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ABSTRACT

Two buried, closely spaced, reinforced concrete vaults founded on base
rock were evaluated for gravity and safe shutdown earthquake loads.
These vaults enclose steel tanks used to store high level radioactive liquid
waste.

Detailed 3-dimensional finite element models were used for state-of-the-art
structure-soil-structure interaction (SSSI) analyses. Three soil dynamic
property profiles were used to address soil variability. Vault accelerations
are not significantly affected by the variability of soil dynamic properties.
Lower bound soil properties yield maximum member forces and moments.
Demands on the side closer to the other vault due to horizontal motions
are lower due to SSSI effects.

Combined gravity and seismic demand on the vault force resisting system
was calculated. The vaults were qualified, using member capacities based
on current design codes.

INTRODUCTION

Vaults WM-180 and WM-181 are pan of the
Tank Farm at the Idaho Chemical Processing
Plant (ICPP), Idaho National Engineering
Laboratory (INEL). These underground
reinforced concrete vaults enclose steel tanks used
to store high level radioactive liquid waste.

The INEL is at the northern edge of the Snake
River Plain adjacent to the southern foothills of
the Lemhi and Lost River Mountain Ranges, and
lies largely in the Eastern Snake River Tectonic

Subprovince. The area is characterized by
Tertiary to Quaternary volcanic basalts and
alluvial sediments, which were laid down
primarily by the Big and Little Lost Rivers and
Birch Creek. Wind blown deposits are also
widespread. Subsoils at the site generally consist
of thin surface layers of fill and natural sand, silt
and clay overlaying a thick layer of relatively
dense sandy gravel. The site soils are generally
dry, except for some locations where a thin
perched layer of water appears at the top of the
basalt.
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The vault structure, shown in Figures 1 and 2,
is founded 52.5 ft below ground level on
competent rock, and has a minimum of 7 ft of
soil cover on top of the roof slab. The base mat
has an octagonal shape 30.2S ft on a side, is 3 ft
thick and heavily reinforced. Above the base mat
is a 3-dimensional space frame, consisting of
eight massive columns, a 2.33 ft by 4.33 ft ring
beam and haunched three segmented 2.5 ft by 4.5
ft roof beams. A secondary grid of four beams
spans between the space frame beams in the flat
section of the roof, forming a 4.67 ft square
opening. Eight 21 in. thick wall panels span
horizontally between the columns, and vertically
between the ring beam and base slab. A 15 in.
slab covers the roof girders, forming a cold joint
with them. Construction photographs show that
the site was excavated to base rock. The vaults
were then cast-in-place, and backfilled to level
ground.

The fact that these tanks are buried below
ground and are in close proximity to each other
(14 ft separation between vaults) requires that the
seismic analyses include soil-structure-interaction
(SSI) effects, as well as structure-soil-structure-
interaction (SSSI) effects. The seismic analyses
described herein included development of
acceleration time histories consistent with the safe
shutdown earthquake (SSE) design response
spectra, development of detailed models of the
vaults and soil for gravity and seismic load
analyses and detailed evaluation of vault member
capacities.

SEISMIC MOTIONS

SSE motions for this project were defined at
a rock outcrop as a 1% damped USNRC
Regulatory Guide 1.60 [1] horizontal spectrum
shape, anchored at a zero period acceleration
(ZPA) of 0.24g for horizontal motions and 0.16g
for vertical motions. Three sets of 20 second
duration acceleration time histories were
developed for the three orthogonal directions of

rock outcrop motions. Project criteria required
that acceleration time histories be matched to the
SSE design spectra in accordance with
requirements of USNRC Standard Review Plans
[2].

Modifications to the horizontal rock outcrop
motions at the rock/soil interface, and at the soil
surface due to the effects of the alluvial
overburden were calculated as follows:

1. The base rock, including the rock outcrop,
was modeled as semi-infinite elastic half-
space. The soil above the base rock was
modeled as a series of semi-infinite elastic
layers.

2. Best estimate dynamic soil properties were
taken from geophysical tests at the site.
Upper and lower bound soil properties were
used to include effects of variability in the
soils.

3. Variation of shear modulus and soil
damping with shear strain used in this model
are those proposed by Seed et. al. in [3] for
gravelly soil. Basalt properties were not
varied.

4. Wave propagation theory, assuming
vertically propagating shear waves, was used
to deconvolute the horizontal motions from
the rock outcrop down to the base rock/soil
interface and back up to the soil surface in the
free field.

Figure 3 shows Free Field E/W response
spectra at the rock outcrop, at the base rock/soil
interface and at the soil surface, for lower bound
soil properties. Comparison of the rock outcrop
and rock/soil interface spectra shows that the
ZPA for both is the same, but that the rock/soil
interface has lower spectral amplitudes in some
frequency zones. Comparison of the soil surface
spectrum with the other two shows significant
amplifications in the ZPA, and in the spectral
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amplitudes in the frequency range above 1 hz.
Variations in the ZPA and spectral amplitudes
between the three spectra, and the frequency
range at which the variabilities occur, are
primarily a function of the frequency content of
the rock outcrop motions, relative stiffnesses of
the rock and soil, and the depth of the soil
column.

Available literature on the subject, and AEC
experience in previous projects, lead us to
conclude that, there will be little reductions of
rock outcrop vertical spectral amplitudes when
deconvoluted to the base rock/soil interface.
Hence, rock outcrop vertical motions, without
reductions, were conservatively assumed to be the
motions at the base rock/soil interface.

DESCRIPTION OF VAULT STRUCTURAL
SYSTEM

The force-resisting system of the two vaults,
shown in Figures 1 and 2, consists primarily of a
reinforced concrete space frame; and walls and
roof slabs that are constructed so as to resist the
loads in conjunction with the space frame.

The space frame consists of four planar
frames (two in each orthogonal direction), which
are tied together by a ring beam at the top of
columns, and the base mat at the bottom. Each
planar frame has two massive irregular shaped
columns, shown in Figure 1, which have a gross
area of approximately 3,000 sq in. and are fixed
at the bottom to the base mat.

The two columns of each planar frame are
connected by a roof girder consisting of three
segments, as shown in Figure 2. The roof slab is
poured over these girders, forming a cold joint
between them. The bottom girder reinforcement
is anchored in the column/girder joint by end
hooks. The top girder reinforcement is not
hooked at its ends, and extends into the joint as
a straight bar for about 60 in. This is less than
the 119 in. development length required by AC1

349-90 [4] for these bars. From this, it may be
assumed that there is a moment connection at the
column/girder joint for moments producing
tension in the bottom reinforcement, and a simple
connection for moments producing tension in the
top reinforcement. However, this assumption
neglects the potential effect of the roof slab on
the behavior of the girders.

The soil above the roof introduces significant
friction between the roof slab and the girders. If
the friction force across the cold joint, and
mechanical anchorage at the column/girder joint,
are sufficient to transfer the resultant shear flow,
then the slab and girders will act as a composite
prismatic section (plane sections remaining
plane). The top slab reinforcement, which is
hooked into the column-girder joint, becomes the
top reinforcement of the composite section, and
the composite element can then be considered to
have a full moment connection to the column

The top of the columns of the four frames are
tied together with a ring beam that has
reinforcing to resist bending about both neutral
axes and transverse reinforcement to resist
torsion.

The 21 in. thick walls span horizontally
between the columns, and vertically between the
base mat and ring beam. These walls have
reinforcing in both directions, and at both faces,
except at the middle of the wall, where the outer
face horizontal reinforcement is discontinued.

Gravity loads consisting of the self weight of
the vault, and weight of the soil, are carried by
the roof girders to the columns in 3-D frame
action. A portion of this weight will be trans-
ferred to the walls. The ring beam is a
significant element for carrying gravity loads,
because it will resist the horizontal component of
the thrust force from the sloping roof girders and
slabs.
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Lateral soil pressures will act on the sloping
roof and side walls of the vault. The lateral soil
pressure on the walls will be carried in two-way
action to the columns, ring beam and base mat.
It should be noted that the direction of the lateral
soil pressures on the top of the columns and ring
beam is in an opposite direction to forces from
the soil cover and roof weight.

Response of the vault to horizontal seismic
motions, which consist of vertically propagating
shear waves, will be determined by shear
displacements imposed on the vaults due to
displacement compatibility with the surrounding
soil.

Global response of the vault, which has a low
aspect ratio (squatty configuration), to these shear
displacements will be principally in-plane shear in
the two walls parallel to the direction of motion,
a tension/compression couple in the two walls
orthogonal to the direction of motion and flexure
in the roof girders and slabs. Localized response
will be primarily out-of-plane moments in the
walls orthogonal to the direction of ground
motion.

Response of the vaults to vertical seismic
motions will be as described for the gravity loads.

The vaults, as
symmetrical about
symmetry is very
responses of the
because it allows
gravity and seismic
of half of one vault

shown in Figure 4, are
two horizontal axes. This
significant for calculating

vaults to seismic motions,
a complete solution of the
loads problems from models
and surrounding soil.

DYNAMIC MODELS

A 3-dimensional finite element model, using
the ADINA computer code [5], was developed for
this project. All force-resisting elements of the
vaults were discretely modeled, and the mass of
the structure was represented by mass density of

the elements. Symmetry conditions were used to
model only half of the vault. Nodes at the base
of the vault walls and columns were fixed in the
gravity load model.

Roof slabs and walls were modeled along
their centerline. Beams, girders and columns
were modeled along the centroids of their gross
sections. Joints between structural elements were
modeled with rigid links to the face of the
elements to represent these joints as being rigid.

The static model of half the vault structure,
consists of 1274 nodes, 1976 static degrees of
freedom, 64 beam elements, 106 plate elements
and 338 rigid-link elements.

A 3-dimensional finite element model, using
the Advanced Engineering Consultants, Inc.
(AEC) version of the SASSI computer code [6],
was developed for this project. Symmetry
conditions were used to model only half of one of
the vault structures and the soil bounded by the
lines of symmetry, as shown in Figure 4.
Boundary conditions at nodes along the lines of
symmetry for the seismic loads are symmetric for
vertical seismic motions, and along lines of
symmetry parallel to horizontal components of
motion. Anti-symmetric boundary conditions are
used along lines of symmetry orthogonal to
horizontal ground motion.

The model of the vault structure is the same
as that described for static loads, with the
addition of twenty six 3-dimensional
isoparametric (8 node solid) elements to model
the base mat These elements are 3 ft thick, and
have concrete stiffness properties.

The soil is represented in the dynamic model
by a combination of 3-dimensional finite elements
and semi-infinite layers. The full depth of the
soil trapped between the two vaults, shown in
Figure 4, and the soil above the roof of the vault,
is modeled with 3-dimensional isoparametric (8
node solid) elements. The rest of the soil
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interfacing the vault structure, also shown in
Figure 4, is modeled with horizontal semi-infinite
elastic layers. Soil best estimate, upper bound
and lower bound dynamic properties were used in
these models. These properties were taken from
free field wave propagation analyses, and are
consistent with dynamic seismic strains in the
soil. The base rock is represented in the dynamic
model as a semi-infinite elastic half space.

GRAVITY AND DYNAMIC ANALYSES

Gravity loads on the vault consist of the self
weight of the vault, weight of the soil cover
above the roof and lateral soil pressure. Self
weight of the vault was calculated in the ADINA
analyses internally from the material density of
the elements. Weight of the soil cover on die
roof was included as concentrated nodal forces
based on contributory area over each roof node.

Lateral soil pressures were defined as at rest
soil pressures, with a lateral force coefficient Ko

of 0.5. These pressure loads were applied to the
ADINA model as nodal forces calculated on a
contributory area basis. It should be noted that
the lateral soil pressure applied to the vault is
somewhat conservative. In actuality, the
haunched roof will induce arching action in the
soil such that the soil cover will develop a lateral
thrust force on the rest of the soil at the bottom
of the roof elevation, which will tend to push the
soil away from the walls (i.e. relieve some of the
lateral soil pressure from the walls).

Dynamic analyses of the vault for the three
orthogonal directions of seismic motions were
performed using the AEC/SASSI computer code,
with best estimate, upper bound and lower bound
soil properties. Horizontal components of
motions were assumed to consist of vertically
propagating S waves, and vertical motions as
vertically propagating P waves.

The AEC/SASSI code solves the dynamic
problem in the frequency domain and does not
calculate frequencies and mode shapes as such.
However, the ADINA structural model was used
to calculate fixed base vault natural frequencies.
Based on this, the vault was found to be
relatively stiff with horizontal fundamental
frequency of 16.6 Hz, and vertical fundamental
frequency of 17.5 Hz. A second (non-symmetric)
vertical mode has a frequency of 22.2 Hz. The
frequency analysis also shows that there is
practically no coupling between the modes in the
three orthogonal spatial directions, which is to be
expected in a symmetrical structure. The coupled
soil-structure frequencies are expected to be
significantly lower than the frequencies for the
vault structure alone because of participation from
the surrounding soil.

The AEC/SASSI model used in the analysis
allows for SSI and SSSI effects, since the soil,
rock and both vaults (WM-180 and WM-181) are
explicitly included in the model.

Table 1 gives a comparison of vault forces
and moments fcr upper and lower bound soil
profiles and E/W motions. These results show
that responses from lower bound soil profile are
consistently higher, which is a pattern that
parallels results of other parametric studies
performed for the project. Figure 5 gives
maximum acceleration responses in the vault
structure to the upper and lower bound soil
profiles and E/W seismic motions. The
acceleration responses for the two soil profiles
have very little variation, which is also consistent
with results of the parametric studies.

Maximum free field accelerations for N/S and
E/W motions were not very sensitive to the soil
profile, with maximum variations of about 18%.
However, forces and moments in the vault
structure show significant variability with changes
in soil properties, with maximum responses
controlled by the lower bound soil profile. These
results are consistent with the free field wave
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propagation analysis. Soil strains in the free
field, which will determine shear stresses and
relative shear displacements in the soil, were
found to be a maximum for the lower bound soil
profile.

Results of Table 1, and Figure 5 also show the
effects on horizontal seismic response due to
proximity of vaults WM-180 and WM-181 to
each other (SSSI effects). In general,
accelerations are not significantly influenced by
SSSI effects. Maximum accelerations on the east
and west walls are very close to each other.
SSSI effects are more significant on maximum
forces and moments, especially for the lower
bound soil profile case. Results given in Table 1
show that for the case of lower bound soil profile
and E/W motions, seismic shear on the east wall
is as much as 28% higher than that at the same
elevation on the west wall. Demand due to
horizontal components of ground motion are less
than half of demand due to static lateral soil
pressures.

Maximum vertical acceleration response of the
vault to vertical motions show that there is little
amplification of vertical motions in the walls, but
there are more significant amplifications in the
roof of the vault. The results also show that the
responses are essentially symmetric, which leads
to the conclusion that SSSI effects are negligible
for response to vertical motions.

STRUCTURAL EVALUATION

Vault structural members were evaluated for
structural integrity in response to gravity and SSE
loads by calculating member demand/capacity
ratios (D/C). The project acceptance criteria
required that all force resisting members have a
D/C of 1.0 or less.

Maximum seismic demand on a member was
determined by square-root-sum-of-the-squares
(SRSS) combination of maxima, or by the more

rigorous approach of algebraic summation of
response time-histories of codirectional responses
to the three orthogonal components of ground
motion. SRSS combinations are an industry
standard in seismic analyses of nuclear structures.
Algebraic summations of time-history responses
fro;; elastic analyses are considered acceptable
for nuclear structures when the input motions in
the three orthogonal spatial directions are weakly
correlated.

Capacities of members were calculated in
accordance with ultimate strength requirements of
ACI349-90 [4]. Allowable stresses were reduced
proportionately for code non-compliance cases, as
in the case of splice lengths shorter than those
required by ACI 349-90. Friction and mechanical
interlock between the roof slab and girders was
found to be sufficient to transfer shear flow
between them. Therefore, the girders and section
of slab the width of the girders were considered
a prismatic member.

All vault members were found to have
sufficient capacity to resist maximum total
demands (i.e. D/C are equal to or less than 1.0).

CONCLUSIONS

The vault analyses led to the following
conclusions:

1. Wave propagation analyses show that free
field seismic motions at the base rock/soil
interface have lower spectral accelerations,
especially at the fundamental frequencies of
the soil column above, and that the soil layer
significantly amplifies rock outcrop peak and
spectral accelerations.

2. Maximum vault accelerations are lower
than free field soil accelerations at comparable
elevations. These accelerations are not
significantly affected by the range of soil
profiles considered.
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3. SSSI effects have very little influence on
the maximum accelerations, and on force and
moment responses to vertical ground motions.

4. Lower bound soil profile gives maximum
member forces and moments. SSSI effects
have some influence on the moments and
forces due to horizontal ground motions, with
the side closer to the other vault having lower
seismic demands.

5. AH vault structural elements were qualified
in accordance with project acceptance criteria
that demand/capacity ratios for gravity
(including lateral soil pressure) plus SSE loads
be less than 1.0. The maximum D/C in the
vault structure is 0.94.
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FIGURE 2 OCTAGONAL VAULT SECTION A-A
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FIGURE 3 FREE FIELD 7% DAMPED SPECTRA FOR LOWER BOUND
SOIL PROFILE. E/W SEISMIC MOTION

Soil modeled as
sem-infmite layers

Structure noaeieS os
finite elements

vault axis of synnetry
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