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5 DISCUSSION AND CONCLUSIONS 

In calculating the internal stability of reinforced 

soil retaining walls, a large family of two-part wedges 

is defined, and sufficient reinforcement must be pro-

vided to ensure all can achieve equilibrium without 

overloading the reinforcement. 

Examination of extreme cases indicates that the lo-

cation of the critical two-part wedge may vary widely, 

depending on the strength of the reinforcement rela-

tive to the fill.  In a situation where all other features 

and loadings are fixed, as the fill becomes stronger (ie. 

φ′ becomes higher), the demand for reinforcement re-

duces and the angle of the wedge which crosses the 

reinforced soil zone becomes steeper.  In the case of 

very high strength fill, the critical two-part wedge may 

well reduce to a single wedge entirely within the rein-

forced soil zone, but such a situation is generally con-

sidered to be unlikely, unless the reinforcement is rel-

atively long for some unrelated reason. 

Under normal design conditions, extensive experi-

ence of using this technique indicates that the critical 

two-part wedge in an efficiently designed structure 

will usually be defined by a line crossing the rein-

forced soil zone at about 45 degrees, then extending 

through the backfill at the Coulomb angle.  If seismic 

inertia forces are added, then the angles of both 

wedges will become less steep.  The two-part wedge 

mechanism is compared with more comprehensive 

stability analyses, which result in the same shape of 

critical failure surface.  Shaking table tests on model-

scale reinforced soil retaining walls also provide evi-

dence that the critical failure mechanism is very close 

to being a two-part wedge, controlled by the location 

of the reinforcement. 

The two-part wedge approach is straightforward to 

apply, requiring no empirically derived factors to 

achieve a correspondence with observed experiments 

or more complex methods of analysis.  This transpar-

ency and accuracy means that it can be used with con-

fidence in designs which do not replicate instrumented 

experimental structures; in contrast, the more empiri-

cal factors are used in a design approach, the less con-

fidence a designer can have in extrapolating beyond 

established practice.  The two-part wedge method has 

allowed very large structures to be designed and built 

around the world, which have performed well both in 

normal use and in extreme seismic conditions.  This 

success has been critically dependent upon the trans-

parency of the method.  The comparisons examined 

here have shown that this success is due in no small 

part to the fact that the mechanisms being considered 

represent what actually occurs in real reinforced soil 

walls. 
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ABSTRACT  Published design methods for reinforced soil structures concentrate almost entirely on analysis of the ultimate limit state.  
Most design guides give general requirements that settlements and deformations should not lead to a serviceability limit state, but little 
guidance is given as to how such assessments should be made.  This paper describes a method of analysis based on the use of multiple two-
part wedge mechanisms to predict a load distribution for each layer of reinforcement.  This is then combined with information from isoch-
ronous load-strain curves for the reinforcement, in order to predict the likely distribution of post-construction strain.  BS 8006-1:2010 pro-
vides guidance on post-construction strain limits, which are then compared to the predictions from the two-part wedge analysis.  This pro-
vides an additional verification of the design layout established by the ultimate limit state check.  The method is illustrated by examining 
the behaviour of an 8m high trial reinforced soil retaining wall built in Japan in 1995, and monitored for 8 years.  Comparison of the actual 
wall performance with predictions made using the two-part wedge method gives good agreement. 

 
RÉSUMÉ  Les méthodes de conception publiées pour les structures en sol renforcé se concentrent sur l'analyse de l'état limite ultime.  La 
plupart des guides de conception donnent des exigences générales sur les tassements des fondations et les déformations qui ne doivent pas 
conduire à un état limite en service, mais peu d'indications sont données sur la façon dont ces évaluations devraient être effectuées.  Cet ar-
ticle décrit une méthode d'analyse basée sur l'utilisation de plusieurs mécanismes  de deux blocs qui permet  de prévoir une répartition des 
charges pour chaque couche de renforcement. Il est ensuite combiné avec les courbes de charge-déformation isochrones pour le renforce-
ment, afin de prédire la répartition probable des déformations  après la construction.  BS 8006-1: 2010 fournit des indications sur les limites 
de déformation post-construction, qui sont ensuite comparées aux prédictions de l'analyse. Ceci fournit une vérification supplémentaire de 
la conception établie par la vérification de l'état limite ultime. La méthode est illustrée en examinant le comportement d'un mur de soutè-
nement expérimental de 8m de haut en sol renforcé, construit au Japon en 1995, et un monitoring pendant 8 ans. La comparaison de la per-
formance du mur réel avec les prévisions faites en utilisant la méthode de blocs en deux parties donne un bon accord. 
 

1 INTRODUCTION 

Design methods for reinforced soil structures pub-
lished in most design guides today concentrate main-
ly on preventing failure through an ultimate limit 
state (ULS), using limiting equilibrium analysis with 
either a lumped safety factor or partial load and mate-
rial factors to provide a margin against failure.  Most 
design guides give general requirements that settle-
ments and deformations should not lead to a service-
ability limit state (SLS), but little guidance is given 
as to how such assessments should be made.  In this 
situation, some of the potential serviceability limit 

states may well be addressed by applying unneces-
sarily high ULS safety factors, possibly creating 
over-conservative designs. 

This paper describes a method of analysis used to 
predict post-construction creep strain of polymer re-
inforcement in reinforced soil retaining walls.  The 
method is based on the use of multiple two-part 
wedge mechanisms to predict a load distribution for 
each layer of reinforcement.  This load distribution is 
then combined with information from isochronous 
load-strain curves for the reinforcement, in order to 
predict the likely distribution of post-construction 
strain. 
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BS 8006-1:2010 is a limit state code for the design 
of reinforced soil retaining walls which provides de-
tailed guidance on construction tolerances and ser-
viceability limits in Section 6.5.5, including limits on 
internal creep strain of polymer reinforcement.  Fig-
ure 43 of BS 8008-1:2010 illustrates how the SLS 
base strength (TCS) is assessed based on isochronous 
load-strain curves which are derived from creep test 
data, and this is reproduced as Figure 1 below.  TCS is 
the load which limits post-construction strain to 1% 
for retaining walls and 0.5% for bridge abutments. 

 

 

Table 1 provides a full summary of all parameters 
necessary to define TCS.  It should be noted that spe-
cific programmes of creep testing at low loads are re-
quired to establish the isochronous curves as depicted 
on Figure 1. 

 
Table 1. Parameters used to define TCS according to BS 8006, 
combined with BBA HAPAS Certificate 13/H201. 

Type of structure Retaining wall Abutment 
End of construction 1 month 2 months 
End of design life 120 years 120 years 
Post-construction strain 1.0% 0.5% 

2 TWO-PART WEDGE METHOD OF 
CALCULATION APPLIED TO SLS 

The basis of the two-part wedge method of calcula-
tion is shown on Figure 2 (left).  The geometry is 
typical of reinforced soil structures, but the method 
of analysis can incorporate all features shown (ie. 
berm, slope above the wall, isolated surcharge) with-
out the need for any simplifying assumptions.  The 
two-part wedge is defined by fixing a distance zi be-
low the top of the wall, then drawing a line at an an-
gle i across the reinforced soil block, defining 
Wedge 2.  Starting at the point where Wedge 2 inter-
sects the back of the reinforced soil block, Wedge 1 
is defined as shown, with the inter-wedge boundary 
at the back of the reinforced soil block (RSB).
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Figure 1. Assessment of SLS base strength (BS8006, Figure 43). 
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Figure 2. Two-part wedge method of calculation used to assess the distribution of post-construction strain in a layer of reinforcement. 

The method of calculation is summarised as a se-
ries of steps, starting from Figure 2 (left): 
 A search is carried out to find the angle of Wedge 1 

which applies maximum earth pressure to the back 
of the reinforced soil block. 

 The forces applied to Wedge 2 (earth pressure from 
Wedge 1, self-weight, surcharges) are resolved to 
find S, the force required to stabilise the two wedg-
es, provided by the reinforcement. 

 Wedge 2 intersects two layers of reinforcement in 
the case shown on Figure 2, so S is distributed be-
tween these two layers in proportion to their rela-
tive stiffness. 

 This gives a value of load in the second layer of re-
inforcement, shown as T2, applied at its point of in-
tersection with Wedge 2. 

 The strain at this point is calculated based on Fig-
ure 1 as  = (T2/TCS)*1% which is then plotted as 
one point on a strain distribution diagram as shown 
(this assumes a linear relationship between rein-
forcement load and post-construction strain, which 
is reasonable for polymer reinforcement at load 
loads). 
The remainder of the method of calculation is 

shown in Figure 2 (right) as follows: 
 The angle of Wedge 2 (2) is adjusted, and the pro-

cedure above is repeated many times creating a 
family of wedges as shown.  Each value of 2 will 
create a strain value on the distribution as shown by 
the round symbol. 

 This procedure is repeated at various values of zi, 
normally at each geogrid level as well as from the 
base of the wall, so that in the case of the second 
layer of reinforcement as shown on Figure 2, two 
fans of wedges would be checked. 

 Once completed, an algorithm is used to construct a 
distribution of strain which is based on the maxi-
mum values calculated, so that some of the calcu-
lated values shown by the round symbols may well 
be below the envelope. 

 The final step in the calculation is to assess a mean 
strain in each layer of reinforcement, taking into 
account its full length, and to check that this maxi-
mum is less than the limit given in BS 8006-1:2010 
based on the type of structure being designed ac-
cording to the parameters in Table 1.  
In limit state design methods, the margin against 

failure in the ULS is normally provide by applying

either partial load factors, or partial material and re-
sistance factors.  For most published methods partial 
factors are all set to 1.0 for the SLS, with the excep-
tion of live load, where guidance in different codes 
may vary.  For example BS 8006-1:2010 sets the par-
tial load factor on live load to 0 for SLS, whereas 
AASHTO/LRFD sets it to 1.0. 

The method used to assess post-construction rein-
forcement strain described above is examined in the 
following section by making a comparison with actu-
al performance data measured for an 8m high vertical 
reinforced soil retaining wall. 

3 JAPANESE TRIAL WALL 1995 

A trial reinforced soil retaining wall was built in Ja-
pan in 1995, and has been reported by several authors 
in a number of papers.  Some of the earliest infor-
mation was provided by Nakajima et al (1996) and 
later Tsukada et al (1998).  The wall is 8m high with 
a vertical precast concrete block facing.  A sand fill 
was used with a reported  = 29 and  = 18.6 
kN/m3.  The fill was reinforced with 11 layers of a 
relatively low strength HPDE reinforcement, manu-
factured by a process of punching and stretching.  All 
layers are 6m long and have the same strength, with a 
layout as shown in Figure 3 (left). 

The reported fill strength of  = 29 is assumed to 
be cv based on the fill description.  ULS analysis of 
the structure using  = 29 indicates a very low mar-
gin against failure.  Bearing in mind the very good 
performance of the wall, together with the fill de-
scription, it is assumed that peak may well be con-
siderably higher, and in the SLS calculation present-
ed below, peak = 37 has been used. 

The trial wall was built at a testing facility and is 
not part of a permanent structure.  A uniform sur-
charge of 9.8 kPa was placed on top of the fill, which 
is considered to be a dead load.  The published pa-
pers describe extensive instrumentation which was 
installed during construction, and was monitored for 
several years after construction was completed.  In-
strumentation included measurement of lateral wall 
movement, reinforcement strain, vertical settlement 
and earth pressure.  More recent information was 
presented by Onodera et al (2004), providing lateral 
wall movement data after 8 years. 
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viceability limits in Section 6.5.5, including limits on 
internal creep strain of polymer reinforcement.  Fig-
ure 43 of BS 8008-1:2010 illustrates how the SLS 
base strength (TCS) is assessed based on isochronous 
load-strain curves which are derived from creep test 
data, and this is reproduced as Figure 1 below.  TCS is 
the load which limits post-construction strain to 1% 
for retaining walls and 0.5% for bridge abutments. 

 

 

Table 1 provides a full summary of all parameters 
necessary to define TCS.  It should be noted that spe-
cific programmes of creep testing at low loads are re-
quired to establish the isochronous curves as depicted 
on Figure 1. 

 
Table 1. Parameters used to define TCS according to BS 8006, 
combined with BBA HAPAS Certificate 13/H201. 

Type of structure Retaining wall Abutment 
End of construction 1 month 2 months 
End of design life 120 years 120 years 
Post-construction strain 1.0% 0.5% 

2 TWO-PART WEDGE METHOD OF 
CALCULATION APPLIED TO SLS 

The basis of the two-part wedge method of calcula-
tion is shown on Figure 2 (left).  The geometry is 
typical of reinforced soil structures, but the method 
of analysis can incorporate all features shown (ie. 
berm, slope above the wall, isolated surcharge) with-
out the need for any simplifying assumptions.  The 
two-part wedge is defined by fixing a distance zi be-
low the top of the wall, then drawing a line at an an-
gle i across the reinforced soil block, defining 
Wedge 2.  Starting at the point where Wedge 2 inter-
sects the back of the reinforced soil block, Wedge 1 
is defined as shown, with the inter-wedge boundary 
at the back of the reinforced soil block (RSB).

 

L
oa

d 
(k

N
/n

)  

Strain (%) 

End of construction
End of design life
Limiting strain

Tcs 

Figure 1. Assessment of SLS base strength (BS8006, Figure 43). 

zi 

i 

S 

Wedge 1 

q2 

q1 

Wedge 2 

T2 

T3 

Inter-wedge 
boundary is back 
of the reinforced 
soil block   

zi 

q2 

q1 

Wedges are 
checked at various 
values of i 

Hi is then changed and a further 
series of wedges are checked at 
various values of i 

 

Distribution of 
post-construction 
strain in Layer 2 

W 

Eah 

Eav 

Figure 2. Two-part wedge method of calculation used to assess the distribution of post-construction strain in a layer of reinforcement. 

The method of calculation is summarised as a se-
ries of steps, starting from Figure 2 (left): 
 A search is carried out to find the angle of Wedge 1 

which applies maximum earth pressure to the back 
of the reinforced soil block. 

 The forces applied to Wedge 2 (earth pressure from 
Wedge 1, self-weight, surcharges) are resolved to 
find S, the force required to stabilise the two wedg-
es, provided by the reinforcement. 

 Wedge 2 intersects two layers of reinforcement in 
the case shown on Figure 2, so S is distributed be-
tween these two layers in proportion to their rela-
tive stiffness. 

 This gives a value of load in the second layer of re-
inforcement, shown as T2, applied at its point of in-
tersection with Wedge 2. 

 The strain at this point is calculated based on Fig-
ure 1 as  = (T2/TCS)*1% which is then plotted as 
one point on a strain distribution diagram as shown 
(this assumes a linear relationship between rein-
forcement load and post-construction strain, which 
is reasonable for polymer reinforcement at load 
loads). 
The remainder of the method of calculation is 

shown in Figure 2 (right) as follows: 
 The angle of Wedge 2 (2) is adjusted, and the pro-

cedure above is repeated many times creating a 
family of wedges as shown.  Each value of 2 will 
create a strain value on the distribution as shown by 
the round symbol. 

 This procedure is repeated at various values of zi, 
normally at each geogrid level as well as from the 
base of the wall, so that in the case of the second 
layer of reinforcement as shown on Figure 2, two 
fans of wedges would be checked. 

 Once completed, an algorithm is used to construct a 
distribution of strain which is based on the maxi-
mum values calculated, so that some of the calcu-
lated values shown by the round symbols may well 
be below the envelope. 

 The final step in the calculation is to assess a mean 
strain in each layer of reinforcement, taking into 
account its full length, and to check that this maxi-
mum is less than the limit given in BS 8006-1:2010 
based on the type of structure being designed ac-
cording to the parameters in Table 1.  
In limit state design methods, the margin against 

failure in the ULS is normally provide by applying

either partial load factors, or partial material and re-
sistance factors.  For most published methods partial 
factors are all set to 1.0 for the SLS, with the excep-
tion of live load, where guidance in different codes 
may vary.  For example BS 8006-1:2010 sets the par-
tial load factor on live load to 0 for SLS, whereas 
AASHTO/LRFD sets it to 1.0. 

The method used to assess post-construction rein-
forcement strain described above is examined in the 
following section by making a comparison with actu-
al performance data measured for an 8m high vertical 
reinforced soil retaining wall. 

3 JAPANESE TRIAL WALL 1995 

A trial reinforced soil retaining wall was built in Ja-
pan in 1995, and has been reported by several authors 
in a number of papers.  Some of the earliest infor-
mation was provided by Nakajima et al (1996) and 
later Tsukada et al (1998).  The wall is 8m high with 
a vertical precast concrete block facing.  A sand fill 
was used with a reported  = 29 and  = 18.6 
kN/m3.  The fill was reinforced with 11 layers of a 
relatively low strength HPDE reinforcement, manu-
factured by a process of punching and stretching.  All 
layers are 6m long and have the same strength, with a 
layout as shown in Figure 3 (left). 

The reported fill strength of  = 29 is assumed to 
be cv based on the fill description.  ULS analysis of 
the structure using  = 29 indicates a very low mar-
gin against failure.  Bearing in mind the very good 
performance of the wall, together with the fill de-
scription, it is assumed that peak may well be con-
siderably higher, and in the SLS calculation present-
ed below, peak = 37 has been used. 

The trial wall was built at a testing facility and is 
not part of a permanent structure.  A uniform sur-
charge of 9.8 kPa was placed on top of the fill, which 
is considered to be a dead load.  The published pa-
pers describe extensive instrumentation which was 
installed during construction, and was monitored for 
several years after construction was completed.  In-
strumentation included measurement of lateral wall 
movement, reinforcement strain, vertical settlement 
and earth pressure.  More recent information was 
presented by Onodera et al (2004), providing lateral 
wall movement data after 8 years. 

Dobie and McCombie
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Figure 3. Section of Japanese trial wall together with profile of lateral movement as normally reported.  

Figure 3 (left) shows a detailed cross section of 
the wall indicating the positions of the targets set up 
to measure lateral wall movement (D1 to D9), at 1m 
intervals up the face of the wall.  Figure 3 (right) 
shows a profile of lateral movement where each set 
of data represents a different number of days since 
completion of the wall.  Day 0 = end of filling, actu-

ally 28th May 1995.  The data for Day 2768 (approx-
imately 8 years) was added to the earlier data by On-
odera et al (2004).  The immediate impression gained 
from Figure 3 (right) is that the wall is bulging, and 
this is often how it is described in papers or presenta-
tions.  However in the Authors’ opinion this descrip-
tion and method of presentation are misleading. 
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Figure 4 presents the detailed lateral deformation 
data against time, together with the construction his-
tory of the wall as fill height in metres (the final 0.5m 
represents the surcharge).  The wall facing consists of 
0.5m high concrete blocks, placed incrementally as 
the fill was raised.  This means that deformation 
readings could only start once any specific level was 
reached.  Therefore D1 (lowest point) was measured 
from Day -50, D5 (largest reported lateral move-
ment) from Day -22 and D9 (top point) from Day 0 
as indicated by the large circles on Figure 4.  This 
means that each lateral deformation record starts 
from a different point in time, which is the reason 
why the wall appears to bulge in Figure 3 (right). 

Day 11 represents the completion of placing the 
surcharge (ie. completion of applying permanent 
load).  The lateral movements of D1, D5 and D9 on 
Day 11 are indicated by large circles on Figure 4, and 
it can be seen that by Day 11, most of the defor-
mation at D5 (about 68mm) has already taken place.  
Figure 5 shows the profile of lateral movement plot-
ted taking Day 11 as the starting point in time, and in 
this case, by Day 732d (about 2 years later, with “d” 
denoting deformation), the wall has tilted forwards 
slightly, by about 30mm at the top, but has remained 
essentially straight, and there is no noticeable sign of 
bulging. 

 
Figure 5. Profile of lateral movement and reinforcement elonga-
tion measured from Day 11 (end of loading). 

 

The instrumentation records include strain of the 
reinforcement measured at 5 levels.  The detailed re-
sults for the layer of reinforcement 1.65m above the 
base of the wall are shown in Figure 6, with each 
record corresponding to a specific day, including Day 
11 and Day 732.  If the recorded strain between Days 
11 and 732 is summed over the length of the rein-
forcement, then this presents an increase in length of 
6.8mm.  This interpretation may be carried out for all 
five instrumented layers of reinforcement. 

The reinforcement elongation values are also plot-
ted on Figure 5, denoted by 732s (“s” denoting 
strain).  It can be seen that the plotted values are 
slightly lower than the wall outward movement, as 
would be expected.  The exception is the top point, 
where the outward movement may have a contribu-
tion from pull-out due to the very low overburden 
pressure. 

 
Figure 6. Distribution of strain in the reinforcement layer 1.65m 
from the base at various time intervals. 

Based on the cross-section shown in Figure 3 (left) 
and the data presented and discussed earlier in this 
section, a post-construction strain assessment has 
been carried out using the two-part wedge method 
described in Section 2.  The result of this calculation 
is a predicted mean post-construction strain which 
may be interpreted as elongation of the reinforcement 
by taking into account its length of 6m.  The resulting 
profile of predicted reinforcement elongation has 
been added to Figure 5 (denoted as “2PW”), where it 
has a similar distribution to the measured values, but 
with approximately twice the magnitude. 
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Figure 3. Section of Japanese trial wall together with profile of lateral movement as normally reported.  

Figure 3 (left) shows a detailed cross section of 
the wall indicating the positions of the targets set up 
to measure lateral wall movement (D1 to D9), at 1m 
intervals up the face of the wall.  Figure 3 (right) 
shows a profile of lateral movement where each set 
of data represents a different number of days since 
completion of the wall.  Day 0 = end of filling, actu-

ally 28th May 1995.  The data for Day 2768 (approx-
imately 8 years) was added to the earlier data by On-
odera et al (2004).  The immediate impression gained 
from Figure 3 (right) is that the wall is bulging, and 
this is often how it is described in papers or presenta-
tions.  However in the Authors’ opinion this descrip-
tion and method of presentation are misleading. 
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Figure 4 presents the detailed lateral deformation 
data against time, together with the construction his-
tory of the wall as fill height in metres (the final 0.5m 
represents the surcharge).  The wall facing consists of 
0.5m high concrete blocks, placed incrementally as 
the fill was raised.  This means that deformation 
readings could only start once any specific level was 
reached.  Therefore D1 (lowest point) was measured 
from Day -50, D5 (largest reported lateral move-
ment) from Day -22 and D9 (top point) from Day 0 
as indicated by the large circles on Figure 4.  This 
means that each lateral deformation record starts 
from a different point in time, which is the reason 
why the wall appears to bulge in Figure 3 (right). 

Day 11 represents the completion of placing the 
surcharge (ie. completion of applying permanent 
load).  The lateral movements of D1, D5 and D9 on 
Day 11 are indicated by large circles on Figure 4, and 
it can be seen that by Day 11, most of the defor-
mation at D5 (about 68mm) has already taken place.  
Figure 5 shows the profile of lateral movement plot-
ted taking Day 11 as the starting point in time, and in 
this case, by Day 732d (about 2 years later, with “d” 
denoting deformation), the wall has tilted forwards 
slightly, by about 30mm at the top, but has remained 
essentially straight, and there is no noticeable sign of 
bulging. 

 
Figure 5. Profile of lateral movement and reinforcement elonga-
tion measured from Day 11 (end of loading). 

 

The instrumentation records include strain of the 
reinforcement measured at 5 levels.  The detailed re-
sults for the layer of reinforcement 1.65m above the 
base of the wall are shown in Figure 6, with each 
record corresponding to a specific day, including Day 
11 and Day 732.  If the recorded strain between Days 
11 and 732 is summed over the length of the rein-
forcement, then this presents an increase in length of 
6.8mm.  This interpretation may be carried out for all 
five instrumented layers of reinforcement. 

The reinforcement elongation values are also plot-
ted on Figure 5, denoted by 732s (“s” denoting 
strain).  It can be seen that the plotted values are 
slightly lower than the wall outward movement, as 
would be expected.  The exception is the top point, 
where the outward movement may have a contribu-
tion from pull-out due to the very low overburden 
pressure. 

 
Figure 6. Distribution of strain in the reinforcement layer 1.65m 
from the base at various time intervals. 

Based on the cross-section shown in Figure 3 (left) 
and the data presented and discussed earlier in this 
section, a post-construction strain assessment has 
been carried out using the two-part wedge method 
described in Section 2.  The result of this calculation 
is a predicted mean post-construction strain which 
may be interpreted as elongation of the reinforcement 
by taking into account its length of 6m.  The resulting 
profile of predicted reinforcement elongation has 
been added to Figure 5 (denoted as “2PW”), where it 
has a similar distribution to the measured values, but 
with approximately twice the magnitude. 
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4 DISCUSSION AND CONCLUSIONS 

BS 8006-1:2010 provides guidance for carrying out 
serviceability limit state checks for reinforced soil re-
taining walls, including defining limits on post-
construction reinforcement strain.  However the code 
does not prescribe or define a method of calculation 
in order to establish the likely magnitude of post-
construction strain for any particular design situation.  
Section 2 of this paper describes a method of calcula-
tion based on the use of multiple two-part wedge 
mechanisms to predict a load distribution for each 
layer of reinforcement.  This load distribution is then 
combined with information from isochronous load-
strain curves for the reinforcement, in order to predict 
the likely post-construction strain, which may then in 
turn be compared with the guidance from BS 8006-
1:2010. 

In order to examine this method of calculating 
post-construction strain, the measured behaviour of 
an 8m high trial reinforced soil retaining wall built in 
Japan in 1995 is summarised in Section 3.  On first 
examination of the published data, the deformation 
appears to be excessive, indicating a mid-height 
bulge in the facing, and the two-part wedge method 
of analysis would under-predict the observed maxi-
mum lateral deformation.  However closer examina-
tion of the data permits it to be re-interpreted in terms 
of post-construction deformation and strain, giving a 
consistent picture, with magnitudes slightly smaller 
than those predicted by the two-part wedge method.  
The actual post-construction deformation of the wall 
is a 30mm forward tilt at the top about the base, with 
the wall remaining essentially straight.  Over the 
same 2 year time period, the two-part wedge method 
indicates a maximum reinforcement elongation of 
about 40mm, with post-construction strain remaining 
well within the limits given by BS 8006-1:2010. 

The slight over-prediction of reinforcement elon-
gation may be due to a number of causes, possibly 
conservatism in some of the parameters being used 
and possibly due to the observation that the combina-
tion of reinforcement and soil used to form such a 
structure has a composite behaviour which is signifi-
cantly greater than the simple sum of the two compo-
nents.  However the method offers an important 
check which is independent of the ULS calculations, 

providing an indication of the likely upper bound of 
post-construction deformation of the reinforcement. 

Another technique which may be used to assess 
likely deformation of a reinforced soil structure is the 
finite element method (FEM).  With sophisticated 
soil models and appropriate parameters, this has the 
potential to predict overall deformation of the struc-
ture.  However there are aspects of modelling poly-
mer reinforcement using FEM which require special 
attention. This can be seen in relation to Figure 3 
(right).  At the practical level, all deformation up un-
til Day 11 is a construction issue, and any such de-
formations should be addressed by the construction 
techniques used, and therefore by the contractor.  The 
owner of the wall is interested in the deformation 
which takes place after Day 11, namely during ser-
vice.  However between Day 11 and the end of de-
sign life, load is constant. In order for FEM to make a 
meaningful prediction of deformation during service, 
the model for reinforcement behaviour should incor-
porate time-dependent stiffness (as per Figure 1). 

There appears to be a general view that many ex-
isting design methods for reinforced soil structures 
are over conservative, and techniques might be de-
veloped to reduce the quantity and grade of rein-
forcement required.  In this situation, an independent 
SLS check based on an assessment of post-
construction strain becomes even more important. 
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ABSTRACT  Geosynthetics, including geogrids and geotextiles, have been extensively used for stabilisation and soil reinforcement in 
several geotechnical structures, such as foundations, abutments, walls and slopes. In these applications, soil-geosynthetic interaction plays a 
determinant role. This paper describes an experimental study carried out using a large-scale pullout test device aiming to investigate the in-
teraction between a granite residual soil and a uniaxial extruded geogrid. To analyse the influence of soil moisture content on the interface 
behaviour, the soil was tested dry and at the optimum and half of the optimum moisture contents. To simulate distinct degrees of compac-
tion in the field, the soil was compacted to different values of dry unit weight and its influence on the soil-geogrid interface behaviour was 
also evaluated. Test results have demonstrated that soil moisture content can significantly affect the geogrid pullout resistance, particularly 
when the soil is compacted with lower density. Furthermore, the failure mode at the interface (i.e., geogrid tensile failure or pullout failure) 
was found to be highly dependent on the soil density.  

 
RÉSUMÉ  Les géosynthétiques, ainsi comme les géotextiles et les géogrilles, ont été amplement utilisés dans la stabilisation et le ren-
forcement des sols dans des différentes structures géotechniques, tels que les fondations, des culées de ponts, les murs de soutènement et les 
talus. Dans ces applications, l'interaction sol-géosynthétique assume un rôle décisif. Cet article décrit une étude expérimentale réalisée en 
utilisant un équipement de test d’arrachement à grandes dimensions afin d'investiguer l'interaction entre un sol résiduel granitique et une 
géogrille uniaxiale extrudée. Pour analyser l'influence de la teneur en eau du sol sur le comportement de l'interface, le sol a été testé sec et 
avec la teneur en eau optimale et moitié de la teneur en eau optimale. Pour simuler des différents niveaux de compactage sur le terrain, le 
sol a été compacté à différentes valeurs du poids volumique sec et son influence sur le comportement de l'interface sol-géogrille a égale-
ment été évaluée. Les résultats ont démontré que la teneur en eau du sol peut affecter d’une façon significative la résistance de la géogrille à 
l’arrachement, en particulier lorsque le sol est compacté à la densité plus faible. En outre, il a été vérifié que le mode de rupture à l'interface 
(soit rupture par traction de la géogrille, soit rupture par l’arrachement) est hautement dépendent de la densité du sol.  
 

1 INTRODUCTION 

Soil-geosynthetic interaction has an utmost im-
portance in the design and stability analysis of geo-
synthetic-reinforced soil structures. Over the last 
decades, several experimental methods have been 
developed for a better understanding of soil-
geosynthetic interaction, including direct shear tests, 
pullout tests, in-soil tensile tests and inclined plane 
tests (e.g., Lopes & Ladeira 1996a, 1996b; Raju & 
Fannin 1998; Lopes & Lopes 1999; Ramirez & 
Gourc 2003; Liu et al. 2009; Vieira et al. 2013; Fer-

reira et al. 2013; Ferreira et al. 2014; Lopes et al. 
2014). Among them, pullout and direct shear tests are 
the most commonly used. Whereas the direct shear 
test is the most appropriate test method for the analy-
sis of soil-geosynthetic interaction when sliding of 
the soil mass on the reinforcement surface is ex-
pected to occur, the pullout test is a valuable method 
to investigate the interaction between the soil and ge-
osynthetic in the anchorage zone (Palmeira 2009; 
Lopes 2012).  

In this study, the pullout behaviour of a uniaxial 
extruded geogrid embedded in a granite residual soil 


