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relatively unclear compared with that from @D to @, 3 to @. The failure modes of each
stage are shown in Fig.3— Fig.5.

3 ANALYSIS ABOUT ACCELERATION RESPONSE

In order to improve the pertinence and continuity of the analysis, the double-sided ( X-
Z) loading conditions ( GK,, GK,, GK,,, GK;;) of the Wenchuan-Tangyu wave are
selected for seismic dynamic response analysis.

Figure 3 Loose body stripping stage

Figure 4 Development stage of local earthquake damage

Figure 5 Whole failure stage

3. 1 Analysis about Time Peak of Acceleration

Fig.6 shows the time when the acceleration response of GK; slope reaches the peak
value. With the increase of slope elevation, the time when the acceleration of X-direction
and Z-direction reaches their peak values presents an opposite trends. The peak acceleration
time in X-direction shows an advanced trend with the increase of elevation, while thethat of
Z-direction presents a delayed trend with the increase of elevation. In addition, the peak
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acceleration time of different directions at the same position is not consistent. It can be
considered that the transmission of the horizontal seismic waves in rock and soil has greater
influence on its internal structure, and the farther away from the seismic source, the less
similarity between the acceleration response time curve and the input seismic wave time
curve. On the contrary, the vertical seismic wave transmission has less influence on the soil
structure, and the similarity between the acceleration response time curve and the seismic
wave time curve is higher. Therefore, with the increase of the distance from the seismic
source, the time of peak acceleration corresponding to the input seismic wave will be further
delayed.

?:3 Z-direction

X-direction

Measuring point

39 41 43 45 47
Peak time /s

Figure 6 Time Chart of peak acceleration of slope surface

3. 2 Analysis of Acceleration Variation against Slope Elevation

We select the acceleration sensors A,, A;, A , A, ,A,A,,A, to draw the relation
curve between the peak acceleration and slope elevation. From Fig.7, we can obtain the
following information. Firstly, both horizontal and vertical peak acceleration increase with
the increase of shaking table load. Secondly, by analyzing the variation rules of the peak
acceleration of the tunnel soil, we can conclude that before the stable stage and the loose
body stripping stage (GK,,), the peak acceleration difference between the tunnel vault and
inverted arch area is small. After entering into the development stage of local earthquake
damage and the whole failure stage of the model, the nonlinear response of slope
acceleration is prominent, the curve decreases obviously at the vault of the tunnel, but
increases obviously at the inverted arch. The acceleration response in the vault and inverted
arch areas shows an opposite varying trend, and the peak values present a “staggered peak
distribution”. Furthermore, the vertical acceleration has a more strikingly violent change.
According to the tunnel failure situation, the bottom of inverted arch area at the portal
section subsides. Therefore, the “staggered peak distribution” phenomenon of the maximum
acceleration values at the vault and inverted arch area can be considered as a criterion
indicating that the tunnel enters into the threshold of dynamic failure.

3.3 Variation Rules of Peak Ground Acceleration and Coefficient of Amplification

We summarize the variation rules of peak ground acceleration (PGA) and the PGA
amplification factor of vault and inverted areas with the change of shaking table
acceleration, as shown in Figs.8-9. Among them, PGA amplification factor is defined as the
ratio of the peak acceleration of A, and A,, in vault and inverted arch areas to the peak
acceleration of A, measuring point at the slope bottom.
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Figure 7 Variation curve of peak acceleration response against slope elevation
(a) Horizontal peak acceleration curve; (b) Vertical peak acceleration curve
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Figure 8 Relationship curve between PGA in the inverted arch area and the
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Figure 9 Relationship curve between PGA in the vault area and the PGA of shaking table
(a) PGA-X of the vault area; (b) PGA-Z of the vault area

It can be seen from Fig.8 and Fig.9 that the variation trend of the PGA and PGA
amplification factor is different. The PGA trend increase linearly before the development
stage of local earthquake damage, and then increases suddenly in the whole failure stage of
the slope, while the variation trend of the PGA amplification factor generally shows a
decreasing trend in the development of local earthquake damage and the previous stages. The
main reason is that the slope has a shear-out trend at the toe of the slope, in which the soil
is relatively loose compared with the soil in the upper part of the slope during the vibration
process. Furthermore, the data obtained by the accelerometer are relatively large, leading to
a decreasing trend of the PGA amplification coefficient.

After entering into the whole failure stage, the PGA amplification factor becomes
consistent with that of PGA, and both of them increase suddenly, mainly due to the failure
of soil around the tunnel. Therefore, the PGA amplification factor response of the slope is
related to the failure state of the slope, which is not only associated with its own physical
mechanics and geometric shape (internal factors) (Liu Jia et al., 2009) , but the intensity
of seismic waves ( external factors) ( Xu Guangxing et al., 2008 ). Therefore, the
characteristics of slope and seismic wave intensity are two important factors affecting the
variation of PGA amplification factor.

3.4 Variation Analysis of the Acceleration Along Tunnel Depth

Fig. 10 shows that the acceleration response dose not decrease with the increase of
tunnel depth when the input seismic intensity is small. At this time, the tunnel is still in the
stage of linear dynamic response. The main reason is that the overburden soil layers of the
shallow-buried tunnel is thin; moreover, the enlargement effect of the portal section is not
obvious caused by the free surface effect of the slope surface. When the input seismic
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intensity increases, the tunnel enters into the nonlinear failure stage, the amplification effect
of the portal section becomes more obvious. The joint is located at a depth of 50 cm in the
tunnel, where the varying trend of the acceleration in the inverted arch area and the vault
area is opposite. The acceleration value in the vault area is far greater than that in the
inverted arch area. At this stage, the tunnel is broken at the joints, ¢ showing a “staggered
peak distribution” pattern.
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Figure 10 The relationship between peak ground acceleration and tunnel depth
(a)PGA-X of the inverted arch area; (b)PGA-Z of the inverted arch area;
(¢)PGA-X of the vault area; (d) PGA-Z of the vault area

4 ANALYSIS OF THE PRESSURE REPONSE OF SURROUNDING ROCK

Fig.11 shows the distribution of soil pressure along the tunnel depth at the vault and
inverted arch area. The curve above the X-axis indicates that the soil pressure of the
measuring point is greater than the static soil pressure; on the contrary, the curve below the
X-axis indicates that the soil pressure at the measuring point is less than the static soil
pressure. The variation rules of soil pressure on the inverted arch and vault area along the
depth of the tunnel also presents the pattern of “staggered peak distribution”.

It can be seen from Fig.11 that the soil pressure increases at the point 50 cm to the
inverted arch area, while the soil pressure at the vault changes slightly. Moreover, the point
50 cm to the inverted arch area is also the joint position of the tunnel, which belongs to the
weak section. Thus, we infer that the bending occurs at the point. Combined with the
subsidence phenomenon in the portal section of the tunnel during the whole failure stage,
the overall deformation schematic diagram of the tunnel is summarized as shown in Fig.12.
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Figure 11 The relationship curve between peak soil pressure and tunnel depth
(a)Soil pressure at the inverted arch area; (b) Soil pressure at the vault area
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Figure 12 Schematic diagram of tunnel deformation

5 CONCLUSION

This study analyzes the failure mode, acceleration response and surrounding rock
pressure response of the shallow-buried loess tunnel model under the load generated by
earthquakes. Main conclusions are obtained as follows:

(1) The failure process of shallow-buried loess tunnel and slope model traversing high
loess slope under seismic load is summarized into four stages, which are “stable stage,
loose body stripping stage, local earthquake damage development stage, and whole failure
stage” .

(2) The “staggered peak distribution” phenomenon of the peak acceleration values at
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the vault and inverted arch areas is proposed as a criterion which indicates that the tunnel
enters into the threshold of dynamic failure.

(3) Due to the insufficient constraint of the overburden soil layers on the shallow-
buried loess tunnel under the effect of earthquakes, the free surface effect of the slope
surface may exert great influence on the overall anti-seismic performance of the tunnel,
leading to weak earthquake resistance ability. The acceleration, soil pressure and typical
failure characteristics of the tunnel joints indicate that the expansion joints, settlement joints
and working joints of a tunnel are the key parts for seismic resistance.
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