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Abstract

In this paper the load-displacement response and displacement capacity of shear-dominated reinforced concrete walls is
studied with the help of a three-parameter kinematic theory (3PKT). The 3PKT is a rational and efficient approach based on
a three-degree-of-freedom kinematic description of the deformation patterns in cantilever walls with aspect ratios <3.0. In
addition to kinematics, the 3PKT also includes equations for equilibrium and constitutive relationships for the load-bearing
mechanisms in walls. The paper summarizes this approach and applies it to nine wall tests from the literature featuring a wide
range of test variables. It is shown that the model captures adequately the response of both moderately short walls (aspect
ratios 2.2-3.0) and squat walls (ratios 0.33-0.54). With the help of the load-bearing mechanisms predicted by the 3PKT, it is
shown that shear failures in squat walls develop due to the complex interaction between concrete crushing in the toes of the
walls and aggregate interlocking along flat critical cracks. A modification to the 3PKT is proposed to capture the effect of
loading conditions on squat shear walls. With this modification, it is shown that the 3PKT can also capture the effect of
concrete stiffness, concrete compressive strength, and reinforcement ratios on the shear response of squat members. For all
tests considered in this study, the 3PKT produced an average shear strength experimental-to-predicted ratio of 1.05 and a
coefficient of variation COV=10.5%. Similarly accurate predictions were obtained for the displacement capacity of the walls:
an average of 0.90 and COV=15.69%.
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1. Introduction

Modern displacement-based procedures for the seismic assessment of existing structures with reinforced concrete
walls require the evaluation of the displacement (or drift) capacity of the walls. The displacement capacity of
flexure-controlled walls in buildings and wall-type piers in bridges is typically evaluated based on the plastic hinge
approach [1]-[4]. This approach however is not well suited for shear-dominated walls with low aspect ratios.
Predicting the behaviour of such members is still a challenging problem, particularly in the case of shear failures
occurring after the yielding of the flexural reinforcement. This study focuses on the assessment of the load-
displacement behaviour and displacement capacity of shear-dominated cantilever walls with aspect ratios smaller
than 3.

A new framework for such assessment called a three-parameter kinematic theory (3PKT) has been recently
proposed by Mihaylov, Hannewald, and Beyer [5]. This approach is based on a three-degree-of-freedom kinematic
description of the deformation patterns of diagonally-cracked walls with rectangular sections. In addition to
kinematics, the 3PKT also includes equilibrium equations and constitutive relationships for the load-bearing
mechanisms in walls. The 3PKT is capable of predicting shear failures along diagonal cracks, as well as failures
at the base of the wall under the combined action of flexure and shear. With its small number of degrees of freedom
(DOFs) and realistic physical assumptions, the 3PKT is aimed at combining simplicity and accuracy for predicting
the response of shear-dominated walls.

This paper summarizes the main assumptions of the 3PKT and validates this approach with tests from the
literature. The 3PKT is used to interpret the behaviour of the test specimens and to study the effect of different test
variables on the response of shear-dominated walls.
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2. Summary of three-parameter kinematic theory for shear-dominated walls
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2.1 Kinematics of shear-dominated walls

The three-parameter kinematic theory is built on a kinematic model that describes the deformation patterns
(displacement field) of fully-cracked rectangular cantilever walls. The model has been formulated based on
measured deformed shapes of test specimens that failed in shear under the combined action of lateral and vertical
loads. As shown in Fig. 1 a-c, the model consists of three basic deformation patterns, each of which a function of
a single degree of freedom (DOF). These deformation patterns are marked by a straight critical shear crack inclined
at angle o, with respect to the vertical axis X. Angle a; is obtained from a shear-strength calculation according to
the AASHTO code [6], but cannot be bigger than the angle of the diagonal of the wall a. This upper limit on o is
based on the observation that short walls typically fail in shear along diagonal cracks. The critical crack divides
the kinematic model into two distinct regions: a rigid block above the crack and a fan of rigid struts below the
crack (Fig. 1a). The struts from the fan are pinned at the toe of the wall (point A) and are connected to a vertical
tie on the flexural tension side of the section. This tie represents the longitudinal reinforcement in the tension one-
half of the section.

As evident from Fig. 1a, the first basic deformation pattern is associated with the average strain €;uys along
the tension reinforcement (tie). Namely €.ave is the first degree of freedom of the kinematic model. As the tie
elongates and &uave increases, the fan of struts spreads and the rigid block rotates about the toe of the wall. The
rotation of the block results in the widening of the critical crack. This deformation patterns can be associated with
flexure.

The second deformation pattern is characterized by a lateral displacement A, of the rigid block with respect
to the fan, Fig. 1b. This displacement is accommodated along the critical diagonal crack resulting in crack widening
and slip. At the bottom of the wall DOF A, results in deformations in what will be referred to as the critical loading
zone (CLZ). Experimental observations show that the shear failure of short walls typically develops with crushing
of the concrete in this zone. At the top of the critical crack A. occurs within a transition zone of length Iy where
the longitudinal reinforcement is subjected to double curvature. This deformation pattern can be associated with
shear.

Finally, the third DOF of the kinematic is the downward displacement A« of the flexural compression edge
of the wall (Fig. 1¢). This displacement is accommodated in the CLZ of the wall and causes a rotation of the rigid
block about point B at the bottom of the tie. This rotation can result in a contact between the rigid block and the
fan at the bottom of the critical crack if DOF A. is not sufficiently large. As evident from Fig. 1c, DOF A is
associated with the action of the vertical load N which drives the rigid block downwards.

When the three deformation patterns are superimposed, they produce the complete deformation pattern of
the wall (Fig. 1d). More precisely, the horizontal and vertical displacements of each point from the wall are
expressed as the sum of the displacements from the three basic deformation patterns. Based on small-displacement
kinematics, the resulting expressions for the displacement field of the wall are:

- Below the critical crack

SX(X' Z) = £t,ang (1)
_ EravgX’®
SZ(X' Z) - h—z (2)
- Above the critical crack
8x(x,7) = “2EL (h — 2) + 2 (h — d —2) 3)
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where h is the depth of the cross section of the wall, d is the effective depth of the section, I; is the cracked length
along the longitudinal reinforcement, and x-z is the coordinate system is shown in Fig. 1 (see also list of notations).
These simple expressions show that any important deformation in the wall — such as for example the strain in the
shear reinforcement — can be expressed with the three unknown DOFs of the kinematic model. Furthermore, the
kinematic model is used to express the width and slip displacements in the critical diagonal crack, again as a
function of &iave, Ac, and Acx. Therefore, Egs. (1)-(4) represent conditions for compatibility of deformations which
are used to simplify the complex behaviour of shear-dominated walls. A more detailed discussion on the derivation
of these equations can be found elsewhere [5].

Et,min

Et,avg

e ———-

Fig. 1 — Kinematic model for shear-dominated walls [5]

2.2 Load-bearing mechanisms

To determine DOFs & avg, Ac, and Acx under a vertical load and lateral displacement at the top of the wall, it is
necessary to combine the compatibility equations with constitutive relationships for the load-bearing mechanisms
in the wall. In the 3PKT the load-bearing mechanisms are modelled with non-linear springs “attached” to the
kinematic model, see Fig. 2. Some of the mechanisms (springs) act across the critical diagonal crack, while the
rest represent the interaction between the rigid block and the foundation (Fig. 2a). The mechanisms across the
critical diagonal crack include the aggregate interlock shear F., tension in the shear reinforcement F,, contact
forces F.n and F between the rigid block and the fan in the vicinity of the CLZ, dowel action Fg of the longitudinal
reinforcement (tie) at the top of the critical crack, and tension in the longitudinal reinforcement F;nin in the same
zone. The interaction between the rigid block and foundation includes the forces resulting from the compression
in the critical loading zone Fcrzi and Ferzz, as well as the vertical force Fy in the compression reinforcement.

For a given set of DOFs &g ave, Ac, and Acx, kinematic conditions (Eqs. (1)-(4)) are used to determine the
deformations in the springs, and these deformations are in turn used to determine the forces in the springs. For
example, the governing deformations for the aggregate interlock spring F.; are the crack width and crack slip
halfway along the critical crack. The shear stress on the crack is calculated as a function of these deformations by
using a contact density model prosed by Li et al. [7]. According to this model, the wider is the crack and the smaller
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is the slip displacement between the crack faces, the smaller is the shear stress. This stress is integrated along the
crack to compute the force F; in the aggregate interlock spring.

The behaviour of the fan below the critical crack is also modelled in the 3PKT. As can be seen from Fig.
2b, the stress in the tension tie varies from fimin Within the transition zone Ik to fimax at the base of the wall. The
stress variation outside length lx is assumed parabolic [8]. Based on this variation and a bi-linear stress-strain
relationship for the steel, plastic deformations (yielding) in the reinforcement at the base of the wall spread over a
certain length above the base (see strains & in Fig. 2b). The base section of the fan is modelled on the bases of the
classical plane sections hypothesis. However, due to the high shear transferred through the compression zone of
the base section, the stresses in this zone are inclined at angle 0, that depends on the magnitude of the forces on
the fan. The complete formulation of the fan and springs is discussed elsewhere [5].

2.3 Overview of solution procedure and failure modes

By using the compatibility conditions and constitutive relationships for the load-bearing mechanisms in the wall,
the forces in the springs and fan can be computed for a given set of DOFs &ave, Ac, and Acx. If the lateral
displacement A at the top of the wall is imposed, the number of DOFs is reduced to only two. These two DOFs
are determined by ensuring the vertical and moment equilibrium of the forces acting on the rigid block (Fig. 2a).
These forces include the external vertical load N and the spring forces Fi. In addition, the horizontal equilibrium
of the block is used to calculate the lateral load on the wall V under the imposed displacement A. Due to the non-
linear behaviour of the springs of the 3PKT, the equilibrium conditions are solved through an iterative procedure
based on the secant stiffness approach. Despite the iterative procedure, the complete load-displacement analysis
(V-A response) of a wall takes only a few seconds due to the small number of DOFs used in 3PKT formulation.

*N

0.5 dqcot Oy

Fig. 2 — Load-bearing mechanisms in shear-dominated walls [5]

As can be seen from Fig. 2, there are two potential failure planes defined in the 3PKT: the critical diagonal
crack and the base section of the wall. The wall can fail in shear along the critical crack either prior to or after the
yielding of the flexural reinforcement (tie). Failure in the base section can either occur by rupture of the tie or by
crushing of the concrete in the compression zone under the combined action of bending and shear.

4
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Finally, as the 3PKT is developed for shear-dominated walls, it is necessary to define a limit between such
members and walls controlled by flexure. A wall is considered shear-dominated if it has an aspect ratio a/h<3.0,
and if the 3PKT predicts that the shear reinforcement (spring Fs) yields before the flexural reinforcement (tie).

3. Comparisons with tests

3.1 Walls with aspect ratios a/h=2-3

The three-parameter kinematic theory was initially validated by using tests performed by Bimschas [9][10]. This
experimental study included testing to failure of three large-scale cantilever walls with an aspect ratio a/h=2.2
(a=3.3 m and h=1.5 m). The specimens were designed to represent bridge piers with relatively low amount of
transverse reinforcement (reinforcement ratio p,=0.08%). The longitudinal reinforcement was uniformly
distributed across the section with a ratio pi=0.82% or 1.23%. The focus of the experimental campaign was to
investigate the potential for premature shear failures and loss of axial load capacity of wall-type piers under seismic
loading. The test specimens were therefore subjected to a constant axial load (n=N/bhf.’=0.07) and cyclic lateral
displacements with increasing amplitude. The experimental campaign by Bimschas was extended by Hannewlad
et al. [11] to include more slender walls (a/h=3.0) and walls with larger shear reinforcement ratio (p,=0.22%). The
main properties of four walls from the two studies are summarized in Table 1 — see VK series. These walls were
shear critical while the rest of the walls from the study failed due to flexure and insufficient lap splices.

Table 1 — Properties of test specimens

N
Wall ID | b [mm] [m};ﬂ [nfm] al | py[%] | py [%]|fy [MPal|f,, [MPa|f.' [MPa] S | Vmax KN
VK1 | 350 | 1500 | 1190 | 2.2 | 0.82 | 0.08 | 515 518 35 |0.071] 737
VK3 | 350 | 1500 | 1160 | 2.2 | 1.23 | 0.08 | 515 518 34 [0.073] 887
VK6 | 350 | 1500 | 1160 | 3.0 | 1.23 | 0.08 | 521 528 444 |0.056| 675
VK7 | 350 | 1500 | 1160 | 2.2 | 1.23 | 022 | 521 528 30 |0.082] 903
Wall2 | 100 | 2000 | 1585 | 0.33 | 0.8 | 03 | 435 425 22 0 630
SW5 | 203 | 3050 | 2287 | 0.33 | 1 1 462 462 297 | 0 3190
SW6 | 203 | 3050 | 2287 | 0.33 | 0.67 | 0.67 | 462 462 262 | 0 2460
SW9 | 203 | 3050 | 2287 | 0.54 | 1.5 | 0.67 | 462 462 297 | 0 2880
SWI0 | 203 | 3050 | 2287 | 0.54 | 1.5 | 033 | 462 462 317 | 0 2380

The complete hysteretic load-displacement response of wall VK1 is shown in Fig. 3a, while the envelopes
of the responses of the four walls are plotted in Fig. 3b. The lateral displacements are expressed in terms of drift
8=A/a [%]. It can be seen that all specimens exhibited a plateau caused by the yielding of the longitudinal
reinforcement at the base of the wall. However, while the walls showed certain ductility, their displacement (or
drift) capacity was limited by sudden shear failures along critical diagonal cracks. This type of failure is governed
by a complex interaction between shear, flexure, and axial load. At the same time, the accurate prediction of such
failures is very important for the evaluation and retrofit of existing structures with limited ductility.

As evident from Fig. 3, the 3PKT method captured well the entire behaviour of the walls, including the yield
plateau and the sudden drop of lateral resistance. According to the model, the CLZs of the walls began to crush
soon after the yielding of the flexural reinforcement. As the shear resistance of these zones was degrading, a larger
portion of the shear was resisted by the aggregate interlock mechanism across the critical crack. At the same time,
this mechanism was weakened by the widening of the crack under increasing lateral displacement A. Eventually
the aggregate interlock is predicted to break down and trigger the failure of the wall. The last point along the
prediction V-A curves corresponds to the stage at which the resistance along the critical crack is not sufficient to
balance the vertical load N, and the wall is predicted to lose its axial load capacity. This results in sudden
downwards sliding of the rigid block that was observed in the tests.
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Fig. 3 — Measured and predicted response of test specimens VK1, VK3, VK6 and VK7 (tests by [9][10][11])

3.2 Squat walls with a/h<1.0

While the 3PKT was formulated mainly on the basis of experimental data from moderately short walls, it is also
of interest to apply this method to squat shear walls that work predominantly in shear. Such a wall with an aspect
ratio a/h=0.33 was tested by Wirandinata [12], see Fig. 4a. The specimen, named Wall 2, had a 2000 mm-deep
section that featured end zones with concentrated longitudinal reinforcement and confining hoops. The ratio of the
total longitudinal reinforcement was p;=0.8% while the shear reinforcement ratio was p,=0.26%. Cyclic lateral
displacements with increasing amplitude were applied at the top of the wall via a stiff concrete block. Apart from
the weight of the concrete block, no vertical load was applied on the wall. All main properties of Wall 2 are
summarized in Table 1.

——Exp
800 ' ' ' —3PKT
700 | — Ve
Vci
600 —V,
V. A 500 -=-V
—_— 2000 mm = d
=400 | o
C\“‘\\\:\\\\ / o >
~ <L o 300
V_/_\\N -
= 200
predicted 100
critical crack
0 1 — b
0 1 2 3 4
0=Ala [%]
a) Test setup and crack patterns b) Measured and predicted response

Fig. 4 — Test Wall 2 [12]

The envelopes of the measured load-displacement response of Wall 2 in both loading directions are shown
in Fig. 4b. It can be seen that this specimen did not exhibit a yield plateau, and therefore its longitudinal
reinforcement remained mostly elastic. It was reported that only the extreme rows of reinforcement began to yield
near peak load, and this was followed by sliding of the wall along a horizontal crack at the base. This crack
developed along the construction joint between the foundation block and the wall. The sliding back and forth under
the reversed cyclic load resulted in significant pinching of the hysteretic load-displacement response.

6
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Figure 4b shows that the load-displacement response predicted by the 3PKT method follows closely the
experimental curves. The figure also shows the predicted components of shear resistance and how they vary with
increasing lateral displacement. These shear forces correspond to the horizontal components of the forces in the
springs attached to the rigid block (Fig. 2b). More precisely, shear V.; corresponds to force F;, shear V; to Fs, Vg
to F4, Vcrz to Farzi and Ferzo, and Ve corresponds to Fe, and Fe.. It can be seen that the two dominant shear
mechanisms are the compression in the CLZ and the aggregate interlock across the critical diagonal crack. The
CLZ is predicted to crush at a small displacement, and then the shear is redistributed towards the softer aggregate
interlock mechanism. The peak shear resistance of the wall occurs when Vciz is declining and Vg is increasing.
Due to the very flat slope of the critical crack (see Fig. 4a), the horizontal web reinforcement is predicted to be
ineffective in resisting shear. The dowel action is also predicted to have a negligible effect on the response.

The adequate predictions of the 3PKT method for Wall 2 can be somewhat surprising considering that the
kinematic model does no account for sliding deformations at the base. However, due to the very flat slope of the
critical diagonal crack, the behaviour along this crack is very similar to that along the base crack. According to the
3PKT, the sliding along the critical crack is triggered by the crushing of the critical loading zone. This is in good
agreement with the test observation that after the wall reached its peak resistance, the crushing of the compression
zones was followed by significant sliding deformations in the base crack [12].

Another more recent experimental program on squat walls was performed by Luna et. al. [13]. This
campaign involved testing to failure of large-scale reinforced concrete walls with aspect ratios varying between
0.33 and 0.94. The walls were subjected to cyclic lateral displacements without vertical load. The wall considered
first here is test specimen SW6 which was similar to Wall 2 — see Fig. 5. Compared to Wall 2, this specimens had
the same aspect ratio of 0.33, it was about 50% larger (h=3050 mm) and featured different loading conditions.
While Wall 2 was loaded by a rigid concrete block, specimen SW6 was loaded through steel brackets and plates
which were post-tensioned to either side of the wall. In terms of reinforcement, SW6 had slightly smaller
longitudinal ratio than Wall 2 (0.67% vs. 0.80%) and significantly larger transverse ratio (0.67% vs. 0.26%). It
should also be noted that the longitudinal reinforcement of SW6 was uniformly distributed across the depth of the
section. All remaining properties of the two walls can be compared in Table 1.

V. A steel bracket
o O 00
s} o > o o o (e} o

o 0 00 E

V. A steel plate =

_4 5

E o

= 3050 mm =
2000 mm 3
©

Wall 2 SW6
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Fig. 5 — Tests Wall 2 and SW6 — geometry and load application apparatuses

The reported failure mode of wall SW6 was diagonal compression. The authors of the test stated that a
significant drop in shear strength was due to crushing of concrete at the toes of the wall. Similarly to Wall 2, it
was observed that wall SW6 slid at its base after achieving peak shear strength.

The envelopes of the measured load-displacement responses of the two walls are compared in Fig. 6a. For
the sake of more direct comparisons, the lateral forces are normalized by the gross area of the section bh and by
the compressive strength of the concrete f.’. It can be immediately seen that specimen SW6 had very different
response in the two loading directions compared to the rather symmetrical response of Wall 2. This unsymmetrical
behaviour is devoted to the fact that SW6 was not restrained against out-off-plane displacements, and it exhibited
certain unsymmetrical twist about a vertical axis. If the peak resistances in the two directions are averaged, it
appears that SW6 was weaker than Wall 2 in terms of normalized shear stress at failure Vma/bhfc’.

7
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Another important observation is that the two walls differed significantly in terms of stiffness. It can be seen
from Fig. 6a that SW6 was significantly less stiff than Wall 2, even though it had a stronger concrete (f.’=26.2
MPa vs. 22.0 MPa). The authors of test SW6 evaluated the stiffness of the wall based on the ASCE 43-05 [14] and
ASCE 41-06 [1] provisions, and found that the predictions were respectively 1.56 and 2.38 times larger than the
measured stiffness. This discrepancy was explained with “The presence of cracks in the concrete near the base of
the wall due to: 1) restrained shrinkage associated with the large foundation and reinforcement; and 2) tensile
strain in the concrete at low levels of drift...” [13].

0.16 T
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——Wall2 ]

0.14

012 F [

0.1

o]
(9]
|

>‘§0.os |
= |

0.06

a=1006

0.04 [}

0.02

0 1 2 3 4
0=Ala [%]
a) Measured response b) Deformation and crack patterns
Fig. 6 — Test SW6 [13]

By default, the 3PKT uses a modulus of elasticity of the concrete calculated from the compressive strength

of the concrete E. = 3320@ +6900, MPa [15]. However, to account for the actual condition of the concrete prior
to the test, specimen SW6 was analyzed with one-half of this value. The complete load-displacement response
predicted on this basis is shown in Fig. 7a together with the predicted components of shear resistance. Since the
3PKT is based on kinematics of fully-cracked walls, it is not suitable for predicting the initial linear response. For
this reason the initial response is modelled based on the classical Timoshenko beam theory, taking into account
the shear deformations. This linear response is utilized up to the intersection with the 3PKT curve. It can be seen
that — with the corrected modulus of elasticity — the classical beam theory captures well the initial response of the
wall. It can also be seen that the peak- and post-peak response predicted by the 3PKT approximates well the
average of the measured responses in the two loading directions. The 3PKT however underestimates the
deformations in the pre-peak regime.

The underestimation of the deformations is explained with the way specimen SW6 was loaded. As discussed
earlier in Fig. 5, the wall was not loaded through a rigid block, but through bolted steel plates. It can be assumed
that this test apparatus applies an approximately uniform load along the depth of the section, and does not
completely restrain the horizontal deformations at the level of the load. As a result, shear cracks can propagate
trough the loaded section, and therefore through the rigid block assumed in the 3PKT. This is confirmed by the
diagram in Fig. 6b which was generated from test data available in [16]. The diagram shows the linear strains
measured on a grid of targets attached to the face of the wall, where the darker shades of grey indicate larger
strains. From these strains it can be seen that the cracks in the wall were steeper than the wall’s diagonal, and
therefore they penetrated the assumed rigid block. To account for the additional deformations in the block in a
simple and approximate manner, it is suggested to increase the 3PKT-predicted drifts with the shear deformations
in the block estimated as:

1.2V

y =100 Gobh

(&)

where the shear modulus G. of the concrete is assumed equal to 0.4E.. As evident from the dashed line in Fig. 7a,
this additional drift improves the 3PKT prediction.
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Finally, it is of interest to use the 3PKT to explain the apparent difference in strength V.«/bhf.’ between
walls SW6 and Wall 2. One possible hypothesis could be the size effect in shear, considering that SW6 was 1.53
types larger than Wall 2. According to Fig. 7b however, decreasing the size of wall SW6 by a factor of 2/3 increases
the ductility of the wall, but does not influence the shear strength. Instead, the 3PKT predicts that the main reason
for the strength difference between the two walls is the difference in concrete strength. If wall SW6 is analyzed
with the concrete strength of Wall 2 (f.’=22 MPa), the peak resistances of the specimens become almost identical.
This shows that, even though the walls are squat and work predominantly in diagonal compression, the shear
resistance does not scale linearly with the compressive strength of the concrete.
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a) Specimen SW6 — effect of shear deformations above ~ b) 3PKT predictions — effect of size and concrete
wall diagonal compressive strength

Fig. 7 — Measured an predicted responses of test specimens Wall 2 and SW6

4. Effects of aspect ratio and amount of reinforcement on the response of squat walls

To further validate the 3PKT approach and to study the effects of test variables, it is of interest to analyze more
squat walls tested by Luna et al. [13] to which the model is applicable. As discussed earlier, the 3PKT applies to
walls for which the shear reinforcement (spring F;) is predicted to yield before the yielding of the flexural
reinforcement (vertical tie). Figure 8 shows the measured and predicted responses of the walls for which this
condition is met. The properties of the walls are listed in Table 1.

Specimens SWS5 and SW6 had an aspect ratio of 0.33 and differed only in terms of reinforcement ratios p;
and pv (pi=pv=1.0% for SW5 vs. 0.67% for SW6). It can be seen from Fig. 8 that the 50% larger reinforcement
ratio of SWS5 resulted in a relatively modest increase of shear strength and a more significant reduction of drift
capacity. Drift capacity 9, is defined here as the drift at 20% drop of lateral resistance. For the sake of comparisons,
the 3PKT load-displacement curves are terminated at the predicted d.. The 3PKT captures reasonably well the
responses of specimens SW5 and SW6, even though it overestimates the drift capacity of SWS5.

Specimens SW9 and SW10 had an aspect ratio of 0.54 and differed only in the amount of shear
reinforcement (p,=0.67% for SW9 vs. 0.33% for SW10). As compared to the shorter walls, the trend in drift
capacity is reversed: a 50% increase of shear reinforcement resulted in a decrease of drift capacity. These subtle
trends are captured by the 3PKT which accounts for the complex interactions of the shear mechanisms in shear-
dominated walls.
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Fig. 8 — Effect of aspect ratio and amount of reinforcement on the shear response of squat walls — tests SWS5,
SW6, SW9 and SW10 [13]

Table 2 — Measured and predicted shear strength and drift capacity of test specimens

. Experiment/
Wall oh | P Py f.' N Experiment 3PKT Prediction
0, 0 !

D (%] | T%] | [MPa] | bhfe [rﬁrun] &y [%] \[llr(nl\a]’]‘ [nAl;ln] &y [%] \[Iﬁg’]‘ 8y | Vmax
VK1 | 2.2 ] 0.82 | 0.08 35 0.071 | 62.7 | 190 | 729 | 734 | 223 | 710 | 0.85 | 1.03
VK3 | 2.2 | 1.23 | 0.08 34 0.073 | 44.6 | 1.35 | 879 | 559 | 1.69 | 880 | 0.80 | 1.00
VK6 | 3.0 | 1.23 | 0.08 | 444 0.056 | 101 | 2.24 | 666 |106.0| 2.35 | 661 | 0.95 | 1.01
VK7 | 2.2 | 1.23 | 0.22 30 0.082 | 743 | 225 | 903 | 64.4 | 1.95 | 890 | 1.15 | 1.01

Wall2 [ 033 | 0.8 | 0.3 22 0 119 | 1.80 | 684 | 12.5 | 1.90 | 688 | 0.95 | 0.99
SW5 | 0.33 1 1 29.7 0 13.8 | 1.37 | 3230 | 19.7 | 1.96 | 2573 | 0.70 | 1.26
SW6 | 0.33] 0.67 | 0.67 | 26.2 0 22.8 | 2.27 | 2540 | 21.8 | 2.16 | 2104 | 1.05 | 1.21
SW9 1054 1.5 | 0.67 | 29.7 0 194 | 1.18 | 2820 | 24.4 | 1.48 | 2714 | 0.80 | 1.04
SWI10 | 054 1.5 | 033 | 31.7 0 17.8 | 1.08 | 2350 | 12.2 | 1.28 | 2594 | 0.84 | 0.91
Avg. Exp/Pred= 0.90 1.05

COV [%] = 15.69 10.5

Finally, Table 2 summarizes the main experimental and predicted results for all 9 walls discussed in this
study. The table lists the drift capacity of the walls d,, the corresponding lateral displacement A,, and the lateral
resistance Vmax. The average experimental-to-predicted ratio for the drift capacity is 0.90 with a coefficient of
variation COV=15.69%. For the lateral resistance the corresponding values are 1.05 and 10.5%. These results
show that the 3PKT method with only three DOFs can produce adequate predictions of both strength and
displacement capacity of shear-dominated walls.
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5. Conclusions

In this paper the complete response and drift capacity of shear-dominated reinforced concrete walls were studied
with the help of a three-parameter kinematic theory (3PKT). The 3PKT was applied to nine tests from the literature
featuring reversed cyclic loading. Based on these analyses, the following conclusions are drawn:

The 3PKT produced excellent predictions of the complete envelope of the load-displacement responses of
moderately short walls (aspect ratios a/h=2.2-3.0), including the drift at shear failures following flexural
yielding.

The 3PKT also captured reasonably well the shear behaviour of squat walls (a/h=0.33-0.54). According
to the model, shear failures in such members occur under a complex interaction between crushing of the
concrete in the critical loading zones and aggregate interlocking along flat critical cracks.

It was demonstrated that the behaviour of squat walls is affected by the manner in which the lateral load
is introduced at the top of the wall. While the original 3PKT captured well the behaviour of a member
loaded through a stiff concrete block, a modification of the model was necessary to capture the additional
deformations in walls without a top block.

With this modification, it was shown that the 3PKT can capture the effect of low concrete stiffness,
concrete strength, aspect ratio, and reinforcement rations on the pre- and post- peak response of squat
walls.

The 3PKT produced shear strength experimental-to-predicted ratios with an average of 1.05 and a
coefficient of variation COV=10.5%. Similarly accurate predictions were obtained for the drift capacity
of the walls: an average of 0.90 and COV=15.69%.

It is important to note that — since the 3PKT uses only three degrees of freedom to describe the deformations
patterns in shear-dominated walls — it combines simplicity and accuracy with excellent computational efficiency.

Notation

E. = concrete modulus of elasticity; jd  =lever arm between Fj, and Faxs

Fy = compression force at base of fan; l; = cracked length along longitudinal reinforcement;

Fcizi, = compression forces in the concrete of CLZ; lr = length of transition zone between fan and rigid

F CLZ2 blOCk;

Fe,, Fee =normal and tangential contact forces at the bottom n = axial load ratio;

of critical diagonal crack;

Fi = aggregate interlock force; w = crack width;

Fq = dowel action force; o = angle of wall diagonal with respect to the vertical
axis;

F; = force in the stirrups; a; = angle of critical crack;

Fie = force in longitudinal reinforcement in CLZ; y = shear deformations in the block expressed in terms
of drift;

F; = force in longitudinal tension reinforcement; d, = lateral drift capacity;

G, = concrete shear modulus; Jx, 0.= x- and z- displacements of points from wall;

N = axial load; ¢» = strains across base section;

\% = shear force and lateral load; & = strains along longitudinal tension reinforcement;

Vi = components of shear resistance; &,avg = average strains along longitudinal tension
reinforcement;

Vinax = peak shear force and peak lateral resistance; &y, =yield strain of longitudinal reinforcement;

a = M/V - wall height subjected to shear; gy, = strain in transverse reinforcement;

b = width of wall cross section; 4 = applied lateral displacement;

d = effective depth of section; 4. = horizontal displacement at CLZ;
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d; = distance from compressive edge of section to A = vertical displacement at CLZ;
furthest tension longitudinal bar;

1o = stresses in compression zone in base section; 4; = deformations of springs;

fi = stresses along longitudinal tension reinforcement; 4;y = displacements of ends of springs attached to the
fan (offset displacements);

fe' = concrete cylinder strength; 4, = lateral displacement capacity;

fy = yield strength of longitudinal reinforcement; pi = ratio of total longitudinal reinforcement;

fw = yield strength of transverse reinforcement; pvy = ratio of transverse reinforcement;

h = depth of wall section; 0, = angle of force F), with respect to the vertical axis;
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