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A parametric investigation on applicability of the curved shell
finite element model to nonlinear response prediction of planar
RC walls

Farhad Dashti'; Rajesh P Dhakal?; and Stefano Pampanin®

Abstract This study investigates the ability of a finite element model based on curved shell element formulation
in predicting nonlinear behavior of planar RC structural walls, identifying the strengths and limitations of this
modeling approach. For this purpose, a parametric validation is conducted in addition to verification of the model
simulation against experimental results of several wall specimens tested in literature. The effects of variations in
total length, thickness, shear-span ratio, axial load ratio, confinement, as well as the horizontal and vertical
reinforcement ratios are investigated at both global and local levels. For scrutinizing the global response, lateral
load versus total, flexural and shear deformation predictions are used. For local response, sensitivity of the stress
and strain distributions throughout the length and height of the wall models to the parameters noted above is
evaluated. The capabilities and deficiencies of the modelling approach are discussed in detail in light of the
numerical vs experimental as well as parametric verifications. The model is found to be able to predict most of
the experimentally observed failure mechanisms of rectangular walls including global out-of-plane instability
under in-plane loading, concrete crushing at the base, diagonal tension and diagonal compression as well as sliding
shear. The model is not able to represent bar buckling, bar fracture and the potential subsequent secondary failure
modes such as instability of the compression boundary zone due to progressive asymmetric concrete crushing at
the base. The parametric study indicated sensitivity of the model response to the variation of the parameters known
to be influential on the nonlinear response of planar RC walls.
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1. Introduction

The performance of structural walls in the several major earthquakes during the last ten years has raised concerns
on the current understanding of the seismic response of these key structural components. Several failure patterns
were observed in structural walls in these earthquakes such as buckling of bars, crushing/spalling of concrete, out-
of-plane deformation also referred to as lateral instability (especially involving the part of the wall length that had
deteriorated in compression in previous cycles), longitudinal reinforcement failing in tension and being hidden
behind a single small residual crack, etc. Some of these failures are attributable to deficiencies of the associated
design provisions such as the requirements for confinement in the boundary element or for buckling restraint
detailing. However, some of the failures are not yet fully understood. In some cases, lateral instability (global
buckling) of a large portion of a wall section was observed. Prior to the Chile and Canterbury earthquakes, this
global buckling failure had only been primarily observed in laboratory tests (Beattie 2004; Goodsir 1985; Johnson
2010; Oesterle et al. 1976; Thomsen IV and Wallace 1995; Vallenas et al. 1979).

Several research projects have been/are being conducted on different failure mechanisms of different types of
structural walls using analytical, numerical and experimental approaches (Alarcon et al. 2014; Almeida et al.
2017; Brueggen et al. 2017; Dashti et al. 2017; Dashti et al. 2018a; Fischinger et al. 2017; Haro et al. 2018; Herrick
and Kowalsky 2016; Kolozvari and Wallace 2016; Lu et al. 2016; Parra and Moehle 2017; Rosso et al. 2015;
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Rosso et al. 2017a; Sanada et al. 2017; Shegay et al. 2018; Tarquini et al. 2017; Terzioglu et al. 2018; Welt et al.
2016). Despite significant advances in the numerical solution methods and the availability of high-speed
computing machines, simulation of all the failure mechanisms observed in reinforced concrete structures is still a
complex task. On the other hand, size restrictions of the laboratories as well as limitations of the loading facilities
put limits on the dimensions of the test specimens. With the prototype models designed taking these restrictions
into account, dimensions of the wall specimens (particularly wall length) are remarkably smaller than the ones
designed and constructed in real practice. Therefore, the numerical prediction is still considered as an alternative
for investigating the seismic response of structural walls.

Dashti et al. (2014a, 2014b) proposed a numerical modeling technique using curved shell elements available in
DIANA commercial program for numerical modeling of structural walls. The model could reasonably simulate
nonlinear response of structural walls and predict the out-of-plane deformation that was observed in several
rectangular wall specimens under in-plane loading. Parra (2016) used this modeling approach to investigate the
out-of-plane response of wall units and the corresponding boundary zones. Rosso et al. (2017b) simulated the
response of thin RC columns prone to out-of-plane instability using this method. Scolari (2017) compared the out-
of-plane response captured by PARC_CL 2.0 crack model with the one predicted by this model. A validation of
the model was conducted by Dashti (2017) and Dashti et al. (2017, 2018b, 2018c) which mainly focused on
verification of the out-of-plane instability simulated by the model using results of several tested wall specimens
as well as a blind prediction practice. The response of several wall specimens that exhibited various failure
mechanisms in the laboratory were simulated by several modeling approaches within the modeling group of the
Virtual International Institute for Performance Assessment of Structural Wall (NSF SAVI Wall Institute).
Different macroscopic and finite element model formulations were validated against these specimens that
reflected a broad range of wall configurations and response characteristics (Kolozvari et al. 2018, 2019). One of
the numerical (FEM) modeling techniques involved using curved shell elements available in DIANA commercial
program. However, not all the features of wall response used for the verification practice could be included in
Kolozvari et al. (2019) and further details on strengths and limitations of this modeling approach are presented in
this study.

Although the model based on curved shell element formulation was verified by Dashti et al. (2017) against test
results of wall specimens with different failure mechanisms, the investigation was limited to prediction of mainly
the global response parameters. In this paper, in addition to some of the previously verified response parameters
(such as the load vs total top displacement curves), an extensive validation is conducted on the local response
parameters (such as distribution of shear and flexural displacement profiles along the wall height). Also, the
accuracy of the model in predicting the shear and flexural hysteretic response and their reflection on the global
load-displacement hysteretic curves are elaborated. Furthermore, the simulation practice conducted using this
method is extended to parametric investigations on the observed failure patterns. For this purpose, sensitivity of
the wall models to a set of parameters known to be influential on evolution of different failure mechanisms in
structural walls is investigated. The correlation of shear-span ratio, confinement length, longitudinal and
horizontal reinforcement ratios, axial load ratio as well as wall dimensions with some of the response
characteristics of structural walls is investigated. These response features include the contribution of shear and
flexural displacement components to the total top displacement at different stages of loading, strain gradients
along the length and height of the wall, principal stress and strain distributions, axial growth and out-of-plane
response. It should be mentioned that as this parametric study is conducted to evaluate the sensitivity of the model
to variation of the parameters that logically influence nonlinear response and failure pattern of structural walls, a
limited range of variation is considered. However, since the model has been verified using experimental results
of walls with different failure mechanisms, the parametric analysis also represents the likely behavior of walls
with the characteristics of the parametric models. Hence, the results will be valuable in understanding how failure
modes of RC walls change with alteration of key design parameters.

2. Numerical model

The quadrilateral four-node curved shell element (Q20SH) available in the commercial finite element analysis
software DIANA (DIANA, 2011; Figure 1a) is used in this study to simulate nonlinear behavior of the considered
RC wall specimens. The model element is characterized by three translational and two rotational degrees of
freedom (DOFs) at each element node (no drilling DOF); the polynomials for the translations u and the rotations
¢ are expressed in Figure 1a. The element formulation uses linear interpolation with four (2x2) Gauss integration
points over the element area, while the integration over the element thickness is performed using three integration
points (one point in the element reference plane and two points in outer wall fibers, Figure 1b) with Simpson
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integration scheme. Therefore, the element is capable of capturing deformations in both in-plane and out-of-plane
directions.

The in-plane behavior of the concrete material within the four-node element used is governed by the Total Strain
Crack Model available in DIANA (2011). The material model, derived from the Modified Compression Field
Theory (Vecchio and Collins 1986), treats strains and stresses in the average sense to obtain the fracture energy
within the element, and allows the use of two available crack models: 1) the fixed orthogonal crack model, in
which the orientation of the crack is fixed during the entire computational process, and 2) the coaxial rotating
crack model, in which the orientation of cracks rotates with the axes of principal strains. The fixed crack model
requires definition of explicit constitutive shear strain-stress relationship, involving additional ad-hoc modeling
parameters that require calibration, which could be considered as a shortcoming of the fixed-crack model. In
contrast, in the rotating crack model, the shear stiffness is associated with the rotation of the material principal
axes (cracks), and therefore does not require specification and validation of the shear-related modeling parameters.
However, the rotating crack assumption and the assumption that the principal stresses and strains remain coaligned
during the analysis are limitations of the rotating crack model since they do not represent the physical behavior of
concrete. Given the advantages and disadvantages of both crack models, the rotating crack model is used in this
study to represent the nonlinear behavior of concrete in the wall model.
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Figure 1. Four-node curved shell element (DIANA 2011): a) in-plane interpolation, b) three-point integration scheme
over the element thickness.

The equations proposed by Chang and Mander (1994) are implemented in the Total Strain Rotating Crack model
to represent the backbone behavior of confined and unconfined concrete in compression, while the tensile behavior
of concrete is defined using the relations proposed by Belarbi and Hsu (1994). The cyclic concrete behavior is
simulated using origin-oriented (secant) hysteretic rules. The effects of cracking and crushing on deterioration of
concrete stress-strain behavior are considered using internal damage variables.

Steel reinforcement is simulated using elements that are embedded in structural elements (so-called mother
elements) and do not have degrees of freedom of their own, and can be represented by single bars or layers of
reinforcement. Strains in the reinforcement are computed from the displacement field of the mother elements,
implying perfect bond between the reinforcement and the surrounding material. The stress-strain curve of the
reinforcing steel is defined using the well-known Menegotto and Pinto (1973) model, which does not incorporate
the bar buckling behavior.

The out-of-plane behavior of the four-node element is governed by a curved shell element formulation in which:
1) the in-plane lamina strains vary linearly over the element thickness, 2) transverse shear deformation is included
according to the Mindlin-Reissner theory (Mindlin 1951; Reissner 1945), 3) normal to the element reference
surface remains straight after deformation but not necessarily perpendicular to the reference surface, and 4) the
normal stress component in the normal direction of a lamina is forced to zero. The above-described curved shell
element formulation allows simulation of out-of-plane deformations under in-plane loading without making use
of an artificial eccentricity.

The inputs for the Total Strain Crack model comprise of two parts: 1) basic properties like the Young’s modulus,
Poisson’s ratio, etc., and 2) the definition of the behavior in tension, shear, and compression. Calibration of
confined and unconfined concrete follows the procedure described by Orakcal and Wallace (2006). The tensile
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and compressive behaviors are specified using the multi-linear diagram approach and with the stress-strain data
calculated using the constitutive models mentioned previously.

The nonlinear analysis is conducted using the displacement control incremental procedure along with the Quasi-
Newton (also called ‘Secant’) iterative method. The convergence tolerance has been chosen after several trials so
as to generate smooth curves within the minimum analysis time possible (Force tolerance:1le-3, Energy
tolerance:1e-4). Geometric nonlinearity has been accounted for in the analysis. A purely incremental method
usually leads to inaccurate solutions in nonlinear analysis, unless very small step sizes are used. In an iterative
process (such as the Secant method used herein) the errors that occur can be reduced successively (which in fact
realizes an implicit procedure) and, therefore, the allowable step size is usually higher than in case of a process
without iterations (e.g. an explicit process). However, small step sizes are chosen in this study to more accurately
predict: 1) the loading step corresponding to the initial progression of out-of-plane displacement, and 2) the value
of out-of-plane displacement since, considering the P-delta (also known as second-order) effects, its amount at
each step depends on the initial amount.

3. Experimental verification

Table 1 provides properties of the test specimens used for validation of the model along with other modeling
approaches presented in Kolozvari et al. (2019), where the numerical vs experimental comparisons are described
in terms of load-displacement responses as well as the observed and predicted failure patterns. In this paper, a
more comprehensive comparison of the numerical vs experimental behavior is provided using different features
of the wall response.

Table 1. Experimental data for planar wall test specimens

] fo | fyse | puee! phweb? puuwen’ Vimax! (A ) )
Specimen | Scale M/(VLw)* | PI(AgFe)® Vinax/Vnominal” | Mmax/Mnomina® | Failure Mode®
(MPa)  (MPa) o) ) (MPa)

RW2 0.33 | 340 | 434 2.93 0.33/0.33 3.1 0.09 0.22 0.52 1.16 CB

R2 0.33 | 46.4 | 450 4.00 0.31/0.25 2.4 0.00 0.17 0.42 1.23 OOP
WSH6 | 0.49 | 456 | 576 1.54 0.25/0.46 2.3 0.11 0.3 0.83 1.11 CB

S6 0.37 | 27.8 | 482 5.6 0.55/0.55 1.6 0.05 0.53 0.8 1.12 CB-OOP

SP4 0.5 | 55.8 | 477 6.06 0.73/0.73 1.5 0.1 0.65 0.89 1.19 DC

1) Vertical reinforcement ratio in the boundary regions; 2) Horizontal reinforcement ratio in the web region; 3)Vertical reinforcement ratio in the web
region; 4) Shear-span ratio; 5) Axial load ratio; 6) Shear stress; 7) Applied shear-nominal shear capacity ratio; 8) Applied flexure-nominal flexural
capacity ratio; 9) CB=concrete crushing/rebar buckling, BR=rebar buckling/rupture, DC=diagonal compression, OOP=out-of-plane instability

3.1 Specimen RW?2

Specimen RW2 (Thomsen IV and Wallace 1995) was a relatively slender RC wall characterized with a shear-
span ratio of 3.1, axial load of 0.09Agfc, and a low shear stress demand of 0.22Vf’c MPa (2.7Vf ¢ psi) at flexural
capacity, which experienced flexural failure due to crushing/buckling at the wall boundaries. Figure 2 displays
the lateral load versus top displacement and shear and flexural displacement components of the 1st story (elevation
915 mm form the base) of the specimen. Although the global load-displacement response predicted by the model
is in good agreement with the experimental measurements, the shear component of the 1% story displacement is
slightly overestimated by the model and the flexural component rather underestimated. The total, shear and
flexural displacement profiles of the specimen are plotted in Figure 3. As can be seen in this figure, the total
displacement profile of the numerical model matches well with the test measurement. The shear and flexural
components, however, are rather overestimated and underestimated, respectively. The predicted contribution of
shear and flexural displacements to the total top displacement of the model are compared with the ones measured
in the test in Figure 4a. With a shear-span ratio of 3.0, the dominant portion of the top displacement expectedly
comes from flexural displacement in both the model and test results. The overestimation of the shear displacement
can be observed in this plot, too. It should be noted that the calculation of shear deformation in the analysis was
based on the average shear strain (Gyy) of the mesh elements, while the diagonal gauges mounted on the face of
the specimen are used for calculation of the shear displacement in the experiments. This difference might have
some impact on the discrepancy between numerical predictions and experimental measurements.

Figure 4b displays the concrete strain measurements of Specimen RW?2 at the base in comparison with the model
predictions at the positive peak of some selected drift cycles applied during the test. The average concrete strains
were measured by seven LVDTs over a 229 mm gage length at the base of the wall. The average concrete strain
of two consecutive meshes (100x100mm) at the base is used for comparison. As shown in Figure 4b, the analysis
and test results are relatively close at different drift levels and the analysis was able to predict the nonlinear strain
gradient along the wall length. Structural walls generally exhibit nonlinear strain gradients at the base unless the
boundary zone is affected by strain localization (Dashti et al. 2018d). At 2.0% drift level, the difference between
the test and analysis is relatively large although the strain profiles follow similar pattern. This difference can be
attributed to the bond-slip effect which becomes more influential at higher displacement levels and is not
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confinement length, is well predicted by the analysis.

one of the main factors in calculating the
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3.2 Specimen SP4

RW-A15-P10-S78 (referred to as SP4 for brevity) (Tran and Wallace 2015) was a medium-rise RC wall with a
shear-span ratio of 1.50, axial load of 0.10Agf’c, and high shear stress demand of 0.65\f’c MPa (7.8Vfc psi),
which experienced significant shear-flexural interaction and diagonal compression failure. Strength loss of this
specimen was initiated by concrete spalling at wall boundaries at 2.0% drift, followed by concrete crushing along
diagonal compression struts at wall boundaries and rebar buckling at 3.0% drift, subsequently resulting in shear
sliding along the plane adjacent to the wall-pedestal interface. Figure 5 displays the lateral load versus top
displacement and top shear and flexural displacement components for Specimen SP4. As can be seen in this figure,
the hysteretic response of the specimen was reasonably well-predicted by the model. However, the strength
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degradation observed in the test could not be captured by the model which could be attributed to the fact that the
bar buckling and consequently the subsequent progressive concrete crushing could not be represented in the
analysis. The analysis was therefore continued up to 4.0% drift and the results exhibited noticeable strength
degradation. The analysis results showed diagonal compression stress exceeding the maximum strength capacity
of the confined boundary zone and unconfined panel (indication of concrete crushing in these zones) at 2.0% drift
followed by initiation of shear sliding during the 2" cycle of the 3.0% drift and at the elevation of about 150 mm
from the base, which is in agreement with the experimental observations. The cyclic shear and flexural
displacement components show a reasonable match with the test results (Figure 5); nonetheless, the abrupt
increase of the shear displacement during the 2™ cycle of the 3.0% drift was not predicted. However, comparison
of the shear hysteretic loops within a specific drift level (notably in 3.0% and 4.0% drift levels) indicate that cyclic
degradation was represented in the analysis (the last 3 cycles in the shear hysteretic curve correspond to the 4.0%
drift and the preceding 3 cycles correspond to the 3.0% drift).
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Figure 5. Lateral load vs top total displacement, top shear and top flexural displacement components of Specimen
Sp4

The contribution of shear and flexural displacements to the top displacement at different stages of loading, shown
in Figure 6a, indicates the increase of shear displacement in the test starting from the 2.0% drift. The contribution
of shear displacement in analysis increased rapidly from 3.0% to 4.0% drift. It should be noted that the contribution
plot represents the values of the 1% cycle at each drift level and, as shown Figure 5, there was a significant increase
between the 1%t and 2™ cycle of the 3.0% drift in terms of the predicted shear displacement. The strain gradient of
the model is also in good agreement with the test measurements (Figure 6b). The experimental total displacement
profile as well as the shear and flexural displacement profiles are compared with the model results in Figure 7.
While the predicted total displacement profile matches quite well with the test results, the shear displacement
distribution was slightly overestimated at earlier stages of loading (i.e., underestimation of flexural displacement)
and somewhat underestimated at 3.0% drift.
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Figure 6. (a) Contribution of shear and flexure to top displacement of Specimen SP4; (b) strain gradients along the
length of Specimen SP4
The axial growth prediction of the model is compared with the test measurements in Figure 8a. The experimental
failure at 3.0% drift was associated with a significant drop in the axial growth curve while the numerical model
although loaded up to 4.0% drift did not exhibit this significant degradation. As also noted above, bar buckling
and consequently its key effect on the progressive concrete crushing was not represented in the analysis and is
more likely to be the reason for this difference. The final damage state of the specimen is compared with the
principal plastic strain (E1) distribution of the model at 3.0% and 4.0% drift levels. This type of damage
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throughout the length of the specimen resulted in sliding shear at 3.0% drift. In the analysis, the damage extended
along almost the whole length, triggered sliding shear starting from the 2™ cycle of the 3.0% drift, which increased

significantly in the subsequent cycles.
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3.3 Specimens R2, WSH6 and S6

R2 (Oesterle et al. 1976), was a relatively slender RC wall, with an aspect ratio of 2.35, no axial load, and a low
shear stress demand of 0.17\f'¢ MPa (2.1Vf ¢ psi). This specimen started to exhibit out-of-plane deformation after
being exposed to three 1.7% drift cycles. The maximum value of this initial out-of-plane displacement, which was
measured at a point 1.1 m above the base, was 6.4 mm. Although this out-of-plane deformation progressed further
with each cycle, the load carrying capacity of the wall remained stable. The test was stopped after the 2" cycle of
the 2.2% drift, during which the maximum out-of-plane movement reached 76.2 mm, and a lateral support was
provided at the level of 1.1 m. A large out-of-plane deformation was observed within the lower 1.1 m during the
2 2.8% drift cycle accompanied by a reduction in the load carrying capacity by about 20%. Several bars fractured
during the 1%t cycle of the 3.3% drift and the out-of-plane displacement progressed further. The load carrying
capacity continued to decrease during the 2™ and 3 cycles of the 3.3% drift along with considerable crushing
and loss of concrete. Figure 9a compares the lateral load-top displacement response predicted by the model with
the test measurements.
Out-of-plane instability of the wall was successfully predicted by the model. Progression of this failure in the left
boundary zone, which was subjected to compression during the negative displacements, is also shown in Figure
9a. Out-of-plane displacement started in the analysis during the 1.7% cycle at a point 1.3m above the base and
recovered almost fully. During the subsequent cycles, however, the out-of-plane displacement, did not recover
and resulted in instability of the model during the 2" 2.8% drift cycle. It should be noted the out-of-plane support
provided in the test during the 2™ 2.2% cycle was not represented in the analysis which could be one of the reasons
the instability occurred earlier in the analysis. As can be seen in Figure 9a, similar to the test observation, the
evolution of out-of-plane deformation did not result in any strength degradation until the stage when relatively
large out-of-plane deformations occurred and resulted in instability of the model. The evolution of out-of-plane
instability simulated by this modeling approach is discussed in detail by Dashti et al. (2018b), and the sequence
of events resulting in this failure mode is confirmed by an experimental verification Dashti et al. (2018a).
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The contribution of shear and flexural displacement components to the total top displacement (Figure 9b) indicates
that the shear contribution was rather underestimated in the analysis. However, as shown in this figure, the sum
of flexural and shear displacement components measured in the test exceeded 100% (the total displacement)
resulting in negative values of error for this specimen. Figure 9c compares the strain gradients captured by the
model with the test measurements. Due to functionality limit of the strain gauges, the test data is not available for
all the drift levels. The numerical prediction has a reasonable match with the experimental results particularly in
terms of the elevation corresponding to significant development of plasticity.
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Figure 9. Numerical vs experimental results for Specimen R2: (a) Lateral load-top displacement response-OOP
stands for out-of-plane displacement; (b) shear and flexural contribution; (c) strain gradients along the height

WSHS6 (Dazio et al. 2009) was a moderately slender RC wall specimen with an aspect ratio of 2.02, axial load of
0.11Agfc, and low shear stress demand of 0.3Vf’c MPa (3.6Vf¢ psi). Concrete cover spalling started at a drift of
0.57%, the onset of buckling occurred at drift of 1.70%, while the sudden drop of wall lateral capacity occurred
at drift of approximately 2.0% due to crushing of the compression zone caused by fracture of a number of
confining hoops and buckling of the longitudinal boundary reinforcement.

Figure 10 compares the numerical predictions with experimental measurements in terms of lateral load vs top
displacement, contribution of shear and flexural displacements to the top displacement and strain gradients along
the height of the wall. The numerical load-displacement plot indicates significant pinching as compared to the
experimental curve. The contribution of shear and flexural displacement components to the top displacement at
different stages of loading indicates the overestimation of shear displacement by the analysis, which could be the
reason for a more pinched load-displacement curve in the analysis. However, it is noteworthy that the contribution
of shear and flexural components add up to 100% in the analysis, while the experimental measurements showed
that the sum of calculated shear and flexural displacement components was slightly different from the total
displacement (Dazio et al. 2009). The error calculated in the test is also plotted in Figure 10b. The positive values
of the error show that the sum of the calculated displacement components was less than the total measured top
displacement. The vertical tensile and compressive strain gradients corresponding to different drift levels are
indicated in Figure 10c. While the numerical calculations match well with the test measurements up to 1.4% drift
level, the compressive strain values are higher in the test at 1.70% drift. This discrepancy could be attributed to
the effect of bar buckling that was initiated at this drift level in the test and was not represented in the analysis.
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Figure 10. Numerical vs experimental results for Specimen WSH6: (a) Lateral load-top displacement response; (b)
shear and flexural contribution; (c) strain gradients along the height
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S6 (Vallenas et al. 1979) was a moderately slender RC wall with a shear-span ratio of 1.60, axial load of 0.06Agf’c,
and a relatively large shear stress demand of 0.53Vf’c MPa (6.4Vf’c, psi). Failure of this specimen was triggered
by the spalling of concrete cover on only one side of the boundary element, which resulted in out-of-plane buckling
of the boundary element after spalling of the concrete cover at a story drift of 1.93%. According to the buckling
photos provided in the test report, unlike the instability of Specimen R2, this buckling was mainly localized at the
base where the asymmetric spalling of cover concrete could have played a triggering role. It should be noted that
the specimen was tested in a horizontal position; therefore, the wall weight could have acted as a minor out-of-
plane load, which could affect the wall symmetry and result in a progressive eccentricity, particularly when the
wall went beyond cracking and reinforcement yielding. In order to consider this effect in the analysis, the model
was subjected to an out-of-plane pressure equivalent to the wall weight. This pressure resulted in minor uniform
out-of-plane displacements throughout the whole model, which became relatively large at the tensile boundary
zone as all reinforcement in this region yielded. Thereafter, the out-of-plane displacement almost remained
constant until the load was reversed, producing compressive stresses in the previously tensile boundary region.
This compression boundary element, which was previously subjected to large tensile strains, exhibited an
increased out-of-plane deformation. This out-of-plane deformation completely recovered when the model reached
the peak displacement in the reverse direction. However, the instability observed in the test was not captured by
the model.

Based on the difference among the types of instabilities observed in structural walls, Dashti et al. (2018e) classified
the out-of-plane instability failure into local and global failure patterns. The local instability implies to the one
occurring as a result of localized failures at the wall base (e.g., concrete crushing, bar buckling, etc) with the
maximum out-of-plane displacement mainly at this region. The global failure refers to development of
compression yielding in the boundary zone reinforcement along a sufficient height so as to produce out-of-plane
instability during load reversal with the maximum out-of-plane displacement at a higher elevation from the base.
The type of instability occurred in Specimen S6 seems to be more in compliance with the local instability failure,
while the failure pattern of Specimen R2 has the properties similar to those of the global instability. The numerical
model is able to predict the global out-of-plane deformation as the failure patterns such as bar fracture, bar
buckling and asymmetric cover spalling at the base are not represented in the analysis.

The shear and flexure contribution plot shown in Figure 11b indicates overestimation of shear deformation in this
specimen, where the positive error values signify that the sum of the shear and flexural displacement components
was less than the measured top displacement. Figure 11c shows that the pinching was also overestimated in the
predicted shear displacement hysteretic curve, which could also be the reason for overprediction of pinching in
the load versus total displacement curve.

4. Parametric study

The numerical model could reasonably predict nonlinear response of the test specimens. As a further investigation,
a parametric study is conducted on some of the parameters that logically affect the behavior of the structural walls.
As noted previously, this parametric study is merely conducted for the sake of model validation, and therefore
does not include a wide range of parameters with a wide spectrum of variation per parameter. For two of the
specimens, Specimen RW2 and Specimen SP4 (with the highest and lowest shear-span ratios, respectively), this
validation practice is conducted using more parameters compared to the other walls (i.e., Specimens R2, WSH6
and S6).
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Figure 11. Numerical vs experimental results for Specimen S6: (a) Lateral load-top displacement response; (b) shear
and flexural contribution; (c) lateral load-top shear displacement
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4.1 Specimen RW2

The analysis matrix designed for parametric evaluation of the model generated for Specimen RW?2 is summarized
in Table 2. The effects of Shear-span ratio, axial load ratio, confinement length and total length of the wall are
investigated using Models RW2-SS, RW2-A, RW2-CA and RWL, respectively. The height of RW2-SS and
consequently its shear-span ratio are almost half of the ones of RW2. RW2-A is subjected to an axial load that is
two times greater than the one of RW2. Under this high axial load the confinement length is reduced by 50%
(denoted as RW2-CA) to highlight the importance of confinement along the neutral axis depth. RW2-L represents
awall that is higher in length compared to RW2 but has all the other features, such as shear-span ratio, confinement
ratio, etc. identical to RW2. Therefore, the height and confinement length of the wall are increased so as to keep
these ratios constant. These models are subjected to higher drift levels (up to 3.0%) as compared to the 2.5% drift
of the test specimen to more effectively capture the trend by with the model response varies at higher drift levels.
The effects of the parameters noted above on different features of wall response are investigated using lateral load
vs total top displacement, vs top shear and vs top flexural displacement components (Figure 12), contribution of
shear to the top displacement (Figure 24) as well as strain gradients along the length (Figure 13) and along the
height of the boundary zone bar (Figure 14).

Table 2. Analysis matrix for parametric investigation of Specimen RW2

Ho | Lo |CL|CUL| t | o |Bee| pvoe prued puses | i) | prAGk) | powes=2Acmeni(td) <=
(MPa) | wpa) ) )
Benchmark | RW2 3660 | 1219 [191| 0.6 |102| 34.0 [434] 293 0.33/0.33 313 0.09 &
1 RW2-55 [2000 [ 1219 [191| 0.16 [102| 34.0 434 293 0.33/0.33 1.64 000 |etFFy T ¢ H
2 RW2-A 3660 | 1219 [101] 0.16 |102| 340 |434| 2.93 0.33/0.33 313 0.18 N
3 RW2-C-A| 3660 | 1219 | 96 | 0.08 [102] 34.0 |434| 2.93 0.33/0.33 313 016 | - Sacesiecu)| |
4 RW2-L | 61252040 [320| 0.16 |102] 34.0 |434| 2.93 0.33/0.33 313 0.09

To facilitate comparison between the effects of the parameters mentioned above on the cyclic response prediction
of the model, the lateral load is normalized by the shear force corresponding to the nominal flexural capacity of
the section, V at M, (¢ = 0.003). This shear force is denoted by V, with the values provided for each model in
Figure 12. As shown in Figure 12, the decrease in flexural demand by reducing the shear-span ratio by 45% (RW2-
SS) resulted in higher shear for a given drift level (V,) generating lower flexural displacements and larger shear
deformations throughout the loading. The increase in axial load by 100% resulted in significantly pinched
behavior in the hysteretic loops and understandably higher shear demand (by 25%). Under this relatively high
axial load ratio, the decrease in confinement length by 50% (RW2-CA) had an adverse effect on the deformation
capacity and induced an abrupt strength degradation starting from 1.0% drift level (Figure 12) and failure of the
specimen at 2.0% drift level. A noticeably large increase of shear deformation during the strength degradation and
failure of the model can be observed in Figure 12. The confinement length can therefore be considered as a
parameter affecting the progression of concrete crushing at the base of structural walls. Dashti et al. (2014c)
investigated the effect of confinement length on progression of monotonic response of rectangular walls. Under
cyclic loading, the diagonal cracks previously formed in a direction perpendicular to the direction of the struts
would deteriorate the compressive capacity of the strut because of repeated opening and closing. RW2-L
represents a wall that is 67% longer (i.e., with higher length to thickness ratio) as compared to RW2 and has the
same shear-span ratio. It should be noted that the confinement length to the total length was kept constant (the
confinement length was increased). This increase in length would obviously increase the lever arm for the flexural
capacity inducing higher shear demand (Figure 12).
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Figure 12. Lateral load vs top total displacement, vs top shear and top flexural displacement components of the
parametric models for Specimen RW2

The strain gradients across the length and height of the wall would provide a better insight into the change of
response and failure patterns induced by variation of different parameters. The strain profiles along the length of
the wall and at the base show greater tensile and compressive strains for the lower shear-span ratio (RW2-SS
compared to RW2) (Figure 13), while the strain gradients along the height indicates distribution of high tensile
strains along lower elevations in the low shear-span ratio (Figure 14). The neutral axis position at the base,
however, is almost constant. The increase of axial load (RW2-A) changed this neutral axis position by inducing
higher compressive strains but did not have a big effect on the tension strain profile along the length. As for the
tensile strain gradient along the height, the increase of axial load generated lower tensile strains at higher
elevations, resulting in smaller plastic hinge length. With this noticeable increase of the neutral axis depth, the
reduction of the confinement length (RW2-CA) could easily trigger crushing of the unconfined concrete and
further variation of the neutral axis position to compensate for this loss of strength. This increase of the neutral
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axis depth with increase in drift level resulted in lower tensile strains along the height of the wall boundary region
during the 1.0% and 1.5% drift cycles as compared to RW2. Failure of the model at 2.0% drift can also be observed
in the corresponding strain profile along the wall length.

The increase in the length of the wall (RW2-L) resulted in development of larger tensile and compressive strains
at the base region (Figure 13). Note that the vertical strain is plotted against the normalized length. The increase
in the compressive strains at the base was predicted to be significantly larger compared to tensile ones, which is
apparently because of the nonlinearity of strain gradients along the wall length. While the tensile strain profile
along the height (Figure 14) shows the same trend at lower elevations (i.e., the tensile strain did not increase in
proportion to the increase in length), much larger tensile strains were developed at higher elevations. This figure
shows that the plastic hinge length has increased with roughly the same proportion as the increase in wall length,
which is in line with the equations proposed in literature for estimation of the plastic hinge length.

Figure 15a displays the axial growth plot for RW2-L compared to the one of RW2. This plot shows that although
the increase in length for a constant shear-span ratio did not significantly increase the tensile strains at the base,
the ratio of increase in the total elongation (axial growth) of the wall was much larger than the ratio of increase in
wall length. This is due to the fact that the absolute value of the bending moment was increased to keep the shear-
span ratio constant and the large tensile strains (as discussed above) was therefore distributed along a higher
elevation. This discrepancy between RW2 and RW2-L in terms of the axial growth is in agreement with the
difference observed in the tensile strain distribution (Figure 14). This type of strain distribution along the height
of the boundary region provided ideal situation for the longitudinal bars to yield in compression along a decent
height during reloading in the opposite direction prior to crack closure. Out-of-plane deformation was therefore
developed in the numerical model during the 2.5% and 3.0% cycles. The out-of-plane displacement history of
RW?2-L (west boundary region) is plotted in Figure 15a, and the deformation pattern of RW2-L corresponding to
the peak out-of-plane displacement during the 2" 3.0% drift cycle is depicted in Figure 15b.
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4.2 Specimen SP4

The analysis matrix designed for parametric evaluation of the numerical model of Specimen SP4 is summarized
in Table 3. The shear-span ratio, axial load ratio and the horizontal reinforcement ratio are considered as the
variables in this parametric study. The shear-span ratio of the benchmark specimen (SP4) is 1.5, and its response
is consequently affected by shear deformation. Therefore, the parameters are chosen such that they induce
variation of shear demand and capacity on the model. SP4-SS1 and SP4-SS1 represent lower (0.75) and higher
(3.0) shear-span ratios, respectively. SP4-A was subjected to an axial load ratio two times greater than the one

applied to SP4. The ratio of the horizontal reinforcement in SP4-HRe was half of the one in SP4.

Table 3. Analysis matrix for parametric investigation of Specimen SP4

Ho | Lw |CL|CULW| t (Nf;,a) (32; p“:;)p"‘web’ Dot | MIVL) [ PIAG) | pusea=2A (. PP
Benchmark | SP4 | 1829 | 1219|229 | 0.19 |152.4| 55.8 | 477 | 6.06 0.73/0.73 | 15 0.1 o
1 SP4-SS1 | 915 | 1219|229 | 0.9 |152.4] 55.8 | 477 | 6.06 0.73/0.73 | 0.75 0.1 ‘i Huw
2 SP4-SS2 | 3658 | 1219 | 229 | 0.19 | 152.4| 55.8 | 477 | 6.06 0.73/0.73 | 3.0 0.1
3 SP4-A | 18291219 |229| 0.19 |152.4]| 55.8 | 477 | 6.06 0.73/0.73 | 15 0.2
4 SPA-HRe | 1829 | 1219 [ 229 | 0.19 |152.4| 55.8 | 477 | 6.06 0.37/0.73 15 0.1 Puee= EASBE’(‘C”

The lateral load versus top displacement as well as the top shear and flexural displacement components of the
parametric models for Specimen SP4 are shown in Figure 16. SP4-SS1 was a squat wall with a shear-span ratio
half of that of SP4. The shear demand was therefore increased by 100% resulting in two times greater shear
stresses and shear failure of the model at 1.5% drift. The lateral load vs top shear and top flexural displacement
plots (Figure 16) show a significant increase in the shear deformation and accordingly a remarkable decrease of
the flexural deformation at different stages of loading. The contribution of shear to the top displacement of the
model was therefore significantly greater than the one in SP4. On the other hand, the increase of shear-span ratio
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(i.e., SP4-SS2) resulted in a flexure dominated response (as indicated by the hysteretic response plots shown in
Figure 16). The shear demand was therefore decreased dramatically and so was the shear deformation. The
increase of axial load (SP4-A) induced an evident strength degradation in the hysteretic curves shown in Figure
16. The decrease of the horizontal reinforcement ratio, SP4-HRe, did expectedly cause more involvement of shear
displacement and consequently more pinched load-displacement curve.
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Figure 16. Lateral load vs top total displacement, vs top shear and top flexural displacement components of the

parametric models for Specimen SP4

The tensile strain profiles along the boundary region height of the parametric models of Specimen SP4 are
presented in Figure 17. SP4-SS1 did not have much flexural deformation and not much tensile strain was therefore
developed along the height of the model. Also, the strain gradient did not change from 1.5% onwards, when the
drop of strength due to shear failure occurred. SP4-SS2, however, developed large tensile strains particularly at
higher elevations as compared to SP4, indicating variation of the plastic hinge length due to the increase of shear-
span ratio. The increase of axial load, SP4-A, prevented development of strains above a specific level, thereby
limiting the plastic hinge length to a lower value as compared to SP4. The decrease of horizontal reinforcement
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ratio changed the strain gradient pattern in the sense that the strains followed a more uniform pattern along the
height of the plastic hinge region rather than increasing linearly towards the base. This might be due to
development of wide diagonal cracks throughout the length of the model generating wider cracks at higher
elevations of the boundary regions.

The axial growth curves of the parametric models for Specimen SP4 are shown in Figure 18. The degradation
stages of SP4-SS1 and SP4-A can be evidently observed in these plots as diagonal compression was a dominant
failure in these models. However, diagonal tension was more dominant in SP4-HRe and not a big variation is
observed in its axial growth plot compared to the benchmark model (SP4).
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Figure 17. Tensile strain gradients along the height of the parametric models for Specimen SP4
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Figure 18. Axial growth of the parametric models for Specimen SP4

Figure 19 illustrates distribution of the minimum principal stress (S3) at different stages of loading for the
parametric models of SP4. The intensity and direction of the stresses are shown using vectors. These contours
indicate the load transfer path and participation of the panel and boundary region in load-carrying capacity of the
wall. Along with these contours, distribution of the corresponding total principal strain (E1) is indicated for the
models in Figure 20, which provides information on the areas where the maximum crack opening (tensile damage)
is concentrated. These areas have marginal contributions to the load-carrying of the models and the values of S3
are noticeably small in these regions.

The benchmark specimen (SP4) had decent amount of contributions coming from both boundary zones
(representing flexure) and the panel zone (representing shear) at 0.75% and 1.5% drift levels with high
compressive stresses concentrated at the base of the unconfined panel region and confined boundary region. The
development of concrete crushing in these regions at 2.0% and 3.0% drift levels, particularly in the unconfined
panel region, resulted in gradual elimination of S3 vectors from these areas and their development in the upper
and lower zones of the damaged area. This phenomenon resulted in higher shear displacements and consequently
larger participation of the panel region in the mechanism. Evolution of the damaged zone during the 2.0% and
3.0% drift cycles led to extension of concrete crushing along the whole length and initiation of sliding shear at an
elevation of about 150 mm from the base. This damage concentration and sliding is compared with the test
observation in Figure 8, and the E1 contours presented in Figure 20 are in line with this mechanism.
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Figure 19. Distribution of the minimum principal stress (S3, MPa) at different stages of loading-Parametric models of
Specimen SP4

The squat model (SP4-SS1) had about two times larger shear stresses which resulted in development of wide
diagonal tension cracks at earlier stages followed by concrete crushing and sliding at failure. Response of the
slender wall (SP4-SS2), on the contrary, was dominated by the boundary zone until 3.0% drift, where the large
compressive stresses at the base penetrated into the unconfined panel and triggered increase of shear contribution
during the 3.0% and 4.0% cycles. The increase of axial load (SP4-A) accelerated concrete crushing in the panel
and boundary region as compared to the benchmark model. Also, the principal strain (E1) became more
concentrated at the base of the model resulting in sliding to take place in this region. The model with lower
horizontal reinforcement ratio had mainly diagonal cracks at 0.75% drift and the load transfer through the cracked
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area was negligible. Evolution of flexural cracks along with these cracks can be observed throughout the
subsequent loading cycles. Comparison of the E1 contours for this model with the ones of the benchmark model

(SP4) indicates the increased participation of shear in the failure mechanism.
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Figure 20. Distribution of the total principal strain (E1) at different stages of loading-Parametric models of Specimen
SP4

4.3 Specimens R2, WSH6, S6

The parametric verification of the models for Specimens R2, WSH6 and S6 is conducted using one parameter per
specimen for the sake of brevity. The parametric models for these specimens are presented in Table 4.

As elaborated in Section 3.3, the numerical model could simulate the out-of-plane instability failure of Specimen
R2. The unsupported height to thickness ratio is known to be one of the major parameters controlling this mode
of failure. Therefore, the thickness is slightly increased in the numerical model to evaluate sensitivity of the
response to this parameter. As the thickness is increased by 10 mm only, the reinforcement ratios were not
significantly affected. Figure 21 compares the response of the model with increased thickness (R2-T) with the
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benchmark model (R2). Unlike R2, the analysis of R2-T was not terminated due to instability during the 2.2%
drift cycles and was continued up to the final loading stage. Figure 21b indicates that the slight increase of the
wall thickness resulted in lower values of the out-of-plane displacement during all the applied drift levels. The
axial growth plot, shown in Figure 21c, also shows the effect of large out-of-plane displacement on the drop of
elongation in both models.

Table 4. Parametric models for Specimens R2, WSH6 and S6

fe fyBE PvBE ph‘web/ Pv,web
He | Lw | CL |CLN| t M/(VLy) | P/(Agfe) Lu
(MPa) | vee) (%) (%) pvwes = 2Aswes/(t.d) <—»
Benchmark R2 4572 [1905187.3]0.10 [ 101.6 | 46.4 |450 | 4.00 0.31/0.25 2.40 0.00 PN \
1 R2-T | 4572 [1905[187.3[0.10| 11.6 | 46.4 [450| 4.00 0.31/0.25 2.40 0.00 t¢ B Hw
Benchmark | WSH6 | 4520 |2000| 385 [0.19| 150 | 45.6 |576| 1.54 0.25/0.54 2.26 0.11 —
1 WSH6- Re| 4520 [2000] 385 [0.19] 150 | 45.6 |576 | 4.62 0.25/0.54 2.26 0.11 N /(tdCL)
Benchmark S6 2095 | 2412 279 |0.12] 114 | 27.8 |482| 56 0.55/0.55 16 0.05 pree = 2 spertl
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Figure 21. Parametric model results for Specimen R2: (a) Lateral load-top displacement response; (b) maximum out-
of-plane displacement; (c) axial growth

WSHS6 had a low reinforcement ratio in the boundary regions and was predicted to have a rather pinched response.
The reinforcement content was therefore doubled in WSH6-Re which understandably resulted in higher flexural
capacity and yield drift (Figure 22a). The shear demand was therefore increased significantly leading to noticeable
increase in the shear contribution plot as compared to that of the benchmark model (Figure 22b). The tensile strain
gradient along the boundary region height (Figure 22c) was also affected and lower vertical strains were developed
in the extreme end boundary region longitudinal reinforcement.

The numerical model of Specimen S6 was subjected to an axial load three times as much as the one applied in the
test (denoted as S6-A). The model (S6-A) represented failure due to diagonal compression during the first 1.3%
drift cycle (Figure 23a), followed by shear sliding in the subsequent cycles. The contribution plot, shown Figure
23b, displays the rapid increase of shear deformation caused by this failure pattern. The minimum principal stress
distribution of S6-A is compared with the one of S6 at the 1.3% drift along with the corresponding illustrations of
the total principal strain. The large compressive stresses developed in the panel under higher axial load (S6-A)
resulted in evolution of concrete crushing in the panel region next to the compression boundary (the bright area
that carries a negligible load). This web crushing followed by concrete crushing in the boundary region resulted
in progression of shear sliding in the model. Comparison of the total principal strain contour for S6-A with the
one of S6 shows initiation of this failure at 1.3% drift.
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Figure 22. Parametric model results for Specimen WSH6: (a) Lateral load-top displacement response; (b) shear and
flexural contribution; (c) strain gradients along the height
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Figure 23. Parametric model results for Specimen S6: (a) Lateral load-top displacement response; (b) shear and
flexural contribution; (c) distribution of minimum principal stress (S3, in MPa) and total principal strain (E1) at
1.3% drift

4.4 Discussion

The parametric study conducted in Sections 4.1-4.3 evaluated sensitivity of the nonlinear response of several wall
specimens to variation of some parameters chosen based on their specific characteristics and observed failure
patterns. The numerical model could represent the effects of these parameters on nonlinear response of the selected
specimens (e.g., changing the response mode from flexure to shear and vice versa) and on progression of several
shear failure patterns (including diagonal tension, diagonal compression and sliding shear) and the flexural failure
modes induced by concrete crushing and out-of-plane instability. However, bar buckling as well as bar fracture
and their interaction with other failure modes were not captured as these failure modes are not incorporated in the
model. It is well understood that the amount of strength degradation would have been predicted more accurately
if the influence of these parameters on the wall response (e.g., progressive concrete crushing induced by bar
buckling) had been included in the model. However, other measures of wall response can be investigated along
with the global load-displacement curves to study the effect of different parameters on development of strength
degradation and subsequent failure. These measures include stress and strain contours as well as the contribution
of shear and flexural displacements to the total top displacement which can serve as an indication of the dominant
mode of response and the drift level corresponding to initiation of strength degradation and subsequent failure.
Figure 24 presents the shear contribution plot of the parametric models generated for Specimens RW2 and SP4.
The points corresponding to initiation of strength degradation in the load-displacement curves are indicated in this
figure. It should be noted that the contribution plots correspond to the 1% cycle of each drift level and the cyclic
degradation would obviously alter the values for the subsequent (2" and 3') cycles at each drift level.

As can be seen in Figure 24a, contribution of shear displacement to the top displacement increased by 20% when
the shear-span ratio of RW2 decreased by about 50%, RW2-SS, causing the same amount of decrease in the
flexural displacement. Also, this contribution is not constant throughout the loading. The flexural contribution
increased up to 1.5% drift and started to gradually decrease afterwards (i.e., the shear contribution started to
increase after 1.5% drift). As for the increase in wall length for a constant shear-span ratio, RW2-L, the shear
stress was increased leading to higher contribution of shear deformation to the total top displacement since the
thickness was kept constant. The increase of axial load, RW2-A, did not have a big impact on the contribution of
the shear and flexural displacements to the total top displacement, which led to minor increase of the flexural
contribution and consequently slight decrease of the shear contribution. The decrease of confinement length under
the increased axial load, RW2-CA, however, resulted in noticeably large increase of shear deformation and
initiation of failure at 1.5% drift.

According to the contribution plots of SP4, shown in Figure 24b, reduction of the shear-span ratio from 1.5 to
0.75, SP4-SS1, resulted in dramatic increase in contribution of shear compared to that of SP4, and the shear failure
of the model at 1.5% drift led to a rapid increase of the shear contribution. The decrease of the horizontal
reinforcement ratio, SP4-HRe, did expectedly result in higher contribution of shear displacement. The shear
contribution plot indicates steady increase of shear contribution starting at 2.0% drift as compared to the one in
SP4 which initiated at 3.0% drift. The increase of axial load, SP4-A, apparently did not have a big impact on the
contribution percentage of shear and flexural displacements. The increase of shear contribution, however, started
at a lower drift (1.5%), when the strength degradation started to develop. Although the variation of shear
contribution due to the increase of shear-span ratio from 1.5 to 3.0, SP4-SS2, was not as noticeable as the one
corresponding to SP4-SS1, no abrupt increase of shear contribution was noticed in this case and the response was
flexure-dominated.

19


https://link.springer.com/article/10.1007/s10518-019-00582-8
https://link.springer.com/article/10.1007/s10518-019-00582-8

The final publication is available at: https://link.springer.com/article/10.1007/s10518-019-

00582-8
100 100

xRW2-SS %-SP4-SS1
—_ —_ % X x
S S *
= 75 - =Rw2-L NG & =-SP4-HRe
[ @ »
2 2 =
7] --RW2 7] - . /,,4>--SP4
S 50 ° 50 4, . —
5 . . o RW2-A 5 Nk *-SP4-A
5 x x 5 ] 1‘ " _x,
) _—. . . = feRrW2cA | 2 S . . . . 4/-®-SP4-SS2
= 25 - = 25
3 P o Stk §- e S
o P i A Strength o A Strength

o Degradation 0 Degradation
0.5 1 15 2 2.5 1 2 3 4 5
Drift (%) Drift (%)
(a) (b)

Figure 24. Contribution of shear displacements to the top displacement-parametric models of Specimen
RW?2 (a) and Specimen SP4 (b)

5. Summary and conclusions

A numerical model based on curved shell element was validated in this study using the parametric analysis
approach. The sensitivity of the model response to variation of different parameters known to be influential on
nonlinear response of structural walls was evaluated using test results of wall specimens that had exhibited a
variety of failure models. The parameters included shear-span ratio, axial load ratio, confinement length,
horizontal and vertical reinforcement ratios, thickness and length. As this study merely focused on evaluating
capabilities of the model and not on parametric investigation of the nonlinear response in structural walls, the
parameters noted above were changed within a limited range and using few parametric models. In addition to this
sensitivity analysis, the model response was compared with the experimental measurements in terms of a wide
range of response factors. This range included lateral load vs total top displacement and load versus shear as well
as flexural displacement components, relative contribution of shear and flexural displacement components at
different stages of loading, vertical strain gradients along the length and height of the wall, axial growth, and
shear, flexural as well as displacement profiles along the height of the wall. For the sake of brevity, not all these
parameters were used for validation of the model prediction for all the specimens. The strengths and limitations
of the model identified using the experimental and parametric verification described above are listed below:

- The lateral load versus top total displacement, versus top shear displacement, and versus top flexural
displacement responses are predicted reasonably well in terms of the shape of the hysteretic curve and
cyclic degradation. The initial stiffness is generally overestimated. This is particularly noticeable for the
post-cracking stiffness although the cracking strength is not far-off in most cases. The peak strength in
each cycle is generally overestimated. The maximum discrepancy was around 12% among the specimens
used in this study. The pinching is overestimated in most cases. This could be attributed to overpredition
of pinching in the shear displacement component.

- The difference between numerical and experimental results in terms of the relative contribution of
flexural and shear displacement components to the total top displacement throughout loading was
noticeable in some cases. The overall trend, however, is generally in line with the experimental
measurements.

- Although the total displacement profile is predicted fairly accurately, the shear displacement profile
indicates overestimation of shear in some cases.

- Thenonlinear strain gradient along the length of the wall is well captured by the model. The strain values,
however, are generally underestimated. This discrepancy could be attributed to the bond deterioration
and strain penetration effects that are not represented in the analysis.

- The vertical strain gradient along the boundary region reinforcement fairly predicts the elevation of
plasticity. The values of the tensile and compressive strains, however, may not be accurately calculated
by the analysis due to non-representation of phenomena like bar buckling, bond deterioration, low-cycle
fatigue and the resulting bar fracture.

- The failure patterns successfully predicted by the model include: i) concrete crushing in slender walls
under high axial load and with low confinement; ii) global out-of-plane instability of slender walls under
in-plane cyclic loading; iii) diagonal tension in shear-dominant walls (squat walls) with light horizontal
reinforcement; iv) diagonal compression in shear-dominant walls (squat walls) with high shear stress; v)
sliding shear preceded by development of concrete crushing along the web and boundary regions.
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- The failure patterns not represented in the model include: i) bar buckling and the subsequent progressive
concrete crushing; ii) bar fracture and the subsequent stress redistribution; iii) local out-of-plane
instability as the secondary failure mode triggered by another (initial) type of failure, such as bar
buckling, asymmetric cover spalling, concrete crushing, etc.
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