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Abstract

This research deals with the design of geosynthetic reinforced walls and slopes subjected
to series of static compressive loading tests by the present TERRAM program. The objectives of
this study are suggesting an optimum geometry of reinforcement placement to lessen the width
of the side slope of slopes.

The effects of the following variables were taken into account: the angles of slope, wall
or slope height, surcharge, strength parameters (cohesion and friction angle) and unit weight for
all soils involved in the problem (fill, natural soil and foundation soil), friction angle for
reinforcement-soil and fill-foundation interfaces, as well as internal and external factors of safety
are calculated for different distributions of tensile force in the reinforcement layers according to
the different arrangements of reinforcement layers in terms of number, length, and spacing.
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1. Introduction

Soil is a relatively inexpensive and abundant construction material, which makes it ideal
for use in construction. Soil is capable of providing very high strength in compression, but
virtually no strength in tension. In civil engineering applications, soil usually fails in shear. Like
other construction materials with limited strength, soil can be reinforced with foreign material to
form a composite material that has increased shear strength and some apparent tensile strength.
Metal strips, steel meshes and bar mats, geosynthetics and even bamboo have been used to
reinforce soil.

The first modern-day design approach for reinforced earth structures was developed in the
1960’s, by the French engineer, Henry Vidal (Das, 1984). The first reinforced earth retaining
wall constructed in the United States used metallic strips for reinforcement and was completed in
1972 (Mitchell and Christopher, 1990). The construction of reinforced soil structures, including
both slopes and walls, has increased considerably over the last 20 years as the advantages
associated with this construction alternative are more widely recognized.

Without reinforcement, a stable slope can be constructed with an inclination angle less than
or equal to the internal friction angle of the soil. The reinforced soil mass relies on the tension
provided by the reinforcement to maintain stability at steep inclination angles. The mobilization
of tensile resistance occurs once the slope experiences some deformation. For static and dynamic
loading conditions, excessive deformations of a reinforced slope can occur when the
reinforcement stretches, yields, breaks, or pulls out of the soil.

Numerous methods have been developed to design reinforced soil structures for static
loading conditions, but considerably fewer procedures for seismic design are available. As the
number of reinforced soil structures constructed in seismically active areas of the world
increases, and in response to the observed performance of existing reinforced soil structures
during earthquakes, the need for development of methods capable of predicting seismically
induced deformations has become increasingly apparent. Development of a practical, yet
accurate, procedure has been the focus of the research described in this thesis.

2. MSE Walls and Slopes

Reinforced soil structures are commonly referred to as mechanically stabilized earth (MSE)
structures. The soil is typically reinforced with relatively light and flexible materials, such as thin
steel strips or geosynthetics that are extensible and have high tensile strengths. The
reinforcement enhances the shear strength of the soil mass by altering the pattern of the soil
stresses. During the construction of MSE structures, layers of reinforcement are placed within
the soil backfill.

Dry, cohesionless soils are predominantly used as backfill because of their high strength
characteristics and because they allow drainage, thus avoiding the generation of pore pressures in
the backfill.

MSE structures can be constructed relatively fast and easily. Large equipment is not needed
to install the reinforcement; however, proper installation by well-trained workers is extremely
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important. Reinforced walls and slopes are flexible and do not require a rigid foundation, thus
further reducing construction costs. The reinforcement, however, may be susceptible to
corrosion, creep and deterioration over time. Additional factors of safety on design are required
to account for potential degradation of the reinforcement over time, which can influence material
Costs.

3. Geosynthetics

MSE structures reinforced with geosynthetics are called geosynthetic reinforced soil (GRS)
structures. A geosynthetic, as defined by ASTM (1994), is a “planar product manufactured from
a polymeric material.” Geosynthetics can be used for separation, drainage-transmission,
protection, filtration, fluid barriers and reinforcement. The primary role of geosynthetics in this
research is as reinforcement in the soil matrix. Of the wide variety of geosynthetics available
today, a principal category is that of geotextiles.

Geotextiles are permeable textile materials that can be divided into two major groups:
woven and no woven. Monofilament, multifilament or fibrillated yarns, or slit films and tapes are
woven together to create a woven geotextiles; synthetic polymer fibers or filaments are
mechanically heat-bonded or needle punched to create no woven geotextiles. The primary
function the geosynthetic determines what type of geosynthetic should be used. This research
focuses on the use of geotextiles as reinforcement.

4. Data Entry

For analyzing the problem, needs to enter the geometric properties (wall or slope height and
face inclination), surcharge, strength parameters (cohesion and friction angle) and unit weight for
all soils involved in the problem (fill, natural soil and foundation soil), friction angle for
reinforcement-soil and fill-foundation interfaces, as well as factors of safety for global and
internal stability. External factors of safety are calculated and presented at the final screen.

5. Calculations
5.1 Internal Stability

The program calculates the number (spacing) and length of reinforcement layers with basis
on limit equilibrium. The spacing is considered as variable with height, in order to optimize the
reinforcement distribution.
The active thrust is calculated at the wall or slope face as:

KY (1
E:%(H O eq.(1)
Where:
y = unit weight of fill
H'=H+h,

H = wall or embankment
h, = equivalent height due to surcharge = g/y

g = surcharge
The coefficient of active thrust is calculated as:
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Sin*(a + ¢
( Sir?d() s g | eq.(2)
Sin’aSin(a— 5){1+| >IN 4a*0)SIN gy
Sin(a—6).Sina
The inclination of the front slope with the horizontal is given by 6 =180-a.
In this expression the design friction angle for the fill material is calculated as:

, tan g,
@, =arctan R R eq.(3)

Where:
@ 4 = Fill design friction angle
FS = Global factor of safety
@, = fill peak friction angle
In this expression, § is fill-wall face friction, varying from 0 to ¢’q. The program assumes 6 = 0
to be on the safe side.
The cohesion can be taken into account using the following expression:

T T L OO eq.(4)

The formulation considers a dry crack due to cohesion.
For slopes with face inclination 6=180-a with horizontal, the active thrust coefficient can be
calculated as:

e Sin*(a+d;)
.2
Sins.a[us'_”ﬂ
Sinx

The program includes a simplified seismic analysis, in which the additional thrust due to
a horizontal acceleration is calculated as:

K =

ky is the horizontal seismic coefficient.
The spacing between reinforcement layers is given by:

oy = horizontal stress along slope height, calculated from the expression above

Tq = design tensile load of reinforcement, considering reduction factors for creep,installation
damage, chemical and biological degradation.

The reinforcement length is calculated with basis on the tensile loads acting for each layer,
considering the soil-reinforcement interface friction angle and the vertical stress acting on each
layer.

i%H —z){i— i} ........................................ eq.(8)

* 2.0,tand, tand tanp
Where, for each reinforcement layer:
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T.FS = horizontal force times the pullout factor of safety.
oy = vertical stress.

dsr = soil-reinforcement friction angle.

H = wall height.

z= layer depth.

0= face inclination.

p=0.5(0+¢).

5.2 External Stability

The external stability is calculated according to the following equations:
5.2.1. Overturning

As shown in Fig.3,

WXy +Q.Xq +ESin(s+6-90") X,

FS 220 eq.(9
‘ E.Cos(s +6-90° )Y, )
W..=B.H.y
Q=q.B
XW:E 1+ H
2 B.tané
XW:E(1+ H j
2 tané
v _H H'+2h,
Q ;
3| H'+h,
Where :
X =B+
tand
5.2.2 Sliding
FSd:WJFQ'+ E'Sm(5+0_ 30 ).tancSB 22 e, eq.('10)

E.Cos(s +6-90°)

5.2.3. Bearing Capacity
As shown in Fig.4.Where, according to Meyerhoff:

~ W.Xy+Q.Xq +E[X¢ Cos(6+ O+ Y .Sin(5+6)]

............... eq.(11
R W +Q —E.Cos(5 + 0). %)
The load eccentricity at the base is given by:
e=—+ X R‘ ................................................................................... eq.(12)

The normal stresses at the base are given by:
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3.X

- =2'N{2— R}zo ............................................................. eq.(13)

va B B

N [3Xg

O‘Vb—?(T—lJZO ............................................................... eq(14)
Where N is the normal force:
N=W+Q —E.COS(F+0).ererrrrrreerererenrieseeeieesessesses s eq.(15)
The bearing capacity is obtained from Terzaghi’s general formulation:
qmax:c.Nc+qs..Nq+O.5.7/f BN eq.(16)

6. The Examples
This section deals with many chosen examples Pre-design numerically by the present
computer program TERRAM.

6.1 Example No.1

This example deals with design of the wall and slopes as variable face inclination and
constant other data (g=0 kPa, H=5m) shown in Figs.(5), (8), (11), (14). The reinforcement
distribution and the factors of safety as shown in Figs.(6), (7), (9), (10), (12), (13), (15), and (16).
The final report for internal stability each case are explain in tables (1), (2), (3), and (4).

6.2 Example No.2

This example deals with Pre-design of the wall and slopes as variable face inclination and
constant other data (q=20 kPa, H=5m) shown in Figs. (17), (20), (23), (26).
The reinforcement distribution and the factors of safety as shown in Figs. (18), (19), (21), (22),
(24), (25), (27), (28). The final report for internal stability each case is explained in tables (5),

(6), (7). (8).

The relationships of the angle of slope () versus the number of reinforcing layers for q = (0,
10, 20, 30, 40, 50) kPa are shown in Fig.(29). These figures indicate clearly that the number of
reinforcement layers increases with the angles of slope at the same loading condition, also these
figures indicate that at the same angle of slope the number of reinforcement layers increases with
the loading condition. For the case that H=5 and the surcharge load is more than 50 kPa can not
design because surcharge must be numerically lower than 10 times the slope height.

7. Conclusions
According to the results which are obtained by this research, the following points are
concluded:
1. The program used in this research gives three types of results:
a) A drawing for the reinforced wall, showing reinforcement spacing and length. At this stage
it is possible to alter the reinforcement, and the calculation is redone automatically.
b) A brief report containing information for each reinforcement layer (position, length, and
load).
c) Factors of safety for external stability (sliding, overturning and bearing capacity for
foundation soil). These safety factors are presented in the last screen, where the user may
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alter the reinforcement length and the program recalculates the final report as well as the
internal and external safety factors.

2. Reinforcement can allow more steep slopes to be formed with an ample factor of safety. This
fact can save the required space as well as cost and time of construction of the slope.

3. The results of numerical analyses have shown that the number of reinforcement layers
increases with the angles of slope at the same loading condition, also these figures indicate
that at the same angle of slope the number of reinforcement layers increases with the loading
condition.
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Internal Stability

(a) spacing (b) bound length

Fig.1 Internal Stability of the Wall.

External Stability

(c) over turning (d) bearing capacity (e) sliding

Fig.2 External Stability of the Wall.
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Fig.3 The Overturning Stability.
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Pre-design of Slopes and Walls

Geometry and Surchage Design:

q

RRRRERE

BT Natural

Friction Angles

- n (4] . . . o
Fill-reinforcement Foundation-reinforcement m

Factors of Safety Reduction Factor Seismic Factor

FS¢ fill FS bond length m Reinforcement

Fig.5 The Wall with Geometric Properties (= 90°).

Pre-design of Slopes and Walls

Reinforcement

TerramGrid 22 W

Length 25|m

Number of Layers 10

Natural soil

Fig.6 The Wall after Reinforcement.
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Table 1 The Final Report Internal Stability with p=90°.

INTERMAL STABILITY
Layer Depthim) Spacinglm) Tenszion in Reinforcement kA
1 1.2 oy 6.3
2 1.9 oy 7.2
3 25 04 71
4 24 04 56
= 3.3 04 6.3
= 36 04 7.0
7 40 04 77
g 4.3 04 g4
9 47 04 an
10 5.0 04 a7

Pre-design of Slopes and Walls External Stabiliy

Factors of Safety

Reinforcement Length ﬂ .ii I Bearing Capacity

Sliding

Pre-design of Slopes and Walls

Geometry and Surchage

m R \
Soil quu_meters y o ) } PLLLLLL

Bl ____ " Natural

Friction Angles

L1t o i i o
Fill-reinforcement Foundation-reinforcement

Factors of Safety Reduction Factor

Fig.8 The Slope with Geometric Properties (f= 80°).
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Pre-design of Slopes and Walls

Reinforcement

TerramGrid 2/2 W n

Length 2.1|m
Number of Layers 8

Hatural soil

Table 2 The Final Report Internal Stability to the Slope with =80°.

MTERMAL STABILITY
Layer  Depthim) Spacingm) Tenzion in ReinforcemerntkMim)
1 1.4 08 a6
2 2.3 05 6.4
3 28 05 a5
q 3.2 05 6.4
5 a7 05 73
E 4.1 05 8.2
7 46 05 9.0
8 50 05 99

Pre-design of Slopes and Walls External Stability

Factors of Safety

Reinforcement Length i { Bearing Capacity

J Sliding

Fig.10 The Slope Factors of Safety.
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Pre-design of Slopes and Walls

Geometry and Surchage

I~ (D | |
Soil Parameters ) i ‘ t t t " t t ‘

Fill Natural soil Found,

Friction Angles

- o . . r o
Fill-reinforcement E Foundation-reinforcement m

Factors of Safety Reduction Factor Seismic Factor

Fig.11 The Slope with Geometric Properties (B=70°).

Pre-design of Slopes and Walls

Reinforcement

TerramGrid 22\ n

Length 20(m
Number of Layers 6

Hatural soil

Fig.12 The Slope after Reinforcement.

Table 3 The Final Report Internal Stability to the Slope with f=70°.

INTERMAL STABILITY

Laver  Depth(m) Spacing(m) Tenzion in Reinforcement(kiin)

1 20 0f 34
2 2h 0f 3.3
3 32 06 6.3
4 18 0f B
5 44 0f g4
b 20 0f 101
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Pre-design of Slopes and Walls Extenal Stability

Overturning
Factors of Safety

Reinforcement Length ; 4 Bearing Capacity

Sliding

Fig.13 The Slope Factors of Safety.

Pre-design of Slopes and Walls

Geometry and Surchage Design:
m (B :
Soil Pur;l:l'lneiers — . y t ‘ ‘ t t ‘ t ‘

e————Hll____ Natural

Friction Angles

Fill-reinforcement ° | Foundation-reinforcement °

Factors of Safety Reduction Factor Seismic Factor

Fig.14 The Slope with Geometric Properties (B= 60°).

Pre-design of Slopes and Walls

Reinforcement

TerramGrid 2/2. W n

Length 20/m
Number of Layers 4

Natural soil

Fig.15 The Slope after Reinforcement.
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Table 4 The Final Report Internal Stability to the Slope with p=60°.

INTERMAL STABILITY

Layer  Depthim) Spacingim) Tension in Reinforcement(kiin)

1 23 04 B.3
2 33 04 6.6
3 42 04 g4
4 all 04 1041

Pre-design of Slopes and Walls External Stability

Factors of Safety

Reinforcement Length | i Bearing Capacity

Fig.16 The Slope Factors of Safety.

Pre-design of Slopes and Walls
Design:

PRVRER LY

Geometry and Surchage

| soil Foundation soil

Friction Angles

Fill-reinforcement ° | Foundation-reinforcement °

Factors of Safety Reduction Factor Seismic Factor

Fig.17 The Slope with Geometric Properties (= 90°).
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Pre-design of Slopes and Walls

Reinforcement

TerramGrid 2/2-W n
Length 28|m

Number of Layers 14

Natural soil

Fig.18 The Slope after Reinforcement.

Table 5 The Final Report Internal Stability to the Slope with p=90°.

INTERMAL STABILITY

Laver Drepthlm) Spacinglm) Tension in Reinforcement (kAT
1 0.5 o5 E.5
2 1.1 o5 .4
= 1.7 [0 ] 6.5
4 20 [n Jhc] 52
5 23 [n Jhc] 57
5 26 [n Jhc] 5.2
7 249 0.3 6.7
= 3.2 [0 ] .2
=] 3.5 [0 ] T
10 3.8 [0 ] 5.2
11 41 [n Jhc] a7
12 4.4 [n Jhc] 92
13 4.7 [n Jhc] ar
14 5.0 [0 ] 10.2

Pre-design of Slopes and Walls Extarnal Stability

v Turenmy

Factors af :;nl'llr!.' r -
Rednfoscement Length | ! Bearing Copacity
| 35

|
| 215 |

Fig.19 The Slope Factors of Safety.
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Pre-design of Slopes and Walls

Geometry and Surchage

(.- [ . 1
Soil Parameters ‘ t ‘ ‘ t t t ‘

Fill Natural soil Foundation soil

ce———Bll____  Natural

Friction Angles

Fill-reinforcement °| Foundation-reinforcement °

Factors of Safety Reduction Factor Seismic Factor

Fig.20 The Slope with Geometric Properties (= 80°).

Pre-design of Slopes and Walls

Reinforcement

TerramGrid 2/2-W n
Length 25(m
Mumber of Layers 12

Natural soil

Fig.21: The Slope after Reinforcement.

Table 6 The Final Report Internal Stability to the Slope with =80°.

T ErTInL = et T
Layer Depthim] Spacinglm) Tension in Reinforcement(kiim)
1 0.4 0.7 5.8
2 1.2 o.v .o
3 149 0.4 E.&
4 22 0.4 |
= 26 0.4 =
g 249 0.4 5.2
7 3.3 0.4 5.7
g 36 0.4 T3
g 4.0 0.4 7.5
10 1.3 0.4 8.4
11 4.7 0.4 g9
12 5.0 0.4 9.4
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Pre-design of Slopes and Walls External Stability

Factors of Safety

Reinforcement Length

Sliding

Fig.22 The Slope Factors of Safety.

Pre-design of Slopes and Walls
Geometry and Surchage Design:
Soil Parameters
Fill Matural soil Foundation soil t t t ‘ t t ‘ t

o ) [c: B v | IO o

KN/m 3 N/m* bl ____ Natural
i

Friction Angles

Fill-reinforcement ° | Foundation-reinforcement °

Factors of Safety Reduction Factor Seismic Factor

Fig.23 The Slope with Geometric Properties (B= 70°).

Pre-design of Slopes and Walls
Reinforcement

TerramGrid 2/2 W

Length 20/m

Number of Layers L]

Natural soil

Fig.24 The Slope after Reinforcement.
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Table 7 The Final Report Internal Stability to the Slope with p=70°.

TITERTIAL = 1A T

Layer  Depthim) Spacing(m) Tenzion in Reinfarcement(kMim)
1 1.2 03 6.2

2 2.0 0s 53

3 2.5 05 6.1

4 3.0 0s 69

5 3.5 05 78

B 4.0 03 a6

7 4.5 05 95

a8 2.0 03 103

Pre-design of Slopes and Walls External Stability

Factors of Safety

Reinforcement Length p Bearing Capacity

Pre-design of Slopes and Walls
Geometry and Surchage

q

RERRERR

ety Reduction Factor Seismic Factor

FS¢ fill Reinforcement

Friction Angles
Fill-reinforcement ° | Foundation-reinforcement °
Factors of Safety

Fig.26 The Slope with Geometric Properties (p= 60°).

30



Kufa Journal of Engineering (K.J.E)
ISSN 2207-5528

Vol. 5, Issue 1, Dec., 2013,P.P.13-32
Printed in Iraq

Pre-design of Slopes and Walls
Reinforcement

TerramGrid 2/2 W

Length

Number of Layers

Hatural soil

Fig.27 The Slope after Reinforcement.

Table 8 The Final Report Internal Stability to the Slope with p=60°.

IMTERMAL STABILITY

Depthim) Spacing(m) Tenzion in Reinforcementkhim)
1.5 0.7 58
2.2 0.7 5.5
2.8 0.7 6.6
36 0.7 7.8
4.3 0.7 9.0
5.0 0.7 101

Pre-design of Slopes and Walls External Stability

Factors of Safety

Reinforcement Length ' 3 Bearing Capacity

Fig.28 The Slope Factors of Safety.
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Fig.29 No. of Reinforcing Layers versus Angle of Slope for
different g with H=5m.
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