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ABSTRACT: Research on the seismically induced dynamic lateral earth pressures acting
on basement walls has reappeared in the literature to examine the apparent inconsistency
between the theoretical pressures and the wall good performance during large earth-
quakes. In this paper, 2-D plane strain finite element models of 2-level to 4-level base-
ments were used to examine this problem. The seismic ground motions were acceleration
records from Kobe and Loma Prieta earthquakes. The assumed soil profile was a sands
deposit overlying a reflecting bedrock layer. The observed time history outputs were the
wall lateral acceleration and the lateral earth pressures. The outputs were examined fur-
ther to evaluate the acceleration amplification factors, the pattern of wall acceleration
and lateral earth pressure, and the influence of limiting soil tensile strength. Some high-
lighted observations are provided, and the complex interaction could not be represented
by simple peak acceleration – earth pressure relationships currently typically
recommended.

1 INTRODUCTION

Research on the dynamic lateral earth pressures acting on basement walls induced by seismic
ground acceleration has reappeared in the literature in the last few years (e.g., Taiebat et al.
2014, Mikola et al. 2016) to examine the apparent inconsistency between the theoretical pres-
sures and the basement wall good performance of during large earthquakes. This inconsist-
ency appears to be due to excessive theoretical lateral earth pressures suggested by the current
methods (e.g., Sitar & Wagner 2015).
The authors have addressed this problem for 2-level basements as well. Prakoso et al.

(2017) employing harmonic ground motions found that the increase in horizontal wall
acceleration and wall pressures was not linearly proportional to the increase in the peak
input acceleration, and the embedment wall depths beneath the basement bottom level
had a minor effect on the wall acceleration and earth lateral pressures. Berangket & Pra-
koso (2017) employing an actual earthquake acceleration suggested that a complex
dynamic soil-basement interaction occurred, and it apparently could not be represented
by a simple peak input acceleration – soil pressure relationship as found in typical
design methods.
The objective of this study is to evaluate numerically the increase in dynamic lateral earth

pressures acting on basement walls due to actual earthquake acceleration records. This paper
is an extension of Berangket & Prakoso (2017) and Prakoso et al. (2017). The basements con-
sidered are 2-level to 4-level deep basements with rigid concrete basement walls and without
any pile foundations. The cases evaluated and the respective finite element models used are
described in the beginning, while the resulting lateral wall acceleration and lateral earth pres-
sures are discussed in the latter part of the paper. A discussion of highlighted issues concludes
this paper.
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2 RESEARCH METHOD

This research assumed that a series of 18 m wide, concrete basements were constructed in a 25
m thick sands deposit overlying a reflecting engineering bedrock. The number of basement
levels varied from 2-level basement (basement depth = 8 m), 3-level basement (depth = 12 m),
and 4-level basement (depth = 16 m). The thickness of the basement concrete wall was 0.6 m,
while the embedment depth was 6 m below the basement bottom level (total wall length from
14 m to 22 m).
Two-dimensional, finite element models were used to examine the increased lateral earth

pressures as shown in Figure 1. The models used fifteen-node triangular finite elements for the
soils and concrete walls; the total number of nodes and elements were 8,670 nodes and 1,034
elements for 2-level basement, 9,582 nodes and 1,146 elements for 3-level basement, and
10,598 nodes and 1,270 elements for 4-level basement. Triangular elements were used to
model the basement wall. To better capture the change in wall lateral acceleration and lateral
earth pressures, finer elements were used for the soil directly behind the walls and the base-
ment walls as shown in Figure 2. Beam elements were used to model the basement structural
elements (e.g., columns and beams). The Mohr-Coulomb with non-associated flow rule (ψ =
0) constitutive soil model was used for all the soil elements, while the elastic model was used
for basement wall elements and structural elements; details of the soil and wall properties are
given in Table 1, while those of the structural element properties were given in Prakoso et al.
(2017). It is noted that the soil properties were adopted partly from Athanasopoulos-Zekkos
et al. (2013). Absorbent boundaries were specified on the both sides of the model to avoid
spurious reflection during dynamic analyses, and the Rayleigh damping parameters adopted
from Guler et al. (2012) were used. The software used was Plaxis 2-D version 8 (Brinkgreve
2002). The models have been numerically verified as reported in Berangket & Prakoso (2017)
and Prakoso et al. (2017).
The input seismic motions used were the 1995 Kobe earthquake acceleration record

(Kobe1995-TAK90, peak ground acceleration = 6.58 m/s2) and the Loma Prieta earthquake
acceleration record (LomaPrietaa1989-LGCP0, peak ground acceleration = 5.59 m/s2) (PEER
2013). It is noted that the records used were adopted from Athanasopoulos-Zekkos et al.

Figure 1. Finite element meshes: 2-level basement (top), 3-level basement (mid), and 4-level basement

(bottom).
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(2013) and Mikola et al. (2016). Both records applied were 20 second long, and were applied
in 1,000 dynamic calculation steps (Δt = 0.02 s). After the static construction phases (excava-
tion of basement, installation of wall and structure), the dynamic calculation was performed
by applying the prescribed displacement option for the earthquake acceleration at the base of
the mesh. The observed outputs include the wall acceleration and the lateral earth pressure
behind wall.

3 RESULTS

3.1 Basement wall lateral acceleration

The time history of the basement wall top (0.8 m below ground surface) lateral acceleration
for Kobe earthquake record is shown in Figure 3 for different number of basement levels; the
left figure is for the entire dynamic analysis, while the right figure is for the time window (t =
2 – 6 s) with the highest acceleration. The similar time history for Loma Prieta earthquake
record, as well as the time window (t = 9 – 13 s), are shown in Figure 4. For both records,
though there are differences in the detailed acceleration, the effect of number of basement
levels on the general trend of wall lateral acceleration is rather minimal.
The basement wall top peak lateral acceleration for Kobe earthquake varied from 9.05 m/s2

to 9.53 m/s2. The peak lateral acceleration for Loma Prieta earthquake varied from 9.49 m/s2

to 9.92 m/s2. It is noted that the time of peak lateral acceleration was different for different
number of basement levels. The amplification factors could then be evaluated by calculating
the ratio of wall peak acceleration to input peak acceleration; the factors were between 1.375
and 1.448 for Kobe earthquake and between 1.698 and 1.775 for Loma Prieta earthquake.
The time history window (t = 2 – 6 s) of the wall top lateral acceleration and the wall

bottom level lateral acceleration is shown in Figure 5 for Kobe earthquake; the left figure for
2-level basement, while the right basement for 4-level basement. The time history window (t =
9 – 13 s) of the top and bottom lateral acceleration is shown in Figure 6 for Loma Prieta earth-
quake. The phase difference between the wall top and bottom acceleration is clear for both
numbers of basement levels, as well as for both earthquake records. The difference appears to
be more significant for deeper basements. At some time instances, the wall top and bottom
acceleration even went to opposite direction. For Kobe earthquake on 2-level basement at

Figure 2. Finer finite element meshes for wall and behind-wall soil stress points.

Table 1. Soil and wall properties.

Property Unit Soil Wall

Unit weight kN/m3 17 24

Modulus MPa 40 20,000

Friction angle degree 35 -

Poisson’s ratio - 0.33 0.20
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about 2.6 s, the wall top acceleration was about -8 m/s2, while the wall bottom acceleration
was about 3 m/s2. For Loma Prieta earthquake on 4-level basement at about 10.2 s, the wall
top acceleration was about -10 m/s2, while the wall bottom acceleration was about 6 m/s2.
These results suggest that, although it was of relatively high stiffness (t = 0.6 m, supported by
levels of basement floor slabs), the basement did not act as a completely rigid body. In add-
ition, the (de-)amplification factors at basement bottom level varied between 0.973 and 1.258
for Kobe earthquake and between 0.979 and 1.123 for Loma Prieta earthquake.

Figure 3. Kobe Earthquake: Basement wall top acceleration.

Figure 4. Loma Prieta Earthquake: Basement wall top acceleration.

Figure 5. Kobe Earthquake – Phase difference between wall top acceleration and bottom acceleration:

2-level basement (left) and 4-level basement (right).
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3.2 Lateral earth pressures

The time history of change in lateral earth pressures (= dynamic lateral earth pressure – static
lateral earth pressure, ΔpAE) is shown in Figure 7 for Kobe earthquake (left column, time
window t = 2 – 6 s) and Loma Prieta earthquake (right column, time window t = 9 – 13 s).
The earth pressures were monitored at three depths: slightly below ground surface level (0.85
m), middle slab level (4.0 m for 2-level basement, 6.2 m for 3-level basement, 7.9 m for 4-level
basement), and about bottom slab level (7.9 m for 2-level basement, 12.0 m for 3-level base-
ment, and 16.0 m for 4-level basement). Note that a negative pressure is an increase in lateral
earth pressure. In general, ΔpAE is not symmetric due to the limiting tensile strength of the
soil. For shallow monitoring point, the increase in ΔpAE (positive ΔpAE = decrease in lateral
earth pressure) is very limited because of the small post-construction static lateral earth pres-
sure (for about 3 – 4 kPa for all time histories). As the number of basement level increases, the
increase in ΔpAE at bottom level tends to be greater as the post-construction static lateral
earth pressure increases with depths.
The ΔpAE at bottom level varies significantly for different basement levels. For Kobe earth-

quake, the change from the maximum ΔpAE at about 3.9 s to the minimum ΔpAE at about 4.4 s
increases from about 150 kPa for 2-level basement to 180 kPa for 4-level basement. Similarly
for Loma Prieta earthquake, the change from the maximum ΔpAE at about 9.7 s to the min-
imum ΔpAE at about 10.2 s increases from about 90 kPa for 2-level basement to 180 kPa for 4-
level basement. However, it is noted that the local negative peaks and minima of ΔpAE occurred
at relatively similar times for different basement levels for a respective earthquake record.
The ΔpAE at the same absolute depth would be different for different basement levels. For

both earthquake records, the oscillation of ΔpAE at 7.9 m varied more significantly for 2-level
basement (bottom level) compared to that at the same depth for 4-level basement (middle
level). However, for a given earthquake record, ΔpAE at shallow monitoring points appear to
have similar trends for different basement levels. These observations suggest that the change is
a function of relative stress monitoring depths rather than the absolute depths.

3.3 Discussions

The wall acceleration time history is to be correlated to ΔpAE in Figures 8 and 9 for Kobe
earthquake (time window t = 2 – 6 s) and Loma Prieta earthquake (time window t = 9 – 13 s),
respectively; the upper figures are the wall acceleration, while the lower figures are the ΔpAE.
The left figures are for 2-level basement, while the right figures are for 4-level basement. It was
observed that the wall acceleration had a different pattern compared to that of ΔpAE.
Although the wall acceleration oscillated from positive to negative acceleration, ΔpAE did not
oscillate in the same way as it was also controlled by the limiting tensile strength of soil. The
acceleration at near ground surface was greater than that at basement bottom level, but the
level of ΔpAE for the former is much less than that for the latter. At some time instances (e.g.,

Figure 6. Loma Prieta Earthquake – Phase difference between wall top acceleration and bottom accel-

eration: 2-level basement (left) and 4-level basement (right).
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Kobe earthquake for 2-level basement, t = 4.0 s – 4.4 s and Loma Prieta earthquake for 4-
level basement, t = 9.5 s – 9.8 s), the acceleration at near ground surface and basement bottom
level was in the same direction, but ΔpAE for stress points near ground surface and basement
bottom level showed an opposite trend.
The general trend of ΔpAE appears to be complex. The increase in lateral earth pressure (nega-

tive ΔpAE) for Kobe earthquake appears in general to be greater than that for Loma Prieta,
while the decrease (positive ΔpAE) for the former appears to be less than that for the latter.
The acceleration for Kobe earthquake (Figure 8) for both basement levels between about

2.4 s and 2.8 s is about the same as the acceleration between 3.3 s and 4.3 s. However, the level
of ΔpAE was different; ΔpAE up to 80 kPa for the former, while ΔpAE up to about 160 kPa for
the latter. This appears to be the effect of the acceleration frequency on ΔpAE, as the frequency
in the former time window is higher than that in the latter time window.
All these observations suggest a complex dynamic soil-basement interaction. The inter-

action could not be just represented by a simple peak input acceleration – soil pressure rela-
tionship as found in typical design approaches. Furthermore, it appears that deeper
basements would lead to a more complex dynamic soil-basement interaction.
The observed amplification factors for 2-level to 4-level basements were between 1.375 and

1.448 for Kobe earthquake and between 1.698 and 1.775 for Loma Prieta earthquake. Berang-
ket & Prakoso (2017) observed an amplification factor of 1.899 for a 2-level basement sub-
jected Erzincan earthquake (peak lateral acceleration = 0.379 m/s2). The (de-)amplification
factors at basement bottom level varied between 0.973 and 1.258 for Kobe earthquake and

Figure 7. Change in lateral earth pressures: Kobe earthquake (level column) and Loma Prieta earth-

quake, and 2-level basement (top), 3-level basement (middle), and 4-level basement (bottom).
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between 0.979 and 1.123 for Loma Prieta earthquake, while that observed by Berangket &
Prakoso (2017) was 1.570. In addition, Prakoso et al. (2017) reported amplification factors of
1.697 and 1.445 for wall top and bottom acceleration of 2-level basement subjected to a 3-Hz
harmonic acceleration with a peak acceleration of 0.687 m/s2.

4 CONCLUSIONS

Two dimensional plane strain dynamic finite element models of 2-level to 4-level basements
were used to evaluate the wall acceleration and the lateral earth pressures induced by Kobe
earthquake and Loma Prieta acceleration records. The basements were embedded in a sands
deposit (Mohr-Coulomb model) overlying an engineering bedrock layer. The highlighted
observations are as follows:

Figure 8. Kobe Earthquake – Relationship between wall lateral acceleration and lateral earth pressures:

2-level basement (left) and 4-level basement (bottom).

Figure 9. Loma Prieta Earthquake – Relationship between wall lateral acceleration and lateral earth

pressures: 2-level basement (left) and 4-level basement (bottom).
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• The amplification of wall lateral acceleration varied with the number of basement levels
and with the earthquake acceleration records.

• A phase difference was observed in wall lateral acceleration. The phase difference appeared
to be more significant for deeper basements. At some time instances, the top and bottom
wall acceleration went to opposite direction.

• The change in lateral earth pressure ΔpAE is affected by the limiting soil tensile strength,
which is a function of soil depths for frictional sands considered.

• ΔpAE at shallow monitoring points appeared to have similar trends for different basement
levels, while ΔpAE at bottom level varies significantly for different basement levels. ΔpAE at
the same absolute depth would be different for different basement levels, suggesting the
change is a function of relative depths.

• The time history of wall lateral acceleration had a different general pattern compared to
that of ΔpAE. The wall acceleration oscillated from positive to negative acceleration, while
ΔpAE did not oscillate in the same way due to the limiting tensile strength of soil.

• The general trend of ΔpAE appears to be complex, as indicated by the different trends of
ΔpAE and the amplification factor.

• ΔpAE appeared to be influenced by the frequency of wall lateral acceleration.

These observations suggested that a complex dynamic soil-basement interaction occurred,
and it could not be represented by a simple peak input acceleration (e.g., input or wall acceler-
ation) – lateral earth pressure relationship as found in typical design methods.
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