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h) CS8 

 

Fig. 6-14. Photos of specimen at failure 
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Fig. 6-15. Hysteretic response of specimens 

6.4.2 Skeleton curves  

The skeleton curves of specimens are shown in Fig. 16.  

Fig. 16a shows the comparison of envelop curves of squat SWPs. The initial stiffness of all 

three specimens was the same until cracking happened. After cracking, the stiffness of the 
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BFRP grid-reinforced specimen (i.e., CS1) was lesser than that of the counterpart steel-

reinforced specimen (i.e., CS2). The peak load and ultimate drift of the BFRP grid-reinforced 

specimen (i.e., CS1) were lesser than that of the counterpart steel-reinforced specimen (i.e., 

CS2). However, BFRP grid reinforced specimens with high ALR (i.e., CS3) had higher 

stiffness and peak load and lowered ultimate drift than those of counterpart lower ALR 

specimens (i.e., CS1 and CS2). A sudden drop in strength is observed in BFRP grid-reinforced 

specimens (i.e., CS1 and CS3). 

Fig. 16b shows the comparison of envelope curves of a slender solid wall panel (i.e., CS4), a 

slender sandwich wall panel (i.e., CS6), and a slender sandwich wall panel without confinement 

to edge boundary elements (i.e., CS8). It indicates that the ultimate drift of solid wall panel 

CS4 was much higher than that of sandwich wall panels. Further, sandwich wall panel 

specimens (i.e., CS6 and CS8) had a sudden drop in strength at their peak. It may be noted that 

the concrete compressive strength of specimens CS4 and CS8 was smaller than that of CS6. 

Fig. 16c shows the comparison of the envelopes of specimens with wall web reinforced with 

steel bars (i.e., CS7) and BFRP grid (i.e., CS5). It can be seen that the steel-reinforced specimen 

had nearly the same peak strength, same stiffness, and higher ultimate drift than that of the 

corresponding values of BFRP grid-reinforced specimens. 

The effect of ALR on envelopes of slender specimens is shown in Fig. 16d. The secant stiffness 

and peak load of the specimen with larger ALR were higher, while ultimate drift was lesser 

than the corresponding values of specimens with lower ALR. 

Fig. 16e shows the comparison of envelopes of squat and slender SWPs of steel-reinforced 

SWPs (i.e., CS2 and CS7) and BFRP grid-reinforced specimens (i.e., CS1 and CS5). It can be 

clearly seen that the stiffnesses of squat specimens were higher than that of slender specimens. 

For squat SWPs, the peak loads were higher, while ultimate drifts were lesser than those of 

slender SWPs. The squat SWPs had a sudden failure at peak as there was a brittle shear failure, 

while slender SWPs had a ductile flexural failure. 



124 

 

 

a) 

 

b) 

 

c) 

-30 -20 -10 0 10 20 30
-1000

-750

-500

-250

0

250

500

750

1000
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

-1000

-750

-500

-250

0

250

500

750

1000

 CS1-1.25-0.1-BG-Y

 CS2-1.25-0.1-St-Y

 CS3-1.25-0.3-BG-Y

 

 

L
at

er
al

 l
o
ad

 (
k
N

)

Lateral deflection (mm)

Drift ratio (%)

-60 -45 -30 -15 0 15 30 45 60
-600

-400

-200

0

200

400

600
-3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2

-600

-400

-200

0

200

400

600

Drift ratio (%)

L
at

er
al

 l
o
ad

 (
k
N

)

Lateral deflection (mm)

 CS4-2.38-0.2-BG-Y

 CS6-2.38-0.2-BG-Y

 CS8-2.38-0.2-BG-N

-60 -45 -30 -15 0 15 30 45 60
-500

-250

0

250

500
-3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2

-500

-250

0

250

500

Drift ratio (%)

L
at

er
al

 l
o

ad
 (

k
N

)

Lateral deflection (mm)

 CS5-2.38-0.1-BG-Y

 CS7-2.38-0.1-St-Y



125 

 

 

d) 

 

e) 

Fig. 6-16. Comparison of skeleton curves of different specimens 

6.4.3 Load capacity, drift and ductility 

Table 11 presents the peak load, average normalized shear stress, drifts at peak and ultimate 

loads, and ductility. The average normalized shear stress (Ks) varied from 0.39 to 0.86. For 

squat specimens, it was higher than that of slender specimens for obvious reasons. In the case 

of squat specimens, the shear plays a prominent role; therefore, web reinforcement becomes 

governing. The value of Ks of the steel-reinforced squat specimen (i.e., CS2) was higher than 

that of the counterpart BFRP grid-reinforced squat specimen (i.e., CS1) because of the higher 

elastic modulus of steel bars. For the high ALR squat specimen, the value of Ks was 0.86, which 

is in accordance with the failure mode (i.e., compression strut failure). The value of Ks of the 

slender sandwich wall panel (i.e., CS6) was found to be around 15% lower than that of the 
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corresponding slender solid wall panel (i.e.. CS4), which was due to the presence of cavity (i.e., 

insulation has no structural contribution) or discontinuity of material in sandwich wall panel. 

The values of Ks of slender steel-reinforced (i.e., CS7) and BFRP grid-reinforced (i.e., CS5) 

were almost the same. The value of Ks of the specimen without confinement to edge boundary 

elements (i.e., CS8) was found to be nearly the same as that of the counterpart specimen with 

confinement to edge boundary elements (i.e., CS6). 

The ultimate drift of steel-reinforced squat specimen CS2 was higher than that of counterpart 

BFRP-grid reinforced squat specimen CS1. The ultimate drift of the slender sandwich wall 

panel (i.e., CS6) was found to be significantly lower than that of the counterpart slender solid 

wall panel (i.e., CS4). The value of Ks of slender steel-reinforced SWP (i.e., CS7) was higher 

than that of BFRP grid-reinforced SWP (i.e., CS5). The ultimate drift of the specimen without 

confinement to edge boundary elements (i.e., CS8) was found to be almost the same as the 

counterpart specimen with confinement to edge boundary elements (i.e., CS6). 

The ductility (μ) of the specimen is defined as the ratio of ultimate drift (Δu) and drift at yield 

(Δy). The yield point was calculated by following the widely adopted equivalent energy method. 

The yield displacement corresponds to a point on envelop curve, which results in an equal area 

of shaded regions (i.e., regions OABO and BCPYB) in Fig. 17. Table 11 presents the ductility 

of each specimen. 

 

Fig. 6-17. Equivalent energy method 
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The ductility value of specimens varied from 1.44 to 3.56. The steel bar-reinforced slender 

specimen CS7 had the highest value of ductility. The ductilities of steel bar reinforced 

specimens (i.e., CS1 and CS5) were higher than that of counterpart BFRP-reinforced specimens 

(i.e., CS2 and CS7). The high ALR specimens had lower ductility compared to their counterpart 

low ALR specimens. The ductility of solid wall specimen CS4 was nearly 33% higher than that 

of counterpart sandwich wall specimen CS6. The specimen without confinement to the edge 

boundary element had the lowest value of ductility. 

Table 6.11. load capacity, deformability and ductility results 

Specimen ID fck 

Ppeak 

(kN) 

Ks =  

Ppeak/Acv /Sqrt(fck') 

Drift (%) Yield  

Δpeak Δult 

Δy 
Ductility, 

μ 

CS1-1.25-0.1-BG-Y 68.1 553 0.53 1.55 1.55 0.79% 1.96 

CS2-1.25-0.1-St-Y 68.1 736 0.71 1.43 2.01 0.88% 2.30 

CS3-1.25-0.3-BG-Y 68.1 888 0.86 1.34 1.34 0.78% 1.71 

CS4-2.38-0.2-BG-Y 55.5 486 0.52 1.96 2.70 0.97% 2.77 

CS5-2.38-0.1-BG-Y 68.1 401 0.39 1.42 1.81 0.79% 2.29 

CS6-2.38-0.2-BG-Y 68.1 465 0.45 1.40 1.40 0.67% 2.09 

CS7-2.38-0.1-St-Y 68.1 420 0.41 1.47 2.90 0.82% 3.56 

CS8-2.38-0.2-BG-N 55.5 440 0.47 1.43 1.43 0.99% 1.44 

6.4.4 Energy dissipation 

The potential of energy dissipation has a direct correlation with the seismic performance of a 

structure. The energy dissipation capacity of a structural member is equal to the areas of 

hysteresis loops. The larger area of the hysteresis loop indicates a larger energy dissipation 

capacity. Here, the energy dissipation characteristic of each specimen is presented as an 

equivalent viscous damping ratio, calculated following Eq. 5.1 and Fig. 6.18. 

 ℎ𝑒 =
1

2𝜋
×

𝑆𝐴𝐵𝐶+ 𝑆𝐶𝐷𝐴

𝑆∆𝑂𝐵𝐸+𝑆∆𝑂𝐷𝐹
 (1) 
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Fig. 6-18. Areas marked for calculation of viscous damping ratio 

Fig. 19 shows the equivalent viscous damping ratio (he) at different drift ratios for each 

specimen. In general, the equivalent viscous damping ratio was higher near peak load and 

ultimate load, indicating the energy dissipation is higher at high drift levels. At a particular drift 

level, the equivalent viscous damping ratio is reduced with an increase in cycle number, which 

implies that the energy dissipation of cycle 1 at any drift level is higher than that of subsequent 

cycles of the same drift level. 

Fig. 20a shows the comparison of he of the three squat specimens. At a low drift level, BFRP 

grid-reinforced specimen CS1 had a slightly higher value of he than that of steel bar-reinforced 

specimen CS2. Both specimens, CS1 and CS2, had an equal value of energy dissipation at a 

drift ratio of 1%. However, the total energy dissipation of steel bar-reinforced specimen CS2 

was higher than that of BFRP grid-reinforced specimen CS1 due to the higher ultimate drift of 

CS2. The BFRP grid reinforced specimen CS3 with higher ALR, at its ultimate drift, had a 

higher value than that of the counterpart specimen CS1 with lower ALR. 

Fig. 20b shows the comparison of he of three slender SWPs with high ALR. The solid wall 

specimen (CS4) and sandwich wall panel (CS6) had almost similar equivalent viscous damping 

ratio (he) until 1% drift. However, the total energy dissipation of the solid wall specimen (CS4) 

was higher than that of the sandwich wall panel (CS6) due to the later failure of specimen CS4. 

The sandwich wall panel specimen without confinement to the edge boundary element (CS8) 

had a lower value of he than the other two specimens. 

Fig. 20c shows the comparison of he of slender SWPs with different web reinforcement (i.e., 

CS5 and CS7) and different ALR (i.e., CS5 and CS6). The major difference in energy 

dissipation potential was the magnitude of the ultimate drift, which was highest for steel-
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reinforced specimen CS7 and lowest for BFRP grid reinforced specimen CS6 with larger ALR. 

The higher ultimate drift resulted in a larger total energy dissipation capacity.  
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Fig. 6-19. The equivalent viscous damping ratio plots of different specimens 
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c) 

Fig. 6-20. The comparison of the equivalent viscous damping ratio plots of different 

specimens 

6.4.5 Stiffness degradation 

The secant stiffness was calculated at the peak of each cycle, and the stiffness degradation 

curve was drawn for each specimen (Fig. 21). In general, the stiffnesses of all specimens had a 

rapid decline at early cycles of loading. Most of the cracks appeared before yielding, and a few 

new cracks appeared after yielding. Therefore, the rate of stiffness degradation was lower after 

yielding. The stiffnesses corresponding to loading in forward and reverse directions were 

slightly different for the same applied drift.  

Fig. 22a shows the comparison of the secant stiffness variation of the three squat specimens. 

The BFRP grid reinforced specimen CS3 with higher ALR had the highest stiffness until its 

failure due to higher applied axial load. The BFRP grid-reinforced specimen CS1 and steel-

reinforced specimen CS2 had almost the same stiffness at the initial drift level before cracking. 

Owing to the higher stiffness of steel bars than that of BFRP bars, the secant stiffness of 

specimen CS2 was higher than that of CS1 after cracking. 

The comparison of variations of stiffness of three slender specimens is shown in Fig. 22b. The 

stiffnesses of solid wall specimen CS4 were slightly higher than counterpart sandwich wall 

specimen CS6. The sandwich wall specimen CS8, which did not have confinement of edge 

boundary elements, had quite lower initial stiffness than the other two specimens. Also, 

specimen CS8 had non-symmetrical stiffnesses in two loading directions. 
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Fig. 22c shows the comparison of variations of stiffnesses of slender SWPs with different web 

reinforcement (i.e., CS5 and CS7) and different ALR (i.e., CS5 and CS6). The BFRP grid-

reinforced specimen CS6 with higher ALR had the highest stiffness until its failure. The steel-

reinforced specimen CS7 and BFRP grid-reinforced specimen CS5 had nearly the same 

stiffnesses. This was potentially due to the flexural-dominated behavior of these two 

specimens, and both specimens were provided with the same flexural longitudinal 

reinforcement.  
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Fig. 6-21. Stiffness degradation curves of different specimens 
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c) 

Fig. 6-22. The comparison of stiffness degradation curves of different specimens 

6.4.6 Strains in reinforcement and connectors 

The strains in embedded reinforcement and faces of the connector located at the mid-height of 

the wall panels were obtained from the readings of the glued strain gauges (SG). The reader 

may refer to Section 5.2.5 for the location and numbering of strain gauges. Some of the strain 

gauges got damaged and did not provide any data. The maximum strain value is based on the 

readings of the working strain gauges. 

CS1-1.25-0.1-BG-Y 

The recorded maximum tensile strain in shear reinforcement (i.e., the horizontal chord of the 

BFRP grid) of CS1 jumped from 3000 με (reading at one loading cycle before the ultimate 

load) to 7701 με at ultimate load (SG#9). The peak and ultimate loads/drifts of CS1 were the 

same (i.e., 1.55%). The longitudinal steel bar in the edge boundary element of CS1 had the 

maximum recorded tensile strain of 2300 με at one loading cycle before the ultimate load, 

which jumped to 6376  με at the ultimate load (SG#16). The maximum recorded compressive 

strain in the edge boundary element of CS1 was 2187 με (SG#6). The connector was subjected 

to tensile strains (the maximum tensile strain of magnitude 1304 με) resulting from bending 

and direct tension (SG#31 and SG#32). 
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CS2-1.25-0.1-St-Y 

CS2 recorded a maximum tensile strain in horizontal shear reinforcement (i.e., steel bar) of 

3200 με at peak load (i.e., the drift of 1.43%), which increased to 6497 με (SG#20) at the 

ultimate load (i.e., the drift of 2.01%). The longitudinal steel bar in the edge boundary element 

had the maximum recorded tensile strain of 1000 με at peak load and 3042 με ultimate load 

(SG#2). At the ultimate load, the maximum recorded compressive strain in the edge boundary 

element was 3000 με (SG#6). The connector was subjected to tensile strains (the maximum 

tensile strain of magnitude 1914 με) resulting from bending and direct tension (SG#31 and 

SG#32). The strain recorded by a few strain gauges (i.e., SG#2, SG#8 and SG#10) achieved a 

maximum value before the ultimate load and then started reducing, indicating there was 

slippage of steel bar from concrete. 

CS3-1.25-0.3-BG-Y 

The recorded maximum tensile strain in shear reinforcement (i.e., the horizontal chord of the 

BFRP grid) was 2014 με at ultimate load (SG#7), which was relatively smaller than the 

recorded values in the other low ALR squat specimens. The peak and ultimate loads/drifts of 

CS3 were the same (i.e., 1.34%). The longitudinal steel bar in the edge boundary element had 

the maximum recorded tensile strain of 2660 με at ultimate load (SG#6). The maximum 

recorded compressive strain in edge boundary elements was 2283 με (SG#12) at one cycle 

before the ultimate load increased to 15012 με at the ultimate load. The maximum tensile strain 

in the connector was 2252 με resulting from bending and direct tension. The maximum 

principle tensile strain in the connector was 3368 με. 

CS4-2.38-0.2-BG-Y 

The longitudinal steel bar in edge boundary elements had a maximum recorded tensile and 

compressive strains of 3955 με and 4579 με (SG#6), respectively, at peak load. Strain 

decreased further, indicating slippage of rebar from the concrete. The drifts at peak and ultimate 

loads were 2.01% and 2.7%, respectively. One strain gauge (SG#17) attached to horizontal 

shear reinforcement recorded a tensile strain of 4400 με at 1.05%, and the strain gauge failed 

just after that. Specimen recorded a maximum tensile strain in horizontal shear reinforcement 

(i.e., BFRP grid) of 2287 με at peak load which increased to 3190 με (SG#19) at the ultimate 

load. 
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CS5-2.38-0.1-BG-Y 

The longitudinal steel bar in edge boundary elements had a maximum recorded tensile and 

compressive strains of 11244 με and 6591 με (SG#6), respectively, at peak load (i.e., the drift 

of 1.43%). The tensile and compressive strains were 6931 με and 10344 με, respectively, at the 

ultimate load (i.e., the drift of 1.81%). Two other strain gauges (SG#12 and SG#16) show a 

similar phenomenon of decreased tensile strain and increased compressive strain at ultimate 

load as compared to corresponding values at peak load. The maximum recorded tensile strains 

in shear reinforcement (BFRP grid) were 5762 με and 8305 με (SG#20), respectively, at the 

peak load and the ultimate load. The maximum tensile strain in the connector at peak load was 

1440 με which jumped to 6892 με at the ultimate load. 

CS6-2.38-0.2-BG-Y 

For specimen CS6, the strength dropped rapidly at the peak load; therefore, drifts at peak load 

and ultimate load were the same, i.e., 1.40%. The recorded maximum tensile strain in shear 

reinforcement (i.e., the horizontal chord of the BFRP grid) was relatively small at the second 

cycle of drift level 1%, which increased to 3038 με at the third cycle of drift level 1% (SG#7), 

and the strain gauge failed just after that. These strains in shear reinforcements of this high 

ALR slender specimen were smaller than the recorded values in the other low ALR slender 

specimens. The longitudinal steel bar in edge boundary elements had a maximum recorded 

tensile and compressive strains of 3136 με and 2285 με (SG#2), respectively, at peak load. The 

maximum tensile strain in the connector at peak/ultimate load was 1940 με. 

CS7-2.38-0.1-St-Y 

The recorded maximum tensile strains in longitudinal steel reinforcement of edge boundary 

elements were quite high near peak load. Strain gauge 6 attained a strain value of 3600 με at a 

drift level of 1%, followed by a decrease in strain value, indicating slippage. This strain gauge 

failed just after that. The maximum recorded compressive strain in longitudinal reinforcement 

of edge boundary element was 2424 με (SG#16). The strain gauges (SG# 7, 8 and 19) glued on 

horizontal web reinforcement (i.e., steel bar) had a sudden spike in the compressive strain at a 

drift ratio of 0.1% and 0.4%, and their strain values always remained compressive until ultimate 

load. The strain gauges (SG#20) glued on horizontal web reinforcement (i.e., steel bar) had a 

maximum recorded tensile and compressive strains of 994 με and 772 με, respectively, at peak 

load (i.e., the drift of 1.47%). The tensile and compressive strains were 2741 με and 2083 με, 
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respectively, at the ultimate load (i.e., the drift of 2.91%). The maximum tensile strain in the 

connector was relatively lower (i.e., 348 με) as compared to other SWPs 

CS8-2.38-0.2-BG-N  

The longitudinal steel bar in edge boundary elements had a maximum recorded tensile and 

compressive strains of 8455 με and 3680 με (SG#2), respectively, at peak load (i.e., the first 

cycle of drift of 1.43%). The tensile and compressive strains were 3694 με and 2936 με, 

respectively, at the ultimate load (i.e., the third cycle of drift of 1.43%). The post-peak 

reduction in strain indicated slippage of reinforcement from concrete. The recorded maximum 

tensile strain in shear reinforcement (i.e., the horizontal chord of the BFRP grid) was 5536 με 

at peak load (SG#17), and the strain gauge failed to record any data further. The maximum 

tensile strain in the connector at peak and ultimate loads were 1433 με and 1842 με, 

respectively. The maximum principle tensile strain in the connector was 2463 με. 

Table 6.12. The maximum recorded tensile strain values in reinforcement and connectors 

Specimen ID εebe  (με) εhwr (με) εconn (με) 

CS1-1.25-0.1-BG-Y 6376 7701 1304 

CS2-1.25-0.1-St-Y 3042 6497 1914 

CS3-1.25-0.3-BG-Y 2660 2014 2252 

CS4-2.38-0.2-BG-Y 3955 4400* - 

CS5-2.38-0.1-BG-Y 11244 8305 6892^ 

CS6-2.38-0.2-BG-Y 3136 3038* 1940 

CS7-2.38-0.1-St-Y 3600 2741 348 

CS8-2.38-0.2-BG-N 8455 5536* 1842 

Note. εebe is the maximum tensile strain in longitudinal steel bars of edge boundary elements; 

εhwr is the maximum tensile strain in horizontal web reinforcement; εconn is the maximum tensile 

strain in connector located at the mid-height of the wall panels; * marking indicates that strain 

gauge got damaged before the ultimate load; ^ - strain at one cycle before the ultimate load was 

1440 με. 

  

6.5 Effect of parameters 

6.5.1 Web reinforcement – steel vs. BFRP grid 

The effect of web (i.e., shear) reinforcement on the performance of SWPs was studied for squat 

and slender specimens. The BFRP grid-reinforced squat specimen CS1 had diagonal shear 

compression failure, while steel bar reinforced squat specimen CS2 had crushing of corners at 

peak load followed by diagonal shear compression failure at ultimate load. The average 

normalized shear stress (Ks) of CS2 was 33% higher than that of CS1. The ultimate drifts of 
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CS1 and CS2 were 1.55 and 2.01, respectively. The ductility of CS2 was 20% higher than that 

of CS1. The total energy dissipation of CS2 was much higher than that of CS1 due to the late 

failure of CS2. The initial stiffness of CS1 and CS2 was nearly the same, but CS2 had larger 

stiffness at higher loading levels. The stiffness of CS2 was around 34% more than that of CS1 

at a drift ratio of 1%. 

For slender SPWs, the BFRP grid-reinforced SWP CS5 had flexural compression failure at 

peak load and developed a vertical crack at ultimate load. The steel bar reinforced slender 

specimen CS7 had crushing of corner concrete at peak load followed by the development of 

plastic hinge with constant strength until ultimate load. The average shear stress of CS5 and 

CS7 were nearly the same. The ultimate drift of CS7 was 2.90, which was higher than that of 

CS5 (i.e., 1.81). The ductility of CS7 was 55% higher than that of CS5. The energy dissipation 

of the two specimens was nearly the same until the failure of CS5; however, the total energy 

dissipation of CS7 was much higher than that of CS5 due to the late failure of CS7. The 

stiffnesses of the two specimens were almost the same. At 1% drift, the stiffnesses of CS5 and 

CS7 were 19 kN/mm and 20.4 kN/mm, respectively. Further, it was noted that diagonal cracks 

were more concentrated near the bottom of the wall in CS7, while these were well distributed 

along with the height in CS5. 

6.5.2 Sandwich wall panel vs solid wall panel 

The solid wall specimen CS4 had post-flexural shear compression failure, while sandwich wall 

specimen CS6 failed due to strength deterioration resulting from cracking followed by a 

vertical crack joining the intersection point of diagonal cracks. This was due to the presence of 

a cavity (i.e., the insulation layer has negligible structural contribution) in specimen CS6. The 

average shear stress (K) of CS4 was 15% higher than that of CS6. The ultimate drifts of CS4 

and CS6 were 2.70 and 1.40, respectively. The ductility of CS4 was 33% higher than that of 

CS6. The total energy dissipation of CS4 was much higher than that of CS4 due to the late 

failure of CS4. The stiffness of CS4 (at all drift levels) was slightly higher than that of CS6. 

The above indicators imply that the seismic performance of the solid wall panel was better than 

that of the counterpart sandwich wall panel. 
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6.5.3 Effect of axial load ratio 

The effect of axial load ratio was studied for squat and slender SWPs. Squat SWPs with ALR 

0.1 (CS1) and 0.3 (CS3) and slender SWPs with ALR 0.1 (CS5) and 0.2 (CS6) were tested. 

The low ALR squat SWP CS1 had diagonal shear compression failure, while the higher ALR 

squat SWP CS3 had compressive strut failure. The average shear stress for CS1 and CS3 were 

0.53 and 0.86, respectively. The ultimate drift of CS3 was lower than that of CS1. The ductility 

of CS1 was 15% more than that of CS3. The energy dissipation of CS3 was lower, while the 

stiffness of CS3 was higher than that of CS1. 

The low ALR slender SWP CS5 had flexural compression failure at peak load and developed 

a vertical crack at ultimate load. The higher ALR slender SWP CS6 had failure by developing 

a vertical crack connecting the interconnecting points of diagonal cracks. The average shear 

stress for CS5 and CS6 were 0.39 and 0.45, respectively. The ultimate drift of CS6 was 1.40% 

which was lower than that of CS5 (1.81%). The ductility of CS5 was 10% more than that of 

CS6. The energy dissipation of CS5 was nearly the same as that of CS6, while the stiffness of 

CS5 was slightly lower than that of CS6. 

6.5.4 Effect of shear span to length ratio 

The two SWPs with SLRs of 1.25 (CS1) and 2.38 (CS5) were prepared and tested. The squat 

SWP CS1 had diagonal shear compression failure, while the slender SWP CS5 had flexural 

compression failure at peak load and developed a vertical crack at ultimate load. The average 

shear stress for CS1 and CS5 were 0.53 and 0.39, respectively. The ultimate drift of CS1 was 

1.55% which was lower than that of CS5 (1.81%). The ductility of CS5 was 17% more than 

that of CS1. The total energy dissipation of CS5 was much higher than that of CS1, while the 

stiffness of CS5 was lower than that of CS1, and the initial stiffness of CS5 was nearly 40% of 

that of CS1. 

6.5.5 Effect of edge confinement 

The slender SWP CS6 with confinement to edge boundary elements had failure by developing 

a vertical crack connecting the interconnecting points of diagonal cracks. The slender SWP 

CS8 without confinement to edge boundary elements failed in diagonal shear compression. The 

average shear stress and ultimate drift of the two specimens were nearly the same. The ductility 
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of CS8 was lower by 45% than that of CS6. The energy dissipation of CS8 was lower. The 

stiffness of CS8 was lower than that of CS6 and was non-symmetrical in two loading directions. 

6.6 Discussion on seismic performance of steel vs FRP reinforced specimens 

The replacement of steel bars with FRP bars/grids in reinforced concrete members prevents 

corrosion problems. FRP bars/grids are lighter in weight and have lower elastic stiffness. FRP 

bars/grids exhibit linear elastic behavior leading to zero plastic deformation. Steel undergoes 

yielding and has significant plastic deformation. With the advancement of seismic design, the 

residual or permanent deformations and self-centering behavior after severe earthquakes 

become important. When subjected to cyclic loading, the FRP bar/grid reinforced concrete 

members have marginal residual deformation, which reduces the post-earthquake damage. In 

contrast, steel-reinforced concrete members have sizable residual deformations, making the 

building unsuitable to maintain its serviceability or increasing the repair/rehabilitation cost. 

The linear elastic nature of FRP bars/grids helps distribute the cracks along the height, which 

contrasts with the steel-reinforced members, where cracks are concentrated in the yielding zone 

near the base of the walls. Distribution of cracks along height prevents the sliding shear in FRP-

reinforced concrete members. The crack width in steel-reinforced concrete members is larger 

at higher drift levels. The lower stiffness of FRP-reinforced members results in a longer natural 

period, resulting in lower seismic force demand. The advantage of steel over FRP is the high 

energy dissipation (for its plastic deformation) and ductility. The primary concern about using 

FRP reinforcement in concrete members is its brittle failure and lower ductility, which must be 

carefully considered in the design.  The FRP-reinforced concrete shear wall generally has a 

lower lateral load-carrying capacity as failure is governed by concrete crushing which happens 

before reinforcement reaches its tensile strength.  

All tested squat and slender SWPs, in this thesis, had ultimate drift greater than 1%. All BFRP 

grid-reinforced SWPs had an ultimate drift of less than 2%. The steel bar reinforced squat SWP 

(ALR=0.1) had an ultimate drift of 2%. The steel bar-reinforced slender SWP (ALR=0.1) 

achieved the ultimate drift of 2.90%. The ductilities of BFRP grid-reinforced squat (i.e., 1.71-

1.96) and slender SWPs  (i.e., 2.02-2.29) were lower than that of steel-reinforced squat 

(i.e., 2.30) and slender SWPs  (i.e., 3.56). It can be seen that the ultimate drift and ductility of 

BFRP grid-reinforced SWPs are comparatively lower than those of counterpart steel bar-

reinforced SWPs.  
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The allowed drift for collapse limit state varies from 1.5% to 2.5% for most of the code of 

practices, i.e., 2% [116, 117], 1.5% to 2.5% based on risk category [118], 2.5% [119-121]. The 

allowable drift for life safety level is lower, e.g., 1% [117]. The ultimate drifts of BFRP grid-

reinforced geopolymer concrete sandwich wall panels (with edge confinement) were 1.55 and 

1.81 for the lower axial load ratio while 1.34 and 1.40 for the higher axial load ratio. The 

experimentally obtained drift values were lower than the prescribed drift at collapse by various 

codes. This may be further improved by using steel-FRP composite bars with higher stiffness 

as web reinforcement and using high-performance fiber-reinforced geopolymer concrete. ACI 

374.2R-13 [117] gives four performance levels for shear walls as a function of lateral drift 

ratio, which is illustrated in Fig. 6.23. For performance level corresponding to ‘life safety’, the 

lateral drift should reach 1%. The ultimate drift of all tested BFRP grid-reinforced SWPs was 

higher than 1%.   

 

Fig. 6-23. Structural performance levels as a function of lateral story-drift ratio [117] 

Owing to the several advantages of FRP over steel (i.e., preventing corrosion, no residual 

deformation, lower crack width and distribution of cracks over full height), FRP can be used 

to replace steel reinforcement. However, the primary limitation of the use of FRP is 

comparatively lower energy dissipation and lower drift ratio. Dampers may be used with FRP-

reinforced members to achieve better energy dissipation while retaining the other benefits of 

FRP reinforcement. As failure in FRP-reinforced members is generally governed by concrete 

crushing, high-performance concrete with higher compression ductility may be used in FRP-

reinforced concrete members. The combined use of FRP and steel reinforcements or high 
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performance fiber-reinforced cementitious composites is also an option to facilitate better 

energy dissipation ability, which should be a topic for research in the future.  

6.7 Conclusions         

In this chapter, three squat and five slender shear wall specimens were tested for in-plane cyclic 

shear loading with applied constant axial load. The specimens included seven sandwich wall 

panels (SWPs) and one solid wall panel. Various parameters considered for the study were 

solid vs. sandwich wall panel, axial load ratio, shear span to length ratio, type of web 

reinforcement, and effect of the presence of confinement to edge boundary elements. The 

following conclusions were drawn from this study. 

1. The failure mode of squat SWPs was either diagonal shear compression (i.e., for lower 

applied axial load) or compression strut failure (i.e., for higher applied axial load). The slender 

BFRP gird reinforced solid wall panel had post-flexure shear compression failure. The BFRP 

gird reinforced slender SWPs had strength deterioration at ultimate load with the formation of 

a vertical crack connecting the intersection points of diagonal shear cracks. The vertical crack 

near the ultimate load was only seen in BFRP gird reinforced slender SWPs, which was 

probably due to the presence of a cavity between two wythes, lower elastic modulus of the 

BFRP grid and resulting weaker out-of-plane strength of wythes. The steel bar-reinforced 

slender SWPs had flexural compression failure followed by the formation of a plastic hinge. 

2. The seismic performance of the slender solid wall panel was better than that of the 

counterpart slender sandwich wall panel. The average maximum shear stress of the slender 

solid wall panel was 15% more than that of the corresponding slender SWP. The ultimate drift, 

ductility and total energy dissipation of the slender solid wall panel were significantly more 

than that of the corresponding slender SWP. This implies that the design guidelines given in 

the Code of Practice and methodologies proposed by various researchers for solid shear walls 

may not be suitable for the design of SWPs.  

3. The connector located at the mid-height of SWP was subjected to direct tension and bending. 

The resulting maximum recorded tensile strain of each BFRP grid-reinforced SWPs varied 

from 1304 με to 6892 με.  

4. The squat SWP had typical shear failure similar to that of the already reported for squat solid 

shear wall panels. The BFRP grid reinforced slender SWP developed a long vertical crack near 

to ultimate load, connecting the interconnecting points of diagonal cracks resulting in strength 
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degradation. However, the steel-reinforced slender SWP had typical flexural failure similar to 

that of its counterpart solid wall panel. 

5. The SWPs with wall web reinforced with steel reinforcement displayed better seismic 

performance than that of BFRP grid-reinforced SWPs. The average shear stress, ultimate drift, 

ductility and energy dissipation of squat and slender steel reinforcement SWPs was higher than 

that of counterpart BFRP grid reinforced SWPs. 

6. All tested squat and slender SWPs had ultimate drift greater than 1%. All BFRP grid-

reinforced SWPs had an ultimate drift of less than 2%. The steel bar reinforced squat SWP 

(ALR=0.1) had an ultimate drift of 2%. The BFRP grid-reinforced slender solid wall panel 

(ALR=0.2), and steel bar reinforced slender SWP (ALR=0.1) achieved the ultimate drift of 

2.70% and 2.90%, respectively. The ultimate drift of all tested BFRP grid-reinforced SWPs is 

higher than recommended (i.e., 1%) by ACI 374.2R-13, corresponding to the ‘life safety’ 

performance level.   

7. The BFRP grid-reinforced SWPs have lower energy dissipation and drift ratios than 

counterpart steel-reinforced SWPs. Dampers, steel reinforcement or high-performance fiber-

reinforced cementitious composites may be used with FRP-reinforced shear walls, to achieve 

better energy dissipation while retaining the other benefits of FRP reinforcement. As failure in 

FRP-reinforced shear walls is generally governed by concrete crushing, high-performance 

concrete with higher compression ductility may be used in FRP-reinforced concrete shear walls.   

8. The effect of axial load ratio on the seismic performance of SWPs was similar to that of the 

reported effect of this parameter on solid shear wall panels.  

9. The ductility, total energy dissipation and stiffness of BFRP grid reinforced slender SWP 

without confinement to edge boundary elements were lower than that of counterpart SWP with 

confinement to edge boundary elements. However, the average shear stress and ultimate drift 

of the two SWPs were nearly the same. 
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CHAPTER 7 NUMERICAL ANALYSIS OF SEISMIC BEHAVIOR 

OF SWPS 

7.1 Introduction 

A reinforced concrete (RC) wall panel or a column, subjected to in-plane cyclic shear loading, 

simultaneously undergoes nonlinear shear and flexural deformations. The shear deformations 

of a member can also be prominent in the member's response having an overall non-shear 

governed response. This coupling between nonlinear shear and flexural responses is commonly 

referred to as shear-flexure interaction (SFI). This chapter presents a numerical model to 

predict the seismic load behavior of RC shear walls. This numerical model is based on a Shear-

Flexure-Interaction Multiple-Vertical-Line-Element Model (i.e., SFI-MVLEM) proposed by 

Kolozvari et al. [122], which is implemented in open-source software OpenSees [123]. The 

SFI-MVLEM element considers the interaction between axial/flexural and shear response in 

RC structural members subjected to in-plane cyclic shear loading. The model is validated with 

available experimental studies on solid RC shear walls. 

Further, the tested SWPs in Chapter 6 were simulated using the above-mentioned numerical 

model. An equivalent solid section was used for the numerical analysis of SWPs. The 

numerically obtained results were compared with the test results of SWPs.  

7.2 Overview of the numerical model 

A two-dimensional (2D) macroscopic fiber model incorporating the RC panel behavior was 

used to capture the shear-flexure interaction in RC shear walls (i.e., SFI-MVLEM element). 

This model used the Multiple-Vertical-Line-Element-Model (MVLEM)  as a baseline model. 

MVLEM is a 2D fiber-based model with uncoupled shear and flexural deformations. In 

MVLEM, flexural and shear behaviors are modeled by uniaxial elements and a transverse 

spring, respectively (See Fig. 7.1). A nonlinear adhoc force deformation relationship describes 

the behavior of the transverse spring. In the SFI-MVLEM element (See Fig. 7.2), uniaxial 

elements of MVLEM are replaced with 2D RC panel elements and the constitutive relationship 

of these RC panels is defined using the extended Fixed-Strut-Angle-Model (FSAM) [124, 125]. 

The coupling of axial and shear deformations is achieved at the RC panel level, and the 

coupling of shear and flexure is achieved at the elemental level.  
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Fig. 7-1. Element MVLEM [126] 

 

Fig. 7-2. SFI-MVLEM Element [122] 

7.3 Model description 

The main assumptions of the SFI-MVLEM model are - i) the plain section remains plain, ii) 

shear strains have uniform distribution across the wall cross-section, and iii) the resultant 

horizontal stress from steel and concrete is zero. Assumption (iii) satisfies the horizontal 

equilibrium of the RC panel in the SFI-MVLEM element, and it is consistent with the boundary 

conditions at the sides of the wall panel, considering there is no lateral load acting over the wall 

height. Massone et al. [126] reported that the three assumptions mentioned above are suitable 

for RC walls with a shear span-to-length ratio greater than 1.0.   



146 

 

As mentioned earlier, the SFI-MVLEM element is a modified version of the MVLEM element. 

The uniaxial fiber elements in MVLEM are replaced with RC panel elements having a 

membrane action. A constitutive RC panel model based on an extended fixed strut angle model 

(FSAM) [124] is used to simulate the behavior of RC panel elements subjected to cyclic shear 

loading. The RC panel model (i.e., FSAM) indicates a 2-D constitutive behavior that relates 

the imposed strain field on a RC panel to the resultant stress field. Therefore, the coupling of 

axial and shear deformations is achieved at the RC panel level, and the coupling of shear and 

flexure is achieved at the model elemental level.  

The flexural behavior of a model element is captured by axial deformations of RC panel 

elements in the vertical direction. The relative rotation between the top and bottom faces of the 

model element occurs about a point located at the height of ch on the central axis of the model 

element. The shear deformation of the SFI-MVLEM element is obtained from the shear 

deformation of each RC panel. The wall curvature and coupled shear deformations at the model 

element level were calculated from the geometrical and material properties of the RC panel 

element, corresponding to the bending moment and shear deformations at the height of ch of 

each RC panel element, respectively. Further, rotation and resulting lateral displacement of 

model elements are calculated from the wall curvature and coupled shear deformations at the 

model element level. The readers may refer to Kolozvari [127] for more details about the model 

originally developed for steel-reinforced concrete shear walls. The modified numerical model, 

in this thesis, is also applicable to the reinforced concrete shear wall with web reinforced with 

FRP grids/bars by using a defined constitutive model for FRP bars/grid under cyclic loading. 

7.4 Constitutive behavior of reinforced concrete panel 

The constitutive behavior of the RC wall panel subjected to cyclic in-plane loading is simulated 

using Fixed-Strut-Angle-Model (FSAM) developed by Ulugtekin [125], which is reported to 

reproduce the cyclic shear test results with reasonable accuracy. The original formulation of 

FSAM was modified by incorporating the dowel action of web reinforcement and shear 

aggregate interlock [124]. This section provides a brief description of the used RC panel 

formulation.  

This RC panel model relates the strain field imposed on the RC panel to the resulting stress 

field (See Fig. 7.3). The principal strain and principal stress directions coincide before the 

development of the first crack. The first crack develops when the principal tensile strain 

exceeds the cracking strain of concrete, resulting in the formation of the first fixed strut. The 
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second crack is assumed to be orthogonal to the first crack, causing the formation of the second 

fixed strut. After this, the principle compressive and tensile stresses always aligns along these 

two fixed struts. Uniaxial stress-strain relationships define concrete behavior along these struts. 

The behavior of the reinforcement bar is represented by using uniaxial stress-strain 

relationships along the directions of the reinforcement bar. It may be noted that the adopted 

concrete material model in FSAM is uniaxial in nature. However, it also includes biaxial 

softening (including softening in compression) [128] and hysteretic biaxial damage [129]. 

 

Fig. 7-3. The FSAM Constitutive Model [122] 

The extended formation of FSAM implements shear aggregate interlock and reinforcement 

dowel action along inclined cracks [124]. A simplified friction-based model was used to 

implement the shear aggregate interlock (Fig. 7.4). The shear stress is developed only when 

normal stress is compressive. The slope of the curve (i.e., sliding shear strain vs. resultant shear 

stress) was considered as a fraction (i.e., 0.45 times) of concrete elastic modulus. The dowel 

action of the reinforcement bar was modeled using a linear elastic model (See Fig. 7.5). The 

recommended ranges of values of concrete friction coefficient, ɳ, and Stiffness coefficient of 

reinforcement dowel action, αdw, are 0 to 1.5 and 0 to 0.05, respectively. The final adopted 

value for a specimen requires calibration. 

 

Fig. 7-4. Shear aggregate interlock model [124] 



148 

 

 

Fig. 7-5. Reinforcement dowel action model [124] 

7.5 Constitutive models of materials 

7.5.1 Steel reinforcement 

The hysteretic stress-strain behavior of steel reinforcement bars is implemented using a 

uniaxial constitutive model for steel bars [130]. It is implemented in OpenSees as a 

uniaxialMaterial SteelMPF. Fig. 7.6 shows the steel reinforcement bar stress-strain curve with 

model parameters. This material model is computationally efficient and provides the results 

with greater accuracy. The parameters of this model can be calibrated to consider the tension-

stiffening effect. Kolozvari [127] provides detailed information on this model. 

 

Fig. 7-6. The constitutive model of steel reinforcement bar [127] 
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7.5.2 Concrete 

A uniaxial hysteretic concrete stress-strain model, developed by Chang and Mander [131] and 

implemented in OpenSees as ConcreteCM, is used in the present study to model both confined 

and unconfined Concrete. This non-dimensional material model is a rule-based and generalized 

model. It allows the calibration of model parameters based on experimental data. The 

compression envelope curve (Fig. 7.7) can be specified by initial tangent modulus (Ec), stress 

and strain at peak (εc
' and fc

'), envelop curve shape parameter r [132] and a normalized strain, 

εcr
', after which envelope is a  straight line. Similarly, a tension envelop is defined (Fig. 7.7). 

These parameters were obtained from the calibration of concrete which was done based on 

experimental data. The calibration of geopolymer concrete was based on the Hognestad 

parabolic curve, which has been reported as suitable to simulate the uniaxial compressive 

stress-strain behavior of geopolymer concrete [133]. 

 

Fig. 7-7. The concrete constitutive material model – compression and tension envelop curves 

[127] 

7.5.3 FRP grid 

The BFRP grid is modeled as linear elastic material until rupture, both in compression and 

tension. The compressive strength of FRP bars has been reported to be lower than their tensile 

strength, as FRP is prone to buckling under compression. The design Codes of Practice neglect 

the contribution of FRP in compression [16, 134]. CSA A23.3-2014 [121] limits the design 

strain in compression for FRP to 0.0035. 
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The compressive strength of FRP bars generally depends upon the manufacturing procedure, 

fiber content and resin quality. The compressive strength value of FRP bars has been reported 

to be higher than 50% of their tensile strength, and elastic modulus in compression and tension 

were reported to be nearly the same [135-142]. In this study, the BFRP grid is used as 

reinforcement. The orthogonal chord in the BFRP grid at regular intervals enhances the 

bonding with concrete. The slenderness ratio of the embedded BFRP grid is near zero, 

assuming full bond condition. The spalling of concrete cover is generally less likely in the case 

of FRP-reinforced concrete members due to the lower stiffness of FRP. 

In the present study, the compressive strength is taken as 50% of the tensile strength. The stress-

strain curve of the BFRP bar is modeled using a user-defined multilinear relationship, given in 

OpenSees  (See Fig. 7.8). The relationship is linear until ultimate strength (ffu) followed by a 

linear descending branch until BFRP stress reaches a minimum value of 0.1 ffu. This minimum 

stress value was set to allow stress redistribution after the localized failure of the BFRP grid. 

The lateral strength of FRP is comparatively very low; therefore, the stiffness coefficient of 

reinforcement dowel action (αdw) for FRP was taken at a very small value compared to that of 

steel. 

 

Fig. 7-8. Stress-strain curve of BFRP grid 

7.5.4 Incorporation of tension-stiffening effect 

The phenomenon of the contribution of concrete between the cracks to the tensile strength of a 

reinforced concrete member is known as the tension stiffening effect. This effect causes a 
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reduction in post-cracking deformations and significantly impacts the shear behavior and post-

cracking stiffness of RC members [129, 143, 144]. 

In the present numerical analysis, tension stiffening is considered using a model proposed by 

Belarbi and Hsu [144]. The concrete in tension was modeled using an average stress-strain 

curve for the cracked concrete for all specimens. The relationship is linear up to cracking, and 

the post-cracked region is defined using a descending curve (Fig. 7.9). The average stress-strain 

relationship of steel bars embedded in concrete was different from that of bare steel bars as 

average smeared stress in reinforcement, at the onset of yielding of reinforcement at the cracked 

region, is lower than the yield stress of bare bar. The reduced average yield stress was 

calculated following the expression in Eq (7.1).  

 

(7.1) 

 

Here, fyeff is reduced yield stress, ρ is the longitudinal reinforcement ratio, n is the ratio of steel 

and concrete elastic moduli,  fcr is the cracking stress, and fy is the yield stress of the steel bar. 

 

Fig. 7-9. Concrete in tension – average stress-strain curve [144] 
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7.6 Validation of the proposed model 

The proposed model is validated with a steel-reinforced OPC concrete specimen RW-A15-

P10-S78 tested by Tran and Wallace [145]. Also, a sensitivity analysis was conducted to see 

the influence of model parameters on the response of the specimen.  

The test specimen RW-A15-P10-S78 is 1830 mm high and 1220 mm long (i.e., aspect ratio = 

1.5) cantilever wall of 150 mm thickness. A constant axial load equal to 10% of the axial load 

capacity of the specimen was applied on the top of the wall. The reinforcement ratios of 

longitudinal boundary reinforcement and web reinforcement were 6.06% and 0.73%, 

respectively (See Fig. 7.10). The specimen was reported to fail due to the crushing of the 

diagonal compression strut followed by the buckling of longitudinal reinforcement and sliding 

shear. 

 
a) Plan view 

 
b) Cross-section 

Fig. 7-10. Plan and cross-section of the specimen RW-A15-P10-S78 (all dimensions are in 

inches) [145] 
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The calibration of steel and Concrete was done based on experimental data, and the resulting 

parameters were used as inputs in the material model. The calibrated parameters to define the 

material models ConcreteCM and SteelMPF, in OpenSees, are presented in Tables 7.1 and 7.2. 

As proposed by Menegotto and Pinto [130], the cyclic stiffness degradation parameters of steel 

reinforcement bars were taken as R0 = 20, A1 = 18.5 and A2 = 0.15. 

Table 7.1. Model parameters of the constitutive behavior of steel reinforcement 

Parameter 
Reinforcement bar 

#2 #3 #5 #6 

fy (Mpa) 423.4 443.3 474.6 477.2 

E0 (Gpa) 200 

b 0.003 0.02 0.01 0.01 

Table 7.2. Calibrated parameter for constitutive behavior of concrete in compression and 

tension 

Material Parameter Boundary (confined) Web (unconfined) 

Concrete in compression 

fc
' (MPa) 72.2 55.8 

εc
'
 0.0059 0.002371 

Ec (MPa) 41051 37252 

εcr
'
 1.022 1.023 

R 12.07 15 

Concrete in tension 

ft (MPa) 2.31 

εt 0.00008 

Ec (MPa) 37252 

εcr
'
 ∞ 

R 1.2 

 

The model was discretized into m number of RC panels (i.e., macro fibers) along the length of 

the wall and n numbers of elements along the height (See Fig. 7.10). To check the sensitivity 

of the discretization scheme, analysis with different sets of m and n values (i.e., m5n5, m5n7, 

m7n5, m7n7, m7n9, m9n7, m9n9) was conducted. The dowel action stiffness parameter, αdw 

and shear friction coefficient, ɳ, were kept constant at 0.012 and 0.2, respectively. Fig. 7.11 

shows that the lateral load-deflection response (i.e., global response) is almost the same for all 

the considered discretization schemes. However, the local responses (i.e., strains in steel and 

concrete) are more precise with an increase in the number of RC panels and elements. For this 

specimen, discretization scheme m9n9 is considered for further study, i.e., the specimen is 

discretized in nine elements, and each element has nine RC panels. RC panels 1, 2, 8 and 9 

were part of edge boundary elements; therefore, confined concrete materials properties were 
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assigned to these panels. The middle five RC panels (i.e., 3, 4, 5, 6, 7) were assigned unconfined 

material properties. 

 

Fig. 7-11. Sensitivity analysis – discretization of  member 

It has been shown by Kolozvari [127] that the parameters defined for the shear-resisting 

mechanism require calibration. Therefore, a sensitivity analysis study was conducted to see the 

effect of shear friction coefficient, ɳ, and dowel action stiffness parameter αdw on the lateral 

load-displacement response. Fig. 7.12 compares lateral load-deflection curves for different 

values of αdw., while keeping ɳ equal to 0.6. It can be seen that lateral load, stiffness, and 

deflection capacities are only marginally influenced. However, pinching behavior is quite 

sensitive to αdw value. The αdw values were calibrated such that experimental and predicted 

results were closer [146]. Based on calibration, αdw value was taken as 0.012. Similarly, a 

sensitivity study was performed for the effect of the shear friction coefficient, ɳ, and it was 

seen that response of the specimen is not influenced by ɳ. For further study, the friction 

coefficient was taken as 0.6. 
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Fig. 7-12. Sensitivity analysis – effect of reinforcement dowel parameter 

 

Fig. 7-13. Sensitivity analysis – effect of shear friction coefficient 

The analysis of specimen RW-A15-P10-S78 was performed in OpenSees using the concrete 

and steel parameters presented in Tables 7.1 and  7.2. Fig. 7.14 compares the predicted lateral-

load deflection relationship with the experimental one. It can be seen that the predicted 

response is very close and similar to the experimental ones. The last cycle in the experimental 

load-deflection relationship corresponds to the buckling of reinforcement and shear sliding, 

which is not captured by the numerical model. The predicted failure of the specimen was by 

crushing concrete which matches the reported failure in the test. Fig. 7.15 shows the maximum 

strain in concrete strut 1, horizontal steel and vertical steel. 
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Fig. 7-14. Comparison of predicted load-deformation relation with test one 

 

a) Stress-strain relationship of strut1 of RC panel 
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b) Stress-strain relationship of horizontal steel 

 

c) Stress-strain relationship of vertical steel 

Fig. 7-15. Stress-strain relationship of concrete, horizontal steel and vertical steel 

7.7  Details of tested specimens and modeling strategy 

In this section, the specimens tested in this thesis, presented in Chapter 6, are simulated using 

the adopted numerical methodology. A total of seven specimens, including six sandwich wall 

panels and one solid wall panel (See Table 7.3), were modeled. All sandwich wall panels are 

reinforced with steel bars in edge boundary element regions. The web region is either 

reinforced with BFRP grid (i.e., specimens CS1, CS4, CS5, CS6, CS8) or horizontal and 

vertical steel bars (i.e., specimens CS2 and CS7). The calibration of geopolymer concrete is 

based on the Hognestad parabolic curve, which has been reported as suitable to simulate the 

uniaxial compressive stress-strain behavior of geopolymer concrete [133]. The calibrated 
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parameters for steelMPF model, ConcreteCM model and shear resistance parameters for each 

specimen are summarized in Tables 7.4, 7.5 and 7.6. 

Fig. 7.16 shows the equivalent cross-section of a SWP. The composite action assumption is 

followed, neglecting the structural contribution of insulation. The total thickness of the RC 

panel in the web region is taken as the sum of the thickness of two wythes. This assumption is 

reasonable, considering the adopted GFRP tubular connector performs well in two orthogonal 

directions [133]. It may be noted that each boundary element was modeled using two RC 

panels. Therefore, the outer two RC panels on either side represent the edge boundary element 

in Fig. 7.16. 

Table 7.3. Details of tested specimens, simulated in this chapter 

Panel ID ALR 
Web 

reinforcement 

Confinement of 

edge boundary 

element 

Slenderness 

ratio 

Aspect 

ratio 
SLR 

CS1-1.25-0.1-BG-Y 0.1 BFRP G Yes 
5 1.06 1.25 

CS2-1.25-0.1-St-Y 0.1 Steel Yes 

CS4-2.38-0.2-BG-Y* 0.2 BFRP G Yes 12.7 

2.18 2.38 

CS5-2.38-0.1-BG-Y 0.1 BFRP G Yes 

9.5 
CS6-2.38-0.2-BG-Y 0.2 BFRP G Yes 

CS7-2.38-0.1-St-Y 0.1 Steel Yes 

CS8-2.38-0.2-BG-N 0.2 BFRP G No 
Note: ALR – Axial load ratio; SLR – Shear span to length ratio; *CS4 is a solid wall panel (i.e. no 

insulation), all other wall panels are sandwich wall panels; BFRP G – Basalt FRP grid; all wythes are cast 

with geopolymer concrete; edge boundary elements of all specimens were reinforced with longitudinal 

steel bars. 

 

 

a) Actual cross-section of a SWP 

 

b) Equivalent cross-section of SWP for numerical model 

Fig. 7-16. Equivalent cross-section and discretization across the length of the wall 

Insulation

Edge boundary element
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Table 7.4. Steel calibration parameters 

Parameter 
Horizontal steel Vertical steel 

Edge Web Edge Web 

fy (MPa) 436 445 436 

b 0.001 0.01 0.001 

Ro 20 

A1 0.925 

A2 0.15 (Axial load ratio =0.1); 0.0015 (Axial load ratio =0.2) 

Table 7.5. Concrete calibration parameters 

Specimen  fc
' (MPa) εc

' Ec (MPa) r εcr
' 

CS1 
Unconfined 54.48 -0.0030 25320 4.5 1.022 

Confined 66.03 -0.0050 28105 1.9 1.023 

CS2 
Unconfined 54.48 -0.0030 25320 4.5 1.022 

Confined 66.03 -0.0050 28105 1.9 1.023 

CS4 
Unconfined 44.40 -0.0035 23133 4.5 1.022 

Confined 57.00 -0.0063 25678 1.7 1.023 

CS5 
Unconfined 54.48 -0.0030 25320 4.5 1.022 

Confined 66.03 -0.0050 28105 1.9 1.023 

CS6 
Unconfined 54.48 -0.0030 25320 4.5 1.022 

Confined 66.03 -0.0050 28105 1.9 1.023 

CS7 
Unconfined 54.48 -0.0030 25320 4.5 1.022 

Confined 66.03 -0.0050 28105 1.9 1.023 

CS8 Unconfined 44.40 -0.0035 23133 4.5 1.022 

Table 7.6. Shear resistance parameters 

Specimen CS1 CS2 CS4 CS5 CS6 CS7 CS8 

ɳ 1 

αdw 0.002 0.005 0.01 0.002 0.02 0.015 0.005 

7.8 Simulation of tested slender specimens 

7.8.1 CS4-2.38-0.2-BG-Y* 

The specimen CS4 was a solid wall specimen with a cross-section shown in Fig. 6.2. The shear 

span to length ratio was 2.38, implying flexural-dominated behavior. In the test, the specimen 

had concrete crushing due to flexural compression followed by shear compression failure. 

Fig.7.17 compares numerically and experimentally obtained lateral load-deflection curves. The 

numerically obtained lateral load-deflection curve imitates the experimental one. The load 

capacity, deformation capacity, loading stiffness and energy dissipation characteristics look 

quite similar. However, the unloading stiffness of the numerically obtained curve is higher than 

that of the experimental one. Fig. 7.18 shows the crack pattern and contour for stresses and 

strains. Based on numerical analysis, the maximum strain in the horizontal chord of BFRP was 

0.73%. The vertical chord of the BFRP grid was ruptured. The maximum strain in vertical steel 
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in edge boundary elements was 4.87%. The numerical failure mode is the crushing of edge 

boundary element concrete which matches to initial failure reported in the test (Fig. 7.19). 

 

Fig. 7-17. Comparison of numerical and experimental lateral load-deflection curves 

(specimen CS4) 
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c) d) 

Fig. 7-18. Crack pattern and contour for stresses and strains of specimen CS4 

 

Fig. 7-19. Stress-strain curve of concrete along strut1 (specimen CS4) 

7.8.2 CS5-2.38-0.1-BG-Y 

The specimen CS5 was a sandwich wall panel with BFRP grid-reinforced web and was 

subjected to an axial load equal to 10% of the sectional axial capacity of the member. The 

cross-section of specimen CS5 is shown in Fig. 6.2. In the test, the specimen had flexural 

compression failure at the peak and wide diagonal cracks with a vertical crack at the ultimate.    

The non-uniformities of cracks on two wythes of SWP and accidental non-uniformity of 
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strength/geometry etc. (different stiffness of two wythes) might have caused individual wythe 

to bulge outwards, resulting in vertical cracks connecting the cross-point of the diagonal cracks. 

Fig. 7.20 shows the comparison of the numerically obtained lateral load-deflection curve with 

that of the experimental one. The numerically predicted strength and stiffness are higher at 

initial drift levels. The overall experimental hysteretic curve is similar to the predicted one; 

however, the ultimate predicted drift is higher than that of the experimental one. The specimen 

CS5 was a sandwich wall panel. The simulated model considers it a solid wall panel with a 

cross-sectional thickness equal to the sum of thicknesses of two wythes of SWP. This can be 

the potential reason for the differenec in predicted and experimental ultimate drifts. In the 

numerical simulation, the specimen had concrete crushing in the edge boundary element (i..e, 

flexural compression failure) followed by crushing of the web (i.e., shear compression failure) 

(Figs. 7.21 and 7.22). This is similar to the experimentally reported failure mode. Based on 

numerical analysis, the maximum strain in the horizontal chord of BFRP was 0.4%. The 

vertical chord of BFRP grid was ruptured. The maximum strain in vertical steel in edge 

boundary elements was 7.63% (Fig. 7.23). Fig. 7.24 shows the crack pattern and contour for 

stresses and strains. 

 

Fig. 7-20. Comparison of numerical and experimental lateral load-deflection curves 

(specimen CS5) 
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Fig. 7-21. Stress-strain curve of concrete along strut1 in edge boundary region (specimen 

CS5) 

 

Fig. 7-22. Stress-strain curve of concrete along strut1 web region (specimen CS5) 
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Fig. 7-23. Stress-strain curve of vertical steel reinforcement (specimen CS5) 
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c) d) 

Fig. 7-24. Crack pattern and contour for stresses and strains of specimen CS5 

7.8.3 CS6-2.38-0.2-BG-Y 

The specimen CS6 was a sandwich wall panel with BFRP grid-reinforced web and was 

subjected to an axial load equal to 20% of the sectional axial capacity of the member. The 

cross-section of specimen CS6 is shown in Fig. 6.2. In the test, the specimen developed wide 

diagonal cracks, and a vertical crack was formed due to strength deterioration and 

nonuniformity of cracks in two wythes. Fig. 7.25 compares the numerically obtained lateral 

load-deflection curve with the experimental one. The predicted load-deflection response is 

similar to the experimental one; however, the ultimate predicted drift is higher than that of the 

experimental one. In the numerical simulation, the specimen had concrete crushing in the edge 

boundary element (i.e., flexural compression failure) (Fig. 7.26). Based on numerical analysis, 

the maximum strain in the horizontal chord of BFRP was 0.7%. The vertical chord of the BFRP 

grid was ruptured (Fig. 7.27). The maximum strain in vertical steel in edge boundary elements 

was 2.80% (Fig. 7.28). Fig. 7.29 shows the crack pattern and contour for stresses and strains. 
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Fig. 7-25. Comparison of numerical and experimental lateral load-deflection curves 

(specimen CS6) 

 

Fig. 7-26. Stress-strain curve of concrete along strut1 in edge boundary region (specimen 

CS6) 
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Fig. 7-27. Stress-strain curve of vertical FRP reinforcement (specimen CS6) 

 

Fig. 7-28. Stress-strain curve of vertical steel reinforcement (specimen CS6) 
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a) b) 

  
c) d) 

Fig. 7-29. Crack pattern and contour for stresses and strains of specimen CS6 

7.8.4 CS7-2.38-0.1-St-Y 

The specimen CS7 was a sandwich wall panel, fully reinforced with steel, and was subjected 

to an axial load equal to 10% of the sectional axial capacity of the member. The cross-section 

of specimen CS7 is shown in Fig. 6.2. In the test, the specimen had flexural compression failure 

with the formation of a plastic hinge. Fig. 7.30 shows the comparison of the numerically 

obtained lateral load-deflection curve with that of the experimental one. The numerically 
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predicted strength and stiffness are slightly higher at initial drift levels. The predicted load-

deflection response is similar to the experimental one; however, the ultimate predicted drift is 

higher than the experimental one. In the numerical simulation, the specimen had concrete 

crushing in the edge boundary element (i.e., flexural compression failure) (Fig. 7.31). This is 

similar to the experimentally reported failure mode. Based on numerical analysis, the 

maximum strain in the horizontal steel reinforcement was 0.2%. The maximum strain in 

vertical steel in edge boundary elements was 8.21% (Fig. 7.32). Fig. 7.33 shows the crack 

pattern and contour for stresses and strains. 

 

Fig. 7-30. Comparison of numerical and experimental lateral load-deflection curves 

(specimen CS7) 

 

Fig. 7-31. Stress-strain curve of concrete along strut1 in edge boundary region (specimen 

CS7) 
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Fig. 7-32. Stress-strain curve of vertical steel reinforcement (specimen CS7) 
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c) d) 

Fig. 7-33. Crack pattern and contour for stresses and strains of specimen CS7 

7.8.5 CS8-2.38-0.2-BG-N 

The specimen CS8 was a sandwich wall panel with BFRP grid-reinforced web and was 

subjected to an axial load equal to 20% of the sectional axial capacity of the member. There 

was no confinement provided to edge boundary elements. The cross-section of specimen CS8 

is shown in Fig. 6.2. In the test, the specimen had crushing at the tip of the inclined crack (i.e., 

shear compression failure), and secondary failure happened by buckling of longitudinal 

reinforcement of one of the edge boundary elements. Fig. 7.34 shows the comparison of the 

numerically obtained lateral load-deflection curve with that of the experimental one. The 

numerically predicted strength and stiffness are slightly higher at initial drift levels and slightly 

lower at larger drift levels. The predicted load-deflection response is similar to the experimental 

one; however, the ultimate predicted drift is higher than the experimental one. The 

experimental hysteretic curve is narrower, implying that the predicted one has larger energy 

dissipation. In the numerical simulation, the specimen had concrete crushing in the edge 

boundary element (Fig. 7.35). Based on numerical analysis, the maximum strain in the 

horizontal chord of BFRP was 0.65% (Fig. 7.36), and the vertical chord of the BFRP grid was 

ruptured (Fig. 7.37). The maximum strain in vertical steel in edge boundary elements was 

2.77% (Fig. 7.38). Fig. 7.39 shows the crack pattern and contour for stresses and strains. 



172 

 

 

Fig. 7-34. Comparison of numerical and experimental lateral load-deflection curves 

(specimen CS8) 

 

Fig. 7-35. Stress-strain curve of concrete along strut1 in edge boundary region (specimen 

CS8) 
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Fig. 7-36. Stress-strain curve of horizontal FRP reinforcement (specimen CS8) 

 

Fig. 7-37. Stress-strain curve of vertical FRP reinforcement (specimen CS8) 

-0.002 0.000 0.002 0.004 0.006 0.008
-100

0

100

200

300

400
-0.002 0.000 0.002 0.004 0.006 0.008

-100

0

100

200

300

400

S
tr

es
s 

(M
P

a)

Strain

 Horizontal FRP reinforcement

-0.005 0.000 0.005 0.010 0.015 0.020
-200

0

200

400

600

800

1000

1200
-0.005 0.000 0.005 0.010 0.015 0.020

-200

0

200

400

600

800

1000

1200

S
tr

es
s 

(M
P

a)

Strain

 Vertical FRP reinforcement



174 

 

 

Fig. 7-38. Stress-strain curve of vertical steel reinforcement (specimen CS8) 
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c) d) 

Fig. 7-39. Crack pattern and contour for stresses and strains of specimen CS8 

7.9 Simulation of tested squat specimens 

7.9.1 CS1-1.25-0.1-BG-Y 

The specimen CS1 was a sandwich wall panel with BFRP grid-reinforced web and was 

subjected to an axial load equal to 10% of the sectional axial capacity of the member. The shear 

span-to-length ratio was 1.25. The cross-section of specimen CS1 is shown in Fig. 6.2. In the 

test, the specimen had diagonal shear compression failure. Fig. 7.40 shows the comparison of 

the numerically obtained lateral load-deflection curve with that of the experimental one. The 

experimental load-deflection curve is unsymmetric in two directions, potentially due to 

different rigid body sliding of specimens in two directions and/or accidental setup errors. The 

numerically predicted strength and stiffness are higher at initial drift levels. The predicted load-

deflection response captures the overall hysteretic shape; however, the pinching behavior is 

different. The predicted ultimate strength and drift are higher than the experimental one. In the 

numerical simulation, the specimen had crushing of web (i.e., shear compression failure) (Fig. 

7.41). This is similar to the experimentally reported failure mode. Based on numerical analysis, 

the horizontal and vertical chords of BFRP were ruptured (See Figs. 7.42 and 7.43). The 

maximum strain in vertical steel in edge boundary elements was 4.5% (Fig. 7.44). Fig. 7.45 

shows the crack pattern and contour for stresses and strains. 
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Fig. 7-40. Comparison of numerical and experimental lateral load-deflection curves 

(specimen CS1) 

 

Fig. 7-41. Stress-strain curve of concrete along strut1 in edge boundary region (specimen 

CS1) 
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Fig. 7-42. Stress-strain curve of horizontal FRP reinforcement (specimen CS1) 

 

Fig. 7-43. Stress-strain curve of vertical FRP reinforcement (specimen CS1) 
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Fig. 7-44. Stress-strain curve of vertical steel reinforcement (specimen CS1) 
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c) d) 

Fig. 7-45. Crack pattern and contour for stresses and strains of specimen CS1 

7.9.2 CS2-1.25-0.1-St-Y 

The specimen CS2 was a steel reinforced squat sandwich wall panel and was subjected to an 

axial load equal to 10% of the sectional axial capacity of the member. The cross-section of 

specimen CS2 is shown in Fig. 6.2. In the test, the specimen had shear compression failure. 

Fig. 7.46 shows the comparison of the numerically obtained lateral load-deflection curve with 

that of the experimental one. The numerically predicted strength and stiffness are slightly 

higher at initial drift levels. The predicted load-deflection response has an overall hysteretic 

shape similar to the experimental one. The predicted peak load is smaller than the experimental 

one by 7%. In the numerical simulation, the specimen had concrete crushing in the web as well 

as edge boundary element regions (Figs. 7.47 and 7.48). This is similar to the experimentally 

reported failure mode. Based on numerical analysis, the maximum strain in the horizontal steel 

reinforcement was 5.41% (Fig. 7.49). The maximum strain in vertical steel in edge boundary 

elements was 4.5% (Fig. 7.50). Fig. 7.51 shows the crack pattern and contour for stresses and 

strains. 
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Fig. 7-46. Comparison of numerical and experimental lateral load-deflection curves 

(specimen CS2) 

 

Fig. 7-47. Stress-strain curve of concrete along strut1 in web region (specimen CS2) 
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Fig. 7-48. Stress-strain curve of concrete along strut1 in edge boundary region (specimen 

CS2) 

 

Fig. 7-49. Stress-strain curve of horizontal steel reinforcement (specimen CS2) 
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Fig. 7-50. Stress-strain curve of vertical steel reinforcement (specimen CS2) 
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c) d) 

Fig. 7-51. Crack pattern and contour for stresses and strains of specimen CS2 

7.10 Parametric study  

A parametric study was conducted to see the effect of replacing steel bars with FRP bars in the 

web region of the shear wall panel. The edge boundary elements were reinforced with steel 

bars. A specimen (i.e., a RC solid shear wall) with the cross-section shown in Fig. 7.10 (b) was 

adopted for the parametric analysis. The parameters considered were web reinforcement type 

(i.e., FRP bar or steel bar) and web reinforcement ratio (i.e., 0.25% and 1.5%). Specimens with 

different shear span-to-length ratios (i.e., 1, 1.5 and 2) were considered for the study. The 

specimen was named S78_ SLR_RR_WR, where S78 indicated the test specimen number, SLR 

stood for shear span-to-length ratio, RR showed the web (horizontal and vertical) reinforcement 

ratios, and WR indicated the type of web reinforcement. The vertical steel reinforcement in 

edge boundary elements was 5.87% 

The steel and concrete calibration parameters are given in Tables 7.1 and 7.2. The specimen 

was discretized into seven elements, each with seven RC panels. Specimens with web 

reinforcement ratios of 0.25% and 1.5% and shear span-to-length ratios of 1, 1.5 and 2 were 

simulated with different types of web reinforcement (i.e., steel or FRP bar). The comparison 

of hysteretic curves of FRP-reinforced web and counterpart steel-reinforced web for specimens 

with different SLR and web reinforcement ratios are shown in Figs. 7.52, 7.53 and 7.54. Tables 
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7.7 and 7.8 presents the peak loads with corresponding deflections and strains in the 

reinforcement of FRP and steel-reinforced specimens, respectively. 

 

a) Web reinforcement ratio of 0.25% 

 

b) Web reinforcement ratio of 1.5% 

Fig. 7-52. Comparison of lateral load-deflection curves of steel and FRP reinforced 

specimens with shear span-to-length ratio of 1 

-100 -80 -60 -40 -20 0 20 40 60 80 100
-2000

-1500

-1000

-500

0

500

1000

1500

2000

 S78_1_0.25_Steel

 S78_1_0.25_FRP

L
at

er
al

 l
o
ad

 (
k
N

)

Drift (mm)

-100 -80 -60 -40 -20 0 20 40 60 80 100
-2000

-1500

-1000

-500

0

500

1000

1500

2000

L
at

er
al

 l
o
ad

 (
k
N

)

Drift (mm)

 S78_1_1.5_Steel

 S78_1_1.5_FRP



185 

 

 

a) Web reinforcement ratio of 0.25% 

 

 

b) Web reinforcement ratio of 1.5% 

Fig. 7-53. Comparison of lateral load-deflection curves of steel and FRP reinforced 

specimens with shear span to length ratio of 1.5 
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a) Web reinforcement ratio of 0.25% 

 

a) Web reinforcement ratio of 1.5% 

Fig. 7-54. Comparison of lateral load-deflection curves of steel and FRP reinforced 

specimens with shear span to length ratio of 2 

All specimens had final failure by concrete crushing. There was a localized rupture of vertical 

FRP bars in the web region in all FRP-reinforced specimens, which was due to the lower 

stiffness of FRP bars (Table 7.8). The rupture of the horizontal FRP bar in the web region 

happened in squat FRP-reinforced specimen (i.e., SLR of 1) with a low web reinforcement 

ratio (i.e., 0.25%) (Table 7.8). The ultimate drift of all FRP-reinforced specimens was lower 

than their counterpart steel-reinforced specimens. The lateral load capacity of all FRP-

reinforced specimens was slightly lower than that of counterpart steel-reinforced specimens at 
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lower drift levels. However, at higher drifts, FRP-reinforced specimens resisted comparatively 

larger lateral loads (See Figs. 7.52, 7.53 and 7.54). FRP-reinforced specimens exhibited less 

pinching. The area of corresponding individual loops (i.e., quantification of energy dissipation) 

of specimens reinforced with FRP and steel was nearly the same. The total energy dissipation 

was larger in the case of the steel-reinforcement specimen due to their failure at higher drift 

ratios (See Figs. 7.52, 7.53 and 7.54). 

Table 7.7. Peak loads and corresponding deflections of FRP and steel-reinforced specimens 

Specimen ID SLR 
Web r/f 

ratio 

Web r/f 

type 

Deformations at peak 

(mm) 
Peak loads (kN) 

Max. Min. Average Max. Min. Average 

S78_1_0.25_Steel 

1 

0.25% 
Steel 81.2 -61.0 71.1 1520 -1376 1448 

S78_1_0.25_FRP FRP 36.6 -24.4 30.5 1238 -1178 1208 

S78_1_1.5_Steel 
1.50% 

Steel 48.8 -36.6 42.7 1699 -1617 1658 

S78_1_1.5_FRP FRP 24.4 -18.3 21.4 1549 -1516 1533 

S78_1.5_0.25_Steel 

1.5 

0.25% 
Steel 91.4 -77.3 84.4 905 -859 882 

S78_1.5_0.25_FRP FRP 43.3 -36.6 40.0 831 -792 812 

S78_1.5_1.5_Steel 
1.50% 

Steel 121.9 -91.4 106.7 1075 -1135 1105 

S78_1.5_1.5_FRP FRP 73.2 -54.9 64.1 1060 -1039 1050 

S78_2_0.25_Steel 

2 

0.25% 
Steel 48.8 -42.7 45.8 629 -617 623 

S78_2_0.25_FRP FRP 35.0 -24.4 29.7 612 -602 607 

S78_2_1.5_Steel 
1.50% 

Steel 162.3 -122.0 142.2 933 -880 907 

S78_2_1.5_FRP FRP 105.5 -97.5 101.5 829 -827 828 

Note: SLR- shear span to length ratio; r/f - reinforcement 
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Table 7.8. Comparison of strains in the reinforcement of FRP and steel-reinforced specimens 

Specimen ID SLR 

Web 

r/f 

ratio 

Web 

r/f 

type 

Average 

drift 

Max. strain in web r/f Strain in vertical 

steel of edge 

element Horizontal Vertical 

S78_1_0.25_Steel 

1 

0.25% 
Steel 5.8% 5.38% 14.03% 17.56% 

S78_1_0.25_FRP FRP 2.5% Rupture Rupture 6.56% 

S78_1_1.5_Steel 
1.50% 

Steel 3.5% 1.16% 7.74% 9.95% 

S78_1_1.5_FRP FRP 1.8% 0.82% Rupture 3.37% 

S78_1.5_0.25_Steel 

1.5 

0.25% 
Steel 6.9% 2.50% 8.23% 10.65% 

S78_1.5_0.25_FRP FRP 3.3% 1.26% Rupture 3.94% 

S78_1.5_1.5_Steel 
1.50% 

Steel 8.7% 0.85% 7.61% 10.30% 

S78_1.5_1.5_FRP FRP 5.3% 1.10% Rupture 8.71% 

S78_2_0.25_Steel 

2 

0.25% 
Steel 3.8% 0.43% 3.72% 4.63% 

S78_2_0.25_FRP FRP 2.4% 0.33% Rupture 3.03% 

S78_2_1.5_Steel 
1.50% 

Steel 11.7% 0.23% 10.39% 12.93% 

S78_2_1.5_FRP FRP 8.3% 0.41% Rupture 10.51% 

 

7.11 Conclusions 

This chapter presents a numerical model to simulate the seismic load behavior of reinforced 

concrete shear walls. The model considers the interaction between axial/flexural and shear 

response in reinforced concrete structural members subjected to in-plane cyclic shear loading. 

The following conclusions are drawn from this study. 

1. The developed model is validated with a steel-reinforced OPC concrete solid shear wall of 

a shear span-to-length ratio (SLR) of 1.5, and validation results imply that the numerical model 

can simulate the seismic behavior of solid shear walls with significant accuracy. 

2. The developed model replicated the load-deflection response of a geopolymer concrete 

slender solid shear wall (i.e., SLR = 2.38) reinforced with the BFRP grid-reinforced web. It 

indicates that the model can be used to simulate the FRP-reinforced geopolymer concrete solid 

shear walls. 

3. The developed model simulated the BFRP grid-reinforced geopolymer concrete squat and 

slender sandwich wall panels with reasonable accuracy. The predicted strength and stiffness 

were slightly higher than the experimental values at lower drift levels. The pinching 

characteristics were well replicated for most of the specimens. The model well predicted the 

failure modes. 



189 

 

4. The experimental hysteretic curve for sandwich wall panels without edge confinement is 

narrower than the predicted one. This implies that the predicted total energy dissipation is 

higher than the experimental value. 

5. While the numerical model predicted the overall hysteretic shape of sandwich wall panels, 

the predicted ultimate strength and drifts were higher than those obtained from tests, which was 

probably due to the early failure of a sandwich wall panel as compared to a counterpart solid 

wall panel. 
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CHAPTER 8 CONCLUSIONS AND PROSPECTS 

8.1 Conclusions 

This thesis investigated the in-plane behavior of a sustainable, cost-effective and structurally 

efficient sandwich wall panel (SWP) proposed by the author’s research group. The SWP 

consists of Basalt FRP (BFRP) grid-reinforced geopolymer concrete wythes, laterally 

connected with Glass FRP (GFRP) tubular connectors. The axial compression load (concentric 

and eccentric) behavior and in-plane cyclic-shear behaviour of the proposed SWP were 

investigated experimentally and numerically. Various test parameters were considered, i.e., 

slenderness ratio, spacing of connectors, insulation-wythe thickness ratio (axial compression 

load tests), axial load ratio, shear span to length ratio, type of web reinforcement, solid vs 

sandwich wall panel, the effect of edge confinement (cyclic shear tests). The following 

conclusions can be drawn from the studies conducted in this thesis. 

1. For axially loaded SWPs, the squat and slender SWPs had material failure by crushing of 

concrete in one of the two wythes due to developed compressive stresses resulting from direct 

axial load and/or bending due to eccentric loading and the second-order effect. However, 

slender SWP subjected to large load eccentricity had stability failure followed by concrete 

crushing. 

2. The longitudinal spacing of connectors did not significantly impact the ultimate axial load 

for the studied range of spacings. This was potentially due to solid RC end-capping beams, 

which were monolithically connected to the inner and outer wythes and restricted the relative 

slip at the ends of two wythes. The connectors were subjected to bending in addition to axial 

stresses. The presence of the top and bottom solid RC end-capping beams led to the suppression 

of the interface slip between the two wythes. The bending of the connectors was potentially 

due to the local change in curvature of the two wythes at the location between the two 

connectors. 

3. The connectors played an effective role in SWPs with a higher slenderness ratio, for which 

the second-order effect was significant. However, the ti/tc value did not significantly affect the 

ultimate axial load capacity of squat SWPs. That means the used connectors effectively ensured 

that the wythes deform together even for panels with higher insulation thickness. 
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4. There was no evidence of rupture or local buckling of the BFRP grid, while the maximum 

recorded compressive and tensile strains (i.e., at failure) in the BFRP grid were up to -6431 µɛ 

(i.e., compressive) and 8560 µɛ (i.e., tensile), respectively. This indicates that the BFRP grid 

was effective until the failure of SWPs. 

5. The test results indicate that the second-order effect was significant for eccentrically loaded 

squat and slender SWPs. The second-order moments were 17% and 59% (average values of 

tested squat and slender SWPs) of the first-order moments for squat and slender SWPs, 

respectively. 

6. Existing formulae for predicting the axial load capacity of OPC concrete wall panels, 

subjected to concentric axial load, usually overestimate the axial load capacity of geopolymer 

concrete wall panels and thus need modifications based on more test results in the future 

7. The value of analytically obtained parameter £ (i.e., the ratio of test  to predicted axial load 

capacity), calculated for concentrically axially loaded SWPs,  was found to vary from 0.31 to 

0.83. The primary reason for the lower value of parameter £ is that concentrically loaded SWPs 

are very sensitive to accidental eccentricity, setup errors, and initial imperfections. For the 

concentrically loaded SWPs, the type of connector and the ratio of insulation thickness to 

wythes’ thickness (ti/tc) significantly impacted the value of the parameter,  £. 

8. For eccentrically loaded SWPs, the value of parameter £ lied in the range of 0.68 to 1.22. 

Eccentrically loaded SWPs had a higher value of parameter £ as compared to counterpart 

concentrically loaded SWPs. This is probably due to better composite action in eccentrically 

loaded SWPs resulting from the natural tendency of two wythes to bend in the same direction 

under eccentric loading.  

9. An increase in insulation thickness (i.e., ti/tc) in squat SWPs may lead to a reduction in load 

capacity (i.e., parameter £) depending upon the effectiveness of connectors. However, for 

slender SWPs, it generally leads to an increase in load capacity resulting from reduced 

slenderness of SWPs. 

10. For in-plane cyclic shear loaded SWPs, the squat SWP had typical shear failure similar to 

the already reported for squat solid shear wall panels. The BFRP grid reinforced slender SWP 

developed a long vertical crack near to ultimate load, connecting the interconnecting points of 
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diagonal cracks resulting in strength degradation. However, the steel-reinforced slender SWP 

had typical flexural failure similar to that of its counterpart solid wall panel. 

11. The seismic performance of the slender solid wall panel was better than that of the 

counterpart slender sandwich wall panel. The average shear stress of the slender solid wall 

panel was 15% more than that of the corresponding slender SWP. The ultimate drift, ductility 

and total energy dissipation of the slender solid wall panel were significantly more than that of 

the corresponding slender SWP. This implies that the design guidelines given in the Code of 

Practice and methodologies proposed by various researchers for solid shear walls may not be 

suitable for the design of SWPs.  

12. The SWPs with wall web reinforced with steel reinforcement displayed better seismic 

performance than that of BFRP grid-reinforced SWPs. The average shear stress, ultimate drift, 

ductility and energy dissipation of squat and slender steel reinforcement SWPs was higher than 

that of counterpart BFRP grid reinforced SWPs. 

13. All tested squat and slender SWPs had ultimate drift greater than 1%. All BFRP grid-

reinforced SWPs had an ultimate drift of less than 2%. The steel bar reinforced squat SWP 

(ALR=0.1) had an ultimate drift of 2%. The BFRP grid-reinforced slender solid wall panel 

(ALR=0.2), and steel bar reinforced slender SWP (ALR=0.1) achieved the ultimate drift of 

2.70% and 2.90%, respectively. The ultimate drifts of all tested BFRP grid-reinforced SWPs is 

higher than recommended (i.e., 1%) by ACI 374.2R-13, corresponding to the ‘life safety’ 

performance level. However, it was lower than the drift limit at collapse suggested by various 

codes of practice. 

14. The BFRP grid-reinforced SWPs have lower energy dissipation and drift ratios than 

counterpart steel-reinforced SWPs. Dampers may be used with FRP-reinforced shear walls to 

achieve better energy dissipation while retaining the other benefits of FRP reinforcement. As 

failure in FRP-reinforced shear walls is generally governed by concrete crushing, high-

performance concrete with higher compression ductility may be used in FRP-reinforced 

concrete shear walls. The use of steel-FRP composite bars can provide better stiffness while 

reducing the corrosion risk. 

15. A numerical model is presented to simulate the seismic load behavior of reinforced concrete 

shear walls. The model considers the interaction between axial/flexural and shear response in 

reinforced concrete structural members subjected to in-plane cyclic shear loading. This 
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numerical model can simulate the seismic behavior of steel-reinforced OPC concrete and FRP-

reinforced geopolymer concrete solid shear walls with significant accuracy. 

16. The presented model simulated the BFRP grid-reinforced geopolymer concrete squat and 

slender sandwich wall panels with reasonable accuracy. The predicted strength and stiffness 

were slightly higher than the experimental values at lower drift levels. The pinching 

characteristics were well replicated for most of the specimens. The model well predicted the 

failure modes. 

8.2 Recommendations for future research 

This thesis primarily concerns with in-plane axial load behavior of a novel type of SWP. The 

out-of-plane flexural load behavior of this type of SWP has already been studied by a researcher 

in the author’s research group.  

The research presented in this thesis has significantly developed an understanding of the 

fundamental behavior of the in-plane axial load behavior of a novel type of SWP. Considering 

it a relatively new type of SWP, further research is required to predict the behavior of 

connectors at service and ultimate limits.  This thesis has considered a range of parameters to 

assess the structural performance of the in-plane axial load behavior of the proposed SWP. In 

order to develop design guidelines to use this SWP system in real engineering projects, more 

test data with a wide range of test parameters need to be produced.  

The use of FRP as web reinforcement certainly has several advantages, such as -  preventing 

corrosion, no residual deformation, lower crack width and distribution of cracks over full 

height. However, the primary limitation of the use of FRP is comparatively lower energy 

dissipation and lower drift ratio. A further research study may be conducted using 

dampers/combined use of FRP and steel reinforcement/ steel-FRP composite bars/high-

performance fiber-reinforced cementitious composites to facilitate better energy dissipation 

ability. 

This study is focused on the bahavior of isolated wall panels. An investigation may be 

conducted as a part of future studies to understand the performance of structural connections 

between the proposed SWP and other structural members (e.g., columns) and the behavior of 

connections between two adjacent SWP units. 
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The BFRP grid-reinforced geopolymer concrete SWP, studied in this thesis, has lower carbon- 

footprint and higher durability while retaining the energy efficiency and structural performance 

of conventional SWPs. Further research is required to quantify the environmental impact 

assessment of the proposed SWPs and compare it with that of the traditional form of SWPs. 
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