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LOW-RISE SHEAR WALL FAILURE MODES

Charles R. Farrar', Member, ASCE
Philip S. Hashimoto2, Member, ASCE
John W. Reed3, Member, ASCE

Abstract

A summary of the data that are available concerning the
structural response of low-rise shear walls is presented. This
data will be used to address two failure modes associated with
the shear wall structures. First, data concerning the seismic
capacity of the shear walls with emphasis on excessive
deformations that can cause equipment failure are examined.
Second, data concerning the dynamic properties of shear walls
(stiffness and damping) that are necessary to compute the
seismic inputs to attached equipment are summarized. This case
addresses the failure of equipment when the structure remains
functional.

Introduction

The purpose of this paper is to document the available data
concerning the seismic capacity and the dynamic properties
(stiffness and damping) of low-rise reinforced concrete shear
walls. This paper will point out where analyses unsupported by
experimental verification with their inherent engineering
judgements are being used and where data-based procedures for
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estimating structural behavior are being used. The information
discussed in this paper is used for fragility analysis associated
with seismic probabilistic risk analysis (PRA) and for seismic
margin assessment.

Two issues are of interest: (1) seismic capacity of the sheaar
wall with emphasis on excessive deformations of the structure
“that indirectly fails equipment, and (2) direct failure of the
enclosed equipment from inertial iocading. Because of their
heavy construction, nuclear power piant low-rise shear wall
structures are fypically considered to have very large capacities
against seismic-induced collapse. Therefore, in seismic PRA,
structural failure is defined to occur when structural
deformations are sufficient to impair the functionality of
supported equipment. These deformations are usually much
lower than motion levels that would cause collapse of the
structure.

A building may respond in such a manner that it remains
functional but with motion levels that cause equipment failure.
This response can be either elastic or inelastic with the shear
wall's stiffness and damping being the structural properties that
contro! the motion levels. Because the full range of motions
must be considered in seismic PRA, the relationship between the
shear wall's dynamic properties and the ground motion input is
required.

Quantities related to seismic capacity of low-rise shear
walls that are evaluated in structural fragility analysis for
seismic PRA include (1) structure deformation limits, (2)
structure strength, and (3) structure nonlinear displacements. ”

Structure deformation limits corresponding to loss of
function of supported equipment are typically estimated using
engineering judgement. Median estimates of interstory drifts
corresponding to equipment failure are typically in the range of
about 0.5% to 1.5% of the wall height. For example, in the Diablo
Canyon PRA [1]), the median drift limit for the turbine building
shear walls was estimated to be 0.7%. Only limited test data [2
through 4] were available to derive this estimate.
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Determination of structure strength for seismic fragility
 evaluations requires estimates of material strengths and
element strengths. Median material strengths are determined
from plant-specific data to the extent possible. The resulting
median compressive strength typically exceeds the specified
design strength by a factor ranging from about 1.4 to 2.0. Median
reinforcement vyield strengths typically exceed the specified
design strength by a factor ranging from about 1.1 to 1.3.

The American Concrete Institute (ACI) Code provides
equations for design ultimate strengths of shear walls loaded by
in-plane shear and moment (Reference 2-5). These equations
were shown to provide conservative strength capacities based
upon testing of shear wall specimens with overall height-to-
length ratios ranging from 1.0 to 3.4. Testing by Barda, et al [2]
has indicated that the ACI design equations are very
conservative for low-rise shear walls (height-to-length ratios
less than 1.0) with boundary elements.

Several past fragility evaluations have evaluated median
shear strengths of low-rise shear walls using an equation that
is based on Barda's work [2]. Figure 3-2 in [6] compares this
equation with available test data from [2, 5, 7, and 8]. The
nominal concrete shear stress permitted by the ACI code is also
plotted in this figure. As shown, the AC!| code is very
conservative in comparison to the available test data.

The effective flange width provided by shear walls in
transverse directions and load redistribution that results from
cracking of the shear walls are estimated based on engineering
judgement, S

Fragility evaluation must consider nonlinear structural
response because initial yielding of nuclear plant shear walls
will typically occur at deformations well below levels
necessary to damage attached equipment components. There are
only limited examples of nonlinear structural analyses that have
been perfermed in support of seismic PRAs. One such example is
described in [1].
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As an alternative to explicit nonlinear analysis, an inelastic
energy absorption factor, Fy, has been used in past fragility
evaluations. Simplified procedures used to estimate the
inelastic energy absorption factor have been correlated against
analytical data generated by nonlinear analyses. These analyses
used nonlinear structure models with hysteresis characteristics
that attempt to match the results of cyclic loading tests of
shear wall specimens. Correlation of the simplified procedures
against actual dynamic test data has not been performed.

Simplified procedures for estimating nonlinear structure
response from elastic analysis results have been investigated
for nuclear plant application in [9] and the Diabio Canyon turbine
building fragility evaluation [1]. These procedures include {1) a
spectral averaging method [9] and (2) a modified Riddeli-
Newmark method [10,11].

Stiffness and damping of shear wall elements must be
estimated in order to calculate the input to attached equipment
housed in these structures. Typically, stiffness values are
determined from a strength-of-materiais analysis procedure
with a stiffness reduction factor sometimes applied. Ailthough
there are numerous static and dynamic tests of shear wall
elements [4,12 through 18], the majority of these were ultimate
strength tests. When these tests are examined to determine
stiffnress values, the values range from almost exact agreement
with strength-of-material theory to almost 90% below theory.
Data from dynamic tests have shown significant reductions in
stiffness at very low stress levels. There is little dynamic data
that quantifies the change in stiffness as the structure's
response becomes noniinear.

Equivalent viscous damping ratios used in the analysis of
nuclear power plant structures are based on the
recommendations in Regulatory Guide 1.61 [19]. References
[4,14,20,21] provide experimental estimates of damping from
tests on full size structures and on scale model shear wall
elements. it is difficult to determine if these tests are
measuring the damping of the shear wall or of a system that
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includes the shear wall and the base connection of the test
specimen. The experimental data is somewhat scattered and
tests on full size shear wall structures that are responding in
the nonlinear response region does not exist.

Summary

- There is substantial data in the open literature that verifies
the conservatism of the equations used to determine the -
ultimate strength of Ilow-rise shear walls. However,
deformations levels that could cause failure of attached
equipment more often determine the seismic capacity of these
walls. In this regard, both the deformation limits and the
analytical procedures used to calculate deformations are based
on engineering judgement These analytical procedures have only
been indirectly correlated with experimental data.

Guidance for determining the stiffness and damping of low-
rise shear walls which will be used to' calculate inputs to
attached equipment is given in [22]. There is little experimental
data available with which to verify the recommendations in
these guidelines. The data that exists are inconsistent even in
the linear response region as discussed in [23). Data concerning
these dynamic properties in the nonlinear response region and
how these properties change as response goes from the linear to
nonlinear region are particularly sparse.
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