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العربى : الملخص  

ٝعذ اعزخذاً قعجبُ اىصيت فٚ رغيٞؼ ادععبء اىخشعبّٞخ عشظخ ىيزآمو اىزٛ ٝئصش عيٚ ادداء اىعبً ٗاىَزبّخ خبصخ 

ىيعْبصش اىخشعبّٞخ اىَعشظخ ىجٞئخ عذٗاّٞخ. ؽذٝضبً, رغزخذً قعجبُ اىج٘ىَٞشاد اىَق٘ٙ ثبدىٞبف اىضعبعٞخ مزغيٞؼ 

اً ىَقبٍٗزٖب ىيزآمو اظبفخ اىٚ اسرفبم ٍقبٍٗزٖب ععٖبداد اىشذ اىعبىٞخ ّغجخ اىٚ ثذٝو ىيعْبصش اىخشعبّٞخ ٗرىل ّظش

ٗصّٖب. ثبىشهٌ ٍِ رىل, اىقيٞو ٍِ اىذساعبد اىغبثقخ رْبٗىذ اعزخذاً قعجبُ اىج٘ىَٞشاد اىَق٘آ ثبدىٞبف اىضعبعٞخ 

يؾخ ثبعٞبؿ اىصيت, ٗقعجبُ ىزق٘ٝخ عذساُ اىقص اىخشعبّٞخ. ٝزْبٗه ٕزا اىجؾش دساعخ أداء عذساُ اىقص اىَغ

اىج٘ىَٞشاد اىَق٘ٙ ثبدىٞبف اىضعبعٞخ , ٗاٝعبً ّظبً رغيٞؼ ٕغِٞ ٝذٍظ ثِٞ اعزخذاً قعجبُ اىصيت ٗقعجبُ 

اىج٘ىَٞشاد اىَق٘آ ثبدىٞبف اىضعبعٞخ  رؾذ رؤصٞش ادؽَبه اىذٗسٝخ اىغبّجٞخ. ٗقذ رٌ اقزشاػ ٗاخزجبس اىزغيٞؼ اىٖغِٞ 

يت ٗاىج٘ىَٞشاد اىَق٘آ ثبدىٞبف اىضعبعٞخ  ععشاء فؾص شبٍو ىقذسح ٕزا اىْظبً عيٚ اىزٙ ٝذٍظ ثِٞ قعجبُ اىص

                                                        رغيٞؼ عذساُ اىقص اىخشعبّٞخ اىَغيؾخ فٜ اىَجبّٜ اىَز٘عطخ الاسرفبم

لإنشائى، الأحمال الديناميكيةحوائط القص، الخرسانة المسلحة، السلوك ا الكلمات المفتاحية :  

 ABSTRACT : 

The use of steel bars for reinforcement of concrete members is vulnerable to corrosion 

which affect on the overall performance and durability of concrete elements subjected to 

aggressive environment. Glass-Fibre-Reinforced-Polymer (GFRP) bars are used as 

alternative reinforcement for their corrosion resistance and high tensile-to-weight ratio. In 

addition, the use of GFRP bars to reinforce concrete shear walls is rarely. This paper 

investigates the performance of shear walls reinforced with steel, GFRP, and even a 

combination of them (hybrid steel-GFRP) under lateral cyclic loading. Six RC shear walls 

reinforced with steel and GFRP bars were tested under pseudo-static reversed-cyclic lateral 

load. Three shear walls were reinforced by GFRP bars as longitudinal and transversal 

reinforcement, and two walls were reinforced with hybrid GFRP-steel bars with different 

ratios of web reinforcement. A reference specimen, reinforced by ordinary steel bars, was 

also introduced to certify the capability of GFRP as reinforcement bars. The results 

indicated that the GFRP-reinforced concrete slender walls had a stable hysteretic response 

and small residual drift up to failure. Higher displacement capacity, increased lateral 
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strength and equivalent viscous damping coefficient were observed with the increase of 

GFRP web reinforcement ratio. Moreover, the fundamental period of GFRP and hybrid 

GFRP-steel reinforced walls can reach more than twice its original value prior to failure.  

The hybrid steel-GFRP reinforcement was proposed and tested to thoroughly investigate 

the capability of this system for reinforced concrete shear walls in mid-rise buildings. The 

GFRP bars were used to achieve stable resistance capacity and small residual deformation, 

thus eliminating the steel corrosion problem and consequently providing more safety to 

RC shear wall structures and reducing their maintenance cost. Moreover, the effects of the 

GFRP web reinforcement ratio on different behavioural aspects are also investigated, and 

the results quantify the strength and deformability characteristics of Hybrid GFRP-steel 

reinforcement walls. 

KEYWORDS: Hysteretic behaviour, Reinforced concrete, Shear walls, Seismic           
behavior 

 

1. INTRODUCTION 

The use of reinforced concrete (RC) walls is frequently recommended as a reliable bracing 

solution with promising performance for lateral load resistance and drift control in mid- 

and-high-rise buildings. This fact was experimentally confirmed in literature as RC shear 

walls offered high lateral strength, stiffness, and deformation capacity under seismic 

loading. Therefore, it is essential to understand the actual behaviour of RC shear walls and 

its seismic performance in order to appropriately analyse their failure mechanisms and 

create more dependable and cost-effective designs, knowing that the performance-based 

design techniques are increasingly frequently used for new structures [1-3].  

A shear strength failure criterion for shear walls was established in earlier investigations 

[4]. In the study, a database of previous testing on minimally reinforced shear walls was 

put together and examined. The findings showed that the quantity of boundary 

reinforcement provided, the existence of axial load, and the position of a weak plane joint 

on the wall were the most significant elements that affect the nominal shear strength. Oh et 

al. [5] studied the effect of boundary element details, confinement, and end configurations 

of RC structural walls on their deformation capacities. The study included testing Four 

full-scale wall specimens (three rectangular and a barbell-shaped cross-section wall) 

having different transverse reinforcement content at the boundaries. The authors concluded 

that the barbell and the well-confined rectangular wall showed similar deformation 

capacities, drift ratio and energy dissipation. Beyer et al. [2], tested half-scaled U-Shaped/ 

channel-shaped structural walls to evaluate their flexural behaviour in different loading 

directions. The tests indicated that the most critical direction was the diagonal loading 

direction, where the displacement capacity was the smallest. Preti and Giuriani [6] 

investigated the ductility of the reinforced concrete structural walls in buildings of mid-rise 

height. In this study, a full-scale five-story RC wall was tested. The wall was reinforced 

with unusual large rebar diameters uniformly distributed along the wall length. High 

ductility capacity was attained for the tested wall, ensuring a uniform crack pattern and 
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eliminating any premature web rebar fracture, shear sliding, and crack localisation in the 

web region. 

According to experimental findings in the literature, the behaviour of shear walls is 

primarily depended on the geometric characteristics of the walls; for squat walls 

 the response is governed by shear, while the response of slender walls  

 is dominated by flexural [1,4,7]. This study focuses on slender shear walls, 

commonly used for mid- and high-rise buildings. They are usually designed to resist lateral 

loads primarily through flexural behaviour and to withstand significant inelastic flexural 

deformations prior to strength loss, i.e., ductile behaviour. 

The selection of reinforcement is one of the most crucial factors to be considered when 

designing reinforced concrete (RC) structures. Despite the fact that conventional steel has 

long been the most common type of reinforcement for concrete structures, its susceptibility 

to corrosion presents a significant problem for buildings located in harsh climates. Steel 

corrosion causes the effective cross-section of the reinforcing bars to decrease drastically, 

eventually resulting in unexpected failures. Corrosion causes a reinforcing steel bar's 

volume to increase by up to three times its initial size. Additionally, the surrounding 

concrete might also spall and crack as a result of that expansion [3]. Conversely, GFRP 

reinforcing bars are inherently immune to corrosion, which offers a desirable alternative to 

conventional steel reinforcement for reinforced concrete structures, including columns, 

beams, and one-way and two-way slabs [8-13]. 

The interest in using Glass fibre reinforced polymer (GFRP) bars lies within their 

resistance to corrosion of the reinforced concrete structures where climatic condition is 

aggressive [14, 15]. Besides high corrosion resistance, GFRP bars in reinforced concrete 

structures have shown advantages such as a higher tensile strength-to-weight ratio than 

steel reinforcement and their ability to conform to uneven surfaces. However, there are still 

few applications of FRP, and its use is not widespread. Lack of design knowledge among 

practising engineers is one of the primary challenges facing the designer of FRP-reinforced 

concrete elements. The nearly elastic stress-strain response of FRP reinforcing materials is 

another limitation since it precludes their application in areas prone to seismic events 

where ductility and nonlinear behaviour are desired [3].  Thus, the purpose of this research 

is to determine whether GFRP bars could be used as a primary reinforcing element or as 

part of a hybrid GFRP-steel reinforcement for reinforced concrete shear walls. The 

main objective is to better understand the failure mechanisms of GFRP-RC shear walls by 

evaluating its behaviour and response under in-plane cyclic loads. This study focused on 

the seismic performance of slender (flexural controlled) shear walls, as they are commonly 

used in mid-to high-rise buildings. Although the current study considered only one type of 

FRP reinforcement, GFRP, the results can still be easily implemented in other FRP types. 

 

2. Material and methods 

2.1. Wall Specimens 
Six RC shear walls were tested as part of the experimental programme under quasistatic 

cyclic loading till failure. The tested walls included three GFRP-reinforced specimens 

(GW1, GW2, and GW3), one reference steel-reinforced specimen (SW1), and two walls 
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with hybrid GFRP-steel reinforcement. The minimum thickness and reinforcement details 

were designed according to [16] for the steel-reinforced wall and [17] for the GFRP-

reinforced walls. Plane sectional analysis was adopted to predict the ultimate lateral load 

(Figure 3), assuming the concrete compressive strain  limit equals 0.003. Internal 

force equilibrium (Eq. 1) and strain compatibility relationship (Eq. 2) formed the bases for 

the utilized plane-sectional analysis [18]; consequently, the flexural strength of the RC 

wall was determined. 

 

Eq. 1 

 
Eq. 2 

The theoretical shear strength  was determined using sectional shear-analysis 

equations as the sum of the concrete shear strength  and the shear strength  

provided by horizontal web reinforcement  [19], as shown in Eq. 3-5. 

 Eq. 3 

 
Eq. 4 

 
Eq. 5 

The tested walls were designed with adequate reinforcement to ensure flexural domination 

and prevent sliding shear and anchorage failures. Moreover, two layers of vertical 

reinforcements were provided for all walls to limit the potential out-of-plane displacement 

and increase the walls' stability [20, 21], as shown in Table 1. Figure 4 presents the 

concrete dimension and reinforcement details of the tested walls. 

Table 1 - Details of the wall specimens 

Specimens 
Vertical reinforcement (%) Horizontal reinforcement 

Predicted 

capacity 

No. & size 
  No. & size 

  (kN) 

Steel-Reinforced 

wall 

SW - 

Control 
10 T12

a
 0.71 - T8

b
@ 125 mm 0.40 - 86.00 

Hybrid GFRP-

steel reinforced 

walls 

SGW1 
4 T12 + 

6F4
c
 

0.28 0.48 F3@ 125 mm - 1.01 97.64 

SGW2 
6 T12 + 

10F4 
0.42 0.79 F3@ 125 mm - 1.01 93.17 

GFRP-reinforced 

wall 

GW1 10F4 - 0.79 F3@ 125 mm - 1.01 133.83 

GW2 16F4 - 1.27 F3@ 125 mm - 1.01 140.85 

GW3 22F4 - 1.74 F3@ 125 mm - 1.01 174.75 

a
Steel bars ; 

b
Steel bars ; 

c
GFRP bars No. 4. 
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Figure 3 – Force equilibrium and strain distribution in wall cross-sections 

 

2.2. Materials 
All specimens were constructed using normal-weight and ready-mixed concrete with a 

targeted concrete compressive strength  of 30 MPa. Three concrete cylinders with 

150mm diameter and 300mm height were prepared from each pour and tested under 

compression following [22]. For steel reinforcement, 8mm Grade 240/350 steel bars were 

used for horizontal reinforcement and 12mm Grade 400/600 steel bars were used for 

vertical reinforcement. Moreover, #4 sand-coated straight GFRP reinforcing bars were 

used for the horizontal and vertical reinforcement 

. U-shaped steel bars of 

8mm diameter were used at both ends of the GFRP-reinforced walls to avoid the bent 

proportion of GFRP bars (Figure 5). 
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Figure 4 – Concrete dimensions and details of reinforcement configuration of walls (a) SW1 (b) SGW1, (c) 

GW1, (d) SGW2, (e) GW2, and (f) GW3. All dimensions in mm 

 

2.3. Testing and instrumentation 
A lateral reverse-cyclic load was applied at the top of the walls using a displacement-

controlled hydraulic actuator with a maximum stroke of ±250 mm while restraining any 

potential horizontal movement at the base and the vertical movement of each tested wall. 

No axial load (other than self-weight) was applied to walls during testing. Five LVDTs 

were used to measure and record the vertical and lateral displacements at various points. 

Strain gauges were attached to the two outermost vertical reinforcement bars 100 mm 

above the interface between the wall and the foundation. The horizontal deflection was 

measured at the top of each wall to control the displacement protocol. The wall specimen 

was positioned between two reaction steel frames, and a specially fabricated load transfer 
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system was fixed on the wall's top height, consisting of steel-plated and high-strength steel 

rods. The lateral load was applied at the steel girder using a 500 kN hydraulic actuator, 

which was fixed to the strong reaction frame and the load-transfer system of the walls, as 

shown in Figure 6. The imposed lateral loading protocol comprised two fully-reversed 

lateral drift cycles (Figure 6b) applied at gradually increasing drift levels as per FEMA 

461-07 [23]. 

 

Figure 5 – Reinforcement configuration of (a) steel, (b) hybrid steel-GFRP, and  (c) GFRP reinforced walls 

 

3. Main test results  

3.1. Displacement Response History 
The shear wall's seismic performance significantly depends on the force versus 

displacement relationship. Continuous plots of applied force versus displacement 

hysteresis relationships and envelope curves of all tested walls were recorded and plotted 

in Figure 7-7. In each graph, the vertical, , and horizontal, , reinforcement ratios are 

shown.  The top right quadrant shows the load-displacement relationships in the push  

direction, and vice versa for the bottom left quadrant that plots the load-displacement 
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relationships in the pull  direction. The primary axes plot the lateral force  acting 

on the wall versus the top displacement  obtained from the recorded displacement from 

the top horizontal LVDT. The secondary axes of the presented graphs display the drift  

versus load multiplier . The load multiplier (non-dimensional load format) is defined as 

the ratio of the wall‘s lateral force resistance to its self-weight . 

 

Figure 6 – Layout of the test setup and used LVDTs (a), Applied displacement-controlled loading 

history (b) and (c) schematic 3d view of the tested walls 

 

Overall, the hysteretic response of the tested walls appears to be self-centring and showed 

reasonably stable lateral load-displacement relationships. The behaviour in the push and 

pull loading directions was almost symmetric, with no significant load or displacement 

residuals over a large part of the test until concrete crushing occurred at one end. 

For steel-reinforced and hybrid steel-GFRP reinforced walls (SW and SGW), the 

performance of the specimens was initially elastic, followed by an inelastic behaviour with 

gradual degradation in stiffness until the failure occurred. The hysteretic curves presented 

thin and slender loops upon the yielding of the outmost steel bars, indicating initially stiff 

behaviour and a lower level of damage. The slope of the curve decreased in each loading 
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cycle beyond the initial uncracked stage. With the subsequent cycling of the wall, the slope 

of the curve further degraded into relatively wider loops of higher displacement levels 
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Figure 7 – Hysteretic load-displacement response of steel reinforced wall (SW1) 

 

-4.81 -3.61 -2.41 -1.21 -0.01 1.19 2.39 3.59 4.79

-13.72

-10.29

-6.86

-3.43

0.00

3.43

6.86

10.29

13.72

-140

-112

-84

-56

-28

0

28

56

84

112

140

-125 -100 -75 -50 -25 0 25 50 75 100 125

% Drift

L
o
a

d
 M

u
lt

ip
li

er
  
(λ

)

L
o
a

d
 L

o
a

d
 (

k
N

)

Lateral Displacement (mm)

b)

PUSH

PULL

ρv,s = 0.28

ρv,f = 0.48 

ρh,s = 0.00

ρh,f = 1.01

SGW1

 

-4.81 -3.61 -2.40 -1.20 0.00 1.20 2.40 3.61 4.81

-13.72

-10.29

-6.86

-3.43

0.00

3.43

6.86

10.29

13.72

-140

-112

-84

-56

-28

0

28

56

84

112

140

-125 -100 -75 -50 -25 0 25 50 75 100 125

% Drift

L
o
a

d
 M

u
lt

ip
li

er
  
(λ

)

L
o
a

d
 L

o
a

d
 (

k
N

)

Lateral Displacement (mm)

b)

 

-5.39 -4.05 -2.71 -1.37 -0.03 1.32 2.66 4.00 5.34

-17.15

-12.87

-8.58

-4.29

0.00

4.29

8.58

12.86

17.15

-175

-140

-105

-70

-35

0

35

70

105

140

175

-140 -112 -84 -56 -28 0 28 56 84 112 140

% Drift

L
o

a
d

 M
u

lt
ip

li
er

  
(λ

)

L
o

a
d

 L
o

a
d

 (
k

N
)

Lateral Displacement (mm)

d)

PUSH

PULL

ρv,s = 0.42

ρv,f = 0.79 

ρh,s = 0.00

ρh,f = 1.01

SGW2

 

-5.39 -4.04 -2.69 -1.35 0.00 1.35 2.69 4.04 5.39

-17.15

-12.87

-8.58

-4.29

0.00

4.29

8.58

12.86

17.15

-175

-140

-105

-70

-35

0

35

70

105

140

175

-140 -112 -84 -56 -28 0 28 56 84 112 140

% Drift

L
o

a
d

 M
u

lt
ip

li
er

  
(λ

)

L
o

a
d

 L
o

a
d

 (
k

N
)

Lateral Displacement (mm)

d)

 

Figure 8 – Hysteretic load-displacement response of hybrid steel-GFRP reinforced walls (SGW1 and SGW2) 

. Further opening of the loops indicates a higher damage level, which would increase 

energy dissipation capabilities. Contrarily, the GFRP reinforcement's elastic behaviour and 

the lack of yielding led to a continuously increasing gain in strength up to failure, with no 

strength degradation within a reasonable range of deformations. The loading, unloading, 

and reloading curves demonstrated linear behaviour with narrower hysteresis loops than 
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the corresponding steel-reinforced walls following the elastic behaviour of GFRP bars. 

The behaviour was almost symmetric up to failure in both push and pull loading directions, 

resulting in a pinched hysteresis response without any reduction of overall strength. This 

stable hysteresis loop behaviour is typical of a response that is flexural-dominated. 
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Figure 9 – Hysteretic load-displacement response of GFRP-reinforced walls (GW1, GW2 and GW3) 

 

3.2. Failure modes and extent of damage 
In general, the behaviour of all walls was dominated by a flexural response. However, 

crack patterns differed during loading cycles due to different reinforcement types and 

ratios. The specimens exhibited nearly linear behaviour before cracking. Almost a similar 

strength level corresponding to the crack initiation was attained for all tested walls, as it 

mainly depends on the concrete compressive strength. The first horizontal flexural crack 
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for all the tested walls was initiated at the bottom of all walls at an average drift level of 

0.22%. Likewise, the concrete-cover splitting at the wall edge was recorded at almost 

similar drift levels ranging between 0.7% and 0.83%, where the concrete compressive 

strain exceeded 0.003. The cracks developed in succession from the bottom of the wall up 

to a height of approximately  and were accompanied by diagonal shear flexural 

cracking of the web without any premature shear or anchorage failure. The failure mode 

for all walls was characterized by horizontal cracking and concrete spalling, followed by 

the formation of flexural cracks at the base cross-section as a result of the growing bending 

moment. More significant spalling of the concrete cover at the compression end of the wall 

is attained with increasing displacement accompanied by buckling/rupture of the outermost 

vertical reinforcement bars and crushing of the concrete at the toes. The failure of steel-

reinforced and hybrid steel-GFRP-RC walls followed a remarkably similar pattern, 

characterized by local buckling of outmost longitudinal steel bars and crushing of concrete 

at the toe of the walls. 
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Figure 10 – Comparison between the maximum recorded loads (a) and displacement (b) of all tested 

walls 
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However, hybrid specimens featured fewer residual drift ratios than the control wall 

(SW1). The GFRP-reinforced walls exhibited notable linear behaviour up to its 

ultimate strength, where the failure stage started at the peak load and lasted until the 

test's end. Concrete cover splitting was gradually initiated at the outmost heavily 

compressed wall toe. As loading continued, the walls continued to carry the load in 

each cycle with no strength degradation until concrete crushing and fracture of the 

longitudinal GFRP bars occurred, which caused wall brittle failure without a 

considerable decrease in the recorded walls' strength. Further, higher GFRP-

reinforcement ratios resulted in higher crack propagation and brittle failure. A 

combined shear-flexure failure mechanism was only observed in walls GW2 and 

GW3, where sliding shear deformations are developed after maximum strength due to 

the web's diagonal cracking. The performance parameters recorded at the primary 

damage levels are summarized in Figure 11. The final crack patterns and typical 

failure modes of the specimens are shown in Figure 12. Close-up photos of the major 

damage aspects are presented in Figure 13. 

 

 

 

Figure 11 – Summary of damage propagation for all tested walls 
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Figure 12 – Observed crack patterns prior to failure 
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Figure 13 – Close-up photos for the major damage states 

 

4. Characteristic experimental behaviour 

4.1. Self-cantering behaviour 
The recovered drift ratio over the maximum drift at different levels of drift ratio demands 

was used to measure the self-centring capabilities of the tested shear walls. Figure 14 and 

13 illustrate the residual drift ratio of the steel-reinforced wall (SW1-control wall) during 
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testing. As cyclic loading progressed and higher drift ratios were applied to the walls, they 

sustained further residual drift ratios in a different value depending on the reinforcement 

type and ratio. As can be seen in Figure 15a-b, the drift ratio recovery was higher in hybrid 

steel-GFRP reinforced walls (SGW1 and SGW2) than in control walls. Moreover, GFRP-

reinforced walls exhibited smaller residual drifts than their corresponding control walls. 

Furthermore, the highest drift ratio recoveries occurred in wall GW3, which had the 

highest GFRP reinforcement ratio. The recovery in the residual drift ratio of each hybrid 

specimen with respect to the control wall is shown in Figure 15f. According to the 

obtained results, the maximum self-centring of the slender hybrid wall was observed at 

3.6% drift, where the residual drift ratios of the walls SGW1 and SGW2 were 46.5% and 

58.3%, respectively, smaller than the steel-reinforced wall. The higher reduction ratio for 

wall SGW2 compared to wall SGW1 is due to the higher GFRP web reinforcement ratio, 

see Figure 4. For GFRP-RC walls, maximum reductions in residual drift ratios of 67.1%, 

79%, and 80% were attained at 3.6% drift for walls GW1, GW2, and GW3, respectively, 

compared to the residual drift of the control wall (SW1). These results confirm that the 

minimal recorded residual deformation is due to the capability of self-centring behaviour 

of GFRP-RC walls. 
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Figure 14 – Residual drift ratio of the steel-reinforced wall (SW1-control wall). 

4.2. Energy dissipation and equivalent viscous damping  
The dissipated energy during hysteresis  is given by the area enclosed by the 

hysteresis loop at each loading increment [24], as shown in Figure 16. The energy 

dissipated by each successive cycle was summed up to the energy of the previous cycles to 

calculate the cumulative energy dissipation. The results showed that lower energy 

dissipation was calculated for all walls in the early drift levels (lower than 1.0% drift) due 

to the lower occurred deformation of the tested walls to this drift level.  
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Figure 15 – Residual drift ratio of hybrid steel-GFRP walls (a&b), and GFRP-reinforced walls (c-e), and e) 

reduction in the residual drift ratios of hybrid walls with respect to control walls. 

At higher drift levels, steel-reinforced wall (SW1) exhibited the most advantageous energy 

dissipation capacity (Figure 17). However, the dissipated energy of hybrid steel-GFRP 

reinforced walls exhibited a similar and considerable increase with the consecutive loading 

displacement due to the concentrated vertical steel rebar at the walls‘ sides. This increase 

in energy dissipation proved the favourable energy dissipation capacity of the hybrid steel-

GFRP reinforced walls. Conversely, due to the elastic behaviour of GFRP bars, a lower 

energy dissipation rate is remarked in GFRP-reinforced walls. 
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Figure 16 – Calculation of energy dissipation 
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Figure 17 – Evolution of energy dissipation of tested walls 

Additionally, the equivalent viscous damping ratio based on hysteresis, , was used to 

evaluate the energy dissipation capacity of the shear wall. It was calculated using the area-

based method according to the following equation: 

 
Eq. 6 

where  is the dissipated energy during the half-cycle.  represents 

the elastic strain energy of the test wall that stored in an equivalent linear elastic system in 

one loading cycle. Figure 18 depicts the relationship between the equivalent viscous 
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damping  and the increase in the lateral drift ratios for all tested walls. In general, 

 tends to rise with an increase in drift ratio. Moreover, the obtained results showed 

that the steel-reinforced and hybrid steel-GFRP reinforced walls exhibited higher 

significantly equivalent viscous damping ratios compared to the GFRP-reinforced walls 

because of the plastic deformation of deformed steel bars. The equivalent viscous damping 

ratio reached 11.7% and 14.1% at the ultimate load and achieved 16.1% to 20.5% at the 

displacement of  for hybrid steel-GFRP reinforced walls SGW1 and SGW2, 

respectively. By contrast, the GFRP-RC walls exhibited approximately 59%, 36%, and 

35.8% reduction of  at ultimate load than that of the control steel-reinforced wall 

(SW1). 
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Figure 18 – Equivalent viscous damping coefficient: comparison between control steel-reinforced wall and a) 

hybrid steel-GFRP reinforced walls, b) GFRP-reinforced walls 

4.3. Damage indices 
Various damage indices were proposed in the literature [25, 26, 27, 28, 29], among others, 

in order to measure the resultant deficiencies and vulnerability of the structural members 

under seismic loading. Recently, various applications of damage indices were achieved 

based on loading history demand and capacity for estimating the damage and repair costs. 

Moreover, they are also utilized for decision-making in the post-earthquake evaluation and 

safety or vulnerability assessment for existing structures. Also, the performance levels of 

structural members can be evaluated at different drift levels using damage indices [30]. In 

general, the damage states were classified into the following five levels [28]: 

 No damage or minor local cracks 

 Minor damage (e.g., light cracking throughout) 

 Moderate damage (e.g., severe cracking local spalling) 

 Sever damage (e.g., Concrete crushing and expose of bars) 

 Collapse 

Following the approach found in the literature [30, 31], various damage indices for the 

tested walls were calculated to investigate the damage propagation and failure rate of all 

tested walls. Moreover, the resultant damage status in the hybrid steel-GFRP reinforced 
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walls and GFRP-RC walls were compared with the control steel-reinforced wall (SW1). 

Table 2 includes the formulation of adopted damage indices. Figure 19 depicts the damage 

indices based on displacement, dissipated energies, and effective stiffness, as well as the 

combined and performance indices, which were also plotted for all tested walls. 

Table 2 - Different damage indices proposed by the researchers, [31, 30] 

Damage index Type Formulation Parameter Values 

Powell & Allahabadi 

[25] 

Based on the 

displacement 
 

 

 

 

Rodriguez and Padilla 

[26] 

Based on 

dissipated energy 
 

= Energy dissipation 

Kunnath & Jenne [27] 
Based on effective 

Stiffness  

=Secant stiffness 

= Initial stiffness 

Park and Ang [28] Combined index 
 

 
= Load at yielding 

for steel bars or spalling 

concrete for GFRP bars 

 

Promis and Ferrier 

[29] 
Performance index 

 

= Dissipated energy 

= Combined index in 

function of ductility and 

dissipated energy 

According to the results obtained from the damage index, based on the dissipated energy, 

the steel-reinforced wall (SW1) had lower damage than GFRP-reinforced walls at the early 

drift levels. However, a considerably higher damage rate was observed at the drift level 

corresponding to the yielding of steel bars. On the other hand, by analyzing the damage 

indices based on displacement energy and stiffness, the GFRP-RC walls experienced lower 

damage when compared with the steel-reinforced wall (SW1) at the same drift level as a 

result of its softener response with extensive concrete damage. Furthermore, the combined 

damage index also showed a more significant drift level of hybrid steel-GFRP, and GFRP 

reinforced walls with equal damage index compared to the control wall (SW1). This 

response of walls SGW1, SGW2, and walls GW1, GW2, and GW3 is mainly due to the 

low modulus of elasticity of GFRP bars, which allowed the walls to sustain higher 

deformation, at advanced loading levels, till failure. Moreover, by analyzing the 

performance index (Figure 19e), hybrid steel-GFRP and GFRP reinforced walls showed 

similar damage propagation where a lower damage rate was attained when compared with 

steel-reinforced wall at the same drift level. 
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5. Summary and conclusions 

The current study was conducted on RC concrete shear walls to investigate the 

effectiveness of hybrid steel-GFRP system in reinforcing shear walls to withstand seismic 

loads. To accurately study the impact of the GFRP reinforcement ratio on the overall 

behaviour and self-centring performance of RC shear walls, several reinforcement ratios 

were selected for the hybrid steel-GFRP reinforced walls and for the GFRP-reinforced 

walls. The results are encouraging for the application of hybrid steel-GFRP reinforcement 

since the walls reached their maximum strength without exhibiting any signs of sliding 

shear failure, instability or anchorage failure. The permeant/plastic deformations in the 

concrete core are the source of the cumulative energy dissipation in GFRP-reinforced 

shear walls. Due to the elasticity of the GFRP reinforcement, all GFRP-reinforced walls 

exhibited relatively similar levels of energy dissipation at the same loading step. In 

addition, for hybrid steel-GFRP and GFRP-reinforced walls compared to the steel-

reinforced wall, the elastic behaviour of GFRP bars led to lower damage rates with 

realigned cracks and recoverable deformation at the same drift level. Furthermore, 

increasing the GFRP-reinforcement ratio enhances the ultimate load capacity and 

significantly reduces crack width at moderate damage levels. Moreover, GFRP-RC walls 

showed stable hysteretic performance with a higher drift capacity than steel-reinforced 

walls. 
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