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STABILITY CALCULATION OF PILE-REINFORCED SLOPES
BY THE LIMIT EQUILIBRIUM METHOD CONSIDERING SLIDING
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Abstract

In the study, advantages and disadvantages of the calculation methods for overall sliding
stability of pile-reinforced slopes considering sliding resistance of pile were summarized
and analyzed. An automatic program for stability calculation of pile-reinforced slope was
established based on the limit equilibrium method considering sliding resistance of piles
according to Ito-Matsui method. The program was used to evaluate the effects of the piles,
such as position and spacing of the piles on the stability of the slopes.

Keywords: Pile-reinforced slope; the limit equilibrium method; stability of the slope; sliding
resistance; Ito-Matsui method.

1. Introduction

Nowadays, solution of using piles to reinforce slopes and improve stability of the
slopes is widely applied in the world in construction fields such as river ports, seaports,
transportation works, etc. Many successful cases have been reported [7, 8, 10, 12], and
numerous methods have been developed for the analysis of pile-reinforced slopes [8, 9,
11, 12]. One of the main effects of the piles that can enhance the stability of the soil
slope is through soil arching in which the interslice forces transmitted to the soil slice
behind the piles being reduced [9]. In Vietnam, there were some technical standards and
geotechnical documents that indicate the method of calculation of the overall sliding
stability of construction foundation. However, the only standard so-called 22TCN
207-92 [5] that shows clearly and in detail how to determine the stability of the pile-
reinforced slopes. Recently, some authors such as N. Q. V. Le et al. [1] and H. T. Tran
et al. [6] , have mentioned the topic of stability of pile-reinforced slopes. Based on
numerical tests, their work of research reaffirm the role of the piles in slope stability.
The present paper will summarize and analyze the advantages and disadvantages of
calculation methods for overall sliding stability of pile-reinforced slopes. From there,
the suitable method is chosen which is combined with the limit equilibrium method to
establish an automatic program for stability calculation of the pile-reinforced slope.
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2. Calculation methods for overall sliding stability of pile-reinforced slopes
2.1. Method of 22TCN 207-92

According to the guide of 22TCN 207-92 [5], with respect to riverports and
seaports, calculation of overall sliding stability of the slopes reinforced with piles based
on the ordinary method of slices considering sliding force of the pile expressed
as follows:

AM,
Q.= t.L @)

where Mc is the bending moment of the part of the pile below the sliding surface that
takes the minimum of the two values determined following two conditions:

a) Strength condition of steel reinforced concrete cross-section of the pile, My, is
calculated by the formula in TCVN 4116-85 [3].

b) Mounting condition of the pile underneath the sliding surface by a straight
segment, t; = tn/1.25, M2
(O-p _O-a)'lc'tz2

M, = 3 2

in which tn is the length of the portion of the pile under the sliding surface to the tip of
the pile; I¢ is the length of the straight segment over which the active and passive earth
pressures will be transferred to the pile; L is the distance from center to center between
two piles; g, gp are the active and passive earth pressures at the intersection between the
sliding arc and reinforced pile.
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Fig. 1. Slope failure mechanism [5].
2.2. Broms’ Method
According to this method, the calculation of overall sliding stability of slopes
reinforced with piles is also based on the ordinary method of slices where the presence
of the pile on the slope is expressed by a horizontal load capacity of a vertical pile, Qc,

with its length of L, = t, (see Fig. 2). Herein, t, is also the length of the portion of the
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pile from the sliding surface to the tip of the pile. Q¢ is determined from graphs
provided in [4] that were established for 2 types of piles, short and long piles.

Qc

Fig. 2. Slope failure mechanism, Broms’ method.
2.3. The ordinary method of slices combined with the finite element method

Reintforced pile T

Fig. 3. Slope failure mechanism.

The process of the ordinary method of slices combined with the finite element
method is divided into two steps:

Step 1: Analysis of the stress-strain state of the soil and reinforced pile;

Step 2: Assuming sliding arc (center O, radius R), based on the stress field
found in step 1 to determine slip and anti-slip tangential forces at the bottom of soil
column (Fig. 3).

The factor of safety is calculated by the following equation:

FS = Zl—t ®)
i=1

gtr
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In order to apply this method, we can use the Geostudio software by combining two
modules: module Sigma/W (for step 1) and module Slope/W (for step 2).

2.4. Strength Reduction Method (SRM)

The Strength Reduction Method (RSM) is based on the reduction of the sliding
strength that is composed of two parameters, unit cohesion (c) and internal friction angle
(o) of the soil. The parameters are reduced in two steps until the soil mass fails. In some
numerical softwares such as Plaxis, Geo 5, Phase 2 or Flac, a coefficient exhibits the
reduction of the input parameters during the calculation at any stage is defined as follows:

Fs=C 199 @)
c oo
where tge’ and C’ are the input parameters of the soil, tgp and c are the reduced
parameters calculated by the program.

Calculation results are presented in the form of a graph where the graph shows the
effect of the strength reduction coefficient (FS) on the displacement of the considered
point (the nodes of the grid of finite elements). Failure criteria of the model are
determined according to the Mohr-Coulomb. Once the solution for the final steady state
is obtained, the line graph is in horizontal direction, and now the strength reduction
coefficient corresponds to the stability coefficient. The sliding surface obtained from
this method is formed during the calculation process.

2.5. The limit equilibrium method considering sliding resistance of piles according to
Ito-Matsui method

Lo PR,

Sliding
surface

Piles A a) Slope stability Piles .~ b) Pile stability

Fig. 4. Slope stability analysis containing piles in a row.
In this approach, calculating sliding stability of pile-reinforced slopes is still based
on the limit equilibrium method. However, the presence of the pile on the slope is
expressed by sliding resistance of pile that is proposed by T. Ito and T. Matsui.
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a) Determine the sliding resistance of the pile according to the Ito-Matsui method

Ito and Matsui [12] analyzed piles placed in the soil based on the theory of plastic
deformation (sliding mass area) and the pile against plastic deformation. Following that,
the soil between two piles, the area of ACDFF’D’C’A’, is illustrated in Fig. 5. The
adopted assumptions are expressed in following:

- When the soil deforms, two sliding surfaces occur along the lines AEB and
A’E’B’ in which the lines EB and E'B' make angles (z/4 + ¢/2) with the x-axis;
- The plastic flow state of the soil occurs only in the AEBB’E’A’ area just around

the piles and satisfies the Mohr-Coulomb’s yield criterion. Thereafter, the soil is
characterized by two parameters: angle of internal friction ¢ and cohesion c;

- The problem satisfies the plane-strain conditions in the transversely plane;
- The friction on the surfaces AEB and 4 ’E B’ is ignored in the analysis.
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Fig. 5. State of plastic deformation in the Fig. 6. Lateral pressure on piles due to
ground just around piles [12]. horizontal soil.

Theoretically, the equation for the lateral force per unit length p is given as

follows [11]:
Jexp by .tg¢.tg(£+£) -2.N"tgp-1
P D, * 8 4 g
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NY2.tgp+N, -1

where N = tgz(£+£} A= Dl.(&j ; D1 is center-to-center interval
4 2 D,

between piles in a row; D> is clear interval between piles; c is cohesion of the soils;

¢ is angle of internal friction of the soils.

The use of theory of plastic deformation for analysis of pile-reinforced slopes was
first proposed by T. Ito and T. Matsui (1975) and later discussed by De Beer and
Carpentier (1977) [11]. The latter authors developed comparable equation by modifying
the one of Ito and Matsui and proposed the following equation as another way in order
to obtain the lateral force per unit length p induced on the piles [11]:

_yz(, sing D, """ %ew
p(Z) —N—. 1+T.N(p Dl' F . - D2
2

4

D Fi(p) ) 6
o : 0,0, 14302 N ©
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S
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b) Analysis steps for slopes stability with reinforced piles

- Step 1: Determination of the soil pressure acting on the pile from the bottom of
the sliding arc to the natural ground (}pz). Soil pressure is calculated according to Ito
and Matsui’s method (or De Beer and Carpentier’s modified formula);

- Step 2: Calculation of sliding stability of pile-reinforced slopes is based on the
ordinary method of slices taking into account anti-sliding forces that is soil pressure
acting on piles from the bottom of sliding arc;

- Step 3: Analysis of the stability of the piles in an elastic foundation (or nonlinear
elastic foundation) subjected to horizontal load. This load is defined in step 1.

2.6. Discussion of calculation methods of stability of pile-reinforced slope

In order to compare the calculation methods aforementioned, the authors

conducted numerical tests for graphs of soil pressure acting on the pile. Soil parameters

are chosen as follows: y = 15.6 kN/m?; ¢ = 10°; ¢ = 7.5 kPa.
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Fig. 7 illustrates the pressure distributions along the depth of the piles. It is seen in
the figure that the soil pressure calculated according to Ito-Matsui and De Beer-
Carpentier has a just small difference. Meanwhile, the soil pressure obtained from
Coulomb's theory is much larger than that of Ito-Matsui and De Beer-Carpentier
methods. Note that, Coulomb’s model is only appropriate when the piles and soils
surrounding are hard. Moreover, it always exists a gap between the piles, so Coulomb's
formula cannot be applied to calculate the soil pressure on piles as the one on the earth
wall. Fig. 8 shows the effect of the gap between two piles to pressure distributions on
the piles (depth of 5m). It is seen that the soil pressure acting on the piles decreases as
the gap D increases. The lateral force on the piles becomes infinite if D, = 0, i.e., the
spacing between the piles reaches to zero. This does not reflect real phenomenon. For
this reason, it is suggested that the gap (D2) between two piles should be superior to
2D/3 [11].

Soil pressure p, (kPa)

0 50 100 150 200 250 300 350 400 450 500
0.00 — L \ \ \ L L L L
L
Ll
-2.00 ®e
L]
. '
L
-4.00 ~x .
L]
. .,
600 1\ \ oy
. L]
L]
-8.00 1 - \y ) L
. L] ®
= \] \N ]
£ -10.00 { \ v *-s
N (Y N 4 °
L} L]
-12.00 1 \ . .,
\ N Pe,
-14.00 4 A - L
\ N LI
- 4 A : ]
16.00 \ ~ L3 .
\ .
-18.00 4 \ N “eq
\ e
-20.00
De Beer and Carpentier method = = = Jto and Matsui method

=+ Active earth pressure (Coulomb) ® o o o Passive earth pressure (Coulomb)

Fig. 7. Pressure distributions along the depth of piles.
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Fig. 8. Surveying the effect of gap between two piles to pressure distributions on piles.
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It could give some comments for the methods to evaluate slope stability with
reinforced piles aforementioned as follows:

- The method of TCN 207-92 [5] calculates the sliding resistance force (at the
position of sliding arc) through the difference between the passive and active effective
pressure within the conventional length (pile with 2 virtual fixed points). This method
considers the pile row absolute hard and applies the theory of active or passive earth
pressure. However, the piles could not be considered absolutely hard, and the reinforced
piles are usually arranged with gaps, so the pressure on the pile depends on the spacing
between the piles.

- The Broms’ method of calculation is complicated. The determination of the
horizontal load capacity of the pile is not yet clear because the soil from the bottom of
the slide to the natural ground is not considered. In addition, the calculation method
does not consider the influence of the distance between the piles and the response
constants of the background are not determined experimentally but according to the
lookup table with quite large errors.

- The ordinary method of slices combined with the finite element method is used
in Geostudio software (combining Sigma/W and Slope/W modules) and the strength
reduction method is used in specialized softwares such as Plaxis, Geo5, Phase 2,
FLAC... These softwares often require many soil input parameters that are determined
difficultly. These input parameters depend on the results of the triaxial compression test
and the process of standardisation to appropriately select the behavior model of the soils
(Mohr-Coulomb, Hardening soil, soft soil, etc.). To achieve high accuracy, this method
requires an engineer to have deep geotechnical expertise, really knowledgeable in
analyzing triaxial compression test data and the nature of soil models.

- The limit equilibrium method to determine the overall sliding stability of pile-
reinforced slopes considering sliding resistance of pile according to Ito-Matsui method
has all the advantage and disadvantage of the limit equilibrium method. The
disadvantage is due to relying on the assumptions that make the problem simpler, so the
obtained results of the stability coefficient could be overestimated whereas the
advantage is simplification in use. Concretely, this method allows considering the
effects of permeability, load conditions, and different soil conditions without additional
calculations. T. Ito and T. Matsui conducted a series of experiments to validate the
proposed analytical formulas [12]. In addition to the analysis of the slope stability
taking into account sliding resistance, this method also considers the problem of the
stability of the pile subjected to horizontal load.

From some reasons above, the authors chose the limit equilibrium method
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combined with the sliding resistance of the pile according to Ito-Matsui method to
develop an automatic program to analyze stability of the pile-reinforced slope.

3. Establishment of automatic program for stability calculation of the
pile-reinforced slope
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Fig. 9. Stability calculated diagram of slopes reinforced with piles.

To build the program, the authors rely on the limit equilibrium method such as
Fellenius or Bishop method. In the calculation process the sliding resistance of piles is
supplied, which is the soil pressure (according to T. Ito and T. Matsui or De Beer-
Carpentier) calculated from the position of the pile-slide surface intersection to the top
of the pile. The pressure diagram is in the form of a trapezoid. For the sake of
simplification in determination of center of gravity, one divides the trapezoid into 2 sub-
geometries, triangle and rectangle.

On the basis of such approach, the authors developed a calculation program that
based on the source code of the program SSSV (Slope Stability Software of
Vietnamese) [2]. Not only the sliding strength of the soil but also soil pressure due to
the piles are supplied to the anti-sliding moment Ei (rectangular diagram) and E»
(triangle diagram). Assuming that interactions between slices are neglected as in
Fellenius method. The algorithm diagram of program is shown in Fig. 10 and stability
coefficient is calculated by the following equation:

E,.d, +E,d,+ Y (P.cosq.tgg, +C,l,)
K = = ™
P.sing;

i
i=1
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where Pj is weight of slice; Ci is effective cohesion; ¢i is effective internal friction

angle; bi is width of slice; li = bi/sinai and ai is the angle of base.
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\npdt )

I ----------------- izi+l
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Parameters of reinforced piles
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Fig. 10. Block diagram of program (Fellenius method).
In the next stage, the authors will use the established program to investigate the
pile parameters affecting the slope stability. An estimated slope consists of 5 soil layers
with the mechano-physical properties as shown in Table 1.

Table 1. Mechano-physical properties of soil layers.

Unit weight, | Internal friction angle, | Cohesion,
Soil layer 7 4 ¢

kN/m? degree kPa
1 18.00 12 9.00
2 15.60 7 7.00
3 16.00 15 8.00
4 16.50 18 8.50
5 17.00 25 5.00
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Parameters of reinforced pile are:

+ Pile diameter: D = 30 cm;

+ Pile length: L =10 m;

+ Clear interval between piles: D, =3D =0.9 m;

Three problems were analyzed in following:

a) Problem 1: Evaluation of the stability level of the slope without or with a row
of reinforced piles

25 25

Center: X=22.76 ; Y=18.11 Center: X=22.76 ; Y= 18.11

o D L
Radius: R= 7.62 ! Radius: R= 7.62
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Fig. 11. Stability level of the slope without Fig. 12. Stability level of the pile-reinforced slope
a row of reinforced piles. (a row of piles in the middle slope).
Stability levels of the slope without and with a row of reinforced piles are shown
in Fig. 11 and Fig. 12 respectively. It can be seen in Fig. 11 and Fig. 12 that, the
stability coefficient of the slope without pile-reinforced is K = 1.026, and in case of the
slope reinforced with a row of piles in the middle part of the slope, the stability
coefficient increases by the amount of 24%, i.e., K = 1.272.
b) Problem 2: Evaluation of the influence of the position of a row of piles on the
stability coefficient of the slope
Table 2. Correlation of position of pile

to stability coefficient of slope. 1.400
. 1.350
Case pci:l(()eot:)dpmpfg:isti%; Stability 1400
coefficient | = 1250
X (m) Y (m) é 1.200
1 | 2097 | 11.65 [ 1.069 5 e
2 2174 | 12.16 1.121 £ 1100
3 22,72 | 12.81 1.196 5 1050 .
4 | 2319 | 1313 | 1232 | 1om Loeofsope | [ Top ofslope
5 23.75 | 13.50 1.272 0.950
6 2421 | 13.80 1.301 0.900
20.00 21.00 22.00 23.00 24.00 25.00 26.00 27.00 28.00
7 2495 | 14.30 1.339 X (m)
8 2571 | 14.81 1.332 . . .
9 26.33 | 1522 1 oaa Fig. 13. Effect of the position of a row of piles
10 | 26.88 | 1559 1.182 on the stability coefficient of slope.
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Table 2 and Figure 13 present the influence of the position of a row of piles on the
stability coefficient of the slope. They show that, the position of piles affects the
stability coefficient of the slope. Relationship between the position of piles and the
stability coefficient is in a parabolic shape. As the row of the piles reaches to the
vicinity of the toe of the slope, the stability coefficient decreases. The safety factor takes
the maximum value corresponding to the row of the piles in the middle part of the slope.

c) Problem 3: Evaluation of the influence of spacing of piles on the stability
coefficient of the slope

Table 3 and Figure 14 are the results of the evaluation of influence of spacing of piles
on the stability coefficient of the slope. According to Ito-Matsui's formula, the soil pressure
increases as the distance between of the piles decreases. Therefore, the distance between the
piles also affects the stability coefficient of the slope. Concretely, Table 3 and Figure 14
show that, the stability coefficient increases as the spacing between of pile decreases.

Table 3. Correlation of spacing of piles to stability coefficient of slope.

Coordinates of -to-
Case | pile top position | Length of | Diameter of intgrsgtlek;ett(\)/vzggtgzles pyp | Stability
pile L (m) pile D (m) D1 (m) coefficient

X(m) | Y(m)
1 23.75 | 13.50 10.00 0.30 0.60 2.00 1.468
2 23.75 13.50 10.00 0.30 0.66 2.20 1.406
3 23.75 13.50 10.00 0.30 0.72 2.40 1.360
4 23.75 | 13.50 10.00 0.30 0.78 2.60 1.324
5 23.75 | 13.50 10.00 0.30 0.84 2.80 1.296
6 23.75 13.50 10.00 0.30 0.90 3.00 1.272
7 23.75 13.50 10.00 0.30 0.96 3.20 1.253
8 23.75 | 13.50 10.00 0.30 1.02 3.40 1.236
9 23.75 | 13.50 10.00 0.30 1.08 3.60 1.222
10 23.75 13.50 10.00 0.30 1.20 4.00 1.199
11 23.75 13.50 10.00 0.30 2.20 7.33 1.130

1.50
1.45
1.40
1.35
1.30
1.25
1.20
1.15
1.10
1.05
1.00

Stability coefficient

20 25 30 35 40 45 50 55 60 65 7.0 75
D,/D

Fig. 14. Effect of spacing of piles on the stability coefficient of slope.
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4. Conclusion

- The slopes of the river ports, seaports, and of the road can be reinforced by piles.
In this case, the stability of the slope is significally improved.

- A automatic program for stability calculation of pile-reinforced slope was
established based on the limit equilibrium method considering sliding resistance of piles
according to Ito-Matsui method. The program could be useful for design and calculation.

- The greater the spacing between the piles the lower the stability coefficient
obtained and vice versa. Choosing a suitable distance between the piles is an economic
and technical problem.

- The position of the row of reinforced piles in the middle of the slope would give
the highest stability coefficient.
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TINH TOAN ON DINH MAI DOC CO COC GIA CUONG BANG
PHUONG PHAP CAN BANG GIOI HAN CO XET DEN LUC KHANG
TRUQT CUA COC THEO PHUONG PHAP ITO-MATSUI

Tém tit: Bai bdo tong hop, phén tich wu nhwoc diém cia cac phwong phdp tinh todn on
dinh truot tong thé nén mong céng trinh cé xét dén sy gia cuong ciia coc. Chuwong trinh tinh
todn 6n dinh mdi doc cé coc gia cuong dwoe thiét ldp trén co s¢ phwong phdp cdin bang gidi
han két hop bo sung luc khing truot cia hang coc theo phwong phdp Ito-Matsui. Siz dung
chuong trinh khdo sdt cdc yéu té cia coc gia cwong dnh huong dén hé sé on dinh cia mdi doc
nhuwe vi tri bé tri coc trén mdi doc, khoadng cach giita cac coc.

Tir khéa: Mai dic c6 coc gia cuong; phuong phap cin bang gidi han; on dinh ctia mai
déc; strc khang truot; phuwong phéap Ito-Matsui.
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