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SUMMARY 
 
The response of structures suffers a progressive degradation under repeated cycles of loading in the non-
linear range.  Strength, stiffness, displacement capacity, and energy dissipation abilities depend not only 
on the characteristics of the structure but also on the cumulate damage suffered during the response.  This 
paper presents results of an experimental study intended to assess the concrete shear strength degradation 
of R/C walls subjected to high levels of non-linear flexural deformations.  Test results include twelve 
specimens subjected to in-plane shear forces.  In order to obtain a flexural behavior in the initial stage of 
the response, wall reinforcement was detailed using the capacity design method.  Ten of the 1500 mm 
high, 800 mm long, and 100 mm thick specimens were subjected to a quasi-static cyclic loading test.  By 
performing a large number of cycles in the post-yielding range, a shear type of failure was obtained in 
most of the specimens.  The last two specimens were subjected to monotonic reference tests.  Results 
obtained permitted to clearly identify the degradation of the concrete shear strength mechanism Vc.  Use 
of cumulative ductility demand as a parameter to evaluate damage produced by cyclic loadings was 
evaluated.  Results showed a very good correlation between hysteretic energy and cumulative ductility 
demand for each wall.  Finally, a shear strength model that includes the Vc degradation is presented. 
 

INTRODUCTION 
 
By using the capacity design approach, the designer would be able to insure the structure will respond in a 
ductile manner when it is subjected to strong earthquake motions.  Brittle modes of failure, like shear, 
must be avoided.  A satisfactory assessment of the capacities of the structure will be necessary to 
accomplish this objective.  Experimental and analytical results available in the literature have shown that 
the response of structures will suffer a progressive degradation when they are subjected to repeated cycles 
of loading in the non-linear range.  Strength, stiffness, displacement capacity, and energy dissipation 
abilities will depend not only on the characteristics of the structure but also on the cumulate damage 
suffered during the response.  This behavior has been clearly observed in the case of shear strength of 
reinforced concrete elements.  The damage due to large levels of inelastic cyclic flexural deformations will 
produce losses of the concrete shear strength mechanism. 
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The ACI Building Code [1] expressions for shear design of R/C walls are widely accepted as a good 
approach for estimating shear strength.  However, those equations do not consider the effect of the 
demand on the wall shear capacity.  The reduction in the strength due to the increasing ductility was first 
considered in the ATC [2] design equations for R/C columns.  It was also considered in the shear strength 
predictive model presented by Priestley et al. [3].  In the case of walls, some design codes permits to use 
only one portions of the maximum available shear strength for walls expected to undergo large inelastic 
cyclic deformations.  Paulay and Priestley [4] proposed a limit for the wall shear stress as a function of the 
displacement ductility demand.  Pérez and Pantazopoulou [5] presented an analytical model that relates 
the wall shear strength with the ductility demand.  The described models use the maximum level of the 
deformations as the damage index to evaluate the reduction in shear strength.  However, the effect of the 
cyclic nature of the seismic action, which has not been considered in these models, can be an important 
source of the structural response degradation processes. 
 
The objective of the research described in this paper is to assess the concrete shear strength degradation of 
reinforced concrete walls subjected to high levels of non-linear cyclic flexural deformations.  To reach this 
objective, a series of twelve specimens of cantilever walls were designed, constructed and tested at the 
laboratory. 
 

SHEAR STRENGTH MECHANISM 
 
Most of the shear design provisions included in current codes are based on shear strength predictive 
models obtained from empirical data.  It is usual to consider the shear strength Vn as the sum of two 
independent components: the shear carried by concrete Vc, and the shear carried by the web transverse 
reinforcement Vs. 
 

(1) 
 
Transverse Reinforcement Mechanism Strength Vs 
Shear carried by web transverse reinforcement Vs is based on the “truss” analogy.  The presence of shear 
reinforcement restrains the growth of inclined cracking and increases the deformation capacity of the 
element.  Code equations for Vs are usually based on the assumption that all the transverse reinforcement 
across a 45º-inclined crack in the web reaches yielding.  If ρh is the transverse reinforcement ratio, fy is the 
reinforcing steel yield strength, and b and d are the cross section thickness and effective depth 
respectively, Vs is given by: 

(2) 
 

However, experimental evidence has shown that code equations based on this assumption overestimate Vs 
[6,7,8,9].  In is not possible that cracks open enough to permit yielding of the reinforcement in the vicinity 
of the ends of the wall sections.  Recent research on the influence of the transverse reinforcement ratio on 
shear strength of RC walls showed that, on the average, Vs reaches only to 70% of the ACI code value [8].  
These results were based on the analysis of test results of 43 rectangular cross section specimens without 
border elements. 
 
Concrete Mechanism Strength Vc 
Shear carried by concrete Vc includes the strength mechanisms that develop after diagonal cracking has 
occurred, namely, aggregate interlock, dowel action of the longitudinal reinforcement across the diagonal 
cracks, and the shear resisting capacity at the wall compression zone.  The effectiveness of these 
mechanisms is strongly influenced by the presence and ratio of transverse reinforcement.  However, in the 
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ACI code, the shear strength provided by the concrete has been considered equal to the shear causing 
significant inclined cracking, and code equations for Vc are based on results obtained from tests of RC 
elements without transverse reinforcement. 
 
Experimental evidence has clearly shown that the concrete resisting shear mechanisms will reduce their 
effectiveness as non-linear cyclic deformation demand increases.  Diagonal crack growth and abrasion of 
concrete along faces of cracks produce losses of the aggregate interlock and dowel action.  Stress 
concentration at the compression zone of the wall will reduce its shear transfer capacity [6,3].  It has been 
widely observed that walls subjected to cyclic loading involving flexural ductility are likely to develop 
diagonal compression failure, even when shear reinforcement has been provided according to code 
provisions [6,9,10].  Shear strength reduction has been estimated between 10% and 25% [4,11,12].  
Accordings to these results, a capacity design procedure would not prevent the brittle shear failure if the 
current code shear design provisions were used. 
 
Evaluation of the strength decrease should consider the damage due to the maximum deformations level 
reached during the response, as well as the effect of the cyclic nature of the seismic action.  Ductility has 
been the most used parameter to evaluate the deformation level.  The shear strength predictive models for 
columns presented in Refs. 3 and 13, and the study presented in Ref. 5, consider the ductility demand as 
the parameter to characterize the reduction in strength.  The effect of the cyclic actions has not been 
included in the above mentioned models.  In this case, parameters such as the dissipated energy, number 
of cycles of the response, number of zero crossing, etc have been can be used to evaluate damage. 
 
Fundamentals of a Shear Strength Predictive Model 
A conceptual shear strength predictive model for columns that considers strength reduction was originally 
presented in Ref. 2.  The curve representing the model is shown in Fig. 1, in terms of the available shear 
strength Vn v/s the non-linear deformation demand (curve 4).  Up to a certain level of deformations, the 
element is able to maintain the initial shear strength.  As deformations increase, strength decreases to a 
minimum residual value.  The response of a reinforced concrete element will depend on the relative value 
of flexural and shear strength.  The behavior of an element with flexural strength lower than the residual 
shear strength is shown in curve (1).  After flexural yielding, the element will be able to develop large 
non-linear deformations and a ductile flexural type of failure.  The initial shear strength of the element 
represented by curve (2) is high enough to permit flexural yielding.  However, due to the reduction in 
shear strentgh, a shear type of failure would 
occur after developing some limited levels of 
non-linear flexural deformations.  The element 
represented by curve (3), with a flexural 
strength larger than the initial shear strentgh, 
will not be able to develop flexural yielding and 
will fail in a brittle shear mode.  The model 
assumes that the decrease in shear strength is 
completely given by the reduction of the 
effectiveness of the concrete resisting shear 
mechanism, and that Vs does not suffer 
degradation. 
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Fig.  1 Conceptual shear strength model (After Ref. 2) 
 



EXPERIMENTAL STUDY 
 
Design of the Specimens 
Twelve specimens of cantilever walls were designed, 
constructed, and tested at the laboratory.  The walls 
were designed to have all of them the same flexural 
strength, but different shear capacity.  They were of 
rectangular cross section, 800 mm long and 100 mm 
thick, and they had a height of 1500 mm, as shown in 
Fig. 2.  Specimens were rigidly connected to the floor 
through a RC base.  Loads were applied on a RC 
element at the top of the walls.  
 
All the specimens were provided with the same amount 
of flexural reinforcement, consisting of three 12 mm 
diameter bars at the extreme of the section, and five 8 
mm diameter bars evenly distributed at the mid-plane of 
the web, as shown in Fig. 3.  Shear capacity of 
the walls was varied by providing different 
transverse reinforcement ratios.  Shear 
reinforcement consisted in 5.5 mm diameter bars 
anchored with 180o hooks around the extreme 
longitudinal reinforcement.  In order to obtain a 
response like that described by curve (2) of Fig. 
1, transverse reinforcement ratios were 
determined by using a capacity design approach.  
Triangular hooks around the extreme 
longitudinal reinforcement along the height of 
the walls provided confinement of concrete.  
Additional rectangular hooks were used in the 
lower half of the specimens Type 1, 2, 3, and 4.  
Mechanical properties of reinforcing steel, 
including yield strength fy, elasticity modulus Es, 
deformation at onset of strain hardening εsh, 
tangent stiffness at onset of strain hardening Esh, 
tensile strength fu, and ultimate deformation εu, 
are presented in Table 1.  
 
Properties and predicted values of the lateral 
resistance of the specimens are given in Table 2.  
b and d are the cross section thickness and 
measured effective depth respectively.  f’c is the 
cylindrical compressive concrete strength, 
measured at the time of the wall tests.  
Transverse reinforcement ratios ranged from a 
minimum of 0.096% for Type 6 specimens (5.5 
mm diameter bars @ 250 mm) to a maximum of 
0.3% for specimen M1 (5.5 mm diameter bars 
@ 80 mm).  Specimen M5 did not have shear 
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reinforcement.  Vf is the lateral force associated with the development of the calculated flexural strength al 
the wall base section.  Vs and Vc are the shear carried by the web transverse reinforcement and the shear 
carried by concrete respectively, calculated according to the provisions of the Chapter 21 of the ACI 318 
code.  Vn is the nominal shear strength, calculated as Vc + Vs.  Actual measured values of the material 
properties were used to calculate shear and flexural capacities of the walls.  The last column shows the 
values of the Vn/Vf ratios.  As seen in the table, all the specimens except wall M5 had the shear strength 
larger than flexural strength, in ratios ranging from 1.78 for M1 to 1.26 for M4.  In the case of specimen 
M5, without transverse reinforcement, flexural and shear capacities were practically the same. 
 

Table 1     Reinforcing steel properties 
Bar diameter 

mm 
Specimen Type fy 

MPa 
Ees 

MPa 
εsh 
% 

Esh 
MPa 

fu 
MPa 

εu 
% 

5.5 1-2-3-4 320 210000 2.5 4500 500 18 
 5-6-7 332 210000 2.5 4500 500 18 
8 All 464 210000 1.3 3200 608 14 

12 1-2-3-4 369 210000 2.0 4000 585 23 
 5-6-7 345 210000 2.0 4000 585 23 

 
Table 2    Wall properties and calculated strength 

Wall b d fc Transverse 
reinforcement 

Nominal 
flexural 
strength 

ACI Nominal Shear Strength 

    Spacing Ratio ρs Vf Vs Vc Vn Vn / Vf 
 mm cm MPa mm % kN kN kN kN  

M5 100 700 30.7 --- --- 86 0 90 90 1.05 

M6A 100 710 33.0 250 0.096 87 22 95 117 1.34 

M1 100 660 44.6 80 0.300 92 63 101 164 1.78 

M2A 100 660 36.7 120 0.200 91 42 92 134 1.47 

M2B 100 660 37.0 120 0.200 90 42 93 135 1.50 

M3A 100 660 39.8 140 0.171 90 36 96 132 1.47 

M3B 100 660 38.9 140 0.171 91 36 95 131 1.44 

M7A 100 698 31.8 200 0.120 85 28 90 118 1.39 

M7B 100 699 30.2 200 0.120 82 28 88 116 1.41 

M4 100 660 37.0 250 0.096 90 20 93 113 1.26 

M6B 100 695 33.5 250 0.096 85 22 93 115 1.35 

M6C 100 700 30.7 250 0.096 83 22 90 112 1.35 

 

Test Setup, Instrumentation, and Loading History 
Specimens were loaded horizontally by quasi-static, reversed, in-plane shear loads at the top of the wall.  
Each wall was fixed to the floor through a RC base and they had no restrains at the top end.  Typical 
instrumentation for all specimens consisted in data channels to obtain information on in-plane load 
applied at the to of the wall, in-plane displacements, concentrated rotations at wall bases, flexural and 
shearing deformations of wall sections, and slip at wall bases.  Each test was first conducted under load 
control, and then continued in a displacement-controlled scheme as the specimen became more flexible 
during testing. 



Specimens M5 and M6A were 
subjected to a monotonically 
increasing loading history.  The other 
specimens were subjected to a 
repetitive pattern of series of reversed 
cyclic displacements of increasing 
maximum amplitudes.  The standard 
pattern of the loading history is shown 
in Fig. 4.  Previous to flexural 
yielding, the history includes three 
cycle series of increasing amplitude.  
After yielding occurred, specimens 
were subjected to series containing 
cycles of degradation and cycles of 
stabilization.  Wall M1 was subjected to the standard loading history.  In the case of pairs of identical 
walls, the second one of the pair was subjected to the same standard history (M2B, M3B, M6B, and 
M7B), omitting the stabilization cycles for M3B.  In order to generate a larger degradation effect, the 
loading history used for walls M2A, M3A, M4, M6C, and M7A contained about twice the number of 
cycles of the standard history after yielding.   
 
Test results 
A summary of the test results is presented in Table 3, indicating the loading history and the observed 
mode of failure of each case.  uy is the top displacement at flexural yielding.  Lateral force V, top 
displacement u, and drift ratio (displacement/wall height ratio) are presented for the maximum lateral load 
and ultimate conditions.  In the case of specimens that showed a similar behavior in both loading 
directions (M1, M2A, M2B, M3B, M4, and M7B), force and lateral displacement correspond to the 
average measured values.  In the case of specimens that showed a clearly defined failure in one direction 
(M3A, M6B, and M7A), presented values correspond to those measured in that direction.  Since specimen 
M6A developed sliding on its base at early stages of the test when subjected to a loading history with a 
large number of cycles, test results for this wall were not included in this study.  
 
Monotonic Tests 
Specimens M5 and M6A developed flexural yielding before failing.  Wall M5, without transverse 
reinforcement, showed a behavior characterized by the opening of a large diagonal crack along the web, 
extended damage at the web, and crushing of concrete at the compression toe, as shown in Fig. 5.  Failure 
was sudden, at a top displacement of 49 mm and a drift ratio of 3.3%.  Wall M6A, with a transverse 
reinforcement ratio of 0.096%, showed a more ductile behavior.  Diagonal cracking was uniformly 
distributed and crack thickness was controlled by the presence of transverse reinforcement, as shown in 
Fig. 5.  Compressive failure of the wall toe produced a sudden loss of lateral resistance and crushing of the 
concrete cover of the extreme longitudinal reinforcing bar.  Even though shear produced important 
damage, failure showed primarily characteristics of a flexural mechanism.  The specimen reached a top 
displacement of 91.7 mm (6.1% of drift ratio) and diagonal cracks had a thickness of 10 mm 
approximately at ultimate condition.  The load-displacement history of both tests is shown in Fig. 6. 
 
Cyclic Tests 
Specimen M1, with the largest transverse reinforcement ratio of 0.30%, was subjected to the standard 
loading history.  This wall responded primarily in a flexural mode.  Cycles of the response were stable and 
showed a good dissipating energy capacity (Fig. 7).  After flexural yielding, some degree of stiffness 
degradation occurred, but the specimen was able to maintain its resistance.  Ultimate condition was 
defined by crushing of concrete at the wall compression toes, followed by buckling of the extreme 
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longitudinal reinforcement at wall base and global instability of the specimen.  Diagonal cracks, 
approximately 1.5 mm wide, reached compression toes, but there were no concrete losses in the web.  The 
response was practically identical in both loading directions.  The specimen reached an average top 
displacement of 50.4 mm (3.4% drift ratio).  Cracking and damage pattern at the ultimate condition of the 
wall can be appreciated in Fig. 7 
 

Table 3   Test results 

Wall Loading 
history 

Mode of failure Yielding Maximum load Ultimate 

   uy 
mm 

Vmax  
kN 

u 
mm 

Def. 
% 

Vu 
kN 

u 
mm 

Def. 
% 

M5 Monotonic Diagonal tension shear 
Diagonal compression shear 
failure - crushing of concrete 
at toe of wall base section  

10.3 88.5 44.0 2.9 87.8 49.0 3.3 

M6A Monotonic Flexural compression toe 
failure 
Some shear damage 

4.8 96.1 86.0 5.7 95.1 91.7 6.1 

M1 Standard Flexural compression toe 
failure 
Longitudinal reinforcement 
buckling at wall base  

4.2 95.9 50.4 3.4 95.9 50.4 3.4 

M2A Standard 
double 

Diagonal compression shear 
failure- crushing of concrete 
at toe of wall base section  

6.7 85.4 16.3 1.1 78.0 25.8 1.7 

M2B Standard Diagonal compression shear 
failure- crushing of concrete 
at toe of wall base section 

4.6 87.0 21.8 1.5 82.5 29.2 1.9 

M3A Standard 
double 

Diagonal compression shear 
failure- crushing of concrete 
at toe of wall base section 
Global instability of specimen  

4.4 85.5 14.3 1.0 77.2 29.4 2.0 

M3B Standard 
without 

stabilization 
cycles 

Diagonal tension shear 
Flexural damage - longitudinal 
reinforcement buckling at wall 
base  

7.4 91.0 24.1 1.6 88.7 37.4 2.5 

M7A Standard 
double 

Diagonal compression shear 
failure- crushing of concrete 
at toe of wall base section 

4.4 93.9 24.1 1.6 71.9 24.9 1.7 

M7B Standard Diagonal compression shear 
failure- crushing of concrete 
at toe of wall base section 
Diagonal tension shear 

6.2 84.3 22.5 1.5 73.2 40.0 2.7 

M4 Standard 
triple 

Diagonal compression shear 
failure- crushing of concrete 
at toe of wall base section 

4.7 87.4 15.5 1.0 68.5 33.7 2.2 

M6B Standard Diagonal compression shear 
failure- crushing of concrete 
at toe of wall base section 

6.8 81.7 15.0 1.0 64.8 29.7 2.0 

 



The rest of the walls, with lower transverse reinforcement ratios, between 0.096% and 0.20%, showed a 
behavior characterized by degradation of stiffness, strength, and energy dissipation capacity after flexural 
yielding.  All the specimens, except M3B, exhibited a diagonal compression shear mode of failure, 
initiated when diagonal cracks penetrated the wall toe, producing an almost explosive failure by crushing 

of concrete at this zone, and defining the ultimate 
condition of the test.  Severe damage at the wall 
web and base toes was observed at final stage of 
the tests.  There was no evidence of fracture of 
transverse  
reinforcement in any of the walls 
 
 
Specimen M3B, subjected to the loading history 
with the lowest number of cycles, showed a 
diagonal tension shear mode of failure, 
simultaneously with flexural damage and 
longitudinal reinforcement buckling at wall base.  
In this wall, most of the damage at the wall toes 
was initiated by vertical splitting cracks caused by 
flexural stresses. 
 
The load-displacement history and the damage pattern at ultimate of specimen M2A are presented in Fig. 
8.  This wall, with a transverse reinforcement ratio of 0.2%, equal to 2/3 of the reinforcement ratio of wall 
M1, was subjected to a loading history containing about twice the number of cycles of the standard 

Fig. 5 Specimens M5 and M6A – Ultimate condition 
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history.  Failure occurred at a drift ratio of 1.7%, and a lateral load of 78 kN.  Degradation of the response 
characteristics can be clearly appreciated in the hysteretic loops.  At ultimate condition, diagonal cracks 
reached the wall toes at the base section, producing severe concrete damage. 
 
The load-displacement history and the damage pattern of specimen M4 are presented in Fig. 9.  This wall, 
with a transverse reinforcement ratio of 0.096%, about 1/3 of wall M1 reinforcement ratio, was subjected 
to a loading history containing about three times the number of degradation cycles of the standard history.  
Severe cracking and damage at the web was appreciated at a top displacement of 33.7 mm (2.2% of drift 
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Fig. 8 Specimen M2A  –  Load-displacement history 
and ultimate condition 
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Fig. 7 Specimen M1  –  Load-displacement history and 
ultimate condition 

 



ratio) in both loading directions.  At this stage, diagonal web cracks were about 5 mm wide and penetrated 
the wall compression toes, but there was no evidence of flexural splitting cracking damage.  Even though  

the test continued and the specimen was able to maintain its global stability, ultimate condition was 
defined at this stage.  
 

ANALYSIS OF THE RESULTS 
 
Test results have been summarized in Table 4, indicating the mode of failure, the lateral force Vu at 
ultimate condition, and the ratio of Vu and the maximum measured lateral load Vmax.  To compare 
measured capacities with nominal flexural and shear strengths, Vf and Vn respectively, ratios (Vmax/Vf), 
(Vmax/Vn), (Vu/Vf), (Vu/Vn) are presented.  The non-linear deformation demand has been represented by the 
reached displacement ductility ratio and the cumulate displacement ductility.  Reached ductility has been 
calculated as the ratio of the displacements at ultimate and first flexural yielding conditions.  Cumulate 
ductility was calculated by adding reached ductility values at each peak of the loading history, considering 
separately each loading direction.  In the case of specimens that showed a similar behavior in both loading 
directions, ductility ratios presented in the table correspond to average values.  In the case of specimens 
that showed a clearly defined failure in one direction, presented values correspond to those measured in 
that direction. 
 
Monotonic Tests 
Wall M5, without transverse reinforcement and with flexural and shear capacities nearly equal (Table 2), 
was able to develop flexural yielding and to maintain its lateral resistance in the non-linear range, before 
collapsing in a shear mode.  Even though the specimen was able to reach a ductility ratio of 4.8, most of 
the deformation was due to the large opening of the diagonal crack.  As seen in Table 4, ACI code 
equations gave a very good prediction of the shear strength.  This result confirmed that ACI Vc value 
correspond to the shear causing significant inclined cracking of reinforced concrete elements without 
transverse reinforcement. 
 
Wall M6A, with a transverse reinforcement ratio of 0.096%, showed a more ductile behavior and a 
primarily flexural failure mechanism.  As shown in Fig. 6, this specimen maintained its lateral capacity 

Fig. 9 Specimen M4  –  Load-displacement history and 
ultimate condition 
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after yielding.  Measured value of Vu was slightly larger than its flexural capacity, but it was only 81% of 
the predicted shear strength.  These results and the observed mode of failure indicated that the specimen 
did not reach its shear strength. 
 

Table 4   Analysis of experimental results 

Wall Mode 
of 

failure 

Vu 

kN 
Vu /Vmax 

 
Vmax/Vf 

 
Vmax/Vn 

 
Vu/Vf 

 
Vu/Vn 

 
Ductility µ 0.7Vs 

kN 
Vc =  

Vu–0.7Vs 

kN 

Vc/√(f’c)bd 

        Reache
d 

Cumulate    

M5 Shear 87.8 0.99 1.03 0.98 1.02 0.98 4.8 4.8 -- 87.8 0.226 

M6A Flexure
-Shear 

95.1 0.99 1.10 0.82 1.09 0.81 19.1 19.1 15.8 79.3 0.194 

M1 Flexure 95.9 1.00 1.04 0.58 1.04 0.58 12.3 129.0 44.4 51.5 0.117 

M2A Shear 78.0 0.91 0.94 0.64 0.86 0.58 3.9 101.6 29.6 48.4 0.121 

M2B Shear 82.5 0.95 0.97 0.64 0.92 0.62 6.4 82.8 29.6 52.9 0.132 

M3A Shear 77.2 0.90 0.95 0.65 0.86 0.58 6.6 119.7 25.3 52.0 0.126 

M3B Shear 88.7 0.97 1.00 0.69 0.97 0.68 5.1 38.0 25.3 63.4 0.154 

M7A Shear 71.9 0.77 1.10 0.80 0.85 0.61 5.7 85.6 19.5 52.4 0.133 

  M7B Shear 73.2 0.87 1.03 0.73 0.89 0.64 6.5 73.1 19.5 53.7 0.140 

M4 Shear 68.5 0.78 0.97 0.77 0.76 0.60 7.4 168.5 14.2 54.3 0.135 

M6B Shear 64.8 0.79 0.96 0.71 0.76 0.56 4.4 58.3 15.5 49.3 0.123 

 
Cyclic Tests 
All the specimens developed flexural yielding during the test and were able to go further in the non-linear 
range of the response.  However, wall M1 was the only one that maintained its lateral load capacity up to 
the end of the test.  As seen in Table 4, lateral load capacity at ultimate condition was in the range of 77% 
and 97% of the maximum lateral load.  By comparing results of pairs of walls with identical reinforcement 
ratios (M2A and M2B, M3A and M3B, M7A and M7B), the one subjected to a larger number of cycles 
showed greater strength degradation.  Of the specimens that failed in shear, wall M3B, subjected to the 
lowest number of cycles, showed lo lowest strength degradation.  On the contrary, wall M4 subjected to 
the largest number of cycles in each series, showed one of the largest strength degradation rates. 
 
As indicated by (Vmax/Vf) ratio values, all the specimens developed their flexural nominal capacities.  The 
values of the (Vmax/Vn) ratios indicate that not any of the specimens reached its ACI nominal shear 
strength, as it was intended in design (Table 2).  However, the test observations indicated that all the 
specimens except M1 failed in shear.  These results clearly suggest that the available shear resistance is 
lower than it was predicted in design, and that the available resistance depends on the loading history. 
 
In order to compare the behavior of a flexural dominated wall (M1) with a shear dominated one (M4), the 
dissipated energy was calculated for the first and last maximum displacement cycles of each series of the 
test responses.  Energy values, normalized by the maximum displacement of the corresponding cycle, are 
shown in Fig. 10.  Displacement level is presented in terms of the reached ductility ratio.  In the case of 
specimen M1, practically did not exist losses of the energy dissipation capacity between consecutive first 
cycles.  Some degree of degradation appeared between the first and last cycles of the last series.  Specimen 
M4 showed larger levels of dissipated energy at the initial series of the loading history, probably due to 
the early damage in the web suffered during the test.  A sustained loss of the energy dissipation capacity is 
observed during the last series of the test.  



Development of a Shear Strength 
Predictive Model 
The measured lateral load Vu at ultimate 
condition of the test was considered as 
the available shear capacity for each 
specimen that failed by shear.  In order to 
study the influence of the loading history 
on the shear capacity, Vu values have 
been plotted in terms of the reached 
ductility (Fig. 11) and the cumulated 
ductility (Fig. 12).  The mode of failure 
and the type of loading history have been 
indicated in the figures.  While Fig. 11 
does not show any tendency between Vu 
and the reached ductility, a clear relation 
is observed between Vu and the 
cumulated ductility in the second figure. 
 
Since it was assumed that degradation 
has an effect only on the concrete 
mechanisms strength Vc, it was 
convenient to separate both components 
Vc and Vs.  To do this, it was assumed that 
the shear carried by web transverse 
reinforcement Vs is equal to 70% of the 
ACI code value [8].  Values of Vc, 
calculated as the difference between 
measured Vu and calculated Vs, are given 
in Table 4.  Values of Vc normalized by 
bd√f’c have been plotted in Fig. 13, in 
terms of the cumulate displacement 
ductility values.  The obtained results, that 
showed a clear correlation between the 
two parameters, permitted to develop a 
predictive model for Vc having the form 
of: 
 

(3) 

The parameter K should include the 
effects of the wall aspect ratio, the 
longitudinal reinforcement ratio, the axial 
load, and the non-linear cyclic 
deformation demand.  Given the data 
obtained in this study, only the last effect 
can be assessed. 
 
A simple bi-linear model representing the relationship between Vc and the cumulate displacement ductility 
is presented in Fig. 13 and equation (4), where f’c is in MPa, b and d are in mm, and Vc is in N. 
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The proposed model assumes degradation will occur immediately after flexural yielding.  For cumulate 
ductility demands larger than 60, the walls would be able to maintain a residual value of Vc.  The equation 
for Vn is: 

(5) 
 
Analysis of the Proposed Shear Strength Predictive Model 
The envelope of the cycles of the 
response, the curve representing the 
obtained predictive shear strength model, 
and the ACI code Vn value have been 
compared for each specimen.  Fig. 14 
shows curves for specimen M1, which 
was the wall with the largest transverse 
reinforcement ratio.  As seen in the figure, 
the behavior of this specimen corresponds 
to case (1) in Fig. 1.  The wall flexural 
strength was lower than the residual shear 
strength and the wall was capable to 
develop large non-linear deformations and 
a ductile flexural type of failure.  ACI Vn 

value was about 72% larger than 
measured lateral load capacity.  However, 
the extent of the shear damage observed at 
the ultimate condition indicated that the 
wall shear capacity would have been 
lower, as predicted by the obtained model. 
 
Curves corresponding to specimen M2A 
are presented in Fig. 15.  This wall 
reached a maximum lateral load equal to 
94% of its predicted flexural capacity and 
64% of its ACI shear capacity Vn.  
However, the specimen showed a shear 
diagonal compression mode of failure at 
an ultimate load of 86% of its calculated 
flexural capacity.  As seen in the figure, 
the wall would have failed when its shear 
strength decreased to a value practically 
equal to its flexural capacity. 
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Fig. 13 Shear carried by concrete Vc v/s cumulate displacement 
ductility. Specimens that failed in shear 
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Specimen M3B was subjected to the 
loading history with the lowest 
number of cycles.  The maximum 
lateral load reached by this wall was 
practically equal to its calculated 
flexural capacity and 69% of its ACI 
shear capacity Vn.  As seen in Fig. 16, 
the initial shear strength of the 
element was high enough to permit 
flexural yielding.  However, after 
developing some limited levels of 
non-linear flexural deformations, 
failure occurred at a load level very 
close to its flexural capacity (97%).  
Wall M3B was the only one that 
showed a diagonal tension shear mode 
of failure, combined with an 
important degree of flexural damage.  
The behavior of this specimen was 
similar to that represented by curve (2) 
in Fig. 1. 
 

CONCLUSIONS 
 
Test results have permitted to verify 
the hypothesis about the shear strength 
degradation of reinforced concrete 
walls subjected high levels of non-
linear deformations.  Cumulative 
displacement ductility demand 
showed to be an adequate parameter to 
evaluate damage.  It permits to 
include not only the effects of the 
deformation levels reached during the 
response, but also the effects due to 
the cyclic nature of the seismic action.  
Shear capacity losses showed a good 
correlation with the cumulative 
ductility demand on the walls. 
 
ACI code nominal shear strength 
equations were adequate to predict the 
initial shear capacity of the walls.  All 
the tested specimens behaved initially 
as intended in design and were able to 
develop yielding of the flexural 
reinforcement.  The maximum lateral 
load measured during the test was 
very close to the calculated flexural capacity for each wall.  The ratio between these two values was in the 
range of 0.94 to 1.10. 
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The effect of the shear strength degradation was clearly appreciated in the tests.  Specimens with ACI 
nominal shear strength in the range of 1.26 to 1.50 times their calculated flexural capacity, failed in a 
typical shear mode after going through cycles of non-linear deformations.  The walls were likely to 
developed diagonal compression failure, even when they had low shear reinforcement ratios.  The 
available shear capacity at ultimate condition was in the range of 78% to 97% of the maximum measured 
lateral load.  According to these results, a capacity design procedure would not prevent the brittle shear 
failure if the current code shear design provisions are used. 
 
Results obtained for specimen M5, without transverse reinforcement and subjected to monotonic loading, 
confirmed that ACI code Vc value correspond to the shear causing significant inclined cracking of RC 
elements without transverse reinforcement. 
 
Test results showed the existence of the residual shear strength value.  Walls were able to maintain this 
minimum value of resistance under large levels of deformations and extended conditions of deterioration. 
 
A shear strength predictive model for reinforced concrete walls of rectangular cross section has been 
presented.  This model considers a reduction of 44% of the initial Vc value in the range of 1 to 60 of the 
cumulate displacement ductility demand.  The model considers also that the shear carried by transverse 
reinforcement is equal to 70% of the ACI code value. 
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