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      Abstract: During propagation of the compression seismic 
P-waves, the tunnels are subjected to ovaling deformations.  In 
cases where the soil stiffness is varying along the tunnel 
cross-section, tunnel lining may take sharper deformed shapes 
and subjected to magnified bending moments and thrust forces.  
This paper investigates the effect of the soil stratification on the 
seismic behavior of circular tunnels under P-waves loading. A 2D 
finite element models with time history earthquake (EQ) analysis 
were performed accounting for different tunnel/soil interface 
slippage conditions. The finite element analysis results were 
compared with recent analytical solution for calculating the 
seismic forces of the tunnel lining. The study proved that soil 
stratification has a great effect on the tunnel seismic forces and it 
should be considered in the analysis and design. Illustrative 
curves were presented in this paper to give approximate 
magnification factors for the anticipated forces. It should be used 
as a guide in the preliminary design stage. 
 
   Keywords: Soil Stratification, Seismic P-Waves, Circular 
Tunnel, Earthquake Loads. 

I. INTRODUCTION 

Propagating of seismic compression P-waves in a direction 
perpendicular to the tunnel longitudinal axis, results in 
ovaling deformations of the tunnel lining cross-section [26]. 
Loads induced by vertical propagation of these waves are 
similar to surface surcharge load action. It is common in the 
design to assume that tunnels are embedded in single 
homogeneous soil even when the soil has slight differences in 
the geotechnical properties. Tunnels may be excavated or 
constructed in stratified soil with large difference in the 
stiffness. In such cases, seismic behavior of the tunnels will 
be more sensitive and the effect on tunnel lining forces 
should be addressed. It is common to provide rock anchors 
and thicker shotcrete lining for the tunnels where it passing in 
stratified rock to sustain the geostatic loads [7]. In case of 
earthquake loadings, these extra supports will be more 
important. The seismic response for tunnels in spatial 
variable ground motion is an important issue and should be 
considered in the tunnel design [9]. Several studies have been 
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performed on seismic analysis for tunnels in stratified soil. 
Previously under transverse S-waves was assuming no-slip 
interface condition [2],[3]. These studies highlighted the 
importance of the soil stratification effect on the tunnel 
design. It was found that tunnel lining forces increased up to 
5 times when the layers interface crossing the tunnel lining at 
the invert level when the upper layer was stiffer than the 
lower layer by 20 times [3].  Hong Wang [2] mentioned that  
the seismic analysis of  tunnels embedded in stratified soil 
with different soil-lining interface conditions or real interface 
condition should be investigated. Kouretzis et al. [4] 
proposed a new set of analytical expressions to calculate the 
tunnel liner forces due to seismic P-wave propagation. The 
analytical solutions mostly assume two extreme slippage 
conditions (No-Slip and Full-Slip) in modeling the tangential 
behavior of the soil/lining interface [8]. The analytical 
solution assumes homogenous and elastic properties for the 
soil. In this study, the effect of the soil stratifications on the 
performance of circular tunnels- under seismic P-waves with 
different interface slippage conditions- is investigated. The 
analysis results were compared very well with the analytical 
solution results. 

II. MODEL DESCRIPTION 

2D finite element analysis for circular tunnels embedded in 
multi-layered soil conditions was carried out. 
ABAQUS/Standard finite element code [1] was employed for 
the analyses, as it possess several contact simulation 
techniques. 

Fig.1 describes the basic model geometry and the applied 
pressure loading. Elastic beam element (type= B21) was 
adopted to model the tunnel liner. Elastic plane strain element 
(type= CPE4) were used to model the soil medium. Infinite 
elements (type=CINPE4) were introduced at the top and 
bottom parts of the model. Infinite element can function as an 
absorbing boundary in wave propagation problems to avoid 
wave reflection [5]. 

 TABLE I summarizes the soil properties, P-wave loading 
and the geometric properties of the tunnel used in the analysis 
models. The pressure loading 1.6 MPa was calculated based 
on earthquake magnitude Ms>5.5 and peak ground velocity 
of 0.379 m/s for rock soil layers [4]. The pressure loading 
assumed constant for all soil layers stiffness. 
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Full-slip and No-slip conditions were simulated by using 

the contact interaction features which built in ABAQUS 
software. The normal behavior was defined by implementing 
a hard contact formulation with no-separation allowed 
(contact pressure or tensile stress is possible) between the 
tunnel outer surface and soil surface. 

 
Dynamic implicit analysis has been performed for all 

models with initial, minimum, and maximum time 
increments of 10-6, 10-12, and 10-2, respectively.  

III. ANALYSIS MODELS USING P-WAVE 

PRESSURE LOADING 

The first set of analysis models were performed by applying 
vertical pressure loading on the bottom boundary of the soil 
medium to simulate the P-wave vertical propagation. The soil 
media size in these analyses is 40×40m.  

Full-slip and No-slip ground/tunnel interface conditions 
were adopted to investigate the effect of the slippage 
conditions on the seismic forces increments. Preliminary 
analyses were carried out to address the most unfavorable 
location of the soil layers interface. It was found that soil 
layers interface when cross the tunnel at the crown gives the 
maximum increments in the seismic forces. So, only crown 
location was considered in this set of analysis. 

IV. ANALYSIS MODELS USING EARTHQUAKE 

TIME HISTORY ANALYSIS 

The second set of analysis models were performed under 
the application of earthquake time history vertical 
acceleration for KOYNA earthquake (See Fig 2) magnitude 

of 6.5 on the Richter scale on December 11, 1967 [1].  The 
soil media in this set of analysis was enlarged to be 60m 
width by 40m height in order to achieve more accurate 
models.  

 
Fig 2. KOYNA Earthquake vertical acceleration 

Two soil layers with different stiffness were considered in 
the study with five profiles. Soil Type B represents the softer 
soil layer while soil type D is the stiffer layer. Fig. 3 shows 
the soil layers’ configuration for profile 1 in which the top 
layer is type B and the depth of lower layer D varies from y/H 
of 0.21 to 0.81.  

Where:  
  H: is the total depth of the soil layers 
  y: depth of the lower layer or location of the layers 

interface from the bottom.  
In Profile 2 soils B and D are reversed. The basic or 

reference soil type in profile 1 is type B. 
Fig. 4 shows the soil layers’ structure for profile 3. In this 

soil profile, basic soil type in all models is type B and 
location of intermediate soil layer type D varies from y/H of 
0.36 to 0.81. The intermediate layer thickness is 2m. 

Profile 4 is similar to profile 3 with reversing the upper and 
lower soil types. The basic soil type in all models is type D 
and the depth of lower soil layer type B is variable. Profile 5 
is similar to profile 2 with changing the full-slip interface 
condition to No-slip condition. 

 

 
Fig. 3. Finite element model: Soil layers Profile 1 

TABLE I : Input Data of the Example Case 
Study 

 Ground Mass Properties 

(A) 10, (B) 250, (C) 500,  
(D) 1000 MPa 

Modulus of elasticity, Es 

0.30 Poisson ratio,ν 

2.0 Mg/m3 Soil Density, ρ 

 Liner Properties 

19 GPa Modulus of elasticity, El 

4.0 m Tunnel radius, r 

0.2 Poisson ratio, νl 

0.15, 0.45 m Thickness, t  

 Seismic Excitation 

1.60 MPa  Peak seismic stress σmax 

  

 

Fig.1 Finite element model: elements meshing 
and input P-wave load. 
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V. RESULTS AND DISCUSSION 

 In Table-II the numerical analysis results are compared to 
the calculated seismic thrust force and bending moment 
based on closed-form solution proposed by Kourtzis [4] (See 
Appendix A).  

 
 
From the results shown in Table-II, it can be concluded 

that the analytical solution results in terms of thrust forces are 
in good agreement with the numerical predictions with 
differences of less than 2% for thrust forces and less than 
12% for bending moments. Most the previous studied which 
validated the closed form solution using numerical analysis 
were verified that bending moments resulting from numerical 
analysis models are less than closed form solutions [4], [5], 
[10]. Hence, the differences shown in bending moment is 
accepted since it agreed with the previous studies. 

Tables III and IV summarize the results for the numerical 
analysis models under the application of seismic vertical 
pressure loading. EL and Eu represent the soil types for the 
lower and upper ground layers, respectively. First, second, 
and fifth rows in the table show the single layer results. RA is 
a magnification factor equal to maximum bending moment 
value result from two layers model divided by result from 
single layer model with soil type A as per (1). Similarly, RB 
and RD are the magnification factors as per (2) and (3), 
respectively. 

  

  

 

Where  
   M: bending moment for tunnels in two-layered soil 
   MA: bending moment for tunnel analyzed with single 
           layer soil Type A 
   MB: bending moment for tunnel analyzed with single 
           layer soil Type B 
   MD: bending moment for tunnel analyzed with single 
           layer soil Type D 
 
From Table-III it can be concluded that magnification 

factor RA for maximum bending moment is approximately 3. 
And for the thrust forces is 2. From Table-IV the 
magnification factors are less than table III which reveal that 
tunnels with thicker liner are less sensitive to the soil 
stratification.  

Fig. 5 to Fig. 8 show the analysis results for the time 
history earthquake analysis. The figures show that worst 
scenario is when the upper layer are more stiff than lower 
layer and the layers interface crossing the tunnel lining near 
the crown. One can notice that, the critical location for the 
layers interface in case of shear waves lading was found at the 
invert level as mentioned in section I. Bending moments in 
such scenario increased to 3 times in comparison with the 
single layer model results while the thrust forces are 
increased by 40% only which indicates that trust forces are 
less sensitive to soil stratification. In Fig. 6, it can be seen that 
magnification factors for the models considering No-slip 
slippage condition are more than those of models with 
Full-slip condition. Fig. 7 and Fig. 8 show that models results 
for tunnel built in basic stiff ground and intermediate thin soft 
soil layer intercept the tunnel at different locations. In Fig. 8 it 
can be seen that the increments in the maximum bending 
moments are almost 80% more than single stiff layer and 
60% for the maximum thrust forces. 
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Table-III: numerical results in terms of 
maximum thrust forces and Bending 

moments-full-slip condition and crown interface 
location a b 

Soil Layers  LE UE Bending 
Moment 

maxM 

Thrust Force 
maxN 

Single layer A A 250 3218 
Single layer D D 3.4 1582 

Two Layers A D 814 
(3.2)c 

6475 
(2) 

Two Layers D A 20 
(0.08) 

585 
(0.18) 

Single layer B B 12.7 2576 

Two Layers A B 585 
(2.3) 

5871 
(1.8) 

Two Layers B A 44 
(0.17) 

1031 
(0.32) 

a. Values are represented in KN.m and KN per running  m of liner perimeter  
b. Es=500×106 ,t=0.15m , First set models using P-waves pressure loading 
c. Values in brackets () is RA values  

Table-II: Comparison of Numerical and Analytical 
Results in Terms of Maximum Bending Moments 

and Thrust Forcesa b 
Slippage 

Condition 
Numerical 
Solution 
Mmax 

Kouretzis 
Analytical 
Solution 
Mmax 

Numerical 
Solution 
Nmax 

Kouretzis 
Analytical 
Solution 

Nmax 
Full-Slip 26.9 25.6 2979 2957 

  (-4.8%)c  (-0.73%) 

No-Slip 22.3 19.7 6125 6023 

  (-11.66%)  (-1.66%) 
a. Values are represented in KN.m per running m of liner perimeter for bending moments, 
 and in KN per m for thrust forces. 
b. Es=500x106 ,t=0.15m, Single soil layer ,First set models using P-waves pressure loading  
c. Values in brackets () shows the differences to numerical results 
 

Fig. 4. Finite element model: Soil layers Profile 3 
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Fig. 8. Tunnel lining maximum bending moment and 

thrust force for Profile (4) of soil layers. (EQ time history 
analysis) 

VI. CONCLUSION 

 In this study, the seismic performance for circular tunnel 
subjected to vertically propagated P-waves loading and built 
in stratified ground have been investigated numerically.  Two 
sets of analysis were performed. In the first set of analysis, 
the P-wave loading were simulated by vertical pressure 
loading to allow comparison with the analytical method 
results. The second models set were carried out by applying 
earthquake time history vertical acceleration for real past 
earthquake. Different profiles for stratified soil with variable 
stiffness have been considered in the analysis to investigate 
the increments in the seismic induced tunnel lining forces in 
terms of maximum thrust forces and bending moments.  

From the study, the main conclusions drawn can be 
summarized as follows: 
1) The critical location for the ground layers interface is 

where it crosses the tunnel lining near the crown.  
2) For tunnels embedded in stratified ground with upper 

layer stiffer than lower layer causes increments in the 
tunnel lining seismic bending moments is 3 times more 
than the single layer model results and thrust forces are 
increases by 40%. 

3) Thin tunnel lining is more sensitive to soil stratification 
than thick ones. 

4) No-slip condition assumption gives more conservative 
results than full-slip condition. However, based on this 
study the variation in the slippage conditions has no 
considerable effect on the tunnel seismic forces. 

5) Tunnels built in stiff ground and intercept by thin softer 
layer subjected to seismic forces show increases of 80% 
in the maximum bending moment and 60% in thrust 
forces. 

The study proved that tunnels built in multi layered soil 
required careful investigation.  Further studies and improved 
models are needed to include other tunnel sizes, liner 
thicknesses, and non-linear soil behavior. Tunnel located in 
stratified rock may be need studies as well. 
 
 
 
 
 

Fig. 7.  Tunnel lining maximum bending moment 
and thrust force for Profile (3) of soil layers. (EQ 

time history analysis) 

Fig. 6.  Tunnel lining maximum bending moment 
and thrust force for Profiles (2 and 5) of soil layers 

(EQ time history analysis) 

Fig. 5.  Tunnel lining maximum bending moment 
and thrust force for Profile (1) of soil layers. (EQ 

time history analysis) 

Table-IV: numerical results in terms of 
maximum thrust forces and Bending 

moments-full-slip condition and crown interface 
location a b 

Soil 
Layers  

LE UE Bending 
Moment 

maxM 

Thrust Force 
maxN 

Single 
layer 

A A 1997 3491 

Single 
layer 

D D 83 2433 

Two 
Layers 

A D 3336 
(1.7)c 

7276 
(2.1) 

Two 
Layers 

D A 91 
(0.05) 

955 
(0.27) 

Single 
layer 

B B 299 3059 

Two 
Layers 

A B 3233 
(1.6) 

6564 
(1.9) 

Two 
Layers 

B A 244 
(0.12) 

1010 
(0.30 ) 

d. Values are represented in KN.m and KN per running  m of liner  perimeter  
e. Es=500×106 ,t=0.45m , First set models using P-waves pressure loading 
f. Values in brackets () is RA values  
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APPENDIX  

Internal forces of a circular liner due to P-wave 
propagation, under no-slip and full-slip interface conditions 
can be given from the following equations [4]: The analytical 
solution deals with the analysis of circular tunnel due to 
P-wave propagation. 

 
M  lining bending moment 
T lining axial thrust forces 
I  second moment of inertia  
A  cross sectional area  
C compressibility ratio 
F flexibility ratio 

 
No-Slip Condition: 
Thrust force 
 

Bending moment 
 

Full-Slip Condition: 
Thrust force 
 

Bending moment 
 

 
Where:  
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