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ABSTRACT 
Seattle Public Utilities (SPU) has four large, buried concrete reservoirs constructed between 2006 and 2013 and ranging 
in size from 5MG to 64MG (20 to 240 million litres). These reservoirs are essential for maintaining post-seismic event fire 
suppression and domestic water supplies for the City of Seattle, Washington. Three of the reservoirs are roughly square, 
with widths between 450ft (137m) and 670ft (204m), depths of 20ft to 30ft (6m to 9m), and 2ft (0.6m) soil cover. The 
fourth buried reservoir is roughly one-eighth the plan view size. Areas above the reservoirs provide public parks with 
sports fields and recreational facilities.  
 
In response to a notice that these reservoirs might be seismically deficient, SPU decided to use leading edge three-
dimensional (3D) nonlinear (NL) Soil-Fluid-Structure Interaction (SFSI) analysis methods to evaluate their performance. 
SPU elected SFSI analysis instead of traditional code-based methods because performance based design principles 
were key to addressing the seismic performance and retrofit of these reservoirs, and no off-the-shelf code-based or 
simplified methods were directly applicable or technically justified for buried structures of this type. This is the first time 
3D nonlinear time domain SFSI analysis methods have been applied to structures of this type and size by SPU. The 
seismic performance assessments of these reservoirs show that such advanced analyses produced reductions in 
seismic base shears compared to equivalent static design methods, were essential in identifying the cause and extent of 
the vulnerability, and were necessary in evaluating and ultimately meeting the performance objectives of the retrofit. 
 
The reservoirs were evaluated against performance criteria established for life safety and reliability after a 2,475-year 
return period Maximum Considered Earthquake (MCE) and for serviceability after a 100-year return period Operational 
Basis Earthquake (OBE). It was found that deficiencies in the reservoirs’ structural detailing could potentially lead to 
leakage exceeding the performance objectives for both levels of seismic hazard. These deficiencies resulted from: (1) 
the 3D nature of the seismic loading and the structural response; (2) the complex interactions between the tiled floor 
systems (designed to limit cracking from concrete shrinkage) and the supporting soil; and (3) the interaction between the 
walls and the surrounding soil. These interactions were aggravated by slippage below the wall foundations, intermittent 
gaps that developed between the soil and the walls, varying topography, and varying soil stratigraphy. 
 
This paper addresses the utilization of performance-based design principles for the retrofit design. It discusses seismic 
hazard, 3D SFSI modeling, structural response and deficiencies, and mitigation measures. The paper also addresses 
applicability of the current United States (US) design codes and the shortcomings of the code-based methods for the 
design of buried water reservoirs in providing a more reliable prediction of performance with respect to water-tightness. 
 
 
 
1 INTRODUCTION 
 
Seattle Public Utilities (SPU) has four large rectangular 
reinforced concrete reservoirs constructed between 2006 
and 2013. These reservoirs represent a significant 
investment in domestic and fire suppression water supply, 
as well as public park space. The reservoirs are located in 
a high seismic zone – on the west coast of the United 
States, in Seattle, Washington. In response to a notice 
that these reservoirs might be seismically deficient, SPU 
initiated the “Buried Reservoir Seismic Program” to 

evaluate the reservoirs, namely West Seattle Reservoir 
(WSR), Beacon Reservoir (BR), Maple Leaf Reservoir 
(MLR), and Myrtle Reservoir (MR). These reservoirs have 
32, 50, 64, and 5 million gallons (120, 190, 240, and 20 
million litres) of storage capacity, respectively.  

All of these reservoirs are single-celled, except for 
MLR, which is double-celled. They are buried with 2ft 
(0.6m) soil cover; the three large reservoirs have widths 
ranging from 450ft to 670ft (137m to 204m), and depths 
ranging from 20ft to 30ft (6m to 9m). They share a similar 
design: the continuous roof slab is supported on 2ft 



 

(0.6m) diameter columns on a 20ft (6m) grid, the walls are 
supported on a continuous perimeter floor, and the 
columns are supported on 20ft (6m) by 20ft (6m) 
individual floor tiles doweled together at the control joints  
(see Figure 1). The control joints have limited shear 
capacity and do not transfer axial tension forces. Water 
stops and sealant grooves are provided at the floor joints 
to minimize leakage. Hot asphalt waterproofing system on 
the roof prevents surface water infiltration. 

The reservoirs must meet the following stringent 
performance criteria under two levels of earthquakes: 

 OBE: structure shall exhibit near elastic behavior, 
with any damage of a minor nature; repairs can be 
completed without interrupting facility operations; and 
maximum 6 gallon per minute (0.4 litres/second) 
leakage rate allowed, which is only slightly higher 
than the new reservoir acceptance criteria. 

 MCE: maintain life safety; no sudden loss of water; 
maximum 100 gpm (6.3 litres/second) leakage rate 
allowed that can be largely arrested within 90 days. 

Figure 1. Beacon reservoir, section, as-built condition 
 

SPU decided to use leading edge 3D SFSI analysis 
methods to determine if the existing reservoirs are 
seismically deficient in meeting their performance 
objectives; and if they are, to understand the cause of the 
deficiencies, to optimize the retrofit design and to 
minimize the construction cost. 

 
2 DYNAMIC SSI AND FSI ANALYSIS 
 
2.1 Justification for 3D Dynamic NL SFSI Analysis 
 
The design basis for the retrofit of the reservoir is within 
the framework of the 2012 Seattle Building Code, which 
amends the 2012 International Existing Building Code.  

To determine the forces and deformations imparted on 
the reservoirs, 3D dynamic nonlinear SFSI analysis was 
elected instead of traditional code-based methods as it 
can more accurately predict the response of these buried 
structures during an earthquake. Unlike a typical building, 
these reservoirs have some unique features not 
accounted for in a traditional code-based approach: 

1) They are buried near the ground surface, thus 
seismic demands come from a combination of inertial and 
kinematic effects. Depending on the ground motion, the 
subsurface condition and the structure, the soil-structure 
interaction (SSI) effects can have significant impact on the 
structural response.  

2) There are some unique and site-specific 
geotechnical complexities. The reservoirs are on top of 
gentle hills and, as a result, one reservoir has potential 

slope stability concerns. Additionally, some have very 
different fill material near the reservoir as compared to 
30ft or 50ft (9m or 15m) away from the reservoir. Both 
conditions alter seismic wave propagation and thus the 
seismic demands.  

3) Their discontinuous floors cover large areas. Due to 
variations in topography and soil stratigraphy, seismic 
wave propagation varies from one side of the reservoir to 
the other, increasing the differential movement between 
the interior floor tiles, and exacerbating opening and 
closing of the floor joints, and may result in unacceptable 
amount of leakage. 

4) The nonlinear interface between the soil and 
reservoir and yielding of the soil near the reservoir may 
influence load paths and change stress concentrations in 
the structural components. 

Traditional methods such as 3D response-spectrum 
analysis (RSA) cannot directly capture these unique 
features or take into account the SFSI effects without 
making a series of assumptions and judgment calls that 
increase the uncertainty in meeting the performance 
objectives for the reservoirs. As a supplement to 3D RSA, 
2D nonlinear plane-strain analyses have been used in 
other recent and similar projects to assess the SSI 
effects. However, that approach may not be suitable for 
the reservoirs under study because of their aspect ratios, 
which are less than 2:1. A system with such a low aspect 
ratio would respond differently than a long structure, e.g. 
a tunnel or an earth dam, and 2D plane-strain analysis 
cannot capture its bi-axial and out-of-plane response.  

3D dynamic nonlinear SFSI analysis is able of 
capturing these unique features, and thus was selected 
as the analysis approach. The important effects such as 
yielding of the structure and soil, force redistribution due 
to element yielding, and opening and closing of the floor 
joints are considered directly in the analysis. 
 
2.2 Ground Motions and Subsurface Conditions 
 
State-of-the-art methods were used to develop the site-
specific ground motions for assessment of the reservoir 
performance and design of any required retrofits. Two 
levels of ground motions were considered in order to 
evaluate both serviceability and life safety limit states: 

 OBE: ground motion that can reasonably be 
expected to occur within the service life of the project, 
which is ground motion with a 40% probability of 
exceedance during a 50-year period (nominally 100-
year mean return period). 

 MCE: ground motion with spectral response 
accelerations at any period taken as the lesser of a 
probabilistic ground motion with 2 percent probability 
of exceedance during a 50-year period (2,475-year 
mean return period) and a deterministic ground 
motion as defined by ASCE 7-10. 

Site-specific probabilistic seismic hazard analyses were 
performed for each reservoir and identified crustal, 
intraslab and interface subduction zone sources as 
contributors to the seismic hazard at the reservoir sites. 
Representative Conditional Mean Spectra (CMS) were 
developed to correspond to the uniform hazard spectrum 
(UHS) for the MCE over a range of periods critical to the 



 

reservoir response. Three to six sets of ground motions 
spectrally matched to the CMS were developed for 
analysis and retrofit design (see Figure 2 for a sample 
spectrum and one of the horizontal ground motions). Each 
set consists of all three ground motion components – two 
horizontal and one vertical. For the OBE, a minimum of 
one set matched to the UHS was utilized.  

Soil borings, cone penetrometer test (CPT) soundings, 
seismic CPTs, and P-S suspension logging surveys were 
conducted to characterize the soil types, soil strengths, 
and shear wave velocities for each site. The subsurface 
conditions for each reservoir varied between borings at 
each site, but typically included a relatively thin, well-
compacted local fill layer near the ground surface and 
around the reservoirs, on top of Holocene alluvium and 
glacially over-consolidated soil. Locally, there were 
pockets of softer and weaker soil near BR, and 
engineered fills consisting of recycled glass surrounded 
WSR. Depending on location of the reservoirs, the ground 
water tables varied from slightly below to 50ft (15m) below 
the reservoir floor elevation.  

 
Figure 2. MCE horizontal spectra with spectrally matched 
acceleration time history 
 
2.3 Model Development & Validations 
 
Finite element (FE) models as shown in Figure 3 – 
reservoir’s structural model surrounded by the soil domain 
– were developed for the seismic analyses. The soil block 
at each site extended horizontally to a distance where the 
free-field ground motions could be applied at the model 
boundaries and vertically to 135ft (41m) below ground 
surface where an elastic half-space was approximated. 
The ground motions applied at the base along with the 
boundary motions applied at the vertical faces of the soil 
block allowed appropriate seismic wave propagation 
throughout the soil medium, shaking the reservoir and its 
contents (water), and inducing seismic loads onto the 
reservoir. With appropriate details incorporated, these FE 
models efficiently captured the important SFSI effects, soil 
and structural material nonlinearities as well as their 
corresponding hysteretic damping, soil-structure interface 

nonlinearities, and the effects due to varying topography 
and stratigraphy. 

 

Figure 3. FE model and a cut section (BR) 
 

The soil domain was represented with 8-node 3D solid 
FE elements and a nonlinear multi-surface plasticity 
material model that has effective pressure-dependent 
stiffness and strength with explicit modeling of hysteretic 
damping. Shear stress-strain relationships were 
constructed for soil response at small strains using 
G/Gmax curves as shown in Figure 4, and modified for 
the large strain range such that the shear stress was 
capped at the estimated in-situ shear strength. 
Topographical features and stratigraphy as well as soil 
property variations were included in the model by varying 
the properties and geometry of FE elements as shown in 
Figure 3. 

 

Figure 4. G/Gmax and damping curves of the soil (BR) 
 
Frictional contact surfaces were specified at the soil-

reservoir interfaces to allow 1) gaps to form between the 
walls and the soil, and 2) slippage to occur between the 
reservoir and the soil as the frictional resistance is 
exceeded. Local adjustments were made to the soil-
reservoir interface properties to model the presence of 
geocomposite drainage layers placed against the walls 
via reduced frictional resistance on the reservoir walls and 
the presence of crushed aggregates on the bottom of the 
reservoir via increased frictional resistance. 

Nonlinear springs were specified at the floor control 
joints to allow the interior tiles to separate horizontally and 
vertically (according to the properties of the sleeved 
dowels) to check if the separations result in unacceptable 
levels of leakage. No axial tension resistance normal to 
the joints was afforded, consistent with the joint detailing. 

Nonllinear unconfined concrete as described in Park 
and Paulay (1975), nonlinear confined concrete per 
Mander et al (1988), and nonlinear steel constitutive 
models were specified for the columns to capture column 
rebar yielding, concrete crushing and spalling. The 8-node 
3D Lagrangian elements with a fluid material model were 
used to model the water explicitly. 



 

Rigorous model verifications and validations were 
performed to check a variety of responses of the 3D SFSI 
model, including equivalent linear and nonlinear site 
response analyses, plane-strain equivalent linear and 
nonlinear slope stability analyses and 2D SFSI analyses. 
Local model testing, empirical and state-of-the-practice 
checks were also performed. For instance, equivalent 
linear and nonlinear site response analyses with other 
software (e.g. SHAKE and DeepSoil) were extensively 
used to verify appropriate modeling of the seismic wave 
propagation in the 3D SFSI model.  The comparison of 
acceleration response spectra at the ground surface and 
at the base of the reservoir elevation obtained from other 
software and LS-DYNA showed that soil stiffness 
degradation and hysteretic damping in the 3D SSI models 
have been appropriately captured for both OBE and MCE 
shaking levels.  

 
 

3 SFSI ANALYSIS RESULTS 
 
3.1 Reservoir 3D Response and Stress Concentration 
 
The response of the SFSI system is highly nonlinear and 
three-dimensional. At the beginning of the ground 
shaking, the reservoir and the surrounding soil move 
together. When the motion intensifies, the soil elements 
experience primary free field and secondary near-field 
nonlinearities (with localized large strains at the corners of 
the reservoir), and the inertia of the roof starts to influence 
the behavior of the reservoir more significantly. As 
illustrated in Figure 5, when the roof moves horizontally, 
its inertial force transfers from the roof diaphragm to the 
two shear walls parallel to the direction of the roof 
movement. This causes (a) localized slippage under the 
footings of the parallel shear walls and (b) load transfer to 
the tiles and their control joints through the continuous 
perimeter floor that mobilizes the frictional resistance 
beneath the interior floor.  

Figure 5. Magnified deformed shape of BR as retrofit 
 
The nonlinear 3D load transfer mechanism resulted in 

1) stress concentrations at the corners of the continuous 
perimeter floor where compressive bearing on the floor 
interior was concentrated, 2_ bending and tension in the 
continuous floor supporting the end walls, 3) horizontal 
tension in the walls, 4) warping at the wall corners, 5) 
occasional uplift at the base of the exterior corners, and 6) 
separation between the continuous perimeter floor and 
the interior floor tiles. 

It was observed that the columns near the center of 
the reservoir chamber experience significantly larger drift 
than the columns near the walls. Moreover, comparisons 

to the 2D plane-strain slice analyses revealed that the drift 
demands on the columns near the center of the reservoir 
would have been underestimated if simplified slice models 
had been used.  

Additionally, the movement of the roof diaphragm and 
the pressure from the soil and water not only induced 
bending of the long walls between the floor and roof, but 
also produced significant tension in the walls’ horizontal 
reinforcement. Tensile forces were observed to be from a 
combination of localized corner bending, chord forces 
from roof diaphragm bending, and drag forces to the 
perimeter floor corners. 

 
3.2 Parameters Affecting the Seismic Demand 
 
Capturing the nonlinear interface responses and the 3D 
behavior was essential in determining the proper seismic 
demands on the structure. However, other parameters 
were also found to have a significant impact on the 
structural seismic demands: 

1) Topographical variations, especially if there is a 
slope present, such as the case for BR. Even though the 
soil deformations beneath the reservoir due to slope 
movement were minimal during shaking, the slope 
movement reduced the confining pressure on the wall, 
changed the seismic wave propagation in the soil, and 
caused additional stress on the structure due to 
unsymmetrical seismic loading and resistance. 

2) Soil stratification changes and property variations. 
The difference in soil profile from one side of the reservoir 
to the other side resulted in non-uniform seismic wave 
propagation and thus differential displacement from one 
side of the reservoir to the other. This caused higher 
stresses in the reservoir. 

Figure 6 demonstrates the influence of these 
parameters where the enveloped wall maximum principal 
stress contours are compared – from the model with 
uniform and horizontally layered soil domain with no 
topographical variation to the model with slope on one 
side of the reservoir and varying soil layer thickness and 
properties (see Figure 3). It can be seen that the area with 
high stress concentration has increased significantly when 
the effect of non-uniform soil properties, site topography, 
and stratigraphy features are appropriately captured. 
Peak tensile stresses were found to occur when base 
acceleration moved the reservoir structure away from the 
slope, resulting in gapping between the soil and reservoir 
wall, showing no soil resistance to the peak structural drift 
demand. 

 

Figure 6. Effect of non-uniform soil properties, site 
topography, and stratigraphy – maximum principal stress 
of the walls (BR, MCE, Chi Chi ground motion)  



 

 
3.3 Seismic Demands 
 
Significant drag forces were transferred from the roof to 
the floor and developed tensile force within the continuous 
perimeter floors of the reservoirs. The MCE crustal zone 
ground motions produced the greatest demands on the 
perimeter floors and controlled the reservoir retrofit 
designs. Figure 7 shows the continuation of the drag 
forces from the wall into the perimeter floor. Stresses 
increase along the lengths of the shear walls oriented with 
the direction of motion towards the inside corners where 
forces transferred to the floor interior.  

 

 
Figure 7. Maximum principal stress of the perimeter floor 
and walls (BR, MCE, Chi Chi ground motion) 
 

Levels of axial tension under the MCE in the perimeter 
floor are shown in Figure 8 at three sections of the 
perimeter floor from the midpoint of the wall to the section 
at the inside corner. Axial tension forces per foot width of 
slab are expressed as a percentage of the capacity of the 
lightly reinforced floor section. Demands at BR are shown, 
which as the largest single-celled reservoir and the one 
subject to slope movements, experienced the highest 
demands. While demands substantially reduced under 
OBE, the existing perimeter floor reinforcing was still 
expected to yield prior to the retrofit. Linear elastic shell 
elements were used to model the roof, walls, and floor of 
the reservoir, consistent with the desired performance 
relative to leakage, with overstress addressed by retrofit.  

At BR, where the final retrofit design included wall 
overlays, horizontal axial tension forces in the walls were 
also substantially higher than the capacity of the existing 
reinforcing. Figure 9 shows the demand as a percentage 
of the yield capacity per foot height of the horizontal wall 
reinforcing bars crossing the vertical control joints in the 
wall at the controlling elevation at the controlling location 
circled in Figure 7. Only half of the typical wall reinforcing 
was carried across those joints, spaced every 20ft (6m) 
along the length of the walls under the as-built condition. 

Axial tension forces were also induced in the roof 
systems of these reservoirs. At BR, localized areas of 
force redistribution occurred in the roof along the walls 
perpendicular to the slope as shear friction capacities 
across the roof joints were reached under the combined 
axial and out-of-plane bending effects. However, the roof 
system response as a whole remained essentially elastic 
even under the MCE demands for all of the four 
reservoirs.  

 

 
Figure 8. Axial forces in sections across the perimeter 
floor (BR, MCE, Chi Chi ground motion) 
 

 
Figure 9. Axial force time history at peak demand location 
(BR, MCE, Chi Chi ground motion, tension positive) 

 
3.4 3D SFSI vs. Standard Code-Based Approaches 
 
The forces exerted on the reservoir walls from the soil 
block and fluid contents through the modeled contact 
surfaces were compared to forces calculated using 
standard code-based approaches. 

Hydrodynamic pressures exerted on the walls of the 
reservoirs were found to be reasonably well predicted by 
ACI 350.3. As these reservoirs are rarely out of service, 
they are at highest risk for seismic loading with contained 
water and were analyzed with contents at the overflow 
elevation. Figure 10 shows the total hydrodynamic forces 
over the wall height per foot of wall length for the MLR 
with KJMA ground motions. The results are shown for the 
north and the south walls. These forces are compared to 
total factored forces on the leading wall against which the 
contents are sloshing calculated using ACI 350.3 with a 
1.2 load factor on the hydrostatic component in 
combination with a 1.4 factor on the hydrodynamic 
component. Figure 10 shows that except for a few spikes, 
the hydrodynamic force calculated by SFSI analysis is in 
general about half of that calculated by ACI 350.3.  

A time history of soil forces on one of the walls of MLR 
is shown in Figure 11 as a representative result. The 
forces obtained from the SFSI analyses are compared to 
forces calculated using the provisions of the AASHTO 
LRFD Bridge Design Specifications (7th Ed.). It was 
observed in the analyses conducted that forces at the end 
of the modeled initial construction sequence and at the 
static equilibrium state were typically at or slightly below 
at-rest conditions. At the cessation of the ground motion, 
they increased by an average of approximately 80% due 



 

to the permanent deformations of the near-field soil which 
moves toward the reservoir during multiple incidences of 
the active state of stress throughout the earthquake time 
history. At no times during the analyses conducted was 
the full passive pressure mobilized at any of the reservoirs 
(that would require a significant wall movement relative to 
the surrounding soil domain, which usually does not 
happen during transient seismic events). Thus, with peak 
forces in the reservoirs occurring with gaps between the 
soil and wall at both the leading and trailing walls, use of 
any soil pressure for resistance to the inertial forces is not 
recommended for fills that may allow such gaps to form. 

 
Figure 10. Hydrodynamic force time history at center of 
cell wall location (MLR, MCE, KJMA ground motion) 

 

 
Figure 11. Soil force time history at center of cell wall 
location (MLR, MCE, KJMA ground motion) 

 
Figure 12 shows a comparison of base of wall SFSI in-

plane design-level shear forces to inertial forces 
calculated per ACI 350.3 for buried reservoirs and as 
modified per ASCE 7. The “Design-level SFSI” forces as 
shown are the wall base-shear demands for the reservoirs 
using the 3D SFSI analysis approach, reduced by the 
capacity modification of two allowed by ASCE 41 for 
force-controlled shear walls. The “ASCE 7 Modifications 
to ACI 350.3” forces shown are the wall base-shear 
demand for the reservoirs obtained using traditional code-
based analysis approach per ACI 350.3 and modified by 
factors per ASCE 7. It can be seen that the “Design-level 
SFSI” forces are about half of “ASCE 7” forces, and are 
generally consistent with ACI 350.3. ACI 350.3 includes 
an increased response modification factor for buried 
versus at-grade reservoirs and a lower importance factor 
for reservoirs providing fire suppression water, both 
reducing force levels in comparison to ASCE 7. 

The inertial forces were found to dominate the walls’ 
in-plane shear demands at time instances where 
concurrent gapping was observed. Hydrodynamic forces 

did not account for significant portion of the total wall in-
plane shear forces, due to the relatively large plan area 
and short wall heights of these reservoirs, although out-of-
plane forces on the walls were substantially impacted. 
 

 
Figure 12. Base of wall in-plane shear force comparison 
 
4 PERFORMANCE BASED DESIGN 
 
4.1 Standards for Reservoir Assessment and Retrofit 
 
The performance of existing structural elements not 
modified by retrofit was assessed using the 2006 edition 
of ASCE 41. Life Safety acceptance criteria were used for 
MCE-level demands, while Immediate Occupancy 
acceptance criteria were applied to the OBE.  

Retrofitted elements of the reservoirs were designed 
to meet the structural design requirements of the 2012 
International Building Code for new elements as modified 
by the City of Seattle. Additionally, the retrofits were 
designed to meet the established performance criteria for 
leakage considering expected material strengths. The 
retrofit designs were controlled by the MCE forces and 
allowed leakage rates. Due to the reservoirs proximity to 
the Seattle Fault (SF), the SF was the controlling seismic 
event, as it resulted in relatively high levels of short-period 
ground motions and the reservoirs have relatively short 
natural vibration periods (in the range of 0.1 to 0.2 
seconds); The much larger Cascadia Subduction Zone 
event (e.g., M9+) did not control retrofit designs because 
of the lower ground motions associated with this more 
distant event, particularly at shorter periods.  

 
4.2 Seismic Vulnerabilities of the Reservoirs 

 
Figure 13 shows five areas of typical vulnerabilities in the 
reservoirs’ detailing where seismic loads were sufficient to 
result in damage and leakage from the reservoirs.  

 

 
Figure 13. Areas of seismic vulnerability 



 

 
1) The perimeter floor. The seismic performance of the 

floor system of each of the four reservoirs did not meet 
the performance objectives due to the tensile drag forces 
induced in the continuous perimeter section supporting 
the shear walls as discussed in Section 3 and illustrated 
in Figure 7. Axial forces sufficient to yield and potentially 
rupture the existing reinforcing were observed. Under 
concurrent out-of-plane bending and shear forces, the 
faces of the resulting cracks with yielded reinforcing would 
be able to shift out of alignment and would be prevented 
from closing back under reversed loads. The resulting 
estimated leakage was found to be well in excess of 
SPU’s allowed rates for acceptable performance at both 
levels of seismic demand considered.  

2) The column footing. Eccentric compression forces 
transferred to the column footings by the floor slab, 
amplified by the nonlinear interaction between the soil and 
the reservoir and between the perimeter floor and the 
interior floor, produced tensile stresses in the tops of the 
footings. At BR, the tensile stresses in the footings near 
the walls reached the level to cause cracking under the 
MCE. No reinforcing was placed in the tops of the footings 
in construction, producing another source for through 
cracking and leakage under cyclic forces. Figure 14 
shows the demand to capacity ratios for column footings 
at BR for the combined load effects, with high demands in 
areas where the continuous perimeter bears on the 
interior floor slab and compression forces are high. 
 

Figure 14. Column footing demand to capacity ratios (BR, 
MCE, Chi Chi ground motion) 

 
3) Wall Joint Reinforcement. At BR, due to the 3D 

response of the reservoir and as shown in Figure 9, the 
wall forces reached a level where significant transferring 
of forces to the roof diaphragm system would be expected 
upon yielding of the reinforcing crossing the wall joints. In-
plane overturning forces on each wall panel would also 
result, increasing demands on the wall vertical reinforcing 
and wall footings. Such redistribution of force would not 
prevent significant cracking and possible instability, 
resulting in a need for wall retrofit.  

4) Floor joints. Demands on the floor joints were found 
to exceed the allowed ¾-inch (19mm) shear movement at 
WSR in the as-constructed condition that is expected to 
produce spalling of concrete at the water stops with 
resulting leakage. Figure 15 shows the joint shear 
displacements across the floor for joints running parallel 
to column lines “C01” to “C22” captured from the SFSI 

analysis. Near the center of the reservoir, movement at 
the joints was minimal in comparison to 1.8in (46mm) 
near the walls. WSR also experienced the highest levels 
of slippage between the wall foundations and soil. 

 

 
Figure 15. Shearing displacements across floor joints 
(WSR, MCE, Bran ground motion) 
 

5) Wall to roof connection. No reinforcing was placed 
in the fillets at the wall to roof joints of these reservoirs, as 
shown in Figure 1. Joint tension stresses reached to 
about 60% of the concrete tensile capacity at the larger 
reservoirs at the wall to roof connection. Additional drift 
expected due to damage to the perimeter floor could 
potentially allow the joint capacity to be reached, 
jeopardizing wall support. Reinforcing was placed into the 
fillets between walls at the corners in the original 
construction, although typically tension on the inside face 
at the corners did not develop. 

The structural performance of the reservoirs was 
adequate to meet the targeted life safety objectives, 
exclusive of leakage concerns. Increased drift levels 
needed to close gaps and mobilize soil resistance 
(although cannot be counted on for design) upon damage 
to elements of the primary load path are obtainable with 
the as-built structural detailing. However, leakage from 
the reservoirs - in addition to creating unacceptably high 
draw down rates - could result in piping erosion of the 
embankments and undermining of the wall foundations. 
Floor damage at the OBE level did not meet the 
essentially elastic performance criteria desired for 
elements of the structure providing water containment and 
prevention of groundwater intrusion. 
 
4.3 Retrofit Measures and Sample Details 

 
In order to meet the performance objectives for leakage, 
additional reinforcing was required to be placed at the 
perimeters of the floors. Figure 16 shows the extent of the 
8in (200mm) reinforced concrete topping slab placed at 
MR to accommodate the needed reinforcing. For the other 
three reservoirs, the topping slab was increased to 21in 
(530mm) in the corners as seen in the Figure 17 
photograph from the WSR retrofit construction. For MR 
and MLR where slippage below the wall foundations and 
drag forces were lower, the continuous perimeter floor 
was not required to be increased in width. At WSR and 
BR, the topping slab width was increased an additional 
20ft (6m) to handle the higher demands.  



 

Details of the composite wall overlay included in the 
BR retrofit are shown in Figure 18. Effective horizontal 
reinforcing crossing the wall joints was increased by over 
200% with the retrofit in order to prevent leakage and 
force transfer to other elements of the structure. 

 

Figure 16. MR retrofit topping slab extents 
 
 

 
Figure 17. WSR topping slab under construction 

 

 
Figure 18. BR reinforced concrete wall overlay  
 
5 CONCLUSION 
 
This seismic assessment of underground reservoirs 
represents the first time that detailed 3D nonlinear time 
domain SFSI analysis methods were applied by SPU to 
structures of this type. Seismic hazard, 3D SFSI 
numerical modeling, structural response and deficiencies, 
and mitigation measures are discussed in this paper. 

The results of this analysis provide new understanding 
about the behavior of buried reservoirs and the cause, 

locations, and extent of the seismic vulnerabilities.  It was 
found that deficiencies in the reservoirs’ structural 
detailing could potentially lead to leakage exceeding the 
performance objectives for both MCE and OBE levels of 
seismic hazard. 

The traditional code-based methods showed higher 
overall base-shear demand and thus seem to be 
conservative. But the approach would result in higher 
retrofit cost to address wall footing slippage without 
addressing the local deficiencies that contribute to the risk 
of excessive leakage.  

For structures of this size, the level of forces resulting 
from local redistribution because of 1) the nonlinear 
interaction between the soil and reservoir, 2) the tiled  
nature of the floor interior, and 3) other unsymmetrical 
effects from the site grading and subsurface conditions, 
were found to be substantially larger than would be 
anticipated by traditional methods, which average forces 
over large areas and are not able to accurately capture 
the site effects.  

3D nonlinear dynamic SFSI analysis was a valuable 
tool for effective application of the performance based 
design principles, which were key to addressing the 
seismic performance and retrofit design. For these 
reservoirs, it provided a reliable prediction of performance 
with respect to water-tightness and thus increased the 
reliability of reservoirs meeting their performance 
objectives during the seismic events. 
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