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ABSTRACT 
Numerous experiments and prior analyses have confirmed that soil stratigraphy (underground topography) of a site can 
significantly affect dynamic soil-structure interaction (SSI) behavior. These attributes cause reflections, refractions, and 
interference, and lead to complex wave propagation and scattering patterns. Another key factor in dynamic SSI is soil 
nonlinearity, which is known to come into effect even at very low strain levels. To date, only a few studies were able to 
consider multi-axial wave propagation problems with appropriate models of soil nonlinearity. Most existing works are 
limited to either homogeneous soil configurations or equivalent linear soil models. In this study, we explore the effects of 
soil stratigraphy on dynamic SSI behavior by creating detailed two-dimensional finite element models of a large water 
reservoir that is built underground and near a sloping ground. The soil nonlinearity in this present study is represented by 
a veritable multiaxial viscoplastic soil model, which was calibrated and validated against centrifuge test data. Parametric 
studies are then conducted to explore the kinematic and inertial SSI effects. 
 
 
1 INTRODUCTION 
 
It has long been recognized that topographic site effects, 
soil stratigraphy and nonlinearity can significantly affect 
both amplitude and frequency of seismic ground 
response. Topographic effects are initially studied based 
on macroseismic observations and field experiments 
(e.g., Boore 1972, Celebi 1987, Geli et al. 1988, Hartzell 
et al. 1994, Gazetas et al. 2002), which revealed that the 
step-like slope topography of a site plays a crucial role in 
seismic amplification, and can generate parasitic vertical 
motions as well as surface waves. 

Numerical simulations and parametric studies were 
conducted to further understand and quantify the effects 
of complex surface topography and soil stratigraphy (e.g., 
Boore 1972, Sánchez-Sesma et al. 1993, Ashford et al. 
1997, Asimaki et al. 2005a, Restrepo et al. 2016, 
Poursartip et al. 2017), which demonstrated that the 
ground motion is intensified in the vicinity of slopes, and 
the major factors involved are the slope angle, the 
incidence and frequency of the incoming waves, and soil 
stratigraphy and nonlinearity. In recent studies, kinematic 
and inertial soil-structure interaction effects were also 
considered when analyzing topographic site effects (e.g., 
Asimaki et al. 2005b, Asimaki and Kausel 2007, 
Fotopoulou et al. 2013).  

Although much work has been done to date, studies 
concerning soil-structure interaction behavior of 
underground structures wherein multi-axial wave 
propagation is considered with appropriate models of soil 
nonlinearity are still very limited. In this study, we 
investigate the effects soil stratigraphy (underground 
topography) on dynamic soil-structure interaction behavior 
of a large underground structure using finite element (FE) 
analyses. The key feature of the FE models employed is a 

a multiaxial viscoplastic soil model that we have 
implemented and validated, which can mimic the 
nonlinear behavior of soil under three-dimensional stress 
conditions. 

 
2 NUMERICAL ANALYSIS 
 
A large underground reinforced concrete water reservoir 
that is near a sloping bedrock (Figure 1) is modeled and 
analyzed using the finite element method. Side 
boundaries of the computational domain is truncated 
using infinite elements, which provide absorbing boundary 
conditions (ABCs). Frictional contact elements are used at 
the soil-structure interface with friction coefficient being 
0.33 (see, Hushmand et al. 2016). The dimensions of the 
discrete domain and of the underground structure are 

500m35m and 150m10.5m, respectively. The thickness 
of the bedrock and soft soil on the right side are 12m and 
23m, respectively. The thickness of both the roof and 
bottom slabs of the reservoir structure is 0.5m, and the 
thickness of the side walls and inside columns are 1.32m 
and 0.91m, respectively. The bedrock slope angle, 𝛼, is 

varied from 0
o
 (flat base) to 45

o
 at 15

o
 intervals. Because 

of the large model dimension along the horizontal 
direction, an inclined incident wave is applied on the base 
with an assumed phase shift effects to include wave-
passage effects.  

In the following sections, results from both linear and 
nonlinear dynamic finite element analyses are provided, 
which are carried out using ABAQUS (Hibbitt et al. 2007). 
The effects of topography are investigated by changing 
the angle of the slope, and by comparing the responses of 
the structure, such as horizontal and vertical 
accelerations.  



 

 
Figure 1. Mesh configuration of numerical analysis 

 
 
2.1 Linear dynamic SSI analyses 
 
The material properties of the bedrock, soft soil and 
structure used in the linear analyses are provided in Table 
1. A Ricker wavelet with a central frequency of 2 Hz and 
amplitude of 1.0g is considered as the input motion, which 
is shown in Figure 2. Input motions are applied at the 
bottom of the computational domain with either a 0

o
 (i.e., 

horizontally polarized wave input) or a 45
o
 angle of 

incidence. Prior to the application of the ground motions, 
a gravity (self-weight) load steps is applied in all 
simulations. 
 
Table 1. Material propertied used in linear analyses. 
 

Categories  Density 
(kg/m

3
) 

Young’s Modulus 
(MPa) 

Poisson’s 
Ratio 

 

Bedrock  2242 3600 0.38  

Soft soil  1922 810 0.34  

Structure  2400 27800 0.17  

 

 
Figure 2. Time history of the Ricker pulse input motion. 
 
2.1.1 Horizontal accelerations 
 
Horizontal accelerations and the corresponding 
5%-damped spectral accelerations at various locations—
which are enumerated in Figure 1—are computed for 
different topography and loading conditions, and are 
displayed in Figures 3 and 4. It can be concluded that 
topography effects are complex and may induce 
amplification or even de-amplification. At the near-slope 
point 1, the response is amplified. However, responses 
are de-amplified near the structure, such as points 4 and 
6. This is because the soil and the bedrock are much 
softer compared to the underground structure, which 
induces more deformations resembling “pure shear” in the 
soil, and more rigid body motions for the structure. The 

results have similar trends, but different magnitudes under 
the 45

o
 inclined incident wave.  

The de-amplification factor can be lower than 0.5 for 
point 4. But because of the incidence angle of the input 
wave, the amplitude of the horizontal component is 
reduced. Dominant frequencies in the response spectra 
are also altered for the inclined wave. As such, it appears 
necessary to consider wave passage (generally, ground 
motion incoherency) effects for large underground 
structures.  
 
2.1.2 Vertical accelerations 
 
The bedrock slope and the inclined incident wave can 
produce significant parasitic vertical motions as well as 
surface waves. Figures 5 and 6 display the vertical 
accelerations at various locations. As seen, like the 
horizontal responses, both amplifications and de-
amplifications can be observed in vertical responses with 
changing bedrock slope. For example, the vertical 
response at the location where bedrock surfaces (point 1) 
are significantly amplified (up to a factor of ~8 at what 
appears to be first dominant spectral peak). On the other 
hand, de-amplification occurs at point 6 with increasing 
amounts at higher frequencies. Both points 4 and 6, which 
are respectively located near and away from the bedrock 
slope, are affected by parasitic vertical motions. For 
inclined input, vertical acceleration magnitudes are 
surprisingly smaller, although the amplification/de-
amplification trends are very similar to those for the 
horizontally polarized input. 
 
2.2 Nonlinearly dynamic SSI analysis  
 
We next explore the effects of soil nonlinearity on 
response. The upper soil layer is modeled using a multi-
axial fully nonlinear soil model, which was originally 
developed by Borja et al. (1994, 1999). This nonlinear soil 
model has been thoroughly calibrated and validated using 
data from multiple centrifuge tests by Zhang et al. (2017). 
Here, we choose the material parameters of this soil 
model as, ℎ = 0.5885 𝐺max, 𝑚 = 1.1232, 𝑅 = 0.002 𝐺max,  𝐻0 = 0, 𝜔 = 13.6 rad s⁄ , 𝜉0 = 0.01, which are 

representative values for Nevada sand. The parameters ℎ, 𝑚 and 𝐻0 are three parameters, which control the 

intensity, rate, and final state of hardening. 𝑅 is the radius 

of the bounding surface; 𝜔 is the dominant frequency of 

the input motions; and 𝜉0 represents the low-strain 
damping. The selected stiffness degradation and damping 
curves are shown in Figure 7(a). Moreover, a non-uniform 
continuous shear wave velocity curve is adopted, as 
shown in Figure 7(b).  
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Figure 3. Time histories and spectra of horizontal accelerations at points 1, 4 and 6 of the linear model under horizontally 
polarized input. 

Figure 4. Time histories and spectra of horizontal accelerations at points 1, 4 and 6 of the linear model under 45
o
 inclined 

input. 



 

Figure 5. Time histories and spectra of vertical accelerations at points 1, 4 and 6 of the linear model under horizontally 
polarized input. 
 

Figure 6. Time histories and spectra of vertical accelerations at points 1, 4 and 6 of the linear model under 45
o
 inclined 

input. 
  



 

Figure 7. (a) Stiffness reduction and damping curves; (b) shear wave velocity profile.
 
 

 

Figure 8. (a) Time series; (b) Spectral acceleration; (c) Arias intensity of the input motion. 
 
 
A 1994 Northridge earthquake motion (Beverly Hills 
station, MUL279 component) is applied at the base. 
Similarly, input motions have either a 0

o
 (i.e., horizontally 

polarized wave input) or a 45
o
 angle of incidence. The 

time series, spectral acceleration, and Arias intensity of 
the input motion are shown in Figure 8. The implemented 
model is verified, first by comparing its output with that 
from a 1D site-response analysis tool—namely, 
DEEPSOIL (Hashash et al. 2016)—under the same input 
motion and material properties. The acceleration time-
series and the 5%-damped spectral accelerations 
obtained at the surface of the soil column, are shown in 
Figures 9(a) and (b). The results of horizontal and vertical 
accelerations, bending strains and dynamic lateral 
pressure distributions along the left- and right-sidewalls of 
the embedded structure are provided and discussed next. 

 
Figure 9. (a) Time series and (b) spectral accelerations of 
the 1D site response analyses. 

2.2.1 Horizontal accelerations 
 
Like the linear case, horizontal accelerations and their 
5%-damped amplitude spectra at points 1, 4 and 6 for 
varying bedrock slope angles are computed and 
displayed in Figures 10 and 11. As seen, amplification/de-
amplifications patterns are completely different from the 
linear case. For the nonlinear case, the steeper the slope 
is, the higher the response, in general. Specifically, with a 
steeper slope, responses at the surface points of both the 
structure and the soil are amplified. Near the slope apex 
(Point 1 in Figure 1), the amplification factor climbs up to 
4, which appears large enough to warrant a careful 
accounting of the subgrade topography effects in the 
design of a large embedded structure such as the present 
one. Moreover, the effects of the 45

o
 inclined incident 

wave are significant, which resulted in changes in both 
the amplitude and dominant frequency of the response. 
 
2.2.2 Vertical accelerations 
 
The vertical accelerations and their amplitude spectra at 
the same locations are shown in Figure 12 and 13. It is 
interesting to find that for the steep slopes (𝛼 = 30𝑜 and 45𝑜), the responses of all the points are very similar and 

are highly amplified with a maximum amplification factor 
of ~6.  This appears reasonable because the slope can 



 

generate more vertical motions. However, for the flat and 𝛼 = 15𝑜 cases, the amplification and de-amplification 

behavior are varying between different points. For the 
near slope soil, where more response is induced because 
of the slope, the 𝛼 = 15𝑜 case has higher amplitude 

responses than the flat bedrock case. On the other hand, 
it appears that the parasitic vertical motion induced from 
the slope can be neglected for point 6 (i.e., far away from 
slope) for which, this motion is actually de-amplified (note 
that even for the flat bedrock case, the presence of the 
structure, which is a scatterer, induces vertical 
movements). For inclined input, vertical acceleration 
magnitudes are greatly amplified, and the 
amplification/de-amplification trends are also different 
from those of the vertically polarized input. 
 
2.2.3 Bending Strain and dynamic lateral pressure 
 
Bending strain and lateral earth pressures along the walls 
are among the important demand parameters controlling 
design. Here, we compute the bending strain and normal 
pressures at the centers of the finite elements of the 
sidewall along the soil-structure interface. Both the left- 
and right sidewalls’ lateral pressures are computed. 
Frictional contact elements are used at the said interface.  

In all of the simulations performed, the maximum 
bending strains along the left wall of structure are 
computed. Figure 14 and 15 display the time series and 
amplitude spectra of the bending strain for those 
locations. As seen, the bending strain can be significantly 
amplified at certain frequencies. Moreover, residual 
strains are induced within the walls of the embedded 
structure—modeled as a linear elastic material—because 
of inelastic deformations occurring in the soil. As seen, 
this effect is amplified with increasing bedrock slope, but 
nearly imperceptible for the flat bedrock. Furthermore, the 
inclined incident wave can significantly alter both the 
amplitudes and spectral content of the bending strains. 

The distribution of the maximum dynamic lateral 
pressures along the left and right sidewalls are shown on 
Figure 16 and 17. The location of the maximum lateral 
pressure migrates upward and the maximum value 
increases, as the bedrock slope angle increases for the 
left wall (i.e., closer to the underground slope). For this 
near-slope wall, the pressure amplification factor reaches 
~8 at a normalized height of 0.3. On the other hand, the 
pattern and amplitudes of maximum pressure are nearly 
identical for the right (distant) wall. Under the inclined 
incident wave, the pressure distribution profiles changed, 

even though the peak pressure amplitude remained 
nearly the same. These results clearly suggest that 
underground topography should be explicitly considered 
in the determination of seismic demands on large 
underground structures. 

 
3 SUMMARY 
 
In the present study, we explored the effects of site 
topography and soil nonlinearity on dynamic soil-structure 
interaction behavior of a large (lateral dimension = 150 m) 
underground structure using linear and nonlinear 
two-dimensional finite element analyses. The nonlinear 
soil model used was previously validated with multiple 
sets of centrifuge data, and is capable of representing 
small-to-moderate strain inelasticity of soils in a multi-axial 
setting.  

In parametric studies using the aforementioned 
models, the slope of bedrock was varied, and 45

o
-incident 

inbound waves were used. The results indicated that the 
locations and intensities of peak amplifications and de-
amplifications in the predicted responses (as compared to 
the baseline case wherein the structure is embedded in 
linear elastic soil supported on flat bedrock) are 
dependent on multiple factors related to topography and 
soil nonlinearity. This obviously complicates any effort to 
devise simplified approaches to consider soil-structure 
interaction effects for large underground structures. 

Some basic trends could be clearly discerned in the 
simulation results. Amplitudes of both the horizontal and 
the vertical accelerations at points near the vicinity of the 
bedrock slope crest increased with increasing slope 
angle. Inclined incident waves produced, perhaps 
surprisingly, lower amplitude responses—most likely due 
to phase-delayed arrival of waves to the embedded 
structure. Lateral earth pressure distributions were altered 
and maximum values were increased with increasing 
bedrock slope. 

Ultimately, the limited number of numerical simulations 
carried out in the present study demonstrated that the 
below-ground topography should be taken into account in 
the seismic design and safety assessment of large 
underground structures, as neglecting them may be 
perilous. It appears that systematic parametric studies 
with validated finite element models will reveal a 
performance landscape that may not be penetrable using 
simplified approaches. These detailed investigations are 
deferred to future studies. 

 



 

Figure 10. Time histories of horizontal accelerations and response spectra at points 1, 4 and 6 with nonlinear soil and 
horizontally polarized seismic (Northridge 1994) input. 

 
Figure 11. Time histories of horizontal accelerations and response spectra at points 1, 4 and 6 with nonlinear soil model 
and 45

o
-inclined seismic (Northridge 1994) input. 

 
 



 

 
Figure 12. Time histories of vertical accelerations and response spectra at points 1, 4 and 6 with nonlinear soil and 
horizontally polarized seismic (Northridge 1994) input. 

 
Figure 13. Time histories of vertical accelerations and response spectra at points 1, 4 and 6 with nonlinear soil and 
45

o
-inclined seismic (Northridge 1994) input. 

 
 



 

 
Figure 14. Time histories and response spectra of the bending strains near point 3 for horizontally polarized seismic 

input. 

 
Figure 15. Time histories and response spectra of the bending strains near point 3 for 45

o
-inclined seismic input. 

 
Figure 16. Dynamic lateral pressures along the left and 
right walls of the underground structure for horizontally 
polarized seismic input. 

 
Figure 17. Dynamic lateral pressures along the left and 
right walls of the underground structure for 45

o
-inclined 

seismic input. 
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