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Abstract 

Premature corrosion of reinforcing steel is a significant concern for steel-reinforced concrete (RC) structures, often leading to 

deterioration before reaching their design life. To address this issue, glass fibre-reinforced polymer (GFRP) bars have proven 

effective as a corrosion-resistant alternative in structural elements such as beams, columns, and slabs. Recent studies have shown 

that concrete shear walls reinforced with GFRP bars exhibit acceptable performance in terms of ultimate strength. However, 

compared to conventional steel reinforcement, limited data exist regarding their cracking, deformation, creep susceptibility, 

long-term performance, and cost. In this paper, a parametric study using a finite-element analysis model, validated against 

experimental data, was conducted to evaluate the effect of common design variables in GFRP-reinforced concrete shear walls. 

The study identified optimal design solutions where GFRP-reinforced walls outperform conventional RC walls. The analysis 

revealed that optimal GFRP designs cost approximately 1.5 times more than steel-reinforced walls, with deflection and crack 

width emerging as critical factors influencing design feasibility. The use of high-strength concrete was found to have minimal 

impact on the feasible design region, while bond strength between GFRP bars and concrete significantly influenced crack width 

and overall performance. Furthermore, creep rupture was determined not to be a critical concern under typical loading 

conditions. The results highlight that feasible GFRP designs are governed by service conditions, whereas ultimate strength 

remains the primary constraint for steel-reinforced walls. 
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1. Introduction 

Steel reinforcement is highly susceptible to corrosion, es-

pecially in aggressive environments such as coastal areas, 

industrial zones, and regions with high humidity or de-icing 

salts. This corrosion compromises the structural integrity of 

reinforced concrete (RC) structures and leads to increased 

maintenance costs and reduced service life. In the early 1960s, 

the issue of steel reinforcement corrosion led to the investi-

gation of using fiber-reinforced polymer (FRP) to replace 

steel reinforcement in RC structures [1]. Unlike steel, which is 

prone to oxidation in the presence of moisture and chlorides, 

FRP bars are non-corrosive due to their composite nature. The 

absence of electrochemical processes that lead to corrosion in 

steel means that FRP-reinforced structures can maintain their 

integrity over extended periods, even in harsh conditions. 
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Various types of FRP reinforcement have been introduced, 

including carbon (CFRP), aramid (AFRP), basalt (BFRP), and 

glass (GFRP). Although CFRP offers the highest tensile 

strength, it is also the most expensive, while GFRP provides a 

more economical alternative, with tensile strength comparable 

to mild steel but at a significantly lower cost relative to CFRP. 

Consequently, GFRP holds substantial promise as a re-

placement for steel reinforcement, balancing performance and 

affordability. 

Early research on FRP-reinforced concrete has primarily 

focused on horizontal members such as beams and slabs. 

These studies indicate that FRP-reinforced beams can achieve 

higher ultimate flexural capacity than steel-reinforced coun-

terparts with the same reinforcement ratio due to the higher 

tensile strength of FRP bars [2]. However, because FRP bars 

generally have a lower elastic modulus, their cracked stiffness 

is reduced, resulting in wider cracks and larger deflections 

during service [2-5]. 

Similar observations hold for shear-critical beams and slabs, 

where concrete strength, shear span ratio, longitudinal rein-

forcement ratio, and stirrup configuration are significant 

factors influencing shear capacity [6, 7]. Columns confined by 

FRP ties provide adequate confinement and restraint against 

buckling [8, 9]. 

Despite these advances, research specifically targeting 

FRP-reinforced shear walls remains limited. Yamakawa and 

Fujisaki [10] conducted a study on one-third-scale shear walls 

reinforced with carbon-FRP (CFRP) grids, finding early 

degradation in lateral load capacity and low energy dissipa-

tion. These issues were attributed to the inability of CFRP 

grids to withstand compressive stress, insufficient develop-

ment length, and lack of concrete confinement. 

Recent numerical and experimental studies further cor-

roborate the feasibility of GFRP reinforcement for shear walls. 

Hybrid GFRP–steel shear walls and entirely GFRP-reinforced 

systems have achieved comparable strength and stiffness 

levels to their steel-reinforced counterparts while benefiting 

from corrosion resistance [11]. Notably, of GFRP-reinforced 

walls can maintain decent ductility and lower residual dis-

placements when properly detailed, although they may exhibit 

increased brittleness and reduced energy dissipation. Some 

studies have shown that at least 85% of the steel-reinforced 

wall strength can be achieved by GFRP-reinforced walls 

using different materials (e.g., seawater sea-sand concrete) or 

hybrid reinforcement strategies [12, 13]. Additionally, the 

dynamic (seismic) behavior of GFRP-reinforced walls has 

become an area of growing interest, as the linear elasticity of 

FRP bars may reduce hysteretic energy losses but can also 

minimize residual deformations after seismic events, thereby 

facilitating faster reoccupation [9, 13]. 

In addition to demonstrating improved corrosion resistance 

and moderate ductility, FRP-reinforced shear walls show 

potential for self-centering capabilities [11, 13]. These studies 

highlight the critical role of axial compression, reinforcement 

arrangement, and boundary detailing in reducing residual 

displacements under cyclic loading. Comprehensive para-

metric evaluations—ranging from finite-element simulations 

to deep learning frameworks—have further underscored the 

importance of systematically optimizing material parameters 

and geometric configurations in FRP-reinforced systems [14]. 

Nonetheless, the higher initial cost of FRP relative to steel 

remains a barrier to widespread implementation, placing 

emphasis on life-cycle cost assessment and efficient design 

strategies [12, 15]. Although more full-scale experimental 

data are needed to validate these approaches, the findings of 

recent research suggest that GFRP reinforcement, alone or in 

combination with steel, can be a viable alternative to con-

ventional steel reinforcement in shear walls—especially in 

aggressive environments where corrosion is of paramount 

concern. 

Building on these observations, a major challenge in the 

practical implementation of FRP reinforcement, especially 

GFRP bars, is their higher initial cost relative to standard steel. 

It has been noted that GFRP bars can be two to three times 

more expensive on a per-unit-weight basis—an upfront pre-

mium that many stakeholders may find prohibitive [16]. 

Where long-term durability benefits do not immediately offset 

this higher cost, GFRP adoption may be delayed or curtailed. 

Nevertheless, GFRP reinforcement can significantly reduce 

the frequency and extent of repairs associated with 

steel-reinforced structures in aggressive environments, 

thereby favorably influencing overall life-cycle costs. This 

benefit is particularly evident in applications where frequent 

maintenance or premature replacement of corroded steel 

would incur substantial expense. As such, optimizing the 

design of GFRP-reinforced shear walls can result in both 

technical and economic advantages over a structure lifespan 

[17]. Consequently, refining GFRP usage to attain perfor-

mance on par with steel while minimizing material demands 

is crucial to making FRP-reinforced shear walls economically 

viable. 

This research aims to explore design scenarios in which 

GFRP reinforcement can be used in shear wall structures with 

comparable performance to conventional steel reinforcement 

in a cost-effective manner, focusing on non-seismic areas 

where the dynamic performance requirements are less strin-

gent. A finite-element analysis (FEA) model was developed 

to simulate the flexural behavior of slender shear walls, val-

idated with the experimental tests conducted by Mohamed et 

al. [9]. A parametric study was conducted to evaluate the 

impact of typical design constraints—strength, deflection, 

cracking, cost, and long-term performance—on the feasibility 

of GFRP-reinforced shear walls. The study also explored the 

effects of using high-strength concrete and full bonding be-

tween GFRP bars and concrete. Additionally, a comparative 

analysis was performed between steel-reinforced and 

GFRP-reinforced shear walls to assess their relative perfor-

mance. By examining these factors, the research aims to 

identify optimal design solutions that satisfy performance 

requirements while remaining cost-effective. 
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2. Analysis Model for FRP-reinforced 

Shear Walls 

Effective numerical frameworks for modeling reinforced 

concrete membrane components under combined in-plane 

and shear stresses are offered by Vecchio [18]. In this study, 

a two-dimensional model of a concrete shear wall reinforced 

with GFRP bars was created using the VecTor2 fi-

nite-element software, which incorporates both strategies 

[19]. 

Concrete walls in this modeling technique were represented 

by quadrilateral elements. The stress-strain relationship out-

lined by Hoshikuma et al. [20] was used to characterize the 

compressive behavior of the concrete both before and after 

peak. The concept proposed by Vecchio and Lai [21] was 

used to account for slip-induced distortions in reinforced 

concrete. According to Bentz [22], tension stiffening effects 

were incorporated, and the Kupfer’s model [23] was used to 

calculate the confinement contribution. The Mohr-Coulomb 

criteria and the Variable-Kupfer model [24] were used to 

cracking and dilatation behavior, respectively. 

Sanded glass-FRP (GFRP) bars are the type of FRP rein-

forcement taken into consideration in this study, and their 

response was assumed to be linear. The compressive modulus 

of elasticity for GFRP was determined to be equal to the 

modulus of elasticity in tension (EgT=EgC=E), while the 

compressive strength of GFRP material (fguC) was taken as 50% 

of the ultimate tensile strength (fguT) [25]. For the GFRP re-

inforcement, which was represented as 1D truss components 

joined to the concrete by zero-length link elements, dowel 

action was disregarded. 

The bond-slip interaction (Figure 1) between the GFRP 

bars and the concrete was simulated using the stress-slip 

model proposed by Eligehausen et al. [26], which exhibits 

characteristics like the bond-slip curve for sanded GFRP 

bars described by Cosenza et al. [27]. A mesh-size sensitiv-

ity assessment helped determine a suitably refined mesh that 

could capture localized cracking patterns without excessive 

computational cost, leading to close agreement between the 

numerical predictions and the experimental outcomes. 

 
Figure 1. Eligehausen bond stress-slip response. 

Mohamed et al. [9] examined three GFRP-reinforced con-

crete shear walls. Quasi-static loading was used to test the 

specimens failure. The wall specimens were created in ac-

cordance with ACI 440 [28] and CSA S806 [29]. Figure 2 

displays the cross-section dimensions and reinforcement 

arrangement for the tested shear-wall specimens. 

The reinforcement ratios are listed in Table 1. Based on the 

confined concrete core (140*140 mm) and excluding the con-

crete cover, ρ and ρb represent the vertical reinforcement ratios 

in the web and boundaries, respectively; ρh represents the hor-

izontal reinforcement ratio in the wall web; and ρt represents 

the horizontal reinforcement ratio at the boundaries. 

Table 1. Reinforcement ratios of GFRP-reinforced shear walls. 

Walls ρ ρb ρh ρt 

G15 0.58 1.43 1.58 0.89 

G12 0.62 1.43 1.58 0.89 

G10 0.59 1.43 1.58 0.89 

The GFRP bars were selected to have properties consistent with those specified in CSA S807 [30] and were high-modulus, 

sand-coated glass FRP bars. Table 2 displays the characteristics of the GFRP bars. The concrete tensile (ft) strength was 3.5 MPa, 

while its compressive strength (f'c) was 40 MPa. 
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Table 2. Properties of GFRP bars. 

Bars 𝒅 (𝒎𝒎)  𝑨 (𝒎𝒎𝟐)   𝑬 (𝑮𝑷𝒂)  𝒇𝒖 (𝑴𝑷𝒂)  Ɛ𝒖 (%)  

GFRP #3 9.5 71.3 66.9 1412 2.11 

GFRP #4 12.8 126.7 69.6 1392 2 

 
Figure 2. Concrete dimensions and reinforcement configuration of GFRP reinforced concrete shear walls [9]. 

The load was applied in a displacement-controlled, cyclic 

manner that followed the load-displacement protocol in the 

experiment. Figure 3 presents the response envelopes from 

both FEA and experimental tests for walls G10, G12, and G15. 

Comparing the ultimate load capacities estimated by VecTor2 

with the experimental results demonstrates that VecTor2 

accurately predicts the flexural behavior of GFRP-reinforced 

shear walls within an acceptable margin of error. 

 
Figure 3. Lateral load versus top-displacement relationship for Experimental and FEA. 
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3. Parametric Study 

Although GFRP bars in reinforced concrete structures offer 

advantages such as high strength and excellent corrosion 

resistance compared to conventional steel reinforcement, their 

market adoption remains limited. This is due to factors in-

cluding their perceived high cost, uncertainties regarding 

long-term performance, and the differing design principles 

required compared to traditional steel rebar [31]. Demon-

strating the feasibility of using GFRP reinforcement involves 

identifying ranges of common design variables where GFRP 

can achieve comparable performance to steel-reinforced 

concrete structures while minimizing costs. 

To achieve this, the influence of common design con-

straints was analyzed through a parametric study focusing on 

ultimate strength and serviceability limit states. Then, the 

results for GFRP-reinforced concrete walls were compared to 

a reference steel-reinforced wall. This approach enables the 

identification of feasible regions where GFRP-reinforced 

walls meet or exceed the performance of steel-reinforced 

walls. This technique was first used by Al-Salloum and Hu-

sainsiddiqi [32] to determine the most economical design of 

the singly steel-reinforced rectangular beams built as per ACI 

318 [33]. Balafas and Burgoyne [31] used a similar tool to 

investigate the feasibility of using FRP reinforcement in 

beams using the same technique for T-beams reinforced with 

FRP bars. They defined the feasible region for 

FRP-reinforced members by plotting the beam depth vs. the 

percentage longitudinal reinforcement. This study used simi-

lar plots, using the wall length vs. vertical reinforcement ratio 

(w-ρ). The assumed material properties for the steel and 

GFRP materials used in the analysis are shown in Table 3. 

Table 3. Material properties of reinforcement. 

Material 𝑬(𝑮𝑷𝒂)  𝒇𝒚 (𝑴𝑷𝒂)  𝒇𝒖 (𝑴𝑷𝒂)  Ɛ𝒚 (%)  Ɛ𝒖 (%)  

GFRP 66.9 - 1412 - 2.11 

Steel 200 400 550 0.2 - 

 

3.1. Reference Wall 

A 9-storey high, an exterior steel-reinforced concrete shear 

wall assumed to be part of the load-resisting system of a 

building in a non-seismic zone was designed to comply with 

the requirements specified in CSA A23.3 [34] and ACI 318 

[35]. This wall is used as a reference wall and was chosen to 

be exterior wall as it is more vulnerable to corrosion. The 

reference wall height, width, and thickness were arbitrarily 

chosen as 27000 mm, 6750 mm, and 200 mm, respectively. 

The vertical and horizontal reinforcement ratios were 1.0 and 

1.5 percent, respectively. These ratios were selected arbitrar-

ily, as the focus of the research is not on the detailed design of 

conventional RC walls for specific regional loads but rather 

on comparing the performance of FRP- and steel-reinforced 

walls. Nonetheless, a survey of structural engineers indicated 

that these ratios are representative of designs commonly used 

in regions with high wind pressures [36]. The vertical and 

horizontal reinforcement ratios also comply with the mini-

mum reinforcement requirements specified in CSA A23.3 

[34], which are 0.15% and 0.2%, respectively. The gravity 

load, 𝑁, applied to the wall was set at 7% of its gross section 

capacity, aligning with typical values for walls in low- to 

mid-rise RC buildings [9]. It is assumed that the building 

deformation is governed by flexural behavior, with the walls 

acting as vertical cantilevers to resist lateral forces. The non-

linear responses are primarily concentrated in the lower sto-

ries of the structure. 

3.2. GFRP-reinforced Walls 

In the parametric study of GFRP-reinforced walls, key 

parameters such as wall width, reinforcement ratios, and 

material properties were varied to evaluate their impact on 

performance. These parameters were chosen because they can 

be adjusted by the structural designer without significantly 

affecting architectural constraints. In contrast, the height and 

thickness of the walls were kept constant to match the refer-

ence wall, simplifying comparisons. The analysis model 

discussed in Section 2 was used to investigate the behavior of 

GFRP-reinforced walls with varying widths and reinforce-

ment ratios. Wall widths (w) ranged from 4,500 mm to 13,500 

mm, resulting in height-to-width ratios of 2 to 6. This range 

ensures that the walls are slender and flexural failure is 

achieved. In addition, the horizontal reinforcement for the 

walls were selected to prevent shear failures. The wall 

thickness was maintained at a constant value of 200 mm for 

all designs. This thickness satisfies the minimum require-

ments specified in CSA A23.3 [34] and ACI 318 [35] to 

prevent out-of-plane buckling in shear walls. According to 

these provisions, the minimum thickness should be at least 

     , where    is the unsupported height of the wall. For 

the building under consideration, the unsupported height 
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corresponds to the story height of 3 meters, resulting in a 

minimum thickness of 120 mm. Figure 4 shows the schematic 

cross-section dimensions and the reinforcement details of the 

shear walls. The wall design is assumed to be typical of 

non-seismic regions and assumed to be governed by wind 

forces. 

 
Figure 4. Dimensions of GFRP-reinforced walls used in the parametric study. 

4. Results 

4.1. Ultimate Strength Constraint 

A FEA analysis model of the reference RC wall was de-

veloped, and a pushover analysis was conducted to determine 

the ultimate lateral strength. The ultimate strength was de-

fined as the peak load capacity. For the reference wall, this 

was determined as 1112 kN. Analysis models were then de-

veloped for the GFRP-reinforced walls with varying widths 

and vertical reinforcement ratios. Figure 5a illustrates the 

ultimate strengths of the GFRP-reinforced walls across dif-

ferent wall widths and reinforcement ratios. The recorded 

ultimate strength in kN is indicated by the numbers adjacent to 

the marks. Cross markings indicate walls that are as strong as 

or stronger than the reference wall, whereas round markers 

indicate walls that are not strong enough. The "strength con-

straint" line distinguishes the boundary between walls that 

meet the strength requirement (above the line) and those that 

do not (below the line). The shaded region in the figure rep-

resents the feasible zone, where GFRP-reinforced walls sat-

isfy the ultimate strength requirement and can be considered 

viable for further design evaluations. 

In general, there is a negative correlation between wall 

width and reinforcement ratio along the strength constraint 

line. Increasing the reinforcement ratio reduces the wall width 

required to achieve the same strength as the reference wall. At 

lower reinforcement ratios (e.g., 0.2%), the slope of the 

strength constraint line is steep, indicating a higher sensitivity 

of wall width to reinforcement ratio in achieving the same 

resistance as the reference wall. However, as the reinforce-

ment ratio increases, the slope of the constraint line flattens, 

suggesting that increasing the reinforcement ratio beyond a 

certain threshold has a diminishing effect on ultimate strength. 

This behavior is further explained in the following section. 

4.2. Balanced Sections Constraint 

Because GFRP bars do not exhibit yielding or an equivalent 

mechanism, design codes specify that failure must be gov-

erned by the crushing of concrete in compression rather than 

fracture of the tensile reinforcement [16]. For each wall, a 

minimum level of reinforcement—referred to as the balanced 

reinforcement ratio—ensures that failure is controlled by 

concrete crushing. This balanced ratio corresponds to a line on 

the (𝑤-𝜌) diagram, labeled the ―Balanced Section‖ constraint 

(Figure 5b). Simple plane-sectional analysis shows that, for a 

rectangular cross-section with uniformly distributed rein-

forcement, the balanced reinforcement ratio remains constant 

[36]. This explains that the flattened slope of the strength 

constraint line as the failure is governed by concrete crushing 

and increasing GFRP reinforcement will not enhance the 

strength significantly. 

4.3. Serviceability Constraints 

The serviceability of RC elements can be characterized by 

deflection and cracking service limit states. Deflections and 

crack widths must remain within permissible limits. The re-

inforcement type significantly affects the amount of deflec-

tion and cracking in reinforced concrete members. 

FRP-reinforced concrete structures exhibit larger deflections 

and wider crack widths compared to those reinforced with a 

comparable amount of steel due to the lower Youngs modulus 

of FRP [37, 38]. 

4.3.1. Deflection at Service 

The service deflection was controlled using two criteria. 

The first criterion specifies that the wall deflection under 

service load must not exceed the maximum allowable service 

displacement prescribed by the applicable building code. For 

example, according to the NBCC [39], the service displace-

ment limit is  /500, equivalent to 54 mm in this case. Simi-

larly, ASCE 7 [40] establishes a limit of  /400, correspond-

ing to 67.5 mm in this instance. 

Service deflection is defined by the second criterion as the 

amount that corresponds to the maximum permissible stresses 

of the materials (FRP, steel, and concrete). The maximum 

tensile stress in the steel bars for RC walls was set to 0.6fy, 

while the concrete compressive stress under service loads was 

limited to 0.4f’c. The FEA showed that the minimum service 

load was controlled by service stresses in the concrete, leading 

W = 4500 to 13500 mm

t = 200 mm
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to a service load of 546 kN and an associated deflection of 25 

mm at the top of the wall. This deflection was assumed to be 

the controlling service limit state, as it was smaller than that 

corresponding to the h/500 limit by NBCC. According to ACI 

440 [28], the service stresses in the FRP material for 

GFRP-reinforced walls were limited to 25% of its ultimate 

tensile strength. As a result, the allowable service FRP stress 

was 353 MPa. 

At the service load determined for the reference 

steel-reinforced wall (546 kN), all the GFRP-reinforced walls 

that exhibited deflections lesser than the maximum allowable 

service displacement (54 mm) while simultaneously exhibit-

ing material (concrete and GFRP) stresses smaller than their 

allowable limits, were deemed to be acceptable design options. 

Walls with larger deflections or exceeding the service stresses 

in the materials were considered unacceptable. The boundary 

line that divided the feasible and unfeasible alternatives cre-

ated the deflection constraint (Figure 5c). This boundary line 

reduced the feasible zone area, as the walls examined in the 

parametric study were governed by allowable deflections 

rather than strength. 

4.3.2. Crack Width at Service 

Crack widths in RC structures should be restricted primar-

ily to prevent corrosion, moisture penetration, and an un-

at-tractive appearance. In structures reinforced with FRP, 

crack widths tend to be larger than those in steel-reinforced 

struc-tures when subjected to similar loads, owing to the 

lower modulus of FRP compared to steel. Similar to tradi-

tional RC, increasing the FRP reinforcement ratio can help 

minimize crack widths [2, 41, 42]. However, when specific 

conditions such as water-tightness are not a concern, the 

maximum allowable crack width for FRP-reinforced struc-

tures can be more relaxed than for standard RC, given that 

FRP is not susceptible to corrosion. This is acknowledged in 

the provi-sions established by CSA S806 [29], which permits 

crack widths of 0.5 mm and 0.7 mm for exterior and interior 

envi-ronments, respectively, whereas the limits for 

steel-reinforced concrete are 0.3 mm and 0.4 mm. 

To assess how crack width influences the feasible region, 

the maximum crack width for each GFRP reinforced wall was 

calculated using the FEA model at the service load defined for 

a reference wall. Walls with crack widths at or below the 

allowable limit of 0.5 mm (for exterior exposure) were clas-

sified as being within the feasible zone. In contrast, those that 

exceeded this limit were viewed as failing to meet the crack 

width criteria under service conditions, as illustrated in Figure 

5d. As anticipated, the feasible region comprises walls with 

higher reinforcement ratios, resulting in closer bar spacing 

and narrower cracks. 
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Figure 5. Relationship between GFRP-reinforced wall width and vertical reinforcement ratio with different constraints: a) Strength, b) Bal-

anced sections, c) Deflection, d) Crack Width, and e) Creep rupture. 

4.4. Long-term Performance 

FRP materials exhibit a long-term strength significantly 

lower than their short-term strength under static load when 

subject to sustained tensile stresses [28]. The degradation in 

FRP strength is called creep rupture, an effect that has been 

observed to be more significant for GFRP than CFRP com-

posites [43]. Long-term creep effects must be accounted for in 

the design of beams and slabs since most of their reinforce-

ment experiences tension during sustained loading. For a 

shear wall, however, most of the compressive loads (dead and 

live load) are sustained, while the loads that cause tension in 

the reinforcement, such as wind and earthquakes, are transient. 

Therefore, if no sustained loading produces tension in the FRP 

bars, these should not be affected by creep, and the entire 

cross-section is expected to be entirely under compression. To 

illustrate, however, the effect of the creep constraint if the 

lateral loads are sustained, a long-term creep reduction in 

stress caused by creep was incorporated into the GFRP bars. 

Balafas and Burgoyne [31] proposed Eq. 1 to calculate the 

tensile stress of FRP reinforcement, modified due to creep 

failure, depending on the time th, in hours: 

𝑓𝑡 = 𝑓𝑖(1 − 𝛽 log 𝑡ℎ)               (1) 

Where fi is the initial FRP strength and ft shows the strength 

after time th. β is a 0.101 for GFRP bars [44]. According to 

CSA S806 [29], the strength of GFRP bars against creep 

rupture over a million hours should be greater than 35% of the 

ultimate tensile strength. In this study, the residual strength 

calculated based on the CSA criteria was 492 MPa, whereas 

Eq. 1 provided a less conservative estimate of 556 MPa, 

which was applied in the FEA model. Figure 5e shows that 

even if the bars are assumed to be subjected to sustained ten-

sile forces, as long as the deflection requirements are met, 

creep is not a critical concern in the design of 

GFRP-reinforced shear walls. 

5. Discussion 

5.1. Cost Function 

To determine the most cost-effective design for shear walls 

in the w-ρ diagram, the cost function (CF) must account for 

the expenses associated with flexural reinforcement and 

concrete, excluding the costs for horizontal reinforcement and 

formwork [32], as follows: 

𝐶(𝑤, 𝜌) = 𝐶𝑐(𝑤 × 𝑡 × (1 − 𝜌)) ×  + 𝐶𝑔(𝑤 × 𝑡 × 𝜌 ×  ) (2) 

Where Cc and Cg are the unit costs ($/mm
2
/m) of concrete and 

GFRP, respectively. The parameters w, t, and h represent the 

wall width (mm), thickness (mm), and height (m), respectively. 

The average unit costs for the materials used in the CF are pro-

vided in Table 4, which reflects data from a manufacturer survey 

conducted in 2017. The equation for the CF pertaining to 

GFRP-reinforced concrete shear walls is formulated in Eq. 3. 

𝐶(𝑤, 𝜌) = 116.8 6 𝜌𝑤 + 1.3  𝑤          (3) 

Table 4. Material costs. 

Material Cost ($/mm2/m) 

Concrete Cc=0.00025 

GFRP Cg=0.02189 

Steel Cs=0.00841 

The optimal design solution for GFRP-reinforced shear 
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walls can be obtained graphically by using Eq. 3. The chart in 

Figure 6 illustrates the CFs for shear walls at three price points: 

$15,000, $18,400, and $22,000. Each line in the graph rep-

resents numerous potential wall designs that share the same 

cost but vary in reinforcement ratios and concrete dimensions. 

In this case, walls costing $15,000 will not satisfy the design 

requirements as their CF is not intersecting the feasible zone. 

The optimum solution is the point or the points where the CF 

line meets the feasible zone at the lowest price. In this case, 

the optimal solution of GFRP-reinforced shear walls is lo-

cated at the intersection of the crack width and deflection 

constraints, costing $18,400. 

 
Figure 6. Flexural optimal solution for GFRP reinforced shear 

walls. 

5.2. Effect of Using High-Strength Concrete in 

GFRP-reinforced Walls 

 
Figure 7. The effect of high-strength concrete on the deflection 

constraint. 

The low Young's modulus of GFRP makes deflection at 

service levels a significant concern in GFRP-reinforced con-

crete walls when compared to other constraints. One solution 

to maintain deflections within permissible limits is the use of 

high-strength concrete [16]. The guidelines provided in CSA 

S807 [30] permit a maximum concrete strength of 80 MPa for 

designing FRP-reinforced concrete structures. In reinforced 

flexural members utilizing high-strength concrete, the con-

straints of a balanced section are more stringent than in those 

using normal-strength concrete. This is due to the greater 

amount of tension reinforcement required to counterbalance 

the compression forces in high-strength concrete applications. 

Consequently, the balanced section line shifts to the right in 

the w-ρ diagram, as illustrated in Figure 7, further narrowing 

the feasible area. Ultimately, the advantages of using 

high-strength concrete in GFRP-reinforced walls appear to be 

minimal. 

5.3. Effect of Bond Between GFRP Bars and 

Concrete 

Another important factor affecting crack width in RC 

structures is the bond between the reinforcing bars and the 

concrete [38, 45]. In flexural elements featuring FRP bars, 

which possess a lower modulus of elasticity compared to steel, 

the reduced bond strength can lead to larger crack widths [31]. 

This results in a more stringent constraint on crack width and 

limits the range of design solutions. 

To explore the impact of bond strength on crack width in 

walls, a simplified analysis was performed. The bond model 

applied for this assessment is based on the Eligehausen model 

[26], which is recommended for scenarios involving sanded 

FRP bars. To assess the upper extremes of bond stresses, a 

perfect bond between concrete and GFRP bars was assumed, 

particularly in situations where mechanical enhancement of 

adhesion occurs, such as with ribbed bars. The model employs 

a common-node approach to achieve the ideal bond scenario. 

 
Figure 8. Crack width constraint comparison between walls with 

perfect and intermediate bonds for GFRP bars. 
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As illustrated in Figure 8, assuming a perfect bond between 

GFRP bars and concrete results in a less stringent crack width 

constraint, shifting it leftward in the w-ρ diagram. This ad-

justment increases the area of feasible solutions and offers a 

more cost-effective alternative compared to the ideal flexural 

solutions for GFRP-reinforced shear walls, particularly under 

conditions of intermediate bonding. 

5.4. Comparison of GFRP and Steel-Reinforced 

Shear Walls 

In this section, a comparison is made between the w-ρ di-

agrams for shear walls reinforced with GFRP and those re-

inforced with steel. Figure 9 illustrates the design limitations 

for both types of shear walls. The analysis indicates that the 

strength constraint for steel-reinforced shear walls is more 

stringent than GFRP-reinforced shear walls. This is due to 

steel reinforcement having a lower ultimate strength com-

pared to GFRP, resulting in lower ultimate capacities for the 

steel-reinforced walls. The modulus of elasticity of GFRP is 

less than that of steel, making the deflection constraint for 

GFRP-reinforced walls more critical and thus reducing the 

feasible region. The requirement for controlling crack width is 

less severe in steel-reinforced shear walls, with the minimum 

reinforcement ratio necessary to control crack widths being 

two-thirds of that needed in GFRP-reinforced walls. 

 
Figure 9. Comparison of design constraints of steel and GFRP 

reinforced concrete shear walls. 

Figure 10 presents the allowable limits for steel rein-

forcement in shear walls as specified by the CSA A23.3 [34] 

standard, which identifies a minimum reinforcement area to 

prevent excessive cracking, as well as a maximum rein-

forcement ratio, known as the balanced reinforcement ratio, to 

ensure that the tension reinforcement yields before the con-

crete experiences crushing. Although the range for the al-

lowed reinforcement ratios in steel reinforced walls is wide, it 

is capped at a maximum value, which is not the case for the 

GFRP reinforced walls as the preferred failure mode is always 

concrete crushing which remove any upper limits for having 

GFRP reinforcement ratio. 

 
Figure 10. Reinforcement limits for steel-reinforced shear walls. 

 
Figure 11. Feasible zone and CF for steel-reinforced shear wall. 

Table 5. Comparison of the optimal design solution costs (GFRP and 

Steel reinforced shear walls). 

Shear walls Cost of the optimal design solutions ($) 

GFRP-reinforced 18400 

Steel-reinforced 12000 

Figure 11 shows the design limitations and feasible zones 

for steel-reinforced shear walls. Comparatively, the optimal 

design for steel-reinforced walls is less costly than for their 

GFRP counterparts, as detailed in Table 5. Although the ini-

tial investment for GFRP bars is approximately three times 

that of steel bars, the total cost for the optimal design of GFRP 

shear walls in this study is about 1.5 times higher than that of 
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steel-reinforced walls. It is also important to note that this 

analysis does not take into account long-term expenses related 

to the repair, maintenance, or replacement of steel-reinforced 

concrete structures that are vulnerable to corrosion. 

6. Conclusions 

This research utilized a validated finite-element analysis 

alongside established theoretical and computational models to 

predict the behavior of GFRP-reinforced concrete shear walls. 

A parametric study was conducted using this model to explore 

the effects of standard design limitations, represented through 

charts that link the flexural reinforcement ratio to wall width. 

The case study focused on a nine-story reinforced concrete 

structure, measuring 27 meters in height. The shear walls 

examined were the external structural wall of the building, 

identified as a slender wall. The study assessed a range of 

design constraints such as strength, balanced sections, de-

flections, crack widths, and creep. The investigation conceded 

several conclusions: 

1) The finite-element application of the Modified Compres-

sion Field Theory demonstrated its effectiveness in ac-

curately simulating the behavior of concrete shear walls 

reinforced with GFRP, particularly concerning their 

strength, deflection, crack formation, and failure modes. 

2) The feasible design region for GFRP-reinforced shear 

walls is influenced by the balance between wall width 

and reinforcement ratio. Increasing the reinforcement 

ratio reduces the required wall width, but its impact on 

strength diminishes at higher ratios due to the governing 

failure mode of concrete crushing. 

3) Deflection and crack width are critical factors for 

GFRP-reinforced walls. The lower modulus of elasticity 

of GFRP leads to stricter deflection and crack width 

constraints, reducing the feasible design region. Higher 

reinforcement ratios help reduce crack widths, meeting 

serviceability limits. 

4) Creep rupture is not a critical issue for GFRP-reinforced 

walls under typical loading conditions, as sustained 

loads primarily induce compression. Even under hypo-

thetical sustained lateral loads, the residual tensile 

strength of GFRP bars remains sufficient for design. 

5) The cost function analysis highlights that the optimal 

design solution for GFRP-reinforced shear walls is lo-

cated at the intersection of deflection and crack width 

constraints. 

6) Using high-strength concrete can mitigate deflection 

issues associated with GFRP-reinforced walls. However, 

the benefits are minimal as the balanced section con-

straints become more stringent, requiring greater 

amounts of reinforcement to balance the higher com-

pressive forces. 

7) The bond between GFRP bars and concrete plays a 

critical role in controlling crack widths. Improved bond 

strength, such as that achieved with ribbed or sanded 

GFRP bars, shifts the crack width constraint leftward in 

the w-ρ diagram, increasing the feasible design region 

and offering cost-effective solutions. 

8) GFRP-reinforced walls have less stringent strength 

constraints than steel-reinforced walls due to their 

higher ultimate strength. However, the lower modulus of 

elasticity of GFRP results in stricter deflection con-

straints, reducing the feasible design region. 

Although the initial cost of GFRP reinforcement is almost 

three times higher than that of steel, the optimal design solu-

tion of the GFRP reinforced shear wall found in this study was 

marginal, about 1.5 times more expensive than 

steel-reinforced shear walls. However, the study has some 

limitations that should be considered. Its scope is limited to 

non-seismic regions, which restricts the applicability of its 

findings to areas with higher structural demands, such as 

seismic zones. Additionally, while cost analysis was included, 

a detailed evaluation of the potential life-cycle savings and 

long-term economic benefits of GFRP reinforcement was not 

addressed. Future research could expand the scope and impact, 

particularly in exploring seismic performance and detailed 

life-cycle cost analysis. 

Abbreviations 

EgT Tensile Elastic Modulus of GFRP 

EgC Compressive Elastic Modulus of GFRP 

E Elastic Modulus of the Reinforcement 

fguC Compressive Strength of GFRP 

fguT Tensile Strength of GFRP 

ρ Vertical Reinforcement Ratio in the Web of the Wall 

ρb Vertical Reinforcement Ratio in the Boundaries of 

the Wall 

ρh Horizontal Reinforcement Ratio in the Web of the 

Wall 

ρt Horizontal Reinforcement Ratio in the Boundaries of 

the Wall 

f
’
c Compressive Strength of Concrete 

N Total Gravity Load Acting on the Wall 

w Length of the Wall 

t Thickness of the Wall 

h Height of the Wall 

d Diameter of the Bar 

A Cross-sectional Area of the Bar 

fy Reinforcement Yield Stress 

Fu Reinforcement Ultimate Strength 

Ɛy reinforcement Yield Strain 

Ɛu Reinforcement Ultimate Strain 

Cc Unit Cost of Concrete 

Cg Unit Cost of GFRP 

Cs Unit Cost of Steel 

fi Initial GFRP Strength 

ft GFRP Strength After Time th 

th Time in Hours 

β Creep Constant 
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