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Figure 2 (Color online) Soil shear modulus attenuation and damping ratio models. (a) Mixed fill soil ZTTO01; (b) medium-coarse sand YL-01;
(c) round gravel DT-02; (d) medium-coarse sandYL-04; (e) round gravel DT-03; (f) medium-coarse sand BM-04; (g) silty clay gravel GY-03.
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Figure 3 (Color online) Finite element model.
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Figure 5 (Color online) Displacement fields at 0.007, 0.0115, and
0.0155 ms without infinite element boundaries. (a) 0.007 ms displace-
ment field; (b) 0.0115 ms displacement field; (c¢) 0.0155 ms
displacement field.
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Figure 6 (Color online) Displacement fields at 0.007, 0.0115, and
0.0155 ms with infinite element boundaries. (a) 0.007 ms displacement
field; (b) 0.0115 ms displacement field; (c) 0.0155 ms displacement
field.
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Figure 7 (Color online) Comparison between numerical and analytical solutions for bending moments and axial forces in lining sections at 45°.
(a) Comparison of bending moments with full interface slip; (b) comparison of bending moments with without interface slip; (c) comparison of axial
forces with full interface slip; (d) comparison of axial forces with without interface slip.
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Figure 8 (Color online) Horizontal and vertical canonical spectrum. (a) Horizontal canonical spectrum; (b) vertical canonical spectrum.
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Figure 10 (Color online) The selection results of horizontal and vertical ground motions based on horizontal and vertical target spectra.

(a) Horizontal median Sa matching; (b) vertical median Sa matching.
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Figure 11 (Color online) The calculation results of correlation between different IMs and EDPs under horizontal seismic action.
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Figure 13 (Color online) The calculation results of practicability between different IMs and EDPs under horizontal seismic action.
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Figure 14 (Color online) The calculation results of profitability between different IMs and EDPs under horizontal seismic action.
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Figure 15 (Color online) The calculation results of correlation between different IMs and EDPs under joint horizontal and vertical seismic action.
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Figure 16 (Color online) The calculation results of effectivity between different IMs and EDPs under joint horizontal and vertical seismic action.
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Figure 17 (Color online) The calculation results of practicability between different IMs and EDPs under joint horizontal and vertical seismic action.
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Figure 18 (Color online) The calculation results of profitability between different IMs and EDPs under joint horizontal and vertical seismic action.
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Figure 19 (Color online) Regression analysis results of different ground motion intensity measures under horizontal seismic action. (a) InSa-InEDP;

(b) Inf,-InEDP; (c) InPGA-InEDP; (d) InPGV-InEDP.
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Table 3 Safety margin ratio under the frequently occurring earth-
quake
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Table 4 Median value of seismic resistance capacity in different limit
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BTIRES KT K- AHZELLER (%) BUIRES KT KPR FHZELLER (%)
BRI 4.44 2.33 47.43 Bs 21.26 13.86 34.8
A 7.68 4.61 39.97 AR 30.02 21.52 283
P 15.32 10.87 29.04 P A 46.38 37.48 19.1
e 24.14 19.12 20.783 EeExii] 61.75 54.00 125
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Figure 20 (Color online) Regression analysis results of different ground motion intensity measures under joint horizontal and vertical seismic action.
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Table 5 Median value of seismic resistance capacity in different limit
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Table 6 Median value of seismic resistance capacity in different limit
states (Sa/g)

PHIRAS KF KPR FHZELER (%) BUIRES KT KPR FHZELLER (%)
B 24.89 13.04 47.60 Bs 0.38 0.20 4736
A 41.66 25.25 39.39 SR L] 0.67 0.40 40.29
P E A 79.70 58.06 27.15 P 1.34 0.95 29.10
EeExiaY] 122.19 100.48 17.76 EeExi]] 2.11 1.67 20.85
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Figure 21 (Color online) Seismic fragility curves under different
ground motion intensity measures and combined horizontal-vertical
ground motions. (a) The vulnerability curve with Zy as the parameter of
ground motion intensity; (b) vulnerability curve with PGV as the
parameter of ground motion intensity; (c) the vulnerability curve with
Sa as the parameter of ground motion intensity.
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Table 7 Safety margin ratio under the design earthquake

HRE KF AKP-RE HEE (%)
Bt 222 1.17 47.43
SR L] 3.84 2.31 39.97
e 7.66 5.44 29.04
e 12.07 9.56 20.783
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Table 8 Safety margin ratio under rarely occurring earthquake

BRE KF AKP-RE HZEE (%)
Bt 1.01 0.53 47.43
SR L] 1.74 1.04 39.97
FEE 3.48 247 29.04
Fatece 180 5.48 434 20.783
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Shen W H, Ding Z D, Zi H. Seismic response and structural safety analysis of layered soil shield tunnel under strong earthquake (in Chinese).
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Seismic fragility analysis of subway tunnel under horizontal and
vertical ground motions

WANG XiaoLei, SUN Heng, ZHAO ZiXu, HE Wei, HAN ZiAn & YAN WeiDong

School of Civil Engineering, Shenyang Jianzhu University, Shenyang 110168, China

Seismic safety of subway tunnels, considering both horizontal and vertical ground motion and the effects of uncertainty, is
insufficiently researched. To delicately consider the seismic safety assessment of subway tunnels under the joint effect of horizontal
and vertical ground motion, this paper developed a joint horizontal and vertical ground motion selection method based on a multi-
objective optimization algorithm, which is targeted on the horizontal and vertical code spectra of the tunnel structure, and the
horizontal and vertical ground motion records were jointly selected to match the both horizontal and vertical code spectra. Based on
the criteria of correlation, efficiency, practicability, and profitability, the optimal intensity measure of tunnel structures under
horizontal and vertical ground motion was assessed. Based on the optimal intensity measure, the seismic fragility of tunnel structures
under horizontal and vertical ground motions was analyzed, and the seismic safety assessment of subway tunnels under horizontal and
vertical ground motions was assessed. The analysis results have indicated as follows: the effect of vertical ground motion is relatively
insignificant on the assessment of the optimal intensity measures, and the optimal intensity measure of the ground motion is the
Velocity Compound Intensity, /y; the structural safety margin of the tunnel structure under the joint of horizontal-vertical ground
motion is significantly less than that under the horizontal ground motion, and the structural safety of subway tunnels is significantly
affected by the vertical ground motion. The results of this study would provide a reference for seismic design and assessment of
subway tunnels under multi-dimensional ground motions.

horizontal and vertical ground motion, ground motion selection, subway tunnel, optimal intensity measure,
fragility analysis
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