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Random cracking in steel-reinforced concrete slabs-on-ground at early ages occurs
principally due to the shrinkage deformation and volumetric changes arising from thermal
contraction/expansion. These cracks provide pathways for the easy transport of moisture,
chlorides, and chemicals, leading to the corrosion of embedded reinforcements. In the last
two decades, lightweight, non-corrosive, and sustainable glass fiber-reinforced polymer
(GFRP) bars have been used in several applications offering more than 100 years of service
life, faster construction, and costs comparable to steel reinforcement. A recent major
application of GFRP bars in the field is the construction of a 21.3 km-long flood mitigation
channel in Jazan, Saudi Arabia, constituting the largest GFRP bar-reinforced structure in
the world. The design of GFRP bar-reinforced slabs-on-ground is based on empirical
equations derived from steel-reinforced slabs in the existing codes. The low modulus of
elasticity of GFRP bars and the creep rupture stress are two major limitations, which
warrant research on the design aspects of GFRP bars for grade-supported structures. This
dissertation comprises a three-part work that involves the monitoring of shrinkage in field-
exposed slabs-on-ground, load transfer efficiency of small diameter GFRP dowel bars in
joints in slabs-on-ground and punching shear load capacity of GFRP bar-reinforced

concrete slabs-on-ground. The first study involved the long-term field monitoring of
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eighteen large-scale slabs-on-ground specimens of dimensions 6000 x 1100 x 200 mm?,
resting on lean concrete subbase over compacted soil subgrade and exposed to ambient
environment for more than 600 days using more than 180 sensors installed on the GFRP
bars and embedded in concrete. The major parameters of the study are reinforcement type
(ribbed GFRP, sand-coated GFRP, and conventional ribbed steel), reinforcement spacings
(200 mm and 300 mm), slab thickness (100 mm and 200 mm), and effect of contraction
joint. The effect of these parameters on crack widths, crack patterns, and concrete and
reinforcement strains was observed. The second part investigated the applicability of
smaller diameter GFRP dowel bars at joints in slabs-on-ground in applications subjected
to light traffic loads. GFRP dowel bars of three diameters (14 mm, 16 mm, and 38 mm)
and stainless steel dowels (12 mm dia.) were embedded across a 25 mm-wide butt-joint in
a test slab of overall dimensions 1500 x 750 x 200 mm?3. The variables of the study were
dowel material types (GFRP and stainless steel), GFRP dowel diameters, spacings of dowel
bars (200 mm and 250 mm c/c), and types of loading (monotonic and cyclic). The
performance of the dowelled-joint slab specimens was studied based on cracking and
ultimate loads, modes of failure, and load-displacement response. The ability of the dowel
bars to transfer displacements across the joint was quantified using joint effectiveness, load
transfer efficiency, and relative deflections. The third study investigated the punching shear
capacity of slabs-on-ground reinforced with GFRP bars subjected to concentrated loads. A
total of 12 slabs measuring 1.5 x 1.5 x 0.15 m® were constructed with a single-layer of
reinforcement grid and placed on a 100 mm-thick extruded polystyrene foam with a

modulus of subgrade reaction of 124 MPa/m, simulating dense sand subgrade conditions.
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The variables of the study were the rebar type (two types of GFRP bars and conventional
steel), spacing of bars (200 mm and 300 mm), reinforcement grid location in the slab (top
third, middle depth, and bottom third), location of concentrated load (center, edge, and
corner), and type of loading (monotonic and cyclic). An empirical equation is proposed for
the prediction of punching shear load capacity of GFRP bar-reinforced suspended and
ground-supported slabs. The robustness of the proposed equation was validated with the
experimental results from a large database of 161 specimens from 25 research works.
Finally, a numerical model for the slab subjected to drying shrinkage under ambient
conditions was developed in ABAQUS. The developed finite element model of the slab-
on-ground predicted with reasonable accuracy the evolution of environmentally induced
stresses and cracking in the concrete slab. Parametric studies were performed with the
validated FE model to investigate the effect of parameters such as concrete strength, bar

diameter, and slab thickness.
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CHAPTER 1

INTRODUCTION

One of the major causes of infrastructural deterioration is the corrosion of steel
reinforcement, reducing the lifetime of structures and rendering high costs of repair [1].
Thus, several corrosion control techniques have been adopted in the industry including
higher concrete covers, epoxy coating of bars, and cathodic protection. The effect of
corrosion is even more apparent in structures that are in direct contact with earth, moisture,
or corrosive chemicals. With the advancement of polymer technologies, fiber-reinforced
polymer (FRP) bars have emerged to be a promising replacement for conventional steel
reinforcements. Out of several types of FRP bars, glass fiber-reinforced polymers (GFRP)
have the right balance between cost and functionality. GFRP bar offers superior mechanical
properties, high strength-to-weight ratios, magnetic transparency, and non-conductivity,

thereby proving to be a potential substitute for steel rebars [2].

Glass fiber-reinforced polymer (GFRP) bars are manufactured by embedding continuous
glass fibers in a matrix made of polymer resin by pultrusion process [3]. Glass fibers are
primarily made from silica and are available in the form of E-glass (electrical resistant),
AR-glass (alkali resistant) and S-glass (high strength). E-glass is preferred among the three,
due to high electrical insulation, superior mechanical properties, low moisture
susceptibility, and economy. The matrices used in GFRP bars are thermoset polymeric

resins such as epoxies, polyester, and vinyl ester. Among various resins, vinyl ester is often



preferred due to its good bond to fiber, alkali-resistance, and good wet-out. GFRP bar
works as a composite in which the fibers offer load-carrying properties and the matrix
effectively binds the fibers together, transfers the load to it, and protects it. GFRP bars

weigh only a quarter of steel bars, thereby offering easy transportation and handling.

Reinforced concrete structures such as slabs-on-ground, foundation slabs, industrial floors,
and deck slabs with relatively large surface-to-volume ratios are inevitably affected by
early-age cracking [4]. Cracks in concrete occur due to its inherent properties, namely
brittleness, low tensile strength, and its susceptibility to volumetric instability [5]. While
factors such as concrete strength, construction techniques, design, and external loading
patterns play an important role in the cracking of concrete [6], volumetric instability due
to internal and external restraints to the expansion or contraction of concrete is a dominant
factor [7]. Slab-on-ground structures are subjected to internal constraints from reinforcing
bars and aggregates as well as external restraints due to slab-subgrade friction, boundary
conditions, and loads [8]. When concrete slab-on-ground shrinks or thermally expands
subjected to the above restraints, tensile stresses are induced in the concrete. Although
shrinkage causes the contraction of concrete members, the resulting strain also depends
upon the nature of the thermal strains caused by the ambient environment. In winter, due
to contraction, the thermal strains occur in the same direction as shrinkage. While in
summer, expansion causes thermal strains in the opposite direction. When the elastic strain
in the slab exceeds the tensile strain capacity of concrete, cracks develop to relieve the
built-up of stresses [9]. In steel-reinforced concrete structures, cracks create a favorable
path for water and aggressive species penetration, which eventually leads to the corrosion

of reinforcing steel [10]. This results in the formation of expansive corrosion products



generating tensile stresses in concrete. When these tensile stresses exceed the tensile
capacity of the concrete, cracking occurs, degrading the aesthetics and structural
performance of the RC member [11]. While cracking in steel-reinforced concrete structures
pose major durability issues compromising the structural integrity, and posing economic
issues such as high maintenance and repair costs, the corrosion-resistant and high-strength
glass fiber-reinforced polymer (GFRP) bars have gained popularity in both research and
field applications in the recent years [12]. In the last decade, advances have been made in
GFRP bars, especially in terms of strength, lower cost, and longer durability. GFRP bars
are now considered a potential replacement for conventional steel bars, especially in harsh
environments where structures are in direct contact with soil and water. Although GFRP
bars have been successfully applied in the field, such as bridge deck slabs, pavements,
foundation slabs, and water tanks [13-16], limited experimental work addressing the use
of GFRP bar-reinforced concrete slabs-on-ground subjected to long-term exposure under
ambient environment have been reported. There is a gap in the literature in this area, which

is addressed in this dissertation.

Dowels are the most common form of load transfer devices used in jointed slabs-on-ground
and pavements to enable smooth ride across joints, prevent deterioration and cracking, and
control volumetric phenomena such as warping and curling caused by temperature and
moisture gradients across the depth of the member [17,18]. Durability and performance
issues arising from the corrosion of the commonly used steel dowels, including tensile
cracks in the surrounding concrete caused by the accumulation of corrosion products and
loss of dowel cross-section, lead to lesser efficiency to transfer loads and vertical

displacements [19]. Accumulation of corrosion products would also lead to performance



issues such as joint lockup leading to the cracking of concrete [20,21]. It has been reported
by several US departments of transportation that the use of epoxy-coated steel dowels did
not always ensure a service life of over 50 years, the duration for which pavement structures
are generally built to last since its coating is susceptible to damage during various phases
of the pavement construction and service [22,23]. Newer alternatives to epoxy-coated steel
bars including stainless steel are significantly more expensive, leading to higher project
costs [24]. Recent strides in the field of polymer technologies have led to the emergence of
glass fiber-reinforced polymer (GFRP) bar as a suitable alternative to conventional steel
rebar, owing to its higher tensile strength, lower weight, non-corrosiveness, and resistance
to deicing agents [24-27]. Furthermore, the smooth surface of GFRP dowel bars allows for
a lesser bond at the GFRP-concrete interface, negating the need for a lubricant or bond-
breaker mechanism, thereby reducing joint lockup significantly [28-30]. However, owing
to the lower elastic modulus of GFRP dowels as compared to steel, studies have found that
GFRP dowels should have a 20-30% larger diameter or closer spacing for comparable
performance in terms of deflections, concrete bearing stresses, and load transfer efficiency

in rigid pavements subjected to heavy truck loads [31,32].

Reinforced concrete slabs such as pavements and slabs-on-ground are invariably subjected
to extreme seasonal weather conditions such as freeze-thaw cycles, wide variations in
ambient temperature, and rainfall. These conditions often cause cracks in the concrete,
providing the pathway for easy transport of moisture and de-icing agents such as chlorides
to the embedded reinforcement. In structures reinforced with steel bars, this activity leads
to corrosion, which in turn leads to the loss of the cross-section of the reinforcement and

deterioration of the concrete due to cracking caused by the pressure exerted by the steel



corrosion products. Although the use of epoxy-coated steel is a popular strategy to control
steel corrosion in structures exposed to harsh environments, corrosion and its impending
damage to concrete and consequent maintenance are inevitable [33,34]. With the advances
in the use of composite materials in construction, glass fiber-reinforced polymer (GFRP)
bars, which possess a host of advantages such as corrosion resistance, lightweight, higher
tensile strength, and electrical and magnetic transparency, have been successfully
implemented in a variety of applications such as pavements, sidewalks, industrial floors,

bridges, and retrofit works.

Recently, the world’s largest GFRP bar-reinforced concrete structure was built in Jazan,
Saudi Arabia, as part of a major initiative to achieve sustainability though the use of non-
metallics in construction. This project involved the construction of a massive 21.3-km long
flood mitigation channel with slabs-on-ground having top widths varying from 12 m to 84
m [35]. The project reportedly used approximately 10 million linear meters of GFRP bars
and about 188,000 cubic meters of structural concrete. By using the non-corrodible GFRP
bars as reinforcement, the Jazan flood mitigation channel is expected to provide a service
life of at least 100 years with minimal life-cycle costs. The grade-supported slabs in the
channel are 200 mm-thick with a single-layer of #4 GFRP bars (13.7 mm to 14 mm dia.)
spaced at 200 mm c/c in both directions. The single-layer GFRP bar grid is placed at a
depth of 75 mm from the top. The slabs-on-ground are reinforced primarily to cater to the
shrinkage and thermal loads but may occasionally be subjected to wheel loads of
maintenance vehicles. For industrial floors reinforced with GFRP bars, the slabs may be

subjected to concentrated loads from machinery, equipment, and trucks. This study



addresses the punching shear capacity of GFRP bar-reinforced slabs under concentrated

loads.

1.1  Significance of the research

The past decade has witnessed great strides in research and wide adoption of GFRP bars
as embedded reinforcement in several types of structural members including beams, slabs,
columns, and shear walls. All hydraulic structures such as settling basins, penstocks, canal
linings, weirs, and barrages are invariably subjected to extreme corroding environments
such as moisture, splash-zones, and chemicals like chlorides. These factors constitute the
most favorable conditions for the deterioration of embedded steel reinforcements in the
form of corrosion in these structures. The damage of steel reinforcements in structures
leads to high maintenance costs and frequent shutdowns for repair operations. Being
corrosion-free, GFRP bars are one of the most efficient and compelling replacements for
steel in the construction industry, promising prolonged service life with negligible

maintenance costs.

Improvement of GFRP bars, in terms of quality, strength, and durability over the years and
reduction in cost has led to its adoption in numerous major projects around the globe. At
Zurich Airport in Switzerland, a 25-km pavement beneath the taxiways, reinforced with
GFRP bars was recently constructed [36]. The IBM Nanotechnology Research Centre at
Zurich, a structure with a built-up area measuring around 6000 sg.m. is an example of the
application of GFRP in structures [37]. In 2015, 1500 SHED units reinforced with GFRP
bars replaced existing units in the tidal zone of the island on which the Burj Al Arab hotel

is situated [38]. Diaphragm walls were constructed using GFRP bars as embedded



reinforcement in the underground construction of the Paris Metro [39]. In the Kingdom of
Saudi Arabia, the applications of GFRP bars have been reported in the Riyadh Metro

project and several minor ones.

As mentioned earlier, Saudi Aramco has taken a major initiative to construct a 21-km long
flood mitigation canal for Jazan City for Primary and Downstream Industries (JCPDI) in
the Jazan province. The GFRP bar-reinforced canal is principally a ground-supported slab
or slab-on-ground with principally environmental loads, transient loadings from flood
water, and hardly any wheel loads. The dissertation aims at addressing three major
concerns in GFRP bar-reinforced concrete slabs-on-ground used in a flood mitigation
channel: (i) the shrinkage and cracking in concrete; (b) the load transfer response of the
small diameter GFRP dowels at joints; and (c) load-deflection response and load-carrying
capacity of slabs-on-ground.
Load transfer

characteristics of small

Shrinkage a”‘i' e diameter GFRP dowels
thermal cracking i

in concrete

Load-carrying capacity
of GFRP bar-
reinforced slabs-on-
ground

Figure 1.1 Flood mitigation channel in Jazan, Saudi Arabia [40]



Slabs-on-ground, foundations, pavements, and hydraulic structures such as canals are
subjected to complex environmental phenomena such as atmospheric and subgrade
moisture gradients, temperature gradients, and friction induced due to subgrade reaction,
besides the effect of shrinkage and creep in concrete. While there is an ample amount of
literature on the application of GFRP bars in edge-supported slabs, flat slabs, and beams,
research on the application of GFRP bars in slabs-on-ground is very limited. The research

conducted is principally in concrete pavements which are subjected to high wheel loads.

The design of slab-on-ground has been addressed in Appendix A.2 of ACI 440.1R-15[41].
The equation for calculation of GFRP reinforcement in slabs-on-ground for a selected joint

spacing (L) is given as:

uLw

Prn = 2(0.0012E, ) (2.1)

where, Assh IS the cross-sectional area of FRP bar per unit length, L is the distance between
joints, w is the dead weight of the slab, [ is the coefficient of subgrade friction and Es is
the elastic modulus of the GFRP bar used. This equation is adopted from the subgrade drag
equation in ACI 360R-10 [42], used to calculate the amount of non-prestressed steel
reinforcement for shrinkage and temperature in slabs-on-ground. ACI 440.3R-15 explicitly
states that the approach has not yet been validated through experimental data and more
research is needed. In European codes, the approach is geared towards the control of crack

width, with crack width being limited to higher values as compared to reinforcing steel.

The research on ground-supported slabs for applications where it is principally subjected
to environmental loading and low-level vehicular loads is very limited. Thus, the proposed

study is expected to contribute to the design and analysis of slab-on-ground members
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subjected principally to environmental loadings. A coupled experimental and numerical
approach was adopted to serve the purpose. Also, the study is expected to contribute to the
application of small-diameter GFRP dowel bars as load-transfer devices in jointed slabs-

on-ground which are subjected to low levels of traffic loads.

1.2 Objectives of the research

The primary objective of the study is to investigate the effect of shrinkage, creep, and
structural loads on slabs-on-ground. This would be realized through detailed analytical,

experimental, and numerical studies.

The specific objectives of the study are:

1. To perform material characterization of GFRP bars, steel bars, and normal-strength
concrete. GFRP bars will be tested for tensile strength and transverse and
interlaminar shear strengths.

2. To conduct a study and analyze the provisions and guidelines in existing codes and
standards for the design of slabs-on-grade. Some of the relevant standards are ACI
440.3R-15, ACI 360R-34, ENV 1992-1-1:1992, JSCE, and fib Bulletin 40.

3. To perform preliminary analytical investigations using existing shrinkage and creep
models to compute the reinforcement for the slabs-on-ground reinforced with
GFRP bars.

4. To conduct field experiments on slabs (6 m x 1.1 m x 0.2 m) subjected to field
exposures on slabs design as per the design acquired from the analytical studies and
according to ACI 440.1R-15 and AASHTO specifications. Slabs will be

instrumented to monitor strains and cracking due to environmental loadings.



5. To conduct experimental investigations on dowel bars to compare with stainless
steel and to study the effect of joint spacing on its performance.

6. To perform laboratory tests on GFRP bar-reinforced concrete slabs-on-ground
subjected to concentrated loads.

7. To perform numerical simulations using the finite element software packages by
calibrating parameters pertaining to shrinkage, and to conduct numerical parametric
studies to investigate the effect of parameters such as rebar spacing, concrete tensile
strength, rebar diameter, and slab thickness.

8. To develop guidelines for the design of slabs-on-ground based on the analytical,

experimental, and numerical investigations done during the work.

1.3 Dissertation format

This dissertation has followed a research paper-based format for compilation. The
document comprises eight chapters. Chapter 1 provides a brief introduction to the work, its
significance, and its objectives. Chapter 2 summarizes a review of the literature referred
during the work. The three major parts of the dissertation have been discussed in Chapters
3 to 7. Chapters 3 and 4 are two technical articles that represent the first part of the work
which involves the long-term field monitoring of GFRP bar-reinforced concrete slabs-on-
ground subjected to the ambient environment for over 600 days. Chapter 5 is a technical
article that consists of the experimental work conducted to study the effectiveness of small
diameter GFRP dowels in dowel jointed slab-on-ground. Chapter 6 is a technical article
that investigates the effectiveness of GFRP bar-reinforced concrete slabs-on-ground
subjected to concentrated loads. Chapter 7 presents the numerical modeling of slabs-on-

ground subjected to drying shrinkage and parametric studies conducted to study the
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influence of parameters on cracking and rebar stresses. Chapter 8 summarizes the
numerical parametric studies to study the load-transfer capacity of small-diameter GFRP
dowel-jointed concrete slabs-on-ground subjected to low traffic loads. Finally, Chapter 9

consists of conclusions and recommendations.
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CHAPTER 2

LITERATURE

2.1  Field monitoring of GFRP bar reinforced slabs-on-ground

The main types of shrinkage in concrete are plastic, chemical, autogenous, and drying
shrinkage [43]. Plastic shrinkage results from the loss of mixing water from the exposed
surface of fresh concrete [44]. Cracks are developed when the tensile stresses induced in
nascent concrete exceed the low tensile capacity of fresh concrete in a plastic state [45]. It
can be effectively controlled by covering the concrete with polyethylene sheets. Chemical
shrinkage occurs within the first 40 days due to the hydration of the cement, since the
volume of hydration products is lesser than the unhydrated cement particles [46].
Autogenous shrinkage occurs due to the macroscopic volume reduction from the hydration
of cement. It is not associated with volumetric instabilities due to ingress or loss of moisture
from concrete and variations in temperature [43]. Internal moisture in concrete becomes
insufficient for complete hydration, especially within 24 hours of mixing [47], and cracking
IS expected to occur within the initial 12 hours of mixing [48]. For normal-strength
concrete, the contribution of autogenous shrinkage to the total shrinkage is low (usually
less than 100 ue) [49]. Drying shrinkage is a dominant phenomenon in hardened concrete
that results from the loss of free water through concrete surfaces exposed to the drier
ambient environment. The loss of capillary water from the hardened concrete causes

contraction, which if restrained internally or externally leads to cracking [50]. Since the
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loss of moisture is not uniform through the depth of the concrete, a shrinkage gradient is
developed across the depth of the concrete element [51,52]. This non-uniform shrinkage
over the depth of the concrete leads to curling, warping, and cracking, resulting in
serviceability and performance problems as well as aesthetic concerns. Higher water-
cement ratio and excessive cement content are the two main factors influencing the rate of
drying shrinkage, along with a variety of other factors such as coarse aggregates, and

ambient relative humidity [53].

Characterization of concrete shrinkage in structural elements requires evaluation of the free
shrinkage of concrete. Measurements of free shrinkage are usually made on a square prism
to assess length changes caused by volumetric changes in concrete, due to reasons other
than loads [54]. The changes in length over time are observed using either a length

comparator or a strain gauge embedded longitudinally in a concrete prism [55].

Several research works reported in the literature have explored the effect of restrained
shrinkage on ground-supported slabs, suspended slabs, deck slabs, and concrete pavements
reinforced with steel and GFRP bars. End and base-restrained large-scale steel-reinforced
concrete slabs undergoing shrinkage in an environmental chamber were monitored for 600
days by Shadravan et al. [8] to investigate the dimensional change response of four types
of concrete used in the study. The evolution of shrinkage strains and crack openings was
monitored with strain gauges installed at the mid- and quarter-spans of all seven specimens.
A transverse steel truss provided longitudinal restraint, while internal restraint in the form
of rebar was also provided. Ghatefar et al. [12,56] studied early-age shrinkage cracks
developed in bridge deck slabs with dimensions of 2.5x0.765x0.18 m?3, which were

subjected to laboratory and cyclic environmental conditions such as drying and wetting,
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and freezing and thawing. Shafei et al. [57] conducted field investigations to evaluate the
performance of GFRP bar-reinforced bridge deck slabs through live load field tests during
early age and long-term monitoring for up to 748 days. Concrete temperature and strains,
monitored using thermocouples and vibrating wire gauges, respectively, were found to
have developed as expected. A comparative study between three steel reinforced bridges
in Montana, USA was conducted by Cuelho et al. [58] to monitor concrete strains in short-
term under live load tests, and long-term from shrinkage and temperature variations,
besides distress monitoring and corrosion tests. Pantelides et al [59] conducted long-term
monitoring of concrete strains, bridge displacements and girder accelerations in precast
concrete panels in bridge decks reinforced with GFRP bars in Utah, USA, for a period of
two years. The study revealed that structure behavior were satisfactory and the use of GFRP

was expected to extend the service life by 55 years.

2.2  Dowel-jointed slabs-on-ground

Studies have been conducted on the application of GFRP dowel bars as load-transferring
devices at joints in pavements [22,23,30,60,61]. Laboratory and field investigations on the
performance of GFRP dowels conducted by Vijay et al. [60] found that GFRP bars
performed satisfactorily when used as an alternative to steel dowels in jointed plain
concrete pavements (JPCP). Load transfer efficiency was found to exceed the American
Association of State Highway and Transportation Officials (AASHTO) [62] and the
American Concrete Pavement Association (ACPA) [63] recommendations under static and
fatigue load tests when GFRP dowels of larger diameters were used, which had stiffness
comparable with typical steel dowels. Benmokrane et al. [22] conducted laboratory and

field tests to quantify the load transfer characteristics of 34.9 mm and 38.1 mm GFRP
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dowels and compared them with 28.6 mm steel dowels with a comparable flexural
modulus. The specimens with 34.9 mm and 38.1 mm GFRP dowels exhibited ultimate
capacities of 90.8% and 94.4% of the capacity of 28.6 mm steel dowels, while still
maintaining similar failure modes and crack patterns. Upon cyclic loading for 1 million
cycles at service loads, the GFRP dowels did not undergo any cracking, thereby
maintaining the efficiency of load transfer. In the field, steel and GFRP dowel bars
provided load transfer efficiencies (LTE) of approximately 87.9% and 88.6%, which is
higher than the ACPA [63] recommended LTE of 75%. Another research involving field
investigations by Anderson et al. [23], also revealed that LTEs at joints, determined using
falling weight reflectometers (FWD) with GFRP and epoxy-coated steel bars were very
close. Fatigue tests on GFRP dowels were conducted by Porter et al. [30] by applying 40
kN for 5 million cycles to study the effect of spacing of 38.1 mm GFRP dowel bars. The
specimen with a dowel spacing of 305 mm failed at 582,000 cycles, while the specimen
with 152 mm spacing showed no failure at the end of the cycles. The study extrapolated
that the failure of the latter would take place after 100 million cycles, which was much
greater than the cycles expected during its service life. The stiffness of the subgrade
material has a strong effect on the load-deflection response and load-transfer characteristics
of a joint. The effect of subgrade material on the joint effectiveness of GFRP dowels was
studied by Eddie et al. [64]. It was found that, on a weak subgrade, the joint effectiveness
ranged between 86% and 100%, while it varied between 90% and 97% on a stiff subgrade.
Several studies have reported the use of compacted soil subgrade in laboratory
experiments. However, with repeated tests on the same subgrade, the studies were unable

to retain the same level of compaction for subsequent tests [65,66]. To overcome this issue,
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in an experimental research work by @verli [67], an extruded polystyrene foam was used
to test the load carrying capacity of a slab-on-ground specimen by subjecting it to

concentrated loads.

2.3 Punching shear capacity of GFRP bar reinforced slabs-on-ground

Several studies have been conducted on the load-carrying capacity of plain, fiber-
reinforced, and steel bar-reinforced slabs-on-ground resting on a variety of subgrade types
including soil, extruded polystyrene foams, and cork panels. The punching shear capacity
of GFRP bar-reinforced slabs has also been extensively investigated [68-71]. Alani et al.
[72,73] conducted experimental work to investigate the load-displacement response and
crack propagation in 6000 x 6000 x 150 mm? plain, steel fiber, and macro synthetic fiber-
reinforced concrete slabs-on-ground subjected to concentrated loads at the center, edge,
and corners. The modulus of subgrade reaction was estimated to be 44-55 MPa/m. A
comparison between the experimental results and the theoretical models revealed a
significant difference between experimental and predicted values, and macro-synthetic
fibers were suggested as a potential replacement for steel fibers in fiber-reinforced slabs-
on-ground. Kearsley and Elsaigh [74] found that the addition of steel fibers to concrete
greatly enhanced the strength and post-cracking ductility in slabs-on-ground. Load tests
were performed on 3000 x 3000 x 150 mm? slabs resting on a foamed concrete subgrade
with a modulus of subgrade reaction of 250 MPa/m. Manfredi et al. [68] investigated the
behavior of steel fiber-reinforced concrete (SFRC) slabs under punching shear loads at
various fiber contents. The slabs were placed on 25 mm-thick extruded polystyrene (XPS)
foam panels with compression resistance varying between 300 and 450 kPa and modulus

of subgrade reaction of 87.5 MPa/m. In the experimental work of @verli [67], a concrete
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slab with dimensions 3500 x 3500 x 120 mm? reinforced with steel bars and resting on an
extruded polystyrene foam base was subjected to concentrated loading at the center, edge,
and corners. In the center, punching shear failure was observed at 390 kN, while at the
edges and corners, combined bending and punching occurred at 153 kN and 70 kN,
respectively, indicating that corners and edges are the most critical areas for the initiation

of damage in slabs.

Barros and Figueiras [75] performed load tests on fiber-reinforced concrete slabs with
dimensions 1800 x 1800 x 75 mm?3, resting on a 550 mm-thick soil layer prepared
according to AASHTO classification A-1-b(0) for highway and road construction [76]. The
addition of steel fiber to the concrete enhanced the strength and ductility of the slabs and
converted the failure mode from a few large cracks to several thin cracks. Chen [77] tested
four slabs-on-ground with dimensions 2000 x 2000 x 120 mm?® made of hooked-end steel
fiber and mill-cut steel fiber-reinforced concrete. The slabs were placed on a cork base with
a modulus of reaction of 44-55 MPa/m. The addition of steel fibers resulted in a significant
improvement in load-carrying capacity and cracking behavior compared to plain concrete

slabs.

Hassan et al. [78] experimentally investigated the behavior of 10 large-scale, normal, and
high-strength concrete slabs supported at edges and reinforced with GFRP bars. The
specimens had plan dimensions of 2500 x 2500 mm?, and thicknesses of 200 mm or 350
mm, with integrated square column stubs of 300 mm side length. Higher reinforcement
ratio and concrete strength were associated with higher punching shear capacities, reduced
rebar strains, and lower total deflections. The study also assessed and compared the

accuracy of several standard punching shear prediction equations in codes and guidelines
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against the experimental findings. Gouda and El-Salakawy [79] presented the results of
five GFRP bar-reinforced interior slab-column connections subjected to punching shear
loads through integrated 300 mm square column stubs. The square slabs with 2.8 m sides
and 200 mm thickness were constructed to study the effects of parameters such as GFRP
type, reinforcement ratio, and concrete strength on the punching-shear response. The study
revealed that all the slabs failed by brittle punching shear. Increasing the concrete strength
by 67% was found to increase the punching load by only 5%. Prediction models from CSA
S806-12 and JSCE were found to provide accurate predictions of punching-load capacities
as compared to experimental results. In another experimental study by Hassan et al. [71],
10 two-way GFRP bar-reinforced slabs with FRP shear reinforcements (stirrups) were
subjected to concreted column loads until failure. The inclusion of FRP shear
reinforcements was found to alter the brittleness of the specimens, thereby providing
sufficient warning prior to failure. Specimens with stirrups exhibited larger failure loads
and deflections, validating the applicability of FRP stirrups in slabs subjected to

concentrated loads such as columns.

2.4 Remarks

A review of the most relevant works in the field of restrained shrinkage of concrete
elements, to the best of the authors’ knowledge, there is only limited research analyzing
the behavior of GFRP bar reinforced, base-restrained large-scale slabs-on-ground in the
field exposed to the ambient environment. Also, ACI-440.1R-15 [80] explicitly mentions
that there is a lack of experimental data from the field to verify the design equations

provided in the code for grade-supported slabs.
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Although large diameter GFRP dowel bars are commonly used as load-transfer devices in
slabs-on-ground such as pavements, the application of small diameter GFRP dowels as
jointed slabs-on-ground subjected to infrequent low-traffic loads has not been investigated
in the literature. While several research papers have reported the punching shear capacity
and behavior of suspended slabs reinforced with GFRP bars, the authors found few papers
that investigated the punching shear capacity of slabs-on-ground reinforced with GFRP
bars. These slabs are primarily designed for shrinkage and crack control, with the

reinforcing bars generally located in the top-third of the slabs.

To address these gaps in the literature, this dissertation presents a three-part work to
investigate the effectiveness of GFRP bars as shrinkage reinforcement, the application of
small diameter GRFP dowels in jointed slabs-on-ground, and the load-displacement
behavior and punching shear capacity GFRP bar-reinforced of concrete grade-supported

slabs subjected to concentrated loads.
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CHAPTER 3
LONG-TERM FIELD MONITORING OF CRACKING
AND STRAINS IN SLABS-ON-GROUND REINFORCED

WITH GFRP BARS CAST IN WINTER

3.1 Introduction

This chapter presents research work in which 8 large-scale reinforced concrete grade
supported slabs were monitored in the field over an extended period of time. The slabs
were reinforced with three types of reinforcement, namely ribbed GFRP bars (PG), sand-
coated GFRP bars (GG), and conventional ribbed steel bars (S). The slab specimens cast
on a lean concrete base were exposed to the ambient environment for a period of more than
525 days. Crack development, crack widths, crack spacing, strains in the concrete, and
strains in the reinforcing bars due to drying shrinkage were measured at various locations.
The results obtained from the experimental program were compared with provisions of
relevant standards including ACI-440.1R-15 [80], CSA S806-12 [81], and AASHTO

LRFD [82].

3.2 Shrinkage reinforcement and crack width limitations for slabs-
on-ground

ACI 440.1R-15 [80], CSA S806-12 [81], and AASHTO [82] are some of the existing codes

that have addressed the design of shrinkage reinforcement in GFRP bar reinforced slab-on-

ground, minimum reinforcement for shrinkage and temperature and crack width

limitations.
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3.2.1  Shrinkage reinforcement as per ACI 440.1R-15

The requirement of reinforcement of slab-on-ground not subjected to heavy traffic loading
is generally based on stresses developed from shrinkage and temperature changes.
Appendix A of ACI 440.1R-15 [80], suggests the use of a modified version of the subgrade
drag equation, proposed by the Portland Cement Association (PCA) [83] for determining
the area of reinforcement in steel-reinforced slab-on-ground. The PCA equation was
developed based on the equilibrium between the forces in the steel at a cracked location
and the frictional forces at the interface between the concrete and the subgrade. The area
of steel rebars required is calculated as follows:

1wt

A&h:f >

3.1)

st

For the allowable strain in steel bars of 0.0012, a stress of 0.0012Es is obtained for FRP
bars with an elastic modulus of Er. The modified equation provided by ACI 440.1R-15 [80]
for GFRP bar-reinforced slabs-on-ground is:

HLw

Aran = 2(0.0012E, )

(3.2)

where u is the coefficient of friction between the base of the slab and the top surface of the
base material, L is the distance between the joints, w is the dead load of the slab
(approximately 24 N/m? per mm) and Es is the elastic modulus of the GFRP bar used as
embedded reinforcement. The coefficient of friction (x) varies between 0.9 for natural

subgrade and 1.8 for stabilized subbases [84].
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3.2.2  Minimum reinforcement as per ACI 440, AASHTO LRFD, and
CSA S806

The equation for calculating the minimum FRP reinforcement for shrinkage and
temperature as per the ACI 440.1R-15 (Chapter 9)[80] and AASHTO LRFD (clause 2.9.6)

[82] is as follows:

414E,

P =0.0018 (3.3)

quf

where Es is the elastic modulus of steel, fr, is the design tensile strength of the GFRP bar,
which is the product of the guaranteed tensile strength (fi*), and the environmental
reduction factor, Ce. The standards also specify that this reinforcement ratio shall neither

be less than 0.0014 nor exceed the minimum of thrice the slab thickness or 300mm.

According to the Canadian Standard Association guide, CSA S806-12 (clause 8.4.2.3) [81],
a minimum FRP reinforcement area of (400/Ef)/Aq shall be provided in both directions,
such that this value shall neither exceed the least of three times the slab thickness or

300mm, nor be lesser than 0.0025 Aq, where Ay is the gross cross-sectional area.

3.2.3  Crack width limitations

Although cracking in the slab-on-ground is inevitable, several standards have imposed
acceptable crack width limits to ensure satisfactory performance during the service life of
the structures. For steel-reinforced slabs, control of crack widths is critical to prevent the
ingress of water and other harmful chemicals which would lead to corrosion. Although
GFRP bars are non-corrodible, these non-metallic bars are not immune to harsh

environments such as deicing agents, alkalis, and sulfate salts [85]. In addition, crack width
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limitations are required for aesthetic reasons. Table 1 lists the crack width limits suggested

by various codes.

Table 3.1 Provisions regarding crack width limitations
Standard Rebar Maximum a!lowable Comments
types crack width
ACI 440.1R-15[80] GFRP 0.4 mm-0.7 mm Aesthetics
JSCE [86] FRP 0.5 mm Aesthetics
0.5 mm Memb_ers sub!'ected to
CAN/CSA S6-06 [87] FRP aggressive environments
0.7 mm Other members
ACI 318-11 [88] Steel 0.3 mm Exter_ior exposure
0.4 mm Interior exposure
To minimize penetration
AASHTO LRFD [82] GFRP 0.7 mm of water and resulting
spalling

In addition to these crack width limitations, several codes have proposed equations for

calculating the maximum allowable spacing and crack widths [80,82].

3.3 Experimental Program

3.3.1 Materials

The full-scale slabs monitored in the experimental program were constructed using the
concrete mix listed in Table 3.2. Two types of #4 GFRP bars (with a nominal diameter of
14 mm), namely ribbed GFRP (PG) and sand-coated GFRP (GG), and 12 mm dia.
conventional ribbed steel (S) bars were used as embedded reinforcement in the specimens

(Figure 3.1). The technical specifications of the reinforcing bars have been summarized in

Table 3.2. The elastic modulus of concrete, E. was calculated to be 29.8 GPa. Based on the
tensile strength of 3.1 MPa, the concrete cracking strain in tension (ect) was calculated to

be 104 pe.
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Table 3.2 Mix design and strength

Aggregates (kg/m?) Admlxtusres Mixing 28-days
Cement type (ml /m?) water compressive
and content . PC Strength (MPa)
20mm | 10 mm | Fine 314 D10 (I/m3) Comp. Tens,

Sulfate

resisting 770 | 330 | 760 | 1300 | 2000 | 160 | 402 3.1

cement
(320 kg/m3)

*PC314: Fluidum PC314 high efficiency liquid superplasticizer; Arcrete D10: water reducer &
set retarder

Table 3.3 Rebars: materials properties
Property Ribbed Sand-coated Qonventional
GFRP (PG) GFRP (GG) ribbed steel (S)
Guaranteed tensile strength (MPa) 870.9 900.2 584 (yield)
Young’s Modulus (GPa) 48.4 43.9 209
Diameter (mm) 13.7 135 12

~ | Ribbed
steel (S)

: Sand-coated
GFRP (GG)

‘Ribbed
GFRP (PG)

Figure 3.1 Reinforcing bars used in the study

3.3.2  Test specimens and exposure
3.3.2.1 Large-scale specimens

All slab-on-ground specimens monitored in the experimental program had dimensions of
6000 x 1100 x 200 mmd. The slab test specimens were cast on a 100 mm-thick lean
concrete base, resting on a compacted sand subgrade layer. The slabs were cast in a special

field station and exposed to the ambient environment. Variations in ambient temperature
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and relative humidity were recorded using a weather station installed in the field, as shown
in Figure 3.2 (a). The graphs in Figure 3.2 (b) show the measured temperature and relative
humidity variations in the field. The slabs were cast during the coldest days of the year,
when the 1-day moving average temperature was 19.2 °C with a high of 26.4 °C and a low
of 14.3 °C, and the 1-day moving average RH was 66.2% with a high of 91.5% and a low
value of 28.8%. The average temperature and RH were 9.5 °C and 87.7% in winter and

41.7 °C and 12.8% in summer, respectively.

100
—Temperature (°C)
g0 RH (%)
60 {
40 1 I !
v it/ wuwu’iM i
20 rﬁl‘m
[T e o E e
0 100 200 300 400 500
Time (days)
(a) weather station (b) temperature and RH time-history
Figure 3.2 Weather station: measurement of temperature and relative humidity (1-day

moving average)
Table 4 shows the spacing requirements of the GFRP bars calculated in accordance with
ACI 440.1R-15 [80], AASHTO LRFD [82] and CSA S806-12 [81] based on the
specifications for the slab-on-ground specimens fabricated for the experimental program
and the creep rupture stress limits in the GFRP bars. The Jazan flood water mitigation
channel has a 200 mm thick bottom slab with GFRP bars placed at the top at a depth of 75
mm at a center-to-center spacing of 200 mm in all sections of the 21.3 km long channel. In
view of this, two values of rebar spacing were chosen for the study to investigate the effects
of reinforcement ratio on the development of drying shrinkage and crack width in GFRP-
reinforced slabs-on-ground resting on a lean concrete subbase. The variables of the study

25



were (i) rebar types including ribbed GFRP bars (PG), sand-coated GFRP bars (GG), steel
bars (S), (ii) rebar spacing of 200 mm and 300 mm at centers, (iii) slab thicknesses of 100
mm and 200 mm and (iv) a saw-cut contraction joint. The details of the slabs investigated
in the experimental program are tabulated in Table 3.5. The schematic details of the slabs

fabricated in the experimental program are shown in Figure 3.3 (a and b).
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Table 3.4 Reinforcement design and creep rupture stress limit based on code provisions
Slab parameters 14 mm dia. GFRP properties
L w t U = fru fo=Cefy
48.4 870.9
2
6m 4.8 KN/m 200 mm 15 GPa MPa 609.6 MPa
Code Equation Calculated spacing
ACI 440.1R-15 -l _
(Appendix A) fsh 2(0.0012Ef ) s=414 mm
ACI 440.1R-15 (Ch. 9) _ 414E, )
P =0.0018 = =
AASHTO LRFD (CI. 2.9.6) " fuE s=152mm with £, = 200 GPa
400
CSA S806-12 (Cl. 8.4.2.3) Pisn = F s=93 mm
f

Creep Rupture Stress Limit (frssus) Calculation

Creep rupture stress limit,
G t d D . ffs,sus = CC ffu
uarantee . esign -
GFRP bar tensile En;/;;ir;?iwg:tal tensile (:é?p reducgon facLor, cc :
type strength, strength, enmokrane €
' factor, CE f 440.1R- al.[89], ACI 440
’ ’ 15[80] (2022)[90]
0.2 0.3
Ribbed GFRP 0.7 609.6 121.92
70.9 MP 182.9 MP
(PG) 870.9 MPa (Exposed to MPa MPa 82.9 MPa
Sand-coated earth and 630.1 126.0
GFRP (GG) | 002 MPa water) MPa MPa 189.0 MPa
Table 3.5 Test matrix of large-scale specimens
Specimen . .
SI. No. Name Rebar type Slab thickness | Spacing
1 PG-200 200 200
2 PG-300 Ribbed GFRP 300
3 PG-200-H (PG) 100 200
4 PG-200-SC 200 200
5 GG-200 Sand-coated 200
6 GG-300 GFRP (GG) 200 300
7 S-200 Ribbed Steel (S) 200
8 PL Nil N/A

Figure 3.3 (c to f) shows the steps involved in the preparation of the specimens. The molds

fabricated using plywood panels were erected and nailed down to the lean concrete base.
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The rebar cages were placed in the intended position with spacers made of PVC pipes.
Rectangular PVC ducts were placed between the formwork of slabs through which the lead
wires from the strain gauge were laid to connect the strain gauges from the specimens to
the data logger in the monitoring cabin. Monitoring of the slabs began one day after casting,
while the specimens were subjected to moist curing using a double layer of burlap and
polyethylene sheeting to prevent moisture from escaping to the atmosphere. The moist
curing was continued until the 6™ day after casting. After demolding, the slab-on-ground

specimens were left to dry under ambient exposure.

3.3.2.2  Restrained shrinkage ring

To investigate the cracking potential of concrete undergoing drying shrinkage, a shrinkage
ring test for restrained concrete according to AASHTO T334-08 [91] was prepared as
shown in Figure 3.4(a). The restrained shrinkage ring apparatus consists of an inner ring
with an outer diameter of 305 mm and a thickness of 152 mm, an outer ring with an inner
diameter of 457 mm, and a bottom plate with a thickness of 5 mm. After the concrete has
cured, the outer ring is removed, and the top surface of concrete is sealed with a waterproof
coating so that the restrained drying shrinkage can only occur through the outer circular

surface of the ring specimen.

3.3.2.3  Free shrinkage specimens

Free drying shrinkage tests were conducted to determine the unrestrained shrinkage
occurring in concrete, without the influence of internal restraints such as reinforcements,

and external restraints such as boundary conditions, loads, and formworks. Prisms of
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dimensions 70x70x280 mm? according to ASTM C157M-08 [92,93], as shown in Figure

3.4(b), were prepared using the same concrete as the test slabs on grade.

A PR
N 2 e/ Slab or
/. grounc

] Lean concrete subbase
Compacted subgrade R g

() Rendered schematic of components of (b) Detailing
slab-on-ground specimen

BET S e “41 bt
(e) Curing in double-layered burlaps (f) Specimens exposed to amblent
environment

Figure 3.3 Experimental slab-on-ground specimens

29



(a) Restrained shrinkage ring (b) Free shrinkage prism

Figure 3.4 Restrained and free shrinkage measurements

3.3.3 Instrumentation and field monitoring of slab-on-ground

specimens
Strain gauges were placed at several prominent points in the specimens to monitor the
variation of strains in the concrete and in the reinforcing bars of the slabs-on-ground.
Strains in the reinforcing slabs at mid-span, quarter-spans, and ends were monitored using
strain gauges (TML FLAB-6-350 from Tokyo Sokki Kenjyujo Co. Ltd., Japan) as shown
in Figure 3.5(a). Embedded strain gauges (TML PMFL-60 from Tokyo Sokki) were placed
in the concrete at the level of reinforcement and 50 mm from the subbase (Figure 3.5 (b)).
Figure 3.5 (c) shows the strain gauges in a typical slab, with lead wires passing through
PVC channels to the monitoring room (Figure 3.5 (d)). These strain gauges were installed
near the expected drying shrinkage cracks to detect the onset of cracking in the concrete.
The strain gauges embedded in the concrete were placed at different depths to monitor the
shrinkage rate across the depth due to different levels of moisture loss. Details of the
locations of the strain gauges installed on the rebars and in the concrete and their

nomenclature are illustrated in Figure 3.5 (e and f).
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Free shrinkage specimens were instrumented with an embedded strain gauge at the center
of the prism in the longitudinal direction. Restrained shrinkage rings were instrumented
with an embedded strain gauge in the concrete (TML PMFL-50), concrete surface strain
gauges (PL-60) on the exposed concrete surface of the concrete ring, and surface strain
gauges (TML FLAB-6-350) on the inner surface of the restraining steel ring. A HOBO
U30 weather station (Figure 3.2 (a)) was set up on-site to monitor ambient temperature,

relative humidity, wind speeds, gust speeds, and wind direction.

With 130 data points of strain measurement coming from the field specimens at short time
intervals, it was indispensable to have a digital tool to observe the data in order to compare
the evolution of shrinkage in various types of field specimens. To address this concern, an
interactive computer application was developed using MATLAB to plot the evolution of

strain data from various sensors in the slab specimens (Figure 3.6).

(a) Rebar strain gauge (b) Concrete-embedded strain gauge
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(c) Instrumented slabs (d) Data acquisition systems
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Note: R = rebar strain gauge; Locations: M = midspan; Q = quarter-span; E = end; L = longitudinal; T =
transverse
(e) Location of rebar strain gauges
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Note: CE = concrete embedded strain gauge; Locations: M = midspan; Q = quarter-span; E =end; L =
longitudinal; T = 50 mm from top surface (rebar-level); B = 50 mm from base (ground)
(f) Location of concrete-embedded strain gauges

Figure 3.5 Instrumentation of specimens

Monitoring of the slabs continued over a period of more than 525 days, during which the

development of cracks in various specimens, their width, and their evolution were
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physically monitored. Data from the weather monitoring station and the 130 strain gauges
were recorded at 5-minute intervals and stored in the internal memory of the data logger
TML TDS-540 from Tokyo Sokki. The age at cracking in the shrinkage rings was also

monitored visually and by the strains being measured in the specimens.
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3.4 Results and discussion

The experimental results including cracking patterns, crack widths, and evolution of strains
in concrete and reinforcing bars, and comparison of the performance of various types of
slabs including the strains in rebars at various locations, and concrete shrinkage across the
depth is presented. A comparative assessment of the performance of the effect of types of
rebars, spacing of rebars, and reinforced and unreinforced slabs are discussed. The
variation of strains along the length of the longitudinal bars measured at mid-span, quarter-
span, and at the ends are compared. Strain evolution in transverse bars at mid-span and

quarter-span are also analyzed.

3.4.1  Free and restrained shrinkage

To monitor free shrinkage, the concrete prisms with embedded strain gauges were exposed
to the same environmental conditions as the large-scale slabs. Figure 3.7(a) shows the
evolution of shrinkage strain over 110 days. The average ultimate shrinkage strain
measured on three specimens after 110 days was -531 ue, and approximately 75% of the

ultimate free shrinkage strain occurred within the first 15 days after exposure.

The cracking potential of the concrete used in the concrete slab specimens was determined
by means of the restrained shrinkage ring experiment. Cracking in the concrete ring is
captured when the strain gauge installed on the inner surface of the inner steel ring shows
a jump in the strain values. Figure 3.7(b) shows the evolution of strain on the ring specimen.
A compressive strain was measured on the inner steel ring up to a certain time, prior to

cracking. When cracking occurred at 6.2 days, there was a sudden release in compressive
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strain, indicating the development of a crack in the concrete ring. Visual observation

showed that a vertical crack developed in the ring on the 8™ day, as shown in Figure 3.7(c).
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F c [
S 200 } S ghaeemm i, W A
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(a) Free shrinkage in ambient exposure (b) Shrinkage ring: inner steel ring strain
(c) Shrinkage ring: first crack
Figure 3.7 Free and restrained shrinkage of concrete

3.4.2 Crack distribution and crack widths in slabs

3.4.21  Crack mapping

After the casting of the slabs, crack mapping of all slabs-on-ground was performed at
regular intervals. Central or near-center cracks formed in all slabs at the ages shown in

Table 3.6. At the surface, a thin crack initially formed in the center (Figure 3.8), which
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increased in width with time and also progressed downward. The central crack was
associated with smaller cracks on the surface of some slabs, which developed at the quarter
point and other locations at later stages. The crack widths and their distribution at day 525
are shown in Figure 3.8 (a to h). All slabs reinforced with GFRP bars both ribbed GFRP
(PG) and sand-coated GFRP (GG) bars spaced at 200 mm and 300 mm, generally,
developed a central full-depth transverse crack, with or without minor cracks on either side
of the central crack. In contrast, the steel reinforced slab (S-200) did not exhibit any major
cracks except for a few thin transverse cracks and one longitudinal crack (<0.01 mm) that
were randomly scattered. The plain concrete slab (PL) developed a central full-depth crack
with an average crack width of 0.79 mm. PG-200-SC, the GFRP-bar reinforced slab with
a central saw cut contraction joint, exhibited no cracks on either side of the joint, except
for a 0.43 mm wide crack that developed at the saw cut. PG-200-H, the 100 mm-thick slab-
on-ground reinforced with GFRP bars developed a central full-depth crack with an average

width of 0.61 mm.

Table 3.6 Crack characteristics of slab specimens
. Days to first crack
Slab Loctatlon of Visually Detected by Ave_zrage crack Crack depth
main crack width (mm)
observed sensor
PG-200 Central 13 9 0.62 Full-depth
PG-300 Central 13 11 0.66 Full-depth
GG-200 Central 20 18 0.51 Full-depth
GG-300 Central 14 12 0.66 Full-depth
S-200 Nil - - - No full-depth cracks
PL Central 12 - 0.79 Full-depth
PG-200-SC Central 13 10 0.43 Full-depth
PG-200-H Central 12 10 0.61 Full-depth
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(b) GFRP Ribbed bars (PG) at 300 mm c/c (PG-300)
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(e) Conventional ribbed steel (S-200)
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(f) Plain concrete slab (PL)
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(g) GFRP ribbed bars (PG) at 200 mm c/c with saw-cut contraction joint
(PG-200-SC)
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(h) GFRP ribbed bars (PG) at 200 mm c/c in 100 mm thick slab (PG-200-H)

Figure 3.8 Crack mapping of slab-on-ground specimens (top surface) (FD indicates full-
depth crack; solid lines indicate crack width > 0.01 mm; dashed lines indicate crack widths <0.01
mm; and dotted line indicates grid lines)

3.4.2.2  Effect of reinforcement type and spacing

In GFRP-reinforced specimens, the type of reinforcement was found to have a noticeable
effect on the ability to control crack widths. Figure 3.9 compares the crack width of GFRP
bar-reinforced slabs of different types (PG and GG) at two different reinforcement spacings
(200 mm and 300 mm c/c). The sand-coated GFRP (GG) bar was generally found to be
more effective in controlling the crack widths than the ribbed GFRP (PG) bars, at smaller
spacing. At a spacing of 200 mm, the average crack width in slab GG-200 was 17.7% less

than that of slab PG-200. However, at a spacing of 300 mm, the average crack width in
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slab GG-300 was very close to that of slab PG-300. The unreinforced concrete slab-on-
ground showed the highest crack widths among the eight slabs observed in the study, with

an average crack width of 0.79 mm.

The effect of the reinforcement spacing can be seen in Figure 3.9. Lower spacings, that is,
higher reinforcement ratios, provide higher restraint and distribute the cracks over the
length of the slab, resulting in smaller crack widths. As can be seen in Figure 3.8 (a) and
(c), the cracks appear to be distributed over the length of the slab for PG-200 compared to
its 300 mm spaced counterpart, PG-300. A 6.5% higher crack width was observed for slab
PG-300 compared to the PG-200 slab. Similarly, GG-300 was found to have a 29.4%
higher crack width compared to the GG-200 specimen. However, this was the same order

of magnitude when compared to PG-300.
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Figure 3.9 Crack width: effect of reinforcement type and spacing

3.4.2.3  Effect of slab thickness and contraction joint

To investigate the effect of slab thickness on the crack width of GFRP bar-reinforced slabs-
on-ground, the slabs PG-200 and PG-200-H were compared. No significant differences
were found in the average width of cracks for the 200 mm-thick PG-200 (0.62 mm) and

the 100 mm-thick PG-200-H slabs (0.62 mm).
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The effect of the contraction joint is evident by comparing the crack widths in the slab with
and without a contraction joint, PG-200-SC, and PG-200. The partial depth contraction
joint introduced in the slab at midspan prevented the development of a central crack at an
unknown location. Instead, the crack initiated at the exact location of the joint, exhibiting
amuch better aesthetic appearance. The average crack width, based on measurements taken
on the slab at the joint was 0.43 mm. The crack at the contraction joint shown in Figure
3.10 was 30.6% lower than PG-200 and the cracks developed at approximately the same

time.
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Figure 3.10  Saw-cut contraction joint in PG-200-SC

3.4.2.4  Comparison with code provisions

The maximum allowable crack width for the non-corrosive GFRP bar-reinforced slabs-on-
ground is an important aesthetic norm recommended in various codes. Figure 3.11
compares the average crack widths of the slabs monitored in the experimental study with
the ACI[80], AASHTO[82], CSA[87], and JSCE[86] codes regarding the design of GFRP
bar-reinforced concrete pavements and structural members. Figure 3.11 shows that the
average crack width in all slabs reinforced with GFRP bars was less than the 0.7 mm crack

width allowed by ACI 440.1R-15 [80] and AASHTO-LRFD[82]. However, this limit was
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exceeded in the unreinforced concrete slab PL with an average crack width of 0.79 mm.
With the exception of the slab PG-200-SC, no slab met the 0.5 mm crack width limit

recommended by CSA S6-06 for aggressive exposures, and by JSCE on aesthetic grounds.
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Figure 3.11  Crack width comparison with code provisions

3.4.3  Strains in reinforcement and concrete

The evolution of strains in the concrete and reinforcing bars were monitored in the slab-
on-ground specimens shortly after the initial setting of the concrete from the day of casting
in the winter of January 2021. Both early age and long-term evolution of strains (one-day
moving average) were analyzed, with negative strains indicating contraction and positive
strains indicating expansion in the slab specimens. The effect of parameters such as rebar
type, rebar spacing, slab thickness, and introduction of a contraction joint on the strains in

reinforcing bars and at various locations in the concrete are discussed.

The effects of daily and seasonal temperature variations on the evolution of rebar and
concrete strains are shown in Figure 3.12. In the short-term behavior, which involves the
development of tensile strains in rebar due to a nearby drying shrinkage crack, is shown in

Figure 3.12(a). The positive strain in the longitudinal bar in the PG-200 slab shot up rapidly
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at R-LM (mid-span) indicating the development of a crack in concrete at this location.
While at R-LQ (quarter-span) the strain indicates expansion for approximately 5 days,
followed by an increasing negative total strain indicating contraction. The effect of
seasonal temperature variation on concrete strain in slab PG-200 at two locations (mid-
span: CE-LM-T and quarter-span: CE-LQ-T) at the rebar level is shown in Figure 3.12(b).
Large variations in the measured strains are observed corresponding to the variations in the
ambient temperature. The measured total strain indicates increasing contraction (negative
strain) in concrete as the temperature increases during summer, which reverses as the

temperature decreases. At mid-span the total concrete strain is positive.
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Figure 3.12  Effect of temperature on strains
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3.4.4  Effect of rebar type and spacing on strain evolution in bars

To study the effect of rebar types on the strain evolution in the reinforcements in slabs-on-
ground, two sets of comparisons were made, by keeping the rebar spacing constant. Firstly,
slabs with 200 mm c/c spacing, namely PG-200, GG-200, and S-200 were compared
followed by a comparison between slabs with 300 mm c/c spacing, namely PG-300, and
GG-300. The effect of reinforcement spacing was studied by comparing PG-200 and PG-
300, and GG-200 and GG-300 slabs. Strains at locations R-LM (midspan) and R-LQ
(quarter span) have been selected to discuss the evolution of strains in rebars. A profile of
maximum strains at all monitoring points, including R-LE (ends), R-LM, and R-LQ is
presented. Similarly, concrete strains at CE-LM-T and CE-LM-B have been presented and
the profiles of peak concrete strains including CE-LQ-T, CE-LQ-B, and CE-LE are
discussed.

3.4.4.1  Evolution of rebar strain in the central longitudinal bar at midspan
(R-LM)

) Slabs PG-200, GG-200 and S-200

The evolution of strain in the longitudinal rebar at the midspan (R-LM) of slabs PG-200,
GG-200, and S-200 is shown in Figure 3.13 (a and b). A closer look at the early age
response of R-LM (Figure 3.13(a)) of all three slabs shows tensile strains in the bars owing
to the swelling of the surrounding concrete in the first hours after casting. This swelling of
the concrete is attributed to the cumulative effect of the chemical and physical properties
of the cement, moisture distribution in the pore structure of the concrete leading to
autogenous expansion, and the formation of hydration products with larger volumes [94—

97]. This swelling was followed by a decrease in strain in all three slabs. Both GFRP bar-
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reinforced slabs, PG-200 and GG-200, exhibited a steep rise in the tensile strain within the
first 20 days, indicating the development of concrete drying shrinkage cracks near the strain
gauges. This steep rise occurred on the 9" and 18" day in PG-200 and GG-200,
respectively, causing the rebars to be in a state of tensile strain. The cracking in these slabs
can be seen in the crack maps in Figure 3.8. R-LM in the steel reinforced slab, S-200
continued to show compressive strains until the 115" day, beyond which the development
of tensile strains was noted. The peak R-LM strains in the slabs were found to be 1950 ue,
2339 ue and 953 ue in PG-200, GG-200, and S-200 slab specimens, respectively, in Figure
3.13(b). Tensile strains in R-LM peaked on about the 250" day during the summer season,
falling to a lower value near the 350" day (peak of winter) and then increasing again to the

previous value in summer.

After cracking, initial stress of 53.9 MPa (tensile) developed in slab PG-200, which later
increased to about 94.4 MPa, after 250 days. However, the stress in the steel in the S-200
slab was found to be 165.8 MPa, which is significantly higher than the corresponding

stresses in the GFRP bars.

i) Slabs PG-300 and GG-300

The onset of central prominent drying shrinkage crack was detected in both PG-300 and
GG-300 on the 11" and 12" days, respectively, as evident by an abrupt increase in R-LM
strains (Figure 3.13 (c)). The long-term response shows the highest strains of 2228 pe and
1524 ue in PG-300 and GG-300, respectively (Figure 3.13 (d)). Although the tensile strain
developed in the rebar is a function of the location of the sensor with respect to the position
of the crack, the larger strain in PG-300 could be attributed to the larger crack width near

the sensor R-LM compared to the corresponding crack width in GG-300 (see Figure 3.9).
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The results indicate that both the ribbed GFRP bars (PG) and the sand-coated GFRP bars
(GG) can be safely used in slab-on-ground at 300 mm spacing, since the stresses generated
are well within the allowable limits and the crack widths are also within the limiting value

of 0.7 mm, according to AASHTO [82] and ACI [80].

iii) Slabs PG-200 and GG-200

Strains at R-LM in the longitudinal bars at the midspan of the slab specimens PG-200 and
PG-300 are shown in Figure 3.13 (e and f). Low tensile strain developed in the early hours
in the GFRP bars in slabs PG-200 and PG-300 and then a jump in the tensile strain on the
o and 11" day, respectively, indicates the development of drying shrinkage crack at a
nearby location, as shown in the crack maps in Figure 3.8 (a and b). The tensile strain
evolution curve in the GFRP bars in both PG-200 and PG-300 followed the same path up
to the 35" day. Later PG-300 exhibited higher strains compared to PG-200, which could
be attributed to the lesser restraint due to the lower reinforcement ratio and the resulting
larger crack width, as shown in the crack maps (Figure 3.8). The highest strain in PG-300
(2228 ue) was higher than that in PG-200 (1950 we), resulting in stresses of 107.8 MPa and

94.4 MPa, in PG-300 and PG-200, respectively.

Iv) Slabs GG-200 and GG-300

The onset of cracking in the GG-200 and GG-300 slabs was observed on the 18" and 121"
day, respectively, as inferred from the sudden increase in tensile strain in the GFRP bars.
At the peak of summer, the highest strains in the slabs GG-200 and GG-300 were 2339 ue
and 1524 pe, respectively, as shown in Figure 3.13 (g and h), resulting in stress values of

102.7 MPa and 66.9 MPa, respectively.
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Comparing the strain evolution in sensors R-LM in PG-200 and PG-300 (Figure 3.13 (e
and f)), it can be seen that the slab with the larger reinforcement ratio, GG-200, has a larger
strain than its counterpart with 300 mm spacing. This is not consistent with the notion that
a higher reinforcement ratio would lead to lesser strains, with the smaller crack width
recorded in the crack maps in Figure 3.8 (c and d). R-LM in GG-200 was likely closer to

the crack than R-LM in GG-300.
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Figure 3.13 Effect of rebar type and spacing on the evolution of R-LM

3.4.4.2  Evolution of rebar strain in the central longitudinal bar at quarter span

(R-LQ)
i) Slabs PG-200, GG-200 and S-200

Strains in the longitudinal rebars at quarter-span, denoted by R-LQ in PG-200, GG-200,
and S-200 are plotted in Figure 3.14 (a and b). During early ages, as shown in Figure 3.14
(a), strains in all three slabs were identical until the 6" day, after which the curves followed
similar paths but with slightly different magnitudes. The measured strains in these slabs at
this location are tensile at the quarter spans initially, but transitioned to compressive
between 7 and 9 days. The compressive strain indicates that no cracks have developed near
these sensors. As shown in Figure 3.14 (b), both GFRP bar-reinforced slabs behaved

similarly over the long term, exhibiting a maximum difference of about 40 ue. However,
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the R-LQ of S-200 exhibited a sudden loss of compressive strain on the 112" day causing
the bar to be in tension on the 185" day. This transition can be attributed to the development
of a crack in the proximity of the sensor. No further readings could be obtained from the
sensor as it malfunctioned after this point. The long-term curves show that the strains in
the bars at this point increase in compression during the hot summer months and relax as
the ambient temperature drops, going into slight tension during peak winter and then again
returning into compression as the environmental temperature increases. The peak strains
in the slabs PG-200, GG-200, and S-200 at the sensor R-LQ were -227 ue, -187 ue, and -

198 ue, respectively.

i) Slabs PG-300 and GG-300

Soon after the initial swelling of the concrete, which lasted up to 69 hours, the strains at R-
LQ in both slabs began to diverge (Figure 3.14 (c and d)). At the peak, the strain in the
longitudinal bar at the quarter-span was -240 ue and -312 ue¢ in the slabs PG-300 and GG-
300, respectively. In the long term, even at the peak of the summer, none of the sensors
recorded tensile strains in the reinforcing bar. The larger strains in GG-300 indicate that
the sand-coated GFRP bar (GG) had a slightly better bond with concrete in the slab,

compared to the ribbed GFRP bar (PG).

1) Slabs PG-200 and PG-300

Comparing the influence of reinforcement spacing in the reinforced slabs of ribbed GFRP
bars PG, the strains at sensor R-LQ at an early age and long-term are shown in Figure
3.14(e) and (f). The measured strain in the slab with 200 mm spacing (PG-200) was

generally slightly lower than that in slab PG-300 during the long-term monitoring period,
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which is probably due to the higher restraint to movement caused by a higher reinforcement
ratio. At the peak, the strains at R-LQ in PG-200 and PG-300 were measured to be -227 ue

and -240 ue, respectively.

iv) Slabs GG-200 and GG-300

The effect of the reinforcement ratio on the time evolution of strains in the sand-coated bar
(GG) reinforced slabs GG-200 and GG-300 are shown in Figure 3.14 (g and h). Early-age
strains were identical in both slabs until the 6™ day, after which the curves were found to
split with compressive strain in GG-300 being significantly higher. No signs of cracking
were observed near these sensors, consistent with the crack maps shown in Figure 3.8 ()
and (d). In the long term, both GFRP bar-reinforced slabs behaved similarly, showing a
maximum difference of about 125 ue. While the R-LQ in GG-300 remained in a state of
compression throughout the monitoring period, the strain of the R-LQ in GG-200 became
tensile for a short time at the peak of winter as shown in Figure 3.14 (h). The higher strains
in GG-300 indicate that the larger reinforcement ratio in GG-200 played an important role

in controlling the strains.
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Figure 3.14  Effect of rebar types and spacings on the evolution of R-LQ

3.4.4.3  Variation of strain along the longitudinal and transverse bars

The variation of the maximum measured strains in the reinforcing bars along the length of
the slab at the longitudinal (R-LM, R-LQ, and R-LE) and transverse bars (R-TM and R-
TQ) is shown in Figure 3.15. The maximum compressive or tensile strains from the long-
term field responses of the reinforcing bars were selected for the plots. Figure 3.15 (a to ¢)
compares the effects of reinforcing bar type. Figure 3.15 (e and f) and Figure 3.15 (g and
h) compare the effect of rebar spacing in PG and GG-reinforced slabs, respectively. The
tensile strain at the midspan and the compressive strain at the quarter point and ends are
evident for a bar spacing of 200 mm. The tensile strain in the GFRP bars is similar at
midspan but the steel strain is about 100% less. At the quarter points and the ends, the strain
values are almost the same for all types of bars. At a spacing of 300 mm, the tensile strain
at midspan in the bar GG-300 is significantly lower than PG-300. In the bar, the tensile

strain is slightly lower.
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3.45  Effect of rebar type and spacing on strain evolution in concrete
3.45.1  Concrete strains at midspan in the longitudinal direction

i) Slabs PG-200, GG-200, S-200 and PL

Strain gauges embedded in the concrete slab specimens were used to monitor the
development of strains in the concrete. Figure 3.16 shows the evolution of the concrete
strains at mid-span, recorded from strain gauges aligned longitudinally, and placed at a
depth of 50 mm from the top surface of the concrete specimens (CE-LM-T) and 50 mm
above the base of the specimens (CE-LM-B). The concrete strains observed on the slabs-
on-ground are the result of the equilibrium between the shrinkage of the concrete and
restraints generated by internal and external factors such as the embedded reinforcements
and the interaction between the base of the specimens and the lean concrete of the subbase.
It was found that the strains in the concrete at the level of the reinforcement (Figure 3.16
(a and c)) are slightly larger than the strains in the concrete 50 mm above the base (Figure
3.16 (b and d)). This is due to the fact that the concrete near the bottom is subjected to a
greater restraint at the base of the slab compared to the restraint offered by the reinforcing
bars, located at 50 mm from the top surface. From the long-term strain evolution of CE-

LM-T and CE-LM-B, it can be seen that the concrete strains in S-200 were the highest
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among the four slabs compared. The steel bar had peak values of -302 u¢ and -227 ue in
CE-LM-T and CE-LM-B, respectively, as compared to -191 ue¢ and -183 ue in PG-200, -
160 ue and -97 pe in GG-200 and -120 pe and -220 pe in PL slabs (See Figure 3.16 (¢ and
d)). None of the strains in the concrete exceeded the concrete cracking strain, ect, which
equals 104 e, as shown in Figure 3.16. The lower strains in PG-200 and GG-200 could be
attributed to the fact that these specimens had developed a prominent central crack at the
early age, causing the concrete near the crack to relax. Also, the lower bond strength
between concrete and GFRP bars, as compared to steel [98-100] would have had an impact
on the development of lower strains in concrete, particularly near the location of the drying

shrinkage crack.
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Figure 3.16  Effect of rebar type: evolution of CE-LM-T and CE-LM-B in PG-200, GG-200,
S-200 and PL slabs

i) Slabs PG-300 and GG-300

Shrinkage of concrete at two depths at the midspan of the slab-on-ground specimens, PG-
300 and GG-300 are plotted in Figure 3.17. CE-LM-T and CE-LM-B exhibited
approximately similar behavior up to the first 10 days after casting, indicating that the
concrete swelling phenomenon described earlier is independent of the location in the
concrete. After this period, when the concrete had gained sufficient strength, a clear
distinction in the trajectory of the strain evolution plots could be observed. The strains in
the concrete near the top surface of the specimens (CE-LM-T) were significantly higher
than the strains near the base (CE-LM-B), which can be attributed to the lower restraint by
the reinforcing bars as compared to the base, besides the higher shrinkage rate being closer
to the ambient environment. At the peak of summer, strains of -368 u¢ and -158 ue were
measured in slab PG-300 in the sensors at CE-LM-T and CE-LM-B respectively, while
strains of -401 ue and -186 ue were measured in slab GG-300, at the top and bottom

respectively. None of the strains in the concrete surpassed the concrete cracking strain, ect.
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i)  Slabs PG-200 and PG-300

After the first few days of swelling in the concrete, the strains in concrete in the slabs PG-
200 and PG-300 remained in a state of compression throughout the monitoring period
(Figure 3.18(a)), except for CE-LM-T of PG-200, which changed to positive strain during
the winter peak (Figure 3.18(b)). Although there was a significant difference of 210 pe in
the measured negative peak strains between CE-LM-T and CE-LM-B in the slab PG-300,

the difference between these quantities in the slab PG-200 was 8 u¢ only.

iv)  Slabs GG-200 and GG-300

Shrinkage in the concrete at two depths at the midspan of the slab-on-ground specimens is
plotted in Figure 3.18(c and d). The sensors at CE-LM-T and CE-LM-B showed
approximately similar behavior up to the first 10 days after casting. After this period, plots
were found to take two distinct paths, depending upon the location of observation, which

were consistent with the trends observed for the slabs PG-200 and PG-300. The strains in
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the concrete near the top of the specimens (CE-LM-T) were notably higher than the strains
near the bottom (CE-LM-B). At the peak of summer, the strains in slab GG-200 were
recorded to be -160 ue and -96 ue, respectively, at CE-LM-T and CE-LM-B, while in slab
GG-300 the strains were measured to be -401 ue and -186 ue. The concrete strains recorded

at the quarter-span (CE-LQ-T and CE-LQ-B) also showed a similar path of evolution.
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Figure 3.18  Effect of reinforcement spacing: evolution of CE-LM-T and CE-LM-B

3.4.5.2  Strain profile along the length and across the depth of slabs

Figure 21 shows the profile of the peak strains developed in concrete at the midpoint,
quarter point, and the ends of the slab at 50 mm below the top surface (CE-LM-T, CE-LQ-
T, and CE-LE) and at 50 mm above the base (CE-LM-B and CE-LQ-B). At midspan at
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rebar level, the negative strain in slabs PG-200 and GG-200 were almost similar with strain

in S-200 being significantly higher and in the plain concrete significantly lower.
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Figure 3.19 Summary of peak concrete strain profiles (symmetrized)

3.4.6  Effect of slab thickness on strains

The influence of slab thickness was investigated by comparing the development of strains
in the 100 mm thick slab (PG-200-H) and the 200 mm thick slab PG-200. The specimen
PG-200-H was made with ribbed GFRP bars spaced 200 mm c/c in both directions, and the
reinforcement cage was placed at mid-depth. The strain on main GFRP bars at midspan in
both PG-200 and PG-200-H showed very similar readings. The sensor R-LM in both slabs
picked the occurrence of drying shrinkage cracks at the same time on the 10" day (Figure
3.20(a)) after casting. The crack width measured in PG-200 and PG-200-H was 0.62 mm
and 0.61 mm, respectively (Figure 3.11). From the long-term monitoring results, it can be
seen that the strain (see Figure 3.20(b)), in slab PG-200-H, was only marginally lower than

slab PG-200.

The strain development curves on GFRP bars at the quarter point and at the ends (R-LQ
and R-LE) in both 100 mm and 200 mm, thick slabs are shown in Figure 3.20. At the
quarter point (R-LQ), the evolution of strains in the slabs PG-200 and PG-200-H followed
closely during the short-and long-term observations (Figure 3.20 (c) and (d)). In the

transverse bars (R-TM), however, a notable difference in the strain response was observed,
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particularly evident in the long-term monitoring (Figure 3.20 (e and f)). The peak strain in
PG-200-H (-341 ue) was 73% higher than that of the strains in PG-200 (-196 u¢). Figure
3.21(a) shows the profile of the peak strains developed at the monitored points of the

longitudinal bar, while Figure 3.21(b) shows the strain profile in the transverse bars.
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Figure 3.21  Peak rebar strain profiles in PG-200 and PG-200-H (symmetrized)
The effect of slab thickness on concrete strain at the midspan of the specimens is shown in
Figure 3.22 (a and b). It can be seen from the figure that the strain at midspan (CE-LM-T)
in slab PG-200 continued to exhibit negative strains in spite of the development of a full-
depth drying shrinkage crack in the vicinity of the sensor. The sensor CE-LM-T in PG-
200-H abruptly changed from negative strains to large positive strains of over 2500 ue, as
shown in Figure 3.22(b). This is due to the fact that the crack ran across the gauge length
of the strain gauge resulting in large tensile strains [58]. The measured strain in concrete
in PG-200-H crossed the cracking limit (ect) of 104 ue on the 38" day after casting (Figure
3.22(a)). Figure 3.23 shows the profile of the peak concrete strains developed at the points

50 mm below the top surface, CE-LM-T, CE-LQ-T, and CE-LE.
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3.4.7  Effect of contraction joint at midspan of slab

The use of contraction joints in slabs-on-ground is a common practice, to avoid the

development of cracks in non-uniform patterns. In the Jazan flood mitigation channel, these

joints were introduced at intervals of 6 m center-to-center in both directions. The

introduction of a pre-determined crack would force the concrete to crack at the plane in

which the joint was created, owing to its reduced cross-sectional area. In practice, flexible

sealants are used to fill the gap to prevent the ingress of water and chemicals [101].
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3.4.7.1  Rebar strains in central longitudinal bar at mid- and quarter spans

Upon analyzing the strain at the mid-span of the longitudinal bars, it is apparent that sensors
at R-LM in both PG-200 and PG-200-SC captured the commencement of drying shrinkage
cracks on the 10" day, according to Figure 3.24 (a and b). The strain evolutions of R-LMs
further along the monitoring duration was very similar, as expected. Strains in rebars in
other locations of slabs, such as R-LQ, R-LE, and R-TQ, too were similar to each other in
terms of trends in the trajectory of the curves (R-LQ: Figure 3.24 (c and d)). The profile of
the highest strains developed at the points on the longitudinal bar, R-LM, R-LQ, and R-LE
is shown in Figure 3.25 (a), while that of transverse bars R-TM and R-TQ, is shown in

Figure 3.25 (b).
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3.4.7.2  Concrete strains at rebar level at mid-span in the longitudinal direction

The effect of the introduction of a saw-cut contraction joint on concrete strains at the mid-
span of the specimens was analyzed. CE-LM-T in PG-200-H abruptly changed from
negative strains to large positive strains of approximately 6900 pe, as shown in Figure 3.26
(a and b), which could have happened due to the development of drying shrinkage crack
across the gauge length of the concrete strain gauge, as also observed in PG-200-H [58].
The strains at R-LM in PG-200-SC surpassed the concrete cracking limit (ec) of 104 ue on

the 23 day after casting, as seen in Figure 3.26 (a).

3.4.7.3  Concrete strains at two depths at mid-span in the longitudinal direction

Shrinkage in concrete taking place at two depths (CE-LQ-T and CE-LQ-B) at the quarter-
span of the slab-on-ground specimens, PG-200 and PG-200-SC were plotted in Figure 3.26
(c and d). Sensors at CE-LM-T and CE-LM-B exhibited approximately similar behavior
up to the first 3 days after the casting, beyond which, plots were found a take different
paths. As observed in previous comparisons, concrete strains in concrete near the top
surface of the specimens (CE-LQ-T) were higher than the strains near the base (CE-LQ-
B). At the peak of summer, in PG-200, CE-LQ-T and CE-LQ-B were recorded to be -357
ue and -127 ue, respectively, while in PG-200-SC, CE-LQ-T and CE-LQ-B were recorded
to be -278 pe and -244 pe. Figure 3.27 (a) shows the profile of the peak concrete strains
developed at the points 50 mm below the top surface, CE-LM-T, CE-LQ-T and CE-LE and

Figure 3.27 (b) shows the peak strains at CE-LM-B and CE-LQ-B.
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3.5 Summary of results

A comprehensive experimental work was conducted to investigate the behavior of GFRP
bar-reinforced concrete slabs-on-ground subjected to the ambient environment for more
than 500 days. The main scope of the study was to address a major concern with regard to
the lack of field data, as mentioned by ACI 440.1R-15 [80], required for the development
of design equations for slabs-on-ground reinforced with GFRP bars. Hence, large-scale
slab specimens were cast during winter to monitor the long-term development of strains in
concrete and rebars. A total of eight large-scale reinforced slabs-on-ground were cast
during the cooler days of the year with a 1-day average temperature of 19.2 °C, and RH of
66.2%. At the peak of summer, the average temperature and RH changed to 41.7 °C and
12.8%, respectively, while at the peak of winter, the temperature and RH were recorded to
be 9.5 °C and 87.7%, respectively. This huge variation in ambient conditions was found to
have a profound impact on the evolution of strains in GFRP bars as well as concrete.
Measured strains in rebars and concrete were found to give the highest negative strains at
the peak of summer. However, as the summer receded, the negative strains were found to
decrease with the advent of winter. This phenomenon was also observed in the rebars in
the vicinity of a crack, which sustained tensile strains. The highest tensile strains were

noted in the peak of summer and the least during the coldest days of winter.

An average ultimate free shrinkage strain of -531 pe was measured from shrinkage prisms,
conforming to ASTM C157M-08[93] placed in the field, subjected to the same
environment as the large-scale specimens. Also, the cracking potential of concrete was
determined using a restrained shrinkage ring, conforming to AASHTO T334-08[91], and

the first crack was detected 6.2 days from the day of casting.
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The crack mapping of the eight slabs revealed that a central prominent drying shrinkage
crack developed in all GFRP bar-reinforced slabs. The GFRP bars were effective in
controlling the cracks and the crack widths in the six slabs were within ACI and AASHTO
code limits of 0.7 mm. The central cracks were developed in both ribbed and sand-coated
GFRP bars. The spacing of 200 mm c/c (PG-200) and 300 mm c/c (PG-300) did not have
any significant impact on ribbed GFRP (PG) bar-reinforced slabs. However, for slabs
reinforced with sand-coated GFRP (GG) bars, the slab with 300 mm spacing c/c (GG-300)
exhibited a crack width 29.4% larger than the slab with 200 mm spacing c/c (GG-200). The
steel reinforced slab (S-200) did not develop a central crack, unlike the other GFRP bar-
reinforced slabs. The cracks were fine and distributed over the slab. Cracks in five slabs
developed with the same timespan varying from 9 to 12 days as observed from sensors
data. There was a lag of 2 to 4 days when the cracks were visually observed on the slab.
The sand-coated GFRP (GG) bar-reinforced slab with 200 mm c/c spacing, GG-200
cracked at 18 days and had a significantly low crack width. The reduced thickness (100
mm) in the PG-200-H slab did not alter the time of cracking or the width of cracks. The

contraction joint limited the location of the crack to the joint only.

In the large-scale specimens, rebar strains were found to vary significantly depending on
its location with respect to the location of the drying shrinkage crack. In the GFRP bar-
reinforced slabs, rebars located near the central drying shrinkage crack began to sustain
tensile strains soon after the crack was formed. Tensile stresses of 94.4 MPa, 107.8 MPa,
102.7 MPa, and 66.9 MPa were developed in the longitudinal rebars near the central drying

shrinkage cracks in PG-200, PG-300, GG-200, and GG-300, respectively. These stresses

in the rebars are significantly lower than the creep rupture limit of C.C_ ff: , where C, is
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the creep reduction factor (0.3 for GFRP [89,90]), C; is the environmental reduction factor

(0.7 for GFRP [80]), and f,, is the guaranteed tensile strength (870.9 MPa for PG bar and

900.2 MPa for GG bar), which equals 182.9 MPa for PG bar, and 189.0 MPa for GG.
Furthermore, the peak rebar tensile stresses developed in the 100 mm thick slab, PG-200-
H was 87.5 MPa, and in the slab with the central saw-cut contraction joint, PG-200-SC was
89.7 MPa; both being lesser than the creep rupture limits. Thus, a higher spacing of 300

mm in both PG and GG bars would not prematurely rupture or relax due to creep.

The highest measured negative strains in concrete were experienced during the peak of
summer, when the highest temperatures and very low levels of RH in the ambient
environment were observed, causing high rates of shrinkage due to rapid moisture loss. On
the other hand, in winter, which is characterized by lower temperatures and high RH, the
rate of shrinkage slows down tremendously. The measured strains were found to vary
significantly across the depth in the slabs-on-ground. Due to the higher restraints at the
interface between the base of concrete slabs and the lean concrete subbase, the measured
strains near the base of the specimens were lower than that near the top surface (at rebar
level), at mid- as well as quarter spans. In both PG-200 and GG-200 slabs measured strains
at rebar level, quarter-spans (CE-LQ-T) were higher than mid-spans (CE-LM-T) by 87%
and 234%, respectively. However, in the 300 mm-spacing slabs, measured strains CE-LQ-
T as compared to CE-LM-T, were lower by 36% and 7%, in PG-300 and GG-300,
respectively. Concrete strain at mid-span, from sensors located at rebar levels (CE-LM-T)
in the 100 mm-thick slabs, PG-200-H, and the slab with the saw-cut contraction joint, PG-

200-SC, experienced large strains, causing the measured strains to surpass the concrete
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cracking tensile strain capacity of 104 ue. This could have happened when the drying

shrinkage crack intercepted the gauge length of the concrete-embedded strain gauges [58].

The time of development of the central drying shrinkage cracks as well as the crack width
was very close to each other. Also, the peak tensile stresses in the longitudinal rebars at
midspan (CE-LM-T) were similar, with 87.5 MPa and 94.4 MPa in PG-200-H and PG-200
slabs, respectively, as in the case of longitudinal rebar strains at quarter spans with -242 u¢
and -227 ue. At mid-span in the transverse rebars, however, strains in PG-200-H and PG-
200 were -196 ue¢ and -341 ue. Thus, it may be concluded that reducing the thickness of
the slab did not adversely affect the performance of the slabs-on-ground specimen, in terms

of cracking and strain evolution.

For PG-200-SC (contraction joint) and PG-200, the time at which the central cracks
developed was close but the crack in PG-200-SC below the saw-cut was 0.43 mm, while
that on the top surface of PG-200 was 0.62 mm. Cracking in PG-200-SC developed exactly
in the plane of the saw-cut, as anticipated, unlike the case of PG-200, in which the location
was random. Besides being more aesthetically pleasing, PG-200-SC allows for the
effective application of sealants to prevent the seepage of corrosive chemicals to reach the
rebars. The evolution of rebar and concrete strains was comparable with PG-200. Peak
tensile stresses in the longitudinal rebars at mid-span (R-LM) were 89.7 MPa and 94.4 MPa
in PG-200-SC and PG-200, respectively. In the same bar, at quarter-span (R-LQ), however,
PG-200-SC recorded 29% more negative strains. On the other hand, PG-200-SC exhibited
22.1% lower strains at CE-LQ-T and 92.5% higher negative strains at CE-LQ-B,

respectively, as compared to PG-200.
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3.6

Concluding remarks

Detailed experimental work was conducted in the field to assess the performance of GFRP-

bars reinforced concrete slabs-on-ground subjected to environmental loading for a long-

term duration of 525 days. The study focuses on the effect of design parameters such as

reinforcement types and spacing and slab thickness on the development of strains in GFRP

bars and concrete, crack widths, and crack patterns. Based on the findings of the

experimental program, the following conclusions could be drawn:

Of the slabs monitored in the study, the slabs reinforced with GFRP bars developed
a pronounced central drying shrinkage crack after the first week of casting (9-18
days), regardless of the type and spacing of the GFRP bars, and the thickness of
the slab, in contrast to the steel reinforced slab, which did not show a central crack.
The crack widths in the GFRP bar reinforced slabs, with higher (200 mm c/c
spacing) and lower (300 mm c/c spacing) reinforcement ratios were within the ACI
440 and AASHTO LRFD limit of 0.7 mm, and ranged from 0.51 mm to 0.66 mm.
The unreinforced slab (PL) had a 0.79 mm wide crack, which was above the code
limit.

Peak tensile stresses in PG-300 and GG-300 were 107.8 MPa and 102.7 MPa, while
the creep rupture limits in ribbed GFRP (PG) and sand-coated GFRP (GG) bars.
A smaller slab thickness of 200 mm in PG-200-H, did not adversely affect the crack
pattern, width, or strains in the ribbed-type GFRP bars. However, the effect of
thickness on load-carrying capacity would require strength testing. The
introduction of a contraction joint (PG-200-SC) was found to offer aesthetic
benefits in slabs-on-ground as the cracks were concentrated at the joint. The crack
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was developed at the partial depth contraction joint provided before the

development of the drying shrinkage crack.

73



CHAPTER 4
FIELD MONITORING OF GFRP BAR REINFORCED
CONCRETE SLABS-ON-GROUND CAST DURING

SUMMER

4.1 Introduction

The major scope of this chapter is to present the outcomes of an elaborate experimental
program that involved the field monitoring of ten slabs-on-ground, cast in summer with
dimensions 6 m x 1.1 m x 0.2 m, reinforced with a variety of shrinkage reinforcements
such as a ribbed-type GFRP bar (PG), two types of sand-coated-type GFRP bars (GG and
DG), conventional ribbed-steel (ST), GFRP mesh (GMESH), and geogrid (GEO), exposed
to the ambient environment for over 450 days. The study involved the monitoring of crack
distribution, crack widths, and evolution of rebar and concrete strains. This study was
conducted as a part of a major initiative by Saudi Aramco towards the implementation of
non-metallics in construction. This initiative led to the construction of a 21.3 km-long flood
mitigation channel in Jazan, Saudi Arabia, which is the largest GFRP bar-reinforced
structure in the world, consuming over 10 million linear meters of GFRP bars [35,102].

Shrinkage reinforcement and crack width limitations for slabs-on-ground

4.2  Experimental Program

4.2.1  Materials
The experimental program involved the preparation of ten large-scale concrete slab
specimens cast on a lean concrete subbase, resting on a compacted soil subgrade. The mix
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design of the concrete used for casting the specimens is listed in Table 4.1. At 28 days, the

concrete achieved a cylinder compressive strength of 34.5 MPa and a split tensile strength

of 2.6 MPa. The Young’s modulus of concrete was calculated to be 27.6 GPa and a tensile

cracking strain of approximately 94 ue. The study used three types of GFRP bars with

nominal diameters of 14 mm, namely PG (ribbed-type), GG (sand-coated type-1), and DG

(sand-coated type-2), and a 12.7 mm dia. conventional ribbed steel bar (ST), a GFRP mesh

(3 mm dia. with 200 mm spacing), named as GMESH and a polypropylene-based geogrid,

named as GEO, as reinforcing materials, as shown in Figure 4.1. Table 4.2 summarizes the

material properties of the reinforcing bars determined experimentally. The GFRP bars used

in the study are samples collected from the construction site of the flood mitigation channel

constructed in Jazan, Saudi Arabia.

Table 4.1 Concrete mix design and strength
Admixtures
Aggregates (kg/mq) 3 Mixing | 28-day compressive
Cement type and (ml /m?°)
content PC water strength (MPa)
20mm | 10mm | Fine . D10" (I/m3)
314 Comp. Tens.
Sulfate resisting
cement 770 330 760 1300 2000 160 34.5 2.6
(320 kg/md)

*PC314: Fluidum PC314 high efficiency liquid superplasticizer; Arcrete D10: water reducer &

set retarder
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Figure 4.1 Reinforcements used in the study
Table 4.2 Rebars: materials properties and dimensions
Ribbed Sand-coated- | Sand-coated- Conventional
Property GFRP (PG) type 1 GFRP | type 2 GFRP ribbed steel
(GG) (DG) (ST)
Guaranteed tensile strength .
(MPa)’ 870.9 900.2 897.4 584 (yield)
Young’s Modulus (GPa) 48.4 43.9 48.2 209
Diameter (mm) 13.7 135 12.8 12.7

*Guaranteed tensile strength: Average tensile strength — thrice the standard deviation of
its tensile strength

4.2.2  Test specimens and exposure conditions

4221  Specimens

Large-scale slab specimens of dimensions 6000 x 1100 x 200 mm?, which were cast on a
100 mm-thick lean concrete subbase, resting on a compacted sand subgrade were subjected
to the ambient environment. All specimens were situated in a dedicated field station
established on the premises of the King Fahd University of Petroleum and Minerals
(KFUPM) main campus. Undulations in the ambient temperature and relative humidity

(RH) were recorded using a weather station installed at the site, as shown in Figure 4.2 (a).
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The graphs shown in Figure 4.2 (b) show the one-day moving average of temperature and
RH during a monitoring period of 450 days reported in the study. The slab specimens were
cast during one of the warmest days of the year, recording a one-moving average of 36.8
°C, with a high of 42.0 °C and a low of 32.5 °C. The one-day moving average RH on the
same day was 59.3%, with a high of 76.8 % and a low of 38.7 %. During the peak of the

subsequent winter, the average temperature and RH were recorded to be 9.5 °C and 87.7%.
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(a) weather station (b) temperature and RH time-history
Figure 4.2 Measurement of temperature and relative humidity (1-day moving average)

The slab-on-ground sections constructed in the flood mitigation channel in Jazan was
designed to be 200 mm thick, with a reinforcement grid of 200 mm center-to-center
spacing, fabricated from GFRP bars located at 75 mm from the top of the slab. Considering
this, two different values of reinforcement spacings of the GFRP bars were used. The
variables of the study were: (a) reinforcement types, including three types of GFRP bars,
steel bars, GFRP mesh, and geogrid; (b) reinforcement spacing: 200 mm and 300 mm. To
study the effect of the season of casting, comparisons were made with the results from the
specimens cast during the previous winter on 27" January 2021, 178 days prior to the

casting of the specimens monitored in the present study, cast in winter on 24™ July 2021.
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The test matrix of the specimens constructed in the present study is shown in Table 4.3.
According to the nomenclature used in the study, for bar-reinforced specimens, the first
part indicates the rebar type and the following number indicates the spacing. GFRP mesh,
geogrid and unreinforced slabs were simply named GMESH, GEO, and PLAIN,
respectively. Replicates of PG-200, PG-300, GG-200, GG-300, and PLAIN which were
cast in the winter (January 2021) were named PG-200-W, PG-300-W, GG-200-W, GG-
300-W, and PLAIN-W, respectively, as presented in another study by the authors [103].
The schematic diagrams of the various reinforcement configurations used in the study are

shown in Figure 4.3.

Table 4.3 Test matrix of large-scale slabs-on-ground
Slab No. SpNezlnrqneen Rebar type thi?:lljlrt])ess Spacing

; Egﬁgg Ribbed GFRP (PG) ggg
3 GG-200 Sand-coated GFRP 200
4 GG-300 type-1 (GG) 300
5 DG-200 Sand-coated GFRP 200 200
6 DG-300 type-2 (DG) 300
7 ST-200 Ribbed Steel (S) 200
8 GMESH GFRP Mesh 100
9 GEO Geogrid -

10 PLAIN Nil - -

Figure 4.3 (a) shows the 3D rendered view of the configuration of the slabs-on-ground,
subbase, and subgrade. The steps involved in the construction of the specimens are shown
in Figure 4.3 (b to e). Molds fabricated to the desired dimensions were erected and fixed
to the subbase using nails. The reinforcement grids were prepared and located such that a
clear cover of 50 mm is available and supported by spacers made from polyvinyl chloride

(PVC) pipes. A network of rectangular PVVC ducts was laid out to protect sensor wires from
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external damage and to safely carry them to the nearby monitoring station which houses
the data logger, switching boxes, and a workstation computer. Polyethylene sheets were
used to cover the specimens after approximately six hours to prevent the loss of moisture
to the ambient environment. After 12 hours of casting, all the specimens were covered with
double layers of burlaps for curing and preventing moisture. Moist curing was done for
seven days after the day of casting, which was followed by the removal of mold, after

which the specimens were exposed to the ambient environment.

(a) 200 mm spacing: PG-200, GG-200, and DG-

(b) 300 mm spacing: PG-300, GG-300, and DG-
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Figure 4.3 Reinforcement types used in the specimens

(a) detailing
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Figure 4.4 Slab-on-ground specimens

4.2.3  Instrumentation and field monitoring

To monitor the variation of strain in the reinforcements and in concrete, electrical
resistance strain gauges were installed. Monitoring of strains was initiated a day after the
casting work. Rebar strains at mid-spans and quarter-spans were monitored using strain
gauges of type TML FLAB-3-350 from Tokyo Sokki Kenjyujo Co. Ltd., Japan, as shown
in Figure 4.5 (a). The locations of rebar strain gauges and its nomenclature are shown in
Figure 4.5 (e). Strains in concrete were measured using embedded-type strain gauges called

TML PMFL-60 from Tokyo Sokki Kenjyujo Co. Ltd., Japan, as shown in Figure 4.5 (b),
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at mid- and quarter-spans of the slab specimens. At the mid-span, strains in concrete were
measured at 50 mm from the top and at 50 mm from the bottom of the specimens, in the
longitudinal direction. The locations of the specimens and its nomenclature are shown in
Figure 4.5 (f). Strain readings from a total of 46 strain gauges installed in the specimens
were recorded for 450 days, at an interval of 5-minutes using a data logger housed in the
monitoring station. Ambient environmental conditions such as temperature, relative
humidity, wind speed, gust speeds, and wind directions were recorded using a weather

station, shown in Figure 4.2.

Lt | PMFL-60

FLAB-3-350

(a) rebar strain gauge

et T e ’%‘K

(c) instrumented slabs (d) data acquisition systems
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Quarter-span Mid-span

Note: R = rebar strain gauge; Locations: M = midspan; Q = quarter-span; L = longitudinal
(e) Location of rebar strain gauges

Quarter-span Mid-span
|

Note: CE = concrete embedded strain gauge; Locations: M = midspan; Q = quarter-span; L =
longitudinal; T =50 mm from top surface (rebar-level); B = 50 mm from base (ground)
(f) Location of concrete embedded strain gauges

Figure 4.5 Instrumentation of slabs

Field measurements such as crack development and crack-width measurements were done
in the field. Development of strains was visualized in the field station using an in-house
developed MATLAB-based application called “SHEVOL”, which is graphical-user-
interface software capable of reading, plotting, and comparing data. Crack-width
measurements were done accurately using “Tracker” software, which is an analysis and
modeling tool used for physics education [104]. Length measurements are made from a
high-resolution photograph taken which includes the crack of interest and a linear scale for

calibration, as shown in Figure 4.6.
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Figure 4.6 Crack width measurement using Tracker software

4.3 Results and discussion

431 Crack distribution and crack widths in slabs
4.3.1.1  Crack mapping

Crack mapping of slab specimens was done to identify the development and location of
cracks. All specimens exhibited the development of a single prominent continuous crack
either at mid-span or in its vicinity, except the steel-reinforced specimen (ST-200), in
which it developed at one of the quarter-spans. This prominent crack generally appeared at
the top surface and then progressed to the bottom surface, as observed from the side faces.
Table 4.4 lists the information regarding the time, location, and average width of the cracks

which developed in the slab specimens.

Figure 4.7 shows the crack mapping of the specimens, which was recorded on day 450. As
mentioned earlier, all ten specimens exhibited a central full-depth crack either at mid-span
or quarter-span or in between, associated with or without minor cracks distributed on the

top surfaces of the specimens. The specimens reinforced with PG bars, namely PG-200 and
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PG-300, GFRP mesh reinforced slab (GMESH), and the unreinforced slab developed this
crack at the mid-span during early days, while the steel reinforced slab (ST-200) developed
this crack at quarter-span at day 244, inferred based on sensor data. However, in specimens
GG-200, GG-300, DG-200, DG-300, and GEO, the crack appeared at approximately 250

mm, 750 mm, 500 mm, 125 mm, and 250 mm, respectively away from the mid-span.

4.3.1.2  Effect of reinforcement type and spacing

The effect of reinforcements in specimens is apparent from the average crack widths shown
in Table 4.4. All specimens reinforced with bars, as well as GMESH, exhibited effective
control of crack widths. The GFRP bar-reinforced specimens exhibited a similar level of
crack width control at the spacing of 200 mm, resulting in 0.59 mm, 0.56 mm, and 0.51
mm crack width in PG-200, GG-200, and DG-200, respectively. Upon increasing the
spacing, average crack widths were found to increase by 23.7%, 1.8%, and 49.0%, in PG-
300, GG-300, and DG-300 specimens, respectively. The GG bar-reinforced specimen did
not exhibit a significant increase in crack width upon increasing the spacing, probably due
to a better bond between the sand-coating and the concrete. The steel-reinforced specimen,
ST-200 developed a crack of 0.23 mm average width, which developed at the quarter-span
after approximately 244 days from the day of casting. Specimens GEO and PLAIN had
high average crack widths of 1.32 mm and 1.34 mm, respectively. The use of geogrid in
specimen GEO did not offer any significant control to crack width. A visual comparison
of the average crack widths of the specimens monitored in the present study is shown in

Figure 4.8 (a).
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4.3.1.3  Effect of season of casting

Figure 4.8 (a) compares the effect of the season of casting on the average crack width.
Among the specimens compared, PG-200, PG-300, GG-200, GG-300, DG-200, DG-300,
and PLAIN were cast during the summer (July 2021), while its counterparts PG-200, PG-
300, GG-200, GG-300, DG-200, DG-300, and PLAIN were cast in winter (January 2021).
It is to be noted here that the concrete cylinder compressive and split tensile strengths
specimens cast in summer were 34.5 MPa and 2.6 MPa, respectively, while in winter it

was 40.2 MPa and 3.1 MPa, respectively.

Specimens PG-200 and GG-300 exhibited slight reductions of 4.8% and 13.6%,
respectively in crack width as compared to their winter counterparts. However, PG-300
and GG-200 exhibited increases of 10.6% and 9.8%, respectively as compared to their
winter counterparts. Hence, in the reinforced specimens, no correlation could be identified
between the crack width and the casting seasons. However, in the case of unreinforced
slabs, PLAIN developed an average crack width of 1.34 mm, as compared to 0.79 mm in
PLAIN-W slab, indicating that the effect of the season of casting is more critical in the
unreinforced slab. The average crack width in GFRP bar reinforced slabs was within the
ACI [44] and AASHTO [46] allowable crack width limit of 0.7 mm, as shown in Figure

4.8.
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