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Keynote lecture: Roles of facing rigidity in soil reinforcing 

F.Tatsuoka 
Institute of Industrial Science, University of Tokyo, Japan 

, ABSTRACT: Rigid facings have often been used for important permanent reinforced and 
nailed soil structures mainly for higher durability, better aesthetics and easier 
construction. It is discussed based on many laboratory and field data that both local 
and overall facing rigidities can also help in reducing the deformation while increasing 
the stability of the structures. Namely, large tensile force in reinforcement at the 
connections to the back face of a rigid facing can confine effectively the soil imme
diately behind the wall face, which can in turn increase the stability of the structures; 
soil reinforcing methods cannot be best ' characterized by a largely reduced earth pres
sure on the back face of the facing. Further, axial force, shear force and bending mo
ment transmitted through a full-height continuous rigid facing can restrain a premature 
local failure in a reinforced soll structure and thereby, can increase the stability of 
the structure. A method to take into account the effects of facing rigidity in limit 
equilibrium-based stability analyses is discussed. For reinforced soil retaining walls, 
as a method to alleviate some potential disadvantages associated with using a full
-height unit facing, a stage construction by casting in place a concrete facing directly 
on a completed wrapped-around wall face is suggested. It is also shown that for 
minimizing ' the deformation during excavation ' of nailed walls, occasionally a 
pre-propping structure is constructed immediately behind the wall face before the exca
vution proceeds . 

1. INTRODUCTION 

No doubt the most characteristic and im
portant manufactured structural component 
for tensile-reinforced soil structures are 
reinforcing members. Therefore, the mate
rial properties, the length, the spatial 
denSity, the direction and so on of rein
forcement are essential design factors in 
soil reinforcing. Together with the design 
and construction methods of soil rein
forced soil structures and the principles 
underlying .their design, the issue of rein
forcement has been reviewed by many re
searchers (e.g. , Bolton; 1991 Ingold, 1982, 
Jewell, 1991, Mitchell, 1982, Schlosser and 
Juran, 1980, ' 1983, Schlosser, 1990, 
Schlosser and De Buhan, 1991, Stocker and 
Riediner, 1990, GassIer, 1991). In this 
note, however, these issues are touched 
only in relation to the effects of the fac
ing rigidity. Herein, the terminology rein
forced soil means "slopes or retaining 
walls with a backfill soil reinforced dur
ing embanking and nailed soil means "those 
with an existing soil reinforced during ex
cavation". 
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The effects of local and overall facing 
rigidities are not taken into account ex
plicitly in most (not all) of the current 
stability analysis methods used for rein
forced and nailed soil structures, 
probably based on the assumption that the 
facing of a reinforced or nailed soil 
structure "does not play a major role in 
the overall structural stability" (Bruce 
and Jewell, 1986). Rather, the issue of the 
facing has been discussed mostly, from a 
viewpoint of durability and aesthetics of 
wall face, and construction convenience 
(e. g. ,  Jones, 1985, 1991, Jones et aI. , 1988, 
O 'Rourke and Jones, 1990). However, atten
tion herein is directed primarily to the me
chanical roles of the facing in reducing 
the deformation whfle increasing the 
stability of reinforced and nailed soil 
structures. The issue of the effects of 
facing rigidity in stability analyses is 
also discussed. 

2. A BRIEF HISTORICAL REVIEW 

The two fundamental advantages of rein-



forced soil retaining walls over the con
ventional retaining walls such as RC gravi
ty-type and cantilever type wall struc
tures which have often been advocated are; 
1) that only very small earth pressure is 
activated on the back face of facing, which 
is much smaller than the active earth pres
sure activated when the backfil l  is not 
reinforced, and 
2) that the wall is flexible enough to ac
commodate relatively large deformation 
(particularly unequal settlement) of the 
supporting ground. 

With respect to the first point, Vidal 
(1978, pp. 24) stated for the facings of 
Reinforced Earth (R. E.)  retaining walls 
(i. e. , Terre Armee retaining walls) that "if 
we could put in place one layer of grains 
in contact with one layer of reinforcement, 
then one layer of grains, and so on, we 
should not have any need for a facing. The 
facing retains the grains located near the 
exterior between two layers of reinforce
ment; it corresponds to a very local prob
lem, and is not important. " Probably, this 
statement was made to clearly contrast 
this new technology with the conventional 
retaining walls. 

With respect to the second point, when 
constructed on relatively soft ground, a 
conventional RC retaining wall, which is 
much more rigid than reinforced soil 
retaining walls, may need to be supported 
by a pile foundation to avoid damage to 
the wall structures. In contrast, a pile 
foundation becomes unnecessary for most 
reinforced soil structures because of their 
flexibility, which leads to large cost sav
ing and shortening of construction period. 
Then for ensuring the global flexibility of 
the wall; the facing should also be flexi
ble enough. In addition, the facing should 
be axially compressible also so as to 
accommodate the possible relative settle
ment between the facing and the backfil l  so 
that the connections between the rein
forcement and the back face of facing are 
not damaged. 

Reinforced Earth (R. E.)  retaining walls: 
When based on the above-mentioned two ra
tionales, metal facings (Fig. 2.1) used at 
its developing stage, which was called the 
concertina construction by Jones (1985), ' 
can be considered as a proper type of 
facing due to its high flexibility. 
However, currently only standardized 
cruciform concrete panels (Fig. 2.2) are 
being used, despite that this type of 
facing is much less deformable. For the 
reasons, Vidal (1978, pp.25) stated that "] 
began with steel facings in an ellip
tic-cylindric shape. . . . . The steel facings 
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metal skin 

Fig. 2 . 1  Metal facing for R. E. retaining 
walls (Vidal, 1978). 
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foundation 

Fig. 2. 2 Standardized cruciform concrete 
panels facing for R. E. retaining walls 
(Vidal, 1978). 

steel mesh 

steel reinforcing strip 

geotexiJe 

steel tie strip 
Fig. 2 . 3  Terratrel facing panel for R. E. 

retaining walls (Smith, 1991). 

have been quite satisfactory. But 
progressively, I have replaced steel with 
precast concrete panels which are better 
looking. "  Schlosser (1990, pp. 352) ad
dressed another reason that the cruciform 
facing panel type "allows various architec
tural possibilities, including curved fac
ings. "  In order to maintain. the necessary 
deformability, in particular the axial com
pressibility of concrete panels facings, a 
compressive material. usually a piece of 
cork, is inserted at each jOint between 
vertically adj acent panels, which was 
called the Telescope construction method 
by Jones (1985). 

As will be discussed later in this note, 
discrete concrete panels facings are bet-
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ter than metal facings also for decreasing 
the deformation while increasing the 
stability of the wall. As far as the author 
is aware, however, the above point has not 
been referred to as the major reason for 
the replacement of facing type as 
mentioned earlier. Interestingly, · a soft 
facing type called Terratrel (Fig. 2.3, 
Smith, 1991) has been introduced to R. E. 
retaining walls to replace conventional 
discrete concrete panels facings for lower 
construction cost, vegetation when needed. 
for a construction speed faster than 
wrapped-around geotextile walls (but 
equivalent to the discrete concrete panels 
facings) ,  and for the construction of steep 
slopes rather than vertical walls. This is 
stiff steel facing elements with the top 
and bottom of each element being con
nected to reinforcement metal strips. 
Seemingly, although this new type soft fac
ings are as flexible as the old type metal 
facings, possible effects of the decrease 
in the facing rigidity on the stability of 
wall have not been addressed. In
terestingly' the combination of a soft fac
ing with metal strip reinforcement is in 
contrast with another combination of a dis
crete or continuous rigid facing with 
planar geotextile reinforcement (Table 
2.1). 

Geosythetic-reinforced soil retaining walls 
(GRS-RWs): It seems that the above men
tioned design principle for the facing has 
been adopted in most of the design methods 
(but not all) for GRS-RWs. Namely, " facing 
is only necessary to prevent erosion of 
the slope and to keep the front layer in 
place" (Veldhuijezen van Zanten, 1985, 
PP.431). Or "for vertical structures a fac
ing is required. The function of the facing 
is to stop erosion of the fill and to pro
vide a suitable architectural treatment to 
the structure" (Jones, 1985, pp.68). 

Many of the GRS-RWs constructed so far 
have a wrapped-around wall face, for which 
the end of geosynthetic sheet is wrapped 
Upwards around the end face of soil layer 
forming a round or flat shape (Fig. 2.4). It 
has been noticed, however, that this type 
of wall face is not adequate for permanent 
structures, because of some or all of the 
following disadvantages (e.g. ,  Wichter and 
Gay, 1986); 1) the deformation of the wall 
face and the soil immediately behind the 
wall face could be too large to be accepta
ble as typically reported by Allen et al. 
(992) , 2) tbe long-term durability against 
vandalism (mechanical damage and firing) 
and the UV sunlight is not sufficient, 3) 
the wall face may not be aesthetically 
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Fig. 2.4 Typical wrapped-around geosyn
thetic-reinforced soll retaining wall. 

Table 2. 1.  Rough classification of 
reinforced-soll retaining walls based 
facIng rIgIdIty and reinforcement shape 

Facing type 

Softl Rigid2 

Terre Armee Terre Armee 
Srip with Terratrel with a concrete 

Reinforcement 
panels facing 

GRS-RW with a GRS-RW with a 
Planar wrapped-aroljnd concrete panels 

wall face facing 

1: Types HI or H2, having the local rigidity 
(see Fig. 5 . 1  and Table 5 . 1) .  

2 :  Types C o r  D o r  E .  which have local and 
overall rigidities. More detailed 
discussions on the facIng rigIdity are 
given In Section 5. 

pleasing, particularly when constructed in 
urban areas, and 4) the step-by-step con
struction of wrapped-around face is rela
tively slow and labor-intensive. However, 
a wrapped-around wall face is still ade
quate for temporary and/or less-important 
walls as those located in most rural set
tings (Keller, 1990). 

Indeed, the above four points are the pri
mary criticisms against the performance of 
GRS-RWs having a wrapped-around wall face. 
The other group of criticisms is against 
the performance of geosynthetic as 
reinforcement, which includes that (e.g. ,  
Schlosser, 1990): 5) geosythetic reinforce
ment is too extensible, 6) long-term creep 
deformation may not be acceptable, 7) 
chemical deterioration may be large when 
placed in soil, and 8) it may be damaged too 
much during the compaction of soil layers, 
in particular when using a large-diameter 
angular material. These criticisms have al
ways been controversial issues in contrast 
to those against metal strip reinforcement, 
which include the problem of corrosion, a 
relatively small contact area with the sur-



rounding soil, no function of drainage, 
therefore relatively strict restriction to 
the soil type for the backfill (i. e . ,  only 
cohesionless 'soils with a small amount of 
fines) and so on. Many researchers on one 
hand (e.g . .  Jewell, 1991, Koerner et al. , 
1980, 1985, 1989) consider that these prob
lems 4) through 8) could not be actual 
serious problems when properly designed. 

Because of the first group of problems 1) 
through 4), however, wrapped-around wall 
faces are often protected by shotcreting 
or planting ( e. g . ,  Resl et al. , 1988). For 
relatively important permanent GRS-RWs, 
more rigid, more durable and more 
aesthetically acceptable facings are used 
more often, which include; a) pre-cast dis
crete concrete panels facings as used for 
R. E. retaining walls (e. g . ,  Piggs and 
McCafferty, 1984). b) continuous rigid fac
ings of full-height pre-cast concrete panel 
with the back face connected to geotextile 
reinforcement layers; e.g. , for bridge 
abutments of GRS-RW (Fig. 2.5, McCaul, 
1992), or inverted Y-shaped RC retaining 
walls having a degree of self-standing 
capability with a backfill reinforced with a 
polymer grid (Yamanouchi, 1986). c) 
full-height pre-cast concrete panels sepa
rated from the wrapped-around wall face 
(e. g . ,  Fig. 2.6, Gourc et al., 1991. Gourc 
and Matichard, 1992), and d) facings made of 
a stack of modular unreinforced concrete 
blocks with decorated outer face (Fig. 2.7, 
Simac et al. , 1990), or cellular faCings 
(e.g. .  Fig. 2.8, Gourc et al. , 1991. Gourc 
and Matichard, 1992). However, the 
mechanical contributions of facing rigidity 
are not taken into account explicitly in 
the stability analyses for most of these 
GRS-RWs, presumably by considering that it 
is conservative and may be justified from 
its relatively short history of actual con
struction. On the other hand, recently in 
Japan, GRS-RWs were constructed as impor
tant permanent railway structures 
(Tatsuoka et al., 1992, Murata et al. , 1992). 
The walls have a cast-in-place concrete 
facing placed directly on the wrapped
-around wall face after the full height of 
wall had been constructed with the aid of 
gabions placed at the shoulder of each soil 
layer (Fig. 2.9). This type of facing was a
dopted not only for better durability and 
aesthetics of wall face and easier con
struction, but also by expecting contribu
tions of local and overall rigidities of 
facing to the stability of the wall. 

Nailed retaining structures: For soil nail
ing, since soils are generally stiffer hav
ing a larger cohesion and finished slopes 
are less steeper, the need for a rigid fac
ing is generally lower when compared with 

834 

R.e. bridge ground beam 0 1m "-----" 

R.e. foolng 
Fig. 2.5 Continuous rigid facing of pre

cast concrete full-height panel for 
geosynthetlc-reinforced bridge abutments 
(McCaul, 1992). 

0.60 0.90 . 1.60 
R.C. transition 
plat. ---j@ • concrete block 

St -.......... 
/geotextile 

2.88m R.C. cantilever 
gravel soil 

3.93 

Fig. 2 .6  Pre-cast full-height concrete 
panel facing separated from the wrapped
around wall face of GRS-RW : Model for 
loading test (Thamm et aI. , 1990, see Fig. 
6.9 for the wall after loading). 

1= 1 20r F 
F > polymer geogrid 
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Fig. 2. 7 Concrete blocks facing ( Simac et 
aI. , 1990). 

reinforced soil structures. For most tem
porary nailed retaining walls, a relatively 
thin shot crete lining with one layer of 
wire mesh and small steel bearing platens 
placed on the shotcreted surface are suf
ficient to accommodate earth pressure in 
the back of wall face and head loadings of 



nails respectively, in contrast to substan
tial bearing arrangements needed for pre
stressed ground anchorages (Bruce and 
Jewell, 1986). Correspondingly, the ef
fects of facing rigidity are not taken into 
account in the stability analyses. 

However, more rigid facings have been used 
occasionally in the following three cases: 
1) For permanent important walls, shot
crete layers may not be aesthetically 
pleasing and/or not sufficient for the 
long-term support of the cutting. In some 
cases, a facing of pre-cast concrete unit 
or cast-in-place concrete layer was placed 
on the shotcrete face (e. g. , Gasseler, 1991, 
Tateyama et al. ,  1992). Bruce and Jewell 
(1987) reported a case at Versailles
-Chantier in France, where a gravity re
taining wall was constructed on a 22 m-high 
completed nailed slope having a 70° slope 
angle. 2) When the soil is not strong e
nough, such as uncemented sands, delayed 
shotcreting after the excavation may lead 
to a local compressional failure in the soil 
immediately behind the exposed slope face, 
which may lead to the overall failure of 
slope. 3) The horizontal outward displace
ment at the top of thp. p.x"avation iR llRll
ally of the order of 0 .1  % to 0 . 3  % in the · 
ratio to the wall height for drilled and 
grouted nails (Bruce and Jewell, 1987, 
Schlosser and Unterreiner, 1991, Schlosser 
and De Buhan, 1991) or 0.2 % to 0 .4  % 
(Stocker and Riedinger, 1990). These val
ues are in general larger than those for 
well anchored structures, and may not be 
acceptable, for example, when the slope is 
supporting a building or a railway track. 
In some cases of the latter two 2) and 3), in 
particular when the soil is not very 
strong, a pre-propping structure such as a 

geotextile·��.i �� ::. :.>:.�. ' :,::'1 
. griping of the geotextile ��iC�:j��:�l 

Fig. 2.8 Cellular facing (Gourc et al. , 
1991, Gourc and Matichard, 1992) 

cement-treated soil diaphragm was con
structed immediately behind the wall face 
before the excavation proceeded. (e. g . ,  
Bruce and Jewell, 1987, Woonward, 1991, 
Tateyama et al., 1992). 

In this note, based on many laboratory and 
field data, it will be discussed that the 
structure of facing and its related design 
issues become more important, even equally 
important to the issues of reinforcement; 
1) as the slope becomes steeper, 2) as the 
soil becomes weaker, in particular as the . 
cohesion or natural cementing becomes 
smaller, 3) as the load on the crest of 
s lope or wall becomes larger, and/or is lo
cated closer to the shoulder of slope or 
wall, 4) as the vertical and horizontal 
spacings, and the density and length of re
inforcement becomes larger and shorter, 
respectively, 5) as allowable deformation 
of wall becomes smaller, 6) as the struc
ture becomes more important, and 7) as the 
designated life time of structure becomes 
longer. Generally speaking, the failure of 
a soil structure is always more-or-less 

Foundation 01 
frame structure 

Geo-grid 

RCFacing 

Construct;;oon:Jo:int����J;� 
(C.JJ 

--:: 

'Gabions filled with. gravel 

Fig. 2.9 Cross-section of geosynthetic
reinforced soll retaining wall with a 
s lightly inclined wall face at Shinkansen 
yard, Nagoya (Tatsuoka et al. , 1992). 

835 



progressive starting from a local failure. 
Therefore, as stress concentration and the 
resulting initiation of premature local 
failure can be restrained effectively by 
using a rigid facing, the failing zone be
comes larger, resulting in larger failure 
load and larger stability of the structure. 
In this note, some potential disadvantages 
when using a rigid facing which should be 
alleviated are also discussed. 

3. MECHANICAL ROLES OF FACING RIGIDITY 

Some differences in both principles and 
details exist among the currently used 
various limit equilibrium-based stability a
nalysis methods for reinforced and nailed 
retaining structures; for example whether 
failure plane is fixed (e. g. ,  R.E. retaining 
walls) or not fixed while seeking the mini
mum safety factor (e. g. , the two-wedge 
method for GRS-RWs and nailed retaining 
walls), or whether failure plane is two 
straight lines resembling a log-spiral (R.K 
retaining walls), a log-spiral (Leshchinsky 
and Volk, 1986), an arbitrary two straight 
lines with one intermediate vertical inter
face line (tbe two-wedge method) , a single 
straight line, part of circle, or' others. 
Commonly among these, the global stability 
for overturning is not examined on the 
premise that the reinforcement is long e
nough to prevent this mode of failure from 
taking place, while it is assumed that the 
whole horizontal outward thrust by the 
earth pressure activated at the failure 
plane is resisted by the tensile resistance 
of reinforcement. The following two meth
ods are being used. 

The Rankine method (Lee et aI., 1973) or the 
stress method (Bolton and Pang. 1982): 
This method may be called the lower bound 
method in contrast to the upper bound 
method which is explained next (Bolton and 
Pang, 1982). This method includes the de
sign method for R. E. retaining walls. The 
global stability for horizontal sliding out 
is examined by considering the horizontal 
equilibrium in a single representative 
critical horizontal soil layer including 
one reinforcement layer at any depth (Fig. 
3.1): 

Tmax (force per strip» p '  SV' SH 
(for strip reinforcement) (3-la) 

Tmax (force per width) > p .  Sv 
(for planar reinforcement) (3-lb) 

where Tmax and p are the maximum available 
tensile force along the concerned rein
forcement layer and the horizontal earth 
pressure, both activated at the potential 
failure plane, and Sv and SH are the vert i-
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Fig. 3 . 1  Illustration of the lower bound 
design method (for the case of R. E. 
retaining walls). 
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stress-F reinforcement 
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potential failure plane 

Fig. 3 . 2  Illustration of the upper bound 
design method. 

cal and horizontal spacings, respectively, 
of reinforcement. When the equilibrium in 
any one layer is not satisfied, the struc
ture is judged to fail. This method, there
fore, is the safe side design, since the ac
tual failure is always more-or-less pro
gressive redistributing stresses from the 
firstly failed zone ·to the adjacent zones. 
However, when the failure of reinforcing 
members is sudden exhibiting a smaller post 
peak strength (n. b. , the residual tensile 
strength of reinforcement is zero), a high 
degree of the stress redistribution without 
losing the overall stability of the wall 
cannot be attained. Therefore, this method 
may be adequate when the failure is cata
strophic as caused by the tensile rupture 



of in-extensive reinforcement having a 
very small failure strain. This method is 
on the safe side also from the point that it 
is not inherently assumed that the whole 
active zone behaves like one monolith, be
cause Eq. (3-1) assumes no horizontal shear 
stresses mobilized both along the 
mid-height horizontal plane in each soil 
layer (i. e. , along the planes a-c and b-d in 
Fig. 3 . 1) and at joints between vertically 
adjacent panels. 

The Coulomb method (Lee et aI., 1 973) or 
the upper bound method (Bolton and Pang, 
1982): Typical of this method is the 
two-wedge method used for GRS-RWs (e. g. , 
Jewell 1991, Jewell et aI. , 1984) and for 
nailed retaining walls (e.g: , GassIer and 
Gudehus, 1981, GassIer, 1988, Stocker and 
Riedinger, 1990). The overall equilibrium 
between the total earth pressure and the 
total available tensile force of the rein
forcement layers crossing a potential fail
ure plane is examined for the whole wall 
height as (Fig. 3.2): . 

:£ (Tmaxh (force per one column of strip) > f p(z) · dz } · SH 
(for strip reinforcement) (3-2a) 

:£ (Tmaxh (force per width) > f p(z) · dz 
(for planar reinforcement) (3-2b) 

where (Tmaxh and p(z) are the maximum a
vailable tensile force along the i-th rein
forcement layer and the horizontal earth 
pressure at the elevation z, both acti
vatp.d at the failure plane. Generally when 
the material has a trend of post-peak soft
ening, the peak strength is not mobilized . 
at the same time along the potential fail
ure plane. Therefore, if the peak 
strengths of soil and reinforcing member 
are used in this type of stability analysis, 
the result is always on the unsafe side, of 
which the degree increases as the degree 
of post-peak softening increases. This is
sue in the bearing capacity of footing on 
unreinforced and reinforced level grounds 
and slopes of cohesion less soil has been 
discussed in detail by Tatsuoka et al. 
(1991), Huang and Tatsuoka (1990, 1992) and 
HUang et al. (1991). Therefore, the use of 
this method may in principle be adequate 
only when the failure is not catastrophic 
as in the case where the rate of post-peak 
reduction in the strength of reinforcing 
member is small or moderate as in the case 
Where the failure is caused by the tensile 
rupture of extensive reinforcing member or 
by the pull-out failure of reinforcement. 
In addition, in some cases, even when Eq. 
(3-2) is satisfied, the reinforcement layers 
:,t higher elevations may not be extended 
lllto the stationary anchoring zone beyond 
the potential failure plane (Fig. 3.2b). In 

this case, it is assumed that horizontal 
shear stresses which are mobilized along 
the horizontal planes in the active zone 
are large enough to transmit the earth 
pressure activated at higher elevations 
towards the reinforced zone at lower ele
vations. · Namely, this method expects tbat 
the active zone behaves more-or-less like 
a monolith, while the . lower bound method 
does not. 

Considering the above two points, it is 
reasonable to use reduced strengths of 
soil and reinforcement, such as the residu
al shear strength of soil ( e. g. ,  Jewell, 1991 
for GRS-RWs and GassIer and Gudehus, 1981, 
for nailed retaining walls) and the allowa
ble tensile rapture strength of reinforce
ment divided by a material safety factor as 
in most of the current design methods. 
Therefore, overall safety factors thus ob
tained tend to underestimate the actual 
values, as supported by many observations 
for actually constructed walls in which the 
measured tensile strains in reinforcing 
members are very low. For example, mea
sured strains in geogrid and geotextUe in 
GRS-RWs were generally less than 1 % (e. g . ,  
Simac et a l  . .  1990, Allen e t  aI. , 1992), which 
are much less than the values assumed in 
the design (say 5 %). Fukuda et al. (1986) 
also reported that measured strains in the 
geo-grid for a 7 m-high GRS-RW with a sand 
(Shirasu) backfill were as small as 0 .15  -
0 . 3  %, which were only 9 - 26 % of the 
values estimated by the limit equi
librium-based design method by Jewell et 
al. (1984). 

Roles of earth pressure activated on the 
back face of facing: It is common for the 
above two methods that the possibility of 
local compressional failure in the soil im
mediately behind the wall face is not exam
ined. This assumption is justified, howev
er, only when soil is strong enough while a 
rigid facing is not used, or when this type 
of local failure is prevented by applying 
sufficient confinement by using an ade
quate rigid facing. Namely, without this 
confinement, the soil immediately behind 
the wall face, in particular cohesion less 
soil, may locally collapse, which may in
duce a progressive failure towards the 
inside (Fig. 3.3), and may finally trigger 
the overall failure of the wall. 
A sufficient amount of earth pressure on 
the back face of the facing is needed also 
for retaining the active zone, particularly 
at lower elevations. Although this earth. 
pressure is implicitly assumed to exist in 
the current design methods, it is not al
ways the case. The actual maximum availa
ble tensile force in the reinforcement Tmax 
is obtained as: 
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Fig. 3.3 Illustration for progressi:v€. fall
ure starting from a local compressional 
failure of soil immediately behind the 
wall face. 

Tmax= minimum of {TTR, TA, TR+Tw. max} (3-3) 

Namely, the value of Tmax is equal to the 
smallest one among the following three 
components (Fig. 3.4); a) the tensile rup
ture strength TTR of reinforcing member, 
b) the maximum available anchoring 
strength TA, which is the sum of the bond 
strength which can be mobilized on the 
surface of reinforcement for the length la 
embedded in the stationary anchoring zone, 
and c) the sum (TR+Tw. max). TR is the maxi
·mum available retaining force, which is the 
sum of the available bond strength on the 
surface of reinforcement for the length lr 
embedded in the active zone between the 
connection at the back face of the facing 
and the potential failure p lane, and Tw. max 

is the maximum available tensile force in 
reinforcement which can be mobilized at 
the connection to the back face of facing, 
which is equal to the maximum available 
earth pressure (1. e. , the passive earth 
pressure) integrated for the part of the 
back face of facing surrounding the rein
forcement layer concerned. If the rein
forcement is not connected to a rigid fac
ing, or the wall face is not covered with 
any rigid facing, Tw= 0.0. If the value of 
TR+T� max is the smallest among the three 
components as illustrated in Fig. 3.4, Tmax 

becomes equal to TR+Tw. max� This situation 
is more likely to occur at lower elevations 
in a wall, because of shorter lengths of lr. 
Then, the possible failure mode is such 
that by the activated earth pressure, the 
active zone is pushed out getting apart 
from the stationary anchoring part of the 
backfill or slope leaving reinforcing mem
bers anchored in them. When such suf
ficiently large earth pressure Pw can be 
activated on the back face of the facing so 
that Tmax is controlled by TA or TTR, it is 
considered that this type of facing has 
local rigidity. 
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Ideal distribution of tensile force in the 
reinforcement: Fig. 3.5 illustrates the two 
extreme distributions A and B of rein
forcement tensile force T. Note that no 
active zone exists, for example when a 
rigid facing is pulled outwards by external 
force applied directly to the facing and 
the maximum tensile force Tmax is activated 
at the back face of the facing. For the 
pattern A, the tensile force in reinforce
ment T in the active zone is constant and 
equal to the maximum tensile force (Tmax)A, 

and beyond the potential failure plane, T 
decreases towards zero at the deepest end. 
In most cases, the tensile force in rein
forcement at the back face of the facing Tw 

active zone 
T C 1 =  

•••••••••.• ;1. •••••••••• ••••••••••••• �? ................ _ .............. . A1 
O)�====�====�F9�====�� /f! reinforcement 

/f.... ,:/ potential failure plane 

T A2 II 
/:" 

B�'�H"'·:"r 

(not to scale) 

Fig. 3 .5  Schematic diagram showing two 
distributions (the patterns A and B) of 
the tensile force in reinforcement for a 
reinforced or nailed soil structure, and 
the pattern C for an anchored structure. 
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may be much smaller than its maximum avail
able value Tw. max. On the other hand, for 
the pattern B, as approaching to the back 
face of the facing, T decreases from the 
maximum tensile force (Tmax) B at the poten
tial failure plane to zero at the back face 
of the facing; L e . ,  Tw= 0.0. Actual pat
terns may be between the two, and may be
come closer to the pattern A; 1) as the fac
ing rigidity increases, 2) as the elevation 
of reinforcement layer concerned becomes 
lower, 3) as the degree of compaction of 
soils in the active zone, particularly near . the back face of the facing, becomes bet
ter, 4) as the reinforcement is placed bet
ter-stretched, and 5) as the total stiffness 
of reinforcement layer becomes higher. 

The pattern B is realized only when the 
wall face is exposed to the atmosphere, or 
when a flat wall face of each soil layer is 
covered with a flexible sheet with zero lo
cal rigidity, or when reinforcement is not 
connected to the back face of a rigid fac
ing or a conventional retaining wall struc
ture. On the other hand, ' Jewell (1990; 

7.2.1 Influence of the face) pointed out 
that the pattern A is possible for "an ideal 
faelllg". He furLher considered that as the 
pattern changes from A to B, the value of 
Tmax at higher elevations increases; name
ly, referring to Fig. 3.5, along the poten
tial failure p lane, the reduction from 
(Tmax)A2 to (Tmax)B2 at lower elevations 
should be compensated by the increase from 
(Tmax)A� to (Tmax)Bl. at higher elevations. 
In other words, the decrease in T near the 
facing means the decrease in the horizon
tal stress (J h in the soil near the facing, 
which in turn reduces the vertical stress 
(J v, and it should be compensated by the 
increase in a v in deeper places in a simi
lar way to the change for T from the pat
tern Al to the pattern Bl. Then, the hori
zontal stress near and at the potential 
failure plane increases, which in turn in
creases Tma:x:. 

The pattern B is more preferable from a 
viewpoint of one of the most characteristic 
features of reinforced soil retaining walls . 
that only very small earth pressure is ac
tivated on the back face of the facing. On 
the contrary, for a . less deformable and 
more stable active zone, which leads to a 
more stable wall, the pattern A is more 
preferable, since this can apply large con
fining pressure to the active zone. In
deed, the pattern A is similar to that a
long a tendon in an anchored structure 
(the pattern C, Fig. 3.5),  for which a rath
er uniform horizontal confinement corre
sponding to a constant tensile tendon 
force Tc is applied to the adjacent soil a
long the whole length of tendon. The mag-
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(a) 

reinforcement 
\ tensile force T w 

earth pressure 
\ Pw 

. \ 

(b) 

active earth 

no or very small large overturning moment overturning moment 

Fig. 3.6 Schematic diagram of the earth 
pressure and force distribution on the 
back face of (a) the facing for reinforced 
or nailed structures, and (b) the conven
tional RC retaining walls (smooth back 
faces of the facing are assumed). 

nitude of Tc depends on the magnitude of 
initial preload and subsequent deformation 
of the wall. On the other hand, on the 
back face of a conventional RC retaining 
wall structure, the active earth pressure 
or a similar value may be activated. 
Therefore, for both anchored soil struc
tures and the backfil l  of conventional RC 
retaining walls, a local compressional fail
ure is unlikely to occur in the soil immedi
ately behind the wall face. 

In summary, the pattern A with Tmax as 
large as possible . is most preferable from a 
viewpoint of the stability of reinforced 
and nailed soil structures. In that case, 
the earth pressure in the active zone may 
range from a value not too much smaller 
than the active earth pressure to the val
ue similar to the pressure at rest depend
ing on the details of wall structure and 
construction procedures. To this end, the 
facing should be rigid enough. One may 
consider that then the first advantage of 
the reinforced earth retaining walls over 
the conventional RC retaining walls is 
lost, noting that large earth pressure p,. 
on the back face of a conventional RC wall 
structure means large overturning moment 
around the bottom of wall structure (Fig. 
3.6b). For the case of reinforced and nail
ed soil structures, however, the increase 
in pw can be balanced by the corresponding 
increase in the tensile force Tw in rein
forcement at the connections to the back 
face of facing, therefore, it does not mean 
the increase in the overturning moment a
round the facing bottom (Fig. 3. 6a). There
fore, for a similar earth p ressure distribu
tion along the wall height, the structure 
of a full-height continuous rigid facing 
fbI' a reinforced or nailed solI structure 
can be much simpler than that for a 
conventional RC retaining wall structure. 
Namely a facing is supported by reinforce
ment layers at many elevations with a span 



being much smaller than that for a con
ven tional RC retaining wall. This is like 
the comparison between a cantilever having 
a large free length and a continuous beam 
supported at many points with a small span. 
In short, soil reinforcing methods cannot 
be best characterized by a large reduction 
in the earth pressure acting on the back 
face of facing. 

4. OBSERVATIONS OF EARTH PRESSURE ON TIlE 
BACK FACE OF RIGID FACING 

R. E. retaining walls: Schlosser (1990) re
ported the distributions of tensile force 
along reinforcement in R. E. retaining 
walls having a standard discrete concrete 
panels facing. Fig. 4.1a shows the records 
during back-filling and Fig. 4.1b shows 
those in a full-scale model test having a 
relatively short reinforcement. Common a
mong the above, the ratio of the re
inforcement tensile force Tw at the back 
face of facing to the maximum tensile force 
Tmax is generally large, not smaller than 
50 %, and is larger at lower elevations in 
the wall. A result of a FEM analysis (Fig. 
4.1c) also shows clearly that the ratio 
Tw/Tmax increases with facing rigidity. 
Schlosser (1990) stated that "for standard 
reinforced concrete facings panels, and 
for depths greater than O.SH, it was found 
that the ratio can approach one". These 
results clearly indicate that discrete 
concrete panels facings can actually 
confine firmly the active zone with earth 
pressure nearly equal to the active earth 
pressure. Bolton and Pang (1982) also 
showed that in centrifuge tests of a model 
R. E. retaining wall having a metal facing, 
the ratio Tw/Tmax ranged from 50 % to 
about 100 %, which suggests that prototype 
metal facings for R. E. retaining walls also 
have a degree of local rigidity. 

GeosyntheticCreinforced soil retaining 
walls (GRS-RWs): Fig. 4.2 shows strain dis
tributions along non-woven geotextile lay
ers at various times in a clay GRS-RW hav
ing a p recast discrete panels facing, which 
is part of 5.5 m-high Test Embankment No. 3 
(Nakamura et a1. , 1988, Tatsuoka et al. ,  
1991. 1992). Each panel is connected to one 
layer of reinforcement. It may be seen 
that a degree of confining pressure is mo
bilized on the back face of the facing. The 
wall has been very stable for more than six 
years. On the other hand, Fig. 4.3 (Allen 
et al., 1992) shows that at higher ele
vations in a 12. S m-high retaining wall 
having a sand backfill reinforced with a 
non-woven geotextile, the tensile strain in 
the geotextile drops to a very small value 
as approaching the wrapped-around wall 
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FIg. 4. 1 Distribution of tensile force 

along reinforcement for R. E. retaining 
walls; (a) measured during back-filling, 
(b) measured for a test wall (H= S m) , 
and (c) the effect of facIng rigidity by 
a FEM analysis (Schlosser, 1990). 

face, which presumably corresponds to a 
reported relatively large deformation at 
the wall face (Type ' Bl). Fukuda et a1. 
(1986) observed strains in geogrid layers 
in a 7 m-high GRS-RW with a sand (Shirasu) 
backfill reinforced with a polymer geogrid 
having a vertical spacing of 1 m (Fig. 4.4). 
The wall had an average slope of 1: O. 2 in 
V:H with a Type B2 facing made by wrapping 
around a stack of four sand backs for each 
sand layer. A trend of the drop in the 
grid strain as approaching the wall face 
may be seen. The degree of drop, however, 
is more moderate than that seen in Fig. 4.3, 
probably due to that the Type B2 facing 
was more rigid. 
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The ideal pattern A of reinforcement force 
distribution (Fig. 3 . 5) can be seen seeming
ly best in the result of a laboratory test 
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on a I m-high GRS-RW model with a dry sand 
backfill ( ¢  = 38.0 , Dr= 45 %) reinforced with 
only one layer of polymer geogrid, which 
was connected to the back face of the fac
ing (Fig. 4.5, Fukuda et aI. , 198B). The unit 
full-height facing hinged at the bottom was 
propped during filling. An equilibrium was 
obtained after the facing was rotated to an 
angle of 1/330 upon the release of the 
propping. As seen from the relations de
noted by the letter a, reinforcement ten
sile strain is almost constant in the active 
zone, while it decreases with distance from 
the facing. Further, the earth pressure on 
the back face of the facing is almost equal 
to the active earth pressure. In contrast 
to the above, when the grid is not con
nected to the back face of the facing, at 
an angle of 1/300 of the facing rotation, a 
pattern B appeared; i. e. , the tensile strain 
in the grid at the back face of the facing 
is zero (the relation denoted by b). The 
earth pressure on the back face of the fac
ing is reduced largely from the active 
earth pressure, but the facing being sup
ported by some external propping. 

Nailed retaining walls: Fig. 4.6 shows the 
result from a full-scale test of nailed re
taining wall constructed in a natural dense 
sand (GassIer and Gudehus, 1981, Stocker et 
aI., 1979). It is reported that the earth 
pressure due to the self-weight of soil a
mounted to about 50 % of the estimated 
Coulomb value (Fig. 4.6a) , while the earth 
pressure due to surface loading reached a
bout 70 % of the Coulomb value (Fig. 4. 6b). 
Corresponding to the above, large tensile 

• DECEMBER 25, 1966 (at the and of filling) o DECEMBER 17, 1987 (ju,,1 before an earthQUake) 6. DECEMBER 17. 1967 (jlls! atier an ea.rtl\qUakel o DECEMBER 26, 1988 
l( APRIL 11. 1990 

NONWOVEN 
GEOTEXTILE 

Fig. 4.2 Strain distributions along non
Woven geotextile layers in the wall with 
a clay backfill having a discrete panel 
facing (Fig. 8, Tatsuoka et aI. , 1991). 
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force due to surface loading was mobilized 
near the wall face (Fig. 4. 6c) , which was 
the maximum along the length of each nail 
at lower elevations as the failure plane 
approached . the wall face. Summarizing 
many observations in Germany since 1975, 
Stocker and Riedinger (1990) stated that in 
the design, "the earth pressure onto the 
wall face may be assumed with a uniform 
rectangular distribution", and "its magni
tude is on the order of 0.4 to 0.7 times the 

0.8 � ��:in at surcharge 
0.4 / ! �Pletion 
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I 
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� A A non-woven geotextile 
c: 0.4 /" / � '----. I 
� 0 / k. 'tij 0.8 ;- location of, Ran me 

� � 0.4 f'/..-... failure surface (CP=43 ) 

§ 0 / .. 
(sand backfill) 0.4 '-I"'--

o 
. 

o 2 4 , 8 m 

Fig. 4.3 Strain distribution along rein
forcement in a GRS-RW (simplified from 
Fig. 10 of Allen et aI. ,  1992). 
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Fig. 4.4 Strain distribution in the grid in 
a 7 m-high GRS-RW (Fukuda et aI. , 1986) 
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Fig. 4.5 Tensile strain in the grid and 
earth pressure on the back face: 
relations a for the grid connected to the 
back face of the facIng, and relations b 
for the grid unconnected to the facing 

. (Fukuda et al. , 1986) 

active Coulomb 's earth pressure. " Despite 
that this order of earth pressure is less 
than the active earth pressure, it is cer
tainly sufficient to confine the soil imme
diately behind the wall face so as to resist 
against overburden. At the same time, this 
relatively high earth pressure can be re
alized only with such a facing as a shot
crete lining which is strong and rigid e
nough to resist against this magnitude of 
earth pressure. In the German practice, 
shotcrete linings are designed for earth 

·pressure of 85 % of the active Coulomb's 
earth pressure at the back face of the wall 
(Stocker and Riedinger, 1990). 

Schlosser and De Buhan (1991) reported, on 
the other hand, that for the same vertical 
spacing Sv (= 1. 5 to 2 m) of reinforcement, 
the ratio Tw/Tmax is about 0.25 for soil 
nailing, which is smaller than about 0. 8 for 
R. E. retaining walls (presumably both val
ues are due to the self-weight of soil). 
They argued that the former smaller value 
is due to that the soil in the vicinity of 
the exposed face yields outwards to some 
extent before installing nails. This would 
suggests that if a sufficient amount of 
confining pressure can be applied by some 
pre-propping measures made before the ex
cavation proceeds, the ratio Tw/Tmax will 
increase, which will decrease the deforma
tion of stope as discussed in Section 8. 

In most of the current stability analyses 
for nailed retaining walls, the term TR+ 

Tw. max is not included in Eq. (3-3), assum
ing implicitly that a sufficient amount of 

842 

(a) 

(C) 

surcharge p (kN/m2) {b)',.--I!:II II :ll;;)f�j!....._� 

,O� 10� 
'" 

1 3� "0· 3m 

_ '0 � � � -l-. � 10 " 
- l:::' J"o � 160 t->l 1; • 3 

E • � 
.� 
-" 20 • 
� 
� -;;; 

10 
, 50 c .!!! +0 

r 
20 
10 60 , 3.5m 

FIg. 4.6 Results of a full-scale test of 
naIled retaInIng wall In sand; (a) earth 
pressure on the back face of the wall due 
to the dead weIght of soIl, (b) earth 
pressure due to the surface load (GassIer 
and Gudehus, 1981), and (c) the 
correspondIng distrIbutIon of tensIle 
force in reInforcement due to the surface 
load ( Stocker et al. ,  1979). 

the earth pressure is activated onto the 
back face of wall which is needed for 
retaining the active zone (e. g. , see Fig. 17 
of Stocker and Riedinger 1990). Again, it 
should be emphasized that this assumption 
is justified only when the heads of nails 
are connected to a facing which is strong 
and rigid enough. 

The importance of the local rigidity of 
facing for the stability of nailed retaining 
walls has been demonstrated inversely by 
several reported cases of local compres
sional failures in unreinforced cohesion
less soil layers not covered with a shot
crete lining following an excavation phase. 
Plumelle et al. (1991, 1991a) reported a 
full scale model test (Fig. 4.7). In this 



� J --j I I 
i 

--, ----.. -� 

Fig. 4.7 Test layout of a full-scale nailed 
sand retaining wall (Plumelle et al. ,  1991, 
1991a). 

ground surface 

(a) 

1f t 
� CD overall failure \ completed part 

• 

(b) 

dropped out part 

Fig. 4.8 (a) Sketch showing a failure in a 
nailed wall under excavation, and (b) 
schematic diagram showing a local failure 
(Kimura, 1989). 

test, 1 m-high facing panels Nos. I, 2 and 3 
had been supporting the unreinforced part 
of sand backfill located immediately below 
the reinforced part confined with the 
facin·g No. 4. They were removed one by 
one in the sequence of 3, 2 and 1. When the 
panel 1 was removed, a local compressional 
failure occurred in the soil, which led to 
the overall failure of the wall. 

Fig. 4. 8 shows a similar failure occurred 
during the excavation for a temporary 
nailed retaining wall in a partially 
saturated uncemented sand of the Pleisto
cene Era (Kimura, 1989). The sand was rela
tiVely weak with estimated values of c= 0.06 
kgf fcm" and ¢ = 32°. Part of the cohesion 
was quickly lost by drying while exposing 
to the atmosphere after excavation. The 
depth of one excavation was 1.  5 m. After 
haVing excavated the fifth layer from the 

top but before nailing, when placing a 
shotcrete lining on the exposed surface 
for a horizontal length of 36 m, a local 
compressional failure started in the sand 
immediately behind the wall face as de
noted by I, which triggered another local 
failure in the adjacent zone (2), which in 
turn induced the global failure in the en
tire wall (3). Summarizing this and other 
several similar failures at this site, 
Kimura (1989) stated that the occurrence of 
local failure in un-nailed soil layer be
came more often as the excavation depth 
increased, and accordingly the scale of 
failure became larger. The occurrence of 
this type of failure may be restrained 
largely by; 1) limiting the horizontal 
length of exposed excavated soil layer (in 
the above case, a length of 36 m may have 
been too large),  2) reducing one cut depth, 
or 3) casting a shotcrete facing as soon as 
possible after the excavation of each soil 
layer. In some practice, a shotcrete lining 
is casted after installing nails. however, 
this procedure would be adequate only for 
relatively stiff soils having a degree of 
cohesion. 

5. CLASSWICATION OF FACING TYPES 

The local and global stability ot: rein
forced and nailed soil structures increases 
not only by local rigidity of facing but al
so various kinds of overall rigidities 
(Table 5.1) .  Namely, 1)  by overall axial ri
gidity, axial force can be transmlL Led 
through a facing, 2) by overall shear ri
gidity, shear stress can be transmitted 
through a facing and, 3) by overall 
bending rigidity, bending moment can be 
transmitted through a facing. Note that 
when a facing has overall bending rigidity, 
it has also overall axial and shear rigidi
ty. 4) Some facings may have a degree of 
gravity resistance by their own weight, 
which also increases the stability of the 
structures. 

Various facing types are classified accord
ing to the degree of facing rigidity summa
rized in Table 5. 1 and Fig. 5.1  (both 
revised from thos.e presented in Tatsuoka 
et al. , 1989, 1992). In this note, Type A 
facings are those for which a flat soil face 
is wrapped-around with a geotextile sheet. 
The flat soil face can be constructed only 
by using a clay having a degree of cohe
sion (see Figs. 6 . 5  through 6.7).  The facing 
types Bl, B2 and B3 have different degrees 
of local rigidity. Type Bl is wrapped-

. -around wall faces with each soil layer 
compacted so that the end face has a 
stable rounded shape (n. b. , this is not 
simple to be achieved in actual con-
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Fig. 5 . 1  Schematic diagram showing various 

facing types for vertical walls. 

struction). Type Bl has the least local ri
gidity. Typical of Type B2 is metal skin 
facings used for R. E. retaining walls, 
which has larger local rigidity than Type 
Bl. Typical of Type B3, which has the larg
est local rigidity among Types BI-B3, is 
discrete precast concrete panels facings 
having a compressible material at j oints 
between vertically adjacent panels while 
without using shear dowels at the joints. 
If the L-shape blocks (Fig. 5.2, Broms, 1978, 
1988) are placed so that the contacts be
tween vertically adjacent blocks are very 
loose, this type of facing is classified into 
Type B3. 

Typical of Type C is precast discrete pan
els facings having a rough back face while 
adjacent panels are directly in contact 
with each other so that the axial and shear 
load can be transmitted througb the fac
ing. Type C facings, therefore, have over
all axial and shear rigidities in addition 
to the local rigidi ty. The standard 
cruciform concrete panel facings for R. E. 
retaining walls have a soft material at the 
join ts b'etween vertically adj acen t panels 
so that only a small amount of axial force 
is transmitted through the facing. Howev
er, since out-of-plane relative horizontal 
displacement between vertically adj acent 
panels is prevented by using dowels, the 
facing has overall shear rigidity, but not 
very large overall bending rigidity. 
Therefore, this type of facing is different 
for Type C facings, and "may be classified 
into Type C'. Concerning the overall axial 
rigidity of facing, as the wall height in-
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Table 5. 1 Classification of facing types 
according to the facing rigidity 

"'" FACING lYPE 
FACING RIGIDITY � A 81 82 83 C C' Coo 0 
Local rigidiy X " 0 0 0 0 0 0 
Overall axial rigidity X X X X 0 X 0 0 
Overall shear rigidity X X X X 0 0 X 0 
Overall bending rigidity X X X X X X X 0 
Gravity resistance X X X X X X X X 

X means that this facmg type lacks thlS kind of faCing rigidlY. 

t::. means that this facing type has this facing rigidiy only slightly. 
D means that this facing type has this facing rigidiy moderately. 

o means thal lhis facing type has this facing rigidiy sufficiently. 

D 

E 
0 
0 
0 
0 
0 

Fig. 5.2  Fabric-reinforced soil retaining 
wall with a L-shaped block facing (Broms, 
1978) 

creases, a facing of small size blocks sl,ch 
as modular concrete blocks may buckle by 
the axial force in the facing and the earth 
pressure activated on the back face of the 
facing. In that " case, the buckled part of 
the facing has lost the confinement to the 
soil. On the other hand, each discrete 
concrete panel of the facing for R. E. 
retaining walls is usually supported by two 
layers of reinforcement (Fig. 2.2), which 
provides each panel with large resistance 
against rotation, which leads to large 
resistance of the whole facing against 
overall buckling. Finally if moment and 
shear force cannot be transmitted between 
vertically adjacent discrete panels while 
only axial force is transmitted, this type 
of facing can be classified in to Type C" . 

Full-height precast or cast-in-place con
crete facings which are connected to rein
forcement at the back face have both local 
rigidity, and overall axial, shear and 
bending rigidities. This type of continu
ous rigid facing is classified into Type D. 
Even a thin lightly steel-reinforced con
crete panel is unlikely to easily buckle 
under large axial force in the facing by 
being supported by both many rein-
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forcement layers at many elevations and 
the earth pressure activated continuously 
along the wall height (Fig. 3.6a). This is 
similar to the case that a long slender 
steel pile has large resistance against the 
buckling by axial force when placed under 
ground (e. g. , Bjerrum, 1957). 

Type E facings are full-height continuous 
rigid ones having a degree of gravity re
sistance as the conventional gravity type 
retaining walls, but to a lessor extent. 
Full-height cast-in-place concrete facings 
having some slope angle at the outer wall 
face directly placed on a vertical Wall 
face of a wrapped-around GRS-RW (Fig. 2.9) 
and those casted on an inclined surface of 
shotcrete lining of a nailed retaining wall 
have a degree of gravity resistance (Bruce 
and Jewell, 1987b, Tateyama et al. , 1992), 
and therefore, can be classified into Type 
E. Tronderblock precast concrete facing 
(Fig. 5.3, Jones, 1988, 1991, Knutson 1990) 
has also a degree of gravity resistance, 
while the overap bending rigidity may not 
be very large. 

The classification of facing types dis
cussed above depends on the mechanical 
properties of facing in the vertical direc
tion. The horizontal longitudinal overall 
rigidity is another factor which contrib
utes to the stability of wall, particularly 
against concentrated load (or point load). 
for example, by a long foundation as shown 
in Fig. 2.9. Thp. f""ing shown in Fig. 2.9 
has this type of longitudinal overall ri
gidity as demonstrated by the results of 
full-scale concentrated loading tests as 
described in the next section. Timber fac
ings as used by State of Colorado Depart
ment of Transportation (Wu, 1991) have not 
a sufficient degree of overall bending ri
gidity in the vertical direction similarly 
to discrete panels facings, but they have a 
larger degree of horizontal longitudinal 
rigidity than discrete panels facings. 

Effects of facing rigidity in stability ana 
lyses: The effects of facing rigidity on 
the stability of reinforced and nailed soil 
retaining walls are considered herein 
based on a two-wedge method (Fig. 5.4), 
which is one of its many variations. In this 
method, the smallest safety factor is 
seeked by changing arbitrarily the loca
tions of Point A, which is always located 
on the back face of the facing, and Point 
B, and the angles e A and e B. The plane 
BE between the two blocks is assumed to be 
vertical. The smaller one of the two safe
ty factors; the one for sliding out of the 
two active blocks along the failure planes 
ABC and the other for overturning of the 
block ADED together with the facing about 
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Fig. 5.4 Two-wedge stability analysis 
method based on the limit equilibrium 
method for reinforced and nailed soil 
retaing walls. 
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Fig. 5 .5  Force components working in the 
reinforcement. 
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Fig. 5.6 Coefficients a and j3 to take 

into account the contribution of the fac
ing rigidity to the stability of the wall. 



the toe of facing. Point O. is the safety 
factor for the wall concerned. The tensile 
force in reinforcement contributes to the 
stability of tbe wall. first by the increase 
in the resisting horizontal force TA + Ta 
and that in the moment TA ' la + T2 ' 12 by the 
tensile force itself (Fig. 5.5); each of TA. 
Ta and T2 is the sum of tensile force of 
several reinforcement layers crossing each 
segment of failure plane. The second com
ponent is the increase in the soil shear 
strength due to the increase in the normal 
force on the failure planes AB. BC and BE 
by the tensile force in reinforcement. 
TA ' sin 0 A '  tan 4> �. TB ' sin 0 B '  tan if> 1. and 
T2 ' tan if> 2. These increase the resistance 
against horizontal thrust · by (TA ' sin 8 
A '  tan if> 1) . cos 0 A + (TB '  sin 8 a '  tan if> 1) ' cos 
8 a and that against overturning moment by 
(TA ' sin 0 A '  tan if> 1) . a ·  sin 8 A + T2' tan if> 2 '  (a 
+ b). 

In this method. it is considered that the 
facing rigidity increases the stability of 
wall in the following three ways: 
- 1) For Types D and E facings having a suf
ficient amount of overall bending and 
shear rigidities to support the combination 
of earth pressure and tensile force in 
reinforcement activated on the back face 
of facing. Point A is forced to be located 
at the facing bottom (Fig. 5.5). On the 
other hand. for flexible or incremental 
facings as Types A - C" . Point A may be 
located at an intermediate elevation of the 
facing. 
- 2) For facings of Type C. D or E having a 
sufficient amount of overall axial rigidity. 
part of the weight of backfill is trans
mitted to the facing through the frictional 
force on the back face. According to 
Clough and Duncan (1971). the reduction of 
the active earth pressure due to the full 
wall friction is about 10 % for convention
al RC retaining walls having a unreinforced 
backfill. Then. referring to Fig. 5.6a. the 
axial force V working in the facing may be 
expressed as: 

V= a . P w '  tan if> w. Pw= a • .  PA (5-1) 

where Pw is the total earth pressure acti
vated on the back face of the facing. if> w 
is the wall friction angle. and PA is the 
active earth pressure activated on the 
back face of the facing when the backfill 
is not reinforced. The laboratory and 
field tests (Tatsuoka et al. . 1989. 1992. 
Murata et al.. 1991. 1992) showed that the 
coefficient a ' is nearly equal to zero for 
Type A facings. while it is nearly equal to 
1 . 0  for facings having sufficient local ri
gidity as Types B3 - E facings. Herein. a ' = 
1 . 0  is used. The coefficient a increases as 
the overall axial rigidity increases. from 

zero for Types A and B facings to 1. 0 for 
Types C - E. Wh"n the supporting founda
tion of the facing is able to support the 
load transmitted from the facing, the in
crease in a leads to the increase in the 
reaction V. which in turn develops the re
action S. The reaction S can be trans
mitted through a facing by the overall 
shear rigidity of facing. The reactions V 
and S the decrease the reaction R on the 
failure plane AB (Fig. 5.6b). All of these 
components increase the stability of the 
wall against both sliding out and o
ver-turning. Jewell et al. (1992) analysed 
the effect of the friction on the back face 
of a full-height facing on the gross hori
zontal required force for the equilibrium 
of a geosynthetic-reinforced sand retain
ing wall. They showed that by the front 
facing friction. the required reinforcement 
force could be reduced by as much as about 
40 %. 
- 3) It is likely that· as the facing rigidity 
increases. the soil behind the back face of 
facing becomes stronger due to a larger 
confining effect (therefore. this factor is 
due to both local and overall facing rigid
ity). It is also likely that as the facing 
rigidity increases, a larger amount of 
stress is transferred from the soil near 
the faCing to the facing. Therefore. the 
location of the reaction R may be a 
complicated function of the facing rigidity 
(Fig. 5.6b) . The horizontal distance of the 
location of R from the back face of facing 
may be expressed as P '  L. where L is the 
horizontal length of the failure plane AB. 
The effect of this last factor is the most 
ambiguous among these three factors 

Tatsuoka et al. (1991) and Murata et al. 
(1992) showed that this method of stability 

. analysis could explain the effect of the 
facing rigidity as observed in the labora
tory and field tests of GRS-RWs. 

Fig. 5.7 illustrates the effects of facing 
rigidity on GRS-RWs as obtained by the 
two-wedge method described above under 
the following conditions: the wall face 
slope is 1 : 0. 05 in V:H. the wall height is 5 
m. c= O. if> = 35° and r t= 2.0 gf/cm' for the 
backfill soil. the vertical spacing and 
length of geotextile are 0 .3  m and 2.0 m. 
the tensile rupture strength is 3 tf/m. and 
the bond friction is equal to if> .  The sur
charge is applied for a width B equal to 2 
m either on the reinforced zone as denoted 
by FL or immediately behind the reinforced 
zone as denoted by BL. Failure plane does 
not enter the supporting ground. The ef
fect of the weight of facing is not taken 
into account. It is assumed that the facing 
has a sufficient local rigidity to prevent a 
local compressional failure. It is also as-

846 



� 
i --I 

·· . . 1 j 

, 

(b) 

co >-

(a) FL BL 

40�---�· ----�----�----� 

- 20 a '" 

I- BL: back lo.ading -<,..------" 
0-______ -0-

-------0"'------
O �  ____ L_ __ � ___ J_' ___ �I 

2 3 · 4 5 

calculation case 

Fig. 5 .7  Change in the safety factor for 
GRS-RWs with the change in the facing 
rigidity obtained by a two-wedge method 
(Murata, 1992) 

sumed that the value of {3 is 1/3 for flexi
ble facings of Type A, and decreases as the 
.facing rigidity increases. The following 
values of a and {3 are used: 

Case Facing Location a 13 Failure mode 
type of Point A which controls 

safety factor 
1 B (j) 0.0 1 /3 Sliding out 

2 C ® 1 .0 1 / 3  Sliding out 

3 - Point 0 0.0 1 /3 Overturning 

4 D Point 0 1.0 1 13 Overturning 

5 D Point 0 fo 0.0 Overturning 

(j) and ® : Point A is allowed to be located either at 
any elevation or at every 60 em increment al.ong the 
wall height. respectively. Point 0 is the front edge 
of the bottom of the wall. 

The case 3 corresponds to the case where 
the reactions at the bottom of a Type D 
faCing cannot be mobilized by some reason, 
for example, by excavation below or in :ront of the facing. In Fig. 5.7a, some typ
Ical trial failure planes are shown. Fig. 
5.7b shows the ultimate surcharge values in 

terms of 2qu/( r ' B) .  The failure mode, 
sliding out or overturning, which controls 
the safety factor in each case, is indicated 
in the. above table. It may be seen that the 
wall becomes more stable as the facing ri
gidity increases as expressed by the re
striction to the location of Point A and 
the designated values of a and {3 .  

6. EFFECTS OF FACING RIGIDITY OBSERVED IN 
LABORATORY AND FIELD TESTS 

Typical model test: The effects of facing 
rigidity were observed typically in the 
loading tests on 50 cm-high GRS-RW models 
performed in the laboratory reported by 
Tatsuoka et a1. (1989) (Fig. 6.1).  The back
fill soil was air-dried Toyoura Sand rein
forced with a model grid designed so that a 
tensile rupture failure would not occur. 
The facings used are: Type A made of a la
tex rubber membrane, Type B' made of trac
ing paper with a small degree of local ri
gidity, Type B consisting of a stack of 
wooden blocks having a smooth back face 
with a compressible material at the joints 
between vertically adjacent b locks so as 
to minimize the overall axial ' rigidity of 
facing, Type C consisting of a stack of 
wooden blocks which were in direct con tact 
with each other having a rough back face, 
and Type D of a full-height continuous 
rigid unit. These model walls were loaded 
to failure by means of a 10 cm-wide strip 
footing with a smooth base. For each type 
of wall, both Front loading from the top of 
the reinforced zone and Back loading from . immediately behind the reinforced zone 
were performed. From the maximum average 
footing pressures qu presented in Fig. 6. 1 .  
it may be seen that for each loading 
pattern, the walls were more stable in the 
order of the facing types D, C, B, B' and A 
in accordance With the degree of facing 
rigidity. In particular, for the wall with a 
Type D facing, the failure surface passed 
through the facing bottom, whereas for the 
other facing types, particularly for Type 
A, the failure surface passed through the 
wall face at an intermediate elevation. 
The ratio of the e·arth pressure Pf on the 
back face of the facing to qu did not 
change significantly with the facing 
rigidity (except for Type A facing), which 
means that the value of Pf increased at a 
large rate with the facing rigidity. For 
the reaction PB at the bottom of the 
facing, both the magnitude and the ratio to 
qu increased substantially with the facing 
rigidity. Fig. 6.2  shows tensile stress per 
uni t wall width (= 1 em) in the re
inforcement activated by quo It may be 
seen that the tensile force, particularly 
at the connections at the back face of the 
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Fig. 6 . 1  Loading tests of small models of reinforced sand retaining wall having 
different types of facing (Tatsuoka et al., 1989); e: the mean void ratio of the backfill, 
the numeral indicated for each contour means shear strain e 1 - e 3 (%) occurred until the 
peak footing load was activated, qu; the peak average footing pressure, q: the peak 
average pressure for each half of the footing base, Pr: the earth pressure at the back 
face of the facing activated by qu, and PB: the pressure at the base of wall activated 
by quo 

facing, increased with the facing rigidity. 
It may also be seen that the location of 
the largest tensile force Tmax along each 
reinforcement layer approached the back 
face of the facing as the facing rigidity 
increased. These results indicate that all 
of the components of the facing rigidity as 
classified in Table 5. 1 can contribute to 
the stability of the wall. 

The effects of facing rigidity on the sta
bility of reinforced and nailed soil struc
tures have been observed also in many oth
er field and laboratory tests as shown be
low. Further, it has been noticed that the 
stability of many actually constructed re
inforced and nailed soil structures and 
full-scale and laboratory models which had 
various degrees of facing rigidity was 
stronger than anticipated when based on 
stability analyses ignoring the effects of 
facing rigidity. 
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Fig. 6 . 2  Tensile stress per unit wall width 
(= lcm) in the reinforcement activated by 
qu (.: the strain gauges were broken due 
to excessive strains) (Tatsuoka et al. , 
1989) . 
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R. E. retaining walls: Schlosser and Juran 
(1978, pp.20B) stated that "although the 
model (metal) facing is rather flexible, it 
has a given rigidity which does influence 
the values of the model height at failure. 
It is essential to measure this effect when 
analysing the results of reduced scale 
models." Juran and Schlosser (1978) also · 
inferred based on a theoretical analysis 
that the overall axial rigidity of the 
(metal) facing increases the stability of R. 
E. retaining wall, noting that a log-spiral 
failure plane as observed in model and 
prototype walls (Fig. 6.3) can be realized 
only with some vertical reaction at the 
bottom of the facing. On the other hand, 
it is very likely that relatively large 
axial force can be transmitted through 
precast discrete concrete panels facings, 
since a compressible material placed 
between vertically adjacent panels may not 
be very soft, and the facing is difficult to 
buckle by the axial force with each panel 
being supported with two reinforcement 
layers. 

Bolton and Pang (1982) found in their cen
trifuge model tests a overall reduction in 
vertical soil HlreHS behind the facing when 
a relatively stiff facing made of articu
lated aluminum panels (presumably between 
Type B3 and Type C), rather than a flexible 
foil faCing (Type B2) was used. They stated 
as to their test results that "a suitable 
hypotheSis is (a) stiff articulated faCing 
panels can develop substantial shear 
stresses on their buried surfaces, (b) the 
magnitude of these shear stresses is varia
ble, depending on the magnitude of 
relative vertical displacements, including 
those due to the closing of the irregular 
gaps between panels, and (c) that where 
stiff panels are supported at their base by 
a stiff foundation, the thrust accumulated 
in a stack of panels can be sufficient to 
reduce the vertical stresses over a wide 
area, by as much as 25 % in the region of 
greatest stress (pp.359) . "  They concluded, 
however, that this effect of facing rigidity 
"could not be expected to. be a reliable 
and predictable source of strength to the 
deSigner unless extraordinary measures 
were taken on site to control, for example, 
faCing joint sealants and spacers. The 
�imple analysis (which ignores thls effect) 
IS therefore recommended for design 
(PP.3BB) . "  To the present author, the 
�bove conclusion suggests inversely that 
If the facing is rigid enough as Type D or E 
and the foundation of the facing is stiff e
nough, the effect of the facing rigidity 
can be taken into account in the design. 

Jaber ( 1989) also found that in his centri
fuge tests of 15.2 cm-high R. E. retaining 
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Fig. 6 .3  Log-spiral failure plane and wall 
face displacement typically observed in a 
R. E. retaining wall (modified from Fig. 4 
of Schlosser and Juran, 1980) ' 
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Fig. B.4 Centrifuge model test data by 
Jaber (1989) showing the effect of the 
facing rigidity on the stability of 
reinforced soil retaining wall models. 

wall models with a sand backfill, "full 
heigh t rigid facing panel walls are much 
stronger than segmented facing walls" (Fig. 
6.4). Namely, when reinforced with a wo
ven-geotextile, the increase in the failure 
acceleration was moderate as the facing ri
gitliLy increased from a wrapped-around 
wall face (Type BI) to a segmented plastiC 
facing (Type C' ) and further to a full
-height rigid aluminum facing (Type D) . 
When reinforced with aluminum or plastic 
strips, the increase was significant. Jaber 
concluded, however, that full height rigid 
facing panel walls have "disadvantages as 
they are more difficult to construct. " To 
the present author, this conclusion also 
suggests that the use of full-height rigid 
facing is very beneficial, if potential con
struction problems can be solved. 

Geosynthetic-reinforced soil retaining 
walls (GRS-RWs) 
1) Walls with a Type A facing: The 4 m-high 
test embankment with a backfill soil of 



volcanic ash clay reinforced with a 
non -woven geotextile reported by Tatsuoka 
et al. ( 1986, 1986a) had two wrapped-around 
wall faces with flat soil faces (Type A fac
ing, Fig. 6.5a). Of the two walls, the one 
having an initial vertical spacing of the 
geotextile layers of 0 .8  m failed by a se
ries of heavy rain falls due to the loss of 
suction (namely the loss of soil strength) 
by wetting and also due to the lack of the 
confinement to the soil by the use of a 
Type A facing. The failure started from a 
local compressional failure in the zone 
immediately behind the wall face in the 
lowest soil layer, which progressed toward 
the deeper zone as illustrated in Fig. 3 .3  
and in turn triggered the settlement and 
outward displacement of the upper rel
atively undeformed part of the wall while 
forming vertical cracks from the crest of 
the central unreinforced zone. A very 
similar type of failure occurred in a simi
lar 5 .5  m-high clay wall having a Type A 
facing of Test Embankment No. 3 (Fig. 6.Sb). 
For that embankment, another wall having a 
Type C facing (Fig. 4.2) and the other hav
ing a Type E facing were very stable under 
otherwise similar conditions. Further, two 
5.2  m-high walls having a Type B2 facing of 
Test Embankment No. 2 also was very stable 
for a long duration under the similar con
ditions as the cases described above 
(Tatsuoka and Yamauchi, 1986a, Nakamura et 
al. , 1988, Tatsuoka et al. , 1991). 

Goodings (1989) performed centrifuge tests 
of 152 mm-high GRS-RW models with a back
fill of Speswhite kaolin (Sr= 90 %) either 
unreinforced or reinforced with a 
nonwoven geotextile having a tensile 
strength of 0.7 kN/m (Fig. 6.6). The wall 
face of each clay layer was flat and 
wrapped-around with a geotextile (Type A). 
The failure acceleration was doubled by 
reinforcing for the case shown in Fig. 6. 6. 
In that case, as the acceleration in
creased, the failure started from local 
compression in the lower soil layers, which 
was greatest nearest the front of the wall. 
This local failure resulted in the outwards 
bulging of the wall face forming a rounded 
face for each layer, which led to uneven 
support for the upper less-compressed 
portion of the wall, which led, in turn, to 
considerable forward tilting of those 
upper portions accompanying a tension 
crack, which finally triggered the overall 
failure of the wall breaking geotextiles in 
the process. This failure mode is 
surprisingly similar to that observed for 
the full-scale clay walls shown in Fig. 6.5. 
Since the similar full-scale clay walls with 
a rigid facing were much more stable (Fig. 
6 .8),  it is very probable that if a rigid 
facing connected to reinforcement had 
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Fig. 6 .5  Cross-section of failed clay 
wall having a Type A facing; (a) exposed 
cross-section of Test Embankment No. I, 
and (b) estimated cross-section of Test 
Embankment No. 3 (Tatsuoka et al. ,  1986, 
1986a, 1991, Nakamura et al., 1988). 
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Fig. 6 .6  Result of typical centrifuge test 

showing the sequence of failure for 
intermediate reinforced clay wall ( Series 
I models) (Goodings, 1989). 

been used, the centrifuge clay models 
would have been much stronger. 
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Wichter et al. (1986) constructed a 4.5 
m-high GRS-RW model (Fig. 6.7) attempting 
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Fig. 6 .7  Wrapped-around wall face (Type A) 
after loading from the crest of the test 
wall; (a) contours of stains in the 
geotextile layers, and (b) the outward 
displacement at the wall face (Wichter et 
aI., 1986). 

to reinforce a low-quality soil (weathered 
clay marl with c= 0.4 kgf/cm' and ¢ = 21.50 
compacted to 7 t= 2. 0 tf/cm3) with a 
geotextile considering that a planar 
geotextile sheet has a much larger contact 
area with the surrounding soil than metal 
strips as. used for R. E. retaining walls. 
The wrapped-around wall face had a flat 
soil face (Type A), which was maintained af
ter "onstruction by a cohesion of the soil. 
It is reported that the construction of 
this type of wall face is not easy even in 
the laboratory, particularly for cohesion
less soils. By loading from the crest of 
the reinforced zone, large deformation oc
curred only locally at higher elevations in 
the wall (Fig. 6 .7b).  At the same time, a 
Very small amount of strain was mobilized 
in the geotextiles near the wall face (Fig. 
6.7a), which is in contrast to the result 
presented in Fig. 6 . 2. This behaviour may 
be not only due to ' a high compressibility 
of the soil, but also due to zero local 
rigidity of the Type A facing used. The 
latter point is supported also by the fact 
that a 5 m-high GRS-RW with a clay re
inforced with a nonwoven/woven geotextile 
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composite having a Type E facing did not 
exhibit a local failu:re when loaded from 
the crest (Fig. 6.8). 

2) Walls with a facing having a different 
degree of rigidity (TYPes B and C facings): 
Thamm et al. (1991) performed a loading 
test on a 2 . 9  m-high wrapped-around GRS-RW 
with a near vertical wall face of Type BI 
(Fig. 6.9). The gravelly sand backfill (c' = 

0.08 kgf/cm2, ¢ '
= 39° and 7 = 2.0  gf/cm3) 

was reinforced with a nonwoven-geotextile. 
By loading from the crest, a local failure 
occurred only in the upper part of the 
wall while the observed failure plane was 
shallower than that predicted by a theory. 
Bastic (1991 b, pp.92-91) claimed that for a 
similar loading condition, a R. E. retaining 
wall with a standard cruciform diSCrete 
concrete panels facing (Type C') was much 
stronger than this GRS-RW, because the 
metal strip be much stiffer than the 
geotextlle. The author believes that this 
difference is not due totally to the dif
ference in the stiffness of reinforcement, 
but due largely to the different facing 
rigidi ties between the Type Bl and C' fac
ings. 

Scale for 
displacement 

I�Ocm 

Clay fill-front loading 
Fig. 6.B Deformation of a GRS-RW with a 

clay backfi II by loadIng test: the 
dIsplacement of the footing Is 
exaggerated (Tatsuoka et aI. , 1992). 
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! 7 , 
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· 

FIg, 6.9 Wrapped-around wall face (Type 
El) after loading from the crest of the 
test wall (Thamm et aI. , 1990, see Fig. 2 .6  
for the wall dimensions before loading). 
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FIg. 6 . 10 Effects of the Use of a gabions 
facing and geotextile-reinforcing on the 
stability of sand walls under seismic 
loading conditions; (a) the test 
arrangements, and (b) the settlement at 
the shoulder of the slope versus the 
horizontal acceleration at the shaking 
table (Koga et al. , 1992). 

Koga et al. (l992) studied the seismic sta
bility of GRS-RWs by performing shaking 
tests on 1 . 8  m-high walls with a slope of 
1 : 0. 3  (V:H) (Fig. 6.10a) . While the core was 
made of a well compacted silty clay, the 
slope sand had a mean diameter of 0 . 25 mm 
and a fines content of 2.4 % with c= 0 . 21 
kgf/cm2 and ", = 33. 5°. A series of horizon
ttll shaking was applied by increasing step
-by-step the acceleration at 4 Hz for a du
ration of 10 seconds at each step. Only by 
the use of a gabions facing (the gabion 
wall model Q), the stability increased 
substantially compared to the unreinforced 
model 0 (Fig. 6.10b). This would be pre
sumably due to both a large compressive 
strength of the gabions facing at lower el
evations where stress was concentrated by 
the tendency of over-turning of the wall 
and the effect of the confinement of the 
gabions to the sand behind them. Resl et 
al. ( l 988) suggested that the "gravity wall" 
effect by a stack of gabions as shown 
above can be expected also for the soil 
zone wrapped all around by a geotextile 
sheet at the shoulder of wrapped-around 
wall. In the test by Koga et al. (1992), 
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Fig. 6. 11 Long-term observations of three 
GRS-RWs having different types of facing; 
(a) wall configurations, (b) facing types 
and (c) the displacement at the wall face 
(Nakane et al., 1990). 

when reinforced with a relatively short 
non-woven geotextile (the model R), the 
stability increased further. 

Miki et al. (1992) performed a full-scale 
failure test of a 6.25 m-high geogrid
-reinforced sand retaining wall with a wall 
surface slope of 1 : 0 . 2  in V:H, in which the 
layers of geogrid were successively. 
disconnected at several points along the 
length by . an electric method. They showed 
a significant effect of the use of gabions 
at the wall face on the stability of wall; 
namely, a limit equilibrium-based stability 
analysis ignoring the existence of gabions 
unduly underestimated the stability of the 
wall. They proposed a method of limit 
equilibrium-based stability analysis 
considering a stack of gabions as a 
monolith to take into account the effect of 
gabions. 

Nakane et al. (1990) observed for a long 
duration the behaviour of three 4. 5 m-high 
GRS-RWs having different facing types (Fig. 
6.11). The backfill was a wet sand backfill 
( 7 t= 1 . 89 gf/cm', c= 0. 08kgf/cm2 and '" 
=24°) reinforced with a polymer grid. The 
facing type I had, for each soil layer, a 
stack of four cement-treated sand blocks 
havillg a layer of shotcrete on the wall 
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face with two thin asbestos platens in be
tween them (presumably imperfect Type D 
facing). The facing type 2 had a layer of 
crushed gravel reinforced with a very 
short complementary geotextile covered 
with two thin asbestos platens (presumably 
Type Bl). The type 3 had a stack of 

. gabions (Type B2). The type 1 facing exhib
ited fairly well, whereas the deformation 
at the wall face of the other two types was 
too large to accept. Naemura et a1. (1991) 
confirmed the above result by performing a 
similar test on two 5 m-high sand walls 
having two different facing types (Fig. 
6.12), which were the type 1 of a stack of 
L-shaped concrete blocks (presumably Type 
C facing) and the type 2 facing of Type B2. 
The deformation at the wall face when com
pleted and after applying a surcharge of 
0. 1 kgf/cm2 on the crest was larger for the 
less rigid type 2 facing. 

Kawasaki et a1. (1990) performed loading 
tests on three 5 m-high test walls having 
different types of facing. The backfill was 
sand having about 1 3  % fines content with a 
water content w= 16 % compacted to 7 d= 
1.43 gf/cm3 (a degree of compaction= 90 %) 
(Fig. 6. 13a) . The first wall I had a 
wrapped-around facing constructed with 
the aid of gabions at each soil layer (Type 
B2 facing), and was reinforced with a FRP 
grid. The number of reinforcement layers 
was only two relying on its very large 
stiffness and strength. The soil zone 
immediately below the footing was densely 
reinforced with a short geotextile so as to 
avoid a local failure in that zone. The 
second wall II had a I m-thick facing made 
of a cement-treated sand having a design 
compressive strength of 20 kgf/cm2 at a 
curing time of 28 days (imperfect Type E) . 
The third wall III had a thicker 
cement-treated sand wall as a conventional 
gravity type retaining wall, while the 
backfill was unreinforced. When loaded 
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Fig. 6.12 Long-term observations of two 
GRS-RWs having different types of facing; 
(a) facing types and (b) the displacement 
at the wall face (Naemura et aI. , 1991). 

from the crest (Fig. 6. 13a),. Wall I exhibited 
a sign of local failure with a failure 
surface intersecting with the wall face be
tween the top two reinforcement layers 
(Fig. 6. 13b) , probably due to the too large 
vertical spacing of reinforcement layers. 
In Wall II, however, this type of local fail
ure did not occur presumably due to the 
increase in the facing rigidity. It was also 
the case for Wall III. This result indicates 
clearly that in order to make the stability 
of the GRS-RWs equivalent to that of the 
conventional retaining walls, it may not be 
sufficient to reinforce the backfill, but a 
proper rigid facing should also be used. 

For a similar reinforcement stiffness, mea
sured deformation of a 6 m high GRS-RW with 
a backfill sand reinforced with a grid hav-

III 
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Fig. 6. 13 Three test walls loaded from the crest; (a) wall configurations, and (b) the 
outward horizontal displacement at the wall face by loading of q= 1.3 kgf/cm2 on an 
area with a width of 2 . 3  m on the crest (Kawasaki et a1. ,  1990). 

853 



ing a Type C facing of modular concrete 
b locks (Fig. 2.7, Simac et al. , 1990) was as 
small as 0 .3  % of the wall height, when com
pared to about 1 % for a 12.6 m-high 
wrapped-around GRS-RW with a backfill sand 
reinforced with a non-woven geotextile 
(Allen et al. , 1992). Gourc et al. ( 1991) 
performed p lane strain model tests using 
GRS-RW models with a backfill of 3 - 5 mm
-diameter small aluminum cylinders rein
forced with a heat-bonded non-woven geo
textile. Under otherwise similar condi
tions, the failure height of the models 
having a cellular facfng of" Type C en&""; 
2.8) was larger by about 30 % than that for 
the models having a wrapped-around facing 
of Type Bl. The failure was associated with 
the bulging of wall face, which was to a 
larger extent for the wrapped-around fac
ing with a failure plane intersecting with 
the wall face at an intermediate elevation. 
They also showed that the reaction at ·the 
bottom of the cellular facing should be 
taken into account in stability analyses to 
explain the test result. 

. 

Wu ( 1992), Claybourn and Wu (1992) and Wu 
et al. (1992) compared the class A predic-

(a) 
2.o,--,=;;-,_---,,-_---, __ -. grid 

length(cm) no. of layers 
2 yes) 3'0 5 3 nO-'--1'---'+-----i--�2.---I 
4 �S) I 5 00 � 6 yes) .• �4:.-q--_ 6  7 noL-��������=-�--� 

f 
facing ":)..-=--+-5 

0'L---,�0�-�20�-�3�0---4�0�-�5·0 
settlement near the shoulder. S (mm) 

Fig. 6. 14 Effects of slope confinement on 
sand slopes reinforced with a grid with 
the slope face either un-protected or 
protected; ( a) relationships between the 
pressure q and the settlement S of the 
p late closest the slope shoulder, and (b) 
tensile strains in the grid at q= 1 . 0  
kgf/cm' (for Test <fl ,  strains after the 
peak). (Torllhara et al. ,  1991). 
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Fig. 6. 15 Comparison of the wall facing 
position before and after surcharging 
for model GRS-RWs (Bathurst et al., 1988). 

tions with the results of the loading tests 
on two 3 m-high plane strain GRS-RW models 
with a sand or clay backfill reinforced 
with a woven-geotextile (Denver Walls). 
The facing was a stack of 14 cm-high by 10 
cm-wide wooden blocks (Type C) and the 
reinforcement length was relatively short 
(55 % of the wall height). The walls were 
brought to failure by applying surcharge 
from their crests. For the sand wall, de
spite the use of the residual angle of 
friction determined by triaxial compression 
tests (35 degrees) , all of the six limit 
equilibrium-based stability analysis 
methods currently used in the United 
States under-predicted the actual failure 
surcharge by 1/4 - 1/40 times. This dis
crepancy between the experiments and the 
analyses would be due largely to that the 
effects of the facing rigidity are not tak
en into account in these design methods. 
In contrast, some of the FEM analyses tak
ing into account the effects of facing ri
gidity could predict the failure surcharge 
reasonably. 

Summarizing the above, it is apparent that 
walls having a facing of Type B or C is 
more stable than those having a Type A 
facing. This difference could not be e
valuated by stability analyses which do 
not take into account the effects of facing 
rigidity. When using Type B or C facings, 
however, depending on loading conditions 
in each case, the deformation of wall face 
could be still too large and may not be 
stable enough against load on the crest, 
particularly against concentrated load 
near the wall face. 

3) Walls with a facing of TyPe D or E: 
Tatsuoka et al. (1991. 1992) and Murata et 
al. (1991, 1992) showed that a 5 m-high 
full-scale GRS-RW with a sand backfill 
having a Type E facing has been much more 
stable for a long duration more than three 
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years and was also stronger against 
loading from the crest, compared to the 
one having a Type C facing (see Fig. 6.8). 
Also in the shaking table tests on 1. 0 
m-high reduced scaled GRS-RW models with a 
sand backfill, the wall having a Type D 
facing was much more stable than those 
having a Type C facing (Murata et aI. ,  
1992). 

To examine the effect of the confinement 
applied onto the slope surface, Toriihara 
et aI. (1989, 1990, 1991) performed labora
tory loading tests on 60 cm-high models re
inforced with either steel bars or a rela
tively short (either 20 cm or 30 cm) poly
mer grid having a rapture strength of 1. 8 
tf/m at an elongation of 14 % (Fig. 6.14). 
In both cases, the backfill was a partially 
saturated sand of w= 5% compacted to Dr= 

80 % to have 1> = 33. 2°.  The slope was 1 : 0. 5  
in V:H either unprotected (Type A) or pro
tected with a model framework with an' ap
erture of 10 cm ( thus, imperfect Type D). 
Uniform load applied for a length of 62. 5 
cm on the crest of the slope was increased 
step-by-step. The slope became stronger 
not only by reinforcing, but also by ap
plying a confinement (Fig. 6. 14a; Tests ® 
versus ® .  @ versus @ ,  and @ versus (1) .  
By the confinement, the tensile strain in 
grid immediately behind the slope surface 
increased from zero o r  nearly zero to a 
relatively large value, which was nearly e
qual to the maximum value along each grid 
layer when the reinforcement length was as 
short as 20 cm (1/3 of the slope height) 
(Fig. 6. 14b) . Further, Toriihara et aI. 
(1991) suggested based on the test results 
that the reinforcement length can be made 
relatively short by placing a framework on 
the slope face without losing the stability 
of slope as have been found for GRS-RWs 
with a near vertical wall face (Tatsuoka et 
aI., 1991, 1992, Murata et aI., 1991, 1992). 

Barthust et al. (1988) constructed three 3 
m-high polymer grid-reinforced sand test 
retaining walls, two of which had either a 
facing of 0.75 m-high timber bulkhead pan
els with a compressible foam placed at each 
horizontal joint between panels (Type B3) 
or a full-height timber bulkhead panel fac
ing (Type D), both being propped during 
the construction of the wall. The walls 
were brought to failure by uniform sur
charging on the crest of the backfill. 
Near the connections at the back face of 
the Type D facing, the largest tensile 
strain or the value close to that was 
mobilized in each reinforcement layer. 
That is, the Type D facing provided more 
restraint to the wall system than the Type 
B3 faCing (Fig. 6.15). They also observed 
that both before and after surcharging, in 
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Fig. 6. 16 Lateral loading tests of the 
foundation either fixed on the top of the 
facing (case cD )  or p laced Immediately 
behind the reinforced zone ( case ® )  in a 
GRS-RW with a sand backfill: (a) test 
configurations, (b) the relationships 
between the lateral load T and the 
horIzontal displacement D, and (c) 
schematic diagram showing the deformat
Ion of grid in the case ® (Tateyama et 
al. , 1992a. Tamura et al. , 1992). 

RC block 

Bridge girder Railway lrack ����g 

Geo-grid 

Fig. 6.17 Cross-section of GRS-RWs bridge 
abutments at Shlnkansen Yard, Nagoya 
(Tatsuoka et al. , 1992). 

the vicinity of the facing at the bottom of 
the wall. a large amount of vertical soil 
stresses was transferred to the faCing, 
which was about 25 % even for the Type B3 
facing. 

Tateyama et al. (l992a) and Tamura et al. 
(1992) examined the stability of a column 
foundation as seen in Fig. 2 . 9. They per
formed lateral loading tests on a full 



scale model foundation constructed either 
on the crest of the facing (case (j) )  or 
immediately behind the reinforced zone 
( case rID )  in two 5 m-high GRS-RW full scale 
models having a Type E - facing of full
-height cast-in-place concrete layer (Fig. 
S. ISa). The backfill soil was sand and 
clay. Fig. S.ISb shows the results for the 
sand wall reinforced with a grid having a 
tensile rupture strength of 2 .8  tf/m. For 
the both cases. the ultimate lateral load 
was much higher than the assumed design 
load of 1 tonf. Further. the foundation 
was much stronger when fixed to the top or 
the facing (the relation 1) than when con
structed in the unreinforced zone immedi
ately behind the reinforced zone (the re
lation 2). This is because when fixed on 
the top of the facing. the lateral load is 
spread to a wide zone due to the facing ri
gidity and resisted by the tensile force 
mobilized in the multiple reinforcement 
layers. On the other hand. when 
constructed behind the reinforced zone. 
only compressive strains were mobilized in 
the members of the reinforcement (grid) in 
parallel to the direction of loading (i .e . .  
in the direction perpendicular to the wall 
face). By the outward displacement of the 
foundation. however, tensile force are 
developed in the members of the grid in the 
direction perpendicular to the loading di
rection - as illustrated in Fig. S.16c. 
spreading the foundation load to the whole 
height of the wall for a relatively large 
width. which led to large resistance of the 
column foundation against- lateral load. 
Further. the displacement at the top of the 
facing was very small (the relation 2' in 
Fig. 6. 16b). In short. due to several kinds 
of three dimensional effects of both con
tinuous rigid facing and grid reinforce
ment. this type of GRS-RWs can retain a 
column foundation from which relatively 
large concentrated horizontal load is 
transmitted. 

In summary. many data presented above 
indicate that under otherwise identical 
conditions. GRS-RWs with a TYpe D or E 
facing are more stable than those having a 
less rigid facing against the self-weight of 
soil and the load applied on the crest of 
backfill or the top of facing. Fig. 6.17 
shows the cross-section of a GRS-RW bridge 
abutmets having a Type E facing (Tatsuoka 
et aI. .  1992). This full-height facing. 
which is continuous and rigid not only in 
the wall height direction but also in the 
longitudinal direction. can resist concen
trated vertical and horizontal load 
applied immediately behind or onto the 
facing much more effectively than the oth
er types of facing. 
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Nailed soil structures: Guttierresz and 
_ Tatsuoka (1988) performed loading tests on 
three model sand s lopes which were either 
unreinforced. or reinforced with ten rela
tively long phospher bronze strips (30 cm
-long. 3 mm-wide and 0.5 mm-thick) for a 
width of 40 cm of the sand box. or rein
forced as above but with a facing (Fig. 
S.18). The other testing conditions were 
the same as the tests described in Fig. 6.1.  
The slopes were loaded with a 10 cm-wide 
footing having a smooth base. By reinforc
ing. the slope became much stronger (Fig. 
6.111a) and the failure plane seen in the un
reinforced slope was separated into deeper 
and shallower ones (Fig. 6. 18b and c). The 
strength of the reinforced slope was con
trolled by the shallower failure plane. as 
seen from the fact that the footing pres
sure near the slope face did not increase 
by reinforcing (Fig. S. 18d). This shal
low-seated failure took place since the ac
tive zone near the, s lope face could not be 
effectively retained only by reinforcing. 
By using a facing to which the head of the 
reinforcement was connected. the slope be
came stronger (the actual rate of the in
crease in the failure load is larger than 
that seen in Fig. 6 . la when considering the 
difference in the void ratio e of the sand). 
Correspondingly. the sallower failure 
plane disappeared (Fig. 6. l8b @ ) .  the ten
sile force in the reinforcement at the con
nection to the back face of the faCing in
creased from zero to some value (Fig. 
6. 18c). and the pressure near the toe on 
the footing base (i.e . •  near the shoulder of 
the s lope) increased largely (Fig. 6. l8d). 
This result suggests that also for nailed 
soil structures as for reinforced soil 
structures. a failure in the shallow zone 
near the slope or wall face may be 
difficult to prevent without using a rigid 
facing. In fact. the role of facing becomes 
more important as the slope becomes steep
er. 

Sonomura et ai. (1991) performed centrifuge 
tests on 25 cm-high vertical retaining wall 
of a wet Silica Sand (a maximum diameter of 
0 .3  mm and W= 8 % compacted to 7 t= 1.66 
gf/cm3) nailed with relatively short and 
long piano wire having a diameter of 0. 38 
mm and 1 mm. respectively.. with a surface 
made rough by glueing sand particles (Fig. 
S. 19a). A small bearing plate was attached 
to the head of each reinforcement; namely 
the wall face was partially covered with a 
confining material .<i. e. . between Types A 
and B). The wall became more stable by re
inforcing as seen from the increase in the 
failure acceleration (Fig. S.19b). However. 
in all the reinforced walls. a failure plane 
passed through the wall face at some inter
lRediate elevation. presumably s tarting 
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Fig. 6 . 1 8  Loading tests on the crest of 
model sand slopes; (j) unrelnforced (e= 
0.66), @ reinforced with metal strips (e= 
0. 672), and @ reinforced with metal 
strips with a facing (e= 0.692); (a) the 
load versus settlement relation of the 
footing, (b) the contours of • ,- . 3 (%) 
observed at a footing settlement of 9 mm, 
(c) the fallure planes and the tensile 
force distribution In the bottom rein
forcement 1ayer, and (d) the pressure 
distribution on the footing base at a 
footing settlement of 9 mm (Guttlerresz 
and Tatsuoka, 1988). 

from a local failure in the sand immediate
ly behind the wall face. Muramatsu et a1. 
(199�) performed a series of laboratory 
model tests using a 108 em-high vertical 
sand wall nailed with relatively short (25 
em-long) nails having, among others, a 
small end platen or thin grating crib at 
their head (between Type A and B. Fig. 
6.20). Since the crib was made of 1 0  mm
-wide and 0.5 mm-thick phospher bronze 
strip, it is unlikely that the crib had 
large overall rigidity. The wall was con
structed with the aid of a stack of 9 
blocks for propping the wall face. After 
applying a surcharge of 0. 009 kgf/cm2. the 



wall was brought to failure by releasing 
the blocks one-by-one from the top. In 
most cases, a failure occurred ac
companying a failure plane passing through 
the wall face at an intermediate elevation. 
It is very probable that in the both cases 
shown in Figs. 6 .19  and 6.20, if the wall 
face had been covered with a continuous 
rigid facing, the walls would have been 
much stronger. 

A similar local failure was observed in 
field fuU-scale loading tests 'on 5' nr-lrlglr ' 
natural partially saturated sand walls with 
a slope of 1 : 0  .. 2 in V:H (Fig. 6.21, Nishikawa 
et aI. , 1991). The sand was of the Pleisto
cene Era having r t= 1. 706 gf/cm' and c= 
0 . 23 kgf/cm" and '" = 39.9° by UU triaxial 
compression tests. The waHs were either 
unreinforced or reinforced with 15 em-wide 
and 0.45 em-thick steel strips installed 
with a special boring method at a horizon
tal spacing of 1. 5 m with a 30 em x 30 cm 
end bearing plate at the wall face. The 
wall faces, however, were not covered with 
a shotcrete lining. For loading from its 
crest through an area of 6 m2, the s lope 
became stronger by reinforcing, while the 
deformation of the wall face was restrained 
to some extent by the end p laten. Howev
er, the failure of the reinforced slopes 
was still very local while occurred only at 
higher elevations as in the unreinforced 
slope. Also in this case, it is very proba
ble that the wall would have been much 
stronger if a continuously rigid facing had 
been used. 

Loading tests similar to the above had 
been performed by Okuzono et al. (1985, 
1986) and Nagao et al. (1988) on nailed re
taining walls reinforced with nails having 
a 20 cm x 20 cm steel end bearing platen at 
each head, while the wall faces of a slope 
of 1 :0 .3  in V:H were not covered with a 
shotcrete lining. The walls were (a) 7.5 
m-high excavated in a Pleistocene Era 
sand ( r  't= 2.0 gf/cm', and c= 0.4 kgf/cm2 
and '" = 35° by UU TC tests) and (b) 3 m-high 
excavated in a deposit of intact volcanic 
ash clay called Kanto loam. The walls were 
loaded from the crest either with a 1. 8 
m-wide footing with a setback of 1 . 1  m from 
the wall shoulder for the sand walls, or 
with a 1.5 m-wide footing with a setback of 
0.5 m for the clay walls. In both the 
cases, a local compressional failure was 
observed in the soil behind the wall face 
near the crest of the wall. It was sug
gested by the authors of the papers that 
this type of local failure can be prevented 
by using a proper rigid facing. Indeed, in 
the loading tests on the nailed sand 
retaining walls with a properly deSigned 
shotcrete lining on the wall face reported 
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FIg. 6 .20 (a) Wall face arrangements, and 
(b) faIlure patterns seen in two model 
naIled sand walls upon the release of 
propping blocks from the top (Muramatsu 
et aI. , 1992). 

by GassIer and Gudehus (1981) and Stocker 
et al. (1979, 1991), such a local failure in 
the soil behind the wall face as above was 
not observed (Figs. 4.6b and c) . 
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Fig. 6.21 Full-scale loading tests on 
un-nailed and nailed natural sand slopes 
(Nishikawa et aI., 1991). 

Muramatsu et a1. (1992) also observed the 
effect of facing rigidity on the stability 
of a 9 .5  m high temporary nailed wall with a 
slope angle of 1 : 0 . 2  in V:H excavated in a 
Talus Cone deposit including a volcanic 
sedimentary soil layer. The slope faces of 
the two test segments located adjacent to 
each other had · either a 10 cm-thick shot
crete lining or a shot crete lining plus a 
crib of 20 cm x 20 cm concrete beams at 
vertical and horizontal center-to-center 
spacings of 1 .  5 m, to which the heads of 
nails were fixed. Despite that the soil 
condition was worse for the crib wall, the 
deformation of the crib wal l was smal ler. 
Muramatsu (1992) further observed that in 
an excavation work in a deposit of mechani
cally highly disturbed but not weathered 
Tertiary sedimentary . rock, different 7 
m-high vertical nailed walls exhibited dif
ferent deformation at the wall face due to 
the different facing types under similar 
other conditions. Namely, the wall having 
an ordinary concrete lining exhibited a 
outward displacement at the shoulder of 
the cut of 0.34 % of the wall height, which 
was about twice of 0. 19 % for the other 
wall for which H-beams were extended 
downwards by welding piece by piece while 
fixing the heads of nails to them according 
to the progress of excavation. In 
addition, the deformation of the latter 
wall, for which the facing has apparently 
larger rigidity, was less localized. 

Summarizing the above, it is apparent.that 
nailed slopes also become more stable by 

using a more rigid facing, which is to a 
larger degree as nails become shorter, as 
slope becomes steeper and as load applied 
on the crest is located closer to the wall 
or slope face. 

7. CONSTRUCTION METHODS OF A FULL-HEIGHT 
CONTINUOUS RIGID FACING FOR REINFORCED 
SOIL RETAINING WALLS 

Potential problems: The following two ma
jor problems should b e  solved: 
1) When a full-height facing unit ( e. g . ,  
precast RC panel) is erected before the 
backfill is filled up and the soil is com
pacted with reinforcement connected to the 
back face of the facing (Fig. 7.1a) , the 
connections between the reinforcement and 
the back face of the facing may be damaged 
due to the relative settlement between 
them (in some cases, also facing and rein
forcement). This is also the case when geo
textile reinforcement is sandwiched be
tween facing modular blocks (Fig. 2.7); 1. e. , 
the reinforcement may be seriously damaged 
by over-stressing at the upper edges at 
the back face of blocks (in the zone a in 
Fig. 2.7). On the other hand, Fulmokll et 
a1. (1 986) constructed a 5 m-high vertical 
retaining wall with a relatively loosely 
compacted volcanic ash clay Kanto loam re
tained with a multiple anchoring system 
with the heads of the anchor rods fixed to 

859 

(2) 

5 � '_3) �(e=) 

[It '" 
y 

(e) (d) 

Fig. 7 .1  Several methods using a continu
ous rigid facing; (a) Fixed type facing 
fully propped during filling and com
pacting the backfill, (b) the use of 
sliders for a facing fully propped during 
filling and compacting the backfill, (c) 
separated type facing, (d) the use of a 
compressible layer placed on the rear of 
facing fully propped during construct
Ing the backfill, and (e) stage construc
tion (the numbers mean the construction 
sequences). 



a group of full-height vertical RC columns 
at centers of 1 m attached onto the wall 
face. Although any sign of the failure of 
the wall was not detected, by a relative 
settlement between the backfill and the 
columns, the anchor rods were bent at the 
places immediately behind the back face of 
the columns, typically to a vertical de
flection of 20 cm in accordance with the a
mount of relative settlement. Further, 
Kutara et al. (1986) proposed a method to 
decrease the amount of bump, which is the 
relative settlement between the ground 
surface immediately behind the the crest of 
bridge abutment and the bridge abutment, 
by attaching grid layers to the back face 
of the abutment. A large model test using 
a 2.3 m-high cantilever RC retaining wall 
was performed, in which the whole of the 
backfill was made to settle down by col
lapsing a specially prepared 20 cm-thick 
layer at the bottom of the backfill. It was 
found that this method is very effective to 
reduce the amount of bump, but the largest 
strain was developed in the grid at the 
connections to the back face of the 
retaining wall, which was as large as about 
0.7  %. Indeed, this result demonstrates the 
detrimental effects of the relative 
settlement between the facing and the 
backfill on the reinforcement. 
2) Although the development of large ten
sile stress in reinforcement is essential 
for its efficient use, when a full-height 
rigid facing is . firmly propped as soil lay
ers are compacted (as denoted by a in Fig. 
7.1a). only small tensile strains may be mo
bilized in the reinforcing members. Some 
amount of tensile strain may be mobilized 
only when the support of the facing was 
released after the full height of wall is 
completed. In this case, relatively large 
delayed outwards displacement of the fac
ing may occur; for example, Bathurst (1992) 
reported about 1 % delayed outward 
displacement at the top of a unit facing of 
7 m-high grid-reinforced sand retaining 
wall constructed by this method. This 
post-construction displacement may also 
induce some undesirable relative settle
ment between the backfill and the facing·. 
Further, large earth pressure may be acti
vated on the back face of a firmly propped 
facing when compacting the soil. 

Several methods as shown in Fig. 7.1 have 
been used to alleviate either or both of 
these two p roblems: 
a) To alleviate both the problems when us
ing a fixed type facing (Fig. 7.la), it is of
ten recommended to avoid heavy compaction 
of soil around the connections and immedi
ately behind the facing. It is, however, at 
the expense of reducing the stability of 
wall and, therefore, would not be a good 

solution. It has also been attempted to in
cline the facing inward to some extent be
fore filling, and as each layer of backfill 
soil .is compacted, the facing is inclined 
outward (Fishman et al. , 1991). However, 
this method would complicate the construc
tion work. 

b) By means of a slider (denoted by fJ in 
Fig. 7.lb), reinforcement connected to the 
back face of a unit facing is permitted to 
slide relative to the facing when relative 
settlement occurs between the facing and 
the backfill during and after the con
struction of wall (e.g.,  Jones, 1985). It 
could be argued whether this arrangement 
makes the facing less stable, which in turn 
makes the backfill more deformable when 
compared with the case in which the rein
forcement is tightly connected to the back 
face of the facing. Further study will be 
necessary to quantify the positive and 
negative effects of using sliders. 

c) A separated type unit facing, which is e
rected before backfilling, is not in ' 
contact with the wrapped-around wall face 
both during and after the construction of 
wall (Delmas et al., 1988). To make the 
reinforced zone more stable and less 
deformable and to develop sufficiently 
large tensile strains in reinforcem\lnt, the 
backfill is heavily compacted with the aid 
of a flexible temporary inflation system 
(denoted by r in Fig. 7. lc) placed between 
the back face of the facing and the 
wrapped-around wall face. However, the 
facing does not contribute directly to the 
stability of the wall (see Fig. 6.9) .  

d) A compressible layer is placed vertical 
on the back face of the facing (denoted by 
(j in Fig. 7.ld), while the reinforcement is 
not connected to the back face of a facing 
or a RC wall structure which has been e
rected before back-filling (Edgar et al. , 
1989, McGown et al. , 1988, Wu and Helwany, 
1990, Horvath, 1991). It is expected that 
during compacting the backfill, some a
mount of tensile strain be mobilized in the 
reinforcement by the collapse of the 
compressible layer, while smaller earth 
pressure be activated on the facing or a 
RC wall structure. The same mechanism can 
be expected also when surcharging on the 
crest of the backfill. This method is 
adequate when a GRS-RW is constructed 
behind an independent structure such as a 
conventional RC bridge abutment and it is 
required to reduce the earth pressure on 
the back face of the structure as much as 
possible. In case a unit panel facing is to 
be laterally supported by being connected 
to the wall face of backfill as for most 
reinforced soil retaining walls, the advan-
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tage described above may be balanced by a 
disadvantage that the deformation of the 
backfil l  cannot be efficiently restrained 
despite of the use of a rigid facing. 
Further, the stability of the wall may not 
increase sufficiently either. On the con
trary, as discussed in Section 3.5, under a 
given loading condition, the deformation 
of backfil l  can be reduced by permitting 
the earth pressure on the back face of the 
facing to develop as much as possible by 
using a more rigid facing. 

e) The stage construction method (Fig. 
7. Ie) may alleviate both of the two poten
tial problems associated with the use of a 
continuous rigid facing. In this method, 
first a strip foundation of the facing 
(denoted by 1 in Fig. 7.le) is constructed. 
Subsequently, the backfill is filled UP 
while compacting the soil near the wall 
face as much as possible by means of a 
compaction machine with the aid of gabions 
(sand bags) placed on the shoulder of each 
soil layer being wrapped-around with a 
geotextile sheet (denoted by 2). A strong 
connection between gabions and 
reinforcement is essential for ensuring the 
stability of temporary "gabion wall". 
Brand (1992) reported a case of failure of a 
6 m-high gab ion wall with a cohesion less 
soil backfil l  reinforced with a grid. It is 
reported that the wall failed due to both a 
too large vertical separation of grid of 
0.9 m and a too small length of grid of 1 . 8  
m in the upper portions of the wall, and 
the relatively weak connection between the 
reinforcement and the gabions without 
wrapping-around the gabions geotextile 
sheet. A pattern of reinforcement force 
distribution as much as closer to the 
pattern A (Fig. 3.5), or the pattern shown 
in Fig. 4. la, may be achieved by such heavy 
compaction as pushing out noticeably the 
gabions. An irregular shape of wall face 
produced as constructed will be masked by 
casting in place a concrete facing on it af
ter the full height of wall is completed. 
As a temporary facing, in place of gabions, 
a steel mesh framework as shown in Fig. 2. 3 
may be used. In any case, the temporary 
facing should be rigid enough to resist a
gainst the earth pressure required to pre
vent a local compressional failure' in the 
Soil near the wall face and at the same time 
should be flexible enough to yield as ten
Sile strain can be developed in the re
inforcement during filling and compacting 
the backfill. After major part of the com
pression of backfil l  and the supporting 
ground has occurred subsequently to the 
cOnstruction of the wall to full deSign 
height, a full-height contiilUous rigid fac
ing (denoted by 3 in Fig. 7.le) is placed di
rectly on the wall face. In this way, 

possible damage to the rigid facing and the 
connections between the facing and the 
reinforcement can be avoided. 

For the delayed placement of a full-height 
continuous rigid faCing, either of the fol
lowing methods may be employed: i) A layer 
of shotcrete layer with one or two layers 
of wire mesh as used for nailed soil struc
tures is casted on the wrapped-around wall 
face. However, this method may not be aes
thetically pleasing. Ng and Mak (1988) a
dopted this method to construct a tempo
rary 14 m-high wall having a 70° slope an
gle using a locally available granular ma
terial reinforced with a polymer grid, 
which supported a haul bridge at the 
shoulder of the wall. The wall was con
structed with the aid of sand bags at the 
shoulder of each soil layer. In the design, 
the effect of facing rigidity was not con
sidered. ti) A lightly steel-reinforced 
concrete facing is casted in place directly 
over the wrapped-around wall face so that 
the facing does not separate from the wall 
face (Figs. 2.9 and 6. 17). iii} A lightly 
steel-reinforced pre-cast concrete plate 
unit is erected, leaving a space between 
its back face and the wall face, and the 
space is filled with concrete subsequently. 
iv) Discrete modules (e.g. ,  concrete b locks 
or stone blocks) are stacked and 
subsequently tightened up for example by 
penetrating reinforcement bars through 

' them. Subsequently, the space between the 
back face of the blocks and the wrapped
-around wall face is filled with concrete. 
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In the stage construction method, it is not 
necessary to consider the problem of prop
ping firmly the facing against large earth 
pressure during back-filling. Further, 
since a unit facing and reinforcing members 
are finally tightly connected to each oth
er, the faCing has all of the facing rigidi
ties shown in Table 5. 1 .  Note that Jones 
(1988) has already described a similar stage 
construction method used for a bridge con
struction in U. K. , whereas the advantages 
and the construction details were not giv
en. Allen et al. (1992) also suggested a 
stage construction method based on their 
experience; namely since the deformation 
of the wrapped-around wall face of a 12.6  
m-high GRS-RW was not small, if rigid face 
panels are to be used, "it may be advisable 
to attach the panels to the wall face after 
it has been constructed to full design 
height". Note also that, in case large rel
ative settlement occurs between a facing 
and backfil l  after the facing is casted, a 
stack of gabions is expected to prevent o
ver-stressing at the connections between 
the facing and the reinforcement by func
tioning as a buffer. 



When fresh concrete is casted directly on a 
geotextile-wrapped-around face, part of 
the geotextile strength may be lost with 
time by a high pH and the presence of cal
cium ions from concrete. For the walls 
shown in Figs. 2 .9  and 6. 17, a Vinylon grid, 
which is known to be strong against the a
bove mentioned effects, while covered with 
PVC for protection, was used in place of a 
polyester grid covered with PVC used for 
the test embankments (Fig. 6. 16). 

GRS-RWs to bE> constructed· by the stage. 
construction method should be designed so 
that they are temporarily stable in the ab
sence of a continuous rigid facing. If the 
walls will support some external load after 
a continuous rigid facing is constructed, 
the safety factors of the wall before and 
after the placement of facing can be ad
justed to be similar. However, if the maxi
mum height of the wall is controlled by the 
stable height of the temporary wrapped
-around wall, the safety factor for the 
completed walls with a continuous rigid 
facing will be certainly higher than that 
for the uncompleted wall. From these 
points, the construction of GRS-RWs by the 
stage construction method is most adequate 
when the completed walls are subjected to 
some external load, or when the walls will 
be used as important permanent structures 
which permit only small wall deformation as 
in the cases shown in Figs. 2.9 and 6. 17. 

The use of relatively short reinforcement 
without losing the stability of wall: Obvi
ously, it is on the safe side to ignore in 
the design the contribution of facing 
rigidity to the stability of reinforced soil 
structures, even if it exists. This is the 
caSe in most of the current design methods. 
At the same time, this method is less eco
nomical . and may be too conservative, in 
particular when a Type E or D facing is 
p roperly used. On the other hand, there 
are many cases where the use of short rein
forcement is very much beneficial. Fig. 
7.2a illustrates the reconstruction of an 
existing slope by means of a conventional 
RC cantilever retaining wall. This method, 
however, requires a large amount of exca
vation. Further, to ensure the stability 
of the slope during re-construction, 
particularly when only very small 
deformation of the slope is allowed, sheet 
piles may be installed, which are subse
quently anchored before the excavation 
p roceeds. A reinforced soil retaining wall 
(Fig. 7.2b) may be cheaper when a pile foun
dation is needed for the RC cantilever re
taining wall. However, if relatively long 
reinforcement with a length, say of the 
order of the wall height, is. used, both a 
very large amount of excavation and an-

5. cantilever 6. backfilling 

(a) 

(b) 

(c) 

RC retaining 3.excavation 
wall 

2. 

3. 

4. 

1 .  2. 
sheet piles anchor 

pile foundation 

4.wall bonstruction 

3.excavation 

2. 
_ 1 .  anchor 

sheet piles 

existing embankment 

1 .excavation 

Fig. 7.2 Reconstruction of existing slope 
by three methods: (a) a conventional RC 
cantilever retaining wall, (b) a rein
forced soil retaining wall having a rela
tively long reinforcement, and (c) a GRS
RW having a continuous rigid facing and a 
short geotextlle (the numbers Indicate 
the construction sequences) .  

chored steel-piles may also b e  needed. The 
construction cost can be reduced largely 
if such works as above are eliminated by 
making the reinforcement length relatively 

.short, say 40 % of the wall height (Fig. 
7.2c, see also Fig. 2 . 9) .  Note that it has 
also been studied whether relatively short 
metal strips could be used also for R. E. 
retaining walls (see Fig. 4. lb). 

It is the author's view that in case the 
backfill soil has not a sufficiently large 
cohesion (n. b . ,  this is most cases), the use 
of relatively short reinforcement can be 
justified only when a full-height continu
ous rigid facing is used. Namely, referring 
to Fig. 3 .2b, when the potential failure 
p lane does not Intersect with the rein
forcement at higher elevations, the earth 
pressure activated on the back face of the 
reinforced zone at the higher elevations 
should be transmitted to the lower portion 
of the wall. A continuous rigid facing can 
enhance this mechanism by supporting part 
of the load transmitted from the backfill. 
In addition, the reinforcement length can 
be reduced by using planar reinforcement, 
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since it requires only a very short anchor
ing length. 

The above point has been validated by sev
eral laboratory and field tests (Tatsuoka 
et 

. 
aL , 1988, 1991. 1992, Murata et aL , 1991, 

1992, Toriihara et aL , 1991). Kawakami and 
Abe ( 1978) has already shown that several 1 
m-high GRS-RW models having a sand 
backfill with a facing of Type B3 - C" or 
Type D were very stable when loaded from 
the crest, despite that the reinforcement 
length was much less than the wall height 
(even down to 10 % of the wall height). 
Further, as reported by Tatsuoka et aL 
( 1992) and Murata et aL (1992), railway em
bankments with a typical height of 5 m for 
a length of more than 6 km have been 
reconstructed to GRS-RWs having a Type D 
or E facing by means of the stage con
struction method (see Figs. 2 .9  and 6. 17). 

One may consider that when the supporting 
ground is soft, a pile foundation may be 
required for . supporting the reaction at 
the facing bottom ( denoted by V + W and S 
in Fig. 5. 6), which is indeed the lose of one 
of the primary advantages of reinforced 
soil structures over the conventional RC 
retaining walls. However, since the bear
ing capacity of the ground required in this 
case is much less than that required for a 
conventional RC retaining wall structures, 
a strip foundation having some width and 
depth as used for R.  E. retaining wall is u
sually sufficient unless the ground is so 
soft that a failure could occur in the sup
porting ground by the weight of the back
fill. Even in case a micro-pile system or a 
improved soil diaphragm is to be used to 
support the reaction from the facing as 
have been employed at several places in 
Japan, problems associated with the 
relative settlemellt between the facing and 
the backfill·  can certainly be avoided by 
placing a continuous rigid facing after 
most of the deformation of the supporting 
ground due to the weight of backfill has 
occurred. 

One may also consider that it is dangerous 
to rely on the contribution of the overall 
rigidity of a full-height continuous rigid 
facing, since the bearing capacity of the 
ground supporting the facing may be lost 
by excavation below or in front of the fac
ing in the future. This view may be reason
able if the wall is damaged seriously by 
excavation, in particular if the wall fails 
in a catastrophic manner. Note however, 
that for such GRS-RWs as shown in Figs. 2.9 
and 6. 17, the walls were very stable at the 
temporary state before casting a continu
OUs rigid facing. Further, a 1/2 reduced 
scaled model of a 5 m-high test GRS-RW 

having a sand backfill shown in Fig. 6 . 16 
was constructed on a liquefiable sand 
placed on a large shaking table (Tateyama 
et aL , 1990). The wall was very stable e
ven not exhibiting any sign of failure 
after the ground on both sides of the wall 
had liquefied by shaking while each facing 
of Type E was hanging on each wrapped
-around wall face. In addition, for the 
prototype walls, the longitudinal continui
ty of f/lcing will help the wall in resisting 
against such excavation unless it is for a 
very large length. Rather, the effects of 
such excavation will be more detrimental 
to other types of walls not having a 
continuous rigid facing such as wrapped
-around walls or those having a discrete 
panels facing. Indeed, it is apparent that 
excavation below or in front of the 
foundation of wall should not be permitted 
whether a given reinforced soil structure 
has a continuous rigid facing or not. 

8. SOIL NAILING WITH A MINlMlJM SLOPE 
DEFLECTION 

For most temporary nailed retaining walls 
and most of the permanent ones which are 
not particularly important, a shotcrete 
lining is sufficient for the stability of 
walL However, in opposite to reinforced 
soil structures, the ground to be nailed 
may already be supporting an important 
structure which is sensitive to deforma
tion, for example, a foundation of a build·· 
ing or a railway track. In that case, al
lowable outward horizontal displacement at 
the shoulder of the wall may be very small 
as less than 0 . 1  % of the wall height, which 
is much smaller than those observed in or
dinary nailed retaining walls. To alleviate 
this problem, the following several meth
ods have been used for pre-propping be
fore the excavation proceeds . 

Grout-columns and micro-piles (Nicholson 
and Wycliffe-Jones. 1984): At the PPG 
building site in Pittsburgh, USA, a 12-13 
m-depth excavation was made by soil nail
ing in the close proximity of existing 
buildings. Immediately behind the face of 
the· nailed retaining wall to be made after
wards, at the line of the foundation of an 
existing building, before the excavation 
proceeded, fully cased holes of 12 .7  em in 
diameter at 25-30 em centers were drilled 
in a cohesionless , granular soil and pres
sure-grouted after the insertion of a steel 
reinforcing bar. At the same site, as a 
more reliable method for another building, 
in addition to a grout columns, groups of 
micro-piles were installed to support di
rectly about half of the total vertical 
load of the foundation. 

863 



(a) CD construction of cement-treated soil columns 

I 
. , 

@ excavation while nailing and shotcreting 

(b) 

(e) 

<:': ........ c::-:::: .... � .......... ........... .... 
� c:: .................... ... :; .'" .... , 

® construction of cast-in-place concrete wall 

---.... 

......
. � 

. .. 

-.... - .... _- -- - - --

noise barrier 

cement-treated 
soil columns 

cross-section 

� �-
plan 

FIg. B . l  Pre-proppIng by Improved soil 
columns to minImize the deformation of 
nailed soil wall: (a) schematic diagram, 
and the cases using large diameter nails 
at (b) Akabane and (c)Rokuzlzo 
(Tateyama. 1992). 
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FIg. B . 2  Excavation In a slope supporting 
a railway track at Ikebukuro, Tokyo; (a) 
slope before excavation. (b) a conven
tional method by anchoring (a cantlleve:r 
retaining wall Is not constructed where 
the wall Is tempo:rary). and (c) soil nail
Ing using large-diameter nails. 
prepropped by H-beams to minimize the 
deformation of nailed wall (a continuous 
rigid concrete facIng Is casted on the 
wall face where the wall Is a permanent 
structure) (TanIguchi et al. , 1992, 

Tateyama, 1992). 

Improved soil diaphragm: In Osaka, Japan, 
a gentle slope of railway embankment made 
of a cohesion less soil supporting seve:ral 
very busy railway tracks was excavated by 
soil nailing to a 4-7 m high and 300 m long 
near-vertical permanent wall (Tateyama et 
aI. , 1992). To keep the defo:rmation of the 
slope to be very small, before the excava
tion proceeded, groups of cement-treated 
soil columns were made by an in-situ mixing 
method from near the crest of the slope as 
illustrated in Fig. B. la. After the full 
height of the cut was excavated while nail
ing the slope and shotcreting the exca
vated slope surface, a 30 em-thick lightly 
steel-reinforced cast-in-place concrete 
layer was constructed on the surface of 
shotcrete lining. Similar excavations were 
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made at Akabane (Fig. 8.1b, Tateyama, 1992) 
and at Rokuzizo in Kyoto (Fig. 8.1c, 
Tateyama, 1992). In the latter two cases, 
as nails, a FRP rod was installed' at the 
center of the 40 cm-diameter ce
ment-treated 'nails' formed by simultane
ous drilling and cement-mixing. This meth
od was adopted considering that the soils 
of most railway embankments are usually 
soft enough for such large-diameter drill
ing, and the pull-out resistance of each 
nail can be increased by increasing the 
nail diameter, therefore, the nail length 
can be reduced. 

Installation of steel H-beams: At 
Ikebukuro in Tokyo, a temporary wall was 
excavated for a new track in a slope of 
intact volcanic ash clay (Kanto loam) 
supporting a busy railway track (Fig. 8.2a, 
Taniguchi et aI. ,  1992, Tateyama, 1992). In 
case the conventional method as shown in 
Fig. 8.2b is used, too long anchorage ex
tending the boundary between the railway 
and the adjacent private property should 
be used. To alleviate this problem and to 
shorten the construction period, the soil 
nailing method using large-diameter 'nails' 
was adopted, while a line of H-beams was 
installed before the excavation proceeded 
to minimize the deformation of the nailed 
wall (Fig. 8.2c). 
For all the cases described above, drilling 
for the nails was executed through the 
pre-propping structure so that it became 
part of the facing a.fter the wal.l was com
pleted. It has been reported for all the 
cases that neither the excavation itself 
nor the pre-propping activities caused any 
delectable damage o r  movement to adjacent 
structures. 

9. SUMMARY AND CONCLUSIONS 

Many of the reinforced soil structures so 
far constructed have a more-or-less defor
mable and flexible faCing, and most of the 
current deSign stability analysis methods 
ignore the effects of facing rigidity. This 
is in accordance with one of the primary 
advantages of reinforced soil structures 
which are widely accepted; namely the fac
ing does not need to support such large 
earth pressure as a conventional retaining 
wall does. It has been discussed in this 
note, however, that methods of soil rein
forCing cannot be best characterized by a 
large reduction in the earth pressure on 
the back face of wall from the Coulomb' s 
active earth pressure. Of course, no doubt 
the most important feature is that the 
thrusting earth pressure is resisted by 
tenSile reinforcement. 
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Many available data from laboratory and 
field tests show that as a facing becomes 
more rigid, the earth pressure acting on 
the back face of facing increases even to 
more than the Coulomb's active earth pres
sure which is activated when the backfil l  
is not reinforced. I t  has also been 
observed that this large earth pressure 
confines the soil immediately behind the 
facing, which decreases the deformation 
and increases the ultimate stability of the 
wall. The local facing rigidity is defined ' 
as the ability of facing to activate a 
sufficiently large earth pressure on the 
back face of facing as required. 

The overall rigidities of facing are classi
fied into the overall axial, shear and 
bending rigidities, which contribute to the 
stability of the wall in different ways. In 
this note, a method to take into account 
the effects of these various facing rigidi
ties in limit equilibrium-based stability 
analyses is suggested. Yet, more research 
is required before the more confident use 
of a continuous rigid facing relying on the 
effects of facing rigidity on the stability 
of wall can be expanded to the wider and 
critical applications. 

It has also been discussed that a large de
gree of flexibility is not necessarily a 
preferable property for completed rein
forced soil structures, although this 
property is required during the 
construction of wall to' accommodate pOSSi
ble large clp.formation of the supporting 
ground so that a deep foundation becomes 
unnecessary. One of the possible compro
mises would be that wallH are made as much 
as flexible during construction, whereas 
they are made stiff enough before opened 
to service. One of the solution would be 
the stage construction by casting in place 
a full-height continuous rigid concrete 
facing on a deformable wall face which has 
been constructed to design full height by 
some measures, for example by the aid of 
gabions placed on the shoulder of each 
soil layer. 

Also for nailed soil retaining structures, 
many of the existing data indicate that a 
nailed wall becomes less deformable and 
more stable as the facing rigidity in
creases. In particular, a nailed wall exca
vated in a cohesion less soil without a 
shotcrete lining is prone to local 
compressional failures in the soil im
mediately behind the exposed wall face. 
When the allowable deformation of the wall 
is very small, for example when a wall is 
supporting structures directly or when a 
wall is in the close proximity of existing 
structures, the wall should be made stiff 



enough by means of a pre-propping method 
before the excavation proceeds, for ex
ample, by constructing a system of im
proved soil columns or by installing mi
cro-piles or steel H-beams immediately be
hind the wall face. 

Both for reinforced and nailed soil struc
tures, whether a rigid facing is to be used 
and the level of facing depend on the al
lowable deformation, the importance, the 
design life time, the required aesthetical 
level, among others, of each structure. 
Namely, for temporary structures which al
low relatively large deformation, a low 
class facing (e.g.,  wrapped-around facings 
or gabion facings for reinforced soil re
taining walls and shotcrete facings for 
nailed soil retaining walls) may be suffi
cient. It will also be the case for such 
permanent structures as constructed in ru
ral areas or for those which are less im
portant in the scale and in the influence 
when failed. For more important permanent 
structures, however, such a higher-level 
facing as discrete concrete panels facings 
used for Terre Armee retaining walls may 
be required, which is more durable, 
aesthetically more pleasing and rigid e
nough to restrain the deformation of wall 
face. In more critical applications such as 
bridge abutments subjected to external 
load close to the wall face, a full-height 
continuous rigid facing may be required to 
ensure their long-term stability and to 
allow only small deformation of the 
structure. 

Finally, it should be pointed out that a 
full-height continuous rigid facing to be 
used for an important permanent reinforced 
or nailed retaining wall can be much sim
pler and lighter than a conventional RC 
retaining wall structure. This is because 
large earth pressure which may be acti
vated on the back face of the · facing is 
supported by many reinforcement layers 
wi th a small span. This is indeed the first 
advantage for soil reinforcing method. 
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