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b Universitat Politècnica de Catalunya - BarcelonaTech (UPC), Civil and Environmental Eng. Department and Center for Numerical Methods in Engineering - CIMNE, 
UPC Campus Nord, 08034 Barcelona, Spain 
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A B S T R A C T   

Underground cut-and-cover structures are commonly designed as rigid box sections; however, in practical ap
plications, connections between walls and slabs are frequently rather hinged (because of ease of construction). 
The abovementioned rigid configurations are highly sensitive to seismic ground motions, due to their important 
lateral stiffness and internal hyperstaticity; conversely, structures with articulated (or sliding) members have a 
smaller lateral stiffness, and would be significantly less affected by seismic waves, as would simply accommodate 
the imposed strains. This flexible solution has been widely considered in practice, but has received little attention 
from the academic community; this paper tries to close this gap by investigating preliminarily the seismic 
performance of box-section underground structures with hinged or sliding members. The well-known Daikai 
Station, damaged by the 1995 Kobe earthquake is analyzed in this paper as a highly relevant case study. An 
alternative solution is proposed for that station; both simplified and precise calculations have been performed. 
The simplified calculations are linear static analyses of the station-soil system; the soil-structure interaction is 
represented by a simple classical model. The precise calculations are nonlinear time-history analyses of an in
tegrated finite element model of the station and the surrounding soil. Both types of analyses refer to the tradi
tional and the proposed solutions of the station. The results of the static and dynamic analyses are satisfactorily 
compared; they prove that the proposed flexible solution is fully feasible and provides better seismic perfor
mance. Finally, another paper by the same authors presented a supplementary case study on a 2-story 3-bay 
subway station; the outcomes of these two studies could contribute to ground this constructive solution for 
shallow underground rectangular cut-and-cover structures in seismic areas (both for new construction and 
retrofit). Noticeably, this approach can be utilized for both cast-in-place and precast structures.   

1. Introduction 

Underground structures for road and railway infrastructure are being 
constructed worldwide at an increasing rate due to the gradual satura
tion of space above ground, especially in densely populated and built-up 
urban areas [1]. More precisely, according to the International Associ
ation of Public Transport [2], some 5400 km metro lines are under 
construction or in testing phases, and another 1700 km in design and 
tender stages. However, during the initial development of the under
ground structures, seismic issues did not receive enough attention [3]. In 
this sense, it is generally believed that such constructions are con
strained by the surrounding medium, and the structure own inertial 

effect is of little importance; therefore, the seismic performance of un
derground structures should be better than that of aboveground struc
tures. Despite this being generally true, not all the buried constructions 
are totally invulnerable to seismic events [4,5]; more precisely, bored 
and mined deep tunnels (circular and horseshoe-shaped, apart from 
other more irregular sections) are rather insensitive to seismic ground 
motions (except some particular situations, such as tunnel portals, 
faults-crossing, soil liquefaction, irregular soil, high curvature, inter
section with lateral galleries or ventilation and evacuation shafts, among 
others), while shallow cut-and-cover (rectangular) road and railway 
tunnels and stations are more intensely affected by earthquakes. This 
difference is contributed by several reasons: (i) cut-and-cover tunnels 
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are commonly shallower, thus undergoing stronger soil shakes, (ii) in 
cut-and-cover tunnels, the soil is ordinarily softer, this generating also 
more intense ground motions, (iii) the linings of circular, horseshoe and 
irregular section-tunnels are rather slender and, thus, can adapt to the 
ground-imposed displacements without high internal strains, and (iv) 
occasionally such linings are made of partially-hinged dowels (circum
ferential and longitudinal joints of segmental tunnel lining, mainly in 
circular sections) thus being even more distortion-insensitive. 

Conversely to the lining flexibility of circular-like tunnels, rectan
gular tunnel and station structures are commonly statically redundant 
(hyperstatic) and highly robust (stiff) moment-resisting frames; there
fore, they are generally unable to accommodate the seismic-generated 
racking motions without relevant internal strains [6,7]. Fig. 1.a pre
sents a sketch of a cross-section of a typical two-story rectangular sta
tion, and Fig. 1.b displays its racking deformation during a strong 
earthquake. 

Fig. 1.b shows that the soil deformation generates relevant strains 

into the structural members; given that the seismic events are basically 
indirect actions (i.e. imposed displacements), the stiffening and 
strengthening of the frame will not alleviate this situation, but rather 
causing the opposite effect. This last consideration highlights the prac
tical impossibility of designing rigid box sections that are able to resist 
extremely strong ground motions without severe damage (mainly in 
rigid soils, as they do not yield, even to the determined opposition of the 
structure). 

Various strategies have been proposed to upgrade the seismic per
formance of shallow cut-and-cover underground structures. First, 
seismic isolation layers featured with rubber, foam or other geo- 
technical materials are expected to weaken the constraint of the site 
soil [8–10]. Second, central columns are the most vulnerable elements; 
therefore, the release of binding at their ends reduces their internal 
forces while maintains sufficient load-bearing capacity. Flexible joints, 
such as rubber bearings [11], shear panel dampers [12] and friction 
pendulum bearings [13] have been proposed. 

  
(a) Typical section of a cut-and-cover underground 

station
(b) Seismic behavior of the conventional moment-

resisting frame 

Fig. 1. Traditional rigid box section for shallow underground structures.  

Fig. 2. Proposed alternative solution for shallow underground structures.  
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2. Proposed new “low lateral stiffness solution” for shallow 
underground structures 

This paper proposes an opposite alternative solution to the tradi
tional approach in Fig. 1; that solution consists in lessening the resis
tance to the imposed seismic racking, by designing a frame with low 
lateral stiffness; two possible versions of this solution are depicted by 
Fig. 2.a and Fig. 2.c. Fig. 2.a shows that the rigid connections between 
walls and slabs have been replaced with hinges, and the column-slab 
connections are sliding; similarly, in Fig. 2.c all the connections are 
hinged. Fig. 2.b and Fig. 2.d describe how the imposed racking defor
mation does not generate any relevant strain in the frame. Noticeably, 
the central columns, being the most commonly damaged structural el
ements in conventional underground structures (Fig. 5.c), undergo only 
a vertically centered load; therefore, in such element, the risk of buck
ling (2nd order effects) and the expected damage are severely dimin
ished. Finally, the effects of the vertical seismic ground motion are not 
significantly affected by the proposed solution. 

The proposed alternative solutions described in Fig. 2.a and Fig. 2.c 
cannot be considered as totally ground-breaking, as they are merely 
adaptations of traditional approaches used to absorb imposed dis
placements. In this sense, the well-known quote by the Chinese philos
opher Confucius “The green reed which bends in the wind is stronger than the 
mighty oak which breaks in a storm” applies. Another proof that this idea is 
not completely new is that the well-known report [14] states that, from 
the seismic design standpoint, it is desirable to make the structure 
flexible rather than to stiffen it. Noticeably, the paper [15] mentions that 
the proportion of damaged cases for the lined tunnels appears to be 
greater than that for the unlined cases; however, the authors attributed 
this phenomenon to the poor ground conditions that originally required 
the openings to be lined. Also, [16] offered two other possible expla
nations: (i) damage in the form of cracking or spalling is easier to 
identify in lined cases, and (ii) lined openings are more likely to be 
classified as damaged because of their high cost and importance. 
Without denying the plausibility of these considerations, another cred
ible interpretation is that the lining stiffness is the problem, rather than 
the solution. Another proof that the proposed approach is not totally 
new, is that tunnels crossing active faults frequently incorporate flexible 
transverse joints to accommodate the fault displacements [17,18]. 

Broadly speaking, three major objections might be posed to the 
proposed alternative solution: amplification of the second order (P- 
Delta) effects, larger residual lateral displacements, and loss of sealing. 
Brief discussions on these issues are included next.  

• Amplification of the P-Delta effects. Larger maximum lateral 
(racking) seismic displacements (compared to traditional solutions 
with rigid connections) are to be expected; for instance, [14] states 
that the maximum displacement of a station with zero lateral stiff
ness (similar to those in Fig. 2.a and Fig. 2.c) is approximately two 
times that of a station whose lateral stiffness is similar to that of the 
soil (Fig. 1.a). Regarding the Daikai station, similar remarks are 
obtained (sections 5 and 8); however, the second-order bending 
moments generated in the side walls by these larger displacements 
are irrelevant compared to the first-order values. The study [24] 
provides analogous conclusions. These considerations highlight the 
generalizability of this trend to other underground constructions. 
Finally, these larger maximum displacements can be absorbed by the 
mechanical and electrical installations; however, they need to be 
taken into consideration in their design.  

• Larger residual displacements. Although the previous paragraph 
shows that the maximum drift displacements are larger for the pro
posed structures with low lateral stiffness, the situation for the re
sidual (permanent) displacements is totally different. Regarding 
Daikai station, section 8 shows that the relation between the per
manent displacements is totally random; more precisely, in most of 
the cases the largest permanent drift corresponds to the traditional 
solution (Fig. 1.a). This trend is corroborated with the numerical 
study in [54] and shaking table test in [6].  

• Loss of sealing. The sealing effect is guaranteed by the water 
proofing system (subsection 4.3). 

Finally, perhaps the most convincing corroboration of the proposed 
technology feasibility is that, although cut-and-cover cast-in-situ un
derground structures are commonly designed with rigid box sections, 
are frequently built as hinged, mostly for ease of construction. In this 
context, Fig. 3 displays a connection between a wall and a slab of the 
Girona underground station of a high speed train (Barcelona-Paris rail
way line); the overall structural configuration of this station is close to 
that of Fig. 2.a and Fig. 2.c. 

Fig. 3 shows that the connection displayed consists of a suite of 25 
mm diameter horizontal steel bars separated 33 cm; these bars are resin- 
coated to increase bonding. As mentioned before, this solution is utilized 
because of construction simplicity; the wall is cast first, the steel bars are 
inserted later on it (leaving a protruding segment to be embedded within 
the slab), and finally the slab is cast. The objective of this reinforcement 
is to resist the vertical shear force (can be considered as a kind of steel 
shear key, then); as the bars are located at the slab section center line, 
the bending resistance of this connection is rather low, being close to a 
true hinge. Other similar cases have been found in the metro lines of 
Panama city, Lima and Quito [19]; presumably, this construction detail 
is quite frequent, given its abovementioned ease of construction. 

Despite the flexible solution depicted in Fig. 3 has been widely 
considered in practical applications worldwide, it has received little 
attention from the academic community; this paper tries to close this 
gap (and going further) by investigating preliminarily the seismic per
formance of box-section underground structures with hinged or sliding 
members (walls, slabs and columns), as the solutions described in Fig. 2. 
a and Fig. 2.c. In other words, the rather hinged solution adopted for 
easiness, might provide a better seismic capacity than the conventional 
one (rigid box section, Fig. 1.a); therefore, we can make a step forward 
by designing tunnel and station sections with low lateral stiffness. 

As this proposal might raise relevant construction problems, this 
paper analyzes a relevant case study: Daikai Station (Kobe, Japan), 
seriously damaged by the Great Hanshin Earthquake in 1995 [20–23]. 
This situation is chosen as the world’s most relevant example of actual 
cut-and-cover underground structure having been severely affected 
(even some sections collapsed) by seismic activity; moreover, as ex
pected, this case has received worldwide attention, and many in
vestigations and studies have been reported. The viability of the 
proposed solution has been preliminarily validated in an earlier paper 

Fig. 3. Example of rather hinged connection in a cast-in-situ station of the high 
speed train Barcelona-Paris (Girona, 100 km north of Barcelona). Units in mm. 
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by the same authors [24]; it presents a supplementary case study on a 2- 
story 3-bay subway station located in Chengdu (China). It is expected 
that the correct solution of these two emblematic problems can 
corroborate the feasibility of the offered alternative solution (Fig. 2.a 
and Fig. 2.c). 

The proposed approach in Fig. 2.a and Fig. 2.c apparently refers to 
cast-on-site construction; however, it can be utilized for both cast-in- 
place and precast [6,25–28] structures. 

The solutions in Fig. 2.a and Fig. 2.c might look to be unstable 
structures; however, once the construction is complete, the surrounding 
soil will provide sufficient protection to prevent excessive lateral 
displacement (drift). Nevertheless, during construction, temporary 
bracing might be necessary. On the other hand, large residual drift will 
be blandly accommodated; therefore, the proposed solution might not 
be suitable for laterally sloping terrain, mostly near the horizontal 
ground surface. For further confirmation, Appendix A presents a 
detailed structural analysis of the Daikai Station (retrofitted with the 
proposed solution) undergoing asymmetric surface static loading. 

3. Daikai station 

3.1. Background 

The above considerations on the rather high seismic vulnerability of 
cut-and-cover underground structures are corroborated by a number of 
observed damages in actual structures; some relevant situations have 
been reported, as a cut-and-cover railroad tunnel with brick lining 
destroyed by the 1906 San Francisco earthquake, and five cut-and-cover 
conduits and culverts with reinforced concrete linings damaged during 
the 1971 San Fernando earthquake [29]. However, the most important 
and better described case is the Daikai Station (Kobe, Japan), affected by 
the Great Hanshin (Kobe) Earthquake (January 17, 1995, Mw = 6.9) 
[20–23,30,31]. The Daikai Station is located in the northwest of Chuo 
Ward of Kobe, Hyogo, Japan (Fig. 4.a). Fortunately, neither fatalities nor 
seriously injured people were informed. It took approximately one year 
before the station was fully restored to normal service. 

3.2. Daikai station description 

Fig. 4 describes the Daikai Station; Fig. 4.a shows a satellite view, 
Fig. 4.b displays a typical cross-section, and Fig. 4.c presents a plan view. 

The station is rather shallow (the overburden height ranges between 
1.9 and 4.8 m). Fig. 4.b shows one of the cross-sections that collapsed 
during the earthquake; it is a box-type single-story rectangular trans
verse section (17 m wide and 7.17 m high) with a row of columns at its 
middle. The column width (x direction) is 1 m, and the clear length 
between consecutive columns is 2.5 m. The excavation was cut-and- 
cover; there were no diaphragm walls, albeit a sheet pile wall sup
ported the excavation [31]. Noticeably, all the structural connections 
(between walls, slabs and columns) were rigid (as in Fig. 1.a and Fig. 4. 
b). The soil consists of relatively loose silty and clayish sand (Fig. 10.b), 
with the water table depth ranging between 6 and 8 m; the shear wave 
velocity of each soil layer ranges between 140 and 500 m/s 
[20,21,23,33]. As shown in Fig. 4.b, there are no foundation piles. 

3.3. Damage of Daikai station during the Kobe earthquake 

Fig. 5 [34] describes the observed seismic damage of the Daikai 
Station; Fig. 5.a shows that a big number of the central columns 
collapsed, and Fig. 5.b depicts the ensuing affectation of the soil surface 
(an area about 100 m long, with 2.5 m maximum settlement). Fig. 5.c 
and Fig. 5.d display images of the most severely damaged columns and 
the settled soil surface, respectively; Fig. 5.c also contains a sketch of the 
most collapsed column and its influence on the frame deformation. 
Fig. 5.c shows that, apparently, the column longitudinal reinforcement 
buckled due to insufficient hooping. 

Other subway facilities in Kobe were also damaged (both in the 
metro system and the Kobe Rapid Transit Line), although to a lesser 
extent [21,23,35]. Notably, the adjoining tunnel segments (also cut-and- 
cover sections, although 9 m wide and 6.36 m high) were less damaged, 
despite being allegedly weaker; this trend can be understood as a 
corroboration of the suitability of the strategy proposed in this paper. 

y

x

z

y

Fig. 4. Daikai Station.  
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3.4. Seismic retrofit of the Daikai station 

The Daikai Station was retrofitted by removing the overburden and 
the damaged parts (ceiling slab, central column, and the upper part of 
the side walls) and designing and rebuilding them according to the 
seismic standards [31,36]; particular attention was paid to the column 
transverse reinforcement. The issues that are more relevant to the 
research in this paper are analyzed later in subsection 5.2. Noticeably, 
broadly speaking, the final appearance of the station (after the retrofit) 
is similar to the initial one. 

3.5. Reported research on the Daikai station damage 

A number of papers discussing on this collapse have been published 
[32–34,37–50]; in fact, this case is still being investigated. These re
searches highlight that the shear reinforcement of the central column 
was insufficient, and that the vertical component of the seismic action 
played a relevant role. 

Summing up, the major conclusions arising from this collapse are: (i) 
the cut-and-cover subway stations are, apparently, one of the most 
vulnerable underground structures, (ii) the lateral static redundancy 
(hyperstaticity) of the Daikai Station (rigid connections between its 
structural members) played a highly negative role, (iii) the effect of the 
vertical seismic action was highly significant, increasing the axial 
compressive ratio of the central columns and thus deteriorating their 
ductility, (iv) the transverse reinforcement in the critical sections of the 

columns (top and bottom ends) is very necessary to provide shear 
strength and ductility, and to prevent buckling of the compressed lon
gitudinal reinforcement, and (v) the soil-structure interaction is of 
paramount importance. Remarkably, the actual station retrofit, and the 
vast majority of the earlier reported researches consider issues i, iii, iv 
and v, but not ii. 

3.6. Reported research on alternative solutions for the Daikai station 

As discussed in section 1, the main objective of this research is to 
propose alternative solutions for cut-and-cover stations and tunnels 
(valid for retrofit and new construction). In this direction, some papers 
proposing non-conventional approaches (for the Daikai Station and 
other underground structures) have been published; they focus on the 
central columns, which are considered to be the key components. The 
reported solutions can be broadly classified into seismic isolation and 
seismic reduction technologies; both sets of approaches are discussed in 
the next paragraph. 

Most of the studies suggest isolating structurally (seismically) such 
elements by using different technologies that provide lateral flexibility: 
rubber bearings coated by curved steel plates [51], LRB (Lead-Rubber 
Bearing) [52], RFPS (Roller Friction Pendulum System) [53], sliding 
isolation bearings (using steel rolling balls) [54,55], LNB (Laminated 
Rubber Bearing) [56], and central rocking columns with friction 
dampers [57]. Also, [58] considered lead-core rubber bearings (LRBs) to 
isolate the columns of a three-story subway station in Shanghai. 

(a) Longitudinal section [21]

(b) Plan view [21]

(c) Collapse of center columns [21,34] (d) Roadway settlement [34]

z

x

y

x

x
y

z

Fig. 5. Seismic damage of the Daikai Station during the Kobe earthquake.  
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Regarding energy dissipators (seismic reduction), [12] considers a shear 
panel damper intended to absorb energy, [59] proposes lead-filled steel 
tube dampers, and [50] presents a novel laterally deformable column 
(“segmental cored column”). Finally, going back to the Daikai Station, 
[60] proposes inserting shock absorbing devices between the sidewalls 
and the ceiling slab, in order to reduce the lateral forces on the central 
columns. 

4. Proposed hinged-sliding solution for the Daikai station 

4.1. General description of the proposed solution 

In the alternative solutions mentioned in subsection 3.6, the external 
box is still rigid (moment-resisting frame). Conversely, this paper pre
sents a more radical option for the Daikai Station, with not only a central 
column rather seismically isolated from the box, but also hinged con
nections between walls and slabs; the core feature of this solution is its 

low transverse lateral stiffness, so as not to be affected by the soil shear 
strains generated by the seismic shear waves. Fig. 6 displays sketches of 
the intended approach (S2, subsection 4.1); Fig. 6.a presents a front view 
(transverse section), Fig. 6.b contains a 3-D representation, and Fig. 6.c 
shows an internal lateral view (longitudinal section). The coordinates (x, 
y, z) in Fig. 6 are maintained along this paper. 

Fig. 6.a shows that the aforementioned external box is composed of 
four fully hinged members: two side walls and the top (ceiling) and 
bottom slabs; the connections between them consist of horizontal and 
vertical rubber pads with embedded steel shims (to provide high axial 
stiffness yet keeping high transverse flexibility). The walls have two 
short cantilevers (brackets or corbels) near their top and bottom ends, to 
prevent downward and upward displacement of the ceiling and floor 
(bottom) slabs, respectively. The column is rigidly connected to the floor 
slab, but its connection to the roof is rather sliding; the release of the 
relative horizontal displacement between both members is granted by a 
pretty slender rubber pad. It should be noted that such a structural 

y
z

y x

z

x
zl l l l

Fig. 6. Proposed hinged-sliding solution (S2) for the Daikai Station.  

Fig. 7. Racking behavior of the proposed low lateral stiffness structural solution S2 for the Daikai Station.  
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discontinuity can be introduced at any column section, not just at the 
top. Fig. 6.b and Fig. 6.c show that the aforementioned wall brackets are 
not continuous along the tunnel length, but are regularly interrupted by 
interposing equal-length (l) segments with and without brackets. The 
main objective of this arrangement is to facilitate the access of the 
rubber pads for maintenance purposes; in order to do this, the segments 
with/without brackets have only horizontal/vertical pads, respectively. 
Fig. 6.c also shows that the column width is 1 m, and the clear separation 
between consecutive columns is 2.5 m (subsection 3.2). 

The proposed hinged and sliding connections can be built using 
different technologies; in this preliminary study, the use of rubber 
bearings is proposed. These elements are perfectly able to resist vibra
tions generated by railway traffic; even some devices (HDRB, High- 
Damping Rubber Bearings) are particularly well suited to absorb 
(damp out) such vibrations. 

In the rest of the paper, three solutions are compared: classical rigid 
design S0 (Fig. 4.b and Fig. 16.b), low lateral stiffness S2 (Fig. 6, Fig. 7 
and Fig. 16.d), and an intermediate situation S1 that combines rigid 
connections between walls and slabs with a sliding connection between 
the central column and the top slab (Fig. 16.c). This last case has been 
incorporated since it has been proposed by several researchers [51–57]. 
As discussed later (subsection 5.5), the characteristics of the main 
structural elements (walls, slabs and column) are similar in solutions S0, 

Fig. 8. Watertight system of the proposed hinged-sliding solution S2.  

Fig. 9. Major steps of the construction process of the proposed solution S2.  
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S1 and S2. Comparison with the general structures depicted in Fig. 2 
shows that, broadly speaking, solution in Fig. 1.a would correspond to 
S0, while Fig. 2.a and Fig. 2.c can be considered as S2. 

4.2. Racking behavior of the proposed solution S2 

Fig. 7 displays, analogously to Fig. 2.b, a representation of the 
racking deformation of the proposed alternative tunnel solution S2 
(Fig. 6.a). In Fig. 7, θ is the rotation angle of the wall with respect to the 
slab, and Δ is the relative horizontal (racking) displacement between the 
column and the ceiling slab; Fig. 7 shows that it is equal to the global 
racking displacement. 

The rubber bearings are designed (subsection 5.6) to absorb the 
relative motions (bending rotation and shear displacements) between 
the members they connect; this includes the local elongations (tensile 
stresses) (subsection 8.5). 

4.3. Watertight system of the proposed solution S2 

The rotation capacity of the wall-slab connections together with the 
required gaps (a1 and a2, Fig. 11), makes that, in the proposed alter
native solution S2, water tightness is more difficult than in the original 
rigid box section (Fig. 4.b); therefore, this study must address this issue. 

Several waterproofing systems have been developed for tunneling, 
and they are nowadays technically mature; a comprehensive description 
of such procedures is included in [61]. More recent works describe 
systems for different contexts: [25] in prefabricated elements in cut and 
cover tunnels, [62] and [63] in immersed tunnels, and [64] in segmental 
tunnels. Here, a conventional watertight system based on impervious 
flexible membranes (made of high-density polyethylene) and joints/ 
water stops [61] is presented in Fig. 8. 

Fig. 8 shows that the proposed system consists, from the outside to 
the inside, of the following layers: protective fine sand (only on the 
horizontal surfaces), a watertight PVC geomembrane, and a geotextile. 

Fig. 10. Approximate free-field racking deformation for the Kobe earthquake closest to the Daikai Station [40].  

Fig. 11. Major sectional dimensions of the proposed alternative solution S2 for the Daikai Station. Sizes in m.  
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Moreover, in the upper horizontal gap (a1, Fig. 11), two additional el
ements are placed: a steel plate, and a rubber water-stop expansion joint; 
the main objective of the steel plate is to provide mechanical strength 
while allowing relative displacement between the side wall and the 
ceiling slab. The purpose of the fine sand layer is to protect the PVC geo- 
membrane during compaction and other operations. 

Globally speaking, it should be noted that for cut and cover tunnels, 
the water pressure acting on the lining is low, and, therefore, the re
quirements in terms of waterproofing are quite easy to meet. 

4.4. Construction process of the proposed solution S2 

As discussed previously, the proposed solution S2 is intended for 
both new construction and retrofit. This section describes the process for 
new construction; the strategy for retrofit would be rather similar, 
basically requiring the near total removal of existing elements. 

The construction of the alternative proposed solution S2 is not as 
different from the conventional one. The major steps are outlined in 
Fig. 9 and discussed below:  

1. Installation of two sheet pile walls at both sides of the station, water 
table lowering, soil excavation between the sheet piles, and place
ment of a temporary horizontal top steel propping system (Fig. 9.a). 
This step has different alternatives, depending on the soil properties 
and the water table level: diaphragm walls are also possible, use of 
anchors, and, when there is available space, soil excavation with 
lateral slopes is feasible as well. Obviously, the design of the dew
atering must be adapted to the local geometry of the performed 
excavation.  

2. Watertight system in the excavation bottom, floor slab (molds, 
reinforcement and concrete pouring), and lateral and horizontal 
rubber bearings in that slab (Fig. 9.b); the bearings (either horizontal 
or vertical) are fixed to the structural members they connect. Typi
cally, water-tightness is achieved by means of geomembranes or 
geocomposites that surround the whole structural section (subsec
tion 4.3).  

3. Side walls (molds, reinforcement and concrete pouring), top lateral 
and horizontal rubber bearings, and lateral watertight system (Fig. 9. 
c).  

4. Central columns (molds, reinforcement and concrete pouring) and 
top rubber bearing. Obviously, this step and the previous one are 
totally interchangeable (Fig. 9.d).  

5. Ceiling slab (molds, reinforcement and concrete pouring), and top 
watertight system (Fig. 9.e).  

6. Soil filling and compaction, and removal of the propping system 
(Fig. 9.f). Backfilling operations should be carried out keeping the 
symmetry of the geometry as much as possible, to avoid unbalanced 
earth pressures on the lateral tunnel sidewalls. 

These operations can be easily modified to include other common 
elements, such as diaphragm walls or foundation piles. In addition to 
that, prefabrication of most of the elements of the structural section 
[25,26,65] is also possible, and in that case longitudinal gasketed joints 
between elements should be provided to guarantee waterproofing [25]. 
Such combination would make it possible to merge the advantages of the 
proposed technology and those of prefabrication. 

The influence of the lateral walls used to protect the excavation (e.g. 
sheet piles, Fig. 9.a) on the tunnel seismic response might prove 
important as the gap between them and the tunnel sidewalls may affect 
their coupled response. For the Daikai Station, [3] indicates that this 
narrow clearance resulted in a poor backfill compaction, and therefore 
passive pressure did not develop. In general, the flexibility of the lateral 
walls should be high to avoid any additional constraint to the soil mo
tion, thus keeping the tunnel section flexible. 

5. Design and verification of the proposed solution S2 by 
simplified hand structural analysis 

5.1. General description of the simplified analysis for solution S2 

This section presents an abridged static equivalent analysis of the 
seismic performance of the Daikai Station under the Great Hanshin 
(Kobe) earthquake. As the objective of this study is to corroborate the 
suitability of the proposed solution S2, the structure is assumed to be 
equipped with the protective rubber elements described in Fig. 6 and 
Fig. 7. 

In subsection 5.2 the seismic free-field demand is approximately 
estimated, in subsection 5.3 a rigid-body model of the racking behavior 
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Fig. 12. Assumed kinematic deformation of the hinged connection between the left wall and the lower slab during the racking deformation (solution S2).  
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of the station is described, and in subsection 5.4 the internal forces in the 
main structural members of the station (walls, slabs and column) are 
determined by a conventional linear elastic analysis. Then, in sub
sections 5.5 and 5.6, the sizes of such members and of the rubber 
bearings are approximately determined, respectively. Finally, in sub
section 5.7, the racking displacement in the station is obtained. 

Noticeably, although the analysis described in this section might 
look as over-simplified, all the assumptions are firmly grounded in 
logical considerations, and the results are reasonably accurate and 
totally reliable. More precisely, given the high uncertainty of all the 
issues involved (soil, structure and seismicity), the accuracy and reli
ability of this analysis are comparable to those of the allegedly more 
exact calculations described in sections 6–8. 

5.2. Approximate estimation of the demand free-field racking 
displacement 

In order to provide input data for the aforementioned simplified soil- 
structure interaction analysis, Fig. 10.a [40] displays the computed free- 
field soil response to the accelerograms that were recorded closest to the 
Daikai Station (i.e. Port Island and Kobe University); Fig. 10.b exhibits 
the main parameters of the soil profile of Daikai Station. 

The two plots in Fig. 10.a represent the soil profile deformation at the 
moment when the relative displacement between the ceiling and bottom 
slabs is maximum; such free-field displacements are 38.79 mm and 
35.57 mm for the Port Island and Kobe University records, respectively. 
As the first value is more demanding, is adopted in this study. 

5.3. Rigid-body model of the racking behavior of the proposed solution S2 

Fig. 11 displays a detailed transverse view of the proposed solution 
S2. Note that the brackets do not affect the station operation. Regarding 
the other elements, their shapes are equal to those of the actual station; 
consequently, they do not cause any modification either. This is further 
discussed in subsection 5.4. 

In Fig. 11, a1, a2, a3, a4 and a5, on one side, and w1, w2, w3, w4 and w5, 
on the other side, are the rubber bearings height (thickness) and width, 
respectively. Finally, b, c and d are the dimensions of the brackets 
(corbels, Fig. 6). 

In Fig. 7, only the rubber bearings experience some deformation, 
while the concrete elements are assumed to remain undeformed. On the 
other hand, given that the deformation due to the seismic vertical waves 
is significantly smaller than that of horizontal (lateral) ones, it is 
assumed that the top and bottom slabs almost do not rotate (with respect 
to the longitudinal axis x). These suppositions provide the following 

kinematic relationship between the wall rotation angle, θ, and the 
transverse racking displacement, Δ: 

Δ = 7.17 θ m (1) 

In equation (1), 7.17 m is the total height of the side wall (Fig. 4.b). 
In order to provide a deeper insight into the rubber bearings defor

mation, Fig. 12 displays a zoom view of the bottom left corner rotation of 
the frame in Fig. 7 and Fig. 11. Note that the pads undergo both shear 
and bending deformation. In Fig. 12, γ3 and γ4 are the shear strains in the 
horizontal and vertical (lateral) rubber bearings, respectively; remark
ably, γ3 and γ4 are not equal to the rubber strain, due to the presence of 
steel layers. Noticeably, the vertical bearing is centered with respect to 
the mid line of the bottom slab; for simplicity, as shown in Fig. 12, the 
same type of position is maintained for the horizontal bearing. 

The situation described in Fig. 12 corresponds to rigid-body motion 
of the wall and the slab; as considered in Fig. 7, the rubber bearings 
concentrate all the deformation, since they are significantly more flex
ible than the main concrete bodies. Given the rather high axial stiffness 
of the rubber bearings (due to the transverse confinement effect of the 
aforementioned steel plates), their average axial strain has been 
assumed to be zero; this simplification is acceptable, as the objective of 
this paper is not to provide a highly accurate design, but to demonstrate 
the feasibility of the proposed alternative construction solution S2. As 
long as a3 = a4, the rigid body motion of the left side wall is a pure 
rotation, and its center is located at the intersection between the cor
responding horizontal and vertical lines (point A in Fig. 12). 

The motion depicted by Fig. 12 corresponds to a small rotation angle 
θ; therefore, the angles (in radians) are assumed to be equal to their 
tangent and sine, and their cosine equal to 1. This supposition provides 
the following kinematic relationship between the wall rotation angle 
and the shear strain in the bearings: 

(a3 + 0.425) θ = a3 γ3 (a4 + 0.425) θ

= a4 γ4 (2) 

In equations (2), a3 and a4 must be expressed in m. Equations similar 
to (2) can be formulated for the top corner bearings by replacing sub
scripts 3 and 4 with 1 and 2, respectively (Fig. 11). 

Fig. 13 displays, similarly to Fig. 12, a zoom view of the lateral 
sliding between the central column and the ceiling slab (Fig. 7). In 
Fig. 13, γ5 is the shear strain in the column bearing. 

Fig. 13 provides the following kinematic relationship between the 
racking displacement (Fig. 7) and the shear strain in the column bearing: 

Δ = a5 γ5 (3) 

This subsection shows that the lateral stiffness of the station is not 
actually zero, but depends on that of the rubber bearings. The obtained 
value is described in subsection 6.2.6. 

5.4. Internal forces laws in the main structural members of solution S2 

The design transverse pushing forces for the Daikai Station with the 
proposed hinged-sliding solution S2 (Fig. 6 and Fig. 16.d) are obtained 
from the values proposed in [31] for the actual retrofit (in the most 
critical transverse section corresponding to 4.8 m overburden, Fig. 4.b). 
The following loading cases were considered in such retrofit: 1 (dead 
load + live load), 2 (dead load), 3 (racking effect), 4 (downward vertical 
inertia) and 5 (upward vertical inertia). The water buoyancy forces are 
included in case 1, and correspond to the water table being 10.545 m 
above the station bottom level. The most demanding combination for 
the actual retrofit included cases 2, 3 and 4 (or 5); conversely, in the 
proposed hinged-sliding solution S2, it is assumed that the frame 
structure would not be influenced by racking effects (case 3) because of 
its low lateral stiffness. Therefore, the most unfavorable situation is 1.2 
× case 2 þ 1.3 × case 4 (these safety factors have been obtained from 
the Chinese regulations [66]). The corresponding demand forces are 
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Fig. 13. Assumed kinematic deformation of the ceiling slab-column sliding 
connection during the racking deformation (solution S2). 
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Fig. 14. Approximate design forces for the proposed low lateral stiffness solution S2 for the Daikai Station (1.2 × case 2 + 1.3 × case 4).  
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Fig. 15. Approximate internal forces in the Daikai Station for the most demanding situations for solutions S0 (Fig. 16.b) and S2 (Fig. 16.d).  

Fig. 16. Finite element models of the Daikai Station (solutions S0, S1 and S2) and the surrounding soil.  
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displayed in Fig. 14. 
In Fig. 14, the self-weight is obtained assuming a concrete unit 

weight 25 kN/m3; in this operation, the discontinuous central columns 
(Fig. 5, Fig. 6.b) have been replaced by an equivalent fictitious contin
uous wall. The beneficial effect of the bottom slab self-weight has been 
disregarded; in fact, the most demanding combination for that element 
is 1.2 £ case 2 þ 1.3 £ case 4. 

The internal forces of the structure represented in Fig. 14 are 
determined by linear elastic global structural analyses per unit length (1 
m) of the station. Fig. 15 displays relevant internal forces diagrams of 
the original (S0) and alternative solutions (S2); Fig. 15.a and Fig. 15.c 
correspond to the actual retrofit (solution S0) [31], and Fig. 15.b and 
Fig. 15.d stand for the hinged-sliding structure (solution S2, Fig. 14). 
Fig. 15.b and Fig. 15.d present the bending moments and axial forces, 
respectively; regarding the shear forces, are not included as being easily 
obtained from the axial ones (by equilibrium conditions of proper por
tions of the structure). In these last Figures, the black lines correspond to 
the axes of the structural members (walls, slabs and column); Fig. 15.a 
shows the span-lengths of slabs, and the heights of walls and column. 
The moments are obtained for such lengths; in other words, they are 
related to the part of the loads that is comprised between the axes of the 
structural elements. Conversely, the axial forces correspond to the total 
load. Noticeably, in Fig. 15 the load combinations for solutions S0 and 
S2 have been used; this make sense, as the most demanding situations 
for each case have been selected. 

Comparison between the bending moments and axial forces of the 
conventional (S0, Fig. 15.a and Fig. 15.c) and alternative (S2, Fig. 15.b 
and Fig. 15.d) solutions shows that they are rather similar. However, 
such internal forces in solutions S0 and S2 cannot be compared directly, 
as the loads are different (because of the assumed hypotheses and the 
safety factors); for instance, the difference between the maximum pos
itive and negative values in each slab in Fig. 15.a and Fig. 15.b shows 
that in solution S2 the loads on that slabs are higher. Therefore, no big 
changes in the walls and slabs thickness and reinforcement amounts are 
expected; as previously announced, this circumstance endorses the 
proposed solution S2 (Fig. 11). Regarding Fig. 15.d, the axial compres
sive forces in the side walls and in the central column cannot be highly 
different from those of the traditional solution S0, as their sum is con
stant (equal to the supported load). Finally, Fig. 15.b and Fig. 15.d show 
that the risk of damage to the central columns is significantly reduced in 
solution S2, as the moment is dramatically reduced while the axial forces 
are similar. 

5.5. Design of the main structural members for the proposed solution S2 

As discussed in subsection 5.4, the demanding internal forces in the 

actual (S0) and hinged-sliding solutions (S2) are not very different; 
therefore, equal sizes (Fig. 4.b) and similar reinforcements are consid
ered for walls, column and slabs. Regarding the corbels for solution S2 
(brackets, Fig. 11), the following transverse (y and z) and longitudinal 
(x) dimensions are selected [67]: 

b = 300 mm c = 600 mm d = 600 mm l = 1000 mm (4) 

The values in equation (4) are chosen to be sufficient for structural 
purposes, yet not affecting the station function. 

5.6. Design of the rubber bearings for the proposed solution S2 

The bearings are conventional rubber devices that are internally 
confined by steel plates to provide fairly high axial stiffness (taking 
advantage of the elevated rubber Poisson ratio) while maintaining 
important lateral flexibility (necessary to accommodate the required 
shear strain, Fig. 12 and Fig. 13). In the situations analyzed in this paper, 
the rubber bearings should be flexible enough to adapt the required 
(bending) relative rotation between their ends (Fig. 12). Therefore, the 
most relevant demand parameters for the rubber bearings are: axial 
compressive force, shear strain, and bending rotation angle. Table 1 
displays the values of such parameters; the axial force is obtained from 
Fig. 15.d, the shear strain is given by equations (2) and (3) (for the walls 
and column bearings, respectively), and the rotation (θ) is specified later 
in subsection 5.7. For the wall bearings, the displayed forces correspond 
to 1 m of tunnel, while for the column bearing it corresponds to 3.5 m 
(the length spanned by a single column, Fig. 6.b). The rubber bearings 
are designed to resist their combined demands. 

A design of the bearings that fulfills the requirements in Table 1 is 
proposed. The bearings between slabs and walls (Fig. 12) are circular, 
while the column bearing is rectangular, to take profit of all the avail
able space in the column top. Table 2 displays the selected geometrical 
and mechanical parameters. 

Comparison between Table 2 and Table 1 shows that the bearing 
capacities exceed their demands in all the cases. More precisely, equa
tion (4) and Fig. 6.b show that there are two wall-slab bearings per meter 
length; consequently, the demanding axial force in Table 1 must be split 
between them. 

5.7. Approximate determination of the racking displacement in the station 

The demanding racking displacements (in the traditional solution S0 
and the proposed hinged-sliding solutions S1 and S2) are estimated by 
an abridged soil-structure interaction analysis [8,61]. The study [14] 
considers the influence of the flexibility ratio (F) defined as the quotient 
between the soil shear stiffness and the station racking stiffness; as 

Table 1 
Approximate demand parameters for the rubber bearings (S2).  

Bearing Axial force (kN) Shear displacement ai γi (mm) Rotation angle θ (mrad) 

Top corner vertical (lateral) bearing 295* (a1 + 0.425) θ  10.82 
Top corner horizontal bearing 603* (a2 + 0.425) θ  10.82 
Bottom corner vertical (lateral) bearing 386* (a3 + 0.425) θ  10.82 
Bottom corner horizontal bearing 779* (a4 + 0.425) θ  10.82 
Top of central column 6314** 77.58  – 

*1 m length; **3.5 m length; a1, a2, a3, a4 in m. 

Table 2 
Selected characteristics and capacities of the rubber bearings (S2).  

Bearing Diameter or width wi 

(mm) 
Bearing thickness ai 

(mm) 
Maximum axial force 
(kN) 

Maximum shear displacement 
ai γi (mm) 

Maximum rotation angle θ 
(mrad) 

Wall-slab connections 
(1–4) 

300 (Diameter; w1, w2, 
w3, w4) 

130 (a1, a2, a3, a4) 900 ± 50 (a1γ1, a2γ2, a3γ3, a4γ4) (a1γ1, a2γ2, a3γ3, a4γ4) 

Top of central column 
(5) 

1000 × 400 (w5) 175 (a5) 6500 80 (Δ = a5 γ5) 35  
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expected, if F < 1, the tunnel racking distortion is smaller than the soil 
free-field deformation, and if F greater than 1, the opposite situation 
occurs. 

The station racking stiffnesses for solutions S0, S1 and S2 are 
determined in subsection 6.2.6. Regarding soil, its stiffness is calculated 
with the method by Wang [14]; the obtained value is 41.08 kN/mm (per 
unit length). Then, the flexibility ratios F are determined as: 

F0 =
41.08
76.6

= 0.536 F1 =
41.08

63
= 0.652 F2 =

41.08
24.6

= 1.67 (5) 

According to [69], the racking coefficient R (ratio between the 
racking and free-field displacements) depends on the sliding condition 
between the structure and the adjoining soil: by assuming free sliding 
the expression is R =

4 (1− ν) F
3− 4 ν +F , and for prevented sliding it becomes R =

4 (1− ν) F
2.5− 3 ν +F . In these expressions, ν is the soil Poisson’s ratio; according to 
Fig. 10, ν = 0.49 is selected. For that value of the soil Poisson’s ratio both 
expressions of R provide almost the same value: 

R0 =
4 (1 − 0.49) 0.536

3 − 4 × 0.49 + 0.536
= 0.694 R1 =

4 (1 − 0.49) 0.652
3 − 4 × 0.49 + 0.652

= 0.786 R2 =
4 (1 − 0.49) 1.67

3 − 4 × 0.49 + 1.67
= 1.257 (6) 

Subsection 5.2 states that the maximum free-field displacement 
corresponds to the Port Island record, and is equal to ΔFF = 38.79 mm. 
Then, the racking displacements for solutions S0, S1 and S2 are given by 
Δ = ΔFF R: 

Δ0 = 38.79 × 0.694 = 26.92 mm Δ1 = 38.79 × 0.786

= 30.49 mm Δ2 = 38.79 × 1.257 = 48.76 mm (7) 

According to equation (1), the maximum rotation angles for solu
tions S0, S1 and S2 are equal to 

θ0 = 26.92/7170 = 3.76 mrad ​ ​ ​ θ1 = 30.49/7170 = 4.25 mrad ​ ​ ​ θ2

= 48.76/7170 = 6.80 mrad
(8) 

These values are required for the structural design of the tunnel and 
the rubber bearings; will be further compared with the time-history 
results in subsection 8.2. 

6. Verification of the proposed solution S2 by nonlinear time- 
history analysis 

6.1. General considerations 

Nonlinear dynamic analyses are conducted to further verify the 
seismic performance improvement of the Daikai Station featured with 
low lateral stiffness; more precisely, the three solutions S0 (Fig. 16.b), S1 

(Fig. 16.c) and S2 (Fig. 16.d) are compared. 
The structural modelling of the station and the surrounding soil is 

described in subsection 6.2, and section 7 depicts the selected seismic 
input signals. The analyses are performed under the combined actuation 
of the horizontal (transverse) and vertical input accelerograms. 

6.2. Finite element model for time-history analyses 

6.2.1. Modeling of the soil-structure system 
A finite element model of the soil-structure system is implemented in 

ABAQUS [70]; the obtained mesh is displayed in Fig. 16. 
Fig. 16.a shows that the soil is discretized with 5656 4-node quad

rilateral elements; regarding the station, 1388, 1384, and 1480 elements 
are utilized for solutions S0, S1 and S2, respectively. In both the soil and 
the station, 2-D plane strain behavior is assumed. To simulate the 
seismic wave propagation with sufficient precision, the size of the soil 
elements must be smaller than 1 / 6 of the minimum wave length λ [71]. 
By considering a cutoff frequency f = 25 Hz, Fig. 10.b shows that λ = vs / 
f = 140 / 25 = 5.6 m for the top layer (just 1 m deep), and λ = vs / f = 500 
/ 25 = 20 m for the bottom layer; therefore, 1 m is an adequate value. 
Moreover, to further increase the calculation efficiency, the soil areas 
near the structure are more finely meshed compared to the far-field 
zones (1 m instead of 1.5 m). Fig. 16.a also shows that the soil is dis
cretized into the six layers described in Fig. 10.b. 

In the soil mesh in Fig. 16.a, the distance of the lateral boundary from 
the underground structure is greater than 5 times the structural width, 
which meets the requirements of the Chinese code [72]. As for the soil 
domain vertical dimension, 39.2 m was selected as engineering bedrock 
depth [32,33,37,39,55,56]. 

In the station modeling (Fig. 16.b, Fig. 16.c and Fig. 16.d), the cen
tral columns (Fig. 6) are represented by an equivalent continuous wall 
having the same initial (linear elastic) stiffness per unit length (gross 
moment of inertia) than the corresponding columns [13,56,73,74]. The 
steel longitudinal (vertical) reinforcement of the equivalent continuous 
wall is considered to have the same area than that of the actual columns. 
As the true continuous elements (side walls and top and bottom slabs), 
this fictitious continuous element is assumed to behave under plane 
strain condition. 

The soil-structure contact behavior is simulated with the surface-to- 
surface interaction technique built in ABAQUS [70]. Regarding the 
normal contact, separation is allowed, while compressive stress is 
directly transmitted; tangential sliding is described with a Coulomb 
model with a friction coefficient equal to 0.4 [45]. This value is 
commonly suggested for this type of situations, particularly the model
ling of Daikai station [45]; also, it has been calibrated with centrifuge 
shaking table tests [42]. 

G  G

Fig. 17. Constitutive curves of the soil [39].  

X. Bu et al.                                                                                                                                                                                                                                       



Engineering Structures 291 (2023) 116388

14

6.2.2. Soil constitutive model 
The soil dynamic nonlinear behavior is represented by a nonlinear 

viscoelastic constitutive law [67–69] (modified Davidenkov model) 
combined with the classical Masing rules [75]. It is assumed that water 
pressure does not play a significant role in this case (i.e., there is no risk 
of liquefaction), and a linear equivalent strategy is used. This soil 
modelling has been chosen as being widely used [6,27,28,55,56]. 

The skeleton curve of the stress–strain relationship in the Davi
denkov model is given by: 

τ(γ) = G γ = Gmax(1 − H(γ) )γ H(γ) =

[
(γ/ γ0)

2 B

1 + (γ/γ0)
2 B

]A

(9) 

In equation (9), γ is the soil shear strain, τ(γ) is the stress–strain 
relationship depicted by the skeleton curve H(γ), G is the soil shear 
modulus, and Gmax is its maximum value. 

The variations of the soil stiffness and damping parameters with its 
shear strain are described in Fig. 17. 

A, B and γ0 are parameters that depend on soil properties [76]; their 
values (for each soil layer in Fig. 10.b) are presented in Table 3. 

6.2.3. Concrete and steel constitutive models 
The concrete nonlinear behavior is described with a plastic-damage 

model [77,78]. Damage is represented by the tensile and compressive 
damage factors ranging between 0 (no damage) and 1 (total damage); 
these factors are computed from the damage variables (dt and dc, 
respectively) defined as [67]: 

dt =

⎧
⎨

⎩

1 − ρt
(
1.2 − 0.2 x5) x ≤ 1

1 −
ρt

αt (x − 1)1.7
+ x

x > 1
dc =

⎧
⎪⎨

⎪⎩

1 −
ρc n

n − 1 + xn x ≤ 1

1 −
ρc

αc (x − 1)2
+ x

x > 1

(10) 

In the left equation (10), ρt is the normalized concrete stress (ρt =

ft,r/Ec εt,r), x is the normalized concrete strain (x = ε/εt,r), and αt is a 
parameter that characterizes the descending branch of the uniaxial 
tensile stress–strain curve; ft,r is the representative (characteristic) value 
of the uniaxial tensile strength, Ec is the concrete deformation modulus, 
εt,r is the corresponding tensile strain, and ε is the concrete axial strain. 
In the right equation (10), n = Ecεc,r/(Ecεc,r − fc,r), and the definition of 
the related parameters is similar as in dt. The tensile and compressive 
uniaxial stress–strain curves of concrete are selected as in [55]. 

The following values of the concrete mechanical parameters are 
assumed [37,41,55]: density 2500 kg/m3, Poisson ratio 0.2, deformation 
modulus Ec = 32.6 GPa, dilation angle 36.3◦, eccentricity 0.1, compres
sive recovery parameter 1, tensile recovery parameter 0, Fb0 / fc0 = 1.16, 
K = 0.667 and viscosity 10-5 Pa⋅s. The parameter Fb0/fc0 represents the 
ratio between biaxial compressive yield strength and uniaxial compres
sive yield strength, and K is the ratio between second stress invariants on 
tensile and compressive meridians. 

The steel reinforcement is represented by a classical elastoplastic 
model without strain hardening; their parameters are: elastic modulus 
200 GPa, yield stress 240 MPa, and Poisson ratio 0.3. 

6.2.4. Boundary conditions 
The whole numerical simulation is divided into two analyses: static 

(gravity) and dynamic (seismic); the boundary conditions for each of 
them are different.  

• Static analysis. In the static calculation, the horizontal displacement 
of the lateral boundaries and the vertical displacement of the bottom 
boundary are restrained.  

• Dynamic analysis. In the dynamic calculation, the bottom boundary 
transmits the seismic excitation (horizontal and vertical seismic 
motions); the nodes are constrained to move according to these input 
signals. In the lateral boundaries, the nodes are free to move hori
zontally and vertically, but kinematic tie constraints (i.e. equal dis
placements at the left and right boundaries) [79] are introduced in 
order to reduce the reflection waves. This approach achieves the 
same results than more complex methods (e.g., the silent boundary 
condition) but in a simpler way, thus being widely used [4,80–84]; in 
addition, it has been verified by centrifuge shaking table testing [42]. 

6.2.5. Mechanical model of the rubber bearings 
As described in section 4 (Fig. 6 and Fig. 7), the low lateral stiffness 

of the station is attained by using elastomeric bearings to connect the 
main structural elements; their characteristics are selected in subsection 

Table 3 
Fitting parameters of the site soil [55].  

Parameter Soil layer 

1 2 3 4 5 6 

A  1.20  1.20  1.20  1.15  1.15  1.20 
B  0.40  0.47  0.47  0.33  0.33  0.47 
γ0  1.69  5.80  5.80  5.36  5.36  5.80  

Fig. 18. Mechanical model of the circular bearings as the sliding-hinged components (solutions S1 and S2) [85].  

Table 4 
Mechanical properties of the bearings in the solutions S1 and S2 (Table 2).  

Bearing Compressive stiffness Kv (kN/m) Shear stiffness Kh (kN/m) Bending stiffness Km (kNm/rad) Bearing elastic modulus E (MPa) 

Hinged bearings (structural joints) 301 × 103 679 12 × 103 443 
Sliding bearing (central column) 512 × 103 1208 38 × 103 424  
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5.6 (Table 2). The elastomeric bearings consist of a rubber body with 
internal steel thin shims, as shown in Fig. 18; given that the rubber 
deformation modulus is rather low but its Poisson ratio is close to 0.5, 
the steel plates provide effective confinement, with a dramatic increase 
of the axial stiffness, but without compromising the shear flexibility and 
deformability. Elastomeric bearings are characterized by their simple 
fabrication, moderate cost, and easy installation, and have been widely 
used in civil engineering structures. 

Fig. 18 shows that the bearings flexibility is described with axial, 
transverse and rotational springs; their stiffnesses are Kv, Kh and Km, 
respectively. In Fig. 18, E is the rubber modulus of elasticity, G is the 
rubber shear modulus, A is the rubber bearing area, te is the total 
thickness of the rubber layers, t1 is the thickness of a single rubber layer, 
d is the diameter of a circular bearing, and S is the bearing dimensionless 
shape factor (ratio between the effective loading area and the free side 
surface area). Table 4 displays the mechanical parameters of the bear
ings in Table 2; they are calculated according to the Chinese code [85]. 

6.2.6. Lateral stiffness of solutions S0 (Fig. 15.b), S1 (Fig. 15.c) and S2 
(Fig. 15.d) 

This subsection presents a comparison between the lateral stiffness of 
the three solutions S0, S1 and S2 (Daikai Station, Fig. 16.b, Fig. 16.c, 
Fig. 16.d). Such parameter is obtained, as suggested by [14], for the lone 
station (i.e. without the surrounding soil) considered as fixed in its 
bottom corners [14]; that configuration is described in Fig. 19. 

As suggested in [14], the station stiffness is defined as the ratio be
tween the concentrated lateral pushing force P and the racking 
displacement Δ; the corresponding linear static structural analysis is 

performed using the numerical model described in subsection 6.2. 
The obtained results for solutions S0, S1 and S2 are 76.6 kN/mm, 63 

kN/mm, and 24.6 kN/mm, respectively (per unit length). These values 
are expected, and show that the contribution of the central column is 
rather moderate (by comparing S0 and S1) and that the flexibilization 
introduced by the rubber bearings is important (by comparing S2 with 
S0 and S1). Noticeably, a specific design of such elements might have 
provided an ever lower stiffness of solution S2. 

7. Selected seismic accelerograms for the time-history analyses 

The input signals for the dynamic analyses are the four pairs of 
recorded seismic accelerograms displayed in Fig. 20. 

Although most of the major international regulations for under
ground structures state that a larger number of accelerograms shall be 
taken for design, it should be kept in mind that the objective of this study 
is not to design any structure, but to assess preliminary the feasibility of 
the proposed solution. Moreover, most of the published works for Daikai 
and other underground stations consider typically four (or even less) 
inputs [80,86–89]. 

Fig. 20 shows that the four twosomes are referred as E1, E2, E3 and 
E4; each of them corresponds to horizontal and vertical components of 
actual earthquake records. Accelerograms E1, E3 and E4 belong to the 
Chi-Chi (1999, Taiwan China), Wenchuan (2008, Wenchuan China) and 
Kumamoto (2016, Kumamoto Japan) earthquakes; they are selected as 
are widely used in seismic analysis of underground structures because 
they have adversely affected such constructions. Accelerograms E2 
belong to the Great Hanshin earthquake; were recorded at Kobe 

z

y

P P P

Fig. 19. Calculation of the transverse stiffness of solutions S0, S1 and S2.  

Fig. 20. Horizontal and vertical accelerograms of the E1, E2, E3 and E4 seismic inputs.  

X. Bu et al.                                                                                                                                                                                                                                       



Engineering Structures 291 (2023) 116388

16

University seismological station [90]. As this seismic observatory is 
located on a rock outcrop near Daikai Station, the recorded accelero
grams are considered close to those that actually shook the station. 
Detailed information on these ground motions can be found in [91]. 

Plots in Fig. 20 show up the relevance of the vertical components of 
the seismic ground motion, particularly in the Kobe earthquake (E2). 

8. Time-history analyses for solutions S0, S1 and S2 and inputs 
E1-E4 

8.1. Analyses performed 

The nonlinear time-history analyses are carried out for solutions S0 
(Fig. 16.b), S1 (Fig. 16.c) and S2 (Fig. 16.c) undergoing inputs E1 
(Fig. 20.a), E2 (Fig. 20.b), E3 (Fig. 20.c) and E4 (Fig. 20.d). The analyses 
are performed using an implicit formulation. The time step is variable 
along the input duration, ranging between 0.02 and 0.00001 s. Second 
order effects are accounted for, mainly to reproduce the buckling of the 
central column. 

8.2. Results of soil and structure transverse deformation 

Fig. 21 displays the free-field soil deformation of the site soil in the 
dynamic analysis under E2 input. The plotted deformation corresponds 
to the moment when the relative displacement between the ceiling and 
bottom slabs of the station is maximum. 

Comparison between Fig. 10 and Fig. 21 shows a rather satisfactory 
agreement. 

Fig. 22 displays the time-history responses of the drift ratio of the 
side walls (left plots, Fig. 22.a, Fig. 22.c, Fig. 22.e, Fig. 22.g) and the 
central column (right plots, Fig. 22.b, Fig. 22.d, Fig. 22.f, Fig. 22.h) 
excited by the simultaneous actuation of the pairs of seismic accelero
grams E1-E4 (Fig. 20). The drift ratio of the walls has been obtained by 
dividing the relative displacement between the ceiling and floor slabs by 
6.76 m (distance between their center lines, Fig. 4.b); regarding the 
column, its drift ratio is the relative displacement between their top and 
bottom sections divided by its height (3.42 m in solution S0, Fig. 4.b, and 
3.13 m in solutions S1 and S2, Fig. 11). 

Fig. 22 provides the following major remarks:  

▪ The performances for inputs E1-E4 are pretty analogous; this 
broadly confirms that the conclusions derived are deeply 
grounded.  

▪ Left plots show that the initial drift behaviors of the external 
walls exhibit some degree of similarity for the three solutions 
(S0, S1 and S2); this apparently corroborates that the seismic 
response of underground structures is basically dominated by 
the imposed free-field soil strain [3]. Conversely, the perma
nent displacements are different, their values being apparently 
random [92,93]; this trend might be due to the complex 
interaction between the decaying nonlinear behaviors of soil 
and structure. Given the low lateral stiffness of solution S2, it 
might be expected a higher permanent displacement; 
conversely, solution S2 results in less permanent displacements 
in most of the cases. 

▪ Right plots show that, as expected, the drift of the central col
umn in solutions S1 and S2 is near zero.  

▪ Comparison between left and right plots shows that the lateral 
displacements of the central column and walls in solution S0 
are alike. 

Contrast between Fig. 22.c and subsection 5.7 shows that the 
maximum demand drift ratios predicted in this paper by the simplified 
formulation in [14] (equation (8)) are greater than the values obtained 
from the nonlinear dynamic analyses (Fig. 22.c, corresponding to the 
input that actually excited the structure). This trend corroborates that, 
as expected, the simplified Wang formulation can be rather conservative 
[94]. 

8.3. Results of internal forces 

Fig. 23 displays, for solutions S0, S1 and S2, the maximum internal 
forces (axial and shear forces, and bending moment) in any section of 
the structural members (walls, slabs and central column) during the 
seismic excitation with inputs E1-E4. 

Fig. 23 provides the following major remarks:  

▪ All the results correspond to peak values that do not necessarily 
belong to the same instant or to the same section; this produces 
highly random values [92,93].  

▪ As expected, the shear force and bending moment in the central 
column are almost zero in solutions S1 and S2.  

▪ About walls and slabs, the internal forces in S1 are generally 
higher than in S0, seemingly due to the lack of structural 
cooperation of the central column; conversely, the internal 
forces in S2 are significantly reduced. 

Comparison between Fig. 23.b for solution S2 and Fig. 15 (approx
imate static equivalent analysis) shows rather comparable results. The 
most remarkable differences can be explained by the aforementioned 
important randomness of the peak results, the conservativeness of the 
simplified static analysis, and the nonlinear structural behavior assumed 
in the analysis whose results are displayed in Fig. 23. 

8.4. Results of damage factors 

Fig. 24 displays the tensile and compressive damage factors (DAM
AGET and DAMAGEC, respectively) for solutions S0, S1 and S2 under 
the seismic input E2. Results for inputs E1, E3 and E4 exhibit basically 
the same trends. 

Fig. 24 provides regular and expected remarks:  

• Central column. There is no damage in solutions S1 and S2, but in 
solution S0 both member ends are severely damaged (due to 
bending, obviously).  

• Walls and slabs. Damage is significantly alleviated in the proposed 
solution S2, and follows expected patterns (basically, concentration 
at sections with maximum bending moments). 

Fig. 21. Free-field soil deformation of the site soil obtained from the dynamic 
analysis under E2 input. 
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Fig. 22. Time-history results of the drift ratio in the Daikai Station in solutions S0, S1 and S2.  
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Fig. 23. Comparison between the peak internal forces in solutions S0, S1 and S2.  
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• All elements. Comparison between Fig. 24.a and Fig. 24.b shows 
that, for S0, S1 and S2, the tensile damage is higher. This trend is due 
to the larger concrete compressive strength, this circumstance being 
partially compensated by the greater compressive stress. 

Fig. 22, Fig. 23 and Fig. 24 show that the superiority of S2 over S1 is 
not expressed in terms of drift histories, but internal forces and damage 
factors. 

8.5. Results for rubber bearings 

Fig. 25.a and Fig. 25.b display, for input E2 and for the most repre
sentative rubber bearings, time-history results of axial force and shear 
displacement, respectively; in Fig. 25.a, positive values indicate tension. 
Fig. 25.c presents the bending rotation angle (θ) of a rubber bearing of 
the bottom left corner (Fig. 12). 

Comparison between Table 2 and Fig. 25 shows that the demands on 
the bearings are clearly below their capacity. The tensile axial force 

Fig. 24. Comparison between damage performance of solutions S0, S1 and S2. Seismic input E2.  

Fig. 25. Time-history results of the rubber bearings in solution S2 for input E2.  
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observed in Fig. 25.a (approximately, 200 kN) leads to an average ten
sile stress of 200,000 / (π × 1502) = 2.83 MPa; this value is well below 
the natural rubber tensile strength of 18 MPa [95]. On the other hand, 
this tensile force can be easily resisted by any common bolted connec
tion with the concrete members. Finally, Fig. 25.c shows that the 
bending rotation angle is small; therefore, no relevant interaction be
tween axial force and bending moment can be expected. 

9. Conclusions 

This paper proposes a rather innovative structural solution for cut- 
and-cover shallow underground stations and tunnels: instead of con
ventional rigid box sections, the connections between the main struc
tural elements (walls, slabs and columns) are either hinged or sliding, in 
order to obtain a section with low lateral stiffness. This approach is 
suitable for both cast-in-place and precast constructions. The main 
advantage of this solution is its almost total insensitivity to transverse 
seismic excitations. 

The suitability of the offered solution is verified by applying it to a 
relevant case study: Daikai Station (Kobe, Japan), severely damaged by 
the 1995 Great Hanshin Earthquake. An alternative solution in which 
the major structural members are connected through flexible rubber 
bearings is carefully designed. A detailed study of this particular case is 
performed; it includes the construction process (cast on site), water 
tightness, and, mainly, mechanical resistance to gravity and seismic 
effects. Regarding the latter topic, two types of seismic structural anal
ysis are performed: simplified static calculations (handmade) and 
complex 2-D advanced nonlinear dynamic analyses (for four represen
tative pairs of horizontal and vertical recorded seismic accelerograms) 
using advanced finite element models of the station and the surrounding 
soil; the agreement between both calculations is satisfactory. These 
static and dynamic analyses have been performed in the proposed 
(flexible) solution with hinged or sliding connections, and in the tradi
tional solution with rigid connections. These studies provide better re
sults for the flexible proposed solution in terms of permanent racking 
displacements in the station section, internal forces and damage factors 

Fig. 26. Asymmetric gravity loading (solutions S0, S1 and S2).  

Fig. 27. Deformation of the Daikai Station (solutions S0, S1 and S2) due to gravity asymmetric loading (unit: m, scale factor of displacement: 30).  
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in the structural members, and stresses and strains in the rubber bear
ings. These comparisons confirm the superior seismic performance of 
the proposed alternative solution. 

On the other hand, the technical feasibility of the proposed con
struction solution is further corroborated by the relatively common use 
of hinged connections in actual underground stations, mostly to facili
tate the construction. 

The same authors have performed a supplementary case study on a 2- 
story 3-bay subway station located in China. The positive results ob
tained in both researches provide additional validation of the proposed 
constructive solution. 

Further research includes numerical parametric studies (aimed to 
cover a wider range of situations), and field and laboratory experimental 
verification, among other relevant topics. 
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Appendix 

Static non-seismic analysis for asymmetric loading 

In order to further validate the capacity of the proposed solution S2 
to resist unbalanced loading, this appendix presents an additional static 
non-seismic analysis for asymmetric gravity loads; the analysis is per
formed with the formulation described in subsection 6.2. Fig. 26 dis
plays the loading acting only on the left half of the analyzed model 
(Fig. 16). 

In Fig. 26, the additional load is equal to 22 kN/m2; this value is the 
actual design load [31]. 

Fig. 27 displays the deformed configurations of solutions S0, S1 and 
S2 of the Daikai Station under the gravity asymmetric loading depicted 
in Fig. 26. Displacements are in m, and the scale factor is 30. 

Fig. 27 shows that the lateral and vertical displacements are rather 
similar for the three solutions, thus indicating that the small lateral 
stiffness of solution S2 (subsection 6.2.6) does not have a strong effect in 
case of asymmetrical loading. On the other hand, Fig. 27.a, Fig. 27.c and 
Fig. 27.e show that the asymmetric ground loading results into a sig
nificant structural differential settlement, which reveals the importance 
of the vertical load in Fig. 26. 

List of acronyms 

E1/E2/E3/E4: Pairs of seismic accelerograms (Fig. 20). 
HDRB: High-Damping Rubber Bearing (subsection 4.1). 
PVC: PolyVinyl Chlorid (subsection 4.3). 
S0/S1/S2: Conventional (rigid)/intermediate/low stiffness solutions 

for the Daikai Station (Fig. 16, Fig. 19). 

List of symbols 

A: Rubber bearing area (Fig. 18). 
A/B: Exponents to be determined by fitting experimental results 

(equation (9)). 
a1/a2/a3/a4/a5: Height (thickness, gap) of the rubber bearings 

(Fig. 11, Table 1 and Table 2, equations (2) and (3)). 
b/c/d: Dimensions of the proposed solution (Fig. 11, equation (4)). 
d: Diameter of a circular bearing (Fig. 18). 
dc/dt: Compressive/tensile damage variables (equation (10)). 
E/G: Bearing elastic/shear modulus (Fig. 18, Table 4). 
F0/F1/F2: Flexibility ratio (quotient between the soil shear stiffness 

and the tunnel racking stiffness, equation (5)) for solutions S0/S1/S2. 
f: Frequency (Hz) (subsection 6.2.1). 
G/Gmax: Soil shear modulus/its maximum value (equation (9)). 
Kv/Kh/Km: Compressive/shear/bending stiffness of the rubber 

bearings (Fig. 18, Table 4). 
l: Length of the cantilevers (brackets) and the interposed segments 

(Fig. 6.c, equation (4)). 
Mw: Moment magnitude of a given earthquake (subsection 3.1). 
n: Exponent (equation (10)). 
P: Concentrated lateral pushing force (Fig. 19). 
R0/R1/R2: Racking coefficient (ratio between the racking and free- 

field displacements) for solutions S0/S1/S2. 
S: Bearing dimensionless shape factor (Fig. 18). 
te/t1: Total thickness of the rubber layers/thickness of a single rubber 

layer (Fig. 18). 
vs: Shear wave velocity (subsection 6.2.1). 
w1/w2/w3/w4/w5: Width of the rubber bearings (Fig. 11, Table 2). 
x: Normalized concrete strain (equation (10)). 
x/y/z: Longitudinal/transverse/vertical coordinates. 
αc/αt: Parameters that characterize the descending branch of the 

compressive/tensile stress–strain curves (equation (10)). 
Δ0/Δ1/Δ2: Racking deformation (displacement) of the structure 

(Fig. 7, Fig. 13, Fig. 19, equations (1), (3) and (7)) for solutions S0/S1/ 
S2. 

ΔFF: Free-field displacement of the soil (subsection 5.2 and 5.7). 
ϕ: Diameter of a reinforcement bar (Fig. 3). 
γ/γ0: Soil shear strain/its fitting value (equation (9)). 
γ1/γ2/γ3/γ4/γ5: Shear strain in the rubber bearings (Fig. 11, Table 1 

and Table 2, equations (2) and (3)). 
λ: Shear wave length (subsection 6.2.1). 
ρc/ρt: Compressive/tensile normalized concrete stress (equation 

(10)). 
θ0/θ1/θ2: Rotation angle of the wall with respect to the slab (Fig. 7, 

Fig. 12, Fig. 25, Table 1 and Table 2, equations (1) and (2)) for solutions 
S0/S1/S2. 

τ: Soil shear stress (equation (9)). 
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