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Abstract

Water supply facilities are one of the extremely important utilities that are indispensable for daily life and continuation
of advanced socio-economic activities. These facilities are required to maintain their function even in the event of a
large-scale earthquake. Seismic resistance evaluation and reinforcement work have been promoted for many water
supply facilities. A major structural type of water storage units is semi-underground structures. Most part of their
bodies is embedded in the underground, and the roofs are covered with thin or no soil layers. These structures are
lighter and stiffer than the surrounding soil. The current earthquake design standard for semi-underground structures
mainly considers the earth pressure which is proportional to ground acceleration and displacement. However, detailed
mechanisms of active and passive earth pressures are not considered in the current design method.

The dynamic interaction mechanism between ground and side wall of semi-underground structures during earthquakes
is studied using FEM analysis. Non-linear soil-structure interaction is examined, focusing on the stress state of the
surrounding soil and the earth pressure acting against the side wall, during and after earthquakes. Parameter study has
been performed considering the surface layer thickness, structural depth, and predominant period and amplitude of input
motion. It is observed that the depth-wise distribution of the horizontal stress is not affected by the surface soil thick-
ness. Also, the amplitude of input motion determines the area in which the passive earth pressure acts, whereas its
period has little effect on the distribution. The results show that passive earth pressure acts on the shallow part of the
wall whereas active earth pressure acts on the deeper part, during earthquake. The residual earth pressure, which is
approximately the median value of active and passive earth pressure, acts after earthquake.

It is found that the conventional design methods could not represent the complex distribution of earth pressure acting on
the semi-underground structure. The conclusion is examined using the practical conditions of soils and structures
against the ground motion records during the 1995 Kobe earthquake.
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1. Introduction

Water supply facilities are one of the lifelines indispensable for daily life and socio-economic activities.
Seismic design of these structures is very important to maintain serviceability during and after large
earthquakes. There are different structural types in water supply facilities, namely above-ground,
underground and semi-underground structures, as illustrated in Fig.1(a), (b) and (c). Water reservoir tanks
installed on hills are representative examples of above-ground structures (Fig.1(a)). Note that in this paper
the standard retaining walls are categorized as above-ground structures. Buried pipe-lines, vertical shafts
and utility corridors are distinguished as underground structures (Fig.1(b)). Semi-underground structures, for
example water reservoirs, are often constructed having most part of the structure placed underground and the
roofs are covered with thin or no soil layers (Fig.1(c)). Difference between the semi-underground structures
and the standard retaining wall is in the rigidity of the walls against surrounding grounds.

During earthquakes, the above-ground structures are mainly affected by their inertia forces; this is
known as “inertia interaction”. The seismic force is generally given by the product of mass and total of
ground and structural response acceleration. In static design procedure, such as the “seismic coefficient
method” proposed by Sano [1], the seismic force is assumed as the product of the weight and seismic
coefficient. For the design of ground slope and/or retaining wall, the active soil block is assumed accoding
to the slip failure plane at limit equilibrium; this is called the “Mononobe - Okabe method” proposed by
Okabe, Mononobe and Matsuo [2] [3]. The reaction force acting on the retaining wall is restricted to the
active earth pressure because the wall is easily deformed by the movement of soil block. Note that the
reaction force gets larger as the overburden soil thickness increases [4], because the active pressure is
proportional to the overburden pressure (Fig.2(a)). Koseki et al. [5] proposed “Modified Mononobe —
Okabe method” in which the failure plane is determined at the instant when the failure first occurs, based on
the stability analyses of damaged retaining walls during the 1995 Kobe earthquake. This method is widely
used for the static design of retaining walls [6] [7].
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Fig. 2— The reaction force assumed in static design methods
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The underground structures are predominantly influenced by the surrounding soil due to “kinematic
interaction”. Previous studies show that the structural deformation depends on the difference of rigidity and
weight between the ground and the structure [8]. Static and dynamic earth pressures acting on the
underground structure are the main external forces for structural design. Static analyses are often used to
evaluate the earth pressure during earthquake. One of these methods is “ground response acceleration
method”, which models the soil-structure interaction (SSI) using static FEM, where the inertia force is given
by the individual dynamic ground response analyses [9]. Another method is the “seismic deformation
method” in which structural beam and soil spring are often used for modeling, and the maximum
displacements of free-field ground are inputted statically to the soil spring [10]. In this method, the resulting
reaction force against the structure decreases as the overburden soil thickness increases (Fig.2(b)). Note that
the failure plane in the ground is not assumed, whereas the stiffness of soil spring is reduced in accordance
with its plasticity [11]. Inertia force, which is calculated based on the difference between structure and soil
weights, is also considered.

A few studies [12, 13, 14, 15, 16] have been performed for semi-underground structures which are
stiffer than the surrounding soil. However, standard design method for semi-ground structures have not been
developed yet [17]. Igarashi et al. [18] studied the mechanism of dynamic interaction between ground and
side wall of semi-underground structures based on a two-dimensional FEM analysis. Igarashi et al. examine
non-linear SSI, focusing on the stress state of the surrounding soil and the earth pressure acting against the
side wall, during and after earthquake. The following effects are investigated; soil failure, thickness of
surface layer, depth of structure and period and amplitude of the input motion.

In this study, the results of conventional design method are compared with the earth pressure obtained
by non-linear FEM in order to study whether the conventional design methods can represent the complex
distribution of earth pressure acting on the semi-underground structure. The maximum and residual
distributions of earth pressure during earthquakes are also examined using the practical conditions.

2. Model Analyzed [18]

Igarashi et al. examined non-linear SSI, focusing on the stress state of the surrounding soil and the earth
pressure acting against the side wall. The semi-underground structure and surrounding ground are analyzed
using the computer program TDAP III (ARK Information Systems, Inc.) which is based on a two-
dimensional plane-strain dynamic FEM. Fig.3 shows the model analyzed. The top of the model is a free
surface whereas the sides and the bottom are viscous boundaries. The width of the main area under analysis
is 30m. It includes a 10m wide structure, accompanied by 40m wide side areas to eliminate the boundary
effects. The side walls and bottom slab of the structure consist of rigid beams which are connected to the
soil elements using the normal and shear springs The rigidity of the shear springs on the walls are set to
small values (~ 10®) to simulate slippage between the walls and soil, whereas the rigidity of other shear and
normal springs are set to large values (~ 10'?) to prevent slippage, separation and invasion.
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Fig. 3— Analysis model [18]
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Analysis is performed on 11 cases as listed in Table 1. The surface layer thickness, D, is set between
7.5 and 20 m. The shear-wave velocity of surrounding soil, Vs, is 151.5 m/s. The natural period of the
ground is 0.264 s which is calculated by the quarter-wavelength law for the cases of D=10 m. To keep the
calculation stable, cohesion, C, of 3 kPa in the failure criteria and 3% of damping factor [19] set at 1 and 10
Hz based on Rayleigh damping, are introduced. Note that large damping ratio may give inadequate solutions
during convergence calculation for nonlinear constitutive model. The damping values used has been
properly confirmed.

Linear soil cases are also calculated to examine the effect of structure mass and to compare the soil
failure cases, in which a non-mass case “Li-D10-d05-T1.0-0.3g” and a half-mass case “Li-D10-d05-T1.0-
0.3g-M50%” whose structural densities are respectively 0% and 50% of the soil density are adopted. Two
semi-underground structures with depths, d, of 5 and 10 m, are simulated. Horizontal motion is applied
through the bottom viscous boundary and its amplitude is adjusted to make the surface ground response
acceleration attain the following values: 0.1 g for the case “MC-D10-d05-T1.0-0.1g”, 0.5 g for the case
“MC-D10-d05-T1.0-0.5g”, and 0.3 g for all the other cases. Note that the damping factor has little effect on
the results because the amplitude of input motion is adjusted by the surface ground response.

The input waveform consists of 8-cycles of sine wave accompanied with 3-cycles of increasing and
decreasing sections, as shown in Fig.4(a). In this study, we define four important instants as follows: Tiu:
representing the state before shaking, Tpas for passive state on right area of surrounding soil, T for active
state on the right area of surrounding soil, and 74 for the state after shaking. Fig.4(b) shows the image of
deformation at Tpas. At Tpas, the right area of surrounding soil (except the deep part) attached to the right wall
of the semi-underground structure, is compressed laterally, where ox increases and passive earth pressure
acts against the right wall. In contrast, the left area is simultaneously tensioned laterally where ox decreases
and active earth pressure acts against the left wall. At Tuc, reversal of the tensile and compression areas take
place.

Table 1 — Specifications Applied to the Analysis [18]

Soil material Structure Ground Imput motion
Friction Unit Structure | Surface layer Period of
hesi . - N 1 peri . Peak
Case non-linear Col e‘su)n angle volume depth thickness atural period motion ca gml.md
Common parameters C X . of ground acceleration
model (kPa) 14 weight d D ©) T @©
(degree) | (tf/m) (m) (m) (s)
|- 5 M50
Li-D10-d05-T1.0-0.3g-M50% 17 0.85
Half mass case) Unit volume weight 3 Linear - - 5 10.0 0.264 0.264
Li-D10-d05-T1.0-0.3g (tf/m')
MC-D7.5-d03-T1.0-0.3g 3.903%10° 7.5 0.198 0.198 03
MC-D10-d05-T0.5-0.3g Shear modulus G N 13
(Half period case) (KN/m’) |
MC-D10-d05-T0.5-0.3g
(Basic case) Poisson’s ratio v/ 0.33 5 100 0264 )
MC-D10-d05-T1.0-0.1g Perfect 3 0 0.0 : 0264 01
MC-D10-d05-T1.0-0.5g b ; 3 elasto-plasticity 0.5
amping ratio
MC-D15-d05-T1.0-0.3g g (%) 15.0 0.396 0.396
MC-D20-d05-T1.0-0.3g 1515 20,0 0.528 0.528
Shear wave velocity Vs , 0.3
MC-D15-d10-T1.0-0.3g (m/s) 0 15.0 0.396 0.39
MC-D20-d10-T1.0-0.3g 20.0 0.528 0.528
3-cyclag 8-cycles Jcycles

T2 before shaking

T,.s: passive state on right area of
— surrounding soil

L T, active state on the right area
~ T, after shaking

95 - Tinne

(a) Input waveform and four important instances| 18] (b) The image of deformationation at Tps.

Fig. 4— Simulation model and Input waveform.
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3. Stress Distribution During and After Shaking [18]

Linear soil cases are investigated to examine the effect of structural mass and to compare with the soil failure
cases. Fig.5(a) shows spatial distributions of horizontal stress (ox), normalized by the initial values (o), at
the four important instances instants for the non-mass case “Li-D10-d05-T1.0-0.3g”. The red and blue
colors represent the active (ox < oxo) and passive (ox > oxo) areas, respectively. The distribution pattern at
Tucr is symmetrical to that at 7p.s. The stress value after shaking is restored to the initial value because it is a
linear case. Fig.5(b) shows the distributions of ox with depth at the four instances, where ox is earth pressure
acting on the right wall of the structure and its extended deeper plane. The black solid line represents the
stress distribution of ox at 7Tim, which marks the boundary between the passive state on the right and active
state on the left. The gray dashed lines, representing the theoretical active and passive earth pressure, are
shown as auxiliaries to compare ox with the non-linear cases. The blue solid and dashed lines are the stress
distributions at Tpas for the non-mass case “Li-D10-d05-T1.0-0.3g”and half-mass case “Li-D10-d05-T1.0-
0.3g-M50%”, respectively. The red solid and dashed lines are the stress distributions at 7. for these cases.
It is shown that the effects of dynamic SSI are larger in the non-mass case than in the half-mass case. As we
focus on the mechanism of earth pressure during earthquake in this paper, only non-mass condition, giving
largest effects of dynamic SSI, is adopted for the non-linear cases.

Fig.6(a) shows the spatial distribution of normalized horizontal stress for a non-linear soil case “MC-
D10-d05-T1.0-0.3g”, which is the basic case for the following comparison. The area in active state
(shown in red) at T is smaller than that of the linear case shown in Fig.5(a). The distribution at 7pas is
symmetrical to that at Ta. The stress values at T4 do not return to the initial values and have residual
stresses which are passive in the shallow area and active in the deep area. Fig.6(b) plots the distributions of
ox with depth. It is shown that the horizontal stress is restricted along the theoretical lines of passive and
active earth pressure, especially at shallow and deep locations, respectively. The horizontal stress at T
stays passive in the shallow area where the depth is less than about 3 m, whereas in the deeper part the stress
is in active state during and after shaking except just near the structural bottom.
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Fig. 5— Distribution of horizontal stress (o) for linear cases [18].

© The 17th World Conference on Earthquake Engineering - 3a-0026 -



3a‘0026 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 27th to October 2nd 2021

EEEEE
TEEEE

Horizontal stress o, (kPa)
(r ) -40  -20 0 20 40 60 80 100
e

(Tocd)

(Tpas)

-10

(]- ) = = =Theoretical active earth pressure ®30° C=3kPa
art,

1 L
uo|ua|os|aa 1.0 1.3I|.5||.s|zo

= * =Theoretical passive earth pressure ©30° C=3kPa

MC-D10-d05-T1.0-0.3
O—X/ Uxo Actve i Pass ve ’ g
’ MC-D10-d05-T1.0-0.3g ‘ (b) Depth-wise distributions of ox at the four instances
(a) Spatial distributions of ox/ox0 at the four instances for acting on the right wall and its extended deeper
for basic case plane

Fig. 6— Distribution of horizontal stress (ox) for basic cases [18].

3. Effects of Soil and Structure Conditions [18]

Four cases with varying surface layer thickness of D=7.5, 10, 15 and 20 m are examined keeping the depth
of structure (d) fixed at 5 m. Fig.8(a) and (b) shows the depth distribution of horizontal stress for the cases
of D=7.5 m “MC-D7.5-d05-T1.0-0.3g” and D=20 m “MC-D20-d05-T1.0-0.3g”, respectively. Five more
cases are additionally generated by combining structural depth d=5 and 10 m, with surface layer thickness
D=10, 15 and 20 m, except the case of =10 m and D=10 m.

Fig.8(a) compares depth-wise distribution of ox at Tpas, where the solid lines and dashed lines represent the
results with structural depth d=5 m and d=10 m, respectively. It is observed that the distribution of
horizontal stresses at 7Tpqs have no significant difference between all the cases with the same structural depth.

Fig.8(b) is converted from Fig.8(a) to emphasize the effects of structural and soil depth. The vertical axis is
normalized by structural depth. The horizontal axis is also converted to Rankine’s coefficient of earth
pressure, using the ratio of ox+Ccotg and gy0+Ccotg, where Ccotg is added to consider the cohesion. Note
that the Rankine’s coefficient of passive and active earth pressure, K, (= (1+sing)/(1-sing)) and K. (= (1-
sing)/(1+sing)), are 3.0 and 0.33, respectively, when the friction angle ¢ is 30 degrees without cohesion.
Normalization in structural depth results in the single distribution for all cases. The peak value of earth
pressure agrees well with K, indicated by the blue chain line, at an area shallower than 20% of structural
depth. Smallest value of earth pressure is regulated with K. shown by the red dashed line, which appears at
around the structural bottom. No significant effect of surface layer thickness is observed.
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Fig. 7- Depth-wise distributions of oy at the four instances for the different surface layer cases [18].

Rankine's coefficient of earth pressure

Horizontal stress o, (kPa)
(ox+Cc0tf96nyo+Ccot;ﬁ)

40 20 0 20 40 60 80 100120140160 0.1 10.0
fl‘ G ! T T T T T 1 D-D [£ T T T rrri
- , :
" Ly e L :
i \ o . 0s | :
H (I wx . :
W r i '
s | o 1.0 I
i -N | ——MC-D7.5-d05-TL0-03g = r i i
fF )\ BRY —e—MCDIOOSTLOM3E = g5 | i ,’
" g : : F |
= & s MCDISd0STLO-0.3y & E i :
= XN e s c i .
= tap b et a-- MC-D15-d10-T1.0-0.3g B o L | '
e | L . —— MC-D20-d05-T1.0-0.3g £ L : —o— MC-D7.5-d05-T1.0-0.3g
- - V4 R o« mcowodioTio0  E L. f Pt —e— MC-D10-d05-T1.0-0.3g
. G = 7L b} —&— MC-D15-d05-T1.0-0.3g
f p e - N § &~ MC-D15-d10-T1.0-0.3g
A5t v k L i —+— MC-D20-d05-T1.0-0.3g
| % " ; 4 MC-D20-d10-T1.0-0.3g
: 3.5 1 |
I = = -Theoretical active earth pressure ®30° C=3kPa L ! Coefficient of earth pressure at rest
| =+ =Theoretical passive earth pressure ®30° C=3kPa &6 E - — —Coefficient of active earth pressure
20 - : - . = Coefficient of passive earth pressure
(a) Horizontal stress ax at T pas (b) Rankine’s coefticient of residual earth pressure

(ox +Ccotg/ oxyotCcotg)
Fig. 8— Depth-wise distributions of earth pressure at the 7, for different surface layers and structural depths
[18].

5. Effects of Input Motion [18]

To examine the effect of resonance in surface layer, case “MC-D10-d05-T0.5-0.3g” is designed. In this case,
a short-period motion (#=0.132 s) is inputted to compare with the basic case “MC-D10-d05-T1.0-0.3g”.
Fig.9(a) shows the distribution of horizontal stress oy with depth for comparing with Fig.6(b). Fig.9(b)
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shows the normalized comparison at 7y, as defined in the previous section. The open circles and the filled
circles represent the results of short-period case and the basic case, respectively. No significant difference is
seen in the figure, because the amplitude of the motion is regulated by the same acceleration value on ground
surface.

Additional two cases with different amplitudes of input motion, the case “MC-D10-d05-T1.0-0.1g”
with 0.1 g and the case “MC-D10-d05-T1.0-0.5g” with 0.5 g, are analyzed and compared with the basic case
“MC-D10-d05-T1.0-0.3g” with 0.3 g. Fig.10(a), (b) shows the depth-wise distribution of o for the cases of
0.1 g and 0.5 g, respectively, to compare with Fig.6(b). For the 0.1 g case, only active failure occurs.
Fig.10(c) shows the normalized comparison at Ty.s using Rankine’s coefficient and structural depth. The
open triangles, open circles and cross marks represent the result of 0.1 g, 0.3 g and 0.5 g, respectively. The
thicknesses giving the passive earth pressure is controlled by the amplitude of input motion, whereas the
coefficient near the structural bottom varies in active state.
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Fig. 9— Depth-wise distributions of ¢_at the four instances for the case of short-period input motion and
Rankine’s coefficient of earth pressure at the T, for different period of input motion [18].
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6. Comparison with Conventional Design Methods

Fig.11 shows the comparison between the distributions of horizontal stress o resulted by FEM and
conventional desgin methods, those are “Modified Mononobe — Okabe method” and “seismic
deformation method” represented by red and purple lines, respectively. The blue dashed and solid lines are
the stress distributions at 7,4 for the linear case “MC-D10-d05-T1.0-0.3g”and non-linear case “Li-D10-d05-
T1.0-0.3g”, respectively. The black solid line represents the initial stress distribution of o;. The gray dashed
lines represent the theoretical active and passive earth pressure, respectively. It is shown that the
conventional design methods could not represent the complex distribution of earth pressure acting on the
semi-underground structure obtained by non-linear FEM.
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Fig. 11— Depth-wise distributions of o for for comparing with conventional desgin methods

7. Examination under practical conditions

The distributions of horizontal stress o, with depth is examined using the practical conditions. Specifications
used are listed in Table 2. The soil layers are modeled with reference to the soil profile at Daikai station [20],
which was damaged due to the 1995 Kobe earthquake. Horizontal motion applied is the record at Takatori
station during the earthquake [21], where is categorized into the same ground group with Daikai station.
Note that its amplitude is scaled to make the surface ground acceleration 0.3 g.

Fig.12 shows the depth distribution of horizontal stress for the practical conditions. The blue line with
open circles represents the stress distribution at the instant when the maximum earth pressure occurs. The
black line with open rectangles is the distribution after earthquake. It is shown that the horizontal stress is
restricted by the theoretical lines of passive pressure, especially at shallow area. The horizontal stress after
earthquake stays passive in the shallow area where the depth is less than about 2.5 m, whereas in the deeper
part the stress is in active state after earthquake except just near the structural bottom. These tendencies are
the same with the results of simple conditions mentioned before.

Table 2 — Specifications used for the examination

Soil material Structure Peak
) h §
Level Lavers thickness Shear modulus G Shear \yave Unit Shear Structure glound_
7 Common parameters N velocity volume [modulus G|  depth | acceleration
(N/m’) Vs (m/s) weight (KN/m®) d (m) (8)
Ground surface ~ -1.0m 1.0m . . 3 1_86()x104 100
Unit volume weight 1.86 tf/m’ S
-1.0m ~ -3.5m 2.5m Cohesion C 3kPa 3.143x10 130
-3.5m ~ -7.5m 4.0m Friction angle ¢ 30° 5375x10" 170 0.85 tf/m}' 3,9O3><106 5.0 0.3
-7.5m ~ -13.5m 6.0m Poisson’s ratio v 0.40 6.175x10" 190
Damping ratio 3% 3
-13.5m ~ -17.0m 3.5m 1.071x10 240
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Fig. 12— Depth-wise distributions of oy for for comparing with conventional desgin methods

8. Conclusion

In recent times, semi-underground structures, whose most part is placed underground and the roofs are
covered with thin or no soil layers, are often constructed. Most of these structures are lighter and stiffer than
the surrounding soil. We investigate dynamic interaction mechanism between ground and side wall of semi-
underground structures on the basis of two-dimensional FEM analysis. The earth pressure acting on semi-
underground structures should be governed by the effects of both inertia and kinematic interaction. In order
to make the mechanism clear, non-mass and rigid structures are studied, which give the maximum interaction.

The spatial distributions of horizontal stress normalized by the initial values were studied. The results
show that in the area near the structural wall, active and passive states appear alternatively take turns
reciprocally during shaking. After shaking, the stress do not return to the initial values, which stays passive
in the shallow area and active in the deep area. The depth-wise distribution of o; acting on the structural
wall and its extended deeper plane, were also studied. Passive earth pressure acts on the shallow part of the
wall whereas active earth pressure acts on the deeper part, during earthquake. The residual earth pressure,
which is approximately the median value of active and passive earth pressure, acts after earthquake.

Parameter study has been performed considering the surface layer thickness, structural depth, and
predominant period and amplitude of input motion. To understand the effect of parameters, the depth is
normalized by structural depth and the horizontal stress is converted to Rankine’s coefficient of earth
pressure. The values of coefficient vary between K, and K,, Rankine’s coefficient of passive and active earth
pressure, respectively. Depth-wise distribution of the coefficient is not affected by the surface soil thickness.
The amplitude of input motion determines the area in which the passive earth pressure acts, whereas its
period has little effect on the distribution.

It is found that the conventional design methods could not represent the complex distribution of earth
pressure acting on the semi-underground structure obtained by non-linear FEM. The maximum and residual
distributions of earth pressure during earthquakes are also examined using the practical conditions. The
conclusions obtained from the simple conditions are confirmed.

It is necessary to develop a standard design method considering the detailed mechanism of earth
pressure in order to design the semi-underground structures properly.
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