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ABSTRACT

Conventional linear seismic analyses of a thick-walled
lightly reinforced concrete structure were found to grossly
underestimate its seismic caoacity. Reasonable estimates of
the seismic capacity were obtained by Derforming apDroximate
nonlinear sDectrum analyses along with static collapse
evaluations. A nonlinear time history analysis is planned
as the final verification of seismic adequacy.

INTRODUCTION
There were a number of large

reinforced concrete canyon structures
constructed at U. S. DeDartment of
Energy (DOE) facilities during the
1940 to 1960 time frame. The boxlike
canyon structures were generally built
for the purpose of housing radioactive
chemical processing. Typically,
shielding requirements dominated the
exterior wall design, resulting in
thick sections with minimal
reinforcement. As these structures
are qualified for new missions, current
safety requirements must be met
including demonstrating adequacy for
the site Design Basis Earthquake
(DBE). The purpose of this paper is
to describe the procedures used to
estimate the seismic caoacity of a
specific canyon structure at the DOE
Hanford Site near Richland, Washington.

CANYON BUILDING STRUCTURAL FEATURES
A scaled cross-section sketch of

the structure in question is shown in
Figure 1. The cross-section dimensions
are 77 ft (23.5 m) high by 68 ft

(20.7 m) wide. The overall length of
the "canyonlike" box structure is over
800 ft (243.8 m) with expansion .joints
provided every 40 ft (12.2 m ) . The
lower part of the structure contains
process cells separated by 7 ft (2.1
m) thick walls which act as shear
walls in resisting transverse
horizontal accelerations. Exterior
wall and roof thicknesses vary from a
minimum of 3 ft (0.9 m) to as large
as 8.5 ft (2.6 m ) . Sections are
typically underreinforced relative to
current American Concrete Institute
(ACI) minimums for flexural steel,
which limits the usefulness of a
conventional seismic analysis.

There are a number of unique
structural features which are pertinent
to the canyon structure seismic
caoacity. First of all, the thick-
walled construction results in
significant dead weight restoring
moments which add to the structural
collapse capacity. The under-
reinforced nature of most cross
sections results in a crack initiation
moment which is much greater than
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Figure 1. Canyon Structure Cross Section Sketch

the cracked section's ultimate capacity.
This unusual design feature simolifies
the structural caDacity analyses in
the sense that it limits the
nonlinearities to a relatively small
number of cracked sections.

There are a number of "ore-cracked"
sections in the canyon structure in the
form of unbonded construction "joints.
These construction joints tyDically
occur in areas of high seismic bending
moment (wall/roof intersections,
locations of exterior wall thickness
changes, etc.). The coinciding of the
high bending moments and construction
joint locations results in almost all
of the nonlinearities occurring at the
construction joints as discussed in a
later section of this paper.

SEISMIC CAPACITY EVALUATION PROCEDURE
Preliminary analyses indicated

that a conventional elastic analysis
was not anoroDriate for estimating the
seismic caDacity of the canyon

structure. Therefore, the following
procedure, based uDon collapse
capacity, was developed.

(1) A soil-structural interaction
analysis was performed to establish
the DBE design resoonse snectrum
for the canyon structure at the
foundation level. This resulted
in a basemat soectra which is
less than the specified surface
spectra since the foundation is
well below the ground surface.

(2) In situ nondestructive testing
(NDT) measurements were performed
on the canyon structure to evaluate
the condition and current
properties of the aging concrete,
locate and estimate the degree of
bonding in the construction joints,
and assess the extent of cracking.

(3) An initial scooing of the
structural seismic capacity was
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performed by comparing section
capacities with the elastically
calculated seismic demands. Areas
exceeding capacity were identified
as probable regions of nonlinear
response. Ultimate capacity moment-
rotational relationships were
developed for the sections where
local nonlinear responses were
anticipated.

(4) Linear rotational springs were
introduced into the structural
model at all locations which
indicated a potential for being
loaded into the inelastic range.
An approximate nonlinear seismic
analysis was then performed by
iterating on the soring stiffness
using a secant modulus aporoach
to quantify the pseudo-elastic
spring stiffness. If the iterative
procedure did not develop into an
unstable solution, it indicated
that the DBE loading was below the
seismic capacity. Although not
done for the canyon structure,
this iterative procedure could be
continued to estimate the seismic
capacity by oroDortionally
increasing the DBE response spectra
until an instability is achieved.

(5) Additional insight into the seismic
capacity was obtained by evaluating
the static collapse capacity.
Using limit analysis techniques,
the horizontal g load collapse
capacity was predicted. Both
flexural and shear section
caDacities were considered.
ADDropriate combinations of
horizontal and vertical
accelerations were considered. An
estimate of the DBE collaDse safety
margin was made by comoaring the
canyon structure exoected peak
acceleration with the oredicted
capacity acceleration.

A summary of the results obtained
in aDDlying the above orocedure to the
canyon structure follows.

SOIL-STRUCTURE INTERACTION ANALYSIS
The FLUSH computer code [4] was

used to perform the soil-structure
analysis of the canyon structure.
Hinges were introduced into the canyon
structure model to match the quasi-
linear fundamental frequency obtained
from the iterative response spectrum
analysis. A bounding foundation
spectrum was obtained by enveloping
the results obtained from varying the
parameter uncertainties (e.g. soil
properties).

NDT EVALUATION
The NDT evaluation of the structure

utilized pulse echo techniques for
examining the concrete strength,
stiffness and quality. The pulse echo
results indicated relatively high
concrete strengths and "good to
excellent" concrete quality. It also
demonstrated the existence of several
essentially unbonded construction
joints as indicated in Figure 2.
Ground penetrating radar techniques
were employed to verify rebar
locations.

LINEAR ANALYSIS
Finite element computer models of

the canyon structure cross section were
developed using the ANSYS computer code
[2]. Both beam element and monolithic
(solid element) models were developed.
The initial elastic resDonse spectrum
analysis of the canyon structure
indicated several areas where capacity
limits were exceeded. No regions were
identified where the shear capacity was
exceeded. The regions of significant
elastic overstress are shown in Figure
2. Note that all areas exceeding
flexural capacity coincide with
construction joint locations.

APPROXIMATE NONLINEAR ANALYSIS
Nonlinear moment-rotation

relationships were develooed for all
construction joints where the seismic
demand was exoected to exceed 90^ of
the rebar yield strength. A typical
moment-rotation response is shown in
Figure 3. Note that the thick-walled
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construction results in a significant
contribution to the flexural capacity
coming from the dead weight restoring
moment. The yield and ultimate capacity
magnitudes were determined from
calculations using the BIAX2 computer
code [5]. The section rotations are a
function of the rebar bond slip, rebar
strain and concrete compression. The
model used to predict the rotations
was adapted from an inelastic model
proposed by Lai [3],

Using the beam element finite
element model, elastic rotational
springs were introduced at the
construction joint locations where an
elastic overstress was indicated. A
large initial spring stiffness was
selected to simulate zero relative
rotation at the construction joints.
Dead weight and DBS response spectrum
analyses were then performed. Wherever
the predicted moments exceeded the first
knee (dead weight restoring moment)
of the Figure 3 rotational response,
the spring constant was reduced to an
estimated secant modulus value.
Iterative repetitions of this procedure
were performed until a converged
solution was obtained. Due to the
nonsymmetric nature of the building,
it was necessary to repeat this
procedure for both a left and right
horizontal motion.

The final iteration produced a
fundamental frequency of 3.4 Hz which
is about a 25% reduction in the
original linear analysis prediction
of 4.4 Hz. Although nonlinearities
occurred in a number of .joints due to
exceeding the dead weight restoring
moments, the rebar yield moment was
only exceeded in two .joints (crane
level joints). At these joints, only
a small amount of yielding was
predicted. Thus, the apDroximate
nonlinear response results indicated
that the DBE loading is well below
the full capacity of the canyon
structure.

STATIC COLLAPSE ANALYSIS
A static collapse analysis was

performed to develop an understanding

of the mode of collapse and to estimate
the safety margin against collapse.
Using limit analysis techniques,
various static collanse mechanisms
were evaluated until a lower bound
mechanism was found. The rotational
capacity of each "plastic hinge" was
considered for each mechanism to
ensure that the individual joint
rotational capacities were not
exceeded prior to collapse. If the
rotational capacity of the joint was
exceeded, then the hinge moment was
reduced to the dead weight restoring
moment as indicated in Figure 3.
Considerations were also given to the
shear/friction section caoacities to
ensure that a shear collaDse did not
precede a flexural collapse.

Based upon acceleration predictions
from the response spectrum analysis,
a linear horizontal acceleration
distribution was assumed with the peak
occurring at the roof and one third of
the peak at the ground level. To
account for the vertical and horizontal
combined accelerations, 40% of the
peak vertical acceleration was assumed
to coincide with the horizontal
accelerations at collar>se [1].

The lower bound collapse mode for
the canyon structure is shown in Figure
4. The calculated loading to produce
collapse resulted in a roof level peak
acceleration of 0.74 g. The estimated
fundamental building frequency
coincided with the peak foundation
response spectrum value of 0.56 g.
Since the peak spectral acceleration
is well below the predicted collapse
acceleration, a significant margin
against collapse was predicted.

NONLINEAR TIME HISTORY ANALYSIS
As a final confirmation of the

seismic adequacy of the canyon
structure, a nonlinear time history
analysis of the canyon structure is
planned. At the time of this writing,
the finite element model of the canyon
structure was being modified to account
for the estimated cyclic nonlinear
behavior of the critical joints. It
is anticipated that after the
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Figure 4. Static Collapse Failure Mode

Drescribed DBE time history evaluation
has been performed, scaled up time
histories will be applied in order to
estimate the DBE magnitude that will
reach the canyon structure capacity.

CONCLUSIONS
The somewhat unique thick-walled,

lightly reinforced design of the canyon
structure required an innovative
analytical approach. Conventional
elastic approaches were found to
grossly underestimate the seismic
capacity of the structure. Approximate
nonlinear analyses were found to
provide reasonable estimates of the
seismic capacity. Final confirmation
of the seismic adequacy is anticipated
upon completion of a nonlinear time
history analysis.
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