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reliable SBD. The results show that it is vital to consider how to increase the bearing capacity
in the SBD methods. For example, in cohesive-frictional soils, by changing the embedment depth
of the foundation (df) and the distance between the foundation and slope crest (x) to reach the
target safety factor, we can obtain a more reliable SBD.

1. Introduction More recently, the reliability-based design (RBD)

One of the most crucial factors for foundation design is the
stability of the foundation, which is typically assessed by the
safety factor of bearing capacity. The foundation’s safety
factor can be defined as a ratio between the ultimate bearing
capacity and the actual load on the foundation soil system.
Traditionally, civil engineers have been practicing
deterministic design approaches based on safety factors to
account for uncertainties due to their simplicity [1]. It is
essential to mention that the safety factor only investigates
whether the system is safe or not. The effect of variability in
soil properties cannot be adequately addressed in such
analyses. The deterministic method may not always be
conservative due to the considerable uncertainties resulting
from in-situ soil variability [2-3].
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approaches have emerged as a more reasonable and rigorous
way to quantify the uncertainties [4]. In RBD, the
distributions of the variables are assigned to parameters
instead of particular values; hence, the distribution of the
safety factor can be obtained, which can undoubtedly
present a realistic perspective of the design safety. Several
recent studies have used reliability methods in strip
foundation design and slope stability analyses [5-14].

There are also investigations on the relationship and
differences between the reliability index and the safety
factor. Elishakoff and Chamis [15] investigated the
interrelation between the safety factors and reliability by
presenting four probabilistic definitions of the safety factor.
A framework with stochastic simulations was proposed by
Ching [4] to investigate the relationship between the
reliability and safety factors under a set of sufficient
conditions. The concept of the ratio of safety margin (RSM)
and the relationship between the factor of safety and
reliability index was studied by Chen et al. [16]. Meanwhile,
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in another study, Griffiths [17] analyzed the sensitivity of
the safety factors for footing problems.

Limit state methods, consisting of the limit analysis and limit
equilibrium methods, are the leading solutions for the
stability problems in foundation engineering [18-22]. As the
first solution with a long utilization history, the limit
equilibrium method assumes that the stresses on the failure
planes  are limited by traditional strength
parameters ¢ and ¢ [23]. On the other side, the limit analysis
method uses the plastic flow rule to investigate the collapse
load by equating the energy dissipated internally to the
energy expended by the external loads [24]. The differences
between these two methods undoubtedly lead to various
RBD results. In seismic design, the limit analysis method
can provide a more realistic effect of earthquake forces and
calculate the bearing capacity more accurately [25-26].

By default, reliability increases with the increase of the
factor of safety. This issue implies that a monotonically
increasing functional relationship might exist between these
parameters. However, such a connection does not exist in
general. Nevertheless, there are some investigations in the
literature on the probable relationship between the reliability
index and safety factor. In this study, the importance and role
of the reliability and safety factor in foundation design are
investigated, and the effects of the foundation and slope
properties on RBD and the safety factor are studied through
a typical example of designing a near slope shallow
foundation. As discussed above, the upper-bound limit
analysis method and practical probabilistic approach are
employed to evaluate foundation design bearing capacity
and reliability index. This study’s novelty is the
investigation of the interrelation between the safety factor
and reliability of shallow foundations near slopes.
Moreover, some helpful hints for practicing engineers
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unfamiliar with the reliability concept who prefer to design
foundations using the safety factor-based design (SBD) are
presented to achieve a more reliable design. Besides, three
different soil types that would be good representatives of
cohesive to granular soils are selected to be comprehensive.

2. Upper-Bound Limit Analysis Method

The mechanism shown in Figure 1 is nonsymmetrical,
allowing the bearing capacity calculation in the presence of
seismic loading. As it is well known, an earthquake has two
potential impacts on a soil-foundation system. The first is
increasing the driving forces, and the second is decreasing
the soil shearing resistance. Only the reduction of the
bearing capacity due to the increase in driving forces is
considered in the seismic design in this study. Hence, the soil
shear strength is supposed to remain unaffected by the
earthquake loading. On the other hand, the earthquake
acceleration for the soil and the foundation is assumed to be
identical, and only the horizontal seismic coefficient Ky is
applied.

As displayed in Figure 1, the wedge ABC has a rigid shape
with a downward velocity tilted at an angle ¢ to the AC’s
discontinuity line. The foundation is expected to move with
equal velocity as the wedge ABC. The radial shear zone
BCD is formed of n rigid triangular blocks which move in
directions that make an angle ¢ with the discontinuity
linesdi (i =1, ..., n). Consequently, the state determines
the velocity of each triangle. The velocity hodograph
presented in Figure 1 constituted a kinematically admissible
velocity field. The external forces contribute to the
incremental external work consisting of the foundation load,
the rigid block soil mass weight, and the foundation level’s
surcharge q [27].

Biv1i — 2¢

Vivq vi,i'+1

a; + i — Biv1

Fig. 1: The nonsymmetrical multiblock failure mechanism [2, 6].
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Equations 1 and 2 represent the parametric velocity related
to the rigid block i, and Equation 3 shows the relative
velocity between the adjacent blocks (i and i+1).

1
R ?
_osin(m—a; — B + 2¢)
e = T B - 20) @
Vi = ISin (a; = Bi — Bi+1) 3)

sin (Biry — 26)

Equations 4, 5, and 6 show the geometry parameters of the
triangular block i.
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X > <
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According to the energy survival principle, the amount of
the bearing capacity is determined by the equalization of the
internal and external works (Equations 11, 12, and 13)
introduced in Equations 7 to 10. The external work consists
of the force acting on the footing, weight of soil in motion,
surcharge loading, and different inertia forces. Internal
work, including the work of cohesion forces at the levels of
di and li, energy is dissipated along the lines ; (i=1, ...,
n-1)and d; (i = 1, , ). Regarding that the displacement
in the vertical direction is & = 1, the calculated load is the
bearing capacity of the foundation.

Wp = P(1 + K, V; cos(A; — @) %
Wy, = (vSiVisin(d; — ¢))

+ (KnyS;Vi cos(d; — @) ®
Wy, = cd;V; cos(o) 9)
W, = cljVii44 cos(e) (10)

W, : work of the load exerted on the foundation

W, : work of the soil weight of block i
W, : work of the cohesion force in d;

W, : work of the cohesion force in ;
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C : soil cohesion
@ : internal friction angle of the soil
A; : the angle between [; and horizon

W : surcharge work

External work Internal work

W + Wiy, +Wq = W, +W, (11)
P(1 + K,V cos(A; — @)
n
+ Z(Ysivi sin(; — @))
i=1
+ (KLyS;Vi cos(A; — @) + W,
(nhY ivi ( i (P)) A (12)
= Z Cdi\/i COS((p)
i=1
n-1
+ Z 1iVii+1 cos(e)
i=1
Qu = P
n
— 1 Z v ©
Ca+ KyV; cos(A; — @) (i:1 cd;V; cos(g
n-1
+ ) 1Vig41 co5(9) )
i=1

= ) siVisinQy - @)
+ (KpyS;Vi cos(d; — @) + W)

If the foundation is located near the crest of the slope, the
shape of the last soil rigid block is tetrahedral. Hence, the
calculations of parameters such as area and work of weight
force are different from the triangular soil rigid blocks.
Details of this scenario are presented in Figure 2. Also, the
relevant equations are presented in Equations 14 to 20.

x; =x+df x tan (s—g) (14)

g= \/xlz +12_, — 2x)l,_; cosa, (15)

Per the Sine Rule:

g = Arcsin(ln_1 * sin(ay,)) (16)
B, = Arcsin(? * sin(ay,)) 17
So:
q=2n—e—a, - B, (18)
. sin (g,) (19)

& sin (q)
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1

2

1
S ==xl,_;sin(ay) + Egdnsin(Bz)

(20)

In the upper-bound solution used in this paper, the extreme
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value for bearing capacity was attained initially; gradually,

value. Besides, a more accurate result can be obtained by
increasing the number of blocks. For instance, assume the

foundation with B=3 m, ¢ = 20 kPa, ¢ = 30°, Ky =0, Y =
by increasing the number of triangular blocks, the bearing

capacity decreased, thereby converging to a prominent

2

18 Ton/m?3, df =1 m. As shown in Figure 3 and Table 1, the
results can be obtained in high resolution by considering the
eight rigid triangular blocks. Hence, in this paper, all the
analyses are carried out using eight rigid blocks.
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Fig. 2: Details of the nonsymmetrical multiblock failure mechanism in the near slope scenario.
Table 1: The convergence procedure by increasing the number of blocks.
Bearing Capacity Reduction Bearing Capacity Reduction
Number of Blocks
(%) (Flat Ground) (%) (Near slope)
3 5.03 4.62
4 2.15 1.91
5 08 0.44
6 0.38 0.43
7 0.13 0.17
8 0.05 0.07
(b) (©)
2 2 2
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' / I \ i\
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Fig. 3: Radial shear zone, a) three-block, b) five-block, and c) eight-block.
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The foundation location, i.e., whether it is near or far from
the crest of the slope, is expected to affect its bearing
capacity. In the MATLAB code, the problem is initially
analyzed on flat ground to consider whether the slope affects
the bearing capacity. If the soil width involved in the rupture
zone is more than the distance between the foundation and
slope crest, the bearing capacity is affected by the slope.
Suppose the width of the soil involved in the rupture zone is
less than the mentioned distance. In that case, the slope does
not affect the bearing capacity, and the foundation can be
analyzed and designed by the realistic assumption that
ignores the far slope. Table 2 and Figure 4 show the effect
of the distance between the foundation and slope crest.

Table 2: The effect of the distance between the foundation and

slope crest.
Distance (m) Bearing Capacity (kPa)
0 1220
3 1890
5 2100
7 2205
9 2205
12 2205

Numerical Methods in Civil Engineering, 7-1 (2022) 57-69

(d)
Fig. 4: Different distances between the foundation and slope
crest, a) Om, b) 3m, ¢) 7m, and d) 12m.

3. Reliability-Based
Probabilistic Approach)

Analysis  (Practical

Low [28] proposed a practical probabilistic method for
estimating the reliability index. The method provides a more
intuitive definition of Hasofer-Lind’s reliability index [29].
This approach is an extremely fast, precise, and easy method
for calculating the first-order second-moment reliability
index (FORM). This method is based on the perspective of
an ellipsoid that touches the failure surface in the original
space of the variables, and relevant calculations will be done
using an optimization technic in the developed computer
code. This perspective is mathematically equivalent to the
widely adopted aspect of a sphere in the space of reduced
variables. The variables must be transferred to a normal
standard space for obtaining the reliability index in the
traditional solutions. However, in Low’s method, complex
computations and transfers are not required, and all the
process is done in the original space [30]. The reliability
index reached by the practical strategy is presented as
follows.

In Low’s method, an inherent explanation of the meaning of
the B is conceivable regarding that Eqs. 21 and 22 suggest
that the Hosefor-Lind index can be obtained by minimizing
the quadratic form (in this case, an ellipsoid) subject to the
restriction that the ellipsoid meets the surface of the failure
domain. The matrix formulation of the Hasofer-Lind index

B is:

BuL = r}(lelp V(&—m)TC(x—m) (21)

Or, equivalently:

g = min J [Xi — mi]T [R]-! [%] (22)

X€EF Oj

X is a vector describing random variables, m for the mean
values, C for the covariance matrix, R for the correlation
matrix, and F for the failure region. The value of £ should be
calculated by regarding the following requirements
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(Equations. 23 and 24) and employing the nonlinear
optimization technique [28]:

Minimize: g = mln\/ ol m‘ - [ﬂ] (23)
XEF 41

Subject to:

Performance Function= P-P, -0 (24)

where P is the action load on the foundation, and Py is the
bearing capacity of the foundation.

Figure 5a presents the spatial surface of the bearing capacity.
As shown in Figure 5b, a limit state surface can be obtained
by crossing a plane, representing the action load of the
foundation by the spatial surface. The curve produced by the
mentioned intercross, displayed in Figure 5c, can be
recognized as the limit state surface. As a final step, Low’s
approach can estimate the reliability index by trying to
minimize the distance from the mean-value point to the
produced limit state curve, as shown in Figure 5d.
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d) The final step of optimization where the ellipsoid touches
the surface of the failure region in the design point

4. Results and Discussion

This study investigates the importance of the reliability and
safety factor on the foundation design and the effects of the
foundation and slope properties on RBD. Meanwhile, three
different soil types that would be good representatives of
cohesive to granular soils are selected to be exhaustive.
According to Eurocode 7 [31], the reliability index (Brarget =
3.8) is considered for the reliability-based design of shallow
foundations. The literature presents the eclectic values of the
coefficient of variation of the internal friction angle and
cohesion. Within the range of the internal friction, the
corresponding coefficient of variation, as proposed by
Phoon and Kulhawy (1999) [32], is essentially between 5
and 15%. For effective cohesion, the coefficient of variation
varies between 10 and 70% [33]. In this paper, the
illustrative values used for the statistical characteristics of
variables are shown in Table 3.

In SBD, if a foundation located near a slope has to be
designed, there are three probable different solutions to
increase the bearing capacity of the foundation to reach a
particular safety factor (e.g., FS = 3). The first one is to
increase the width of the foundation (B), the second one is
to increase the foundation embedmentdepth (ds), and the last
solution is to increase the distance between the foundation
and the slope crest (x in Figure 2). The slope angle is one of
the other effective parameters that cannot be regarded as a
changeable item for designing a foundation. However, its
effect on the reliability and safety factor of design is also
investigated in this paper. As shown in Figure 6, the effects
of the mentioned parameters are different on the reliability
of the foundation design. At first glance, it appears that the
reliability index of the foundation design will reach a certain
value when the effective parameters on the foundation
bearing capacity change to obtain a considerable safety
factor (FS = 3). Some analyses are carried out to investigate
the safety factor’s value when the foundation design’s
reliability reaches the target reliability (8 = 3.8). The results
show that changing the effective parameters to achieve the
target reliability leads to different safety factors. In other
words, if an SBD is selected to design a shallow footing, it
is essential to know how to increase the bearing capacity.
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Table 3: Variable statistical characteristics of different soil types.

Variable Distribution Mean Value Coefficient of Variation
1%t Soil Type 2" Soil Type 3 Soil Type
Cohesion(c) Log normal 30 kPa 50 kPa 0 kPa 20%
Internal friction angle(o) Log normal 40° 0° 40° 10%
Effect of Slope Angle (W) Effect of Embedment Depth (df)
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Fig. 6: The effects of different parameters on the reliability and safety factor.

Analyzing Figure 6 shows that different reliability and safety
factors can be achieved by different scenarios used to
increase the shallow foundation’s bearing capacity. An
important question that arises here is whether increasing the
foundation width, which is the conventional and first-
selected choice of engineers for increasing the foundation
bearing capacity, is the most useful alternative or not. Three
soil types and four effective parameters are comprehensively
considered to investigate the relationship between the safety
factor and reliability. For the 1% soil type, while the target
safety factor (FS = 3) can be obtained by changing the

effective parameters on bearing capacity (ds, x, B, and ), the
reliability index is different in each scenario. For this soil
type, the effect of changing the value of the embedment
depth (dr) and the value of the distance between the
foundation and slope crest (x) is more significant than the
effect of changing in slope angle value () and foundation
width (B). As given in Figure 7, increasing (x) and (d)
provide a higher reliability index than increasing (B). Four
different scenarios plus an initial condition of the foundation
(Scenario Oth) are introduced in Table 4. Also, the action
load is assumed to be 3000 kN.

Table 4: Different scenarios description (for 1% soil type).

Scenario description Sc (51) dt (m) X (m) v (deg) FS p
(initsigfrgz:gigon) S0 3 0 0 30 273 333
(increass rée?g r;é)atlzh FS=3) Scl | 3.42 0 0 30 3 3.61
(increaseS g:erlgr;gaZCh Fs=3) | 5| 3 0.58 0 30 3 373
(increass g??g r;gaih FS=3) Sc3 3 0 121 30 3 37
(decreasgr;‘/art]gr:gaih Fs=3) | 5% | 3 0 0 25 3 3.68
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Some digital outputs of numerical analyses are presented in
the following to depict a clear and tangible picture of what
happened to investigate the reason for the different
reliability values despite the same safety factor value. As
mentioned before and shown in Figure 8, the limit state
hypersurface is obtained by crossing the bearing capacity

Numerical Methods in Civil Engineering, 7-1 (2022) 57-69

spatial surface and the action load surface. For example, in
the fourth scenario, the value of the slope angle decreases
gradually until the bearing capacity reaches a value three
times greater than the action load (FS = 3). The new bearing
capacity spatial surface of the foundation with a new slope
angle is shown in Figure 9.

15t Soil Type (c=30 kPa, ¢=40°)
4
.-".. -
oot PR
3.8 Szt _ ” -
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a oo'. P - -~
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= ot - Linear (X)
> P
= o = — — Linear (B)
834 >
= * eeecce Linear (df)
[5)
12 Sc0 = «= Linear ()
3.2
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2.6 2.7 2.8 29 3 3.1 3.2
Safety Factor (FS)

Fig. 7: The effects of different parameters on the reliability and safety factor of foundation rest on the 1% soil type.
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Fig. 8: The bearing capacity spatial surface of Sc0 crossed by the action load surface.

As shown in Figure 10, the limit state surface is dropped
down by decreasing slope angle. In other words, by
decreasing the value of y, the foundation bearing capacity
reached the mentioned value in a lower range of cohesion (¢)
and friction (p). Consequently, the reliability index, which

64

is the minimum distance from the mean-value point to the
produced limit state curve, is increased. The dispersion
ellipsoids, mean-value point, and the comparison between
two limit state curves, Sc. 0" and Sc. 4", are presented in
Figurel0.
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Fig. 9: Comparison between two different bearing capacity spatial surfaces.
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Fig. 10: Comparison between different produced limit state surfaces in the normal variable space.

Four effective parameters (B, x, dr, and ) are changed
independently in four different scenarios to reach the
mentioned bearing capacity. Specific parameters values are
obtained, as presented in Table 4. By employing particular
obtained values of parameters, the bearing capacity spatial

surfaces are analyzed and presented in Figure 11. Obviously,
the limit state surface, which is far from the mean value (¢ =
30 kPa, ¢ = 40°), concludes a greater reliability index. Now,
the results presented in Figure 7 are clarified by Figure 11.

Therefore, the most helpful solution for increasing the
foundation bearing capacity in terms of reliability is
increasing (df) (Sc. 2", increasing (x) (Sc. 3"), decreasing
(w) (Sc. 4M), and increasing (B) (Sc. 1), respectively.
Finally, as a helpful hint, the conventional belief about the
merit of increasing (B) as the best way to increase the
bearing capacity is completely refused from a reliability
point of view.
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Fig. 11: The condition of different scenarios in terms of reliability.

The results are different for the 2™ soil type (cohesive soil),
as shown in Figure 12. In cohesive soils, the most practical
implementation for increasing the foundation bearing
capacity in terms of reliability is decreasing (), increasing
(x), increasing (dr), and increasing (B), respectively. Because
of the highcohesion values in cohesive soils, the reliability

index depends on the parameters which can directly affect
the bearing capacity, such as the discontinuity lines of rigid
soil blocks. Therefore, the location of the foundation and the
slope angle play important roles in the reliability of
foundation designs.
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Fig. 12: The effects of different parameters on the reliability and safety factor of foundations on cohesive soils.
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3" Soil Type, c=0 kPa, ¢=40° (Granular Soil)
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Fig. 13: The effects of different parameters on the reliability and safety factor of foundation rest on the granular soils.

Although in the 3" soil type (granular soil), the order of most
influential parameters on the reliability of foundation design
is similar to the 1% soil type, the differences in reliability
value between various scenarios are more considerable in
comparison with the other soil types, as shown in Figure 13.
Additionally, the foundation’s reliability range according to
the safety-factor method is not acceptable in granular soil (8
=1.9-2.6). Asaresult, in granular soils, which have the most
critical circumstances in terms of reliability, conservative
considerations should be applied, and the most useful
scenario for increasing the bearing capacity should be
selected.

5. Conclusion

From the risk assessment point of view, it is widely accepted
that RBD is more reliable and efficient than SBD. Although
reliability analysis has been used in various geotechnical
engineering problems in recent years, Civil engineers
traditionally have been practicing deterministic design
approaches based on safety factors. That is because of the
simplicity of SBD approaches in considering the broad
spectrum of existing uncertainties. Some investigations have
been conducted to discover the relationship and differences
between reliability index and safety factor. However, no
clear picture has provided practical hints for geotechnical
engineers unfamiliar with the reliability concept to design
more reliable shallow foundations by employing SBD
methods. Hence, this study investigates the interrelation
between the safety factor and reliability of a shallow
foundation located near a slope in different design scenarios.
Moreover, all designs are carried out using the upper-bound
limit analysis method and practical probabilistic approach to
be accurate and comprehensive. Some useful hints for
practicing engineers unfamiliar with the reliability concept

who prefer to design a foundation using SBD approaches are
presented to achieve a more reliable design.

Suppose a foundation located near a slope wants to be
designed using SBD. In that case, there are three different
probable solutions to increase the bearing capacity to reach
a target safety factor (e.g., FS = 3). The first one is to
increase the width of the foundation (B), the second one is
to increase the foundation embedment depth (ds), and the last
solution is to increase the distance between the foundation
and the slope crest (x) in Figure 2). Although the increase in
the bearing capacity of the foundation leads to an increase in
the safety factor and reliability of the design, a
monotonically increasing functional relationship between
the safety factor and reliability does not exist. Generally, for
all soil types, while the target safety factor (FS = 3) can be
obtained by changing the effective parameters on bearing
capacity [dy, x, B, and  (slope angle)], the reliability index
is different in each scenario.

As a result of carried out analyses, the effect of changing the
value of (df) and (x) is more significant than the effect of
changing the value of () and (B) for the 1% soil type. In
other words, increasing (x) and (df) provide a higher
reliability index than increasing the value of (B). Therefore,
the most helpful solution for increasing the foundation
bearing capacity in terms of reliability is increasing (d),
increasing (x), decreasing (), and increasing (B),
respectively. Finally, as a useful hint, the conventional belief
about the merit of increasing Bas the best way for
foundation designing is completely refused from a reliability
point of view. The most practical implementation in
cohesive soils (2" soil type) is decreasing (i), increasing x,
increasing (ds), and increasing (B), respectively. In cohesive
soils, because of the high cohesion values, the reliability
index is very dependent on the parameters, which can
directly affect the bearing capacity. Discontinuity lines of
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rigid soil blocks on which internal energy dissipation is not
zero (the internal energy dissipation is zero in discontinuities
of granular soils). Therefore, the location of the foundation
and the slope angle play important roles in foundation
designs’ reliability. Although in granular soils, the order of
most influential parameters on the reliability of foundation
design is similar to the 1% soil type, the differences in
reliability value between various scenarios are more
considerable than in the other soil types.

Declaration of conflicting interests:
The authors declare that they have no conflict of interest.

References

[1] Li, Y., Fan, W., Chen, X,, Liu, Y., & Chen, B. (2017).
Safety Criteria and Standards for Bearing Capacity of
Foundation. Mathematical Problems in Engineering.
https://doi.org/10.1155/2017/3043571

[2] Shojaeian, A., & Askari, F. Variables Characteristics
Effects on Static and Pseudo-Static Reliability-Based Design
of near Slope Shallow Foundations. Journal of Numerical
Methods in  Civil Engineering, 3(3), 1-12.
https://doi.org/10.29252/nmce.3.3.1

[3] Shojaeian, A., & Askari, F. (2019, November 11-13). The
Reliability of the Foundation Seismic Design Using Iranian
National Building Code, Tehran, Iran.

[4] Ching, J. (2009). Equivalence between reliability and
factor of safety. Probabilistic engineering mechanics, 24(2),
159-171. https://doi.org/10.1016/j.probengmech.2008.04.004

[5] Shojaeian, A., & Askari, F. (2020). Reliability of Static and
Seismic Design of Near Slope Shallow Foundations Following
Iranian Code and Eurocode 7. International Journal of Civil
Engineering, 18(4), 405-417. https://doi.org/10.1007/s40999-
019-00484-5

[6] Shojaeian, A., & Askari, F. (2020). Seismic Reliability
Investigation of Bearing Capacity of Foundations Based on
Limit Analysis and Limit Equilibrium Methods. Geotechnical
and  Geological  Engineering,  38(6), 6329-6342.
https://doi.org/10.1007/s10706-020-01438-8

[7] Youssef Abdel Massih, D. S., Soubra, A. H., & Low, B. K.
(2008). Reliability-based Analysis and Design of Strip
Footings Against Bearing Capacity Failure. Journal of
Geotechnical and Geoenvironmental Engineering, 134(7),
917-928. https://doi.org/10.1061/(ASCE)1090-
0241(2008)134:7(917)

[8] Rezaie Soufi, G., Jamshidi Chenari, R., & Karimpour Fard,
M. (2020). Influence of Random Heterogeneity of the Friction
Angle on Bearing Capacity Factor Ny. Georisk: Assessment

68

Numerical Methods in Civil Engineering, 7-1 (2022) 57-69

and Management of Risk for Engineered Systems and
Geohazards, 14(1), 69-89.
https://doi.org/10.1080/17499518.2019.1566554

[9] Agarwal, E., & Pain, A. (2022). Reliability Assessment of
Reinforced Slopes  with Unknown Probability
Distribution. Géotechnique, 1-36.

[10] Chenari, R. J., Roshandeh, S. P., & Payan, M. (2019).
Stochastic Analysis of Foundation Immediate Settlement on
Heterogeneous  Spatially Random  Soil  Considering
Mechanical Anisotropy. SN Applied Sciences, 1(7), Article
€660.

[11] Agarwal, E., & Pain, A. (2021). Efficient Probabilistic
Stability Analysis of Geosynthetic Reinforced Slopes Using
Collocation-Based Stochastic Response Surface. International
Journal of Geomechanics, 21(10), Article €04021189.

[12] Falae, P. O., Agarwal, E., Pain, A., Dash, R. K., &
Kanungo, D. P. (2021). A Data Driven Efficient Framework
for the Probabilistic Slope Stability Analysis of Pakhi
landslide, Garhwal Himalaya. Journal of Earth System
Science, 130(3), 1-15.

[13] Agarwal, E., & Pain, A. (2021). Probabilistic Stability
Analysis of Geosynthetic-reinforced Slopes Under Pseudo-
static and Modified Pseudo-dynamic Conditions. Geotextiles
and Geomembranes, 49(6), 1565-1584.

[14] Agarwal, E., Pain, A., & Sarkar, S. (2021). Stochastic
Stability Analysis of Geosynthetic Reinforced Slopes
Subjected to Harmonic Base Shaking. Transportation
Geotechnics, 29, Article e100562.

[15] Elishakoff, 1., & Chamis, C. C. (2001). Interrelation
Between Safety Factors and Reliability (No. NASA/CR-2001-
211309).NASA.

[16] Chen, Z., Chen, L., Xu, J., Sun, P., Wu, C., & Wang, Y.
(2014). Quantitative Deterministic Versus Probability
Analyses Based on a Safety Margin Criterion. Science China
Technological Sciences, 57(10), 1988-2000.
https://doi.org/10.1007/s11431-014-5638-6

[17] Griffiths, D. V. (2015). Observations on Load and
Strength Factors in Bearing Capacity Analysis. Journal of
Geotechnical and Geoenvironmental Engineering, 141(7),
Acrticle e06015004. https://doi.org/10.1061/(ASCE)GT.1943-
5606.0001316

[18] Mosallanezhad, M., & Moayedi, H. (2017). Comparison
Analysis of Bearing Capacity Approaches for the Strip Footing
on Layered Soils. Arabian Journal for Science and
Engineering, 42(9), 3711-3722.
https://doi.org/10.1007/5s13369-017-2490-6


https://doi.org/10.1155/2017/3043571
https://doi.org/10.29252/nmce.3.3.1
https://doi.org/10.1016/j.probengmech.2008.04.004
https://doi.org/10.1007/s40999-019-00484-5
https://doi.org/10.1007/s40999-019-00484-5
https://doi.org/10.1007/s10706-020-01438-8
https://doi.org/10.1061/(ASCE)1090-0241(2008)134:7(917)
https://doi.org/10.1061/(ASCE)1090-0241(2008)134:7(917)
https://doi.org/10.1080/17499518.2019.1566554
https://doi.org/10.1007/s11431-014-5638-6
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001316
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001316
https://doi.org/10.1007/s13369-017-2490-6

A. Shojaeian et al.

[19] Fathipour, H., Payan, M., Chenari, R. J., & Fatahi, B.
(2022). General Failure Envelope of Eccentrically and
Obliquely Loaded Strip Footings Resting on an Inherently
Anisotropic Granular Medium. Computers and Geotechnics,
146, Article e104734

[20] Safardoost, A., Fathipour, H., Chenari, R. J., Veiskarami,
M., & Payan, M.(2021). Evaluation of the Pseudo-dynamic
Bearing Capacity of Surface Footings on Cohesionless Soils
Using Finite Element Lower Bound Limit Analysis.
Geomechanics and Geoengineering, 1-13

[21] Firouzeh, S. H., Payan, M., Chenari, R. J., Shafiee, A., &
Senetakis, K. (2022). Efficiency of Various Mitigation
Schemes in the Alleviation of the Destructive Effect of
Reverse Dip-slip Fault Rupture on Surface and Embedded
Shallow Foundations Using Upper Bound Finite Element
Limit Analysis. Computers and Geotechnics, 142, Article
£104548.

[22] Nouzari, M. A., Jamshidi Chenari, R., Payan, M., &
Pishgar, F. (2021). Pseudo-static Seismic Bearing Capacity of
Shallow Foundations in Unsaturated Soils Employing Limit
Equilibrium ~ Method. Geotechnical ~and  Geological
Engineering, 39(2), 943-956.

[23] Robert, M. A. Y. (2015, July 9-10). The Seismic Design
of Shallow Foundations: a State of the Art Exploration.
SECED 2015 Conference: Earthquake Risk and Engineering
towards a Resilient World, Cambridge, Uk.

[24] Sloan, S. (2005). Geotechnical Stability Analysis: New
Methods for an Old Problem. Australian Geomechanics,
40(30), 1-28.

[25] Fathipour, H., Payan, M., Chenari, R. J., & Senetakis, K.
(2021). Lower Bound Analysis of Modified Pseudo-dynamic
Lateral Earth Pressures for Retaining Wall-backfill System
with Depth-varying Damping Using FEM-Second Order Cone
Programming. International Journal for Numerical and
Analytical Methods in Geomechanics, 45(16), 2371-2387.

[26] Fathipour, H., Siahmazgi, A. S., Payan, M., Veiskarami,
M., & Jamshidi Chenari, R. (2021). Limit Analysis of
Modified Pseudodynamic Lateral Earth Pressure in
Anisotropic Frictional Medium Using Finite-Element and
Second-Order Cone Programming. International Journal of
Geomechanics, 21(2), Article e04020258.

[27] Soubra, A. H. (1999). Upper-bound Solutions for Bearing
Capacity of Foundations. Journal of Geotechnical and
Geoenvironmental Engineering, 125(1), 59-68.
https://doi.org/10.1061/(ASCE)1090-0241(1999)125:1(59)

[28] Low, B. K. (1996). Practical Probabilistic Approach
Using Spreadsheet. Uncertainty in the geologic environment:
From theory to practice. 1284-1302.

Numerical Methods in Civil Engineering, 7-1 (2022) 57-69

[29] Hasofer, A. M., & Lind, N. C. (1974). Exact and Invariant
Second-moment Code Format. Journal of the Engineering
Mechanics Division, 100(1), 111-121.

[30] Low, B. K., & Tang, W. H. (2004). Reliability Analysis
Using Object-oriented Constrained Optimization. Structural
Safety, 26(1), 69-89. https://doi.org/10.1016/S0167-
4730(03)00023-7

[31] Eurocode 7: Geotechnical design-Part 1: General rules.

[32] Phoon, K. K., & Kulhawy, F. H. (1999). Characterization
of Geotechnical Variability. Canadian Geotechnical journal,
36(4), 612-624. https://doi.org/10.1139/t99-038

[33] Cherubini, C. (2000). Reliability Evaluation of Shallow
Foundation Bearing Capacity on c¢' ¢'soils. Canadian
Geotechnical Journal, 37(2), 264-269.
https://doi.org/10.1139/cgj-37-1-264

This article is an open-access article
@ @ distributed under the terms and
conditions of the Creative Commons

Attribution (CC-BY) license.

69


https://scholar.google.com/citations?view_op=view_citation&hl=en&user=qfF48QsAAAAJ&sortby=pubdate&citation_for_view=qfF48QsAAAAJ:maZDTaKrznsC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=qfF48QsAAAAJ&sortby=pubdate&citation_for_view=qfF48QsAAAAJ:maZDTaKrznsC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=qfF48QsAAAAJ&sortby=pubdate&citation_for_view=qfF48QsAAAAJ:maZDTaKrznsC
https://www.tandfonline.com/doi/abs/10.1080/17486025.2021.1889686
https://www.tandfonline.com/doi/abs/10.1080/17486025.2021.1889686
https://www.tandfonline.com/doi/abs/10.1080/17486025.2021.1889686
https://onlinelibrary.wiley.com/doi/abs/10.1002/nag.3269
https://onlinelibrary.wiley.com/doi/abs/10.1002/nag.3269
https://onlinelibrary.wiley.com/doi/abs/10.1002/nag.3269
https://onlinelibrary.wiley.com/doi/abs/10.1002/nag.3269
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001924
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001924
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001924
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29GM.1943-5622.0001924
https://doi.org/10.1061/(ASCE)1090-0241(1999)125:1(59)
https://doi.org/10.1016/S0167-4730(03)00023-7
https://doi.org/10.1016/S0167-4730(03)00023-7
https://doi.org/10.1139/t99-038
https://doi.org/10.1139/cgj-37-1-264

