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ABSTRACT
For the height limit of single step geosynthetic reinforced soil wall, the tiered geosynthetic reinforced
soil wall is widely used now. Existed researches show that lateral deformation and stress concentration
occur at the bottom of tiered geosynthetic reinforced soil wall. To insure the stability, pre-stressed
anchor cable pile has been set at the bottom of wall and form a composite retaining structure. This
paper draw a conclusion that the global stability of tiered geosynthetic reinforced soil wall can be
calculated according to soil slope by analyze related design methods as FHWA & NCMA. Based on
principle analysis of traditional limit equilibrium method and shear strength reduction method by FEM,
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this paper separately uses five different traditional slice methods and shear strength reduction method
performs the stability calculation of composite retaining structure. Conclusions as follow: two different
types of stability analytical method all fit the demand of that composite retaining structure; calculated
results of slice method similar to finite element method and has its own feature; pre-stressed anchor
cable anti-slide pile can apparently develop the whole stability of tiered geosynthetic reinforced soil
wall; the factor of safety calculated by Janbu simplified method is smallest at each working condition;
differences exist in each slice method so should choice suitable one; with the filling height increase,
the factor of safety of whole composite retaining structure decreased and loads of anti-slide pile
increase. Conclusions can be referenced by similar project.

KEYWORDS: Tiered geosynthetic reinforced soil wall; Pre-stressed anchor pile; Composite
retaining structure; Stability of slope; Limit equilibrium theory; Shear strength reduction method;
FOS(factor of safety)

INTRODUCTION
The single step geosynthetic reinforced soil retaining wall has been widely used in engineering, and
form relatively perfect design guideline & theory[1], three types of calculation for reinforced soil
retaining wall respectively based on limit equilibrium method，limit state method and numerical
simulation method[2]. To fit the demand of high filling slope demand, optimize the engineering
properties of retaining structure, the single step wall develops to tiered geosynthetic reinforced soil
wall. For tiered geosynthetic reinforced soil wall’s design method only has few regulations given by
FHWA[3], NCMA[4] and BSI 8006(2010)[5]. China has no detail design method of tiered geosynthetic
reinforced soil wall now[6][7].
Researches of tiered geosynthetic reinforced soil wall mainly focus on field observation, model test
and numerical simulation. Qi Wei[8] analyzes the horizontal stress and deformation character of
two-tiered geosynthetic reinforced soil wall. Yoo[9][10] analyzes the load induced reinforcement strains
of two-tiered geosynthetic reinforced soil wall by full scale load test. Xiang Wang and Lin-rong Xv[11]
analyze field test data observed from two-tiered reinforced soil wall on Meikan railway project.
Guang-qing Yang and Yi-tao Zhou[12] analyze the behaviors of two-tiered geogrid reinforced earth
retaining wall on rigid foundation. Yoo[13] presents results of a comparative study on the design
approaches for geosynthetic reinforced walls in a tiered configuration. Suliman B.A.[14] performs the
finite element (FE) analyses of two-tiered geosynthetic reinforced soil (GRS) wall, compared with
results get by centrifuge test and FHWA design guidelines. Guang-qing Yang, Hua-bei Liu, etc. [15]
study the long-term performance and safety of a 17m high two-tiered reinforced soil wall backfilled
with soil-rock mixture. Guang-qing Yang, Hua-bei Liu, etc.[16] by laboratory model test shows that the
max value of vertical stress at the bottom of the two-tiered geosynthetic-reinforced soil (GRS) wall is
near the wall’s panel.
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From observation data and correlational studies, it can be seen that general problems of tiered
geosynthetic reinforced soil wall are stress concentration and large lateral deformation at the bottom of
wall, on the other hand because of landform limitation at mountain area it is difficult to pave full length
of geosynthetic at retaining wall’s bottom. For above questions, this paper proposes a solution scheme
that by set pre-stressed anchor cable anti-slide pile at the bottom of tiered geosynthetic reinforced soil
wall to decrease the lateral deformation and insure the stability. This paper performs calculation and
comparison of composite retaining structure’s global stability and other characters by traditional slice
method and finite element method(FEM).

DESIGN METHOD OF TIERED GEOSYNTHETIC
REINFORCED SOIL WALL
China has no detail design method of tiered geosynthetic reinforced soil wall in current engineering
criterions. Related design methods are given by FHWA, NCMA, BSI 8006(2010) and some research
conclusions.

FHWA divides into three conditions for calculation
D: width of platform; H1: height of upper wall; H2: height of lower wall.
（1） D ≤（H1 +H）/
20 , simplified as single step wall for design.
2
（2） D ≥ H 2 tan(90° − ϕ ) , don't think of interaction, that is upper and lower wall design
separately.
（3） ( H1 + H 2 ) / 20 ≤ D ≤ H 2 tan(90° − ϕ ) , perform external and internal stability calculation
of lower wall based on effect caused by upper wall as vertical pressure.

Design method of NCMA(National Concrete Masonry Association)
In upper wall’s design don’t think the interaction between upper and lower wall, in lower wall’s
design look the upper wall as uniformly distributed load applied on the top.

BS 8006-1-2010
The criterion use limit state method for design and only simply point that in stability analysis of
tiered geosynthetic reinforced soil wall should think the effect of upper wall as load for lower wall.

Other studies
Wang, L. and Wright, S.G.[17] present a procedure for global stability analysis of multi-tiered MSE
walls. Wright[18] combined with the study of multi-tiered walls by the University of Texas at Austin,
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presents a design procedure based on diagram. Above studies can all be looked as supplement of
FHWA’s design method.
Summarize above design methods and studies it can be seen that the global stability analysis of
tiered geosynthetic reinforced soil wall is follow the manner of soil slope, therefore this paper use
traditional slice method and shear strength reduction method by FEM study the global stability of tiered
geosynthetic reinforced soil wall.

THEORY OF CALCULATION
Analysis of Slope’s Stability by Limit Equilibrium Theory
A.N. Bishop[19] defines the FOS of soil slope as the ratio of shear strength τ f along the whole
potential failure surface between the real generated shear strength τ . This definition offers the
foundation for analysis of slope’s stability by different method.

FOS = τ f τ

(1)

Hyper-static problem of traditional slice method
Stability analysis of common soil slope is a hyper-static problem, the basic principle of slice
method is by theory assumption or simplified conditions to solve the hyper-static problem. Each slice
method has different theory assumption or simplified conditions, which leads to different application
conditions and accuracy[20][21]. Although the study of slice method developed in recent years, it has to
obey the above principles yet[22].

Table 1: Comparison of different slice method
Mechanics balance conditions
Slice method

Total
moment

Moment of
soil slice

Vertical
force

Horizontal
force

Fellenius

√

×

×

×

Bishop

√

×

√

×

Janbu Simplified

√

√

√

√

Morgenstern-Price

√

√

√

√

Spencer

√

√

√

√

Defects of traditional slice method based on limit equilibrium theory
Slice methods based on the theory of limit equilibrium, lack the describe of soil constitutive model
and need assumptions to decrease the excess unknown quantity for calculation, at the same time slice
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method can’t find the real force distribution and suppose the shape of potential failure surface for
calculation.

Shear Strength Reduction Method by FEM
Basic principle of FEM shear strength reduction method
By define the factor of strength reduction to make the finite element calculation not convergence;
the reduction factor is the FOS of slope, slope failure and numerical non-convergence happen at the
same time. It can be seen as finite element mesh apparently deformed and nodal displacement quickly
increased. Since be proposed by Griffiths[23], the method has been widely used and improved[24][25], and
get into the field of reinforced soil[26][27].
As Griffiths pointed out, the factor of safety (FOS) of soil slope is defined here as the number by
which the original shear strength parameters must be divided in order to bring the slope to the point of
failure. It can be described as the following formula.

c 'f = c ' / FOS

ϕ 'f = arctan(tan ϕ ' / FOS )

(2)

Features
Advantages of shear strength reduction method by FEM as follows: it can use elastic-plastic
constitutive model to describe soil’s characters; give the real stress state and distribution of soil
structure; no assumption needs to be made of the shape & location of potential failure surface, and can
be get by automatic search; it can simulate the interaction between soil and geosynthetics, anchor cable
and pile, etc. On the contrary, calculation of slope’s stability by FEM is on the whole cross section and
hardly used on designated area.

CALCULATION SETTING
Project profile
Cross section of calculation is selected from Zhang-tang railway project. Design scheme is the
reinforced soil body divided into four steps from bottom to top of the retaining wall, pre-stressed anchor
cable anti-slide pile set at the first step of retaining wall, the first step’s height is 7.0m. Slope ratio of
above three steps is 1.0:0.3, each step height is 8.0m，width of platform between step is 6.0m. Above
the retaining wall is a road shoulder, its slope ratio is 1.0:1.5 and height is 6.0m. Geogrids be
horizontally paved each layer, length and type as follow. The first step use geogrid of type EG170R,
paved till the dig step of original slope. The second step use geogrid of type EG170R, horizontally
paved and length is 18m at bottom 8 layers, 20m at above 18 layers. The third step use geogrid of type
EG130R, horizontally paved and length is 14m at bottom 8 layers, 20m at above 18 layers. The fourth
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step use geogrid of type EG130R, horizontally paved and length is 10m at bottom 8 layers, 12m at
above 18 layers. Vertical distance of each reinforced layer is 0.3m. Reinforced concrete anti-slide pile
is 18m long and 11m beneath the ground. Pre-stressed anchor cable is Φ152mm and angle on horizontal
plane is 18°.

Introduction of Analysis
Methods of calculation
To insure the calculation accuracy and analyze rules of results, this paper first use traditional slice
method perform calculations, then use shear strength reduction method by FEM for comparison.
Traditional slice methods are Fellenius, Bishop simplified, Janbu simplified, Spencer and
Morgenstern-Prince. Above methods are used to calculate the global stability of tiered geosynthetic
reinforced soil wall.

Parameters
(1) According to Chinese “Code for design on subgrade of railway”
loads is q=65kN/m2.

[28]

, the value of distributed

(2) Parameters of reinforcements as geogrid, pre-stressed anchor, anti-slide pile according to
design instruction.
(3) Design tensile strength of HDPE uniaxial geogrid: EG90R is 34kPa, EG130R is 49kPa, and
EG170R is 64.3kPa.
(4) Filling soil of retaining wall use Mohr-Coulomb elastic-plastic constitutive model, parameters
can be seen in Table 2.

Table 2: Mechanics parameters of filling soil
C/ kPa

ϕ /°

γ/ kN/m3

5

35

19

Phase of calculation
According to construction progress, phase of calculation as follow:
Phase 1: filling to second platform.
Phase 2: filling to third platform.
Phase 3: filling to fourth platform.
Phase 4: filling to top of cross section.
Phase 5: apply loads(railway conversion load).
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Contents of analysis
(1) By FEM software Plaxis, this paper analyzes the FOS(factor of safety) of different construction
stage, potential failure surface of cross section and stress distribution along the pile shaft.
(2) By traditional slice methods, this paper calculates the four working conditions as whether set
pre-stress anchor cable anti-slide pile, whole cross section or only upper reinforced soil zone.

ANALYSIS OF CALCULATED RESULTS
Results of traditional slice methods
By above five traditional slice methods, this paper performs calculation of 4 working conditions as
follow. Set pre-stress anchor cable anti-slide pile and only reinforced soil area is factor of safety
1(FOS1), set pre-stress anchor cable anti-slide pile and whole cross section is factor of safety 2(FOS2),
without pre-stress anchor cable anti-slide pile and only reinforced soil area is factor of safety 3(FOS3),
without pre-stress anchor cable anti-slide pile and whole cross section is factor of safety 4(FOS4).

Graphs of slice method

Figure 1: Cross section of calculation
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(a) FOS1

(b) FOS2

(c) FOS3

(d) FOS4

Figure 2: Potential failure surface calculated by Janbu simplified method
Results of slice method
Table 3: FOS of different slice method
Method

With support at bottom

Without support at bottom

FOS1

FOS2

FOS3

FOS4

Bishop simplified

1.555

1.497

1.335

1.325

Morgenstern-Prince

1.544

1.503

1.327

1.317

Janbu simplified

1.418

1.326

1.194

1.184

Fellenius

1.441

1.362

1.214

1.201

Spencer

1.572

1.531

1.322

1.318

From results listed in table 3, it can be seen that by setting pre-stress anchor cable anti-slide pile at
bottom can increase the stability of composite retaining structure, FOS of upper single reinforced soil
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zone is higher than the whole composite retaining structure, and FOS calculated by Janbu simplified
method is smallest among five methods.

Results of FEM
FEM model

Figure 3: Meshed model
Results of calculation
This paper performs calculation according to preamble settings, analyzes the FOS and stress of pile
at each phase. By take global failure surface (imply by total incremental displacements) of cross section
and shear strength & bending moment of pile of each phase for demonstration.
(1) Potential failure surface
Analyze following Figure 4 and 5, it can be seen that potential failure surface pass through the
bottom of anti-slide pile at phase 1 and 2, for phase 3 to phase 5 the corresponding potential failure
surface mainly located at the reinforced soil zone above the anti-slide pile.

Figure 4: Potential failure surface of phase 1
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(a) Phase2

(b) Phase3

(c) Phase4

(d) Phase5

Figure 5: Potential failure surface of each phase
(2) Comparison of force along pile shaft
Force along the pile shaft as bending moment and shear force shown in Figure 6 and 7, according to
the order from left to right is phase 1 to 5.

Figure 6: Distribution of bending moment of each phase
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Figure 7: Distribution of shear force of each phase
Max value of bending moment and shear force of anti-slide pile and FOS of each phase listed in
Table 4, calculated by FEM.

Table 4: Results of FEM

Pile

No.

Phase1

Phase 2

Phase 3

Phase 4

Phase 5

FOS

1.944

1.671

1.464

1.382

1.355

Mmax (kN.m/m)

456.00

720.15

932.18

1072.32

1095.71

Vmax (kN/m)

193.10

282.49

351.09

391.91

401.06

Table 5: FOS comparison of FEM VS slice method
Slice
method
Deviation

Bishop
simplified

Morgenster
n-Prince

Janbu
simplified

Fellenius

Spencer

1.497

1.503

1.326

1.362

1.531

10.47%

10.92%

-2.14%

0.52%

12.99%

Remark: results in Table 5 are at the working condition of set uniformly distributed loads on the whole cross
section, which is Phase 5 in FEM calculation.

From results listed in Table 4 and 5, Figure 4 to 7, it can be seen that FEM suitable for analyze the
stability of that composite retaining structure, at same time FEM can be used to find the rules of stress
distribution of support pile, etc.
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CONCLUSIONS
Based on summarize existed researches and engineering applications, this paper separately uses
five different traditional slice methods and shear strength reduction method by FEM performs analysis
of composite retaining structure’s engineering properties.
(1) Two different type methods all fit for analyze the stability of that composite retaining structure,
and has its own feature. Traditional slice method can analyze the stability of designated area. FEM can
simulate the sequence of construction and find the real potential failure surface.
(2) Location of potential failure surface and FOS calculated by FEM similar to slice method, FOS
get by Fellenius slice method is closest to FEM. It means that calculated results are reasonable, two
different type methods can be referenced each other.
(3) For the difference of simplified conditions, FOS and location of potential failure surface exists
diversity between five slice methods. It suggests that should choice suitable slice method in design and
calculation.
(4) With the filling height increase, FOS of composite retaining structure decreased, company with
the location change of potential failure surface. The location of potential failure surface cross the
bottom of anti-slide pile when the filling height is low, with the increase of filling height the potential
failure surface change to the area of pure reinforced soil which above the pile.
(5) Pre-stressed anchor cable anti-slide pile can apparently increase the FOS of composite retaining
structure. In this project, by slice method the min value of FOS is 1.362, by FEM the min value of FOS
is 1.355, without above anchor cable and pile the FOS dropped to 1.184.
(6) With the filling height increase, the max value of shear strength and bending moment of
anti-slide pile increase too. By FEM not only calculate the max value of shear strength and bending
moment of anti-slide pile at each phase, but also give rules of distribution along pile shaft.
(7) FOS of pure reinforced soil area is higher than the whole cross section in general.

ACKNOWLEDGEMENTS
The research is supported by the National Natural Science Foundation of China (NSFC)(Grants No.
51178280 and 51378322) .

REFERENCES
[1] Li Guang-xin. Some problems in design of geosynthetic-reinforced soil structures[J].
Chinese Journal of Geotechnical Engineering, 2013, 35(4): 605-610.

Vol. 21 [2016], Bund. 16

5417

[2] Yang Guang-qing. Theory and Engineering Application of Geogrids Reinforced Soil
Structure[M]. Beijing: Science Press, 2010.
[3] Ryan R. Berg, P.E., Barry R. Christopher. Design of Mechanically Stabilized Earth Walls
and Reinforced Soil Slopes – Volume I[M]. FHWA-NHI-10-024, 2009.
[4] James G. Collin., Dov. Leschinsky. Design Manual for Segmental Retaining Walls (3rd
Edition) [M]. National Concrete Masonry Association, 2009.
[5] Code of Practice for Strengthened/Reinforced Soils and other Fills[S]. BSI Standards
Publication, 2010.
[6] Ministry of Water Resources of the People's Republic of China. Technical Code for
Application of Geosynthetics(GB/T 50290-2014) [S]. Beijing: China Planning Press,
2014.
[7] China Merchants Chongqing Communications Technology Research & Design Institute
Co., Ltd. Technical Specifications for Application of Geosynthetics in Highway (JTG/T D
32-2012) [S]. Beijing: China Communications Press, 2012.
[8] Qi Wei, Wang Yong-zhi, Zhao Xing-min. In situ earth pressure and reinforcement strain in
tiered mechanically stabilized earth retaining wall in loess plateau[C]. Geohunan
International Conference, 2011:188-196.
[9] Yoo Chungsik, Jung Hyuck-Sang. Measured behavior of a geosynthetic-reinforced
segmental retaining wall in a tiered configuration[J]. Geotextiles and Geomembranes,
2004, 22(5): 359-376.
[10] Yoo Chungsik, Kim Sun-Bin. Performance of a two-tier geosynthetic reinforced
segmental retaining wall under a surcharge load: Full-scale load test and 3D finite element
analysis[J]. Geotextiles and Geomembranes, 2008, 26(6):460-472.
[11] Wang Xiang, Xu Lin-rong. Test and analysis of two-step retaining wall reinforced by
geogrid[J]. Chinese Journal of Geotechnical Engineering, 2003, 25(2):220-224.
[12] Yang Guang-qing, Zhou Yi-tao，Xiong Bao-lin, et al. Behaviors of two-step geogrid
reinforced earth retaining wall on rigid foundation[J]. Journal of Hydraulic Engineering
，2012,43(12): 1500-1506.
[13] Yoo C., Kim S.B. Design approaches of geosynthetic reinforced modular block wall in
tiered configuration: A comparative study[C]. Geo-Denver, 2014(228):1-10.
[14] Suliman B.A. Mohamed, Kuo-Hsin Yang, Wen-Yi Hung. Finite element analyses of
two-tier geosynthetic-reinforced soil walls: Comparison involving centrifuge tests and
limit equilibrium results[J]. Computers and Geotechnics, 2014, 61(61):67-84.

Vol. 21 [2016], Bund. 16

5418

[15] Guang-qing Yang, Hua-bei Liu, Yi-tao Zhou, Bao-lin Xiong. Post-construction
performance of a two-tiered geogrid reinforced soil wall backfilled with soil-rock
mixture[J]. Geotextiles and Geomembranes, 2014, 42(2):91-97.
[16] Yang Guang-qing, Liu Hua-bei, Wu Lian-hai, etc. Effect of offset distance on vertical
stresses in geosynthetics reinforced soil retaining wall[J]. Chinese Journal of Rock
Mechanics and Engineering, 2016, 35(1): 209-216.
[17] Wang L., Wright S.G. Global stability analysis of multi-tiered mechanically stabilized
earth walls[C]. Geoshanghai International Conference, 2006:332-339.
[18] Wright S.G. Design procedures for multi-tiered mechanically stabilized earth walls[C].
Geo-frontiers Congress, 2008:1-7.
[19] Bishop A.W. The use or the slip circle in the stability analysis of slopes[J]. Geotechnique,
1955, 5(1):7-17.
[20] Zheng Ying-ren, Chen Zu-yu, Wang Gong. Landslide and Slope [M]. Beijing: China
Communications Press, 2007.
[21] Li Guang-xin, Zhang Bing-yin, Yu Yu-zhen. Soil Mechanics [M] (2nd Edition). Beijing:
Tsinghua University Press, 2013.
[22] Xie Rong-fu, Tang Gao-peng. Slope stability limit analysis based on inclined slices
technique[J]. Electronic Journal of Geotechnical Engineering, 2015, 20(7): 1699-1710.
Available at ejge.com.
[23] DV Griffiths, PA Lane. Slope stability analysis by finite elements[J]. Geotechnique, 1999,
49(3):387-403.
[24] Zhang Xuan-wen. Analysis of soil and rock slope stability influence by anti-slide piles
position[J]. Electronic Journal of Geotechnical Engineering, 2015, 20(11): 4527-4534.
Available at ejge.com.
[25] Yuanfu Zhou, Tao Chen, Jianhui Deng, etc. Three-Dimensional stability analysis of slope
regions based on strength reduction method[J]. Electronic Journal of Geotechnical
Engineering, 2015, 20(7): 1689-1698. Available at ejge.com.
[26] H Faheem, F Cai, K Ugai, J Kuwano, J Koseki. FE analyses of reinforced slopes using the
shear strength reduction technique[C]. Proc. 8th International Conference on
Geosynthetics, 2006,1361-1364.
[27] Huang Xiang-jing, Xu Gui-lin, Chen Run-xia. Application of strength reduction FEM to
reinforced gabion retaining structure in steep slope [J]. Chinese Journal of Rock
Mechanics and Engineering, 2010, 29(S2): 3916-2922.

Vol. 21 [2016], Bund. 16

5419

[28] China Railway First Survey & Design Institute Group Co.,Ltd. Code for Design on
Subgrade of Railway(TB 10001-2005 )[S]. Beijing: China Railway Publishing House,
2005.

© 2016 ejge
Editor’s note.
This paper may be referred to, in other articles, as:
Peng Lv, Hai-long Wang, Guang-qing Yang, Wei-chao Liu, and He Wang:
“Stability Analysis of Tiered Geosynthetic Reinforced Soil Wall with
Pre-stressed Anchor Pile” Electronic Journal of Geotechnical Engineering,
2016 (21.16), pp 5405-5419. Available at ejge.com.

