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Abstract: Mountain tunnel crossing a normal fault in seismically active zone is easily affected by normal fault slip and
earthquake. It is necessary to study tunnel dynamic response under action of normal fault slip and earthquake. In this
paper, a three-dimensional normal fault sliding device was designed, and a shaking table test was carried out to study
tunnel seismic performance under normal fault slip. The results show that peak acceleration of lining is dominated by an
existence of fault and direction of seismic excitation, not normal fault slip. And the incremental strains of lining in
critical zone with 1.7 times fault thickness and centered in faults induced by normal fault slip and seismic excitation are
larger than ones only by seismic excitation. And the incremental strains in critical zone increase with the increase of
normal fault slip magnitude ranging from 0 to 2 mm. And normal fault slip results in a significant reduction of overall
tunnel stiffness subjected to an earthquake. These experimental results provide a scientific reference for prevention and
control measurement of tunnel damage under earthquake and normal fault slip.
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fault zone is more easily damaged in seismically

1 Introduction

East African Great Rift Valley is seismically
active zone, with many slipping normal faults, as
well as Qinghai-Tibet Plateau [1, 2]. Most of
railway tunnels and road tunnels constructed in
these areas, such as Nahma railway project and
Sichuan-Tibet railway, are lifelines engineering.
And these tunnels cannot avoid fault and will be
subject to earthquake activity with a high
probability. The earthquake damage of tunnel will
bring great trouble to the rescue work of these areas.
In recent years, some surveys of earthquake damage
of building show that the tunnel near or crossing

active zones such as Wenchuan, Chi-chi, Kobe
[3—6]. The normal fault slipping is caused by
tectonic stress or earthquake and results in
permanent fault dislocation. This may induce tunnel
failure or intensify the seismic damage of tunnel.

For crossing fault tunnel, tunnel elevation
successive severe damage located in faulting zone
happens when normal fault slips, and segmental
tunnel maybe more easily dissipates normal fault
slip effect than continuous one [7-9].

The failure mode of tunnel changes from
bending and shearing failure to bending failure with
normal fault dip increasing from 40° to 75° [10—12].
And the seismic response of tunnel critical zone
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with dual fault thickness and centered in tunnel
fault is larger than those of other tunnel zones under
seismic excitation, and the inverting and crowning
of critical zone are severe damaged in shaking table
test [13—20]. In the shaking table experiment, a
roller device is set on the bottom of hanging wall to
reduce the friction between rock strata and
baseplate of model box. This device can be benefit
to fault horizontal slip [13—15], but cannot simulate
the permanent slipping of normal fault. In summary,
tunnel seismic response under action of normal
fault slip has not been reported in the above studies.

In this paper, three-dimensional normal fault
permanent sliding device would be designed, and a
shaking table test of tunnel model crossing normal
fault under fault slip would be finished. And the
seismic response of tunnel crossing normal fault
under fault slip and seismic excitation would also
be highlighted. This study provides a reference for
prevention and control measures of tunnel seismic
damage.

2 Shaking table test design

2.1 Engineering prototype

No. 3 tunnel of Kenya Nahma railway passes
through a series of thick active faults in the east
wing area of East African Great Rift Valley which is
an active rift valley, expanding at a rate of 0.2—
2 mm/year with frequent seismic activities [21, 22].
Thus, this tunnel is easily damaged by normal fault
slip and earthquake action. This tunnel has a
horseshoe-shaped section with a 400 mm thick
lining made of C30 concrete. And the tunnel in fault
is buried at depth of 46 m, and has a surrounding
rock that is strongly weathered and weakly
weathered trachyte. And this tunnel perpendicularly
crosses an active fault that has a dip angle of nearly
90° and a thickness of 59 m.

2.2 Experimental equipment

A multi-functional shaking table test system of
high-speed railway of Central South University was
adopted in test. This system had a table size of 4 mx
4 m, a maximum load of 30 t, a maximum
displacement in X, Y and Z directions of 250 mm,
250 and 160 mm, respectively, a maximum
acceleration of 1.0g, and a working frequency
ranging from 0.1 to 50 Hz. X direction was along
tunnel axis direction; Y direction was horizontally
perpendicular to tunnel axis; and Z direction was

vertical direction. And this system was equipped
with advanced integrated measure construction
(IMC) data acquisition system, which could collect
up to 144 accelerations and strain channel data.

Since gravity acceleration could not be
changed, the similarity ratio of test acceleration was
determined to be 1.0. Considering engineering
practice and bearing capacity of shaking table, the
geometric similarity ratio of tunnel lining and
surrounding rock was 1/20, and the elastic modulus
similarity ratio was 1/30. As shown in Table 1,
other similar ratios were deduced by dimensional
analysis method. According to the similarity ratio of
lining thickness C,=C,/C;"* [23], the similarity
ratio of lining thickness was calculated as 1/6.44.
The model fault dip was set as 90° in which
prototype fault dip is nearly 90°. Figure 1 shows
two-splicing mode of tunnels and faults location in
model box.

The test model box was a welded steel model
box with clearance sizes of 3.3 mx2.3 mx2.4 m
(Iengthxwidthxheight). The box had a baseplate

Table 1 Similarity rules for shaking table tests

Parameter Prototype | Similarity ratio Model
Acceleration/g 0.20 Ca 0.20
Geometry/m 48.00 G 2.40
Elastic modulus/GPa 6.50 Ce 0.22
Density/(kg:m~3) 2.40 Ce/CiCa 1.92
Time/s 30.00 Jaic, 719
Buried depth/m 40.00 G 2.00
Section height/m 9.59 G 0.48
Sectional area/m? 60.99 c’ 0.15
Lining thickness/m 0.40 Ch 0.062
Fault thickness/m 7.00 G 0.35

Note: Ca—aueleration similarity ratio; Cr—geometry similarity ratio;
Ce—elastic modulns similarity ratio; Ck—lining thichness similarity
ratio.
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Figure 1 Arrangement of tunnel model in model box
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with thickness of 15 mm, a 6 mm thick sidewall
reinforced by No. 10 channel steel with a
longitudinal and transverse spacing of 550 mm (as
shown in Figure 2). To reduce the influence of rigid
boundary of model box on test results, four inner
walls of model box were paved with a polystyrene
foam board with a thickness of 200 mm. A 50 mm
thick mortar cushion was laid on the box baseplate
to prevent a relative sliding between surrounding
rock model and model box in test. Finally, the
model box was fixed on the shaking table by ¢#20
bolts.

Figure 2 Model box

The tunnel lining and the surrounding rock
were simulated by cement composited of quartz
sand, barite powder, cement, gypsum and water [24,
25]. According to the mechanics performance of
tunnel lining and surrounding rock and similarity
ratio (Table 1), two mixture ratios of tunnel lining,
strongly weathered rough rock and weakly rough
rock for this test were determined, as shown in
Table 2. Reinforcing bars in tunnel lining were
simulated with fixed steel wire mesh with diameter
of 0.6 mm and spacing of 12 mm [26]. And the fault
of tunnel was simulated with gravel particle size of
10—20 mm.

Table 2 Proportion of similar materials (%)
Quartz  Barite

sand  powder
Tunnel lining  0.65 0.01 0.1 0.07 0.17

Strongly
weathered 0.65 0.01 0.1 0.07 0.17
rough rock

Weakly
weathered 0.65 0.01 0.15 0.02 0.17
rough rock

Material Cement Gypsum Water

And a 1.2 m long wooden template of tunnel
lining model was made, and the steel wire mesh
was fixed in template. The template was poured by

the mixture prepared in accordance with the above
mixture ratios listed in Table 2, and was vibrated
and compacted by a vibrator and thus two tunnel
lining models were finished with a cure for 28 d
and a dismantle after 7 d. Figure 3 shows the tunnel
lining model after cure. Two kinds of surrounding
rock simulation blocks (600 mmx900 mmx400 mm
and 900 mmx900 mmx400 mm) were poured in
line with the same procedure.

Figure 3 Tunel lining model

In this experiment, a special sliding device of
fault was designed and manufactured to realize
three-dimensional fault sliding during experiment in
Figure 4. A ball layer was arranged on the half of
baseplate of model box; 12 rolling grooves with
sizes of 100 mmx=50 mmx2 mm (inner diameterx
heightxthickness) were arranged; 12 steel balls with
a diameter of 40 mm were placed in the rolling
grooves (Figure 4). Then a 10 mm thick steel plate
with length of 1.8 m and width of 1.5 m was placed
on the rigid ball, four 10 t synchronous hydraulic
jacks (FPY-10, stroke 11 mm) were uniformly
arranged on the steel plate, and another 10 mm
thick steel plate was laid on the jacks to bear the
weight of overlying surrounding rock. The sliding
device of fault can realize vertical sliding of fault
before seismic excitation and horizontal sliding
during seismic excitation. Before seismic excitation,
the jack in fault sliding device was started to drive
the upper rock mass to rise, so as to realize fault
vertical sliding. In the process of seismic excitation,
the 12 steel balls fascinated the overlaying rock
strata in model box to horizontally slip. In this
experiment, we arranged acceleration sensors under
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the bottom wall rock, and put them in the steel plate
which were upward the jack (Figure 5). When we
use the special sliding device of fault, the
acceleration sensors will record the acceleration
time curve during this period of time. Then we will
calculate the displacement of the normal fault slip
through the acceleration time curve by software.
Through multiple experiments, we with finally
achieve the normal fault slip magnitude ranging
from 0 to 2 mm.

Foam board

Figure 5 Acceleration sensors in steel plate

The fault sliding device was installed in model
box. Then the surrounding rock model beneath
tunnel, tunnel model, and the surrounding rock
models at both sides of tunnel and top of tunnel
were hoisted and installed into model box
successively. Two tunnels with length of 1.2 m were
bonded by epoxy resin adhesive and a layer of resin
fiber cloth in model box. Surrounding rock
materials with the same proportion were used to fill
joints between layers and between surrounding rock
blocks, so as to avoid a stratification of surrounding

rock materials. A layer of plastic film was laid in
fault fracture zone and surrounding rock to reduce
the friction between them and further improve the
fault sliding. After the completion of sample
installation, the samples were rested for 10—13 h to
realize a natural settlement [27—29].

2.3 Sensor arrangement

Figures 6 and 7 show the arrangement of
acceleration sensors and strain gauge in this test. In
Figure 6, the distribution of strain gauge on cross
section of tunnel was marked from points A to N.
Figure 7 shows the profile expansion of inner and
outer wall of tunnel. The numbers of strain gages
are S11-S16, S21-S26, S31-S36, S43-S46,
S51-S56, S63-S66, S73—-S76, S83—S86, S1(1)—
S1(4), S2(1)-S2(4), S3(1)-S3(4), S4(1)-S4(4),
S5(1)—S5(4), S6(1)—S6(4) along line from points A
to N, respectively. The acceleration sensors were
mainly arranged on al, a2, a3. Because of the
difficulty in arranging strain gages on Section 2 of
tunnel inner wall, we didn’t arrange any strain
gages on these plates. So we didn’t sign Section 2
in Figure 7(b).

\
\
\
N
\,

Left sidewall

Right sidewall

Invert
Figure 6 Arrangement of strain sensors

2.4 Seismic excitation input

In this test, El wave and Kobe wave were
selected as input seismic excitation. El wave was
recorded by El Centro Station during the 1940
Empire Valley earthquake in California, USA. Its
original ground peak acceleration and fault distance
were 0.28g and 6.1 km, respectively. Kobe wave
was recorded in 2004 by Kobe University Station in
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Kobe, Japan. Its original peak ground acceleration
and fault distance were 0.22g and 0.9 km,
respectively. According to the time similarity ratio
in Table 1, the time history curve of seismic wave
was compressed, as shown in Figures 8(a) and (c);
and the corresponding spectrum was obtained
through Fourier transform, as shown in Figures 8(b)
and (d). The frequency components of Kobe wave
mainly ranged from 1.1 to 26.4 Hz and the
dominant frequency was 2.6 Hz, while EI wave
ranged from 2.0 to 41.2 Hz, and dominant one is
6.5 Hz. In Figure 8, the duration of compressed
seismic wave is reduced from the similar ratio to
about a quarter of original wave, so the main
frequency is increased to about four times that of
the original wave.

2.5 Test cases

21 test cases were designed for this test, as
shown in Table 3. When 21 seismic excitations
acted on a group of tunnel models in turn, a plastic
deformation was probably accumulated in tunnel
lining, which may affect the accuracy of test results.
To reduce this adverse effect, fault sliding was
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applied in an ascending order in this test
considering that only a group of tunnel models was
used in this test. Before each case of experiment,
the same white noise was used to detect the
properties of tunnel model itself.

3 Results and discussion

3.1 Boundary effect

By comparing the acceleration peak at the
same depth of tunnel model, the boundary effect of
model box was evaluated. In this experiment, Eq. (1)
was used to calculate Pearson product moment
correlation coefficient [30].
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Figure 8 Acceleration—time histories and corresponding Fourier spectrum: (a) Acceleration—time histories of El wave;

(b) Fourier spectrum of El wave; (c) Acceleration—time histories of Kobe wave; (d) Fourier spectrum of Kobe wave
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Table 3 Loading sequence for shaking table tests

Table 4 Acceleration correlation coefficient

Normal fault Input waveform

No. .
slip/mm Name PGA/g  Direction

1 0 WN 0.05 _
2 0 El 0.20 X
3 0 El 0.20 y
4 0 El 0.20 z
5 0 Kobe 0.20 X
6 0 Kobe 0.20 y
7 0 Kobe 0.20 z
8 1 WN 0.05 _
9 1 El 0.20 X
10 1 El 0.20 v
11 1 El 0.20 z
12 1 Kobe 0.20 X
13 1 Kobe 0.20 v
14 1 Kobe 0.20

15 2 WN 0.05 _
16 2 El 0.20 X
17 2 El 0.20 y
18 2 El 0.20 z
19 2 Kobe 0.20 X
20 2 Kobe 0.20 y
21 2 Kobe 0.20 z

Note: WN—white noise; PGA—peak ground acceleration.

where r is Pearson product moment correlation
coefficient; a; and b; are the two acceleration values
for comparison. Specifically, a; (i=1, 2) represents
the surrounding rock acceleration of position
located in foam plate near the boundary end of
tunnel axis and one near the boundary end of
parallel tunnel axis, respectively; b; (i=1, 2)
represents the surrounding rock acceleration of
tunnel at the same time as a; (i=1, 2). Generally, if
7>0.9, the influence of boundary effect on results of
model test can be ignored.

The acceleration measured at the above
positions in test is substituted into Eq. (1) to obtain
Pearson product moment correlation coefficient, as
shown in Table 4. It can be seen that the influence
of boundary effect of model box on test results can
be ignored and the test results are reliable.

3.2 Acceleration response

Under the action of normal fault slip, the
seismic acceleration of crown and sidewalls of
tunnel in fault is shown in Figure 9. In Figure 9, X,

Test ID Boundary al.ong Boundary pa.rallel
tunnel axis tunnel axis
El 0.967 0.959
Kobe 0.968 0.932

Y and Z represent the x, y and z direction of
acceleration under corresponding to x, y and z
direction seismic excitation, respectively. As shown
in Figure 9, the peak acceleration of Z direction on
crown positioned at point S4(3) under Z direction
seismic excitation is more than that under X or Y
directions Kobe or El seismic excitation. And the
peak of Y direction on the sidewall positioned at
point S3(3) under Y direction seismic excitation is
more than that under X or Z direction Kobe and El
seismic excitation. Under 0.2g seismic excitation,
the peak accelerations of tunnel in X, Y and Z
directions under normal fault slip with 1 and 2 mm
are closed to that with 0 mm, so the influence of
small faults slip on seismic acceleration could be
ignored. And the peak accelerations of tunnel
generated by X direction seismic excitation are
small.

3.3 Strain response

The incremental strain response of tunnel
generated by X direction seismic excitation is small.
Therefore, the tunnel incremental strain responses
generated by Y and Z directions seismic excitation
are merely discussed in this section.

Figure 10 shows the incremental strain of outer
tunnel lining in fault under fault sliding and seismic
excitation of El wave. Figures 10 (a) and (b) show
that under Y direction of seismic excitation, the
incremental strains on outer wall of sidewall
points B and C are the largest among points A to
H in Figure 6. Figures 10(c) and (d) show that
under Z direction of seismic excitation, the
incremental strain on outer wall of inverting point A
is larger than those on other points plotted in
Figure 6. Figure 10(b) shows that when fault
vertical slip increases from 0 to 2 mm, the
maximum incremental strain of the outer tunnel
lining in fault obviously increases from 40ue to
100pe. And this might induce tunnel lining to
fracture. So, it could deduce that fault vertical slip
increases the incremental seismic strain response of
tunnel lining, and the tunnel lining is more valuable
damage undergoing normal fault slip and
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Figure 9 Variation of peak acceleration with normal fault slips: (a) Kobe wave tunnel crown; (b) El wave tunnel crown;

(c) Kobe wave tunnel sidewall; (d) El wave tunnel sidewall in fault

earthquake than only undergoing earthquake.

Figure 11 shows the incremental strain of outer
sidewall of tunnel under fault sliding and Y
direction seismic excitation. Figures 11 (a) and (b)
show that under El and Kobe wave excitation, the
incremental strain on outer wall of sidewall along
line C (shown in Figure 7) decreased with
increasing of distance from the fault among 0
(point S36 in Section 1), 420 (point S34 in
Section 2) and 840 mm (point S31 in Section 3)
under the fault sliding of 0, 1 and 2 mm,
respectively. And the change of incremental strain
along line B for point S26 in Section 1, S24 in
Section 2, and S21 in Section 3 is the same to that
along line C.

Figure 11(a) also shows that the incremental
strains of outer wall of sidewall on Section 1
(0 mm) and Section 2 (420 mm, 1.2 times fault
thickness) increase under Y direction excitation
when the normal fault slip increases from 0 to 2
mm. This suggests that normal fault slip could
amplify the strains of outer sidewall zone with 1.7

times fault thickness and centered in tunnel fault
under 0.2g seismic excitation. The reason is
speculated that the outer wall of concrete tunnel
lining is subjected to tension deformation caused by
normal fault slip before seismic excitation, and a
more incremental strain is generated by a seismic
excitation. So, the incremental strain induced by
normal slip or seismic excitation is larger than that
only induced by seismic excitation. The incremental
strain response on sidewall of tunnel lining in fault
is similar.

Figure 12 shows the incremental strain of outer
wall of crown under fault sliding and Z direction
seismic excitation. Figure 12 shows that under El
and Kobe wave excitation, the incremental strain on
outer wall of crown along line E decreases with
increasing of distance from the fault between 0
(point S56 in Section 1) and 840 mm (point S51 in
Section 3) under the fault sliding of 0, 1 and 2 mm,
respectively. And the change of incremental strain
of invert along line A on point S16 in Section 1 or
S11 in Section 3 is the same to that along line C.
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Figure 10 Incremental strain of tunnel lining in fault induced by El wave (unit: pe): (a) On outer wall under Y direction;

(b) On inner wall under Y direction; (¢) On outer wall under Z-direction; (d) On inner wall under Z direction

As shown in Figure 12, faults slips have a
significant amplification effect on the incremental
strain response of tunnel lining, and little effect on
the tunnel lining zone far away fault with distance
of 2.4 times thickness. At the same time, with the
increase of normal fault slip, the overall incremental
strain of outer wall of tunnel in fault shows an
upward trend. Besides, there is a large incremental
strain on tunnel invert inducing a tensile action and
small incremental strain on crown in which the Z
direction seismic excitation is the same to the
direction of normal fault slip. Thus, it is inferred
that the increase of incremental seismic strain on
crown and invert is caused by normal fault slip.

Figures 13 and 14 show the incremental
seismic strain of inner wall of tunnel crown in fault
under normal fault slip. Figures 13 and 14 show

that under El and Kobe wave excitation, the
incremental strain on outer wall of sidewall along
line L decreases with the increase of distance from
the fault between 0 (point S4(4) in Section 1) and
840 mm (point S4(1) in Section 3) under the fault
sliding of 0, 1 and 2 mm, respectively. And the
change of incremental strain along line I on point
S1(4) in Section 1, S1(2) in Section 3 is the same to
that along line L.

It could be seen from Figures 11 and 13 that
under the normal fault slip of 0-2 mm, the
incremental strain of inner wall was smaller than
that of outer wall at the same position of tunnel.
However, under normal fault slip of 2 mm, the
incremental seismic strain of inner wall of crown
and invert in fault exceeds 100ue. And it could be
suggested that a large normal fault slip has a great
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impact on the seismic strains of tunnel inner wall. It
can also be seen from Figure 14 that under fault slip
and Y direction seismic excitation, the incremental
strain of the inner wall of sidewall is larger than that
of shoulder.

A numerical
crossing fault shows that under the action of normal
fault slip, the sidewall is most affected, while the
crown and invert are least affected [31—33]. While
under the joint action of normal fault slip and 0.2¢g
seismic excitation, the right sidewall of lining in
fault is mainly affected by Y direction seismic
excitation; the crown and invert of lining in fault is
mainly affected by Z direction seismic excitation.

simulation result of tunnel

3.4 Influence of normal fault slip on
characteristic frequency of tunnel model
Referring to the tunnel Ilining damage

identification technology [34], the accelerations of

crown and sidewall of tunnel in fault layer collected

from the white noise in cases 1, 8 and 15 are

Fourier transformed to obtain the frequency
spectrum of each working condition. The
characteristic frequencies of tunnel model in cases 1,
8 and 15 are obtained, as shown in Figure 15. It
could be seen from Figure 15 that the characteristic
frequency of tunnel model is reduced from 21.85 to
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Figure 15 Variation of dominant frequencies with
seismic excitation and normal fault slip
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15.15 Hz, and that of the sidewall is reduced from
31.8 to 27.04 Hz. Therefore, the characteristic
frequency of tunnel decreases with increase of
normal fault slip. It indicates that the overall
stiffness of tunnel decreases obviously under the
action of normal fault slip and earthquake.

4 Conclusions

In this experiment, a new type of fault sliding
device is designed, and the seismic response of
tunnel across a fault under the normal fault slip is
studied by shaking table tests. The
conclusions are drawn as follows:

1) Peak acceleration of lining is dominated by

main

the existence of fault and direction of seismic
excitation, not normal fault slip.

2) Incremental strains of lining in critical zone
with 1.7 times fault thickness and centered in faults
induced by normal fault slip and seismic excitation
are larger than that only by seismic excitation. And
the incremental strains in critical zone increase with
increases of normal fault slip magnitude ranging
from 0 to 2 mm.

3) Under action of normal fault slip, the
sidewall and invert have a maximum incremental
strain under Y and Z direction seismic excitation,
respectively.

4) Normal fault slip results in a significant
reduction of overall tunnel stiffness after earthquake
excitation.
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