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Experimental study on geotextile-reinforced soil walls with different facings

Y.chﬁ.ai , : 3 B

Public Works Research Institute, Minisiry of Construction, Tsukuba, Japan

N.Fukuda o |

Fukken Co., Ltd, COnsu'lting Engineers, Hiroshima, Japan

ABSTRACT: Since the introduction of the Terre Armee wall, many kind of reinforced soil wall has been adopted
in many cases of construction. To study the behavioral characteristics of geotextile-reinforced soil wall ‘the authors
conducted full-scale failure. experiments; FEM analysis, and experitmental-construction’in the field of gebtextile-
reinforced soil walls with different facings, discrete-concrete panels; concreté blocksand EPS (expanded polystyrol)
blocks, and studied the reinforcing performance and mechanism: As the résults, it was found: that'the' deformation
of'a wall during the construction can be restrained by the gravity resistancé'of its faciig, and'in’the experimenital
construction of the reinforced soil wall in the field, the horizontal displacement of the wall surface was wéll

restrained,

1 INTRODUCTION

Since “the introduction ‘of the Terre Armee -wall
(Vidal;1969), this constfuction method has been
adopted:in many. cases of road construction under
limited availability ‘of lafid‘or in mountainous districts
in Japan, too.. On the other hand, following 'the
invention of a high-tension geogrid in UK. in 1979,
researches.  on  construction  methods  of
geotextile-reinforced soil walls have been pursued in
Japan since 1984 and such méthods have more and
more been adoptedin the field. A cooperative research
on ~geotextile-reinforced 'soil - structures ' had been
conducted artiong the Public- Works Research Institite
(PWRI) of the Ministry of Construction and -private
companies-in Japan for six years since 1985, and a
design and construction manual was published in 1992
(PWRJ, 1992, Onodera e
Geognd ‘Research: h
Yamanouchi published Guidelines for Geogrids 1990.
The Railway Technical Research Institute (RTRI):in
collaboration with Professor F. Tatsuoka developed a:
construction method of g

walls with rigid; cast
-method) and publishe
Tatsuoka, 1992). Tn

ddition, the multiple-anchored

reinforced soil wall has alteady been put to practical
s the growth of the number of
uch methods. Although

use in Japan. Fig. 1 sh
construction " case; ,
geotextile-reinforced Is have been designed by
using the limit equilibrium’iethod.to analyze internal
stability, external stability, eto.; raised from observation
results ‘in the field are views that the current design

method is too conservative:in determining the laying -

specifications of reinforcements and more ecoromical
laying specifications ought to be accepted. On the other

hand, a number of reinforced: soil-structures : -

-et-al., 1992). Besidés, the
‘chaired by Professor T.

, a ;. et.al, 1992), 1993 Kushiro Offshor
eotextile-reinforced retaining
place concréte facings (RRR i
gn manual (RTRI,;1992,-

P
S A

effect” of geotextile-reinforced

- 140 Type of reinforced wall.

‘% 120 . B Geotextile

§ 100n| WRRR

£ goll |- OMultiple-anchored .| ,

o]l B Terre-Armee -

= RS

- H

k= 4v0.,~' AEREIENEHEL E

z 2047
Q& RZZ B HA HA Eis Bl B4 E FUEWEAH A HAEM E T
N 0 WO N+ O O N
&~ 0 B 200,000 &I

Fig.1 Construction records of reinforced soil walls for
road in Japan,

demonstrated excellent performances during recent

+strong earthquakes such as 1989 Loma Prieta (Collin

t.al,, 1992), 1993 Kushiro Offshore (Fukuda et al. ,
1994), 1995 Gréat-Hanshin-Awaji (Tatsuoka et al..

+'1995) ‘etc., notwithstanding the seismic forces beyond

'the design strengths, -~ - .

:Under the circumstances, to grasp all'over again the
reinforcing “échafism with™ considéred of facings'
; wall and the
de_ sign's sake to
|, the authors conducted

-applicability 6f assumptio
actual construction'in the

full-scale failure experiments of reinforced:soil- walls 6

m_high with' different- types of facings (Tajiri et al,,

© 1996), two-dimensional elasto-plastic' FEM  analysis

(Nakane et al,; 1996), and then; taking the results into
consideration, congtructed an experimental reinforced
soil wall '8 'mhigh in"the field to ascertain the
performance (Nakajima et al_; 1996).

—179 —



2 OUTLINE OF PWRI'S DESIGN METHOD

The design method of geotextile-reinforced soil walls
published by the PWRI in 1992 comprises the
following three main steps: internal, external and
overall stability.

2.1 Internal stability analysis

Against the maximum shortage in required resisting
force for the circular-slip safety factor, /s, to be 1.2
when the wall is not reinforced, the distribution of the
reinforcement resisting force is assumed to take a
triangular pattern, as shown in Fig. 2. The slope
gradient, K, is equivalent to the apparent coefficient of
earth pressure. In this relationship, the resisting force
required of the reinforcement in each layer, 7, is
found, and the laying specifications of reinforcements
are determined so that no resisting forces required of
the reinforcements do not exceed their design strength,
74. The vertical spacing between reinforcements shall
be 1.0 m or less. The reinforcements shall be given a
uniform length, with which every reinforcement can
el,gen a pull-out resistance against the critical circular
slip..

2.2 External stability analysis

In the external stability analysis, the reinforced mass
defined by the internal stability analysis is assumed to
be a pseudo-gravity wall and the wall stability is
analyzed from the aspects of direct sliding, overturning,
and bearing capacity under external forces. If
necessary, the laying specifications of the
reinforcements are modified (refer to Fig. 2).

2.3 Overall stability analysis

Following the determination of the reinforcement-

Distribution of required resisting force

* (a) Intérnal and overall stability

Fig.2 Failure modes of PWRI's design method: <= = - SR

al stability

Slip circle for
_ overall ‘stability
Arable’ resisitifng{ force

“Geotextiles

laying specifications through the above analyses, it is
checked whether or not the safety factor against the
circular slip, of which the surface goes through the
foundation ground, /s = 1.2 or more. Furthermore, the
foundation ground is investigated for the likelihood of
settlement or differential settlemént and, if necessary,
an appropriate stabilization treatment is carried out.

Table 1 shows the safety checking criteria for the
above analyses. The design method described above
does not take account of the effect of facings for the
stability. :

Table 1 Safety checking criteria of PWRI's Method.

Condition Ordinary  Seismic
Slip failure Fe21.2 [5e21.0
External Direct sliding  Fu21.5  Fuex1.2
stability ~Overturning = |e|<L/6 le|sL/3
Bearing capacity F23.0 . [4.22.0
Internal  Tension failure  TregsTh  Tregs ATy
stability  pull-out failure  Fip22.0  Fiex1.2

3 FULL-SCALE FAILURE EXPERIMENTS

To evaluate the contribution of reinforcements to the
stability of reinforced soil walls with rigid facings, three
vertical reinforced soil walls 6.0 m high and 4.7 m wide
with different types of facings were constructed and
then each wall was caused to collapse by cutting the
reinforcements, measurement of various data taken
during the process.

3.1 Outlines of experiments

The laying specifications of the main reinforcements of
the walls subjected to thgﬁ,experiment were determined,
the factor of safety against circular. slip of the intérnal
stability .under the ordinary conditions set at. 1.2 in

» Reinforced
-zone

(b-1) Direct sliding

¥ —

' '“1".':(b*B)‘Béaﬁngw* ', G
() External stability

I

s
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Fig. 3 Cross section of full scale failure experiments (H = 6 m).

accordance with the PWRI's design manual which does
not take into account of the effect of facings. The
factor of safety against circular slip of the total stability
(F:) turned out to be 1.32. The resultant laying
specifications of the main reinforcements (Geogrid of
type SR-55, Ty = 56.4 kN/m, Ty = 29.4 kN/m) were as
follows: length 3.5 m; number of layers, 6; vertical
spacing, 1.0 m. On the other hand, the proPenles of the
backfill were unit weight y, = 16.0 kN/m’, cohesion ¢’

= 0.0 and internal friction angle of ¢'= 39.4" . Used as
the facing materials were expanded polystyrene (EPS)
blocks (width 1.0'm x height 0.5 m x depth 0.5 m),

- concrete panels (1.5 m x 1.0 m x 0.18 m) and concrete
blocks (1.0 m x 0.5 m x 0.35 m). Besides, in case of
the block-type facings, additional short reinforcements,

1.0 m long and of the same material with the main
remforcements were laid for the blocks not connected
to the main remforcements to secure the safety during
the construction and prevent such blocks from being
pushed out. In case of the panel-type facmg, the front
of the panels was supported by a timbering during
construction to prevent -the deformation. After the
completion of backﬁllmg, the timbering was removed
to turn the full-height panel wall into a discrete panel
wall.

Fig. 3 shows the arrangeraent of various measuring
instruments of the walls. The numbers and arrows
indicated in the figure represent the cutting points of
the reinforcements and the cutting order. Cutting was
conducted point by point and from the rear to the front
by turning on electricity. through Nichrome wires
wound in advance on the reinforcements.

3.2 Fuailire condition

I “casé of “the BB block wall, No. 48 in an 3
indicates the last cutting point and after the cutting at

this point, the failure of this wall took place creepingly.

In case of the concrete-panel and concrete-block walls,

No. 44 and No. 60 represent the last cutting points,

respectively, and both the walls collapsed
instantaneously after the cutting at these points (refer
to Photo 1).

Photo 1 Situation after failure of failure experiment:
concrete-panel wall (H = 6 m).
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3.3 Wall-surface horizontal displacement = (a) Before cutting —O~ EPS block

o : ~0- Concrete pancl
Fig. 4 shows the wall-surface horizontal displacements & i (Discrete-panel-wall)
after the completion of backfilling and immediately Z 100l : ~4-- Conerete block
before the failure of the walls. In either case of the < Self-weight of concrete blocks
EPS-block and concrete-block walls, the maximum S A , 0 B K
displacement appeared in the middle-height portion, 9 v o =135 e
unlike walls withylow-n‘gidity facings which show the g 200 ‘x ‘ Overburden prossure of embank mant
maximum displacements in their 1/3-height portion. 2 ] i g =100 k{x)um 2
The displacements of the EPS-block wall were larger LI heA Y
than those of the concrete-block wall, demonstrating A 100k i g O Aazin SO >\
that facings of high overall axial rigidity. but of light /g T £0
weight have small effect of restraining the deformation & Self-weight of EPS blocks 4
of walls. On the other hand, in case of the concrete- 0 =l4kNm
panel wall, the alignment at the joints between panels 0 0 N 2 3 4
was disturbed, indicating the importance of the joints : :
between panels. - 400 (b) Immediately before failure” block }

o i ~O— EPS block

] oo : ~C3- Concrete panel
3.4 Subgrade reaction g %0 gg;:;"gh'=‘}gg°£§'/f:z- ., Qiserete-pancl-uall

. S e i o = 1 Self-weight of concrete
Fig. 5 shows the distribution of subgrade reactions in 8 i panels ¢ =135 kKN/m °
the bottom of the embankment and at the bottom of the § 200L.2 ,i ,,,,,,,,, o
facing of each wall, In the bottom of the embankment ° \ Overburden pressure of embankment
of every wall, the subgrade reactions measured, though §) g =100 kN/m
there was some dispersion among them, were roughly 3 e ’fg‘-\,\'
equivalent to the overburden pressure Of the & 10005 e
' s A i A ™~ N

embankment. At the bottom of the facing of every wall, : Lo o iva
howevet, a reaction considerably larger than the dead S‘“‘”:T'ghl‘dgf EES blocks
weight of the facing was observed through the period obmge. Lo A -
from the completion of construction to immediately 0 1 2 3 4

before the wall's failure. This subgrade reaction Distance from front face of the wall (m)

phenomenon under the facings can be considered as a

characteristic of reinforced soil walls with rigid facings.  Fig.5 Distribution of subgrade reactions of full scale
failure experiments (H = 6 m). ‘
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3.5 Maximum tensile forces on reinforcements

Fig. 6 shows the distribution of the maximum tensile
forces working on the reinforcements of each wall. In
the upper areas of all the walls the measured values
were close to the design values, whereas the lower
areas showed a trend of the former values being
considerably smaller than the latter values. As
mentioned earlier, additional short reinforcements (L
=1.0 m) were laid between main ones in case of
thewalls with block-type facings. Though the
demonstrational figure is omitted, the strains in the
additional short reinforcements increased in proportion
to the earthcovering, or overburden, indicating that
working on them were tensile forces of the same levels
as those working on the main reinforcements and hence
they were largely contributing to the stability of the
walls.

4 FEM ANALYSIS

To analyze the performance of geotextile-reinforced
soil wall, a simulation by FEM was performed on the
wall with concrete-block facing described in Section 3,
and the analytical results were compared with the
experimental results.

4.1 Conditions for analysis

Fig. 7 showS the section of the analytical model of a

reinforced soil wall. The foundation assumed to have
enough bearing capacity was not modelled. The backfill
was modelled as a bilinear, elasto-plastic body, which
the Mohr-Coulomb's yield criterion was applied to. The

reinforcements were represented by elastic bar models.
Besides, joint elements of non-linear models were
arranged on the upper and lower surfaces of the
reinforcements, on the back of the facing, and between
blocks. Table 2 shows the material properties used in
the analysis.

Wall facing Reinforcement
|4 il
<1
|
= I<H
3 [Backfill
<11
l
KA AT !

” 6.0m e

Fig. 7 Analytical model of concrete-block wall.

Table 2 Material properties for FEM analysis.
(a) Back fill

Young's modulus £ (kN/m?) 9.8x10°
Poisson's ratio v 0.33
Cohesion ¢’ (kIN/m?) . 9.8x10%2
Internal friction angle ¢' (") 39.4 '
Unit weight ¥, (kN/m?) 16.7

(b) Block type facing

Young's modulus £ (kN/m?) 9.8x10°

Poisson's ratio v . 0.30

Unit weight y (kN/m?) 22.5

(c) Reinforcement

Young's modulus [ (kN/m?) 2.65x10¢

Sectional area 4 (m?) 3.71x10*

Extentional rigidity £4 (kN) 9.8x 102

(d) Joint element '

' Soil-  Soil- Between

‘ Geogrid  Facing blocks

Shearing rigidity 4 -

VK’. (ll(N/“g) 1.00x10* 4.90%10° 4.90x10?
ertical rigidity 10 10 t
lg" (kN/m?) 1.0x10 1.0x10 1.0x10

Cohesion

Internal friction 2.0° 165" 19.6°

angle ¢' (")

4.2 Results of analysis

Fig. 8 shows the re‘sukltyé of comparison between the
measured values and calculated onés for the wall-
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Fig. 8 Comparison of results of experiment and
numerical analysis.

surface horizontal displacements, reinforcements
strains, normal earth pressures on the back of the
facing, and subgrade reactions. It can be observed from
this figure that they are close to each other and, hence,
calculated values obtained with this analytical method
well represent experimental results qualitatively and
quantitatively. In particular as for probiems where the
design safety factors are high enough and the advent of
plastic areas in the elasto-plastic analyses has small
effects upon the results, the analytical precision ¢an be
assured, though the separate problem of how to set
various material properties has to be addressed

properly.

5 FIELD EXPERIMENT
5.1 OQOutline of construction

An experimental geotextile-reinforced vertical soil wall
8 m high with a facing consisting of large-sized
concrete biocks (dry masonry) was constructed, and its
stability during the construction, long-term stability,
and relative constructional difficulty weré studied based
on the results of the measurement and observation
during and after the construction. o

Fig. 9 shows the section of the reinforced soil wall.
The arrangement of the reinforcements, 6 m long and
in 11 layers, was determined based on calculation
results with several design methods taking account of
the effect of facings. The factor of safety against
circular slip of the general stability was 1.0 under either
of the ordinary and seismic conditions. As in the case
of the wall subjected to the failure experiment,
additional short reiriforcéments’ 1.0 m long were

g 10m

p& - Overloaded cmbankment _ 98KN/mE__ 1 3
Crushed stone) <
J 7 ./ =N
AH4 Filling material
A
as 7 =18 6KN/m'
o $=29 -
24 . c=ON/ME b
¥ g
g|Concretepsg 5 ;
Plblocks E4¥e—~ Additional short reinforcement (SRSS 1=1m) 35
7 ‘Drainage material c.l.c 2 m
WAl
. w4
& ———Crushed stone 5
P 0. 3m Main-reinforcement” - 2}
. (SRSS 1=6m) )
X _ i |

N o2 1 f AR e e e S

Bascconcrots < Perforated drainpipe W Replacement b
=o2m (VP § 100mm) (Crushed stone) &

Fig. 9 Cross-section of the field experiment (/=8 m).

provided to the blocks not connected to the main
reinforcements. Base concrete 20 ¢m thick was cast
under the facing, and foot protection concrete, in front
of the bottom blocks. Concrete blocks used here were
the same specifications with those used in the failure
experiment walls (H=6 m). The spreading thickness
after compaction was 25 cm, and the control threshold
value of the degree of compaction was 90%. The load
of 9.8 kN/m? was applied on the wall, its top surface
assumed to be a road surface. Photo 2 shows the
overall view of the wall completed.

5.2 Displacement of wall surface

Fig. 10 shows the displacements of the wall surface
measured during and after the construction.
Immediately after the construction, the maximum
horizontal displacement was approximately 65 mm and
the wall surface was in a bulgy shape, the middle-height
portion being most prominent, This observation result
agreed with the results described in Sections 3 and 4.
This phenomenon is a ﬁ:pqracteristic of walls with high-
rigidity facings. The displacements immediately after
the construction can be considered small enough.
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Fig. 10 Horizontal displacements of the wall (H= 8 m).

However, since the overhanging mars the scene and
affects the sense of security, it would be preferable to
give the wall surface a small lean toward the backfill.
Around 100 days after the construction and thereafter,
the wall's deformation slowed down considerably and
it seemed almost settled.

5.3 Strains of reinforcements

Fig. 11 shows the di_stributions of the strains in the
reinforcements immediately after the construction and
168 days after the construction. The maximum strain in

o e ————

8-Apr .(Completion of tilling)

H=7.65

'

H=3.65
H=3.15

Hz=1.65

H=0.65

Ez
3
Su?amo(%)

Fig. 11 Strain distribution of reinforcements.

every reinforcement was located in the immediate
vicinity of the facing. This pattern is typical of the
distributions of strains in reinforcements of a wall with
high-rigidity facing. At the completion of construction,
the maximum strain was approximately 1% (8.8 kN/m
in terms of tensile force), which was smaller than the
design strength. Thus, from the viewpoint of stability,
the construction of the wall was completed without any
problems. Meanwhile, strains of the same levels with
those in the main reinforcements were observed in the
additional short reinforcements, too.

5.4 Subgrade reaction

Fig. 12 shows the distributions of subgrade reactions
during the construction, at the completion of
construction, and 168 days after the completion of
construction. Behind the facing values corresponding
to, or less than, the overburden pressures were
recorded, and under the facing large values exceeding
the dead weight of the facing were recorded, which
agrees with the study results described in Sections 3
and 4.
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
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OF L sarioadof b |
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- the facing blocks 1
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40 - -
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Fig. 12 Distribution of subgrade reactions of field
experiment (/= 8 m).

6 CONCLUSION

To study the behavioral characteristics of
geotextile-reinforced soil walls with different types of
facings and their reinforcing mechanisms, full-scale
failure experiments of walls 6 m high and FEM
analyses of the block-facing type wall 6 m high were
condudted. Then, an 8 m-high, experimental wall was
constructed in the field and its deformation behavior
was observed. Their results are as follows:

(1) The full-height-panel facing and the concrete-
and EPS$-block facings, which have high overall axial,
overall shear, and overall bending rigidities, effectively
restrained the horizontal displacement of the wall
surfaces. The wall with discrete-panel facing, which has
no bending rigidity, presented larger displacement than
that of the wall with full-height-panel facing. The EPS
block facing, possessing no gravity resistance, showed



a lil;nited effect of restraining the deformation of the
wall.

(2) In either case of the walls with concrete- and
EPS-block facings, the deformation of the wall surface
occurred in a bulgy shape, the middle-height portion
being most prominent, whereas the wall with
concrete-panel facing showed a trend that its surface
slant§ forward with a fairly constant gradient through
its height, the bottom of the facing being the center of
the rotation of the wall surface. This trend was
observed under the condition that the bottom of the
panel facing is fixed to the foundation ground. If this
condition is not met, the wall surface will present
different deformation behavior.

(3) In the full-scale failure experiments, any of the
walls  with  concrete-block, EPS-block, and
discrete-panel facings showed that working on the
reinforcements in the upper layers were the tensile

- forces roughly equivalent to the design values, whereas
in the lower layers the measured values fell below the
design values. In case of the wall with full-height-panel
facmg ‘W.h‘l.cfil ,possesses overall axial and overall
bending rigidities, tensile forces of the order of 1/2 of
the design values were recorded through its height,
whereas the tensile forces increased when the wall was
turned into an wall with discrete-panel facing to make
its displacement larger. ,

(4) Mobilized in the 1 m-long, additional short
reinforcements used in the walls with concrete-block
and EPS-block facings were tensile forces equivalent to
those mobilized in the main reinforcements,
demonstrating that they were contributing to the
stability in the vicinity of the wall surface.

(5) In the bottom of the backfill of every wall type,
the subgrade reaction was roughly equivalent to the
overburden pressure. On the other hand, at the bottom
of the facing, the subgrade reaction was larger than the
dead weight of the facing. This distribution pattern is
much different from the trapezoidal distribution pattern
in case that the reinforced backfill is assumed to be a
pseudo-gravity retaining wall. This phenomenon was
observed in the full-scale failure experiments, the FEM
analysis, and the experimental construction in the field.

(6) The wall experimentally constructed in the field
was designed in the critical condition, given the factor
of safety of 1.0. However, the tensile forces recorded
were smaller than the design values, and although the
deformation during the construction advanced a little
due in part to the settlement of the foundation ground,
the wall demonstrated enough stability.

The above results disagree with the assumptions
madé in the current design method based on the lirit
equilibrium method.  Accordingly, the authors’ will
proceed with their study to develop a new design and

construction method.
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