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Evaluation of ground surface subsidence caused by interaction
between underground structures and liquefied ground
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Port and Airport Research Institute, Kanagawa, Japan

ABSTRACT: Investigation of local subsidence damage caused to an airport taxiway located
near an underground structure during the 2011 Tohoku earthquake has been reported herein.
Shake-table tests have been performed on a large model to determine as well as explain the
mechanism underlying the said subsidence damage considering the relationship between strain
history and ground surface subsidence of liquefied ground. Volumetric strain of the liquefied
ground has been evaluated in proximity of the underground structure using shear strain his-
tories obtained from shake table tests. Subsequently experimental results have been correlated,
followed by estimation of ground surface subsidence values.

1 INTRODUCTION

In the event of an earthquake, airports serve as a base for transporting relief supplies and
human resources to the earthquake-hit region. It, therefore, becomes important for airports to
predict the scale of damage at the time of occurrence of an earthquake and implement appro-
priate countermeasures. Settlement of the runway and taxiway due to earthquake motion
tends to interfere with the motions of airplane during landing roll, thereby affecting the
accomplishment of support and restoration tasks to be performed in the event of an earth-
quake. Such subsidence damage was caused to an airport taxiway at the Sendai Airport in
Natori, Japan during the 2011 Tohoku earthquake. Local subsidence damage was observed to
occur only around underground structures comprising box culverts for an underpass and a
waterway under the taxiway (Tsubokawa et al. 2012).
With regard to the case of the Tohoku earthquake, the width of subsidence differed depend-

ing on the area over which the subsidence width was narrower compared to that of the backfill
area in one region. Liquefaction of the backfill around the underground structure and original
sandy ground at the taxiway was predicted by liquefaction judgement based on the earth-
quake-resistance design, and liquefaction countermeasures were scheduled to ensure sufficient
repair performance of the taxiway after occurrence of the earthquake. The interaction between
ground and underground structures has been investigated in this study, and it has been
hypothesized that local subsidence damage was caused by the large shear strain of the lique-
fied ground surrounding the underground structure. Shake table tests have previously been
performed by Ohya et al. (2016) to investigate the mechanism of subsidence damage whilst
focusing on the relationship between strain history of the sand layer and surface subsidence of
the liquefied ground. Results of the above study suggest that the maximum and accumulated
strain components of deviator shear strain close to the underground structure exceed those
measured further away from the underground structure. The measured ground-surface subsid-
ence distribution corresponded to the distribution of maximum and accumulated strains
under the ground.
In this study, a quantitative evaluation of ground surface subsidence has been performed

based on the strain history of the sand layer generated by earthquake motion. To clarify the
relationship between volumetric and shear strains, cyclic triaxial tests were performed. The
magnitude of ground subsidence was estimated from the strain history (maximum and
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accumulated shear strains) of the sand layer obtained from shake table tests as well as the rela-
tionship between volumetric strain and shear strain obtained from cyclic triaxial tests.

2 EXPERIMENTAL RESULTS AND DISCUSSION

2.1 Experimental setup

Figure 1 shows a schematic of the model used in this study to simulate the size of the under-
ground structure and thickness of soil layers at the Sendai Airport. The said schematic shows
major parts of the structure and transducer locations. A rigid steel container measuring 1.5 ×
4.0 × 1.4 m (height × width × depth) was used to contain the model, and the same was placed
on an underwater shake table setup comprising a vibration table measuring 6 m in diameter
and operable in a pool measuring 2 m deep. A model to actual structure scale ratio of 1:15
was used based on the size of box culverts installed at the Sendai Airport. The height of the
underground structure model placed within the outer rigid steel box and thickness of sand
layer measured 0.53 m. The similitude law in 1 g gravitational field, proposed by Iai (1988),
was applied. All physical quantities reported in this manuscript correspond to the model scale.
Both base as well as sand layers contained Iide silica sand No. 6 (density ρs = 2.641 g/cm3;

maximum dry density ρdmax = 1.706 g/cm3; minimum dry density ρdmin = 1.417 g/cm3). To pre-
pare these layers, sand was pluviated through air or poured into water stored in the pool, fol-
lowing the installation of accelerometers and porewater pressure transducers. Subsequently,
Iide silica sand No. 4 (ρs = 2.639 g/cm3; ρdmax = 1.782 g/cm3; ρdmin = 1.524 g/cm3) was plu-
viated through air to prepare the surface layer. Relative density Dr values calculated using the
container volume and weight of the added sand are indicated in Figure 1. The box culvert
model was fixed to the shake table during the test, because the vertical displacement (sinking
or floatation) of the box culvert model was not considered to be of interest in this study.
Input acceleration waveforms for shake table tests were based on the level 2 earthquake

motion (OCDI 2009) defined at the seismic base layer, as shown in Figure 2. The said shake

Figure 1. Schematic of model configuration and transducer arrangement.

Figure 2. Input acceleration waveform for Step 2.
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test was performed in three steps, wherein amplitude magnification ratios (ratio of the input
acceleration waveform amplitude to that of original acceleration waveform) equaled 0.7, 1.0,
and 1.5, respectively, whereas maximum acceleration values measured by the accelerometer
installed on the shake table equaled 333, 480, and 746 Gal, respectively. The influence of
sensor movement, model deformation, and increase in sand density was included after the
second step. Unless stated otherwise, the ground surface displacement and model strain dis-
cussed in this study exclusively refer to incremental values at each step.

2.2 Experimental results

Figure 3 shows vertical displacements of targets placed on the ground surface (top of
the surface layer). The displacement distribution of ground surface measured at the end of
Step 1 conformed to an arc shape with the underground structure at the center acting
as the surface layer immediately above the underground structure did not subside and dem-
onstrated lateral displacement following sand layer subsidence around the underground
structure. Meanwhile, the displacement distribution at the end of Step 2 contained regions
of discontinuity around the underground structure. Cracks within these areas, caused by
tensile failure of the surface layer at the boundary between the underground structure and
soil layer, were visually observed because subsidence caused the sand layer around the
underground structure to be placed lower compared to the underground structure‘s surface
level. Consequently, lateral displacement of the surface layer directly above of the under-
ground structure was observed to decrease while subsidence increased close to the under-
ground structure upon completion of steps 2 and 3 in comparison to Step 1. Although local
volume shrinkage of the sand layer was large near the underground structure, local subsid-
ence was not clearly observed on the ground surface owing to surface layer deformation, as
described in Step 1. It is influenced by the densification of the sand layer that the incre-
ments of the subsidence decrease with the increase of the shake step far from the under-
ground structure.
Figure 4 shows curves obtained for the horizontal (Figure 4(a)) and vertical (Figure 4(b))

acceleration components over time with corresponding acceleration being measured by devices
installed as shown in Figure 5. Since the base layer is not a rigid layer in these tests, horizontal
acceleration amplitudes at the upper end of the base layer were observed to amplify and
exceed that of the acceleration at the lower end of the base layer measured on the shake table
(H00). Subsequently, acceleration amplitude within the sand layer was observed to decrease
and features consistent with those of soil liquefaction appeared within the sand layer after 3 s.
Likewise, owing to the influence of the underground structure, the vertical acceleration com-
ponent demonstrated higher values close to the structure (Line 3) than further away from it.
In addition, liquefaction was observed to occur throughout the sand layer (Since excess pore-
water pressure data are not included here, refer to Ohya & Kohama (2018).). The observed
increase in excess porewater pressure ratio throughout the sand layer followed the trend of the
acceleration curve, attaining a value of approximately 1.0 around 3 s after commencement of
the shake test.

Figure 3. Vertical displacement values measured at various locations on ground surface with increasing

magnitude of shaking (Step 1, Step 2, and Step 3).
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2.3 Shear strain history

Shear strain histories of the ground were estimated from acceleration vs. time curves measured
using adjacent pairs of accelerometers arranged along the vertical direction, as shown in Figure 6.
The simple γxy and deviator γa types of shear strain corresponding to the shear mode are described
in the schematic shown in Figure 6 and can be determined using following equations.

Figure 4. Acceleration time histories during Step 1 measured along (a) horizontal and (b) vertical

directions.

Figure 5. Output location of time history.

Figure 6. Acceleration direction at setting position and shear deformation modes (broken line: before

deformation).
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γxyðtÞ ¼

RR

€ux1ðtÞ � €ux2ðtÞð Þdtdt

h
ð1Þ

γaðtÞ ¼
2
RR

€uy1ðtÞ � €uy2ðtÞ
� �

dtdt

h
ð2Þ

where h denotes the distance between accelerometers and €u denotes measured acceleration
over time t. The subscript refers to the sensor number, and x and y denote the horizontal and
vertical directions of the acceleration component, respectively. Subsequently, the maximum
shear strain γmax could be calculated using values of γxy and γa in the following equation.

γmaxðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γxyðtÞ
2 þ γaðtÞ

2
q

ð3Þ

The accumulated shear strain γacm is defined as the accumulated absolute value of the increment
in γmax over a certain time interval dγmax. Mathematically, this can be expressed as follows.

γacm ¼
X

T

t¼0

dγmaxðtÞj j ð4Þ

where T denotes the calculation end time (T = 33.8 s). However, the above equation cannot be
used to evaluate the change in shear strain generated by rotation of the principle strain axis.
Therefore, the value of dγmax required in Equation 4 can be obtained from the relation

dγmaxðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γxyðtÞ � γxyðt� dtÞ
� �2

þ γaðtÞ � γaðt� dtÞð Þ2
r

ð5Þ

Figure 7 shows distributions of accumulated and maximum shear strains as functions of the
distance away from the underground structure (i.e., data measured at Lines 1, 2, and 3 (refer
Figure 5)). The shear strain results correspond to mean values obtained along the vertical dir-
ection in the three areas between four accelerometers within the sand layer. Hereinafter, the
maximum shear strain γmax indicates the absolute maximum value until the end of the shaking
period. Distributions of both γmax and γacm demonstrated similar trends. Strains close to the
underground structure (Line 3) were observed to equal nearly twice those obtained far from
the underground structure (Line 1). In the case of Line 2, located 40 cm away from the struc-
ture along the east, the influence of interaction with the underground structure was observed
to be rather small, and corresponding strains were similar to those of Line 1.
Figure 8 shows distribution of the vertical displacement measured using laser-displacement

transducers and the vertical displacement corresponds to the total displacement of each step.

Figure 7. Accumulated and maximum values of shear strain as function of distance from east side of setup.
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In step 1, the influence of the lateral displacement of the surface layer on the structure was
observed, and the vertical displacement close to the underground structure (Line 3) was larger
than others. The vertical displacements during Steps 2 and 3 at Line 3 decreased as compared
with Step 1. Consequently, distributions of incremental displacements during Steps 2 and 3
were observed to be consistent with those of the estimated shear strains on the ground.

2.4 Volumetric strain analysis

Volumetric strain of the sand layer was estimated to evaluate the amount of ground surface sub-
sidence. In this regard, laboratory and cyclic shear tests under undrained conditions were first
performed using the same soil sample as that used in the shake table test (Iide silica sand No. 6;
Dr = 53 %). The cyclic shear tests were terminated after occurrence of liquefaction (when axial
strains exceeded 5%), and the volumetric strain due to consolidation following liquefaction was
evaluated after completion of the test. Values of γmax and γacm were then evaluated. In this
study, the volumetric strain of the sand layer was evaluated using values of γmax and γacm.
Since the shear strain of the sand layer obtained by shake table tests varies in accordance

with the place, it is necessary to set the shear strain dependence of volumetric strain. Two dif-
ferent methods for analyzing laboratory data (i.e., those based on the use of γmax and γacm)
were employed. The first method (Case 1) determined a relationship between the maximum
shear strain γmax and volumetric strain due to consolidation following liquefaction εv using the
relationship diagram proposed by Ishihara and Yoshimine (1992), as shown in Figure 9. Since
relative density of the sand layer measured roughly 40 %, the curve corresponding to this rela-
tive density was used to estimate the volumetric strain. Figure 9 also shows the results of
laboratory tests with triangle plots as well as volumetric strains estimated using values of γmax

obtained by shake table tests with circular plots on the Dr = 40 % curve. Even for the same
liquefied soil, values of γmax obtained by laboratory tests measured approximately 10 % while
those corresponding to the sand layer measured less than 4 %. That is, volumetric strains at
all positions within the sand layer, as obtained by shake table tests, measured less than those
generated after liquefaction during laboratory tests.
The second method (Case 2) for determination of volumetric strain employed a hyperbolic

function to estimate volumetric strain from the accumulated shear strain γacm. It has previously
been demonstrated that the strain behavior of the Toyoura sand follows a hyperbolic function
(i.e., Sento et al. 2004). The following simple hyperbolic function was used in the present study.

εv ¼
εv;max

γacm

γacm;r

1þ γacm

γacm;r

ð6Þ

where εv,max and γacm,r denote the maximum volumetric strain due to consolidation following
liquefaction and reference accumulated shear strain, respectively. When experimental data
were fit using this function, as shown in Figure 10, values for εv,max and γacm,r were determined
to be 4 % and 10 %, respectively. Volumetric strain values estimated using experimentally

Figure 8. Vertical displacement at ground surface measured by laser displacement transducers as func-

tion of distance from east side of setup.
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obtained accumulated shear strain values are also plotted in Figure 10 along with laboratory
test results. As can be observed, the experimentally obtained accumulated shear strain values
were spread over a wide strain range, and that results obtained by laboratory tests are also
included within this range and contrast with the relationship of the maximum shear strain.
Distributions of ground surface vertical displacement estimated using γmax and γacm are

shown in Figure 11 along with experimental results. The vertical displacement corresponds to
the total displacement of each step. The figure shows ratios of estimated values to experimen-
tally measured vertical displacements at Line 1, in which case, values estimated in Case 1 were
observed to be considerably smaller compared to experimental values. On the contrary, values
estimated in Case 2 were observed to better approximate experimental data. The attainment
of underestimated values in Case 1 could be attributed to existence of different levels of the
maximum shear strain in laboratory tests and experimental results, as shown in Figure 9. The
difference between experimentally obtained and estimated values was observed to decrease
with increase in the number of steps because the sand layer grew denser with increasing shak-
ing amplitude. As the estimated value did not consider sand densification, the value of γacm
was observed to increase with increasing input acceleration.
Absolute strain values estimated using both methods were observed to increase close to the

underground structure, thereby corresponding to an increase in shear strain in this region owing
to interaction between the liquefied ground and underground structure. This result is consistent
with the experimental displacement distribution obtained during Steps 2 and 3, as previously
described. On the other hand, experimental results for Step 1 demonstrate that the vertical dis-
placement decreased near the underground structure while estimated values demonstrated an
opposite trend. This was in contrast to observations made during other shake test steps. This dif-
ference was attributed to surface layer deformation not being considered when determining esti-
mated values. The experimentally obtained value during Step 1 could, therefore, not be effectively
reproduced on account of it being affected by lateral displacement of the surface layer.

Figure 10. Relationship between volumetric strain due to consolidation following liquefaction and

accumulated shear strain (εv,max = 4 %, γacm,r = 10 %).

Figure 9. Relationship between volumetric strain due to consolidation following liquefaction and max-

imum shear strain (after Ishihara and Yoshimine, 1992).
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Experimental results obtained in this study indicate that the amount of local ground subsidence
close to an underground structure, which cannot exclusively be estimated based on the occurrence
of liquefaction, is rather large and can be reproduced by evaluating the volumetric strain from the
accumulated shear strain within the ground. On the other hand, to quantify local subsidence, it is
necessary to consider surface layer deformation as observed in experimental results.

3 CONCLUSIONS

In practical design applications, ground surface subsidence is often evaluated based on the
assumption of uniform volumetric strain on liquefied ground. However, local subsidence of
liquefied ground near underground structures cannot be evaluated using such a method. This
study demonstrates that it is possible to estimate the amount of local subsidence of liquefied
ground owing to interaction with an underground structure by evaluating the volumetric
strain using the accumulated shear strain.
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