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ABSTRACT
Background: Mechanically stabilized earths can be encountered in construction
projects located on the area affected by facilities generating heat. The compacted
granular soils are usually selected as backfill materials to produce essentially freedraining paths. However, it is difficult in some areas to find granular soils which have
to be hauled from other areas. In order to decrease construction costs, the fine-grained
soils may be allowed to use in some projects and the short-term or undrained condition
analysis must be performed to calculate factor of safety. However, the shear strength of
soils, the essential parameter in safety factor calculation, can increase with increasing
matric suction but decrease with increasing temperature. Objective: The main purpose
of this study is to derive the expression of safety factor against pullout failure of
mechanically stabilized earth including temperature and suction effects and simulate the
variation in safety factor with temperature and suction under undrained condition.
Results: The simulation results show that the safety factor against pullout failure under
undrained condition decreased with increasing depth for all values of temperature. The
results also show that the safety factor for all steel strip layers decreased with increasing
matric suction for the suction ranging from 0-100 kPa but increased win increasing
matric suction for suction greater than 100 kPa. Moreover, the factor of safety
decreased with increasing temperature for all values of matric suction. Conclusion: The
expression of safety factor against pullout failure of mechanically stabilized earth
including temperature and suction effects was derived in this study. The simulation of
variation in safety factor with temperature and suction under undrained condition was
performed on a wall reinforced by ribbed galvanized steel strips. The simulation results
show a decrease in safety factor against pullout failure under undrained condition with
increasing depth and temperature. The safety factor for all steel strip layers decreased
with increasing matric suction at low level of suction.
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INTRODUCTION
Thermo-mechanical behaviors of soils surrounding underground facilities generating heat have been
investigated for several decades (e.g. Sherif and Burrous 1969; Maruyama 1969; Lagurous 1969; Hueckel and
Baldi 1990; Kuntiwattanakul et al. 1995; Tanaka et al. 1997; Cui et al. 2000; Graham et al. 2001; Uchaipichat
2010a, 2013). Typical examples of these types of facilities are underground nuclear waste repositories, buried
high-voltage cables and buried hot pipes. The earthworks in construction projects, such as embankment and
landfills, located on the area affected by these facilities can be encountered.
In the earthworks, mechanically stabilized earths have been used as retaining structures for several decades.
The compacted granular soils are usually selected as backfill materials to produce essentially free-draining
paths. However, it is difficult in some areas to find granular soils which have to be hauled from other areas. In
order to decrease construction costs, the fine-grained soils may be allowed to use in some projects and the shortterm or undrained condition analysis must be performed to calculate factor of safety.
However, the shear strength of soils, the essential parameter in safety factor calculation, can increase with
increasing matric suction (e.g. Vanapalli et al. 1996; Khalili and Kahbbaz 1998; Uchaipichat 2010b, c;
Uchaipichat and Man-koksung 2011) but decrease with increasing temperature (Sherif and Burrous 1969;
Maruyama 1969; Lagurous 1969; Cui et al. 2000; Graham et al. 2001; Uchaipichat 2010a). Furthermore,
Uchaipichat (2014) extended the expression for undrained shear strength of saturated porous media at particular
ambient temperature based on critical state concept derived by Uchaipichat (2013) to simulate the variation of
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undrained shear strength of unsaturated soils with temperature and suction. Thus, the safety factor of
mechanically stabilized earth also varies with temperature and suction.
The main purpose of this study is to derive the expression of safety factor against pullout failure of
mechanically stabilized earth including temperature and suction effects and simulate the variation in safety
factor with temperature and suction under undrained condition. The simulation was performed on a wall
reinforced by ribbed galvanized steel strips. The properties of backfill material were obtained from Uchaipichat
(2005).
Safety Factor Against Pullout Failure Of Strip-Reinforced Earth Including Thermal And Suction Effects
Under Undrained Condition:
Typically, the stability of mechanically stabilized earth depends on the friction between the reinforcement
and the backfill material behind the wall. Figure 1 shows the general layout of the mechanically stabilized earth.
A failure plane occurring behind the wall divides the backfill soils into two zones, namely active and resistant
zones. The driving force acting on the wall occurred from the movement of the soil mass in the active zone
towards the wall while the resistant force occurred from the friction force between the reinforcement surfaces
and the soil mass in the resistant zone.
L
La

Lr
z

Failure Plane
Wall

H

45-/2

Reinforcement
Fig. 1: Failure plane in reinforced earth
Juran and Christopher (1989) proposed the tie-back theory, in which the failure plane makes an angle of
45o minutes a half angle of internal friction of backfill soils (  ) with the vertical. Therefore, the length of
reinforcements can be expressed as,

Lr  L  La

(1)



La  H  z  tan 45o   / 2



(2)

in which L is the total length of reinforcement. La and Lr are the lengths of reinforcements in the active
and resistant zones, respectively.
The resistant force against pullout force due to movement of soil mass in the active zone away from the
resistant zone, depending on cohesion and friction between soil and reinforcement, can be expressed as,

Pr  c   v tan As

(3)

where, Pr is the pullout resistant force, c and  are cohesion and friction angle between soil and
reinforcement and As is a surface area of reinforcement in the resistant zone.  v is the vertical effective stress
which can be expressed as,

 v   v  u a   s

(4)
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where  v is the total vertical stress, u a is the pore air pressure, s is the matric suction within the soils,
defined as the difference between pore air pressure and pore water pressure, and  is the effective stress
parameter, which can be expressed as (Khalili and Khabbaz 1988),
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 s
 e
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s
1
se

for

s
1
se



(5)

in which, se is the air entry suction. Khalili and Khabbaz (1998) suggest that the values of  are assumed
to be 0.55.
The lateral pressure acting on the wall is due to movement of soil mass in the active zone away from the
resistant zone. The effective lateral earth pressure can be expressed as (Bell, 1915),

 h  K a  v  2c K a

(6)

in which, c is the cohesion of backfill soils, and K a is the coefficient of active earth pressure, which can
be expressed as,
K a  tan 2 (45   / 2)

(7)

Thus, the lateral forces acting on the wall equal to,
 Ph  K a v Awall  2c K a Awall

(8)

Considering the direction of forces, the pullout resistant force in Equation (3) and the term 2c K a Awall in
Equation (8) are the resistant forces while the term K a v Awall in Equation (8) is the driving force. Thus, the
safety factor (FS), the ratio between resistant forces and driving forces, can be expressed as,
FS 

2c K a Awall  c   v tan  As

(9)

K a v Awall

In case of undrained condition, the value of  is equal to zero and the cohesion is equal to the undrained
shear strength. Thus, the value of K a becomes unity and the safety factor in Equation (9) becomes,

FS 

2S u Awall  c As
 v Awall

(10)

in which, S u is the undrained shear strength of the backfill soil, which can vary with ambient temperature
and suction. Uchaipichat (2013) derived the expression of undrained shear strength of porous media including
thermal effect at particular ambient temperature T , which can be written as,
p M
Su  o
2

 OCR 
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 k




 nv
EXP
 f  s
 k

 T  To 


(11)

where, p o is the initial mean effective stress at temperature To , M is the slope of the critical state line on
the mean and deviator stresses plane, OCR is the overconsolidation ratio, r is the pressure ratio on any
particular unloading-reloading line between the normal compression and critical state lines, n is the porosity of
soil, v is the specific volume, k is the slope of the unloading-reloading line in the semi-logarithmic
compression,  f and  s are the coefficients of thermal expansion of fluid and solid phases, respectively. 
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and k are the slopes on the plane between specific volume and logarithm of mean stress of the normal loading
and reloading lines, respectively.
The value of OCR can change with temperature and matric suction, and can be expressed as,

OCR 

pT
pc

(12)

in which, pT is the mean effective stress at temperature T and can be expressed as



 nv
pT  po EXP
 f  s
 k

 T  To 

(13)



The value of p c can be expressed as,

 N v
pc  EXP

  

(14)

in which, N is the specific volume at the mean effective stress of 1 kPa and varies with temperature and
matric suction. The values of N for different temperatures and matric suctions.
Simulation of Variation In Safety Factor With Temperature And Suction:
Material Properties:
The variation in safety factor against pullout resistance of mechanically stabilized earth was simulated. The
backfill soils used in simulation was compacted silt with the unit weight of 15.3 kN/m 3. The soil properties
reported by Uchaipichat (2005) are given in Table 1. Table 2 shows its values of N at different temperatures and
matric suctions.
Table 1: Material parameters
Parameters

Values

se


18 kPa
0.006



0.09

n

0.36

M

1.17

s
f

3.4×10-5

n

0.36

OCR

2.0

r

2

4.0×10-4

Table 2: Values of N at different temperatures and matric suctions (Uchaipichat 2005)
Matric suction (kPa)

N
T  25o C

T  40o C

T  60o C

0

2.049

2.044

2.039

18

2.049

2.044

2.039

2.058

2.050

2.043

100
300

2.068

2.058

2.051

Simulations and Discussions:
The simulation in this study was performed on a wall with the height of 5 m reinforced by five layers of
ribbed galvanized steel strips with 50 mm wide, 4 mm thick and 10 m long as shown in Figure 2. The layer 1
was installed at the depth of 0.5 m from the backfill surface. The spacing between the steel strips for both
vertical and horizontal directions was 1 m. The cohesion between backfill soil and reinforcement was assumed
to be two-third of the value of undrained shear strength obtained from Equation (11). The values of safety factor
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against pullout failure of mechanically stabilized earth at various temperatures and suctions were calculated
using Equation (10).
Figures 3 to 5 show the variation in factor of safety against pullout failure with matric suction at
temperatures of 25, 40 and 60oC, respectively. It can be noticed that the safety factor against pullout failure
under undrained condition decreased with increasing depth for all values of temperature. The simulation results
also show that the safety factor for all steel strip layers decreased with increasing matric suction for the suction
ranging from 0-100 kPa but increased with increasing matric suction for suction greater than 100 kPa as shown
in Figures 6 to 10. Moreover, Figures 11 to 14 show a decrease in factor of safety with increasing temperature
for all values of matric suction.
Unlike the results from simulations of safety factor against pullout failure of strip-reinforced earth using
sand as backfill material at various suctions performed by Man-koksung and Uchaipichat (2011), with
increasing matric suction, the area within the fine-grained soils such as silt affected by suction is much greater
than that within the sands. Thus, the increase in effective stress and driving force acting on the wall with
increasing matric suction within silts is also much greater than those within sands. As a result, the factor of
safety decreased with increasing matric suction for the level of suction less than 100 kPa.
An engineer responsible for designing mechanically stabilized earths in the area affected by the facilities
generating heat must take a serious attention, if using fine-grained soil as backfill materials, since the factor
safety against pullout failure can decrease with changing temperature and matric suction. The simulation results
for steel strip Layer 5 in Figure 10 show that the factor safety can decrease from 1.7 to the value less than 1.0 for
the changes in temperature from 25 to 60oC and suction from 0 to 100 kPa. It should be noted that failure occurs
at the value of safety factor less than 1.0.
L = 10 m

1
Failure Plane

2
H=5m

3

Wall

4
45-/2

5
Ribbed galvanized steel strip

Fig. 2: Diagram of reinforced earth used in simulations
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Figure 3: Variation in factor of safety against pullout failure with matric suction at temperature of 25 oC.
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Fig. 4: Variation in factor of safety against pullout failure with matric suction at temperature of 40 oC.
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Fig. 5: Variation in factor of safety against pullout failure matric suction at temperature of 60 oC.

T = 25 Degree C
T = 40 degree C

Factor of safety

T = 60 degree C

Matric suction (kPa)

Fig. 6: Variation in factor of safety against pullout failure with matric suction at different temperature for steel
strip Layer 1.
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T = 25 degree C
T = 40 degree C

Factor of safety

T = 60 degree C

Matric suction (kPa)

Fig. 7: Variation in factor of safety against pullout failure with matric suction at different temperature for steel
strip Layer 2.
T = 25 degree C
T = 40 degree C

Factor of safety

T = 60 degree C

Matric suction (kPa)

Fig. 8: Variation in factor of safety against pullout failure with matric suction at different temperature for steel
strip Layer 3.
T = 25 degree C
T = 40 degree C

Factor of safety

T = 60 degree C

Matric suction (kPa)

Fig. 9: Variation in factor of safety against pullout failure with matric suction at different temperature
for steel strip Layer 4.
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T = 25 degree C
T = 40 degree C

Factor of safety

T = 60 degree C

Matric suction (kPa)

Fig. 10: Variation in factor of safety against pullout failure with matric suction at different temperature
for steel strip Layer 5.
Layer
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Layer
Layer

Factor of safety

Layer

Temperature (o C)

Fig. 11: Variation in factor of safety against pullout failure with temperature
at matric suction = 0 kPa
Layer
Layer
Layer
Layer

Factor of safety

Layer

Temperature (o C)

Fig. 12: Variation in factor of safety against pullout failure with temperature at matric suction = 18 kPa
(Air entry value)
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Fig. 13: Variation in factor of safety against pullout failure with temperature at matric suction = 100 kPa
Layer
Layer
Layer
Layer

Factor of safety

Layer

Temperature (o C)

Fig. 14: Variation in factor of safety against pullout failure with temperature at matric suction = 300 kPa
Conclusions:
The expression of safety factor against pullout failure of mechanically stabilized earth including
temperature suction effects was derived in this study. The simulation of variation in safety factor with
temperature and suction under undrained condition was performed on a wall reinforced by ribbed galvanized
steel strips. The properties of backfill material were obtained from Uchaipichat (2005). The simulation results
show that the safety factor against pullout failure under undrained condition decreased with increasing depth for
all values of temperature. The results also show that the safety factor for all steel strip layers decreased with
increasing matric suction for the suction ranging from 0-100 kPa but increased with increasing matric suction
for suction greater than 100 kPa. Moreover, the factor of safety decreased with increasing temperature for all
values of matric suction.
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