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A B S T R A C T   

The current design of GFRP bar-reinforced slabs-on-ground, according to ACI 440.1R-15 is based on an empirical 
equation derived from the design of steel-reinforced concrete slabs-on-ground, developed based on the subgrade 
drag equation proposed in Portland Cement Association code (1990). ACI 440.1R-15 explicitly stipulates that 
field performance data from the application of FRP bar-reinforced slabs-on-ground is required to validate the 
equation. This paper reports the experimental outcomes of a comprehensive study on the long-term field 
monitoring of eight large-scale slab-on-ground specimens. Slabs of plan dimensions 6000 × 1100 mm2, resting on 
a lean concrete subbase over a compacted soil subgrade and exposed to harsh ambient environment, were 
monitored for 525 days to study rebar and concrete strain development and concrete cracking. The exposed 
ambient environment was characterized by averages of 41.7 ℃ with RH 12.8% in summer and 9.5 ℃ with RH 
87.7% in winter. The major parameters of the study are reinforcement types (ribbed GFRP, sand-coated GFRP, 
and ribbed steel), reinforcement spacings (200 mm and 300 mm), slab thicknesses (100 mm and 200 mm), and 
the presence of a contraction joint. It was observed that all GFRP bar-reinforced slabs developed a transverse 
mid-panel shrinkage crack within the first 18 days of casting. The maximum average crack widths over the long- 
term were within the ACI 440.1R-15 and AASHTO LRFD code limit of 0.7 mm, and the maximum strains in 
rebars in the vicinity of the cracks did not exceed 12.4% of the ultimate strains of the bars. Decreasing the slab 
thickness from 200 mm to 100 mm did not affect the development of cracking or strain evolution. The presence 
of a saw-cut contraction was effective in localizing the cracking location.   

1. Introduction 

Reinforced concrete (RC) structures such as slabs-on-ground, foun
dation slabs, industrial floors, and deck slabs are characterized by their 
relatively large surface-to-volume ratio, as compared to beams and 
columns. As a result, factors such as low early-age tensile strength and 
shrinkage are conducive to the development of cracks in concrete at an 
early age [1,2]. The interaction between concrete shrinkage and volu
metric instability due to the interaction between concrete shrinkage and 
internal and external restraints is the dominant factor [3]. Some ex
amples of internal restraints are reinforcing bars and aggregates, while 
external restraints include slab-subgrade friction, boundary conditions, 
and loads [4]. When the elastic strains developed in concrete in the slab 
exceed the tensile strain capacity of concrete, cracks develop to relieve 
the built-up of stresses [5]. 

In conventional steel-RC structures, these cracks create a path for the 
easy penetration of water and aggressive species, resulting in the 
corrosion of the steel rebars [6]. Corrosion leads to the formation of 
expansive corrosion products generating tensile stresses in concrete. 
When these tensile stresses exceed the tensile capacity of the concrete, 
extensive cracking occurs, degrading the aesthetics and structural per
formance of RC members [7]. Cracking in steel-RC structures poses 
major durability issues compromising the structural integrity and 
creating economic issues such as high maintenance and repair costs. 

The corrosion-free and high-strength glass fiber-reinforced polymer 
(GFRP) bars have gained popularity in both research and field applica
tions in recent years [8], due to remarkable improvements in terms of 
strength, cost, and durability. With the development of building codes 
such as ACI 440.11-22 [9], GFRP bars are now considered to be a po
tential replacement for conventional steel bars, especially in harsh 
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environments where structures are in direct contact with soil and water. 
The application of GFRP bars in slabs-on-ground eliminates the devel
opment of corrosion-induced cracks and thereby prolongs the service life 
of structures with minimal life-cycle costs. 

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 moni
tored for 600 days by Shadravan et al. [4] to investigate the dimensional 
change response of four types of concrete used in the study. The evo
lution 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 the longitudinal restraint, while rebars 
provided the internal restraints. Ghatefar et al. [8,10] studied early-age 
shrinkage cracks developed in bridge deck slabs with dimensions of 2.5 
× 0.765 × 0.18 m3, which were subjected to laboratory and cyclic 
environmental conditions such as drying and wetting, and freezing and 
thawing. The lower elastic modulus of GFRP bars resulted in the 
development of higher crack widths and rebar strains, as compared to 
steel bar-reinforced concrete specimens. However, the same factor 
resulted in the larger crack spacing. The study revealed that the mini
mum reinforcement ratio proposed by CAN/CSA S6-06 [11] was con
servative in the laboratory test conditions used in the study. Shafei et al. 
[12] 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. In the first three years 
of monitoring reported in the study, the deck behavior remained 
consistent and met design specifications satisfactorily. Deck slabs near 
the abutments were found to have more cracks as compared to the 
remaining parts of the bridge. Cracks grew rapidly in the first year, but 
no significant new cracks formed in the subsequent two years, as also 
seen in steel-reinforced bridge deck slabs. Life-cycle cost analyses 
confirmed that the application of GFRP bars was more economical, as 
compared to steel, despite higher initial costs. 

A comparative study between three steel-reinforced bridges in 
Montana, USA was conducted by Cuelho et al. [13] 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. Monitoring of the three bridges revealed that the decks exhibited 
linear-elastic behavior under live loads, and no signs of concrete 
cracking were observed in the process. Pantelides et al. [14] conducted 
long-term monitoring of concrete strains, bridge displacements, and 
girder accelerations in precast concrete panels in bridge decks rein
forced with GFRP bars in Utah, USA, for two years. The study revealed 
that the structural behavior was satisfactory and the use of GFRP was 
expected to extend the service life by 55 years. The GFRP bar-reinforced 
panels exhibited no signs of concrete cracking and stayed within the 
design limits for stresses and deflections, and demonstrated successful 
long-term functionality. Modifications to the bridge deck design to ac
count for the use of GFRP bars effectively prevented deck cracking and 
maintained small service load deflections throughout the monitoring 
period. 

Kušnírová and Priganc [15] conducted long-term shrinkage moni
toring of GFRP and steel-reinforced concrete slabs of dimensions 1800 ×
600 × 120 mm3, and reinforcement ratios varying from 0.3% to 0.5%. 
To minimize the effect of self-weight and to enable uniform shrinkage, 
the specimens were placed vertically in an isolation chamber, which 
prevented sudden variations in temperature and humidity. The study 
revealed that the steel-reinforced slabs exhibited approximately twice 
the deflection of the GFRP bar-reinforced slabs, at a given reinforcement 
ratio. Sonnenschein et al. [16] conducted a study to compare the effect 
of GFRP and steel reinforcements on the onset of early-age cracking in 
thermally isolated end-restrained reinforced concrete slabs with overall 
dimensions of 5300 × 1000 × 300 mm3. The study revealed that the 
GFRP bar-reinforced slabs were characterized by small crack spacings 

and higher crack widths, as compared to their steel-reinforced 
counterparts. 

After a review of the relevant works in the field of restrained 
shrinkage of concrete elements [4,8,10,12–16], there is, to the best of 
the authors’ knowledge, limited research on the behavior of base- 
restrained large-scale GFRP bar-reinforced slabs-on-ground in the 
field. Also, ACI-440.1R-15[17] explicitly mentions that there is a lack of 
experimental data from the field to verify the design equations provided 
in the design guide for slabs-on-ground. This paper presents a research in 
which eight large-scale reinforced concrete slabs-on-ground were 
monitored in the field over an extended period. The slabs used three 
types of reinforcements, namely ribbed GFRP bars (PG), sand-coated 
GFRP bars (GG), and conventional ribbed steel bars (S). The slab spec
imens cast on a lean concrete base were exposed to the harsh ambient 
environment for 525 days. Due to drying shrinkage and temperature 
variations, crack development, crack widths, crack spacing, strains in 
the concrete, and strains in the reinforcing bars were measured at 
various locations. This study was conducted as part of the investigation 
of the 21.3 km-long flood-water mitigation channel in Jazan, Saudi 
Arabia, which is the largest GFRP bar-reinforced structure in the world 
[18,19]. 

2. Experimental program 

2.1. Materials 

The full-scale slabs of this experimental program were constructed 
using a concrete mix with 28-days compressive strength of 40.8 MPa 
(Table 1). The elastic modulus of concrete, Ec was calculated to be 29.8 
GPa. Based on the tensile strength of 3.1 MPa, the concrete cracking 
strain in tension (εct) was calculated to be 104 µε. Two types of #4 GFRP 
bars, namely ribbed GFRP (PG) and sand-coated GFRP (GG), and 12.7 
mm dia. conventional ribbed steel (S) bars were used as internal rein
forcement (Fig. 1). The mechanical properties of the reinforcing bars as 
experimentally determined are summarized in Table 2. All GFRP rein
forcing bars used in the study were samples taken from the flood miti
gation channel construction site in Jazan, Saudi Arabia. 

2.2. Test specimens and exposure 

2.2.1. Large-scale specimens 
Eight slabs of plan dimensions of 6000 × 1100 mm2, with 200 mm 

and 100 mm thicknesses were constructed for the experimental pro
gram. The slab specimens were cast on a 100 mm-thick lean concrete 
subbase resting on a compacted sand subgrade layer, in a dedicated field 
station with ample exposure to ambient environment. Variations in 
ambient temperature and relative humidity were recorded using a 
weather station, as shown in Fig. 2 (a). The graphs in Fig. 2 (b) show the 
measured temperature and relative humidity (RH) variations during the 
monitoring period. 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. 

All sections of the 21.3 km-long Jazan floodwater mitigation channel 
have a 200 mm-thick bottom slab with GFRP bars placed at a depth of 
75 mm at a center-to-center spacing of 200 mm [18]. Considering this, 
two values of rebar spacings were chosen for the study to investigate the 
effects of reinforcement ratio on the development of crack width. The 
variables of the study were: (i) rebar types, including ribbed GFRP bars 
(PG), sand-coated GFRP bars (GG), and steel bars (S); (ii) rebar spacings 
of 200 mm and 300 mm center-to-center; (iii) slab thicknesses of 100 
mm and 200 mm; and (iv) a 6 mm-wide and 12 mm-deep saw-cut 
contraction joint at midspan. The details of the slabs investigated in 
the experimental program are shown in Table 3, while schematic details 
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are shown in Fig. 3 (a and b). 
Fig. 3 (c to f) shows the steps involved in the preparation of the slabs. 

Molds fabricated using plywood panels were erected and nailed down to 
the lean concrete base. The rebar mats were placed in the intended 

position with spacers made of PVC pipes. Rectangular PVC ducts were 
placed between the formworks of the slabs through which the lead wires 
from the strain gauges were laid to reach the data logger in the moni
toring cabin. Monitoring of the slabs began one day after casting, while 
the specimens were moist-cured using a double layer of burlap and 
polyethylene sheets to prevent moisture from escaping to the atmo
sphere. The moist curing continued until the 6th day after casting. After 
demolding, the slabs-on-ground were left exposed to the ambient 
environment. 

2.3. Instrumentation and field monitoring 

Strain gauges were placed at several points in the slabs to monitor 
the variation of strains in concrete and reinforcing bars. Strains in the 
rebars at mid-span, quarter-spans, and ends were monitored using strain 
gauges (TML FLAB-6–350) as shown in Fig. 4 (a). Embedded strain 
gauges (TML PMFL-60) were placed in the concrete at the level of the 
reinforcement and 50 mm from the subbase (Fig. 4 (b)). Fig. 4 (c) shows 
the strain gauges in a typical slab, with lead wires passing through PVC 
channels to reach the data acquisition systems (Fig. 4 (d)). The strain 
gauges embedded in the concrete were placed at different depths to 
monitor the shrinkage strains across the depth. Details of labels and 
locations of the strain gauges installed in rebars and concrete are 

Table 1 
Concrete mix design and strength.  

Cement type and content Aggregates (kg/m3) Admixtures (ml /m3) Mixing water (l/m3) 28-day compressive strength (MPa)  

20 mm 10 mm Fine PC 314* D10*  Comp. Tens. 

Sulfate resisting cement 
(320 kg/m3) 

770 330 760 1300 2000 160 40.2 3.1 

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

Fig. 1. Reinforcing bars used in the study.  

Table 2 
Rebars: mechanical properties and dimensions.  

Property Ribbed 
GFRP (PG) 

Sand-coated 
GFRP (GG) 

Conventional 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  13.5 12.7 

Note: *Guaranteed tensile strength: Average tensile strength – thrice the stan
dard deviation of its tensile strength. 

Fig. 2. Weather station: measurement of temperature and relative humidity (1-day moving average).  

Table 3 
Test matrix of the large-scale slab-on-ground specimens.  

Slab 
No. 

Specimen 
Name 

Rebar type Slab 
thickness 

Spacing 

1 PG-200 Ribbed GFRP (PG) 200 200 
2 PG-300 300 
3 PG-200-H§ 100 200 
4 PG-200-SC* 200 200 
5 GG-200 Sand-coated GFRP 

(GG) 
200 200 

6 GG-300 300 
7 S-200 Ribbed Steel (S) 200 
8 PL Nil N/A 

Note: §‘H’ indicates half-thickness slab; *Only PG-200-SC has a saw-cut 6 mm ×
12 mm to study the effect of a saw-cut joint on cracking. 
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illustrated in Fig. 4 (e and f). 
Measurements from 65 strain gauges were recorded for 525 days at 

five-minute intervals and stored in the internal memory of the data 
logger, shown in Fig. 4 (d). A HOBO U30 weather station (Fig. 2 (a)) was 
set up on-site to monitor ambient temperature, relative humidity, wind 
speeds, gust speeds, and wind direction. 

An interactive computer application called SHEVOL (Shrinkage 
Evolution) was developed using MATLAB to plot the evolution of strains 
from various sensors and for comparisons (Fig. 5). The development of 
cracks in the specimens, their width, and their evolution were physically 
monitored while the onset of cracking was assessed from the live strain 
evolution curves in SHEVOL. 

3. Results and discussion 

3.1. Crack distribution and crack widths in slabs 

3.1.1. Crack mapping 
After casting the slabs, crack mapping of all slabs-on-ground was 

performed at regular intervals. Central or near-center cracks developed 
in all slabs at the ages shown in Table 4. The cracks, as they developed, 
were observed in SHEVOL from the sensors two to four days before they 
were visually observed on the surface of the slabs, as shown in Table 4. 
On the surface, a thin crack initially formed at the center of the slab 
(Fig. 6), increasing in width with time and progressing downwards. The 
central crack was associated with smaller cracks on the surface of some 
slabs, which developed at quarter points and other locations at later 
times. The crack widths and their distribution at day 525 are shown in 
Fig. 6 (a to h). 

All slabs reinforced with 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 all randomly scattered. The 
plain concrete slab (PL) developed a central full-depth crack with an 
average crack width of 0.79 mm. This indicates that the presence of 
rebar and its elastic modulus had a significant effect on the nature of 

cracks developed in the slab. 
PG-200-SC, the GFRP-bar reinforced slab with a central 6 mm wide 

× 12 mm deep saw-cut contraction joint, exhibited no cracks on either 
side, except for a 0.43 mm wide crack that developed at the joint, as 
expected. PG-200-H, the 100 mm-thick slab with GFRP bars developed a 
central full-depth crack with an average width of 0.61 mm. 

3.1.2. Effect of reinforcement types and spacings 
A comparison of crack widths of GFRP bar-reinforced slabs of 

different types (PG and GG) and the plain slab is shown in Table 4. 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, probably due to a better bond strength in GG bars, as compared 
to PG bars. 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 slab GG-300 was very close to that 
of slab PG-300. The unreinforced concrete slab (PL) showed the highest 
crack widths among the eight slabs monitored in this study, with an 
average crack width of 0.79 mm. 

A lower bar spacing, which corresponds to a higher reinforcement 
ratio provides higher restraint and distributes the cracks over the length 
of the slab, resulting in smaller crack widths. 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, when compared 
to the GG-200 specimen. In summary, the average crack widths in GFRP 
bar-reinforced slabs were within the ACI 440.1R-15 [17] and AASHTO 
LRFD [28] allowable crack width limit of 0.7 mm, as shown in Fig. 7. 

3.1.3. Effect of slab thickness and saw-cut contraction joint 
A comparison between slabs PG-200 and PG-200-H (100 mm-thick) 

to investigate the effect of slab thickness on the crack width showed no 
significant difference, as both slabs had an average crack width of 0.62 
mm. In the case of PG-200-SC, the crack initiated only at the joint, 
exhibiting a much better aesthetic appearance since the crack developed 
within the joint created. The average crack width at the joint was 0.43 
mm, 30.6% less than at PG-200, and the cracks developed at approxi
mately the same time in the two slabs. Thus, in GFRP bar-reinforced 
slabs-on-ground, the provision of a saw-cut contraction joint to 

Fig. 3. Slab-on-ground specimens.  
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contain the crack within the cut would result in a surface free from 
random cracks. 

3.2. Reinforcement and concrete strains 

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. Both early-age and long- 
term evolution of strains (one-day moving average) were analyzed. 

The effects of daily and seasonal temperature variations on the 
evolution of rebar and concrete strains in a typical specimen (i.e., PG- 
200) are shown in Fig. 8. Fig. 8 (a) shows the short-term behavior (up 
to 21 days) of rebar strains at the gauge locations R-LM (midspan) and R- 
LQ (quarter-span). The solid lines of R-LM and R-LQ are the actual field 

reading, while the dashed lines plot their corresponding 1-day moving 
average. The blue dotted lines in Fig. 8 show the actual temperature 
readings. 

The positive strains in the longitudinal bar in the PG-200 slab shot up 
rapidly at R-LM (mid-span), indicating the development of a crack in 
concrete at this location. While at R-LQ (quarter-span), the strain 
readings indicated expansion for approximately 5 days, followed by 
increasing negative total strains indicating contraction. The effect of 
seasonal temperature variation on concrete strains 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 Fig. 8 (b). Large variations in the measured strains were 
observed corresponding to the variations in the ambient temperature. 
The measured total strains indicate increasing contraction (negative 
strain) in concrete as the temperature increased during summer, which 

Fig. 4. Instrumentation of slabs.  
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reversed as the temperature decreased. A sketch summarizing the 
nomenclature of monitoring points, variables, and slab comparisons 
presented in the discussion on results are shown in Fig. 9. 

3.3. Effect of rebar type and spacing on strain evolution in bars 

The evolution of strains in the reinforcement of slabs PG-200, PG- 
200, GG-200, GG-300, and S-200 is plotted in Fig. 10. The effect of 
reinforcement type and spacing on the evolution of strains in the rein
forcement and the onset of cracking in the slabs are presented below. 

3.3.1. Evolution of rebar strains in the central longitudinal bar at midspan 
(R-LM)  

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

The early-age strain response at R-LM of PG-200, GG-200, and S-200 
(Fig. 10 (a)) shows tensile strains in the bars owing to the swelling of the 
surrounding concrete in the first three days 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 [20–23]. This 
swelling was followed by a decrease in strain in all three slabs. Both 
GFRP bar-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 9th and 18th days in PG-200 and GG-200, respectively, 
causing the rebars to be in a state of tensile stress. The cracking in these 
slabs can be seen in the crack maps in Fig. 6. R-LM in the steel reinforced 
slab, S-200, continued to show compressive strains until the 115th day, 
beyond which the development of tensile strains was noted. The peak R- 
LM strains in the slabs were found to be 1,950 µε, 2,339 µε, and 953 µε in 
PG-200, GG-200, and S-200 slab specimens, respectively. Tensile strains 
in R-LM peaked on approximately the 250th day during the summer 
season, falling to a lower value near the 350th day (peak of winter) and 
then increasing again to the previous value in summer.  

(ii) Slabs PG-300 and GG-300 

Fig. 5. Shrinkage data viewer application (SHEVOL).  

Table 4 
Crack characteristics of slab specimens.  

Slab No. Slab Location of main crack Days to first crack Average crack width (mm) Crack depth 

Visually observed Detected by sensors 

1 PG-200 Central 13 9  0.62 Full-depth 
2 PG-300 Central 13 11  0.66 Full-depth 
3 PG-200-H Central 12 10  0.61 Full-depth 
4 PG-200-SC Within joint 13 10  0.43 Full-depth 
5 GG-200 Central 20 18  0.51 Full-depth 
6 GG-300 Central 14 12  0.66 Full-depth 
7 S-200 Nil – –  – No full-depth cracks 
8 PL Central 12 –  0.79 Full-depth  
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The onset of central prominent drying shrinkage crack was noted in 
PG-300 and GG-300 on days 11 and 12, respectively, as indicated by an 
abrupt increase in R-LM strains. The long-term response shows the 
highest strains of 2,228 µε and 1,524 µε in PG-300 and GG-300, 
respectively. 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.  

(iii) Slabs PG-200 and PG-300 

Low tensile strains 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 9th 

and 11th days, respectively, indicates the development of drying 
shrinkage crack at a nearby location, as shown in the crack maps in 

Fig. 6 (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 35th day. 
Later, PG-300 (2,228 µε) exhibited higher strains compared to PG-200 
(1,950 µε), which could be attributed to the lesser internal restraints 
due to the lower reinforcement ratio and the resulting larger crack 
width, as shown in the crack maps (Fig. 6).  

(iv) Slabs GG-200 and GG-300 

The development of cracking in the slabs GG-200 and GG-300 was 
observed on the 18th and 12th days, respectively, as inferred from the 
sudden increase in tensile strain in the GFRP bars at R-LM. At the peak of 
summer, the highest strains in the slabs GG-200 and GG-300 were 2,339 
µε and 1,524 µε, respectively. 

Comparing the strain evolution in sensors R-LM in PG-200 and PG- 
300, the slab with the larger reinforcement ratio, GG-200, had a larger 

Fig. 6. 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). 

Fig. 7. Crack width: effect of reinforcement type and spacing.  
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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 Fig. 6 
(e and f). It is likely that R-LM in GG-200 was closer to the crack than R- 
LM in GG-300. 

3.3.2. Evolution of rebar strain in the central longitudinal bar at quarter 
span (R-LQ)  

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

During early-age, as shown in Fig. 11 (a), strains in all three slabs 
were identical until the 6th day, after which the curves followed similar 

paths but with slightly different magnitudes. The measured strains in 
these slabs at this location were initially tensile at the quarter spans but 
transitioned to compressive between 7th and 9th days. The compressive 
strain indicates that no cracks had developed near these sensor loca
tions. As shown in Fig. 11 (b), both GFRP bar-reinforced slabs behaved 
similarly over the long-term, exhibiting a maximum difference of 
approximately 40 µε. However, the R-LQ of S-200 exhibited a sudden 
loss of compressive strain on the 112th day, causing the bar to be in 
tension on the 185th 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 GFRP bars at this 

Fig. 8. Effect of temperature on strains.  

Fig. 9. Sketch showing nomenclatures for monitoring points, variables, and comparisons.  
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location increased in compression during the hot summer months and 
relaxed as the ambient temperature dropped, followed by a slight ten
sion during peak winter, and then returned to compression as the 
environmental temperature increased. The peak strains in the slabs PG- 
200, GG-200, and S-200 at the sensor R-LQ were −227 µε, −187 µε, and 
−198 µε, respectively.  

(ii) Slabs PG-300 and GG-300 

Soon after the initial swelling of the concrete, which rose until the 
third day, the strains at R-LQ in both slabs diverged. The peak strain in 
the longitudinal bar at the quarter-span was −240 µε and −312 µε 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 bars. The larger strains in GG-300 imply that the sand-coated 
GFRP bar (GG) had a slightly better bond with concrete in the slab 
compared to the ribbed GFRP bar (PG).  

(iii) Slabs PG-200 and PG-300 

The measured strains in PG-200 were generally slightly lower than 
that in slab PG-300 during the long-term monitoring period, which was 
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 µε and −240 µε, respectively.  

(iv) Slabs GG-200 and GG-300 

Early-age strains were identical in GG-200 and GG-300 until the 6th 

day, after which the curves split, with compressive strains in GG-300 
being significantly higher. No signs of cracking were observed near 
these sensors, consistent with the crack maps shown in Fig. 6 (e and f). In 
the long-term, both GFRP bar-reinforced slabs behaved similarly, 
showing a maximum difference of approximately 125 µε. While the R-LQ 
in GG-300 remained in a state of compression throughout the moni
toring period, the strain at R-LQ in GG-200 became tensile for a short 

Fig. 10. Effect of rebar types and spacings on the evolution of R-LM.  
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time at the peak of winter. The higher strains in GG-300 indicate that the 
larger reinforcement ratio in GG-200 played an important role in con
trolling the strains. This reflects a better bond strength in GG bars, as 
compared to PG bars. 

3.3.3. Variation of strain along the longitudinal and transverse bars 
The profile 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 Fig. 12 (a) and (b), 
respectively. The maximum compressive or tensile strains from the long- 
term field responses of the reinforcing bars were selected for the plots. 

3.4. Effect of rebar types and spacings on strain evolution in concrete 

3.4.1. 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. Fig. 13 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 temper
ature effects, shrinkage of the concrete, and internal and external re
straints such as the embedded reinforcements and the interaction with 
the subbase. It was found that the strains in the concrete at the level of 
the reinforcement are slightly larger than the strains in the concrete 50 
mm above the base (Fig. 13 (b)). This is because 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, the concrete strains in S-200 were the highest among the 
four slabs compared. The slab S-200 had negative (i.e., compression) 
peak values of −302 µε and −227 µε in CE-LM-T and CE-LM-B, respec
tively, as compared to −191 µε and −183 µε in PG-200, −160 µε and 
−97 µε in GG-200 and −120 µε and −220 µε in PL slabs. None of the 

Fig. 11. Effect of rebar types and spacings on the evolution of R-LQ.  
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positive (i.e., tensile) strains in the concrete exceeded the concrete 
cracking strain, εct, which equals + 104 µε. The lower negative concrete 
strains in PG-200 and GG-200 compared to S-200 could be attributed to 
the fact that these specimens had developed a prominent central crack 
during the early-age, causing the concrete near the crack, where strain 
gauges were located, to relax. Also, the lower bond strength between 
concrete and GFRP bars, as compared to steel [24–26], would have 
impacted the development of lower strains in concrete, particularly near 
the location of the drying shrinkage crack.  

(ii) 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 Fig. 14. 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 speci
mens (CE-LM-T) were significantly higher than the strains near the base 
(CE-LM-B). This can be attributed to the lower restraint offered by the 
reinforcing bars as compared to the base, resulting in higher shrinkage 
rates near the top surface. At the peak of summer, strains of −368 µε and 
−158 µε were measured in slab PG-300 in the sensors at CE-LM-T and 
CE-LM-B, respectively, while strains of −401 µε and −186 µε were 
measured in slab GG-300, at the top and bottom, respectively. None of 
the strains in the concrete surpassed the concrete cracking strain (εct), 
since strain gauges were located away from the cracked locations.  

(iii) Slabs PG-200 and PG-300 

After the first few days of swelling observed 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 (Fig. 14 (a)), except 
for CE-LM-T of PG-200, which changed to positive strain during the 

Fig. 12. Summary of peak rebar strain profiles (symmetrized): (a) longitudinal bar (top); and (b) transverse bars (bottom).  

Fig. 13. Effect of rebar type: evolution of CE-LM-T and CE-LM-B in PG-200, 
GG-200, S-200 and PL slabs. 
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winter peak (Fig. 14 (b)). Although there was a significant difference of 
210 µε in the measured negative peak strains between CE-LM-T and CE- 
LM-B in the slab PG-300, the difference between these monitoring points 
in the slab PG-200 was 8 µε only.  

(iv) Slabs GG-200 and GG-300 

Shrinkage strains in the concrete at two depths at the midspan of the 
slab-on-ground specimens are plotted in Fig. 14. The sensors at CE-LM-T 
and CE-LM-B showed almost 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 was consistent with 
the trends observed for the slabs PG-200 and PG-300. The strain in the 
concrete near the top of the specimens (CE-LM-T) was 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 µε and −96 µε, 
respectively, at CE-LM-T and CE-LM-B, while in slab GG-300, the strains 
were measured to be −401 µε and −186 µε. The concrete strains 

recorded at the quarter-span (CE-LQ-T and CE-LQ-B) also showed a 
similar path of evolution. 

3.4.2. Strain profile along the length and across the depth of slabs 
Fig. 15 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). 

3.5. 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 rein
forcement 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 detected the occurrence of drying 

Fig. 14. Effect of rebar spacing: evolution of CE-LM-T and CE-LM-B.  
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shrinkage cracks on the 10th day after casting (Fig. 16 (a)). The average 
crack width measured in PG-200 and PG-200-H was 0.62 mm and 0.61 
mm, respectively. The long-term monitoring results show that the strain 
(Fig. 16 (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 (R- 
LQ) and in the transverse bar at mid-span (R-TM) in both 100 mm- and 
200 mm-thick slabs are shown in Fig. 16 (c and d). At the quarter point 
(R-LQ), the evolution of strains in the slabs PG-200 and PG-200-H fol
lowed closely during short and long-term observations. However, in the 
transverse bars (R-TM), a notable difference in the strain response was 
observed, particularly evident in the long-term monitoring. The peak 
strain in PG-200-H (-341 µε) was 73% higher than that of the strains in 
PG-200 (-196 µε). Fig. 17 (a) shows the profile of the peak strains 
developed at the monitored points of the longitudinal bar, while Fig. 17 
(b) shows the strain profile in the transverse bars. 

The effect of slab thickness on concrete strains at the midspan of the 
specimens is shown in Fig. 18 (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 despite 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 2,500 µε, as shown in Fig. 18 (b). This indicates the formation of a 
crack intercepting the strain gauge [13]. The measured strain in con
crete in PG-200-H crossed the cracking limit (εct) of 104 µε on the 38th 

day after. Fig. 19 (a) shows the profile of the peak concrete strain 

developed at the points 50 mm below the top surface, CE-LM-T, CE-LQ- 
T, and CE-LE. 

3.6. Effect of the saw-cut 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 [18]. 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 [27]. 

Upon analyzing the strains 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 10th day, ac
cording to Fig. 16 (a and b). The strain evolutions of R-LMs further along 
the monitoring duration were very similar, as expected, with the peak 
strains being 1,854 µε and 1,950 µε in PG-200-SC and PG-200, respec
tively. Strains in rebars in other locations of slabs, such as R-LE and R- 
TQ, too were similar to each other in terms of trends in the trajectory of 
the curves at R-LQ (Fig. 16 (c and d)). The profiles of the highest strains 
developed at the points on the longitudinal bar, R-LM, R-LQ, and R-LE, 
are shown in Fig. 17 (a), while that of transverse bars R-TM and R-TQ are 
shown in Fig. 17 (b). The effect of introducing a saw-cut contraction 
joint on concrete strains at the mid-span of specimens was analyzed. 

Fig. 15. Summary of peak concrete strain profiles (symmetrized).  
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Fig. 16. Rebar strains in PG-200-H, PG-200-SC and PG-200 slabs.  

M. Fasil et al.                                                                                                                                                                                                                                    



Construction and Building Materials 404 (2023) 133259

15

Concrete strains at CE-LM-T in PG-200-SC abruptly changed from 
negative strains to large positive strains of approximately 6,900 µε, as 
shown in Fig. 18 (a and b), which suggests that a drying shrinkage crack 
intercepted the embedded concrete strain gauge, as also observed in PG- 
200-H [13]. The strains at R-LM in PG-200-SC surpassed the concrete 
cracking limit (εct) of 104 µε on the 23rd day after casting. 

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, are plotted in Fig. 18 (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 to take different 
paths. As observed in previous comparisons, concrete strains near the 
top surface of the specimens (CE-LQ-T) were higher than those 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 µε and −127 µε, respectively, while in PG- 
200-SC, CE-LQ-T and CE-LQ-B were recorded to be −278 µε and −244 
µε. Fig. 19 (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 Fig. 19 (b) shows the peak strains at CE-LM-B and CE-LQ-B. 

4. Conclusions 

A detailed experimental work was conducted to assess the field 
performance of GFRP bar-reinforced concrete slabs-on-ground subjected 
to environmental exposure for 525 days. 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. The study 
focused on the effect of design parameters such as reinforcement type 
and spacing, slab thickness, and the presence of saw-cut contraction 
joint on the nature of concrete crack development and the evolution of 
rebar and concrete strain. Based on the findings of the experimental 
program, the following conclusions were drawn: 

• The crack mapping of the eight slabs revealed that a central promi
nent drying shrinkage crack developed in all GFRP bar-reinforced 
slabs. The crack widths in the six GFRP bar-reinforced slabs were 
within ACI 440.1R-15 and AASHTO LFRD code limits of 0.7 mm. The 
central cracks were developed in both ribbed and sand-coated GFRP 
bars. The rebar spacing of 200 mm (PG-200) and 300 mm (PG-300) 
did not have any significant impact on the crack width. However, for 
slabs reinforced with sand-coated GFRP (GG) bars, the slab with 300 
mm spacing (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.  

• Cracks in PG-200, PG-300, GG-200, PG-200-H, and PG-200-SC 
developed within the same timespan varying from 9 to 12 days as 

Fig. 16. (continued). 

Fig. 17. Peak rebar strain profiles in PG-200-H, PG-200-SC and PG-200 slabs.  
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Fig. 18. Concrete strains in PG-200-H, PG-200-SC and PG-200 slabs.  
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observed from sensors data, although there was a lag of 2 to 4 days 
when the cracks were visually observed on the slab. However, the 
sand-coated GFRP (GG) bar-reinforced slab with 200 mm spacing, 
GG-200 cracked at 18 days and had a significantly low crack width.  

• Rebar strains were found to vary significantly depending on their 
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 developed. Calculated 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.  

• 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 the 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, the measured 
strains at rebar level at 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.  

• The times of development of the central drying shrinkage crack as 
well as the observed crack width were similar in the 200 mm-thick 
slab, PG-200, and the 100 mm-thick slab, PG-200-H. Also, the peak 
calculated tensile stresses in the longitudinal rebars at midspan (R- 

LM) 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 µε and −227 µε. It was observed that 
reducing the thickness of the slab did not adversely affect the per
formance of the slabs-on-ground, in terms of cracking and strain 
evolution.  

• The slab specimen with the saw-cut contraction joint (PG-200-SC) 
and reference slab PG-200 developed the central cracks at approxi
mately the same time. However, the average crack width 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 in PG-200-SC 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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[15] D. Kušnírová, S. Priganc, Deflection of concrete slabs with GFRP reinforcement 
caused by shrinkage, Selected Sci. Papers – J. Civil Eng. 14 (2019) 113–118, 
https://doi.org/10.1515/sspjce-2019-0012. 

[16] R. Sonnenschein, N. Gazovicova, J. Bilcik, Experimental and Numerical Study of 
Early-age Cracking of Concrete Slabs Reinforced with Steel and GFRP Bars, ACT 19 
(2021) 1197–1211, https://doi.org/10.3151/jact.19.1197. 

[17] ACI. ACI 440.1R-15: Guide for the design and construction of structural concrete 
reinforced with fiber-reinforced polymer (FRP) bars. 1st printing. Farmington Hills, 
MI: American Concrete Institute; 2015. 

[18] E.A.V. Salan, M.K. Rahman, S. Al-Ghamdi, J. Sakr, M.M. Al-Zahrani, A. Nanni, 
A Monumental Flood Mitigation Channel in Saudi Arabia, CI 43 (2021) 33–41. 

[19] G. Gardiner, Composite Reinforcing Bars for Future Infrastructure, CI 43 (2021) 
23–26. 
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