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ABSTRACT: When extensible materials, such as geogrids, are used in reinforced embankments, the 
reinforcement effect comes into operation with the progress of the deformation in the embankment. 
In evaluating the actual stability of such embankments, therefore, the deformation of the embank
ments needs to be taken into account. In this study, centrifuge model tests were carried out on rein
forced embankments and the test results were compared with the calculation results which took 
accouut of the deformation. As a result, it was observed that the slip surface becomes planar with 
steep slopes, and that the failure height and crest settlement of the embankments could be evaluated 
by calculation. 

I INTRODUCTION 

In land development and road construction in 
recent years, there has been an increasing num
ber of cases where steep embankments are con
structed with the aim of ensuring effective use 
of the available land by using reinforcement 
materials to increase the shear resistance. When 
relatively extensible reinforcement materials, 
such as geogrids, are used, their reinforcement 
effect comes into operation with the progress of 
the deformation of the embankments. In the 
limit equilibrium methods, which are generally 
applied to stability analysis of reinforced 
embankments for engineering practice, howev
er, the displacement of the slip soil is usually 
not taken into account, resulting in inaccurate 
assessment of the reinforcement effect. 

The authors, being of the opinion that the 
deformation occurring in the embankments 
should be taken into account in evaluating the 
stability of reinforced embankments, devised 
an equation showing the relationship between 
the shear displacement and shear stress due to 
th� tensile force accompanying shear in the 
remf?rcements traversing the slip surface (Abe 
& Kitamoto, 1 990). If this equation is applied 
to the stability analysis of reinforced embank
�e.nts, it becomes possible to evaluate the sta
bllIty from both the reinforcement effect (the 
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so-called "safety factor") and the deformation 
of the embankment. In order to examine the 
practical applicability of this evaluation 
method, tests were conducted on centrifuge 
models on which the stress conditions that 
occur at the level of actual structures could be 
reproduced. 

2 CONCEPT OF REINFORCEMENT EFFECT 

2.1 Pul/-out'resistance of embedded reinforce
ment 

The pull-out resistance of the reinforcements in 
the soil must first be evaluated in discussing 
the stability of a reinforced embankment. In the 
case of a reinforcement that gives a linear rela
tionship between the tensile force and strain 
under tensile loading in air, because the strain 
distribution in the reinforcement under pull-out 
loading exhibits an approximately triangular 
shape that gives the maximum value at the 
pulI-out end, the relationship between the pull
out resistance p, and the elongation fl.l can be 
represented by the following equation (Abe & 
Kitamoto, 1989). 

(1) 
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Figure 1 Concept of reinforcement effect 
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Figure 2 Tensile characteristics 

where, 
T, e :  tensile strength of reinforcement with 

width W, and corresponding strain 
Ld : minimum anchorage length required for 

occurrence of failure, given by the follow
ine r.'lllMion, 

where, 
an : normal stress acting on reinforcement 
¢ : internal friction angle of soil 

(2) 

fb : coefficient of reinforcement bond (Jewell 
et aI., 1985) 

If the anchorage length L, is greater than Ld, 
p, will increase with !J.l in accordance with 
Equation ( 1 )  and failure will occur when p, = 
T. If, on the other hand, L, is smaller than Ld, 
pull-out will occur when p, has reached the 
state represented by Equation (3) and p, will 
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maintain the same value thereafter. 

(3) 

2.2 Increase in shearing resistance due to rein
forcement 

Given the deformation pattern shown in Figure 
1 ,  an increase in the shear displacement will 
result in tensile force being generated in the 
reinforcement traversing the slip surface. If the 
tensile force is equivalent to the pull-out resis
tance of the reinforcement, the relationship 
between the shear resistance Rext that increases 
with the tensile force under direct shear condi
tions and the shear displacement u can be 
expressed by Equation (4), and this together 
with what was said in Section 2.1 elucidates 
such phenomena as the pull-out and failure in 
the anchorage of the reinforcement due to the 
interaction with the surrounding soil (Abe & 
Kitamoto, 1990). 

Where, 
e :  initial angle of reinforcement from nor-

mal of slip surface 
' 

a{u) : bending angle increasing with shear, 
given by the following equation, 

sin2a(u) = cos2e 

cos2e+(�+sinet 
where, 

(5) 

Lo : length of reinforcement participating in 
bend 

Th� �longation of the reinforcement due to u 
needs to be calculated for !J.l in Equation (4). 
Because the deformation ot the reinforcement 
accompanying shear is circular, this may be 
calculated as follows from geometrical condi
tions. 

,11(u) ;Lo{ a(u)cos O 1 cosO ) (6) 
2 \cos(O+a(u)) ran{ a(u)/z) cos(O+a(u)) , 

That is, the tensile force p, in Equ,ation (4) 
can be obtained by substituting Equation (6) for 
!J.l in Equation (1). From the foregoing, the sta
bility evaluation of a reinforced embankment 
taking account of the deformation due to shear 
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displacement is made possible if Rext is taken 
into account for all reinforcements crossing the 
slip surface. 

3 TEST CONDITIONS AND PROCEDURE 

The stability evaluation test described below 
was carried out assuming a reinforced embank
ment on hard ground. 

3.1 Testing materials 

The properties of the embankment and rein
forcement materials are shown in Table 1. The 
embankment materials were air-dried sand with 
a uniformity coefficient of U, = 2.1 ,  and an 
internal friction angle of 1/1 = 37.40 at a relative 
density of D, = 60%. 

In selecting the reinforcement materials, care 
needs to be taken over the tensile strength T, 
failure strain C1 and the coefficient of reinforce

. ment bond/b, which are the main factors influ
encing the reinforcement effect (Kitamoto & 
Abe, 1991). Here, reinforcement materials that 
had the tensile force-strain relationship shown 
in Figure 2 were used and sand particles were 
bonded to the whole of the surface of the rein
forcements so that /b = 1 (i.e. the bond condi
tion between the sand and the reinforcement 
would be the same as the friction condition of 
the sand itself). 

3.2 Centrifuge model test 

A Scm-thick wooden board was placed in the 
testing box (width: 70cm, height: 30cm, depth: 
I5cm) and a reinforced embankment of I5cm 
in height and with 6 reinforcement layers, in 
which the slope sections were wrapped at verti
cal intervals of 2.5cm, was created on the 
wooden board (see Figure 3). The sand was 
compacted to a density of 1 .6xl 03kg/m3 
(equivalenno D, = 60%) and displacement 
gauges were installed at 3 points to measure the 
crest settlement. The tests were carried out for 
the 6 cases given in Table 2. The aim in Cases 
1 to 4 was to examine the influence of the rein
forcement length and slope gradient on the fail
ure mode and the embankment height at the 
tlme of the collapse. In Cases 5 and 6,  an 
attempt was made at evaluating the stability of 
the embankment that varies with the deforma-
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Table 1 Characteristics of materials used 

Embankment materials 

Specific gravity Gs 2.69 

Uniformity coefficient Uc 2.1 
Cohesion c Okgflcm2 

Internal friction angle <f> 37.40 

Reinforcement materials 

Tensile strength T 0.8kgflcm 

Failure strain E 1 0.1 

Coefficient of 

reinforcement bond f b  1 
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I 

Figure 3 Model embankment (Case 5) 

Calculation line 
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positiO�/ 
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/1 
Figure 4 Slip line (Case2) 



Table 2 Test cases 

C 
Slope Reinforce- Load on 

ase 
gradient ment length embankment 

1 1:0.07 5em No 

2 1:0.07 10cm No 

3 1:0.07 20em No 

4 1:0.5 10em No 

5 1:0.07 20cm Yes 

6 1:0.5 20cm Yes 
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Figure 5 Eff"ct of reinforcement length 
on W .  

tion by defining the slip surface. For the pur-· 
pose of defining the slip surface, implying a 
load on the embankment crest, 0.9clIl-thick 
steel plates were placed, which were divided at 
a position lOcm from the top of the slope. The 
testing box was installed on a centrifuge model 
test device (Kitamoto et aI., 1 99 1 ), and the 
embankment was made to collapse through the 
repetition of a procedure in which the accelera
tion was increased by l OG (G: gravitational 
acceleration) at 5 minute intervals. 

4 RESULTS AND DISCUSSION 

4.1 Conditions at/ailure 

The results for Case 2 are given in Figure 4 as 
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an example of the observation results on the 
rupture positions in the reinforcements after the 
test. Stability analysis methods for slip surfaces 
of various shapes (e.g. compounded plane slip) 
have been proposed to date in the design of 
reinforced embankments. The shape of the slip 
surface in the case reported here could be 
approximated by a straight line. The slip line 
for the planar slip estimated from the stability 
calculations is  shown together in the figure. 
Similar investigations were carried out for 
Cases 1 and 3. The slip surface angle '1' deter
mined from the deformation conditions pho
tographed during the test in addition to the rup
ture positions of the reinforcements are com
pared with the calculated values in Figure 5. In 
the test result, the slip surface angle at rein
forcement length = 5cm is larger than those at 
10 and 20cm. This is because the slip surface 
occurring with small L passes outside the rein
f{)fced region in the upper parts of the embank
ment. The variation in '1' recognised in the cal
culation results when L < lOcm is also caused 
by the passage of the slip surface outside the 
reinforced region. By reinforcing the slip sur
face with an adequate reinforcement length, 
one can transfer the slip surface inside the rein
forced region and so reduce '1'. 

The calculation values for the equivalent 
embankment height Hcp in a IG field worked 
out using the acceleration at the time of the col
lapse are compared with the measurement val
ues in Figure 6. At L = 5cm, the embankment 
will collapse at Hcp half those in the cases 
where L = 10 and 20cm. Calculation results 
also show that Hcp increases with L, bUI aflt!r 
the L has reached a certain length the reinforce
ment effect remains constant while the rein
forcement length increases. In Case 4, the 
embankment did not collapse even at the limit 
of the capacity of the test device (200G) (esti
mates for planar slip: '1' = 39°, Hcp = 35m 
(235G» , indicating that dramatic improve
ments can be achieved in the stability of the 
reinforced embankment by turning an almost 
vertical slope into a slightly more gently slop
ing one at 1 : 05. 

4.2 Transition 0/ stability 

In Figure 7, the calculation and measurement 
results for the 1 G equivalent crest settlement pp 
and the safety factor Fs against planar slip (the 
ratio between the sliding force of the slip soil 
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Figure 6 Effect of reinforcement length 
on Hcp 

anchorage of the reinforcements traversing the 
slip surface and tensile force is generated with 
the elongation of the reinforcements.  
Furthermore, a direct shear condition results in 
the vicinity of the slip surface and the shear 
resistance due to the tensile force of the rein
forcements increases and the shear displace
ment continues until a reinforcement effect 
required to balance the force of the slip soil is 
achieved. While settlement occurs as a result at 
the crest (see Figure I), if the balance with the 
slip soil is not achieved even when the rein
forcement effect is at its maximum, this will 
result in the collapse of the embankment. In 
this calculation method, these behaviours are 
treated as slippage of rigid bodies. 

and the value obtained by adding the maximum 
shear resistance due to the reinforcements dis
cussed in Section 2.2 to the shear resistance of 
the soil on the slip surface) are charted against 
the IG equivalent embankment height Hp (the 
load placed on the embankment added as 
equivalent embankment height) for Cases 5 and 
6, in which the slip surfaces were defined. As 
the acceleration increases, the sliding force of 
the slip soil increases and shear displacement 
results. At this point, pull-out occurs in the 

The calculation results show that as Hp 
increases, pp increases and F s decreases. In 
Case 5, pp = 68.4mm immediately before col
lapse, or when Fs = I (Hp = 16.2m). The mea
surement results for the crest settlement on the 
slip surface agree closely with the calculation 
results. Quantitative evaluation of the stability 
of the reinforced embankment can, therefore, 
be made using the crest settlement, a value that 
can be measured, as well as from the safety 
factor. In Case 6, on the other hand, the rupture 
position of the reinforcements did not occur 
near the slip surface originally assumed, and '¥ 
= 39°. The investigations in Figure 7 are for '¥ . 
= 39°. The calculation and measurement results 
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agree closely while Hp is small, but the mea
surement results become larger than the calcu
lation results as Hp increases because of the 
increase in the deformation around the slope 
sections due to such factors as bulging. 

5 CONCLUDING COMMENTS 

Centrifuge model tests were conducted to 
examine the validity of a stability analysis 
method taking deformaiion into account. The 
failure mode on steep reinforced embankments 
on hard ground was more or less planar and 
agreed closely with the results of calculations 
in which the crest settlement was used as the 
index for the stability of the embankment. The 
assumption of the direct shear condiiions for 
the deformation of the embankment, however, 
meanS that there are limits to the application 
range of the analysis method when phenomena 
such as bulging occur in the slip soil itself. 
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