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ABSTRACT

Expansive cement or expansive additive is used to compensate the shrinkage
strain in concrete under restrained condition. As the shrinkage cracks are commonly
found in reinforced concrete structures having a large area with thin section, four types
of reinforced concrete structures were selected to study their expansion and shrinkage
strain under different restrained conditions. They are slab on beam and foundation,
water tank wall, slab on grade, and industrial slab. Normal concrete and expansive
concrete were used to observe different strain behaviour in these structures. Strain
gauges and thermocouples were installed at different locations with different restraining
degrees to monitor the strain and temperature profiles in each type of the monitored
structure. The measured strains in this study are the total strains which include
expansion and shrinkage strains under environmental effects and also external
construction loading.

As there are limited amounts of study on expansion and shrinkage of reinforced
concrete structures using expansive concrete, expansion and shrinkage strain profiles
with different mix proportions under construction environment were studied. Moreover,
the restrained expansion and shrinkage strains of the laboratory specimens are predicted
from free strain using finite element analysis and verified with experimental data. The

measurement results from selected reinforced concrete structures in construction sites
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indicate that the locations which are exposed to the high temperature (sunlight) and low
humidity environment, are more likely to show higher shrinkage strain. Therefore,
moisture loss due to ambient temperature and humidity play a vital role in the formation
of shrinkage strain. Additionally, external and internal degree of restraints according to
their structural configuration are also important factors which can result in different
expansion and shrinkage strains in each type of structure. In addition, the applied three-
dimensional finite element (3D FE) method was useful to predict the expansion and
shrinkage strains under restrained condition specimens as a good accuracy between 3D
FE analysis and experimental data could be obtained. Moreover, the effectiveness of
restrained tensile strain compensation in expansive concrete is presented through the

strain measurement in construction sites, laboratory and the 3D FE modelling.

Keywords: Expansive additive, Reinforced concrete structures, Expansion and
shrinkage strain, Restrained strains, 3D FE modelling
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CHAPTER11
INTRODUCTION

1.1 Background

Concrete is a mixture of cement, fine and coarse aggregates, water, and other
chemical admixtures in appropriate ratios to get the desired strength. Conventional
concrete has some weaknesses under restraint conditions. Volumetric change with
restraint induces tensile stress inside the concrete. If the tensile stress reaches the tensile
strength of the concrete, the concrete starts to crack which is a disadvantage for both
appearance and the serviceability of the reinforced concrete structures. Stress initiation
due to concrete expansion, shrinkage ,or thermal effects is a complex mechanism for
reinforced concrete structures in real environmental conditions (Neville & Brooks,
2010).

To reduce the shrinkage cracking, ACI 223R-10 introduced shrinkage
compensating concrete or expansive cement to the construction industry since the mid-
1960s. According to ACI 223R-10, there are four types of expansive cement used to
mix with Portland cement i.e. type-K, type-M, type-S, and type-G. The first three types
are ettringite formation type and Type-G is hydroxide platelet crystals formation type
when mixed with Portland cement. There are other types of expansive cement or
expansive additive ,such as MgO based expansive concrete (Mo, Deng, Tang & Al-
Tabbaa, 2014), high-performance expansive agents, etc.

The function of expansive concrete is that the volume of concrete is increased
after setting time, and compressive stress is induced in concrete under restrained
condition. There are mainly two types of restraints in reinforced concrete structuresi.e.,
internal and external restraints. Coarse aggregate and reinforcements provide internal
restraints. The amount of coarse aggregates and reinforcements are proportional to the
level of expansion. Therefore, there is a proposed method to estimate the member
expansion related to the percentage of reinforcement in ACI 223R-10. However, the
prediction of degree of external restraints is more complicated than that of the internal

restraints.
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Other factors that can affect the level of expansion are binder content, water to
binder ratio, chemical agent, curing condition, environmental condition (ambient
temperature and relative humidity) and construction loading. The influences of these
factors on the expansion level of expansive concrete have been found through
conducting laboratory experiments (Lam, Sahamitmongkol & Tangtermsirikul, 2008;
Lam et al., 2008; Nguyen, Sahamitmongkol, Lam, Tongaroonsri & Tangtermsirikul,
2010; Tongaroonsri & Tangtermsirikul, 2008). Even though the material scale
behaviour of expansive concrete under different conditions is understood in the
laboratory, it is still needed to understand its behaviour when using this material for
structures under real conditions.

Shrinkage cracks could be found in reinforced concrete structures having large
surface areas compared to its thickness, such as industrial floor slabs, slabs on ground,
and water tank walls. These structures are most likely to have shrinkage cracks on their
surfaces. For these types of structures, the internal restraints conditions cannot be
reduced as the details of reinforcement layout are based on the structural design
requirement. In addition, environmental loading cannot be controlled in the
construction site. However, parts of external restraints from adjacent structural
members and subgrade friction can be minimized for example by using expansion joints
and providing plastic sheets between concrete body and subgrade.

To reduce shrinkage in these types of structures, expansive concrete is applied
in this study to reduce shrinkage cracks. The mechanism of expansive concrete used in
structural members is explained below. When the expansive concrete is used in a
reinforced concrete structure that is restrained internally and externally, there is a
formation of expansion strain inside the concrete. As a result, expansion strain due to
expansive reaction can compensate the contraction strain resulted from the volume
changes due to shrinkage under restraint conditions (see Figure 1.1 and Figure 1.2).
Although the amount of expansion strain is directly proportional to the level of
expansion under free condition, there is still a limited information to predict proper
amount of an expansive additive to produce a sufficient expansion strain to compensate
contraction strain under unknown degree of restraint resulted from both internal and

external restraints and also from environmental effects in reinforced concrete structures.
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To effectively compensate for the contraction strain caused by shrinkage, the proper
amount of the expansive additive should be used.

The cracking on these types of structures has been carried out from various
aspects especially by field investigations and numerical simulations. However, most of
the previous researches were conducted for reinforced concrete structures using a non-
expansive concrete type. Therefore, there have been needs to investigate the behaviour

of structures using expansive concrete in the real field conditions.
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Figure 1.1 Shrinkage and expansion of concrete under restrained conditions
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Figure 1.2 Strain profiles under restrained condition

1.2 Problem statements

Durability and sustainability of reinforced concrete structures are currently
concerned for life cycles cost analysis of structures. Cracking is one source of
deficiency in concrete structures which can reduce the durability of the structures.

Shrinkage is one of the causes to form cracks. Therefore, the improvement of concrete
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properties should be made to prevent shrinkage cracks. One of the preferable methods
to reduce shrinkage cracking in reinforced concrete structure is the replacement of
cement with a certain amount of expansive additive. Many researchers have studied the
usage of expansive concrete and the behaviour of expansive additives with different
testing methods which are briefly explained in chapter 2.

However, there is limited information on the evaluation of expansion/shrinkage
of reinforced concrete structures using expansive concrete in a real application. Mostly,
the structures having a large area with thin sections such as ground slabs, pavements,
and reinforced concrete walls are more likely to have shrinkage cracks on their surfaces
which can shorten the service life of those structures. In order to study the concrete
cracks under restrained condition, the behaviour of restrained expansion/shrinkage

strain profiles was monitored in field structures.

1.3 Objectives of study
To fulfill the gap of the research, field investigations were conducted in three
different types of structures which were ground slabs, water tank walls and pavements
of the newly constructed laboratory building of Sirindhorn International Institute of
Technology, Thammasat University and also slabs in an industrial plant. Normal
concrete and expansive concrete were used to cast those investigated structures.
Restrained strains and temperature were monitored throughout the valid time in the
construction sites. Therefore, the main objectives of this research are:
1. To evaluate expansion rates of EA concrete with different degrees of restraint
2. To study the strain profiles (both expansion and shrinkage) of the reinforced
concrete structural elements such as slabs, water tank walls, and pavements
under actual construction conditions and environments
3. To predict the restrained expansion and shrinkage strains of the laboratory

specimens from the free expansion and shrinkage strains.
1.4 Scope of study

1. The measured strains in this study are the total strains (autogenous shrinkage,

drying shrinkage and thermal strains).
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2. The effects of dead load, environmental load and construction load are included
in the measured strain profiles.

3. The measurement of strain profiles at the construction site is under the effect of
actual environmental conditions where relative humidity and ambient
temperature cannot be controlled.

4. Creep strain is not considered in this study.

1.5 Significance of study

In order to design the reinforced concrete structures using expansive concrete,
it is important to know the level of expansion strain with their corresponding degree of
restraints, type and content of expansive additive in the mix proportions. However,
there is limited information for guideline of analysis and to design for reinforced
concrete structures using expansive concrete. It is important to study the characteristics
of reinforced concrete structures such as slabs, pavements, and water tank walls by

using expansive concrete to support the application of expansive concrete.
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CHAPTER 2
LITERATURE REVIEW

2.1 Background

The factors affecting shrinkage cracking of the reinforced concrete structures
are material properties of concrete and steel, amount of reinforcement, boundary
conditions to adjacent structural members, ambient temperature, and relative humidity
of the construction environment. The level of expansion and shrinkage strain can be
different according to their surrounding environment. Therefore, the performances of
expansive concrete under controlled conditions were studied. The previous studies for
expansive concrete in laboratory conditions are presented in Section 2.2.

Shrinkage cracking is one of the main problems for reinforced concrete
structures having a thin section with large surface areas such as slabs, water tank walls,
and pavements. Thus, expansive concrete has been popular for compensating shrinkage
strain in these types of reinforced concrete structures. The overview of previous
researches about non-expansive concrete and expansive concrete used in various types

of slabs, walls, and pavements are provided in Section 2.3.

2.2 Expansive concrete tests in Laboratory

Durability tests for expansive concrete were conducted in the laboratory, and
the test results showed that the ability of carbonation resistance could be improved in
concrete using EA content lower than 20 kg/m®. However, the EA content should not
be higher than 30 kg/m?3since it will result in a lower carbonation resistance (Lam et
al., 2008).

According to the previous studies from the laboratory experiments, the use of
expansive additive with other cementitious materials such as fly ash or bottom ash or
both types can increase the effectiveness in expansion strain and concrete compressive
strength (Dung Tien Nguyen, 2010; Lam, Sahamitmongkol & Tangtermsirikul, 2008;
Nguyen, Chatchawan, Saengsoy, Tangtermsirikul & Sugiyama, 2019; Pakorn
Sutthiwaree, 2015). However, Nguyen et al. (2010) found that even though fly ash can
increase expansion strain but a higher amount of fly ash can cause earlier crack

initiation under restrained conditions.
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The expansion and shrinkage strains are highly dependent on internal and
external restraint conditions. Therefore, the influences of restrained conditions on
expansive concrete become a part of research interest. Lam et al. (2008) and Dung Tien
Nguyen (2010) reported that the higher the degree of restraint, the lower the net
expansion values. Moreover, it also relies on the curing duration and curing methods.

One of the disadvantages of concrete is low tensile strength where crack can be
easily initiated under restrained conditions. Nguyen et al. (2010) proposed the
prediction of cracking age for both non-expansive concrete and expansive concrete with
numerical equations and validated with the experimental results. The study showed that
the actual cracking age is longer than the predicted cracking age. The difference
between prediction and actual cracking age was concluded to be due to tensile creep,
which can reduce the restrained shrinkage.

2.3 Study of non-expansive and expansive concrete in reinforced concrete
structures

As cracks are detrimental to reinforced concrete structures in the long term, the
causes of cracks become a concern. Shrinkage cracks are expected to form in structures
having large areas with a thin section which is exposed to the high variation of ambient
temperature and low humidity environment. It is important to study the shrinkage
cracking on structures such as slabs, bridge decks, walls, pavements to maintain the
serviceability and durability for a long service life of the structures. The previous
studies on these types of structure with different approaches to investigate shrinkage

cracks and the methods of reducing shrinkage cracks are presented below.

2.3.1 Study on shrinkage cracks in non-expansive concrete slabs

William, Shoukry and Riad (2005) studied the early-age cracking of bridge
decks by measurement of strains in both concrete and reinforcement, cracks, and
temperature of the bridge deck under environmental loading. It was found that drying
shrinkage, traffic loading, and temperature variation through the depth and along the
span length cause the tensile stress inside the bridge decks. These are the main causes
of early age cracking in a bridge deck. Moreover, a high amount of restraints from

formworks, abutments, and shear studs resulted high tensile stress in concrete as well.
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Differential heat of hydration along the bridge deck due to different constituents of
concrete mix was also a cause of premature crack.

Newell and Goggins (2017) monitored the strain profiles, temperature, and
bending moment of the lattice girder slabs during the construction period. Vibrating
wire strain gauges, thermistors, and electrical resistance strain gauges were installed in
both precast plank and cast-in-situ slab. The restraint factors were calculated from the
coefficient of thermal expansion of concrete under unrestrained (o) and restrained
condition (or). oc was assumed as 9 pe/°C and or was calculated from the slope of strain
and temperature of concrete under restrained condition. From the measurement, the
highest concrete temperature was obtained from the mid-depth of the cast-in-situ slab.
The prediction of measured strain using Eurocode 2 (BSI, 2004) was in a good
agreement with non-thermal measured strain. The value of creep, concrete properties
and relative humidity were assumed in the calculation.

Kanciruk (2018) investigated temperature, strain, material aging and service
load effects on the slab of the aircraft hangar. After a 5-year measurement was done,
the recorded strains were derived based on temperature changes, and impact load from
the airplane. These are the reasons which can form micro scratches on floor slabs.

Newell and Goggins (2018) studied thermal behaviour of the hybrid precast
concrete floor under the construction environment through structural health monitoring.
Strain inside the precast and cast in situ portions were monitored and these measured
strains were a combination of shrinkage, flexural and creep strains. The measurement
results were compared with 1-dimensional finite element analysis. Parameters
considered in the numerical model are conduction, convention, solar radiation, and
thermal irradiation properties. The implemented one-dimensional numerical model was
used to predict the thermal variations in the slab. The authors also suggested that a good
care should be taken to design the slabs exposed to high solar radiation in which the
solar radiation can affect high-temperature variation through the slab depth which
consequently changes the curvature of the slab.

2.3.2 Study on shrinkage cracks in expansive concrete slabs
Michael D. Brown and John (2007) proposed to reduce drying shrinkage cracks

on bridge decks by using various materials, i.e. high-performance concrete (HPC), high
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volume fly ash concrete (HVFC), shrinkage compensating concrete (CSA), shrinkage
reducing admixture (SRA) and fibres. Laboratory specimens and prototype bridge
decks were used to study the effects of those different materials. The ring test results of
control mix and HPC mix showed that cracks were observed at 20 days and 19 days,
respectively. It is also found that the prototype bridge decks using control mix and HPC
mix showed mid-transverse cracking and the other prototype bridge decks using HVFC,
CSA, SRA and fibres did not show any crack. Therefore, the authors using HVFC, CSA,
SRA and fibres concrete to resist early-age cracks on bridge decks due to drying
shrinkage.

Field measurements were conducted in the post-tensioned concrete slab which
was cast with shrinkage compensating concrete. Vibrating wire strain gauges and
thermistors were mainly installed at the base of the column and the middle of the slab.
After two years of measurement, it was found that the use of shrinkage compensating
concrete in the post-tensioned slab could reduce nearly 50 per cent of shrinkage strain
compared to the predicted shrinkage strain using normal concrete. The fluctuation of
the measured strains were resulted from the daily temperature changes, and the
surrounded construction activities near the measured locations (Richardson, Schiller &
Mike, 2010).

Long term investigation of dam foundation which used a new shrinkage
reducing admixture, MgO expansive additive, were studied for ten years of service
condition. According to the measurement, MgO expansion agent is good for
maintaining the volumetric deformation of the mass concrete foundation of the dam
during low ambient temperature. Due to this contribution of MgO expansive concrete,
the cost and time of the project can be shortened (Chen, Tang & Zhao, 2011).

Liu, Shen, Hou, Arulrajah and Horpibulsuk (2016) studied underground
structures (floor and wall) which were improved by using expansive concrete. Strain
measurements were conducted in field structures and also laboratory specimens. Due
to proper curing for laboratory specimens, the maximum restrained expansion strains
of specimens in the laboratory were higher than those of specimens under field curing
condition. Furthermore, proper curing conditions are important for expansive concrete.
The transportation time between the mixing plant and construction site should be

minimized in order to maintain the expansion rate in the field structure. The study found
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that the field structures can maintain longer expansion strain due to intensive restrained
condition from the structure under long-term.

Ishida, Pen, Tanaka, Kashimura and Iwaki (2018) performed a computational
analysis that can verify and validate the shrinkage strain and temperature profile results
with measurement data from small scale specimens to the actual structure. There were
deviations of strain results between computational models and the measurements which
were likely to come from the influence of curing and ambient condition such as rainfall
and wind. To be concluded, the overall verification results between numerical analysis
and measured results of multiscale models showed a good agreement under an

acceptable range.

2.3.3 Study on shrinkage cracks in non-expansive and expansive concrete walls

Carlson and Reading (1988) studied the effects of base restraint to the behaviour
of four different length (L) to height (H) ratios (L/H=1, L/H=2, L/H=4, and L/H=12/7).
The study found that the maximum tensile stress was observed in the horizontal
direction near the foundation in L/H=2. In long wall structure (e.g. L/H=4), high tensile
stress can be observed along the wall height. Tensile stress at the centre of the wall
showed 40% of maximum tensile stress at the base of the wall. Therefore, providing
slip joint, roller foundation, joints, and the proper amount of reinforcement can reduce
the tensile stress and cracks due to base restraint.

Rawil and Kheder (1990) studied for the factors affecting cracking of the
concrete walls such as length by height (L/H) ratios, base restraint, volume changes,
drying shrinkage and thermal shrinkage. As the degree of restraint was varied along the
wall height, the authors suggested reducing the cracks based on their studies by (1)
reduce the L/H ratio (2) the distribution of reinforcement is required to be varied
according to the levels of base restraint.

Kheder (1997) conducted 37 full-scale walls and 8 experimental walls. Six
different length to height (L/H) ratios were tested in the laboratory to know the effect
of reinforcement along the wall. After conducting the experiments, the relationship
between L/H ratio and the amount of reinforcement to control the crack width was
found. The amount of reinforcement can be varied along with the height of the wall

with respect to their degree of restraint. The authors suggested that by providing a
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smaller L/H ratio to reduce the degree of restraint and to reduce the amount of
reinforcement.

To investigate the cracks on the wall, Attiyah, Gesund, Mohammed, Rasool and
Rasool (2014) proposed a 3-dimensional finite element (3D FE) model using ANSYS.
Wall structures were modelled with solid elements for concrete and beam elements for
reinforcing bar. The measured shrinkage strain was converted into temperature strain
and applied to the 3D FE model. The prediction of crack width showed a good
agreement with the measured results.

Li, Tian, Zhao, Lu and Liu (2018) used MgO expansive agents with three types
of reactivity rates for the tested specimens, which were walls and mass concrete
structures. The study found that the expansion strains were highly dependent on the
ambient temperature. Under high cooling temperature, the low reactivity MgO
expansive concrete showed higher expansion strain than high reactivity one. However,
high expansion strains were resulted from MgO expansive agents with high reactivity
under low cooling rates with high temperature such as mass concrete structure.

Yu, Deng, Mo, Liu and Jiang (2019) studied about the reaction mechanism and
expansion strain of the lightly burn MgO expansive agent. MgO expansive agent with
higher hydration reactivity led to brucite formation which could fill the pores or micro
voids and made the concrete denser. MgO with higher hydration reactivity led to a

lower expansion rate.

2.3.4 Study on shrinkage cracks in non-expansive and expansive concrete

pavements

Rebibou, Dux and Nooru-Mohamed (2003) studied about concrete shrinkage
behaviour of laboratory specimens and the pavements. They installed the embedded
strain gauges at different depths of the pavement to measure about shrinkage strain and
temperature. From the laboratory experiment, the study found that large differential
strain values through the depth were observed in uncured specimens. The early age
cracking on pavements was due to differential strains through the depth which was
resulted from hydration, suction, and restraint.

Seongcheol and Moon (2010) studied thermal and drying shrinkage strains

using impervious and pervious cylinders under field conditions. Vibrating wire strain
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gauges, temperature and relative humidity (RH) sensors were installed in post-
tensioned pavement and thin slab to measure the relation of drying shrinkage with the
temperature and RH inside the slab. From these measurements, the moisture gradient
through the cross-section could be observed in both specimens and the thin slab.
Moreover, the authors found that the coefficient of thermal expansion of concrete is
varied along with time and curing conditions.

Asbahan and Vandenbossche (2011) studied the curvature of the pavement
through temperature and moisture profiles. This study showed that curling and
wrapping of pavement were resulted from the temperature difference between the
ambient and concrete temperature. The thicker the pavement, the higher in temperature
difference in depths, which can encourage the higher upward and downward curl on the
pavement. Restrained pavement showed much more effective in the reduction of drying
shrinkage and reduce the curvature of the pavement due to moisture gradient than
unrestrained pavement.

The early age cracking and volume stability of the pavement were improved by
using MgO expansive agent with hybrid fibre. The use of MgO expansion agents with
hybrid fibres can compensate early age shrinkage, although the higher amount of hybrid
fibres (such as 80 kg/m?) reduced the expansion strain. Furthermore, the use of hybrid
fibres reduced macrocracking and microcracking inside the cement paste, which could
control the volume stability of the concrete (Huang, Deng, Mo & Wang, 2013).

Adriano, Sergio, Maurizio, Massimo and Giovanni (2015) studied a jointless
floor with experiment and numerical analysis. Two types of cementitious materials
(calcium sulpho-aluminate (CSA) cement and ordinary Portland cement) were used to
observe the curvature of the pavement. CSA encourages the volume stabilization of the
pavement in both longitudinal and transverse directions by producing compressive
stress during the curing period. This leads to a reduction in curling at the boundaries of
the pavement due to the linear shrinkage gradient through the thickness. By performing
numerical analysis, the different behaviour between shrinkage compensating concrete
pavement and ordinary Portland concrete pavement were significantly observed.
Compressive stresses in concrete were observed in shrinkage compensating concrete

due to restrained from reinforcement and base friction.

Ref. code: 25625922040968CLF



13

Chris Ramseyer and Seth (2016) applied Type-K shrinkage compensating
concrete in water tank walls, water tank slabs, and slabs-on-ground under restrained
and unrestrained conditions. The overall results from measurements of total strain from
walls, base slabs, and slabs-on-grade were observed. The results showed that type-K
shrinkage compensating concrete were effective. The authors concluded that the lowest
surface area with high volume specimens showed higher expansion as moisture could
be stored longer inside the specimen and small surface area for moisture loss.

Huang et al. (2019) used MgO expansive agents in the jointed concrete
pavement to reduce shrinkage cracking under severe environmental conditions. MgO
expansion agent was applied in reinforced concrete pavements at the airport with
mainly two sizes: 4 m x 4 m and 8 m x 4 m under high daily temperature variation
environment. The results showed that the widths of the transverse cracks in pavements
could be effectively reduced by using MgO expansive agent and by providing a proper

amount of reinforcement.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 General

This chapter mainly focuses on understanding the behaviour of expansion and
shrinkage strain in reinforced concrete structures with different mix proportions under
the construction site environment. Four different types of structures: slabs on beam and
footings, water tank walls, slabs on ground (pavement), and industrial floor slabs were
studied. A brief explanation of types of structures related to their concrete type used is
presented in Table 3.1. Three different chemical compositions of expansive additive
were used. S-3P and S-2P were from the Siam Research and Innovation Co., Ltd and D
was from DENKA Co., Ltd. The methodology for this study is divided into two main
parts. Firstly, experiments were conducted in the laboratory for compressive strength,
tensile strain capacity for different concrete mix proportions which were used in
verifying strain measurement data of structural members in a real construction site.
Secondly, strain measurement in the real construction sites was conducted in order to
investigate the expansion and shrinkage strains in slabs on beams and footings, water
tank walls, and slabs on ground. Moreover, the restrained expansion and shrinkage
strain profiles of the specimens were predicted with finite element analysis. The
framework of this study is illustrated in Figure 3.1.

Table 3.1 Structure and related material types

No. Structure Type of Concrete BraEng\ of Symbol
Slabs on Normal concrete - NC-slab
1. beams and :
footings Expansive Concrete S-3P EA-slab
2. W?Itvearl Itsnk Expansive Concrete S-3P EA-WT
Normal concrete - NC-pave
Slabs on :
3 ground Expansive Concrete 1 S-3P EA 1-pave 1
(pavements) Expans!ve Concrete 2 D EA 2-pave 2
Expansive Concrete 3 S-2P EA 3-pave 3
) Normal concrete - NC-Islab
4, 'ngifgg'a' Expansive Concrete 1 S-2P EA 1- Islab 1
Expansive Concrete 2 D EA 2- Islab 2
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Figure 3.1 Framework of the studies

3.2 Laboratory experiments

Ten mix proportions were used for casting four different types of structural
members. These mix proportions were obtained from a ready-mixed concrete plant of
CPAC (The concrete products and aggregate Co., Ltd). The definitions of materials
composed in mix proportions are explained below. The chemical compositions of

cement, fly ash, and expansive additive are presented in Table 3.2 and,
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Table 3.3 respectively.

1. Cement — Type | cement (ordinary Portland cement) and hydraulic cement
(cement with limestone powder) were used for all mix proportions. These
cements are the products of Siam Cement Co., Ltd.

2. Fly ash — Mae Moh fly ash was used in all the mix proportions. The fly ash was
obtained from the Mae Moh electrical power plant in the northern part of
Thailand.

3. Expansive additives —Two commercial brands, one from Siam Research and
Innovation Co., Ltd (S-3P and S-2P) and another from Denka Co., Ltd (D) were
used in this study. S-3P and SP-2P are the expansive additive (the combination
of ettringite and Ca(OH)2 formation type) with different chemical compositions
and D is the expansive additive of ettringite formation type (see

4. Table 3.3).

5. Aggregates — River sand was used as the fine aggregate. Two types of coarse
aggregate with a maximum size of 19 mm, conventional coarse aggregate and
recycled concrete aggregate, were used in all the mix proportions.

6. Chemical admixtures — Type D and type F chemical admixtures were added to
the mix proportions. Type D is a water-reducing and set-retarding admixture
and type F is a high range water-reducing admixture.

Table 3.2 Chemical compositions of cement and fly ash

Chemical/mineral compositions Coment . Fly ash
Type | Hydraulic cement | (Mae Moh)

SiO; 19.6 18.9 36.18
Al203 54 5.1 20.21
Fe203 3.2 3.1 13.89
CaO 62.3 63.7 18.74
MgO 1.4 1.4 2.69
K20 0.6 0.6 2.29
SO3 2.9 2.7 3.74
Na.O 0.2 0.2 1.14
CsS 55.6 68.8 -
CaS 14.3 2.3 -
CsA 8.7 8.3 -
CsAF 9.9 9.6 -
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Expansive Expansive Expansive
Chemical compositions additive additive additive

(S-3P) (S-2P) (D)
SiO2 2.45 6.4 1.93
Al,O3 5.21 1.74 5.03
Fe203 0.19 1.09 1.22
CaO 61.85 74.59 69.47
MgO 0.6 0.93 1.04
K20 - 0.12 0.05
SOs 25.8 10.69 17.7
Na,O - - <0.01
TiO: - 0.09 0.05
P20s - 0.08 0.09
MnO - 0.03 0.03
SrO 0.11 0.04 0.02
ZnO - 0.01 0.01
CuO - - 0.02
Free lime - - 46.98
LOI Kl 4.11 3.3

3.2.1 Mix proportions

Mix proportions were different in each considered structural members. For each

mix proportion, the basic material properties such as compressive strength, tensile

strain capacity and modulus of rupture were tested in the laboratory. Normal concrete

(NC) and various type of expansive concrete (EA) were mainly used for each studied

reinforced concrete structural member. Mix proportions for slabs on beams and footings

(Slab), water tanks walls (WT), pavements (Pave), and industrial floor slabs (Islab)

were presented in Table 3.4, Table 3.5, Table 3.6, and Table 3.7, respectively.
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Table 3.4 Mix proportions for slabs on beams and footings

Cementitious Materials Aggregate Admixture
Name (kg/ m®) Water | (kg/ m) (ml/ m®)
Cement Expansive | (I/m°) | _. Type | Type
Type 1 Fly Ash Additive Fine | Coarse D E
NC-slab 252 64 - 190 | 880 | 1040 | 1256 | 500
EA-slab 222 64 30 190 | 880 | 1040 | 1175 | 1500

Table 3.5 Mix proportions for water tank walls

Cementitious Materials Aggregate Admixture
Name (kg/ m°) Water | (kg/ m®) (ml/ m?)
Cement Expansive | (I/m?) | _. Type | Type
Type 1 Fly Ash Additive Fine | Coarse D F
EA-WT 179 171 30 175 | 820 | 1070 | 505 | 1600

Table 3.6 Mix proportions for slabs on ground (pavements)

Cementitious Materials Aggregate Admixture

" (kg/ m) ater | (kg/m®) | (ml/m?)
Hydraulic | Fly | Expansive | (I/m°) Fine | Coarse | TYPE | Type

Cement | Ash | Additive D F
NC-Pave 270 30 - 190 | 840 | 1100 | 1090 | 500
EA 1-Pave 1 245 30 25 190 | 840 | 1100 | 1090 | 1100
EA 2-Pave 2 250 30 20 190 | 840 | 1100 | 1090 | 900
EA 3-Pave 3 245 30 25 190 | 840 | 1100 | 1090 | 1200

Table 3.7 Mix proportions for industrial floor slabs

Cementitious Materials Aggregate Admixture
(kg/m?) Water (kg/m®) (ml/m®)
Name  fcement Fly |[Expansive| (I/m)
Type 1| Ash | Additive Fine | Coarse | Type D | Type F
NC-Islab 226 54 - 185 930 1040 791 1600
EA l-Islab1| 201 54 25 185 930 1040 800 1700
EA 2-Islab2| 206 54 20 185 930 1040 791 1600
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3.2.2 Compressive strength (fc")

The compressive strength test procedure is according to the ASTM C39/C39M-
08. Cylindrical specimens with 100 mm in diameter and 200 mm in height were used
to test compressive strength each mix proportion. Three specimens were tested for each
type of concrete at the ages of 1 day, 3 days, 7 days, and 28 days. The compressive
strength specimens are shown in Figure 3.2. The specimens demoulded one day after
casting were placed in the open space in the laboratory in order to imitate the curing

condition of the structural members in the real construction site.

(b)

Figure 3.2 (a) Cylindrical moulds (b) compressive strength test

3.2.3 Tensile strain capacity (TSC)

Tensile strain capacity tests were conducted in order to determine the cracking
strain of the concrete. The test procedure followed ASTM C78/C78M-08. The prism
size was 100 mm x 100 mm x 350 mm. Strain gauges were glued at the tension face of
the prism to measure the tensile strain of the concrete (see Figure 3.3). Testing age of
1 day, 3 days, 7 days, and 28 days were selected, and two prims were tested for each
testing age. The curing method was the same as that used for compressive strength

specimens.

Figure 3.3 Prisms for tensile strain capacity test
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3.2.4 Free and restrained condition specimens in laboratory

Laboratory specimens were cast using the same batch of concrete used for
casting slab in the construction site. Strain profiles were measured in free and restrained
conditions by following ASTM C157/C157M-08 and ASTM C878/C878M-08,
respectively. Restrained expansion/shrinkage concrete prims conformed to ASTM
C878 with some slight modifications in which the details will be given later. Three
specimens were collected for each mix proportions to obtain the average strain value.

For free condition test, the specimen size is 75 mm X 75 mm x 285 mm
according to ASTM C157. The specimens were cast at the concrete batching plant. The
specimens were left at the batching plant for one day to minimize the disturbance, which
could affect the unmatured concrete specimens. Then, the measurements were started
after 1-day (at the age of approximately 1 day) when the specimens were taken back to
the university laboratory. Both free and restrained conditions specimens were placed in
the controlled room with 28 °C temperature and 70% relative humidity.

Restrained condition specimens were tested by following ASTM C878 standard
with some slight modifications. The specimen size is 100 mmx 100 mm x 350 mm, two
steel endplates were fixed at both ends, and a 12 mm diameter deformed bar was placed
at the mid-section of the specimen. The length change measurement method for
restrained specimens was modified from the use of a length comparator to an electrical
resistance strain gauge which was attached at the mid-length of the reinforcing bar (see
Figure 3.4). Measurement was started immediately after the concrete was cast in the
mould (day 0).

370 — 100
r 30 1 -50+50
‘ Concrete, -, ia Strain AGauge o
5[ “ K; < g 2 L ,;/'_‘ d/_
Aow g ¢'12£nm Defermed Bar' . " "

7 _:;:'/;;: STl % *_.)::. .

Figure 3.4 Details of restrained specimen (all dimensions are in mm)

3.3 Measurements in the construction site of SII'T new laboratory building
Three different structural elements were chosen for measuring the expansion

and shrinkage strains at different locations with different conditions of restraint. They
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are two slabs on beam and footings, two water tank walls, and four pavements. Three
following subsections demonstrate the strain gauges and thermocouple installation in
each structural member in different locations. The details plan and sections of the tested
structures, slabs, walls, pavements, and industrial floor slabs, are presented in Appendix
A.

Because of the fluctuation of measured strain during the plastic stage of concrete,
the plotted measured strains were intended to be initialized at the final setting time of
the concrete. It should be noted that the final setting times of concrete at different
locations of the structures are different as the concrete casting cannot be quickly
finished for the large area of concrete casting, and the concrete transportation time from
the ready-mixed concrete plant to the construction site could not be controlled.
Therefore, the final setting time is assumed to be about 8 hours after finished casting in
this study.

In slabs on beams and footings and water tank walls, the measured strains
showed large fluctuations before final setting time. Therefore, the measured strain data
for these two structures are initialized after setting time to compare the strains at
different measured directions. It is noted that initializing at final setting time is
reasonable at the restrained strain would be initiated after the concrete hardened. For
the slabs on ground (pavements), there was a technical problem in transferring the
measured strain data to the data logger at the first 7 days. Thus, the initialized time was
taken as at the time of finished casting for the slab on ground (pavements). It is noted
that the implementation of different initialized time of the strain plots does not have
any problem because there was no intention to compare the strain across structure types
and also there was no intention to conduct quantitative analysis but only comparative

analysis of the strains at the same location within the same structure.

3.3.1 Measurements in slabs on beams and footings

Locations of strain and temperature measurement were selected with respect to
their different boundary conditions such as adjacent structural elements, supporting
members as well as the reinforcement ratio of the member. Strain gauges were arranged
in both longitudinal and transverse directions of the slab in order to measure expansion

and shrinkage strain profiles in those two directions. Strain measurements were done
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for both concrete and steel. Strain gauges for steel were installed at the top and bottom
reinforcement of the slab, and concrete strain gauges were installed at the mid-depth of
the slab. A thermocouple was installed at the mid-depth of the slab to record the
concrete temperature measuring point.

Measurement locations in expansive concrete and normal concrete slabs were
carefully selected to have as much as possible the same reinforcement and external
restraint conditions. The selected measurement locations in both slabs are shown in
Figure 3.5 (a). The strain gauges arrangements, for example, of location 4 in the
expansive concrete slab and location 9 in the normal concrete slab are shown in Figure

3.5 (b) and (c), respectively. The detail drawing of the slab is shown in Appendix A.
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Figure 3.5 (a) Measurement locations for two slabs (b) Location 4 (c) Location 9

3.3.2 Measurements in water tank walls

Shrinkage cracking causes detrimental effects on the water tank wall. Roof
water tank walls are exposed to a variation of ambient temperature and humidity during
day and night times. Therefore, expansive concrete was introduced to reduce shrinkage
cracking for this type of structure. Two walls were selected to analyse the strain profiles
under restrained conditions from the adjacent structural members. The strain
measurement on the east wall was performed to study the effect of the sunlight
Moreover, the strain in the north wall of the water tank was also monitored to study the
expansion and shrinkage strains under less sunlight exposure. The measured locations
were selected to observe strain profiles (expansion and shrinkage strains) under
different restrained degrees due to the amount of reinforcement, base slab, top slab, and

adjacent walls. Four locations in the east wall and three locations in the north wall were
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selected for strain measurements. In each wall, strain gauges were attached to the
horizontal and vertical directions rebars in both outer and inner faces of the wall.
Strain gauges were installed at both outer and inner faces of the wall to
investigate the effects of moisture loss on expansion and shrinkage strains of the wall,
The plan view of the water tank and the selected wall panels are illustrated in Figure
3.6. Section of the water tank is illustrated in Appendix A. The selected locations of
strain measurement in the east, and north walls are shown in Figure 3.7 and Figure 3.8,

respectively.
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3.3.3 Measurements in slabs on ground (pavements)

Four different types of concrete, normal concrete (NC-Pave) and three different
expansive concrete (EA 1-Pave 1, EA 2-Pave 2 and EA 3-Pave 3), were used to cast
four pavements. Two measurement locations, at the centre and near the expansion joint,
were selected to investigate the strain and temperature profiles for each type of
pavement.

The dimensions of the pavements are 12.8 m x 4.6 m x 0.15m. Wire mesh with
6-mm deformed bars having 200-mm spacing were provided in longitudinal and
transverse directions of the pavement at a depth of 35 mm from the top surface.
Deformed bars with 25 mm diameter having 300-mm spacing were provided at the
expansion joint. The pavements were laid over 150 mm thickness of the crush rock base.

As the strain in the pavement was affected not only by the base restraint but also
the environmental effects, strain gauges were installed at different depths, e.g. at the
layer of wire mesh reinforcement (35 mm from the surface) and at the mid-depth (75
mm from the surface) for all the pavements. The purpose of measurements were (i) to
observe the effects of moisture loss through the depth of the pavement (ii) to investigate
the effects of base friction in both longitudinal and transverse directions. The overall
plan views of the pavements and the locations of installed strain gauges for each
pavement are shown in Figure 3.9 and Figure 3.10, respectively. The detail plans of

pavement are illustrated in Appendix A.
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Figure 3.9 Plan view of pavements (All dimensions are in m)
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Figure 3.10 Measurement locations of strain gauges and thermocouples (All
dimensions are in m)

3.4 Measurements in the construction site — industrial floor slabs

The ground slabs of one industrial building were selected to study the strains
with different degrees of restraint in each slab resulted from base friction in long and
short directions, adjacent structural members, and foundation. Three slabs were
selected among a total of ten in the whole area of the ground floor of the building (see
Figure 3.11). Three different types of concrete were used to cast the ground slab (i.e.
one type of normal concrete (NC-Islab), two different commercial brands of expansive
additive concrete (EA 1-Islab 1 and EA 2-Islab 2). The detail plans and sections of
industrial slabs are shown in Appendix A. It is noted that the initial time (Time= 0 day)
of the measured strains was set at after casting time is finished as there is no large
fluctuation in the recorded strains in concrete during casting time and final setting time

of the concrete.
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Figure 3.11 Plan view of industrial floor slabs

3.4.1 Measurements in normal concrete industrial floor slab (NC-Islab)

Four different types of restrained conditions were selected to install the strain
gauges and thermocouples in NC-Islab. Measurement locations are shown in Figure
3.12. Location 1 was expected to be restrained by the adjacent two footings while the
location 2 and location 3 were restrained by a beam in one direction, and location 4 was

restrained by beams in two directions.
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Figure 3.12 Measurement locations in NC-Islab
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3.4.2 Measurements in expansive concrete industrial floor slab 1 (EA 1-Islab 1)

Three locations were chosen to install the strain gauges and thermocouples in
EA 1-Islab 1 (see Figure 3.13). In this slab, location 7 was at a distance 70 cm from
the ground beam, location 8 was in the middle between two footings, and location 9

was between the perimeter beam and footings.

Figure 3.13 Measurement locations in EA 1-Islab 1

3.4.3 Measurements in expansive concrete industrial slab 2 (EA 2-Islab 2)
Measurement locations in EA 2-Islab 2 were selected to resemble the measured
locations used in EA 1-Islab 1. Therefore, location 10 was in the middle of the perimeter
beam and footings, location 11 was placed in the middle of two footings, and location
12 was at 70 cm away from the adjacent perimeter beam. Locations for EA 2-Islab 2

are illustrated in Figure 3.14.
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Figure 3.14 Measurement locations in EA 2-Islab 2

3.5 Method to predict restrained strain using finite element (FE) model
Free condition and restrained condition specimens were tested to investigate the

expansion and shrinkage strain profiles under controlled conditions in the laboratory.
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Specimens were cast using the same concrete batch with that used for the industrial
slabs (see Table 3.7). Three specimens were collected for each type of concrete and for
both free and restrained condition specimens. The specimens were placed in a
controlled room with a temperature of 27°C and 70% relative humidity.

Restrained strain profiles are important for the study of both normal and
expansive concrete. The level of expansion and shrinkage depends on the degree of
restraint resulted from both internal and external restraints. In order to know the level
of expansion and shrinkage, many experimental cases are required for the respective
degree of restraints for different mix proportions. Since many preparations are required
to conduct experiments, FE analysis becomes an efficient tool to investigate the level
of restrained expansion and shrinkage strain profiles of concrete. In this study, FE
analysis is used to predict expansion and shrinkage strain profiles under internal

restraint condition for different mix proportions.

3.5.1 Finite element modelling

LS-DYNA finite element (FE) code was used for simulating the expansion and
shrinkage strain profiles of the specimens under restrained conditions. In this FE
analysis, a model is composed of solid elements: concrete specimen, base slab and steel
end plates and beam element: reinforcing bar. A mesh size of 1 cm was used for both

solid and beam elements.

3.5.1.1 Material models for concrete and reinforcement

MAT_CONCRETE_DAMAGE_REL3 available in LS-DYNA code was used
as the concrete material model in this study. The required inputs for this material model
are density, Poisson’s ratio and the unconfined compressive strength of concrete, and
the code will generate other parameters automatically. The background theory of this
concrete model is provided in detail by (Schwer & Malvar, 2005; Wu, Crawford &
Magallanes, 2012). This material model was used to model both specimens and base
slab with respect to their input material properties.

MAT_THERMAL EXPANSION is an arbitrary material model to input thermal
expansion coefficients of the material. This material card can be used to simulate the
volume change of the material due to temperature change for both isotropic and

anisotropic materials.
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MAT_PIECEWISE_LINEAR_PLASTICITY, an elastoplastic material model,
is employed to model the reinforcing bar. The input parameters for steel are the yield
strength of 12 mm diameter bar of 513 MPa, Young’s modulus of 200 GPa, and

Poisson’s ratio of 0.3.

3.5.1.2 Applied loadings

In order to apply free strain to the model, the relation between strain (g) and
temperature change (AT) was used to obtain the equivalent temperature. The equivalent
temperature was converted from free expansion and shrinkage strains of the free
condition specimens. The coefficient of thermal expansion of concrete (o) is adopted
to be 10ue/°C (Richardson et al., 2010). The applied equivalent temperature profiles
(from AT= €/0c) were shown in chapter 4 (Figure 4.28). It is noted here again that the
free strain was measured 1 day after concrete casting; therefore, the equivalent
temperature loading was applied to the model from day 1. Apart from applying
equivalent temperature load to the concrete, the self-weight of the specimen was applied
as a body load.

3.5.1.3 Boundary conditions
A 3D FE model of a restrained specimen is shown in Figure 3.15. These
boundary conditions were applied in the model.

(i) Restraint in three directions (Ux=Uy=Uz=0) at the joint between the endplate and
reinforcing bar as endplates and reinforcing bar were locked with nuts and washers.

(i) Restraint in three directions (Ux=Uy=Uz=0) at the bottom face of the base slab as
concrete specimens were placed on the concrete floor in the laboratory.

(1ii)As the specimens were placed on the concrete floor, a frictional restraint is needed
to account for the analysis. Therefore, the surface to surface contact card was used
to model frictional restraint from the base slab. The friction coefficients between
steel endplate and concrete specimen and between the concrete specimen and base
slab are 0.1 and 0.4, respectively (Gorst, Willamson, Pallet & Clark, 2003).

(iv) A constrained beam in solid function was used to model the bond between concrete

and reinforcing bar.
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Steel endplate

Concrete base slab

Reinforcing bar

Restraint at the bottom

Restraint at joint

Figure 3.15 3D finite element model of the tested specimen
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 General

This chapter presents the experimental and finite element results of the studied
specimens and structures as described in the previous chapter. The tests for basic
material properties, i.e. compressive strength, tensile strain capacity test and modulus
of rupture were conducted for all types of concrete used for the structures were
investigated in this study. Moreover, the measured strain profiles from slabs on beams
and footings, water tank walls, slab on grade (pavement), and industrial floor slabs were
discussed with respect to internal and external restraints. Additionally, free and
restrained strains of specimens were tested in the laboratory. Lastly, restrained strain

profiles of specimens were predicted by using finite element analysis.

4.2 Laboratory experiment results

Tested specimens for compressive strength, tensile strain capacity as well as
modulus of rupture were collected from the same concrete batch used for the real
monitored structures. The compressive strength, tensile strain capacity of concrete and
modulus of rupture used for slab on beam and foundation, water tank walls, slab on
grade (pavements), and industrial floor slabs are summarized in Table 4.1, Table 4.2

and Table 4.3, respectively.

4.2.1 Compressive strength and tensile strain capacity tests results

The compressive strength of concrete used for slabs, water tank walls,
pavements, and industrial floor slabs are summarized in Table 4.1. According to the
test data, normal concrete shows higher compressive strength than the expansive
concrete.

The tensile strain capacity was calculated from the flexural cracking strain
obtained from the bending test. The conversion of flexural cracking strain to tensile
strain capacity is shown in Equation (4.1) (Wee, Swaddiwudhipong & Lu, 2000). The

calculated results of tensile strain capacity are presented in Table 4.2,
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Where,

etsc,direct = tensile strain capacity, p

ecr.direct = flexural cracking strain, p
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(4.1)

The modulus of rupture for all structural members was calculated based on
ASTM C78/C78M-08 as given in Table 4.3. The calculation is based on the maximum

applied load and the dimension of the specimen. The equation for the calculation of

modulus of rupture is shown in Equation (4.2).

_PL
" bd2

Where,

R = modulus of rupture (MPa)

P = maximum applied load (N)

L = length of specimen (mm)

b = average width of specimen (mm)

d = average depth of specimen (mm)

Table 4.1 Compressive strength of concrete in all structural members

(4.2)

No. Structural Members Name COMBIEsElye Strength (MPa)

1 days | 3 days | 7 days | 28 days

' NC-slab | 12.40 | 21.57 | 25.03 | 30.05

* (Slab on beam and foundation—c - o e 338 | 20.18

2 Water tank wall EA-WT | 20.33 | 2242 | 24.16 | 28.93

NC-Pave | 9.37 | 12.54 | 16.74 | 23.43

3 Slab on grade (pavement) EA 1-Pave 1| 8.02 | 11.70 | 14.26 | 19.19

EA 2-Pave 2| 8.22 | 12.12 | 14.86 | 20.31

EA 3-Pave 3| 8.96 | 14.24 | 17.08 | 19.22

NC-Islab | 17.32 | 19.88 | 34.43 | 40.23

4 Industrial floor slab EA 1-Islab 1| 13.55 | 15.57 | 18.11 | 26.37

EA 2-Islab 2| 16.31 | 20.80 | 26.80 | 32.38
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Tensile Strain Capacity (pe)
No. Structural Members Name L days | 3 days | 7 days | 28 days
. NC-slab |102.67|107.02|126.97 | 138.38
* Slab on beam and foundation—c - e 07 > T05.49] 118.91
2 Water tank wall EA-WT | 80.38 |108.51|129.50 | 173.31
NC-Pave | 95.07 |110.37|126.97 | 152.04
3 Slab on grade (pavement) EA 1-Pave 1| 98.00 | 105.48|115.90| 143.90
EA 2-Pave 2| 78.79 [101.90(128.93| 141.95
EA 3-Pave 3| 96.60 |106.79|113.30| 143.90
NC-Islab | 89.86 | 96.94 |129.80| 179.42
4 Industrial floor slab EA 1-Islab 1{116.99 | 130.79 | 134.07 | 162.35
EA 2-Islab 2| 96.61 |113.04 |114.36| 171.54

Table 4.3 Modulus of rupture of concrete in for all structural members

Modulus of Rupture (MPa)
No. Structural Members Name
1 days | 3 days | 7 days | 28 days
. NC-slab | 4.29 | 444 | 5.61 5.63
1 [Slab on beam and foundation EASIah 505 | 219 | 292 5ot
2 Water tank wall EA-WT 418 | 5.29 6.2 6.15
NC-Pave | 3.45 3.64 | 4.77 6.31
EA 1-Pave 1] 2.36 | 3.63 3.7 6.11
3 | Slabon grade (pavement) | o e ol 227 | 353 | 421 | 507
EA-Pave 3 - 3.71 4.37 4.98
NC-Islab | 4.65 | 542 | 5.29 6.36
4 Industrial floor slab EA 1-Islab 1] 2.94 | 3.45 | 3.96 4,53
EA 2-Islab 2| 3.27 3.9 4,57 5.56

4.2.2 Experimental results of laboratory specimens

The experimental results of free and restrained specimens show that normal

concrete specimens resulted in the highest shrinkage strains (see Figure 4.1). The

starting measurement days between free and restrained conditions specimens were one

day different. It is noted that the length change measurement for free condition

specimens was performed after 1 day of casting. However, the strain measurement for

the restrained specimens was performed using strain gauges connected with data logger

since day 0 (day of casting). As a result, the values of free expansion strain were lower
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than the values of the restrained expansion strain in the first few days as shown in Figure
4.1 (a) and Figure 4.1 (b). Additionally, the EA 1-Islab 1 and EA-Islab 2 showed the
same level of expansion, although the amount of EA 1-Islab 1 is higher than EA 2-Islab
2. Therefore, EA 2-Islab 2 is more effective to produce expansion than EA 1-Islab 1.

300 4 _
— NC-Islab g
100 - EA 1-Islab 1 &
m ) —e- EA 2-Islab 2 w
3
£ -100
o o
N 2
-300 =
&
-500 v
1 21 41 61 81 101 121
Age (days)
(a)
300 41
-+—+ NC-Islab %
~ o EA2-Islab? | &
S
< -100
s
& o,
-300 g
&
-500 ]
0 20 40 60 80 100 1207
Age (days)
(b)

Figure 4.1 Expansion and shrinkage strains (a) free condition (b) restrained condition

4.3 Measurement results of SIIT new laboratory building

Strain and temperature measurements of slabs (on beam and foundation), water
tank walls, and slabs on ground (pavements) were carried out during the construction
period of the SIIT new laboratory building. Strain gauges and thermocouples were
installed at the selected locations before casting of concrete. Due to several

uncontrollable factors, several data of strain and temperature were lost during the
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construction. In this research, the measured strain is the total strains which are a
combination of concrete expansion, autogenous shrinkage, drying shrinkage, thermal

strain, creep strain, and strain from all possible loading during the construction.

4.3.1 Measurement results of slabs on beams and footings

Strain and temperature profiles of the expansive concrete slab (EA-slab) and
normal concrete slab (NC-slab) were measured at the selected locations (see Figure 3.5).
Data were collected and recorded using a data logger. The data were taken every 30
minutes during the measurement period of 91 days. Only some reliable data from each
slab can be presented due to damaged cables or strain gauges detachment during

concrete casting.

4.3.1.1 Measurement results of EA-slab

The reliable measurement data was collected from location 4, which is at the
centre between two footings of the expansive concrete slab (see Figure 3.5). The strain
data were measured at the mid-depth of the slab, top and bottom reinforcement in the
longitudinal direction. Strain gauge for concrete was installed at the mid-depth of the
slab, and strain gauges for steel were installed at the top and bottom reinforcement.
Installation of strain gauges through a cross-section of the slab is illustrated in Figure
4.2. Additionally, thermocouple was installed at the mid-depth of the slab to record the
concrete temperature variation of the slab throughout the measurement period. The
measurement results of temperature and strain in concrete are shown in Figure 4.3 and
Figure 4.4, respectively.

As can be seen from Figure 4.3, the peak temperature is observed during the
initial stage after concrete pouring. This is due to a heat of hydration of the early-age
concrete. The measured strain at location 4 shows different expansion and shrinkage
strains at different depths with respect to their boundary conditions (see Figure 4.4).
Due to high moisture loss at the concrete surface, the measured strains at the top part
were the lowest, which was nearly neutral strain (neither expansion nor contraction
strain). This means that the shrinkage of the top part of the slab can be reduced by using
expansive concrete. The strains at the mid-depth indicate the highest values. This could

be resulted from less restraint from top and bottom reinforcement, as well as the

Ref. code: 25625922040968CLF



36

moisture loss at this location is lower than that at the level of the top rebars. Although
the moisture loss near the level of bottom rebars is low, frictional restraint form the

ground could prevent expansion compared to that at the mid-depth.

Strain gauge for concrete & Theirmocouple Strain gauge at top steel
N
0.25m

- g !
Strain gauge at bottom steel
Figure 4.2 Strain gauges installation through the depth of slab
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Figure 4.3 Concrete temperature measured at location 4
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Figure 4.4 Measured strain data from the longitudinal direction of EA-slab

4.3.1.2 Measurement Results of NC-slab
In normal concrete slab, the reliable results were collected from location 9.
Comparison of the strains between the expansive concrete and normal concrete slabs

cannot be made as the data were from the locations with different boundary conditions.
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Location 4 in the expansive concrete slab is in between two foundations, whilst location
9 in the normal concrete slab is 1 m from the centre of footing (see Figure 3.5).

Therefore, the measurement results for normal concrete are not shown in this section.

4.3.2 Measurement results of water tank walls

Four locations were selected for the east wall, and three locations were selected
for the north wall to install strain gauges both in horizontal and vertical directions rebars.
As the amount of reinforcements were equal for both walls, the effect of internal
restraint will not be discussed here. Measurements were recorded every 30 minutes for

28 days after concrete casting.

4.3.2.1 Measurement results of the east wall

From the selected locations of the east wall, the measured strain profiles from
location 1 and location 2 were from the outer face of the wall, and location 3 and
location 4 were from the inner face of the wall (see Figure 3.7). As the water tank was
located at the rooftop of the building, the walls were highly exposed to sunlight. As a
result, the measured strain profiles from the outer face of the east wall showed lower
expansion strain than that of the inner face of the wall due to more severe drying at the
wall surface.

The external restraints of this wall are from the base slab, top slab and side walls.
Location 1 and location 3 were at the wall mid-height; as a result, there should be very
small restraining effect from the base restrain. Therefore, the measured strains at these
two locations were higher than those of location 2 and location 4 (see Figure 4.5). Due
to high restraint from the base, the measured strains at location 2 decreased to negative
values after 2 days which represented contraction strains. However, the strains of the
inner face of the wall near the base (location 4) were still in compression. This is due
to the fact that the moisture loss on the inner face is lower compared to that on the outer
face; therefore, the used expansive concrete still shows its effectiveness to prevent the
tensile stress under base restraint. However, it is noted that there is a possibility of
cracking at the base of the wall on the outer face where there is a high moisture loss

due to its exposure to the direct sunlight together with the high base restraint.
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Figure 4.5 (a) Horizontal steel strain at location 1 and 2 of the east wall (b) Vertical
steel strain at location 3 and 4 of the east wall

4.3.2.2 Measurement results of the north wall

Location 5 (mid-height), location 6 (near the base slab), and location 7 (near the
top slab) were selected to investigate the strains in both horizontal and vertical
directions of the outer face of the north wall (see Figure 3.8). The measured strains for
both horizontal and vertical directions showed a similar trend as shown in Figure 4.6.

The restraints provided by the top and bottom slabs of the wall significantly
affect the strains of location 6 and location 7 in both horizontal and vertical directions
(see Figure 4.6 (a) and (b)). As a result, the measured strains at these two locations
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showed lower expansion than the strains at location 5, and the strains approached
negative values (contraction). However, the measured strains at the mid-height still
showed high expansion in both horizontal and vertical directions due to the low degree
of restraint from the top and bottom slabs at the mid-height of the wall (see Figure 4.6
(@) and (b)). To conclude from the measured strains from the walls, the effectiveness of
expansive concrete can be observed as there is low tensile strain even at the location

with a high degree of restraint.
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Figure 4.6 (a) Horizontal steel strain at location 5,6, and 7 of the north wall (b)

Vertical steel strain at location 5, 6, and 7 of the north wall

4.3.3 Measurement results of slab on grade (pavements)
Two locations, at the slab centre and near the expansion joint (0.6 meters from

the joint), were selected to monitor the strain of the slabs (see Figure 3.10). Strain
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gauges were installed in both longitudinal and transverse directions of the slab and at
different depths of the slab. The strain gauges were installed at the wire mesh (35 mm
from the top surface) and at the mid-depth (75 mm from the top surface).
Thermocouples were installed at the mid-depth of the slab. Strain and temperature
monitoring were conducted for 42 days. Unfortunately, the data at the first 7 days were
lost due to some technical problems of the data logger.

The concrete temperature in normal concrete (NC-Pave), expansive concrete-1
(EA 1-Pave 1) and expansive concrete-2 (EA 2-Pave 2) slabs are shown in Figure 4.7.
The temperature in EA-Pave 1 was less fluctuated as the pavement was located between
two existing buildings, where there was no direct sunlight on the pavement. Also, the
concrete temperature inside EA 1 -Pave 1 was lower than NC-Pave and EA 2-Pave 2
because the ambient temperature was low due to the effects of shading from two
adjacent buildings.
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Figure 4.7 Concrete Temperature for Pavements

4.3.3.1 Longitudinal strains at mid-depth and at the level of steel layer at the
centre of pavements

The locations of strain gauges through a cross-section of the pavement are

shown in Figure 4.8. In this section, the measured strains in the longitudinal direction

at mid-depth and at the level of steel layer are discussed. The recorded strain data are

illustrated for each type of slab, as shown in Figure 4.9. From Figure 4.9, the strains

at the level of steel layer are lower than those at the mid-depth. This implies that
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moisture loss near the surface and the restraint from the reinforcement lead to lower
expansion strains. Furthermore, the strains at the level of steel layer of NC-Pave
approach contraction strain after 28 days while strains at the level of steel layer of EA
pavements are still in expansion strain. This means that the used of EA in the slab is
effective to compensate contraction strains resulted from concrete shrinkage. For all
EA slabs, EA 2-Pave 2 shows the highest expansion both at mid-depth and at the level
of steel layer, although the same EA content was used in all EA slabs. This indicates

that EA 2-Pave 2 is more effective to produce expansion.
Strain gauge alt Mid-depth Strain gauge at Steel layer

Ol;ﬁjﬂ_n_n_n&_n_n_a_% ¢ 0.035m
A5m
il

Figure 4.8 Locations of installed strain gauges in the section of pavement
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Figure 4.9 Longitudinal strain in concrete at mid-depth and at steel layer (a) NC-Pave

(b) EA 1-Pave 1 (c) EA 2-Pave 2 (d) EA 3-Pave 3

4.3.3.2 Measured strain results in longitudinal and transverse directions at the

centre of pavements

The strains were monitored in both longitudinal and transverse directions at the

level of the steel layer. A typical plan view of the slab with the direction of the measured

strain is shown in Figure 4.10. The comparison of the measured strains in both

longitudinal and transverse directions in 4 types of slabs is presented in Figure 4.11.

For this type of pavement structure, the frictional restraint from the base plays a vital
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role due to crush rock base under the slabs. The frictional length is smaller in the
transverse direction compared to that in the longitudinal direction of the slab. As a result,
the degree of restraint in the transverse direction is lower. This leads to higher
expansion strains in both concrete and steel in the transverse direction than those in the
longitudinal direction which has a larger frictional length of the pavement. Firstly, the
strains in normal concrete slab (NC-Pave) are analysed (see Figure 4.11 (a)). The
expansion strain in the transverse direction is higher than that in the longitudinal
direction during the first 28 days due to lower restraining effect in the transverse
direction. However, the trend of the strains changed after 28 days significantly. The
strain in the transverse direction decreased to negative values (contraction strain). This
shows that normal concrete slab started to shrink after 28 days in the transverse
direction while strain in the longitudinal direction of the pavement approached neutral
strain (0 pe). Secondly, strains in EA-paves are investigated from Figure 4.11 (b), (c)
and (d). All the results showed the positive values (expansion strains) during the
measurement period. These results confirm that the use of expansive concrete is

effective to compensate restrained contraction strain caused by concrete shrinkage.
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Figure 4.10 Layout of installed strain gauges at the centre of pavement
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Figure 4.11 Longitudinal and transverse strain profiles at the slab centre (a)NC-Pave
(b)EA 1-Pave 1 (c) EA 2-Pave 2 (d) EA 3-Pave 3
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4.3.3.3 Longitudinal strains at centre and joint of pavements

Strain gauges were installed at the centre and near an expansion joint of each
pavement in order to observe different degrees of restraint in these two locations (see
Figure 4.12). The measured strain data near a joint in EA 1-Pave 1 was not available
since strain gauges in this location were damaged during the concrete casting. The
measured longitudinal strain data for NC-Pave, EA 2-Pave 2 and EA 3-Pave3 are shown
in Figure 4.13. From Figure 4.13 (a), the strains at the joint of the pavement showed the
contraction strain (shrinkage) during the measurement period while the measured strain
at the centre part was still in small expansion until 33 days of age. This implies that the
high restraint near the joint resulted in contraction strain in normal concrete pavement.
On the other hand, expansive concrete pavements (EA 2-Pave 2, EA 3-Pave 3) show
the expansion strains for both centre and joint parts of the pavements (see Figure 4.13
(b) and (c)). This implies that the advantage of using expansive concrete can be

observed as the expansion strains can be seen at the high restraint part in EA slabs.
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Figure 4.12 Strain gauges layout at centre and joint of pavement
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Figure 4.13 Longitudinal strain in concrete at centre and joint (a) NC-Pave (b) EA 2-
Pave 2 (c) EA 3-Pave 3

4.4 Measurement results of industrial floor slabs (Islab)

Strains and concrete temperature were measured in industrial floor slabs (slabs
on beams and footings). Normal concrete (NC) and two types of expansive concrete
(EA) were used for casting three monitored slabs. The possible restraints which could
affect the slab strains are reinforcement, base friction, footings, perimeter beams,
ambient temperature and relative humidity.

Strain gauges were installed at the mid-depth of the slab and also at the level of
top rebar. Extra rebars with the pre-installed strain gauges were prepared in advance
and installed later at the construction site. It is noted that these pre-installed strain

gauges were intentionally prepared for the strain measurement at the mid-depth of the
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slab whilst the strain at the level of top rebar can be obtained from the strain gauges
attached directly to the existing top rebar. Strains were investigated in both long and

short directions of the slab.

4.4.1 Measurements results of NC-Islab

Four locations with different boundary conditions (see Figure 3.12) were
selected to measure the strains. Concrete temperature was monitored at the mid-depth
of the slab at location 1. The recorded concrete temperature is shown in Figure 4.14.
NC-Islab was under the open roof during the first 20 days, therefore, there was large
fluctuations in the measured temperature.
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Figure 4.14 Concrete temperature in NC-Islab

4.4.1.1 Measurement results at location 1

Location 1 is in between two footings of the slab. As can be seen from Figure
4.15, the measured strains at the existing top steel showed shrinkage strain since day O.
This means that there is a higher moisture loss at the surface of the slab than that at the
mid-depth of the slab. Measured strain in the short direction showed a sudden change

at 25 days, which might be because of the formation of crack near the strain gauge.
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Figure 4.15 Measured strains in short and long directions at location 1

4.4.1.2 Measurement results at location 2

Location 2 is at a distance 70 cm away from the perimeter beam along the long
direction of the slab. In Normal concrete, slab and perimeter beam are casted
monolithically (see Figure 4.16). Therefore, the restraint from the perimeter beam is
stronger along with the concrete age.

From Figure 4.17 (a), the measured strain on the top existing steel in the long
direction of the slab showed an average of 0 pe with fluctuations since there was
construction loading which came from installation of floor tiles on the slab surface.
From Figure 4.17 (b), the expansion stain is lower in long direction as there are
restraints from base friction and perimeter beam in the long direction of the slab. Strain
in short direction of the slab showed high expansion strain as the frictional area is small

in short direction of the slab.

Figure 4.16 Effect of perimeter beam to location 2
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4.4.1.3 Measurement results at location 3
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Figure 4.17 Measured strains in short and long directions at location 2 (a) at top

Location 3 is at a distance 70 cm from the perimeter beam in the short direction
of the slab. According to Figure 4.18 (a), the measured strains in location 3 showed the
same behaviour as in location 2. In the long direction of the slab, the measured strains
at the mid-depth remained about 0 pe and the measured strain at the existing top steel
decreased to negative values which represent shrinkage in the concrete. The measured
shrinkage strain in the top rebar decreased to 200 pe after 10 days, since there was a
high moisture loss at the concrete surface, which can initiate contraction strain inside

the concrete under restrained condition. However, the measured strains in the short
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direction of the slab showed higher shrinkage than the long direction of the slab as there

is less restraint in the short direction.
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Figure 4.18 Measured strains in short and long directions at location 3 (a) in steel (b)

in concrete at mid-depth

4.4.1.4 Measurement results at location 4

Location 4 is at the right corner of the slab, which is at a distance 70 cm away
from both short and long direction perimeter beams. At this location (see Figure 4.19),
the behaviour of measured strains of steel and concrete in both short and long directions
of the slab were similar to those at location 2 and location 3. As long direction has a
high degree of restraints due to long continuity and base friction, concrete shrinkage
can maintain at 0 ue after 40 days while concrete shrinkage gradually increases along
with the time and reached -200 pe (contraction strain) at the age of 45 days in the short
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direction of the slab. This implies that there is a less degree of restraint in the short

direction to suppress concrete from shrinking under restrained condition.
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Figure 4.19 Measured strains in short and long directions at location 4

4.4.2 Measurements results for EA 1-Islab 1

Three locations were selected to investigate the strains and temperature of the
slab constructed using expansive concrete. The measurement was conducted for 91
days. The selected measured locations were previously shown in Figure 3.13. The
external boundary conditions of EA 1-Islab 1 were one adjacent slab in short direction
and two adjacent slabs in the long direction, as shown in Figure 3.11. The concrete
temperature was measured at the mid-depth of the slab at location 8. The concrete
temperature reached a peak after 7 hours of casting due to the hydration reaction. The
concrete temperature gradually decreased to about 30°C after ten days of casting, as

shown in Figure 4.19.
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Figure 4.20 Concrete temperature in EA 1-Islab 1
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4.4.2.1 Measurement results at location 7

Location 7 is at a distance 70 cm from the short direction perimeter beam (see
Figure 3.13). In EA 1-Islab 1, perimeter beam casted before slab (see Figure 4.21).
Therefore, friction is formed between EA 1-slab 1 and perimeter beam, which is lower
restraint from the perimeter beam to location 7.

Strain gauges for steel were installed at the mid-depth and at the top existing
reinforcing bar. According to the previous measurement of strains in normal concrete
industrial floor slab, the measured strains from the existing rebar, which is near the top
surface of the slab, showed the shrinkage strain. However, the measured strain near the
top surface (on existing rebar) at location 7 in EA 1-Islab 1 showed 0 pe which was
stable throughout the measurement period (see Figure 4.22). Moreover, the measured
strains in the short direction from the mid-depth is still in the expansion until the end
of the measurement period (91 days). This implies that the expansive concrete can
reduce the shrinkage strain effectively. The measured strain in the long direction of the
slab shows the expansion strain during first 38 days due to less frictional restraint from
adjacent perimeter beam. The measured strain showed the shrinkage strain of -200 pe
at 91 days when frictional restraint from perimeter beam is high, however, it is still

lower than the shrinkage strain of -300 pe in NC-Islab (see Figure 4.18 (b)).

# Short direction
P, T ey

Figure 4.21 Effect of perimeter beam to location 7
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Figure 4.22 Measured strain in short and long directions at location 7

4.4.2.2 Measurement results at location 8

The measurement results of strains at location 8 are illustrated in Figure 4.23.
The measured strains from both steel and concrete at the mid-depth of the slab are
expansion strain until 91 days. This emphasizes that the usage of expansive concrete is
also effective at this location even though this location which is highly restrained from

two large adjacent footings, internal reinforcement, and base friction.
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Figure 4.23 Measured strains in short and long directions at location 8 (a) in steel at
mid-depth (b) in concrete at mid-depth
4.4.2.3 Measurement results at location 9
Location 9 in EA 1-Islab 1 is at a distance 200 cm from the long direction the
perimeter beam. Basically, this location is in the middle of perimeter beam and adjacent
footing. Therefore, it is likely to be less restrained from those adjacent structural
members. The measured strains at the mid-depth from the short direction showed nearly

200 pe expansion at 1 day and was gradually shrinking to -240 ue at 91-day (see Figure
4.24).
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Figure 4.24 Measured strain in short direction at location 9
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4.4.3 Measurements results of EA 2-Islab 2

Three locations with different boundary conditions were selected to monitor the
strains in EA 2-Islab 2. The concrete temperature was also monitored in this slab, but
the thermocouple installed for this slab was damaged during concrete casting. Therefore,
the concrete temperature was not available for this slab. The measured strains for 75

days are presented below.

4.4.3.1 Measurement results at location 10

Location 10 is located at the middle of the long perimeter beam and adjacent
footings. Strain gauges for steel and concrete in the short direction stopped working
after 49 days and 35 days, respectively due to some connection problems between
cables and data logger. EA 2-Islab 2 was restrained on two sides: one in the long
direction (from EA 1-Islab 1) and another one in the short direction from the adjacent
slab (see Figure 3.11). Due to the high degree of restraint resulted from the friction in
the long direction, the measured strain in long direction showed lower expansion strain
than that in the short direction of the slab. From Figure 4.25, the measured strains in
short direction for both steel and concrete show the compressive strains with the
maximum expansion value of 180 pe and 250 pe, respectively. Moreover, 0 pe can be
observed in the long direction (high degree of restraint direction) of the slab (see Figure
4.25 (b)). This means that using expansive concrete is effective in this kind of restrained

slab.
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Figure 4.25 Measured strain in short and long directions at location 10 (a) in steel at
mid-depth (b) in concrete at mid-depth

4.4.3.2 Measurement results at location 11

Location 11 is between two footings in the slab. The measurement results of this
location show the same behaviour as location 10. From Figure 4.26, the high expansion
strains can be observed in both steel and concrete in short direction of the slab as there
is less restraint from base friction. The expansion strains in long direction are lower that
of short direction of the slab. This is resulted from a higher degree of restraint resulted
from footings in the long direction of the slab. Moreover, it can be seen that the
measured strains jumped suddenly at the age of 34 days for both steel and concrete in
long direction of the slab. There could be crack formation near the strain gauges in this
direction of the slab. Therefore, the measured strain data in long direction of the slab

are not reliable after 34 days.
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Figure 4.26 Measured strains in short and long directions at location 11 (a) in steel at
mid-depth (b) in concrete at mid-depth

4.4.3.3 Measurement results at location 12

Location 12 is located at a distance 70 cm from the short direction perimeter
beam. From Figure 4.27 (a), The expansion strain in the short direction of the slab is
only 150 pe as a result of high moisture loss at the surface of the slab. Measured strain
in mid-depth of the long direction of the slab showed expansion strain until the end of
measurement period (75 days) although there is high degree of restraints from perimeter
beam along the short direction and friction. All the measured strains at this location
were in expansion. This proves the effectiveness of using expansive concrete to

compensate the restrained contraction (shrinkage) strain.
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Figure 4.27 Measured strain in short and long directions at location 12 (a) in steel (b)

in concrete at mid-depth

4.5 Prediction of restrained strain in expansive concrete specimens (prisms) by
Finite Element Analysis (FEA)

45.1 Applied loading from the experimental results

The free strains from the free condition specimens were converted into
equivalent temperature profiles by using a simple relationship between strain and
temperature, as shown in Equation 4.2. The equivalent temperature change history for
the loadings applied in the FE models are given in Figure 4.28.
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e(t) = a AT(t) 4.3)

where
g(t) = free strain from the free condition specimens
ac = coefficient of thermal expansion of concrete

AT(t)= equivalent temperature change
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< EA 2-Islab 2

Equivalent Temperature ¢C)
)
o

1™, ZINARR AL 6] # Silk ¥=1'01} =12\
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Figure 4.28 Applied equivalent temperature curves

4.5.2 FE results of restrained specimens

Initially, the prediction of steel strain was conducted by FE analysis and
compared with the measured restrained strain obtained from the experiment. Thereafter,
the strain contours at the mid-depth of the specimens were investigated to capture the

strain distribution along the specimens.

45.2.1 Comparison of strain between experimental and FE results

The strains under restrained condition are shown in Figure 4.30. The early
expansion strains of normal concrete are lower than 30 pe, and the shrinkage strain is
approximately 300pue since 60 days of age. However, the expansion strains are about
200ue for both expansive concrete-1 and expansive concrete-2, and the shrinkage
strains for both slabs are about 100pe.

The term “effective free expansion” should be used to define the true free
expansion under the restrained condition. Normally, the intrinsic free expansion under

restrained condition is lower than that under unrestrained condition. This is because
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some portions of the expansive crystals fill inside some of the concrete pores which
cause the reduction of intrinsic free expansion under restrained condition (see Figure
4.29). However, the “effective free expansion” method was not applied in this study
because the starting measurement days between free and restrained specimens are one
day different, as explained in section 3.2.4. In order to discard this unknown level of
effective expansion under restrained condition, the initial maximum restrained
expansion strain from FE analysis was offset to be the same as the measured results. It
is found out that there is a good agreement between the predicted (FE analysis) and the

measurement results (see Figure 4.30).
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Figure 4.29 Illustration of expansive additive reaction in pore structures of concrete
under restrained condition (a) partially hydration (b) fully hydration
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Figure 4.30 Comparison of experimental and FE results (a) NC- Islab (b) EA 1- Islab

4.5.2.2 Investigation of strain distribution in restrained specimens

1(c) EA 2-1Islab 2

Contours of maximum principal strain at the mid-depth of all the specimens

resulted from expansion and shrinkage strains are presented in Figure 4.31. Due to high-

end restraint provided by nuts; the normal concrete specimens showed the maximum

tensile strain near the end, which might lead to crack formation. However, the

expansive concrete specimens still showed the less tensile strain.

Figure 4.32 shows the different strain between those at the centre and at the end

of the specimens. In all specimens, the compressive strains (negative value) are
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observed at the central portion of the specimens while tensile strains (positive value)
are observed at the end of the specimens. From

Figure 4.32 (a), the maximum tensile strain is over 1200 pe near the end of the
normal concrete specimen as there are high-end restraints to the concrete from the
tightened nuts on both ends. As a result, there are the possibility of initiating cracks
near the end of the specimen; however, the middle part of the specimen shows the
compressive strain. According to Figure 4.32 (b) and (c), the less tensile strain can be
found near the end of the specimens in expansive concrete specimens. This implied that
the expansion strain resulted from the expansive concrete can reduce the contraction

strain resulted from the concrete shrinkage under restraint condition.

1.000e-03
?.5nne-n4]
5.000e-04 _
2.500e-04 _
0.000e+00 _
-2.500e-04

-5.onne-n4]
(@

1.000e-03
7.5uoe-o4]
5.000e-04 _

2.500e-04 _
0.000e+00 _

-2.500e-04
l l -5.000e-04 ]
(b)

Ref. code: 25625922040968CLF



63

JTTTTT]
INEEEE

1.000e-03
?.500e-o4]
5.000e-04 _
2.500e-04 _
0.000e+00
-2.500e-04
-5.000e-04 _|

INEENE
[TTTTTT

(©)

Figure 4.31 Maximum principal strain at mid-depth of the specimens (a) (a) NC-
Islab (b) EA 1- Islab 1 (c) EA 2- Islab 2
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Figure 4.32 Maximum principal strain at end and middle part of specimens (a) NC-
Islab (b) EA 1- Islab 1 (c) EA 2- Islab 2
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Different types of reinforced concrete structural elements such as slabs on
beams and footings, slabs on ground, water tank walls, and industrial slabs. It is
necessary to study these structures to know the time-dependent behaviour of restrained
strains with different degree of restraints under the construction environment. Real-time
monitoring of these structural elements in construction sites, basic material properties
tests, free and restrained specimens in the laboratory was conducted. Additionally,
restrained strains of the specimens were predicted using finite element analysis. Based
on these experimental and analysis works, the following conclusions can be
summarized.

1. As the water tank walls are highly exposed to the sunlight due to its location,
there is a large difference in the measured strains between the outer and inner
faces of the wall. It should be noted that using expansive concrete at the
locations experiencing in high moisture loss together with the high restraint
from the surrounding structural members can reduce the efficiency of forming
compressive strain in concrete. A proper design of this kind of structure must
be performed.

2. For wall structures, the restraints provided by the top and base slabs, and
sidewalls as well as the effects of sunlight are the main factors affecting the
level of expansion and shrinkage. Therefore, different degrees of restraint can
be observed along the height and length of the wall. As a result of the high
degree of restraint near the top and bottom slab of the wall, the measured strains
near these locations almost reach the tensile strain capacity of the concrete. In
order to design this type of structures with highly different degrees of restraint,
appropriate amount of expansion to compensate the restrained tensile strain due
to shrinkage in all different locations must be considered.

3. The level of expansion strain is low near the top surface of the slabs, pavements,

and outer face of the east wall. These locations are highly affected by moisture
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loss on the exposed concrete surfaces. However, the measurement showed
expansion strains in the slabs and pavements. This verifies the effectiveness of
expansive concrete to compensate restrained tensile strain due to concrete
shrinkage under restrained conditions.

4. External restraint from the base friction due to a rough layer of crushed gravel
plays an important role in slab on grade (pavement). The long direction of the
pavements is highly affected by this type of restraint, and as a result, low
expansion can be observed in the longitudinal direction of the pavement.

5. To summarize all the measurement results in reinforced concrete structures in
the construction sites, the degree of restraint in each specific area affects the
level of expansion, and shrinkage strains. Apart from the restrained conditions,
moisture loss also plays an important role in the levels of expansion and
shrinkage strains.

6. A simple prediction of restrained strains from free strains by finite element (FE)
analysis shows a good agreement between the FEA and the experimental results.

7. The effectiveness of expansive concrete for compensating shrinkage (tensile)
strain can also be observed from the strain distribution results obtained from FE

analysis.

5.2 Recommendations for future studies

1. The strain measurement in free condition specimen should be performed using
strain gauge in order to record the free strain since the concrete casting time
(day 0).

2. By using previous experimental results of specimens with verification from
finite element analysis, the implementation of reduction factors equations
should be developed for “effective free expansion™ based on free strain profiles
with respect to different amount of expansive concrete and different degrees of
restraint.

3. Previous measurement results from actual structures should be verified with FE
analysis by using “effective free expansion” strain. Based on FE models, the
numerical equations should be implemented for obtaining the relationship
between the degree of restraint, stiffness, and amount of EA.
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4. The levels of expansion and shrinkage due to time-dependent creep in
reinforced concrete structures should be investigated and included.
5. Finally, the guideline for the design of structures using EA concrete should be

proposed, to be able to calculate the required amount of EA for various degrees
of restraint.

Ref. code: 25625922040968CLF



68

REFERENCES

ACI Committee 223 (2010). ‘Standard Pratice for the Use of Shrinkage-Compensating
Concrete (ACI-223-10)’. Am. Conc. Inst., 16 p.

Adriano, R., Sergio, T., Maurizio, M., Massimo, B., & Giovanni, A. P. (2015). Analysis
of a jointless floor with calcium sulpho-aluminate and portland cement. ACI
Symposium Publication, 305,

ASTM C157 / C157M-08, Standard Test Method for Length Change of Hardened
Hydraulic-Cement Mortar and Concrete, ASTM International, West
Conshohocken, PA, 2017, www.astm.org

ASTM C39/C39M-08, Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens, ASTM International, West Conshohocken, PA, 2018,
WWW.astm.org

ASTM C78/ C78M-08, Standard Test Method for Flexural Strength of Concrete (Using
Simple Beam with Third-Point Loading), ASTM International, West
Conshohocken, PA, 2018, www.astm.org

ASTM C878 / C878M-08, Standard Test Method for Restrained Expansion of
Shrinkage-Compensating Concrete, ASTM International, West Conshohocken,
PA, 2014, www.astm.org

Asbahan, R. E., & Vandenbossche, J. M. (2011). Effects of temperature and moisture
gradients on slab deformation for jointed plain concrete pavements. Journal of
Transportation Engineering, 137(8), 563-570. doi:10.1061/(ASCE)TE.1943-
5436.0000237

Attiyah, A., Gesund, H., Mohammed, M., Rasool, H., & Rasool, M. (2014). Finite
element modelling of concrete shrinkage cracking in walls. Kufa Journal of
Engineering , 5, 127-140.

Carlson, R. W., & Reading, T. J. (1988). Model study of shrinkage cracking in concrete
building walls. ACI Structural Journal, 85(4), 10.14359/2666

Chen, C. L., Tang, C. S., & Zhao, Z. H. (2011). Application of mgo concrete in china
dongfeng arch dam foundation. Advanced Materials Research, 168-170, 1953-
1956. 10.4028/www.scientific.net/ AMR.168-170.1953

Ref. code: 25625922040968CLF



69

Chris Ramseyer, K. R., & Seth, R. (2016). Behavior of shrinkage compensating
concrete in an unrestrained and restrained environment. ACI Symposium
Publication, 307,

Dung Tien Nguyen, R. S., Somnuk Tangtermsirikul. (2010). Prediction of net
expansion of expansive concrete under restraint. Engineering Journal of
Research and Development, VVol. 21 No. 3,

Gorst, N. J. S., Willamson, S. J., Pallet, P. F., & Clark, L. A. (2003). Friction in
temporary works, The University of Birmingham.

Huang, K., Deng, M., Mo, L., & Wang, Y. (2013). Early age stability of concrete
pavement by using hybrid fiber together with mgo expansion agent in high
altitude locality. Construction and Building Materials, 48, 685-690.
https://doi.org/10.1016/j.conbuildmat.2013.07.089

Huang, K., Shi, X., Zollinger, D., Mirsayar, M., Wang, A., & Mo, L. (2019). Use of

mgo expansion agent to compensate concrete shrinkage in jointed reinforced

concrete pavement under high-altitude environmental conditions. Construction
and Building Materials, 202, 528-536.
https://doi.org/10.1016/j.conbuildmat.2019.01.041

Ishida, T., Pen, K., Tanaka, Y., Kashimura, K., & Ilwaki, I. (2018). Numerical

simulation of early age cracking of reinforced concrete bridge decks with a full-

3d multiscale and multi-chemo-physical integrated analysis. Applied Sciences,
8(3), 10.3390/app8030394

Kanciruk, A. (2018). Long-term study of the impact of temperature changes, material
aging and service load on the strains of a reinforced concrete structure. E3S Web
of Conferences, 66, 02006. 10.1051/e3sconf/20186602006

Kheder, G. F. (1997). A new look at the control of volume change cracking of base
restrained concrete walls. ACI Structural Journal, 94(3), 10.14359/478

Lam, N., Sahamitmongkol, R., & Tangtermsirikul, S. (2008). Expansion and
compressive strength of concrete with expansive additive. Research and
Development Journal, 19 ( 2), 40-49.

Lam, N., Sumranwanich, T., Krammart, P., Yodmalai, D., Sahamitmongkol, R., &
Tangtermsirikul, S. (2008). Durability properties of concrete with expansive
additive. Research and Development Journal, 19 (4), 8-15.

Ref. code: 25625922040968CLF



70

Li, H., Tian, Q., Zhao, H., Lu, A., & Liu, J. (2018). Temperature sensitivity of mgo
expansive agent and its application in temperature crack mitigation in shiplock
mass concrete. Construction and Building Materials, 170, 613-618.
https://doi.org/10.1016/j.conbuildmat.2018.02.184

Liu, F., Shen, S.-L., Hou, D.-W., Arulrajah, A., & Horpibulsuk, S. (2016). Enhancing

behavior of large volume underground concrete structure using expansive

agents.  Construction and  Building  Materials, 114,  49-55.
https://doi.org/10.1016/j.conbuildmat.2016.03.075

Michael D. Brown, C. A. S. J. G. S. K. J. F., & John, E. B. (2007). Use of alternative
materials to reduce shrinkage cracking in bridge decks. ACI Materials Journal,
104(6), 10.14359/18967

Mo, L., Deng, M., Tang, M., & Al-Tabbaa, A. (2014). Mgo expansive cement and
concrete in china: Past, present and future. Cement and Concrete Research, 57,
1-12. https://doi.org/10.1016/j.cemconres.2013.12.007

Neville, A. M., & Brooks, J. J. (2010). Concrete technology. Pearson Education Limited,
Edinburgh Gate, Harlow, Essex CM20 2JE, England: Longman Group UK
Limited

Newell, S., & Goggins, J. (2017). Real-time monitoring of concrete—lattice-girder slabs
during construction. Proceedings of the Institution of Civil Engineers -
Structures and Buildings, 170, 885-900. 10.1680/jstbu.16.00198

Newell, S., & Goggins, J. (2018). Investigation of thermal behaviour of a hybrid
precasted concrete floor using embedded sensors. International Journal of
Concrete Structures and Materials, 12(1), 10.1186/s40069-018-0287-y

Nguyen, D., Sahamitmongkol, R., Lam, N., Tongaroonsri, S., & Tangtermsirikul, S.
(2010). Prediction of shrinkage cracking age of concrete with and without
expansive additive. Songklanakarin Journal of Science and Technology, 32,

Nguyen, T. B. T., Chatchawan, R., Saengsoy, W., Tangtermsirikul, S., & Sugiyama, T.
(2019). Influences of different types of fly ash and confinement on
performances of expansive mortars and concretes. Construction and Building
Materials, 209, 176-186. https://doi.org/10.1016/j.conbuildmat.2019.03.032

Ref. code: 25625922040968CLF



71

Pakorn Sutthiwaree, R. S., Somnuk Tangtermsirikul. (2015). Effect of internal curing
on expansion and shrinkage of expansive concrete. Science & Technology Asia
(STA), Vol.20 No.4,

Rawil, R. S. A., & Kheder, G. F. (1990). Control of cracking due to volume change in
base-restrained concrete members. ACI Structural Journal, 87(4),
10.14359/2747

Rebibou, S. J., Dux, P. F., & Nooru-Mohamed, M. B. (2003). Shrinkage in concrete
pavements. Australian Journal of Civil Engineering, 1(1), 23-28.
10.1080/14488353.2003.11463908

Richardson, J., Schiller, S. E. B., & Mike, J. (2010). Measured strains in post-tensioned
concrete parking deck made with shrinkage-compensating concrete. ACI
Structural Journal, 107(6), 10.14359/51664020

Schwer, L. E., & Malvar, L. J. (2005). Simplified concrete modelling with
*mat_concrete_damage_rel3. JRI LS-DYNA USER WEEK,

Seongcheol, C., & Moon, C. W. (2010). Thermal strain and drying shrinkage of
concrete structures in the field. ACI Materials Journal, 107(5),
10.14359/51663970

Tongaroonsri, S., & Tangtermsirikul, S. (2008). Influence of mixture condition and
moisture on tensile strain capacity of concrete. ScienceAsia, 34, 59-68.
10.2306/scienceasial513-1874.2008.34.059

Wee, T., Swaddiwudhipong, S., & Lu, H. (2000). Tensile strain capacity of concrete
under various states of stress. Magazine of Concrete Research - MAG CONCR
RES, 52, 185-193. 10.1680/macr.2000.52.3.185

William, G. W., Shoukry, S. N., & Riad, M. Y. (2005). Early age cracking of reinforced
concrete bridge  decks. Bridge  Structures, 1(4), 379-396.
10.1080/15732480500483828

Wu, Y., Crawford, J. E., & Magallanes, J. M. (2012). Performance of Is-dyna concrete
constitutive models. In (Ed.), 12th International LS-DYNA Users Conference

Yu, L., Deng, M., Mo, L., Liu, J., & Jiang, F. (2019). Effects of lightly burnt mgo
expansive agent on the deformation and microstructure of reinforced concrete
wall. Advances in Materials Science and Engineering, 2019, 1-9.
10.1155/2019/1948123

Ref. code: 25625922040968CLF



72

APPENDIX

Ref. code: 25625922040968CLF



73

APPENDIX A

@

® _990

A0 Ao 28 Le} A oo L}
A 2® ] L
! Y R
T %_0
—e oy e
i
A © <, 4 J
q h i L _lT!- e
1 T P |l & LT | T
§ N & & Gk s Al
1 1 — B [ ) 4
s the st e 1R |n
i 3N e o ie
m A VAT, m m q iz
o —’\ A g or i 4
¥ N i % I |
N TN N eyl i i®
! N P S ) |
A u !
m m m usl
wiouffudu 1
(wilowvdnedung)
| 1]
"
~ om PR
w—— —— w— - emalianmavalvi
1 1‘; It g el o woniumnluTadumnansuss
L_ T2 = 6-0816, L=4.30m. (TOP) ” ” P .
= J L ‘BoTION R BTN M- orvoM mema T3 = 6-DB16, L~2.00m. (TOP) YNV IANETTUTITATINAT 1A
lame axo

T = DE18 © 0.40m. L=2.60m.
TIO = DB1A © 0.30m.L=3.00m.
TC = 2-DB20 @ 0.076m. L=1.00m. AT CORNER

orkuffu 0.00m.

Jool i bo5-0281RL

wlewdiudu 1 (uawmiioeTan

|

Figure A 1 Reinforcement layout drawing of top steel of slab on beam and foundation

Ref. code: 25625922040968CLF



74

230 200

25

G0}

@ ..09@

i m ul le
o o L1
3 —
E 3 f G
[ 3 .2 . IOIRLTE PSS —
! e X 74% o o ie
L
i)
L=

o v

wonfiudy 1 uenmdnedume
- =

f

i1

S

BC = 2~DA2080.070m. U=1.60m. AT CORNER
F.TL = FULL TENSON LAP

owmmliansnaalu
anmiumaluTadu i ddiues

uninedonsTumanigLdiaia

300zt rumber DES-C7B1ED

}— §2-02

e ¢ e v i
o o e 30 p
e o e e i 5

Figure A 2 Reinforcement layout drawing of bottom steel of slab on beam and

foundation

Ref. code: 25625922040968CLF



75

TR T A g S T

2.850

2om0

LEED)

DB1286,200m.

Il
1
| =2

U—usuw.zwm.

=150,

@n.250m,

— RUGECR WATCR STOP 57

R

om0,

CB20m 80, 25— | — |

o

FUEDTR WATER STOP & —

02000435,
¥ L

Dazs—

4 pass

SEHE

STORAGE TANK

i T e o wewe et
CFIL TECH DESIEN SND CONSULTANTS C01TD.
[ e 17N
Chnsabin T, Sangot IS0 Thiant.
TSI P2 150

BRCHTTEGTS & EREIRE

s e Ay m

STAVGTURAL CHGIHEERS ¢

e Seod s s

fm i e b s

u waan B
Al emgmaam AT L g

1Pl i <p €2 m

MECHANCAL ENGINEERS &

L R .

[ L )

ELECTRICAL ENGIHEERS =

Ty Wemr d & wh
v i g e s

SAUITERY  ERGINEERS &

v, d R 190

o gl

Ky Plan

REVISIES £

o wr eaeTng

owsUfDanandalu
aontfurnaTuTabumnmnaasusy

ur s sumnaa i n

Froject number DES-D7CED

TunEnr UNDERGROUND WATER TANK
uaz STORAGE TANK

Bruan g s sse

— }—39-01

Frnb st s ot
AT Ty e s Ty

Figure A 3 Typical section of water tank walls for both section A-A and section B-B

Ref. code: 25625922040968CLF



76

v

TA T

ooyl

A
Nt 1 W T O TR 0

- p———
" [ V] A ] "‘,
- f =13
= e ———— -~ —— .
¥ F | == J
& | S ——
¥ Bon 1008 DA @
DETAL OF |ONGTUDINAL JONT  ZipSpEikpkX  JONT®
PV
. o e o i)
| I T3 14 1%
v—i ul\:‘—“-u d
t 1 t
A\ Ty p—
e owaBm ot

v (s s )
DETAL OF CONTRACTION JOINT Zip3jvgrmvdkisfay.X ~ JOINT®
\ /,_-—-m.

| | ) ¥

———,
L L\ :
e T —" r j——
I N e

~ome (w210 1 1617 )

DETAL OF EXPANSON JOINT Zw9jmivcki-pkpdyX JONT©

N
NN NG
AN

AN

A

NINPNINN:
AR
RAARA

£
T

oL

=
L
El
i
o g
e 1
 ——
GRAING DETAIL BOX INLET DETAL
= o £ o
NOTE;
[EO T ——

I ——p——
2 DA KT WAL K FRACED 49 SO D P
2 L COMTE P DT B, 0 L L.
A S
5 0 S AL AL I CommuC
e s s
40 TN S L PO BT AL 5 A WA T
. O TN, W P L o
o s o

Figure A 4 Sections of pavement

Ref. code: 25625922040968CLF



77

‘:L.’%

e

1FL FRAMING PLAN

1:200

FOR CONSTRUCTION
WAy 2018

e
o ey ANCOPHOS o BP

oG 5 i s
EWQ' Loy NENTION A 208 4O, =
SR = i UTUM Yundy dafin [0 SHIRAISHI AUTO PROFILES (THAILAND) CO. LTD prasesk o
e RO TILE OF ORAWING " SHELT NO.
o e MRAISHI AL TR
e e THATOBAYASH! | sumusin avro prories | ocmian |t F1-5-102
e ] CORPORATIONLTD. | ansran racrory e o iy
T o o 181 RAOAVES AD [ScaLE lDA" ORAWM Y oA
T T T aawwox. vas {0 awoew ARAMATE 3O o
PET—

Figure A 5 First floor framing plan of industrial slab

Ref. code: 25625922040968CLF



78

BEAM LIST 1:30
s | o1 2 fo3 ) G4 ¥Gs 67 Foz ]
rosion | otoe | wn | woe | e | wae oo @i [ wew aoa | on w90 T T ) w0 | | wew o | wn [ woo
T S A T e A - ox s | e TREN e —
sl ns | B
seenon | % §! E 3 i
e { £ =
32 8 o | l
l.&l L | e ™ Lo
UPPER BAR oo [ 2 7[ 6020 ews | wws [ ews -0 l wm | e v 1 zm | e som | 2om [ o [ [ em
LOWER BaR v | em T o T e | e >om oo | 2w o | e | 2w 30w 1, 5-00 2o | e v | s I 2w
STaRu voe0 | 00eis0 | oioeioo | 0010 (2 i) | 00010 | DI0DIS (2 o) oweo ool | owee | owenw 0100200 DB [ el | oS | 0000 (el | 000100 | owera | oiei
weB AR 2-010.3/990400 AT CENTER 2-01w/ea0m ¥ CENTR 2-0I0/#8640 AT COTER 2-D109/999500 AT COTER R T, T 2-plow/eesm 1 cENER 7-0104/#3960 A COMR
Svwan Toun o ot 3
rosion & [ wenamoo G ] e | woo a0 [ ]
—_ [ ﬂ H g | oF
,,I ™1 |
”&J m] 0,
UPPER BAR [ Py o | sw | se 2025 2025
LoweR aak ) o | s | vem ry — —
stRuP 0108150 0108150 2 toors) @ 10020 1108150 01080
WEB 8aR 2-DIOW/ #9060 AT CENTER ™~ 1 T™CERTER- AT CENTER 2-D10,/#30600 AT COVIER
= SYNBOL 261 2061 262 266 281 2c81
Pasimon @ | oo ) [ o | B o | am oo | [ [ e
! o 2 = | r = I : B
; I 2 i1 g1
g 3 1 - i
secnow | = | i | ) ™= L
| | | ¥
Lo | LI ij ! 1&[
UpPcR Ban i T Vo Yo T 3 I D O m [ rm [ ow o =
LOWER AR 14025 i s 30 w5 | 16-025 vam | vm [ 2om m | s | aom om0 3000
B 9100150 oz 008130 | oweio iz i aexm 25 a7 ) anw
Wep 9aR 2-010./#90800 A7 CENTER. 2-010,N/#30600 AT CEATER 2-010,/#40600 AT CENTER. 2-010.N/919600 AT CENTER 2-DI0N/#0600 AT CENTER 2-010%/990600 AT CENITR 2-010.W/#0%00 AT CENTER
[ je
AL EXLEND & CONT. NN 5 E
g |
B
-
2
20 I izs - | for consTRUCTION ||
| i S P
P T ot samaen st A
T o 3 . - TR R = et 2 D
25 ?:_L;‘L:";V.WW—"U T T __SPECWL WEHBON W Uy daie [OWNER SIRAISH AUTO PROFRES (THAILAND) CO.LTD. bt R
N i THAI OBAYASH| |PRo=cr TITLE OF DRAWING. G lid by era3ey AT ey SHEET #O.
% i BTN =] SHIRAISHI AUTO PROFILES CoHTER
= CORPORATION LTD.|™ gAngpoo FACTORY - et o F1-5-108
3 iy 61 RAJOANRI RO SCALE oaTE B TOTAL
BANGKOK 130 s e o

Ref. code: 25625922040968CLF

Figure A 6 Beam lists of industrial floor slab



79

9

<ﬂ| <

orze200—— oz
20010 - 0120730

e T

nzexe

<€

ey

___tumm 4 avomo
NN ST o SIORT PN | WAE ST 6 shent oA

53! 5= T
=i Halett o2
LCRTRTRVETA] j
! 22
£
i
STINeE

Py

crioasy
i ST O LONG SPAR. WOGKE SR (7 (OW PR | COUNN ST GF LG SR

=414

o129%0 ]
G STE (7 SHOAT S
le—oimo0 |

o

i
|
oo |
1
i
|
i

) e

=
2]

|
Ling =t PHE . x -300000u30000

TP aeid IoNEAE)

8
58 bAg P | ST
(L 4 !

2
H

%

-

SLAB LIST 1:50

B SECTon

<

m w8 L0

@

(m G5 A

@D

- 030 T

e om0 TR

FOR (:ONSI’RDU’EI

L T
o For

-~ wFEN Fundu in
- THAI OBAYASHI

CORPORATION LTD.

T8 W,

OWNER SHIRAISHI AUTO PROFILES (THAILAND) CO. LTD

SEET MO,
F1-5-109

(Froatct TTLE OF GRAWNG,
SHIRA'SHI AUTO PROFILES . o 4 ur s 503 ot
BANGPOO FACTORY

87 RAJOAMR %D,
SANGKOX

ToTAL

0.5 ton/m?

Figure A 7 Reinforcement layout of industrial floor slab for live load

Ref. code: 25625922040968CLF



80

G =15 c/m')

0P BAR
BOTTON BAR

4 4 9 :

Voo - s
|

F T T ETITII
B T H ‘ 75
- £ Y

wriese
‘D

soctrues)

oizese

T

P TH -

"
wren
&

i

B

i

sl

t 3

| Iozense —orzese i
b e oueis | ovews . oaews___
Counas swe o st W Ciom st o AT AN

oot sowe o ar s

i

ouzezs oneas0 — oaezy

o= |
2] | T T T
e o e

]

Pl i
i | i | i
Lo Logas | w0 e | vis]
S0%00uAr)
SECTION 8-8 1:50

FOR CONSTRUCTION
wuARY 208
ocsn cowsue
bt e L1 SN 02 11

[ CNERAL nOTE - SRR T Ty G B “SPECIAL_WENTION N R Tun ¥ San [PNR SHRASH AUTO PROFILES (TRALAND] 0. LTD Incmm 08 WO,
e e e — 8 LA S T THAI OBAYASH! {Proveet NTLE OF DRAWING SHEET NO.
= . SHIRAISHI AUTO PROFILES IF s
L = = ] CORPORATION LTD.{™ gunGroo FACTORY s £ o F1-S-110
3 e e 161 RAJDAMAI RD. SCALE oare ToTAL
- B BANGKOK. 1350 Ak

1.5 ton/m?
Ref. code: 25625922040968CLF

Figure A 8 Reinforcement layout for industrial floor slab for live load



81

BIOGRAPHY
Name Ms. Su Hlaing Myint
Date of Birth August 18, 1992
Education 2013 :Bachelor of Engineering) Civil Engineering

Technological University (Mandalay), Myanmar

2017 Master of Engineering (Civil, Structure)

Yangon Technological University, Myanmar
Publications

Ref. code: 25625922040968CLF





