPa when unwashed sea sand is used (B3USSF00). So, washing
sea sand before using is recommended to improve the strength of OPC concrete. The difference in
variation of strength using Treated and Untreated sea sand gets reduced with increasing Fly ash content
in geopolymer concrete. And the most important observation is that, for 60% fly ash content untreated
sea sand showed better strength performance than the treated one. Even 90 days treated sea sand
contained OPC concrete (B2TSSF00) strength is smaller than untreated sea sand contained geopolymer
concrete. If only strength is considered, geopolymer concrete is a better approach than treated sea sand
containing OPC concrete (Ref. Fig.5)

CONCLUSIONS

Based on the variables considered, experimental techniques and results, the conclusions can be
summarized as follows:

(i) The chloride ion removal rate depends on the collected sea sand source. Removal rate depends
largely on the surface area of tank and not much affected by retention period. Larger surface area shows
better removal rate even having lower retain period. A maximum 99% chloride ion was removed by
boiled water washing techniques.

(ii) Treated sea sand shows better strength performance than untreated sea sand in OPC concrete. With
the increase of curing period and Fly ash percentage, strength increment rate for geopolymer concrete is
higher than OPC.

(iii) Considering strength only, geopolymer concrete shows better performance than treated sea sand in
OPC concrete.

(iv)Chloride ion removal rate using continuous washing rain is satisfactory and also becomes economic
if rain water can be utilized. Stockpiling of sea sand in an open space before Monsoon is an effective
process for salinity removal (Ratnayake et al., 2014). An onshore washing plant can be established, for
large scale production.

(v) The chloride content can be removed by continuous washing combined with the use of warm water
to make de- salting more effective.
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ABSTRACT

Concrete is an absolutely essential element of infrastructure throughout the world. Concrete though is
able to carry high compressive load but very weak in case of tensile forces, for which steel bars are
embedded in the concrete. Again, cracks are inevitable in concrete that allows the ingress of corrosive
materials and consequently deterioration of the structural concrete starts with the corrosion of embedded
steel. This leads to the reduction in strength and durability of concrete. The aim of the study is to
investigate the performance of bacterial concrete. Concrete specimens of 100 mm cubical size were cast
and cured for different ages in plain water to study the strength aspect of bacterial concrete. Concrete
specimens having different bacterial concentrations have been studied. From the investigation it is
found that concrete specimens containing bacterial species show better performance than the identical
conventional concrete. Among them, concrete specimens of bacterial concentration 6.39 x 102 cells/ml
showed better result regarding strength development due to microbial activities in concrete.

Keywords: Bacillus subtilis; Compressive Strength; Tensile Strength; Microbial Concrete; MICP

INTRODUCTION

Concrete is the most essential element that is an absolutely ingredient component of public
infrastructure including mostof the buildings. It can get destroyed for a variety reasons including the
material limitations, design gap and construction practices, as well as exposure conditions. The
durability of concrete is related to the characteristics of its pore structures. The more open the pore
structure, the more vulnerable the material is liable to degradation mechanism caused by penetrating
substances.

A major concern to concrete is that it is subjected to cracking due to its relatively low tensile strength
(Wiktor & Jonkers, 2011, Khaliq et al, 2016). Various mechanisms could cause the formation of
concrete cracks, e.g. tensile and compressive forces, freeze-thawing reactions and shrinkage. The
presence of cracks not only reduces the strength of concrete and hampers the structural integrity and
durability of material but also makes concrete particularly vulnerable to a deleterious environment
(Jonkers & Schlangen, 2007).

Aiming to extend the service life of concrete structures, various man-made repairs have been developed;
these approaches mainly followed a procedure of monitoring, detection and repairing. When cracks are
detected in concrete, repairing agents are normally applied to the outside and they gradually penetrate
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to the cracks. It is generally known that man-made repairs are mostly applicable to repair the large
cracks. However, these repairs usually have relatively high operation costs and it is particularly difficult
to repair small and deep cracks (Wang et al, 2012, Muhammad et al, 2016). In addition, it is difficult
for the implementation of continuous-time inspection and maintenance, especially in the case of
underground concrete structures and large scale construction and infrastructures (Xu & Yao, 2014).
Therefore, in order to timely improve the strength and durability of concrete, once cracks appear, an
innovative and promising approach is to implement automatic repair, i.e the Microbiologically Induced
Calcite Precipitation (MICP) approach.

When a concrete structure is damaged, water starts to seep through the cracks due to the ingress of water
and nutrients and the bacteria go to the active state from dormant state. Then the spores of the bacteria
germinate and the bacteria start to feed on the calcium lactate. As the bacteria feed, oxygen is consumed
and the soluble calcium lactate is converted to insoluble limestone (CaCOs3). The limestone solidifies
on the cracked surface and the cracked surfaces are sealed up. Tests have shown that when water seeps
into the concrete, the bacteria germinate and increase their concentration by binary process. They
convert the nutrients into limestone within seven days as per laboratory investigation. The calcification
process takes several weeks in lower temperature.

In this study, spores of specific alkali-resistance bacteria related to genus Bacillus are added to the
concrete mixture. This study shows a significant increase in strength due to the addition of bacteria.

METHODOLOGY

2.1 Materials

2.1.1 Bacteria used for the investigation: Bacillus subtilis ATCC-6633 was utilized as an
experimental bacterium in this investigation. This bacterium was supplied from the Department of
Microbiology, University of Chittagong. Bacillus subtilis is a Gram-positive and catalase-positive
bacterium, commonly found in soil. The cells are typically rod-shaped and are about 4-10 micrometers
(um) long and 0.25-1.0 um in diameter. With other members of the genus Bacillus, it can form an
endospore to survive extreme environmental conditions of temperature and desiccation. It is considered
as an obligate aerobe and B. subtilis is found to be alive at —3°C low temperature to 70°C high
temperature. The detail of its temperature sustainability is summarized in Table 1.

Table 1: Bacillus subtilis bacteria temperature sustainability test

Temperature | -3°C | 10°C | 20°C | 30°C | 40°C | 50°C | 60°C | 70°C | 80°C | 90°C

Bacteria

alive Alive | Alive | Alive | Alive | Alive | Alive | Alive | Alive | Alive | Dead
condition

2.1.2 Cement: Ordinary Portland Cement (OPC) ASTM Type-1, conforming to ASTM C-150 was
used as binding material. Its physical properties and chemical compositions are given in Table 2.

Table 2: Physical properties and chemical composition of OPC

Serial No Characteristics Value
1 Blaine’s Specific surface (cm?/gm) 2900
2 Normal Consistency 26%
3 Soundness by Le Chatelier’s Test (mm) 4.5 mm
4 Specific gravity 3.15
Setting Time
5 (@) Initial (min) 70
(b) Final (min) 175

2.1.3 Aggregates: Locally available natural sand passing through 4.75 mm sieve and retained on
0.075 mm sieve was used as fine aggregate. The coarse aggregate was crushed stone with a nominal
size of 12.5 mm. Physical properties of the aggregate are given in Table 3.
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Table 3: Physical properties of aggregates

Properties Coarse Aggregate Fine Aggregate
Specific Gravity 2.59 2.55
Unit Weight 1560 Kg/m?® 1580 Kg/m?
Fineness Modulus 6.77 2.57
Absorption Capacity 0.6% 1.45%
Moisture Content 0.57% 1.12%

2.1.4 Water: Water confirming to the requirement of 1S456-2000 was used with p" value 7 and at
zero turbidity.

2.2 Variables

2.2.1 Concrete quality: Two different grades of microbial concrete having bacterial concentration
of 2.12 x 108 cells/ml, 2.12 x 107 cells/ml, 3.25 x 108 cells/ml, 3.25 x 107 cells/ml, 6.39 x 108 cells/ml,
6.39 x 107 cells/ml, 7.91 x 108 cells/ml and 7.91 x 107 cells/ml were used. Control concretes of similar
grades were cast for comparing its properties with that of microbial concrete.

2.2.2 Exposure period: Specimens were tested periodically after the specified curing period
of 28 days in plain water.

2.2.3 Size of Specimens: 100 mm x 100 mm x 100 mm cube specimens were prepared following
ASTM standard procedure.

2.2.4 Curing environment: A total of 850 concrete specimens were cast in the laboratory. After
casting, the specimens were kept at 27°C temperature and 90% relative humidity for 24 hours. After
demoulding, all the specimens were cured in plain water for different curing ages at room temperature.

2.2.5 Specimen preparation: 100 mm x 100 mm x 100 mm cube specimens were prepared following
ASTM standard procedure. Mixed design was carried out following ACI guidelines that was based on
material properties. Required amount of microorganisms with media were mixed and added to concrete
matrix. All specimens are cured in plain water for different exposure periods. Table 4 shows the details
of concrete mix design.

Table 4: Mix ratios for specimen preparation

Designed Strength | Cement | Fine aggregate | Coarse aggregate | wic ratio
20 MPa 1 2.56 2.71 0.592
40 MPa 1 1.28 1.73 0.38

2.3 Test procedures:
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2.3.1 Compressive strength test: After specific curing, strength tests were performed using
compression testing machine. Compressive strength and tensile strength of concrete is defined as the

Figure 1: Compressive strength test

load which causes the failure of a standard specimen
divided by the area of cross section under uniaxial
compression load at a given rate (7 KN/sec). 200 mm
x 100 mm x 100 mm cube specimens were placed in
the compressive testing machine as shown in Fig.1.
The load was applied gradually at a constant rate and
ultimate load was noted down for each specimen. The
average stress value of 5 test specimens was
considered as representative strength.

2.3.2 Tensile Strength test: Tensile strength of
concrete is calculated through indirect tension test
known as Splitting Tension Test. This test was

performcu uy appiyiny u uue e wau wuny ulé top and bottom face of the specimen. To prevent very
high local compressive stresses at the load line, narrow strips of relatively soft material such as hard

Here,

board or ply wood are interposed between the specimen and the plate
(Ref. Fig-2). Under this condition due to a high horizontal compressive
stress at the top and bottom of the specimen, failure is initiated by the
horizontal uniform tensile stresses acting over the remaining cross
section of the cubes. In this test the load was applied at a constant rate of
increase in tensile stress of 0.02-0.04 MPa/sec. The tensile splitting
strength was calculated by using the following equation:

Tensile Strength= Z—PZ (1)

mna

P= Maximum load carried by the specimen during test

a= side of the cube

Figure 2:

Tensile strength test

RESULTS AND DISCUSSIONS
Compressive Strength Test Results:
The test results for both control and microbial concrete specimens were analysed critically to observe
the variation of concrete strengths between normal and bacterial concrete. It is seen that, for each curing
periods, the strength of microbial concrete is higher than that of control concrete. The (%) increase in
strength of microbial concrete after 28 days exposure period are shown in Table 5 and 6.
For compressive strength test, Table-5 represents the variation of compressive strength as compared to
control concrete at 28 days curing period. From table, it is clear that the compressive strength for all
bacterial concrete is higher than control concrete and for the bacterial concentration 6.39 x 108 cells/ml,
the maximum increase in strength was observed. The Fig.3 illustrates graphical representation for the
increase in compressive strength as compared to control concrete.

Table 5: % Increase in compressive strength as compared to control concrete (28days)

Increasee in compressive

2R N
o un O

strength (%)

5
0 lI o | II II II II II oy |

2.12x 1078 2.12x107"7 3.25x10"8 3.25x 1077 6.39x 1078 6.39x10"7 7.91x1078 7.91x 10"7

Bacterial Concentration (cells/ml)

M 20 MPa (40% Bacterial Water) 20 MPa (60% Bacterial Water)

40 MPa (40% Bacterial Water) = 40 MPa (60% Bacterial Water)
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Bacterial Increase in compressive strength (%)

Conc 20 MPa (40% | 20 MPa (60% | 40 MPa (40% [ 40 MPa (60%
(cells/ml) Bacterial Water) Bacterial Water) Bacterial Water) Bacterial Water)
2.12 x 108 3.5 9.5 11.02 13.44

2.12 x 107 0.5 2 5.38 8.06

3.25 x 108 8 13 11.29 14.52

3.25 x 107 5 8.5 6.99 8.33

6.39 x 108 10 14.2 16.35 18.44

6.39 x 107 7.5 10 10.48 13.44

7.91 x 108 9 13.5 13.98 16.13

7.91 x 107 0.5 2.5 11.29 12.9

Figure 3: Increase in compressive strength as compared to control concrete (28 days)
Tensile Strength Test Results:
Similarly, from Table 6, for tensile strength test results, the increase of the tensile strength is observed
to be higher for all bacterial concrete group as compared to control concrete. In this case, it is also found
that 6.39 x 108 cells/ml is the optimum value that provide highest increment as compared to other
bacterial groups.
The Fig.4 illustrates the graphical presentation of the increase in tensile strength of microbial concrete
over controlconcrete. From the above tables and figures, it is clear that (%) increase in both the strengths
i.e. compression as well as tensile one are relatively higher in higher grade concrete (M40) as compared
to lowre grade concrete (M20) that ranges from 2 to 10%. Moreover, among all the microbial groups,
concrete specimens made with bacterial concentration of 6.39 x 108 cells/ml showed the maximum
increase in strength whichis around 10 to 18% at 28 days of curing. Also concrete specimens made with
60% bacterial water showed higher increase in strength as compared to specimens made with 40%
bacterial water in case of both higher grade (M40) and lower grade (M20) concrete.

Table 6: % Increase in tensile strength as compared to control concrete (28days)

) ) Increased in compressive strength (%)
Bacterial Concentration
(cells/ml) 20 M!Da (40% 20 M.Pa (60% 40 M_Pa (40% 40Ml_>a (60%
Bacterial Water) Bacterial Water) | Bacterial Water) | Bacterial Water)

2.12 x 108 2.61 6.34 6.92 11.32
2.12 x 107 0.75 1.87 2.08 2.31
3.25 x 108 12.69 21.64 23.09 25.64
3.25 x 107 4.85 5.22 12.47 13.86
6.39 x 108 22.76 26.36 28.48 30.33
6.39 x 107 19.4 25.75 22.86 26.1
7.91 x 108 4.85 14,55 15.7 20.1
7.91 x 107 1.49 13.06 12.93 16.17

40
30
20
10

2.12x 1078 2.12x 1077 3.25x10"8 3.25x10"7 6.39x10"8 6.39x1077 7.91x1078 7.91x10"7

Increase in compressive
strength (%)

Bacterial Concentration (cells/ml)

20 MPa (40% Bacterial Water) m 20 MPa (60% Bacterial Water)

40 MPa (40% Bacterial Water) m 40 MPa (60% Bacterial Water)
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Figure 4: Increase in tensile strength as compared to control concrete (28 days)

CONCLUSIONS
Based on the limited number of variables and strength results studies, the following conclusions

can be drawn.

» The increase in compressive strength is higher for all bacterial concrete as compared to control
concrete with curing ages.

* The rate of strength increment is higher for 40 MPa bacterial concrete as compared to 20 MPa
bacterial concrete ranging from 2% to 10%.

« Among all microbial groups, concrete specimens with bacterial concentration of 6.39 x 108
cells/ml is found to be most effective in increasing compressive strength i.e. around 10% to 18
% for 28 days of curing.

» Concrete specimens with 60% bacterial water shows more increase in strength as compared to
that of 40% bacterial water in cases of both lower grade (20 MPa) and higher grade (40 MPa)
of concrete.
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ABSTRACT

In order to keep the winter highways, clear of snow and ice deicers are applied. Deicers usually contain
chlorides of salts containing mostly sodium chloride, calcium chloride, magnesium chloride etc. The
increasing usage of deicers has upraised concerns over their use and are stated to have harmful effects
on concrete structure through their reactions with the paste of cement and thereby reducing concrete
strength and integrity. This study is aimed to investigate the effect of NaCl and CaCl. solutions on the
compressive and tensile strength of concrete. A total of 210 nos. of 100 mm concrete cube specimens
were cast and exposed to different concentrations of NaCl and CaCl; solutions as well as in plain water
over a period of 6 months. The effects of deicing salts on concrete were evaluated based on the decrease
in compressive and tensile strength of concrete as compared to plain water cured concrete of similar age
and condition. Although at the early age, both the salts had a minor negative impact on concrete
strength, specimens in CaCl, environment showed higher losses in strength (6 to 20%) than that
exposed to NaCl solutions after 6 months’ exposure period under identical curing conditions.

Keywords: De-icing salts, Sodium Chloride, Calcium Chloride, Compressive strength, Tensile
strength.

1. INTRODUCTION

Ice and snow control processes are critical for maintaining roadways that endure the snowy and cold
weather in the cold-climate zone. Deicers (chiefly chloride-based salts) are frequently used on winter
streets to either break down the bond between ice and the roadway or prevent the bonding of ice to the
highway. Parking places, roadway pavements, wayside hardware, and other non-highway items close to
winter maintenance actions are exposed to the damaging effects of deicing salts. Deicers may also
impose damaging effects on concrete structure through their reactions with cement paste or aggregates
and thus lessen concrete strength and integrity, which may foster the entrance of moisture, oxygen and
other aggressive agents onto the reinforcement layer promoting corrosion in reinforcement. The
harmful mechanism appears to be occurred due to chemical reactions, distillations, and emulsification,
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as well as the generation of further stress in the bituminous concrete (Shi et al., 2009). Expansion of
concrete is a major reason for damaging concrete structure such as pavements, bridge decks, retaining
walls, parking structures, and other similar structures which is a result of freezing and thawing cycling.
Spalling and cracking are also the consequences of the expansion of concrete (P. K. Mehta and Paulo J.
M. Monteiro, 1993). These problems are intensified due to the application of deicing salts. In the
presence of moisture and deicer chemicals, freezing and thawing causes surface scaling of concrete
slabs. The concentration of deicer solutions is directly related to the quantity of scaling loss to an
individual concrete under freezing and thawing cycling.

2. LITERATURE REVIEW

There has been a gradual rise in the practice of using ice control products (chloride based) for winter
time maintenance operations (Shi et al., 2013). The increasing use of deicing salts has raised up
concerns about the harmful effects of deicers on vehicles, transport infrastructure, and the surrounding
environment. Each year, substantial amounts of ice and snow control products are applied to roadways,
the ecological effects of these deicing products have been questioned by regulatory and environmental
organizations (Watson et al., 2007). A study investigated the ecological impacts of deicing chemicals
used for ice and snow control, counting those on the ground, surface, and drinking waters (Fay and Shi,
2012).

Many researchers concentrated their study to find out the causes of deterioration of concrete due to the
application of deicing chemicals. Damage of concrete by deicing salts is linked to complex processes
associated with the chemical and physical change in aggregates and cement paste. In an experimental
study the effects of various deicing salts on concrete weakening was investigated (Lee et al., 2000).
Environmental situations (freeze/thaw and wet/dry cycling) on highway concrete samples with various
deicing chemicals were simulated in the laboratory. The study reported that there had been physical and
chemical effects of each deicer on the concrete samples altering the properties of dolomite coarse
aggregate, the dolomite coarse aggregate-paste interface, and cement paste. Solutions of chloride
usually stimulated decalcification of cement paste and transformed ettringite to chloroaluminate.
Magnesium-bearing deicers initiated severe paste deterioration by developing brucite as well as
non-cementitious magnesium silicate hydrate. The effects due to Mg-bearing acetates on the
deterioration of concrete was more severe than those caused by Ca-acetates. It is also observed that the
NaCl solution showed the least deterioration to the aggregate-cement paste. Another study reported
three main ways of damaging effects of deicing solutions on Portland Cement Concrete (PCC): i)
physical deterioration such as “salt scaling”; ii) chemical reactions between deicers and cement paste;
and iii) deicers aggravating cement- aggregate reactions (Shi et al., 2009). A research work was devoted
to finding the effects of concentrated brines of NaCl, CaCl,, MgCl, and CMA on PCC and decided that
both chemical and physical interactions take place within concrete when it was exposed to de-icers and
freeze/thaw conditions (Sutter et al., 2008).

The chemical process through which the salt-scaling happens has been described by Neville (Neville,
1969). It was stated that saturated calcium chloride solutions were deleterious to concrete, even without
freezing and thawing cycling. The saturated solution of calcium chloride resulted in mass gains,
increased volume expansions, and losses in dynamic modulus of elasticity of concrete at a high w/c of
0.7. Neville further theorized that at the low w/c, degradation of concrete occurred due to leaching
which resulted in loss of strength, whereas at the high wi/c it happened principally from deposition and
crystallization in the voids left by water molecules.

The key objective of this study was to evaluate the effects of two de-icers, namely NaCl and CaCl,, on
concrete based on variation in the compressive and tensile strength of concrete as compared to plain
water cured concrete of similar age and condition.
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3. STUDY DESIGN AND METHODOLOGY

In this study, the effects on concrete cured in solutions containing sodium chloride (NaCl) and calcium
chloride (CaCl,) were evaluated based on variation in the compressive strength and tensile strength of
concrete as compared to plain water cured control specimens of similar age and condition. Three
concentrations are tested for each de-icing chemical and the compositions of the solutions are shown in
Table 3.1. The concrete mix used in the study contained a commercial brand of Portland Composite
Cement (PCC) with strength class 42.9 N. The percentage of clinker, gypsum and slag, limestone, fly
ash in the cement were 65-79%, 0-5% and 21-35% respectively and the specific gravity was 3.15.
Concrete mix proportions are shown in Table 3.2. Coarse size sand was selected as fine aggregate and
20 mm downgraded crushed stone chips meeting the requirements of ASTM C33 was selected as coarse
aggregate. Both of the aggregates were collected from the Sylhet district of Bangladesh. Table 3.3
depicts the physical characteristics of aggregates.

Table 3.1: De-icing Solutions

Deicing salt  Percentage of salt in water Molal ion concentration

3 1.06
2.18
3.38
0.84
1.73
2.67

NaCl

CaCl,

O oO|WwWlo| o

*Distilled water used for all solutions

Table 3.2: Concrete Mix Proportions (SSD Basis)

Cement content Sand Coarse aggregate  Free w/c ratio

425kg/m?® 446kg/m3 1422kg/m? 0.40
Table 3.3: Physical Properties of Aggregates
Property Sand Stone Chips
Bulk specific gravity (OD basis) 2.52 2.64
Absorption capacity, % 1.32 0.78
Fineness Modulus (FM) 2.53

Unit weight (Dry rodded), kg/m® 1576 1518

In the study, the effects of strength on concrete exposed to solutions containing NaCl and CaCl, were
evaluated. Various increased percent of salt concentration in solutions was used to have the accelerated
environmental effects within a short period. The study also includes control specimens that were
exposed to tape water throughout the test period. The concrete ingredient materials were mixed
manually poured in mould (size 100mmx100mmx100mm) and compacted. After 24 hours, the
specimens were demoulded and then cured in deicer solutions at 25°C for 1, 2, 4, 13 and 26 weeks.
Concrete cubes cured in tape water were used as control specimens.

A total of 210 concrete cubes (105 for compressive strength and 105 for splitting tensile strength test)
were cast. The compressive strength of concrete cube specimens was determined by following EN
12390-3 (BS EN, 2009) while the splitting tensile strength of concrete was determined as per EN
12390-6 (BS EN, 2000). The splitting tensile strength is calculated by using the following formula:

fct =2F / #Ld

Where, fct is the splitting tensile strength, in N/mm? or MPa; F is the maximum observed load, in
Newtons; d is the cross-sectional dimension in mm; L is the length of the line of contact of the specimen
in mm.
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4, RESULT AND DISCUSSION

Figure 4-1 and Figure 4-2 represent the compressive strength and splitting tensile strength test results of
concrete specimens cured under different de-icing salt solutions respectively. The results show that
compressive and tensile strength of concrete cube specimens loss progressively with the increases of
NaCl and CaCl; concentration at 90 and 180 days; however early strength increase is found to be
marginal at 7, 14 and 28 days. In both solutions, the strength values of specimens are observed to be
increased at early ages followed by gradual decrease at longer ages.

34
32
’t? J
S 30-
R
S 281 p
n 261 Plain Water
2 3% NaCl
2 24 6% NaCl
s ) —v— 9% NaCl
£ 227 —+— 3% CaCl2
O 1 —<— 6% CaCl2
20+ —— 9% CaCl2
18 T T T T T T
0 30 60 90 120 150 180

Age of Concrete (Days)

Figure 4-1: Effect of Curing Medium on the Compressive Strength of Concrete

5.0-

45
-
o
2
= 401 Plain Water
§> 3% NaCl
5 6% NaCl
B 397 —v— 9% NaCl
= —— 3% CaCl2
2 —«— 6% CaCl2
e 301 —»— 9% CaCl2

25-

0 30 60 90 120 150 180

Age of Concrete (Days)

Figure 4-2: Effect of Curing Medium on the Tensile Strength of Concrete

Percentage loss in compressive strength of concrete in the deicing environment as compared to plain
water concrete is shown in Figure 4-3 and percentage loss in tensile strength of the same is shown in
Figure 4-4. With the effect of the different solution, the losses in the strength of concrete specimens are
different. In both solutions, losses in strength show increasing trend with the increase in the study
period despite some strength gain in concrete is observed at early ages. For example, at 180 days, the
losses in compressive strength of concrete cured under NaCl and CaCl; solutions range from 14.9 to
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20.0 % as compared to control concrete, whereas, there were no remarkable losses in the strength of
concrete up to 28 days. However, at later ages, losses in the compressive and tensile strength of the
concrete cured under CaCl, are much higher than the concrete cured under NaCl solutions.
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Figure 4-3: Percentage Loss in Compressive Strength of Concrete
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Figure 4-4: Percentage Loss in Tensile Strength of Concrete

Pore size distribution of hardened cement paste is altered in presence of chloride ions and
chloroaluminate salts are the product of chloride solutions. Chloride solutions also deteriorate concrete
integrity by decalcifications which is much evident at later ages. Chloride presence in pore solution,
either is held to the surface of the products of hydration physically or bound to the products of hydration
chemically. Chlorides act together with calcium silicate hydrate (CSH) at three dissimilar levels as a
chemisorbed layer on CSH, in the CSH interlayer places or are bound in the CSH lattice intimately.
Chlorides are also recognized to promote the leaching of Ca(OH)., and promote the development of
porous CSH including complex reactions. The formation of porous CSH, the leaching of calcium
hydroxide and the decalcification effects of NaCl and CaCl, all play their own toll on strength
deterioration of concrete.
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5. CONCLUSION

Laboratory study results suggest that deicers have strength accelerating properties at initial ages which
discontinue at later ages. Also, the strength development patterns indicate that due to the presence of
chloride environment, concrete specimens experience long-term compressive and tensile strength
losses. However, based on the limited number of scope and variables studied, the following conclusions
can be drawn;

e The strength of concrete specimens in both NaCl and CaCl, solutions increases at early ages i.e.
up to 28 days followed by losses in strength at later ages.

o The losses in compressive strength are observed to vary in the range of 14 to 19 % at 180 days
whereas the losses in tensile strength are found to vary in the range of 3 to 11 % at the same age.

o Compressive strength losses of concrete in CaCl, were around 4 to 8 % higher than that of
concrete in NaCl solutions at 180 days. Whereas the tensile strength losses of concrete in CaCl,
were about 19 % to approximately 84 % higher than that of concrete in NaCl solutions at 180
days.
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