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A B S T R A C T  

   

Earthquake and its catastrophic failures is one of the disturbance worry of Civil Engineers. In 
geotechnical science, liquefaction is one of the most important phenomenon induced by 
earthquake. A change in pore water pressure follows a change in effective stress, and in a critical 
state in which pore-water pressure equals the total stress in soil particles, soil strength is 
suddenly lost and liquefaction occurs. This phenomenon causes destruction of structures 
constructed above ground surface or underground. In case of constructing underground 
structures or passing a tunnel through weak or compressible soils, with increase in forces and 
moments surrounding the structures leading to liquefaction, may impose damages to adjacent 
structures or soils. In this paper, a tunnel passing through a soil media with liquefaction potential 
is modeled. After static equilibrium, dynamic analyses are performed. Using liquefaction 
modeling and measurement of induced forces and moments of covering soil of the tunnel, 
parameters such as water bulk modulus, groundwater level, and porosity are investigated. The 
results showed that the above mentioned parameters have considerable effects on variation of 
effective stresses, induced forces, moments and surface dilation of the covering soil of the tunnel. 
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1. INTRODUCTION1 
 
Liquefaction is an important phenomenon in 
geotechnical engineering considered by many 
researchers. A change in pore-water pressure follows a 
change in effective stress, and in a critical state in which 
pore-water pressure equals the total stress in soil 
particles, soil strength is suddenly lost and liquefaction 
occurs. There are three main superstructure and 
underground structure destructions and settlements 
caused by soil liquefaction.  

Many researches are conducted on superstructure 
destructions caused by liquefaction which are usually 
observed by settlements [1- 7]. In some parts of the 
world, large destructions induced by liquefaction have 
been reported. For example in 21st September 1999 
Taiwan Chi-Chi earthquake, many structures such as: 
roads, bridges and buildings damaged, leaned or 
overturned [8]. In this disaster, number of 
infrastructures were also severely damaged. In 1990, in 
Manjil and its suburb areas earthquake in Iran, some 
destructions were reported [9]. Other earthquakes 
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leading to liquefaction which could be mentioned are 
Niigata [10], Nihonkai-Chubu [11], Kushiro-Oki [12], 
and Hokkaido Nansie-Oki earthquake [13]. 

Destruction of the main roads was observed first in 
Niigata (1964), followed by Alaska earthquakes [14]. 
Afterward, earthquake effects on infrastructures was 
concerned by many researchers [15- 19].  

In Kube earthquake (1995), the imposed damages to 
the Daikai station were reported as a subsurface 
structure [20]. Other underground structure destructions 
to be mentioned are severe damages imposed on 
mountain tunnels by Taiwan earthquake, in city centre 
and destructions of  Duze earthquake in Turkey [21]. In 
this earthquake, highway tunnels severely damaged. 
There are other reports on destruction of large 
underground structures by earthquakes such as  
Tangshan in China [22], and Loma Preita in U.S.A [23]. 

Although limited reports exists from large 
underground destructions caused by soil liquefaction, 
but due to the fast development in cities and 
construction of large structures such as underground 
metros built in underground with liquefaction potential 
during earthquake, investigation on this subject is 
inevitable [24]. Chou et al. investigated on damages 
raised on shield tunnels caused by liquefaction [25]. 
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Khoshnoudian, 1999 worked on seismic behavior of 
tunnels constructed in liquefiable soils in his PhD 
program [26]. Khoshnoudian and Shahrour, 2002 
carried out a numerical research on the seismic behavior 
of tunnels constructed in liquefiable soils [27]. In their 
research, they investigated a rectangular station for the 
effects of loading frequency, loading amplitude, 
permeability, and dilation angle using finite element 
method and Dyna Swandy software. Liu and Song, 
worked on seismic response of large underground 
structures in liquefiable soils subjected to horizontal and 
vertical earthquake excitations [28, 29].  

They investigated on forces resulting from 
liquefaction with variation in parameters such as: lateral 
deformation and underground structure internal forces, 
vertical loading, and embedment depth on tunnel. In a 
PhD thesis, Azadi, 2008 worked on the effects of 
parameters such as: internal soil friction, tunnel 
diameter, embedment depth of tunnel, releasing 
coefficient, loading frequency, loading amplitude, and 
vertical seismic forces on underground structures [30]. 
Azadi and Mir Mohammad Hoessini carried out 
researches on the effects of seismic behavior of shallow 
tunnels in liquefiable grounds under cyclic loadings [31, 
32]. For their analysis, they used a soil with porosity of 
0.30 and unit weight of 1500 kg/m3. Tokida and 
Ninomiya performed an experimental study on the uplift 
deformation of underground structures induced by soil 
liquefaction [33]. They placed an aluminum quadratic 
tunnel in a soil with liquefaction potential using 
vibration table. Bulk modulus of water is also an 
important parameter that varies due to geographical and 
weather conditions. Bahadori and Hari worked on 
various bulk moduli of marine and fresh waters [34]. 
They found that bulk modulus water varies with 
variation in water hardness. 

A review of the literature regarding to parameters 
affective on underground structures placed in ground 
with liquefaction potential shows that there have been 
considerable theoretical and practical studies in this 
respect. Despite all the various researches undertaken on 
this issue, the authors of this article did not find new 
researches carried out on the effects of bulk modulus of 
water, underground water level, and soil coefficient of 
porosity on underground structures built in ground with 
liquefaction potential. Thus, new study results may be 
fruitful for analysis of underground structures such as: 
tunnels, buried pipes, and any structures of these types 
at risk of earthquake in ground with liquefaction 
potential. In addition, the new findings may be helpful 
in understanding the behavior of covering soils on these 
structures especially in engineering projects in which 
these types of constructions are used. The main 
objectives of this research is dynamic analysis and 
determination of the effects of liquefaction on covering 
soil of a tunnel built in underground while the 

parameters of water bulk modulus, underground water 
level, and coefficient of the soil porosity are changing. 
 

 
2. MODELING 
 
A saturated sand layer with liquefaction potential is 
modeled and equilibrated at static loading. A tunnel is 
excavated in the model and is equilibrated again with 
static loading. Then, with application of dynamic 
loading, the effect of liquefaction on underground 
structure and variation of various parameters of 
covering soil of the tunnel is investigated. For modeling 
of soil-tunnel, FLAC software and a model net of 

mm 5030 ×  with length of 1m is used. The specification 
and dimension of the model and network are shown in 
Table 1 and Figure 1, respectively. Two 
specificifications of the general fluid formulation 
require attention: 

1. The fluid equations and boundary conditions in 
FLAC are expressed in terms of pressure rather than 
head, although the latter is more common in soil 
mechanics. 
2. The “permeability” used in FLAC is the mobility 
coefficient: the coefficient of the pore pressure term 
in Darcy’s law. It is defined as the ratio of intrinsic 
permeability to fluid dynamic viscosity [35]. 
The soil used in model was Nevada sand and for soil 

modeling, Finn model is used. The Finn model provided 
with FLAC for simulating liquefaction uses Mohr-
Coulomb failure criteria along with an assumed linear 
elastic-perfectly plastic stress-strain behavior.  

The linear elastic behavior is governed by the bulk 
and shear moduli which can be decreased through the 
analysis by the user to encounter losses of soil stiffness 
during liquefaction. Pore-water pressure generation is 
modeled by computing volumetric strains induced by 
the cyclic shear strains using a formulation given by 
Martin et al. [35]. In this formulation, the volumetric 
strain increment (Δεv) occurring in any cycle of loading 
depends on the shear strain (γ) which occurs during that 
cycle as well as the previously accumulated volumetric 
strains (εv): 

( )γεε vCCv ⋅−=∆ 21 exp  (1) 

where in Equation (1), Δεv = volumetric strain 
increment that occurs over the current cycle, 
εv=accumulated volumetric strains occurred over the 
previous cycles, γ = amplitude of the shear strain for the 
current cycle, and C1 and C2= constants dependent on 
the volumetric strain behavior of the sand and are 
calculated as follows: 

2.5 1.25
1 1 607600( ) 8.7( )rC D N− −= =  (2)

 

12 4.0 CC =  (3) 
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TABLE 2. Specifications of protector structure 
Concrete unit weight (kN/m³) Modulus of elasticity (GPa) Covering tunnel thickness (m) Tunnel diameter (m) 

24 1010236.2 ×  0.3 6.9 

 
 

TABLE 3. Specifications of intermediate elements 
Internal friction ( δ ) (Degree) Vertical hardness ( )nK  (MPa) Shear hardness ( )sK  (MPa) 

15 63 63 

 
 
where in Equations (2) and (3), Dr is the relative density 
of the soil and (N1)60 is the corrected blows in standard 
penetration test. 

In order to verify the numerical model, Koohi 
modeled and analyzed numerically the first centrifuge 
model test of Verification of Liquefaction Analysis by 
Centrifuge Studies (VELACS). Results of this analysis 
[36] proved that the Finn Model adopted in the FLAC 
Computer Code is able to model properly liquefaction 
and lateral spreading phenomena [37]. 

Martin and Finn (1975) worked on fundamentals of 
liquefaction under cyclic loading [38]. They presented 
Equation (4) for variation of volume strain increase and 
cyclic shear strain. In this equation, with equating shear 
strain, γ  to zero, the volume strain vdε∆  will be zero. 
Thus, Equation (5) can be used for correlation between 
the coefficients. 

2
3

1 2
4

( ) vd
vd vd

vd

CC C
C
ε

ε γ ε
γ ε

∆ = − +
+

 (4) 

 
 

 
Figure 1. Model dimension and network 

 

 
Figure 2. Schematic diagram of intermediate elements [35] 

TABLE 1. Specification of the soil model 
Soil Type Sand 

Behavior Model Finn 

Shearing Modulus (G) 20 (MPa) 

Bulk Modulus (B) 30 (MPa) 

Porosity (n) 0.3 

Internal Friction (φ) 20 (Degree) 

Cohesion (c) 0 (kPa) 

Dry Unit Weight (γd) 15 (kN/m3) 

Tensile Strength (σt) 0 (MPa) 

C1 0.76 

C2 0.52 

C3 0.20 

C4 0.50 

 
 
In Equation (4), C1, C2, C3, and C4 are determined 

from cyclic tri-axial tests and the following relations: 

1 2 4 3C C C C=  (5) 

where, C1 and C2 are determined as follows: 
2.5

1 7600( )C Dr −=  (6) 

where, Dr is relative density of the soil and can be 
determined based on experimental Equation (7) in 
respect to standard penetration number, N1 as follows: 

0.5
1 6015( )Dr N=  (7) 

with combination of the Equations (6), and (7), the 
following relation is derived: 

1.25
1 1 608.7( )C N −=  (8) 

2
1

0.4C
C

=
 

(9) 

Damper used in model was local damper with 
coefficient of 5%. For modeling of tunnel and 
intermediate elements, the specifications presented in 
Tables 2, and 3 are used. Figure 2 shows schematic 
diagram of intermediate elements between tunnel and 
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soil which were selected using Linker springs. Shear 
and vertical hardness which are important parameters 
used for intermediate element definition are determined 
using Equation (10). 

min

4
3& max[ ]n s

K G
K K

Z

+
=

∆
 (10) 

where, s is slider, Kn and Ks are normal and shear 
hardness respectively, and K, G, and minZ∆  are bulk 
modulus, shear modulus, and minimum width of the 
zones close to intermediate element, respectively. 
Boundary condition for dynamic case is free-field 
condition. The seismic input is normally represented by 
plane waves propagating upward through the underlying 
material. The boundary conditions at the sides of the 
model must account for the free-field motion which 
would exist in the absence of the structure. In some 
cases, elementary lateral boundaries may be sufficient. 
These boundaries should be placed at sufficient 
distances to minimize wave reflections and achieve 
free-field conditions. For soils with high material 
damping, this condition can be obtained with a 
relatively small distance [38]. However, when the 
material damping is low, the required distance may lead 
to an impractical model. An alternative procedure is to 
“enforce” the free-field motion in such a way that 
boundaries retain their non-reflecting properties- i.e., 
outward waves originating from the structure are 
properly absorbed. This approach used in the continuum 
finite-difference code NESSI [39]. A technique of this 
type developed for FLAC, involving the execution of a 
one-dimensional free-field calculation in parallel with 
the main-grid analysis. The unbalanced forces from the 
free-field grid are applied to the main-grid boundary. 
Both conditions are expressed in Equations (11) and 
(12), which apply to the left-hand boundary. Similar 
expressions may be written for the right-hand boundary: 

( )[ ] y
ff

xx
m
xpx SvvCF ∆−−= ρ  (11) 

( )m ff
y s y x y yF C v v Sρ = − − ∆ 

 (12) 

where in Equations (11) and (12), ρ = density of 
material along vertical model boundary, pC  = p-wave 
speed at the left-hand boundary, 

sC  = s-wave speed at 
the left-hand boundary, yS∆ = mean vertical zone size at 
boundary grid-point, 

m
xv  = x-velocity of grid-point in 

main grid at left boundary, ff
xxv  = x-velocity of grid-

point in left free field, m
yv  = y-velocity of grid-point in 

main grid at left boundary, and ff
xyv  = y-velocity of grid-

point in left free field. In this way, plane waves 
propagating upward suffer no distortion at the boundary 

due to the free field grid supplies conditions that are 
identical to those in an infinite model [35]. 

For loading, a sinus wave with 1HZ and 0.1g 
amplitude applied downward is used. The latter is close 
to fundamental frequency of homogenous soil mass 
having the mean value of the initial elastic modules of 
the references case ( Hzf 75.01 = ) [27]. Water table is 
assumed to be at ground level. 

 
2. 1. Model Calibration   For calibration, the base 
model shown in Figure 3 is used.  

Figures 4 and 5 show the effective stress and pore-
water pressure against time for base model at 19m 
depth. The results indicate that the liquefaction starts 
when effective stress reaches to zero. This result are in 
agreements with findings of Azadi, 2008 [30]. For 
comparison between new model and previous ones 
presented by other researchers, at depth 19m below the 
tunnel the results agreed with the ones obtained by 
others, where at this point, liquefaction occurs for both 
base model and previous models. For more 
investigation, at 5m depth above the base model, the 
results were compared. Due to the lack of laboratory or 
numerical results in hand for other parameters, the 
results compared with the base model which was 
calibrated and compared with previous models. 

 
2. 2. Calculation of Water Bulk Modulus   Bulk 
modulus of materials measures the strength at uniform 
pressure. One of the parameters that has quick and 
precise role in flow analysis is the water bulk modulus. 
When selected improperly, analysis are not precise 
without reasons or analysis period increase 
considerably. Thus, proper selection of this parameter 
can be effective in flow analysis and can be defined 
from Equation (13). 
 
 

 
Figure 3. Base model sample [28] 
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Figure 4. Effective stress versus time (for base model at 19m 
depth) 

 
 

 
Figure 5. Pore pressure versus time (for base model at 19m 
depth) 
 

 
 

VV
PK w ∆

∆
−=

 
(13) 

where, P∆  is variation in pressure and VV∆  is volume 
strain ratio. Since determination of water bulk modulus 
from Equation (7) is difficult, the maximum amount of 
this parameter is usually used as an actual amount. The 
maximum suggested amount for water bulk modulus is 
2 GPa [35]. Since this amount is generally derives from 
bulk and shear modulus of soil and is very higher than 
its equivalent amount K+4/3G, convergence is very low 
and analysis period increase considerably. So, water 
bulk modulus must be decreased as much as possible. A 
minimum amount for water bulk modulus is presented 
in FLAC software. This amount is calculated from 
Equation (14). 

gaLK wzw ρ>  (14) 

where, a is a factor and is suggested to be 0.30 [35], and 
Lz is the minimum length of the zone. The amount of 
water bulk modulus must be selected from limitations 
presented in Equation (15) and close to K+4/3G to 
minimize the time analysis and increase in exactness of 
the results [29]. In the present work, the amount of 
water bulk modulus is assumed to be 30MPa. 

GPaKgaL wwz 2<<ρ  (15) 

Bahadori and Hari, 2009 carried out a laboratory 
study and calculated various water bulk modulus [34]. 
In this research they found that water bulk modulus 
varies with weather and environmental conditions. Their 
findings are tabulated for sea and fresh waters at various 
pressures and temperatures (see Table 4). 

Based on Equation (15), water bulk modulus used in 
FLAG software must be selected in limitation of 2 × 104 
Pa to 2 × 109 Pa. In the present work, models with 
water bulk modulus of 3 × 104, 3 × 105, 3 × 106, and 3 × 
107 are selected and their effects on liquefaction and 
various parameters of soil-tunnel are analyzed. 

 
TABLE 4. Variation in water bulk modulus [33] 

Temperature 

(°C) 

Pressure 

(kPa) 
Liquid type Calculated fresh water bulk 

modulus (kPa) 
Fresh water bulk modulus 

(reported data) (kPa) 
Average absolute 

deviation percent (%) 

10 100 Fresh water 2,098,400 2,100,000 0.080 

25 5000 Fresh water 2,242,200 2,240,000 0.098 

40 10,000 Fresh water 2,318,500 2,320,000 0.065 

50 20,000 Fresh water 2,381,800 2,380,000 0.076 

10 45,000 Fresh water 2,351,900 2,350,000 0.080 

٠٫٠ 55,000 Fresh water 2,284,000 2,285,000 0.043 

40 10,000 Sea water 2,471,700 2,470,000 0.069 

30 20,000 Sea water 2,508,600 2,510,000 0.056 

20 35,000 Sea water 2,552,200 2,555,000 0.110 

10 45,000 Sea water 2,541,900 2,540,000 0.075 

٠٫٠ 55,000 Sea water 2,503,900 2,500,000 0.156 
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2. 2. 1. Water Bulk Modulus Effect on Pore-water 
Pressure   Figures 6 and 7 show the variation of pore-
water pressure against time for 5m and 19m depths, 
respectively. The results indicate that at a constant time, 
with increase in water bulk modulus, pore-water 
pressure increase for both depths, however pore-water 
pressure increases with increase in water bulk modulus.  
For water bulk modulus variation of 3 × 104 to 3 × 106, 
pore-water pressure increases with moderate slope at the 
beginning and then increase with time with steeper 
slope. While, for water bulk modulus more than 3 × 106 
pore-water pressure reach to a maximum point and then 
drop to a constant value.  

For sample with water bulk modulus of 3 × 107, 
pore-water pressure reaches to its maximum value at 
first second and for sample with water bulk modulus of 
3 × 108 it occurs in the first four seconds. Increasing 
slopes for samples with water bulk modulus of 3 × 104, 
3 × 105 and 3 × 106, are 0.2%, 2%, and 9.6%, 
respectively. While for sample with water bulk modulus 
of 3 × 108, the slope reaches to its maximum value of 
47%.  

The results also show that for increase of water bulk 
modulus to 3 × 108, pore-water pressure increases in the 
first three seconds and then drop to lower values. 
Similar trend is observed for variation of pore-water 
pressure for 19m depth. With increase in water bulk 
modulus, the dynamic loading effect on model increases 
in such a way that, in sample with bulk modulus of 

8103×  the square elements deform after 4th seconds and 
liquefaction occurrence at various points cause 
destruction of the geometry of the model. Following this 
phenomenon and at 19m depth, pore-water pressure in 
sample with bulk modulus of 8103×  decreases in 
comparison with the sample with bulk modulus of 

7103× . However, at a constant time, the pore-water 
pressure at 19m depth is quite higher than 5m depth. 
This can be due to the differences exist in the relative 
densities which increase with depth. 

 
2. 2. 2. Water Bulk Modulus Effect on Effective 

Stress   Effective stress is generally affected by water 
bulk modulus and pore-water pressure. The variation of 
effective stress against time for 5m and 19m depths are 
shown in Figures 8, and 9. Variation of pore-water 
pressure in models with water bulk modulus less than 
3×106 Pa is not noticeable in comparison with total 
stress. Thus, decrease in effective stress is not 
considerable. Increase in water bulk modulus to more 
than 3×106 Pa causes decrease in effective stress and 
occurrence of liquefaction phenomenon. As shown in 
Figure 8, the model with water bulk modulus of 3×108 
Pa the effective stress reaches to zero and consequently 
liquefaction occurs. In Figure 9, variation of effective 

stress with time for 19m depth shows similar behavior. 
In this regard, for models with water bulk modulus less 
than 3×106 Pa, variation of effective stress is not 
noticeable. With increase in water bulk modulus to 
3×107 Pa, effective stress decreases and causes 
liquefaction. However, with greater water bulk modulus 
and due to the weight of surcharge layers, the effective 
stress does not lead to zero and liquefaction is not 
predicted. Thus, in the model with water bulk modulus 
of 3×108 Pa, and at 19m depth, the liquefaction is not 
occurred. However, in the same model and due to 
liquefaction occurrence for other depths, the geometry 
of the model deform and effective stress for some points 
decrease  while, the liquefaction phenomenon is 
observed at more points in comparison with other 
models. 
 
 

 
Figure 6. Pore pressure versus time (at 5m depth for variation 
in water bulk modulus) 

 
2. 2. 3. Water Bulk Modulus Effect on Surface 
Dilation in the Middle of the Model   Variation in 
water bulk modulus is also effective on the surface 
dilation in the middle of the model. Figure 10 shows the 
variation of the surface dilation with time for samples 
with variation in water bulk modulus. The results 
indicate that the variation of surface dilation in the 
middle of the model has an increasing rate and does not 
lead to a constant rate. However, variation in water bulk 
modulus to 3×106 Pa, causes increase in surface dilation 
of less than 17cm. The surface dilation in the model 
with water bulk modulus to 3×107 Pa is due to the 
tunnel uplift forces caused by liquefaction, and reaches 
to its maximum value of 40 cm. As explained in section 
2.2.2, increase in water bulk modulus to more than 
3×108 Pa, does not cause liquefaction. Besides, the 
minimum surface dilation shown in Figure 10 is almost 
10cm. 
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2. 2. 4. Water Bulk Modulus Affects on Axial and 
Shear Forces and Bending Moment   Variation of 
maximum bending moment in the covering soil of the 
tunnel against time for various water bulk modules is 
shown in Figure 11. The results show that with increase 
in water bulk modulus up to Pa6103×  with time the 
bending moment increases up to 3 seconds and then 
reaches to a constant value. While, for water bulk 
modulus more than Pa6103×  and cases where water bulk 
modulus is between Pa7103×  and Pa8103× , the bending 
moment increases up to 3 seconds and then decrease 
considerably in such a way that the maximum bending 
moment for the sample with water bulk modulus of 

Pa8103×  at 9 seconds decrease to less than mPa −× 4107 . 
Figure 12 shows the variation of maximum shearing 

forces of the covering soil of the tunnel against time for 
various water bulk modules. The results show that for 
all cases the maximum shearing forces are negative and 
reach to its maximum value 410 10 pa− ×  at 3 seconds. 

 In cases where water bulk modulus is less than 
Pa6103×  a considerable variation in shearing force is not 

observed. For water bulk modulus of Pa7103× , similar 
to previous cases the maximum shearing force reaches 
to its maximum value at third seconds, but beyond this 
time and in contrast with previous models, the shearing 
forces decrease and reach to less than Pa4108×−  at 9 

seconds. This trend is observed for higher values of 
water bulk modulus in such a way that the maximum 
shearing force at 9 seconds reaches to less than 

Pa4106×− . Variation in maximum axial forces in the 

covering soil of the tunnel against time for various 
water bulk modules is shown in Figure 13. The results 
show that for all cases the maximum axial force reaches 
to its maximum value of Pa41073×  between 2 and 3 
seconds. For cases where the water bulk modulus is less 
than Pa6103×  with increase in water bulk modulus, 
considerable variation in axial forces is not observed 
and has steady value of Pa41073×  up to final seconds. 
Similar to previous cases where the water bulk modulus 
is Pa7103×  the axial force reaches to its maximum 
value between 2 and 3 seconds.  

However, beyond 3 seconds, its magnitude 
decreases and reaches to less than Pa41067×  at 10th 
second which is in contrast with previous models. With 
increase in water bulk modulus similar trend is 
observed. For water bulk modulus of Pa8103×  the 
maximum shearing force reaches to less than 

Pa41065×  at 9th second. 

 
Figure ٧. Pore pressure versus time (at 19m depth for 
variation in water bulk modulus) 
 
 

 
Figure 8. Effective stress versus time (at 5m depth for 
variation in water bulk modulus) 
 
 

 
Figure 9. Effective stress versus time (at 19m depth for 
variation in water bulk modulus) 
 
 

 
Figure 10. The surface dilation versus time (for variation in 
water bulk modulus) 
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Figure 11. The bending moment versus time (for variation in 
water bulk modulus) 
 
 

 
Figure 12. Shear force versus time (for variation in water bulk 
modulus) 
 
 

 
Figure 13. Axial force versus time (for variation in water bulk 
modulus) 
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Figure 14. Pore-water pressure contour lines (for underground 
water level at ground surface) 

2. 3. The Effect of Underground Water Level on 
Creation of Liquefaction and Forces in the 
Covering Soil of the Tunnel   Since liquefaction 
occurs in saturated soils, underground water level is an 
affective parameter in creation of liquefaction and 
forces in the covering soil of the tunnel.  

Figures 14 and 15 show pore water pressure contour 
lines for cases where underground water level is at 
ground surface and in 6m depth, respectively. Figure 15 
shows that for underground water level above 6m pore- 
water pressure is zero and is shown by red contour lines. 
 
2. 3. 1. The Effect of Groundwater Level on Pore 
Water Pressure   Variations in pore-water pressure 
against time at depths of 5m and 19m for various 
groundwater levels are shown in Figures 16 and 17. 
Results show that at a constant time with decrease in 
groundwater level pore-water pressure decreases. 
Dynamic load causes increase in pore-water pressure 
with time at both depths of 5m and 19m. This trend 
continues up to 3 seconds and then changes to steady 
state. It is also noticed that the pore-water pressure 
values are different for 5m and 19m depths in such a 
way that in Figure 16 pore-water pressure is zero 
beyond 6m depth, while for 19m depth in Figure 17 the 
magnitude of pore-water pressure is considerable. 
 
2. 3. 2. The Effect of Groundwater Level on 
Effective Stress   Decrease in groundwater level 
affects on pore-water pressure and creation of stresses in 
covering soil of the tunnel. Figure 18 shows the 
variation of effective stress against time for models with 
various groundwater levels at 5m depth. Based on 
groundwater levels the variation curves for depths 0-6m 
are effective stresses and for other depths are total 
stresses against time. At depths above the tunnel, the 
effect of variation of weights due to unsaturated soil is 
not considerable and lowering groundwater level causes 
decrease in effective stress. Figure 19 shows the 
variation of effective stress against time at 19m depth. 
With lowering groundwater level, the decrease in 
magnitude of pore-water pressure is effective in 
decreasing liquefaction potential. The results also 
indicate that with groundwater depth at 6m, there is 
possibility for liquefaction, however with lowering the 
groundwater level this possibility diminishes. 
 
2. 3. 3. The Effect of Groundwater Level on 
Surface Dilation   Variations in groundwater level and 
pore-water pressure are factors affecting on magnitude 
of surface dilation in the middle of the model. Figure 20 
shows variations of surface dilation in the middle of the 
model against time for various groundwater levels. The 
results indicate that with decrease in groundwater level 
the surface dilation in the middle of the model decreases 
and minimum and maximum dilation for the case where 
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groundwater level is at 9m depth are 5cm and 40cm,  
respectively. In cases where the groundwater level is 
lower than the tunnel axis the surface dilation decreases 
and changes to compaction. 
 
2. 3. 4. The Effect of Groundwater Level on 
Bending Moment, Shearing Force and Axial Force   
Bending moment, shearing force and axial forces are 
affected by variation in groundwater level, pore-water 
pressure, existing stresses in the covering soil above the 
tunnel. Figures 21, 22, and 23 show the variation of 
bending moment, shearing force and the maximum axial 
force in covering soil of the tunnel against time for 
various groundwater levels. Figure 21 indicate that as 
long as the groundwater level is higher than the tunnel 
surface the changes in groundwater level does not have 
considerable effect on the maximum bending moment in 
covering soil of the tunnel, however the formation of the 
bending moment location will change. In cases where 
the groundwater level is at zero, 3, 6, and 9m the 
maximum bending moment occurs at 3rd second and in 
following seconds the bending moment fluctuations 
decreases. With approaching the groundwater level to 
10m and crossing from the lower half of the tunnel, the 
maximum bending moment increases. With lowering 
the groundwater level the bending moment fluctuations 
increase intensively beyond 3rd seconds. The critical 
case is when the groundwater level is lower than the 
tunnel and is near to the lower elements of the tunnel. 

Figure 22 indicate that for groundwater level at zero, 
3m, and 6m depths the maximum shearing force 
variation in covering soil of the tunnel is about 

Pa41010×  and the variation limits are between zero and 
Pa41010× . With lowering the groundwater level to 9m 

the highest shearing force occurs at 3rd seconds and is 
about Pa41017×  however its magnitude decreases in 
final seconds. At 12m depth where the groundwater 
level in direction of lower half of the tunnel, the 
variation in maximum shearing force in covering soil of 
the tunnel is similar to the above half part of the tunnel.  
That is about Pa41010×  with variation limits of zero to 

Pa41010× ; however, the maximum shearing force 
occurs at 4th seconds. 
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Figure 15. Pore-water pressure contour lines (for underground 
water level at 6m depth) 

 
Figure 16. Pore-water pressure versus time (at 5m depth for 
groundwater level variation) 

 

 
Figure 17. Pore-water pressure versus time (at 19m depth for 
groundwater level variation) 

 

 
Figure 18. Effective stress versus time (at 5m depth for 
groundwater level variation) 

 

 
Figure 19. Effective stress versus time (at 19m depth for 
groundwater level variation) 
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Figure 20. The surface dilation versus time (for groundwater 
level variation) 
 
 

 
Figure 21. The bending moment versus time (for groundwater 
level variation) 

 

 
Figure 22. Shear force versus time (for groundwater level 
variation) 

 

 
Figure 23. Axial force versus time (for groundwater level 
variation) 

With reaching the groundwater level to 18m depth the 
maximum shearing force of almost Pa41020×  is 
observed with fluctuation limits between Pa41020×−  
and + Pa41020× . This contribution has similar trend 
with what is found for bending moment. With 
decreasing in groundwater level depth and crossing the 
critical zone, similar trends with previous parameters 
and concentration on shearing force at 3rd seconds are 
observed. Variation of axial force against time and for 
various groundwater levels is shown in Figure 23. The 
results indicate that with groundwater level at ground 
surface the maximum axial force of 70 tons is occurred 
at 10th seconds. With decrease in groundwater level and 
when reaches to 3m depth the axial force reaches to 80 
tons at final seconds. With incremental decrease in 
groundwater level the created axial force in covering 
soil of the tunnel decrease and at 9m depth reaches to 
less than 70 tons. When the groundwater level is 
underneath the tunnel the created axial force reaches to 
its maximum magnitude. The results also show that with 
more decrease in groundwater level depth the axial 
force decrease and at 18m depth its magnitude reaches 
to 28 tons. 
 
2. 4. The Effect of Porosity on Liquefaction 
Phenomena   Porosity is an effective parameter on dry 
unit weight and relative density of the soil [40]. Its 
effects on pore-water pressure can reflect on creation of 
liquefaction phenomena. To investigate the effects of 
porosity on various parameters such as bending 
moments and created forces in covering soil of the 
tunnel, three types of Nevada soil with similar 
conditions, but with porosities of 0.3, 0.5, and 0.6 and 
various dry unit weights are selected. The variation 
effects of porosity on pore-water pressure, effective 
stress, surface heave, bending moments and created 
forces in covering soil of the tunnel, and intermediate 
elements at depths of 5m above and 19m underneath the 
tunnel are investigated and analyzed, respectively. 
 
2. 4. 1. The Effect of Porosity on Pore-water 
Pressure   Increase in porosity changes the volume of 
the voids of soil grain and affects on pore-water 
pressure. The variation of pore-water pressure against 
time for various porosity coefficients at 19m underneath 
and 5m above the tunnel are shown in Figures 24 and 
25, respectively. The Nevada soil with porosity 
coefficient of 0.3 is selected as a base soil. The results 
in both Figures 24 and 25 indicate that at a constant 
time with increase in porosity the pore-water pressure 
increases.  

Figure 24 indicate that at 19m depth underneath the 
tunnel the pore-water pressure reaches to a constant 
value at 4 seconds, while in Figure 25 and at 5m above 
the tunnel pore-water pressure has increasing trend at 
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the same time. This contradiction might be due to the 
surcharge and variation in relative density. That is the 
porosity of the soil above the tunnel which increases 
with increase in pore-water pressure and is more 
affected in comparison with the soil underneath of the 
tunnel. 
 
2. 4. 2. The Effect of Porosity on Effective Stress   
With increase in porosity the dry unit weight of the soil 
decreases and causes variation in effective stress. 
Figures 26 and 27 show variation in effective stress 
against time at depths 5m and 19m above and 
underneath of the tunnel, respectively. Figure 27 
indicate that at 19m depth with increase in porosity the 
effective stress is increased with time with a constant 
slope, while at 5m depth where the surcharge weight of 
the soil has lower effect, the effective stress is increased 
and reaches to zero at about 4 seconds. In other words 
the porosity at 5m depth is caused liquefaction 
phenomena. 
 
2. 4. 3. The Effect of Porosity on the Surface 
Dilation   Increase in coefficients of porosity and 
earthquake forces are two factors affecting the surface 
dilation. Figure 28 shows the variation in surface 
dilation against time for various coefficients of porosity. 
The results indicate that with increase in porosity the 
surface dilation decrease. The maximum surface 
dilation for the base model (with porosity of 0.30) is 
observed about 40cm. With increase in porosity from 
0.30 to 0.60 the surface dilation reaches to its lowest 
value of about 12cm. The results also indicate that the 
slope variation of surface dilation against time is 
decreased from 40% (for porosity of 0.30) to 11.7% (for 
porosity of 0.60). 
 
2. 4. 4. The Effect of Porosity on Bending Moment 
and Forces in Covering Soil of the Tunnel   The 
coefficient of porosity is an effective factor in variation 
of bending moment and created forces in covering soil 
of the tunnel caused by liquefaction. Table 5 shows the 
bending moment, shearing force, and created axial force 
in the covering soil of the tunnel for various coefficients 
of porosity. The results indicate that with increase in 
coefficients of porosity from 0.3 to 0.6 the bending 
moment and axial force increase to 43% and 10%, 
respectively. However, variation in shearing force 
shows that with increase in coefficient of porosity up to 
0.5 its value increase and then drops to a lower value. 
 
2. 4. 5. The Effect of Porosity on Intermediate 
Elements   The stiffness of materials used between the 
soil and the tunnel is generally less than concrete and 
more than the soil around the tunnel. Thus, the created 
axial and shearing forces in intermediate elements are 
important issues for investigations of the tunnel. Table 6 

shows created shearing and normal stresses in 
intermediate elements between the soil and the tunnel. 
The results indicate that with increase in coefficients of 
porosity the shearing stress in intermediate elements 
shows increasing trend and for the models with 
coefficients of porosity of 0.3 and 0.6 the magnitude of 
shearing stresses changes from 6.8 ton/m2 to 9.4 ton/m2, 
respectively, which is almost 38% increase in shearing 
stresses. The results also indicate that the created 
normal stress in intermediate elements increase to its 
maximum magnitude of 52.7 ton/m2 for the coefficient 
of porosity of 0.5. However, with more increase in 
porosity, the normal stress decrease and reaches to 
51.3ton/m2. 

 
 

 
Figure 24. Pore-water pressure versus time (at ١٩m beneath 
the tunnel) 
 

 
Figure 25. Pore-water pressure versus time (at ٥m above the 
tunnel) 
 

 
Figure 26. Effective stress versus time (at 5m depth for 
variation in porosity) 
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Figure 27. Effective stress versus time (at 19m depth for 
variation in porosity) 

 
Figure 28. Surface dilation versus time (for variation in 
porosity) 
 

 

TABLE 5. The bending moment, shearing force, and axial force created in covering soil of the tunnel 
Maximum axial force (ton) Maximum shearing force (ton) Maximum bending moment (ton-m) Coefficient of porosity 

75.9 10.7 13.4 0.3 
80.4 13.8 17.8 0.5 
84.0 12.4 19.2 0.6 

 
 

TABLE 6. Normal and shear stresses in intermediate elements between the soil and the tunnel 
Maximum normal stress  (ton/m²) Maximum shear stress  (ton/m²) Coefficient of porosity 

45.1 6.8 0.3 
52.7 7.7 0.5 
51.3 9.4 0.6 

 

 
3. RESULTS 
 
In the present research a tunnel is modeled in a saturated 
soil with liquefaction potential. For modeling of the soil 
and the tunnel, the square and beam elements with finite 
difference and FLAG software are used. The effects of 
liquefaction on the model with variation in parameters 
are investigated. Based on data and analysis performed 
the following results are contributed: 
ü Increase in water bulk modulus increased the 

surface dilation in the middle of the model and 
pore-water pressure. 

ü With decrease in effective stress and increase in 
water bulk modulus the probability of liquefaction 
phenomena is increased. 

ü The bending moment, axial and shear forces caused 
by liquefaction in the covering soil of the tunnel is 
increased with increase in water bulk modulus. 

ü The surface dilation in the middle of the model 
caused by liquefaction is decreased with decrease in 
groundwater level. 

ü In the case where groundwater level equals the 
lower elements of the tunnel the bending moment, 
shear and axial forces reach to their critical 
magnitudes. 

ü Increase in porosity causes increase in pore-water 
pressure underneath the underground structure and 
was vice versa for its upper part. 

ü Increase in porosity in lower depths caused decrease 
in effective stress of the covering soil of the tunnel, 
while for deeper depths was not considerable. 

ü The surface dilation caused by liquefaction is 
decreased due to increase in porosity. 

ü Increase in the coefficient of porosity caused 
increase in the bending moment, axial and shear 
forces in the covering soil of the tunnel. 

ü The normal and shear stresses of the intermediate 
elements are increased with increase in coefficient 
of porosity. 
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  چکیده
  
  

غه هاي مهندسین راه و ساختمان بوده و در علم ژئوتکنیک روانگرائی از دلزله پیوسته یکی از دغزخرابی هاي ناشی از 
این پدیده در اثر افزایش فشار آب منفذي ناشی از زلزله، صفر شدن تنش مؤثر . مهمترین پدیده هاي ناشی از زلزله میباشد

ز بین رفتن مقاومت برشی خاك بوجود می آید و موجب تخریب سازه هاي ساخته شده در زیر و روي سطح زمین و ا
یر، با افزایش درصورت ساخت سازه هاي زیرزمینی و یا تونل هاي عبور کرده از میان خاکهاي سست تراکم پذ. میگردد

نیروها و لنگرهاي اطراف سازه که به روانگرائی منجر میگردد ممکن است صدماتی به خاکها و سازه هاي اطراف آن وارد 
در این مقاله تونل عبور کرده از میان خاك با پتانسیل روانگرائی مدل گردیده و پس از تعادل استاتیکی ار لحاظ . نماید

با مدلسازي روانگرائی و اندازه گیري نیروها و لنگرهاي ایجاد شده در . ل قرار گرفته استدینامیکی مورد تجزیه و تحلی
خاك اطراف تونل، پارامترهائی مثل مدول توده آب، سطح آب زیرزمینی و ضریب پوکی خاك مورد ارزیابی قرار گرفته 

غییرات تنش مؤثر، لنگرها و نیروهاي ایجاد نتایج این تحقیق نشانداده است که پارامترهاي مذکور تاثیر بسزائی در ت. است
  .شده، و اتساع سطحی خاك اطراف تونل دارد
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