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Abstract. In cold regions, especially within Canada, the degradation of 
non-structural concrete components in challenging environmental 
conditions has become a pressing issue. Traditional steel reinforcements are 
known to be susceptible to corrosion. With anticipated climate shifts causing 
variations in temperature, precipitation, and freeze-thaw cycles, there's an 
increasing need for more resilient reinforcement materials to deter premature 
cracking in non-structural concrete components. This study delves into the 
advantages of using low-ductility fibreglass geogrids as reinforcement 
layers to curb crack development and augment the flexural performance of 
plain concrete beams. Tests were carried out on nine concrete beams, each 
measuring 550×150×150 mm, with diverse reinforcement setups. The 
emphasis was on evaluating load-deflection characteristics, energy 
absorption capabilities, and modes of failure. Results suggest that low-
ductility fibreglass geogrid reinforcement markedly enhances the flexural 
strength of plain concrete, outperforming control beams. Additionally, 
fibreglass reinforcement showcases enhanced crack resistance and post-
cracking behaviour than plain beams. A Finite Element Analysis (FEA) was 
also executed using the Abaqus software, and its accuracy was confirmed 
through experimental data comparisons, yielding numerical figures for mid-
span deflection and peak load. This research furnishes pivotal insights into 
the prospective use of progressive reinforcement materials to combat 
environmental challenges in colder climates. 

1 Introduction 
Traditional steel mesh or bars are commonly employed to enhance the durability of Portland 
cement concrete pavements, enabling them to withstand the pressures exerted by traffic loads. 
However, despite the fundamental improvements they provide, there are limitations to their 
utilization. These limitations include concerns about steel corrosion due to chemical reactions 
and challenges associated with placing reinforcing steel bars in thin sections, such as concrete 
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pavement overlays. Moreover, alternative reinforcement materials like fibre-reinforced 
polymer bars and grids are gaining prominence as substitutes for traditional steel 
reinforcement. 
 In light of steel limitations, various research endeavours have been undertaken to explore 
the use of polymeric geogrid as reinforcements for concrete elements. In a study by Tang 
(2008), both rigid and flexible biaxial geogrids were utilized to reinforce Portland cement 
concrete beams, under four-point bending tests. Results demonstrated that geogrids enhanced 
post-cracking ductility and flexural strength, with stiffer reinforcements outperforming 
flexible ones [1]. Additional research by El Meski (2014) and Pavithra (2022) evaluated 
geogrid reinforcement's mechanical impact on concrete overlays using various geogrid 
configurations, finding improved ductility, load-bearing capacity, and deflection resistance 
in geogrid-reinforced concrete beams compared to unreinforced specimens [2, 3]. Al Masri 
(2018) compared plain concrete beams to biaxial geogrid-reinforced ones using direct tension 
and four-point flexural bending tests, indicating a 130% higher load capacity and better post-
cracking ductility in reinforced beams, suggesting geogrids as steel replacements for ground 
concrete applications [4]. Itani (2016) investigated uniaxial geogrid-reinforced concrete's 
crack control performance, revealing a 25% higher tensile strength, superior post-cracking 
ductility, and improved crack control performance compared to plain concrete [5]. 
 In recent experiments conducted by Al-Hedad Abbas in 2019 and Rajesh Kumar in 2021, 
the influence of geogrid reinforcement on concrete slabs was assessed [6, 7]. Al-Hedad 
Abbas employed triaxial geogrid layers for reinforcement, while Rajesh Kumar compared 
the performance of steel-reinforced and geogrid-reinforced concrete slabs. Both studies 
concluded that the use of geogrids led to a notable improvement of at least 15% in flexural 
strength and enhanced crack resistance in concrete slabs [6, 7]. Additionally, Al-Hedad 
(2017) utilized 13 strain gauges to measure surface strain in control slabs and those reinforced 
with a triaxial geogrid layer positioned approximately 17 mm from the bottom, finding 
significant enhancements in flexural strength due to the presence of geogrids [8]. Notably, 
the mechanical properties of the geogrids were identified as pivotal factors in the reinforced 
concrete's performance, with stiff geogrids consistently yielding superior results. Building 
upon these prior findings, this study explores the mechanical contribution of stiff fibreglass 
geogrids as a novel reinforcement for non-structural concrete. It investigates the flexural 
performance of fibreglass-reinforced concrete beams by comparing them with plain concrete 
specimens. 

2 Experimental program and results 

2.1 Testing program and materials 

The experimental campaign encompassed nine beams categorized into three groups. The first 
category comprised the control specimens where no reinforcement was used. In the second 
and third categories, fibreglass reinforcement was tested at depths of 15 mm and 45 mm, 
respectively. The nine concrete beams were constructed using a type І Portland cement 
concrete mix, along with ¼" coarse aggregate, ½" coarse aggregate, and sand. The coarse 
aggregates to medium aggregate to sand to cement proportions by mass were 0.42: 1.17: 1.16: 
1 with a water-cement ratio of 0.4. Notably, the maximum aggregate size was deliberately 
chosen to be smaller than the geogrid aperture dimensions, ensuring larger aggregates could 
easily pass through. 
 Furthermore, the concrete mix possessed an average slump of 120 mm, promoting 
effective contact and interlocking between the aggregates and geogrids. Following the 
mixing process, the concrete was poured into moulds and allowed to cure for a duration of 

28 days before undergoing testing. Additionally, eight separate concrete cylinders were 
subjected to compressive and tensile split tests according to ASTM C 39 and C 496, 
respectively, resulting in nominal strengths of 30MPa and 3MPa, with a coefficient of 
variance of 1.7 and 2, respectively [9, 10]. 
 The material properties of the low-ductility fibreglass geogrid were obtained from recent 
research by Shokr et al. (2021), as shown in Figure 1  [11]. At room temperature, the 
fiberglass geogrid exhibited an ultimate tensile strength of 105 kN/m and an ultimate strain 
of 2%. All samples in this study were sourced from the same roll of this particular geogrid 
material. 
 

 
Fig. 1. Tensile load-strain curve of fibreglass geogrid adopted from Shokr et al. (2021) 

2.2 Testing program and materials 

Nine wooden moulds, measuring 550×150×150 mm, were prepared and filled with the first 
layer of concrete. A vibration table was used to consolidate the concrete and create a smooth 
surface. A 55×15 cm geogrid sheet was placed precisely at the bottom of each beam, followed 
by pouring a second batch of concrete and finishing the surface. A rectangular glass notch, 
150 mm wide and 15 mm deep, was attached to the mould's bottom at its midpoint. The 
concrete for all specimens was prepared in three batches, with each specimen cast from a 
single batch to minimize variability. Additionally, concrete cylinders were produced to test 
concrete strength and variability, and the results showed minimal batch-to-batch variability. 
The concrete specimens were subjected to flexural testing, which involved applying a 
continuous vertical load at the midpoint of the beam using an MTS machine equipped with a 
150 kN load cell, as depicted in Figure 2. The loading was conducted in displacement control 
mode with a 1.2 mm/min crosshead rate. Prior to each test, a steel ruler was affixed to the top 
mid-span of the beam. This setup allowed for the placement of two linear variable differential 
transformers (LVDTs) at each end to measure the displacement at the mid-span, as shown in 
Figure 2. The four-point bending test was carried out using data acquisition software 
(Testworks), which recorded data concerning both the applied loads and the vertical mid-
span displacements until the point of failure was reached. 
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Fig. 2. MTS loading machine for four-point flexural tests 

2.3 Testing program and materials 

This section presents the test results for different types of concrete beams. Control beams, 
without reinforcement, experienced brittle failure with a peak load of 25 kN. Fibreglass 
geogrid-reinforced beams at 15 mm exhibited post-crack behaviour at higher loads, with a 
35% increase in peak load compared to the control beams. This improvement in load capacity 
was attributed to the fibreglass geogrid's high strength and low ductility. Fibreglass geogrid-
reinforced beams at 45 mm depth had a similar peak load to the control beam, but the load 
was redistributed to the geogrid after reaching this point, resulting in further load-carrying 
capacity until the beam's total failure. The depth of reinforcement plays a key role as the 
smaller depth allows for a larger amount of tensile reinforcement to resist bending moments 
and increase the beam’s overall strength. The modulus of rupture for each specimen was 
calculated using the ASTM 2015 equation [12]. 

 
R = pl/bd2       (1) 

 

In this equation, R represents the modulus of rupture in MPa, P denotes the maximum 
applied load by the testing machine in N, l stands for the span length in mm, while b and d 
correspond to the average width and depth of the specimen in mm, respectively. Based on 
the average of three replicated specimens per set, it has been demonstrated that specimens 
reinforced with fibreglass geogrid at a depth of 15 mm exhibit an increase in their rupture 
modulus up to 33% and up to 12% for the specimens with reinforcement at 45 mm, in 
comparison to control beams. 

 

 
Fig. 3. Load versus mid-span deflection for the three replicate control beams and 

fiberglass reinforced beams  

2.3.1 Fracture energy 

Fracture energy serves as a critical parameter in evaluating the fracture characteristics of 
concrete, providing valuable insights into its crack resistance[13, 14]. While direct tension 
testing theoretically offers the most precise means of determining concrete's fracture energy, 
practical limitations arise due to concrete's limited deformation capacity and the stiffness of 
test specimens. Consequently, alternative methods involving three-point or four-point load 
tests have become prevalent for evaluating concrete's fracture energy by calculating the area 
beneath the load-deflection curve  [15–18]. A notable improvement in fracture energy is 
observed when implementing fibreglass geogrid reinforcement in concrete beams, as 
depicted in Figure 3. Beams reinforced with fibreglass geogrid exhibit a substantial 
enhancement in fracture energy, ranging from 35% to 60%, compared to control beams. This 
enhancement is contingent on the reinforcement depth and can be attributed to the superior 
strength and lower ductility of fiberglass geogrid compared to conventional polymeric 
geogrids. 

2.3.2 Failure mode 

Figure 4 provides visual representations of the diverse failure modes observed in each 
specimen configuration. Control beams, lacking any reinforcement, exhibited brittle failure. 
In contrast, the fibreglass-reinforced specimens demonstrated ductile behaviour, with the 
concrete and geogrid working together to absorb the tensile stresses induced by bending. In 
the Fiberglass geogrid reinforcement, the beam's structural integrity was maintained even 
after the total failure occurred, with cracks extending to the top of the beams, as evidenced 
in Figure 5c. 

 

 
Control Beam Reinforced Beam 

 
Fig. 4. Failure modes for control and reinforced beams 

3 Finite element modelling  

3.1 Material model and solution technique 

Finite Element Analysis (FEA) was conducted using Abaqus software to simulate 
experimental data from control and beams reinforced with low ductility fibreglass geogrid. 
The study involved sensitivity analyses to optimize mesh sizes and step sizes for improved 
outcomes. Concrete properties were represented using 8-noded hexahedral elements 
(C3D8R) capable of simulating cracks in tension and compression zones, while 
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reinforcements were modelled with 2-noded linear truss elements (T3D2). To simplify the 
modelling process, the combination of fibreglass reinforcement and concrete was achieved 
using the tie command (Embedded), mirroring the assumption of perfect bonding between 
internal bars and concrete in theoretical analysis. 
 Concrete Damage Plasticity (CDP) is a constitutive modelling approach employed in 
structural engineering to simulate the nonlinear behaviour of concrete under various loading 
conditions. It's widely recognized for its ability to capture the post-peak softening behaviour 
of concrete, making it a crucial tool for analyzing and designing structures subjected to 
complex loading scenarios [19, 20]. The Concrete Damage Plasticity model was initially 
formulated by Lubliner et al. in the early 1980s and has since undergone various 
modifications and enhancements by researchers in the field [21, 22]. These modifications 
have improved the model's accuracy and applicability to a wide range of concrete materials 
and structural configurations. 
 The (CDP) model relies on essential parameters such as the viscosity parameter, the 
dilation angle, the flow potential eccentricity and the ratio of initial biaxial compressive yield 
stress to initial uniaxial compressive yield stress. Each parameter plays a unique role in 
accurately describing the behaviour of concrete under various loading conditions. The model 
was validated using experimental data obtained from control beams. The finite element 
model consists of two materials: concrete and Fiberglass geogrid reinforcement. The 
concrete's compressive strength is established at 30 MPa, determined through standard 
compressive cylinder tests. 
Additionally, the modulus of elasticity of concrete (Ec) is calculated using the equation Ec = 
4700 f’c0.5, as specified by the ACI Code [23]. Furthermore, a Poisson's ratio of 0.2 has been 
chosen to represent the concrete's elastic response. A dilation angle of 40 was uniformly 
applied in simulating all specimens as recommended by several researchers [24, 25]. For 
critical parameters like the yield shape surface, Kc, and eccentricity (ε), the Concrete Damage 
Plasticity (CDP) model recommends values of 2/3 and 0.1, respectively, as per references 
[26–28]. 
 After conducting sensitivity analyses involving three different maximum increment 
values (0.01, 0.001, and 0.0001), it was determined that the influence of varying the 
maximum increment on the results is relatively minor. Consequently, the choice was made 
to use the maximum increment of 0.01, optimizing computational efficiency. The viscosity 
parameter was found to substantially impact the load-deflection response of the beam, as 
highlighted in references [27, 29, 30]. Recommended values for viscosity range from 0 (as 
suggested by [20, 31]) to 0.5 (as recommended by[27, 30]). Five different values (0.5, 0, 
0.01, 0.001, 0.0001) were considered in a sensitivity analysis to explore the effect of the 
viscosity parameter. Ultimately, a viscosity value of 0.001 was selected due to its superior 
agreement with the experimental results in terms of ultimate load capacity and load-
deflection response. 

For modelling the fibreglass response, an isotropic linear elastic response was adopted 
within Abaqus without implementing any damage criteria until the point of failure. This 
choice of linear elastic behaviour for fibreglass geogrid was made because it typically 
exhibits a brittle failure mode after reaching its yield point without undergoing plastic 
deformation. This modelling approach aligns with recommendations found in several 
research studies addressing the behaviour of GFRP (Glass Fiber Reinforced Polymer) bars, 
which share similarities with fibreglass geogrid in terms of their brittle and elastic 
characteristics [32–35]. It's essential to emphasize that both fibreglass geogrid and GFRP are 
classified as brittle materials characterized by their elastic behaviour. The final numerical 
model is shown in Figure 5.  

 
Fig. 5. The 3D FE mesh for the concrete beam   
 

3.2 Results  

The Abaqus techniques were used to simulate both the control beam and the Fiberglass 
geogrid-reinforced concrete beam at 15 mm and 45 mm depths, as described in the previous 
section. This section aims to validate the numerical modelling method by comparing the 
simulation results with the experimental findings. Figures 6 and 7 provide the ultimate load 
and corresponding displacement data for the three beam configurations, as obtained through 
simulation and experimentation, respectively. In the case of the control beam configuration, 
the Finite Element Analysis (FEA) shows a slightly stiffer response compared to the 
experimental results, which could be attributed to microcracking of the beam before testing. 
However, for the other reinforced configurations, the Finite Element simulation demonstrates 
a good agreement, with differences ranging from 3% to 12% when compared to the 
experimental results in terms of ultimate load and corresponding displacement. It's important 
to note that the failure mode observed in the simulation aligns with the failure mode in the 
experiment. This alignment was crucial to the Finite Element calibration process, enhancing 
the model's reliability. 
 

 
Fig. 7. Ultimate loads for all beam configurations for experimental and FE analysis 
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Fig. 8. The corresponding displacements for all beam configurations for experimental and 
FE analysis 

4 Conclusions 
This study presents the findings of an experimental and numerical investigation into the 
flexural behaviour of concrete beams reinforced with low-ductility fibreglass geogrids. A 
total of nine concrete beams were meticulously prepared and subjected to four-point bending 
tests. The outcomes of these beam flexure tests underscore the advantages of employing 
geogrid reinforcement in concrete beams. Both geogrid reinforcement configurations at 15 
mm and 45 mm depth demonstrated ductile post-cracking behaviour, increased deflection 
capacity, and elevated fracture energy compared to unreinforced beams. Moreover, 
Fiberglass geogrid-reinforced beams at 15 mm exhibited post-crack behaviour at higher 
loads, with a 35% increase in peak load compared to the control beams. It is essential to 
emphasize that the physical and mechanical properties of the geogrid exert a substantial 
influence on the flexural performance of the reinforced beams. Additionally, it is worth 
noting to highlight that the concrete beams reinforced with fibreglass geogrid maintained 
their structural integrity even when they reached the point of total failure. This starkly 
contrasts with the control beams, which experienced immediate brittle failure and separation. 
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