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ABSTRACT: Subway is considered a most efficient way of mass public transportation
system in major cities in China. In addition, most of the major cities in China are situated in
intensive earthquake hazardous area. Therefore, appropriate seismic design for underground
structures in subway stations is of prior significance in the last decade, especially after the
Daikai station collapse in Kobe during the major Hyogoken-Nanbu earthquake (1995). In
current design practices, pseudo-static response displacement approach is widely used. How-
ever, due to its simplified assumptions about the seismic response and the resistance of soil,
unreasonable results may appear in the seismic analysis of underground structure. To improve
the seismic analysis and design, a simplified method for cut and cover underground structure,
considering soil-structure interaction, is presented based on the traditional response displace-
ment approach, in which the response displacement is modified by an interaction factor. The
results show that the recommended approach can decrease the difference between the pseudo-
static method and the more credible time history analysis method.

1 INTRODUCTION

Underground utility in urban areas are widely used for lifeline networks, as major components
of transportation system, as well as a guarantee to the smooth implementation of post-disaster
reconstruction work. The seismic performance of underground structures during past earth-
quakes was generally considered better than ground surface structures. However, the destruc-
tion of the structure of Dai Kai underground station during the Hanshin earthquake in 1995,
has provided a new understanding of subway station structure (Uenishi et al. 2015).
Seismic design of urban rail transit utility was widely concerned. The design and construc-

tion of the San Francisco BART system, may be the first case, whose toughness during earth-
quakes, including the Loma Prieta event, 1989, has been amply tested (Wang, 1993). Details
on seismic design was created in the Japan regulations for cut-and-cover tunnels (Japan Soci-
ety of Civil Engineers, 2008). China has also published the regulations for the seismic design
of urban rail transit structures (Ministry of Housing and Urban-Rural Development of the
Peoples Republic of China, 2014; Beijing Municipal Planning Commission, 2013).
In the current design practice, pseudo-static procedure are widely used, where deformation

induced by seismic wave in the soil deposit are applied at the underground structure. Never-
theless, some difference exist in the model assumption. In the recommended procedure by
Wang, the free field deformation modified by considering the stiffness ratio of soil and struc-
ture, is applied directly at the underground frame structure(Wang, 1993), while in the design
regulation of Japan and China, termed response displacement method, free field deformation
is applied at the underground structure through spring.
However, the former did not consider the elastic supporting effect, while the later neglected

the influence of the underground structure on the deformation of soil deposit. To improve the
design model, a simple approach is recommended by combine the above model. The simple
approach is validated by numerical time history analysis.
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2 MODIFIED RESPONSE DISPLACEMENT MODEL

Soil-structure interaction for underground structure comes from the difference of the wave
propagation behavior between the soil excavated from the free field and the installed under-
ground structure, resulting in the difference of displacements between free field soil and the
soil with underground structure. To consider this kind soil-structure interaction in response
displacement method based pseudo-static design for underground structure, Wang recom-
mended a racking coefficient to correct the free field deformation as imposed structure
deformation which induce a pseudo triangular pressure distribution along the side walls for
shallow tunnels (Wang, 1993). Wang’s model eliminated the actual soil support stiffness and
soil deformation distribution along the depth of the soil, which would induce more compli-
cated pressure distribution, rather than triangular. To improve the model, a modified response
displacement model, combine the traditional response method with Wang’s idea to consider
soil-structure interaction, was proposed. In this model, an interaction coefficient, as defined in
Equation 1, similar to the racking coefficient of Wang, was introduced to correct the free field
deformation.

β ¼ Δstructure=Δfree�field ð1Þ

where, β is the interaction coefficient; Δfree-field and Δstructure are the relative deformation the
free field soil and the structure between the roof and the base level of the structure
respectively.
The interaction coefficient depends on the relative wave propagation behavior of the

ground soil and structure. The predominant parameter representing the wave propagation
behavior is the stiffness, or the flexibility of the soil and the structure. The other factors con-
tribute to the interaction coefficient are soil parameters, the structure sizes, structure shapes,
and the embedment of underground structures, etc. The calculation of interaction coefficient
will be investigated in section 3.
The interaction coefficient can be used to modify the response displacement by multiply the

free field displacement by interaction coefficient β to obtain the modified relative deformation
of soil. This deformation is applied at the far ends of the side normal springs connecting to the
structure, as the horizontal earthquake load. The other loads induced from earthquake
include the inertia force of the structure distributed along structure, and the shear forces of
soil acting on the far ends of tangential springs. The springs represent the support of sur-
rounding soil foundation to the underground structure. The pseudo static model – modified
response displacement model is shown in Figure 1.
In the modified response displacement model, the free field displacement and the shear

force (concentrated from shear stress) can be obtained from seismic response analysis of the
free field site. The stiffness of the springs can be measured in field investigation or evaluated
approximately from the shear modulus of the soil, Gf. As a first order approximation, the
spring stiffness can be evaluated by Equation 2.

Figure 1. Modified response displacement model
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ks ¼ LDGf

kn ¼ 3LDGf

ð2Þ

Where, ks and kn are the stiffness of tangential and normal spring respectively; L is the dis-
tance between springs along the structure; and D is calculated thickness out of plane.

3 INTERACTION COEFFICIENT

As mentioned above, the predominant parameter representing the wave propagation behavior
is the stiffness, or the flexibility of the soil and the structure. Therefore, a dimensionless flexi-
bility ratio from Wang (Wang, 1993) as shown in Equation 3, was adopted.

F ¼ δs=δf ¼ GfW=SsH ð3Þ

where, the calculated thickness out of plane is assumed to be unit; F is the flexibility ratio; δs
and δf are the deformation of structure and soil respectively, subject to unit shear load; Gf is
the shear modulus of soil; W, H are the width and height of the structure (also the size of the
excavated soil); and Ss is the horizontal shear stiffness of the structure. For a simple rectangu-
lar box structure, the horizontal shear stiffness can be evaluated by the following equation,

Ss ¼ 24EI=H3 ð4Þ

where, E and I are the elastic modulus and inertia moment of the structure.
The interaction coefficient was expressed as curves relative to flexibility ratio. Because of

the complexity of soil structure interaction, numerical simulation was applied to investigate
the relationship among the interaction coefficient and the various factors. Figure 2 shows a
finite element soil-structure interaction analysis model for a single storey, two span under-
ground structure.
As a preliminary study, only simple shape structures as shown in Figure 3 were simulated to

investigate the effect of the proposed approach. In all the cases, the soil was assumed to be
homogeneous with shear wave velocity of 200 m/s. The stiffness of the structures were varied
to consider the difference of the flexibility ratio F.
Figure 4 shows the relationship between the flexibility ratio and the interaction coefficient,

for rectangular boxes of 6 m, 8 m and 12 m respectively.
It can be find that flexibility ration is smaller than 1, the interaction coefficient is also smal-

ler than 1, that is, the when the stiffness of structure is larger than the soil, the deformation of
the soil around the structure is smaller than the free field deformation.
Figures 5, 6 and 7 show the influence of the width, the height and the embedment depth of

the structure on the interaction coefficient respectively.
From these figure, it is found that the width, height of the structure have little effect on the

relationship between interaction coefficient and the flexibility of structure, because that the

Figure 2. Soil-structure interaction numerical model
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they are hidden in the flexibility ratio. The embedment depth has some impact when the flexi-
bility ration is larger than 2.0.
It had to mentioned that the concept of flexibility ratio F is based on the assumption that

the structure’s predominant deformation is shear deformation under the horizontal seismic
loading, and structure shape is comparatively simple in this investigation. If the structure
becomes complex, the deformation behavior will more complicated. For example, for a struc-
ture with a very large height width ratio, its deformation would no longer be shear type. And
the relative stiffness of the structure to the soil will not be represented accurately by the flexi-
bility ratio in Equation 3. Therefore, the proposed model should be limited to apply to simple
shape and shear deformed underground structure.

Figure 3. Structure shape and sizes

Figure 6. Effect of structure height Figure 7. Effect of embedment

Figure 4. Interaction coefficient vs the flexibility

ratio
Figure 5. Effect of Structure width
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4 VERIFICATION OF MODIFIED RESPONSE DISPLACEMENT METHOD

Numerical simulations of the soil- structure interaction were carried out to verify performance
of the modified response displacement method. The result of time history dynamic analysis
was considered to be the correct result, while the result from traditional and modified response
displacement method, as well as the free field displacement method recommended by Wang
(Wang, 1993) were compared with it to investigate the difference.
The underground structure simulated is a rectangular frame model of 10m×5m as illus-

trated in Figure 8, with a roof slab embedment of 5m. The thickness of all side-walls, roof
slab, and base slab was identical of 0.7m, and the rectangular central columns were
installed with overall dimension of 1m × 0.8m, and with a spacing of 6 m among these
columns.
The constraining effects of infinite medium are modeled as spring in static and dynamic

boundaries. The parameters of the soil is described in Table 1.
The EL-Centro wave was introduced on the bed rock as seismic input. The peak acceler-

ation is 0.2.
The soil-to-structure elastic stiffness is expressed through the so called flexibility ratio F.

The value of the flexibility ratio is closely related to the expected stiffness level on the struc-
ture, and it varied between 0.1 and 10 for the purpose to include the extreme soil-structure
condition.

4.1 Time history analysis results

The resulting maximum internal forces of the structure members from dynamic time history
analysis are presented in Table 2.

4.2 Pseudo-static results

Free field relative displacement is necessary to the pseudo-static procedures. Table 3 shows
the relative displacement distribution obtained by one-dimensional site response analysis.
By applying the relative displacement in various traditional response displacement method,

modified response displacement method and the modified free field displacement method
(Wang, 1993), the maximum internal forces of the structure members to different flexibility
ratio are obtained as shown in Table 4–6.

Figure 8. The cross-sectional dimensions of the subway station

Table 1. Material parameter of soil

Soil property Thickness(m)
Density
(kg/m3)

Shear wave velocity
(m/s) Poisson ratio

Soil 50 2000 250 0.3
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Table 3. Free field relative displacement

Height to Base slab (m) 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Relative Deformation (mm) 0 0.32 0.59 0.84 1.12 1.29 1.4 1.45 1.48 1.5 1.52

Table 4. Maximum internal forces of structure members by traditional response displacement method

Flexibility Ratio F 0.1 0.2 0.5 1 2 5 10

Roof Slab Bending moment (kN·m) 721.5 624.7 601.7 397 330.6 198.3 156

Axial forces (kN) 144.6 145.4 146.1 146.8 147.5 148.3 155.7

Shear forces (kN) 352.4 447.5 421 376.5 330.5 291.2 269.1

Base Slab Bending moment (kN·m) 1447 1305 1104 744.8 478.6 297.8 183.5

Axial forces (kN) 432 403.8 349.1 295.5 245.1 187.6 148.6

Shear forces (kN) 467.2 452.1 390.2 426.4 392.2 385.4 362.6

Central Columns Bending moment (kN·m) 98.2 86.9 58.1 36.9 20.8 9.7 5.9

Axial forces (kN) 805.6 793.8 773.9 758.5 764.5 739.8 692

Shear forces (kN) 44.1 38.5 26.4 17.7 11.2 6.6 4.3

Side-walls Bending moment (kN·m) 1447 1305 1104 744.8 478.6 297.8 183.5

Axial forces (kN) 391.5 417.7 448.9 470.8 511.5 538.3 542.9

Shear forces (kN) 384.2 371.3 405 378 272.5 150 78.9

Table 5. Maximum internal forces of structure members by modified response displacement method

Flexibility Ratio F 0.1 0.2 0.5 1 2 5 10

Roof Slab Bending moment (kN·m) 479.6 438.9 423.4 397.0 352.8 332.9 279.6

Axial forces (kN) 151.3 149.8 148.3 146.8 152.8 151.3 149.8

Shear forces (kN) 393.1 383.6 385.8 376.5 349.6 305.9 281.7

Base Slab Bending moment (kN·m) 905.6 867.5 784.2 744.8 565.3 379.3 304.3

Axial forces (kN) 178.1 197.9 215.4 244.5 230.6 231.2 206.3

Shear forces (kN) 349.4 349.8 393.8 426.4 453.7 469.2 460.0

Central Columns Bending moment (kN·m) 50.8 43.6 41.4 36.9 24.9 13.6 9.3

Axial forces (kN) 806.1 793.5 774.1 758.5 764.7 739.2 691.8

Shear forces (kN) 23.5 20.5 19.6 17.7 14.1 8.8 5.9

Side-walls Bending moment (kN·m) 905.6 867.5 784.2 744.8 515.3 379.3 304.3

Axial forces (kN) 418.5 443.0 455.3 470.8 494.7 526.1 534.3

Shear forces (kN) 408.9 405.5 394.1 378.0 264.1 194.4 119.2

Table 2. Maximum internal forces of structure members in time history analysis

Flexibility Ratio F 0.1 0.2 0.5 1 2 5 10

Roof Slab Bending moment (kN·m) 507.7 485 439 408.3 386.1 336.5 274.4

Axial forces (kN) 300 286.2 256.8 229.8 203.1 173.4 173

Shear forces (kN) 469.7 431.2 389.4 362.3 360.5 355.6 320

Base Slab Bending moment (kN·m) 1123 1041 878.4 732.7 576.9 387.3 287.8

Axial forces (kN) 475.2 444.2 384 325 269.6 206.4 163.5

Shear forces (kN) 502.1 492.7 483.6 490 494.6 486.1 456

Central Columns Bending moment (kN·m) 74.3 67.1 30.3 39 25.8 18.4 8.4

Axial forces (kN) 822 811.7 791.3 774 780.9 756.4 708.3

Shear forces (kN) 22 29.8 13.9 17.5 11.1 12.4 5.3

Side-walls Bending moment (kN·m) 1123 1041 878.4 732.7 576.9 387.3 287.8

Axial forces (kN) 439.2 495.3 486.4 493.8 504.3 494.5 465.7

Shear forces (kN) 477.9 444.6 383.8 320.4 268.1 205.3 163.4
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4.3 Comparison of the results from time history analysis with pseudo-static method

Taking the results by time history analysis as the reference, the differences of results from vari-
ous pseudo-static method to the reference (errors) are shown in Figures 9–12 for the maximum
internal forces of the structure members.
Figures 9–12 show that if the flexibility ratio is close to unit, all the pseudo-static methods

give the correct result. This result is foreseeable because in this case, the underground struc-
ture experience the same deformation as the surrounding soil, as well as the free field deform-
ation. While the flexibility ratio is apart from unit, error appears caused by pseudo-static
assumption. However, the degree of preciseness of the three pseudo-static methods is different.
The traditional response displacement method give the worst results, while recommended

Table 6. Maximum internal forces of structure members by modified free field displacement method

Flexibility Ratio F 0.1 0.2 0.5 1 2 5 10

Roof Slab Bending moment (kN·m) 592.2 506.4 553.1 417.0 399.4 345.7 294.6

Axial forces (kN) 169.7 171.2 168.8 165.7 162.8 158.6 159.8

Shear forces (kN) 445.5 421.0 409.2 392.1 362.6 315.9 287.7

Base Slab Bending moment (kN·m) 969.5 936.1 804.7 756.9 581.2 427.6 323.3

Axial forces (kN) 241.0 242.8 243.5 244.5 246.2 243.2 213.6

Shear forces (kN) 475.2 439.7 450.0 463.8 484.9 493.2 469.7

Central Columns Bending moment (kN·m) 57.1 48.1 44.2 38.8 26.5 16.2 10.5

Axial forces (kN) 806.4 793.8 773.9 758.5 764.5 739.8 692.0

Shear forces (kN) 25.6 22.0 20.5 18.3 14.6 9.2 6.8

Side-walls Bending moment (kN·m) 969.5 936.1 804.7 756.9 581.2 427.6 323.3

Axial forces (kN) 426.4 448.6 458.8 473.1 496.6 527.6 535.8

Shear forces (kN) 449.8 434.7 412.4 390.2 274.2 202.2 123.8

Figure 11. Errors of the moment of Base slab Figure 12. Errors of the moment of side-wall

Figure 10. Errors of axial forces of central columnFigure 9. Errors of moment of roof slab
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modified response displacement method and the free field displacement method give better
results. Furthermore, we can also find that the recommended method gives the best results,
although in flexibility ratio rage of one to three, which is the normal range for practical struc-
ture design, both the recommended method and the free field displacement method give in
reliable results.

5 CONCLUSION

A simplified pseudo-static seismic design approach for cut and cover underground structure is
presented. Soil – structure interaction is considered by modifying the free field displacement
by interaction coefficient according to flexibility ratio of underground structure to soil.
The comparison of the results with that of time history analysis for a sample structure

shows that the recommended method can improve the precision of pseudo-static approach
effectively, while the traditional response displacement method results tremendous errors, in
most case, more that 20%. The comparison also shows that the free field displacement method
also gives accredited results.
The structure and soil condition used to verify the method is somewhat simple. The pro-

posed model should be limited to apply to simple shape and shear deformed underground
structure. Further verification is necessary to extend the application of the method.
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