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USE OF COMPRESSIBLE EXPANDED POLYSTYRENE BLOCKS AND GEOGRIDS
FOR RETAINING WALL STRUCTURES

Yosumichr TsukamoTtoD, Kenit Isuisara?, Hirorite Koni) and TAKAYUKI MASuoY)

ABSTRACT

The use of a compresstble layer such as expanded polystyrene blocks behind a rigid retaining wall and geogrid layers
embedded in a dense granular backfill is examined as a reinforcement technique for retaining wall structures. The
mobile model retaining walls adjacent to reinforced model specimens are subjected to different surcharge pressures,
and are caused to move laterally to measure the lateral earth pressure during the wall movement. The coefficients of
earth pressure at rest and active earth pressure are carefully inferred from test results. Three series of tests are conduct-
ed; one test series with expanded polystyrene blocks installed behind the wall, another with geogrid layers embedded
within model specimens, and the last series with expanded polystyrene blocks installed behind the wall and geogrid lay-
ers fixed between two adjacent expanded polystyrene blocks and embedded within model specimens. The reductions in
the earth pressure at rest and the active carth pressure due to various patterns of reinforcement are interpreted in rela-
tion to the concept of controlled vielding of compressible expanded polystyrene blocks, tensile strains induced along
geogrid layers, fixity between expanded polystyrene blocks and geogrid layers, and a facing unit consisting of expanded
polystyrene blocks.
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wall. Karpurapu and Bathurst (1992) examined the effects
INTRODUCTION of a compressible layer behind a rigid wall on lateral earth

Lightweight expanded polystyrene (EPS) blocks have  pressure by employing an FEM analysis, and the concept
become widely used to improve the stability of earth of controlled yielding was introduced. Suppose the
structures in a variety of manners. They are employed for  retaining wall structure comprising a rigid wall and a
instance to improve the bearing capacity of soft soil compressible geosynthetic layer is subjected to lateral
foundations for the construction of embankments and earth pressures from backfill materials, while the rigid
temporary roads, to increase the stability of retaining  wall is kept stationary. Earth pressure causes lateral com-
wall structures and steep slopes, and to climinate over-  pression of the geosynthetic layer. However, the soil
burden pressures on underground structures when In-  behind the wall structure is in turn subjected to lateral ex-
stalled as backfill materials. pansion in proportion to the lateral compression of the

In retaining wall structures, reinforcement by means of  geosynthetic layer, and therefore is caused to deform
geogrids is frequently employed. They are installed in  plastically towards an active stress state condition. This
several layers within backfill materials, and are some- phenomenon is characterized by the interference between
times tied or untied to the wall structures. It has also the increase in the compressive stress on the geosythetic
become known that the inclusion of a compressible ge-  layer and the reduction in the lateral earth pressure exert-
osynthetic layer immediately behind a rigid retaining wall  ed by the soil.
leads to the reduction of lateral earth pressure, whereby In this study, multiple series of tests are carried out on
the retaining wall structure can gain more internal stabil- model retaining walls with compressible expanded poly-
ity. This construction techmique was successfully styrene blocks installed immediately behind the walls, on
employed in the field and reported by Partos and  walls with geogrid layers embedded within backfills but
Kazaniwsky (1987) among others, in which a prefabri- not tied to the walls, and on walls reinforced not only
cated expanded polystyrene bead drainage board was with expanded polystyrene blocks but also with geogrid
used for the construction of a 10 metres high basement layers.
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EXPERIMENTAL DETAILS

Test Apparatus

Figure 1 shows the elevation and plan views of the test
apparatus used in this study. This apparatus is made up
of a model soil container, a mobile model retaining wall,
wall displacement actuators, a surcharge loading unit,
and a data acquisition system.

The model soil container is 1.5 m in width, 1.5 m in
length and 1.05 m in height. All the model specimens in-
cluding expanded polystyrene blocks and geogrid layers
are prepared in this container. One of the walls located at
the front, 1.5 m in width and 1.05 m in height, constitutes
a mobile retaining wall motor-driven by the four combi-
nations of motor and actuator units, by which to produce
a smooth translational horizontal displacement of the
wall. Herein, the translational displacement represents a
wall movement with the orientation of the wall always
standing perpendicular to the floor. On the mobile retain-
ing wall located 0.3 m apart and 0.45 m above the floor
are two pressure cells, by which to measure lateral earth
pressures on the mobile retaining wall. The face of the
pressure cells is 85 mm in diameter. These pressure cells
are capable of measuring a pressure of up to 980 kPa,
and constitute a diaphragm on which strain gauges are at-
tached. The lateral earth pressure reported in this study is
calculated as the average reading of these two pressure
cells, and the wall displacement is measured by a dial
gauge attached to the mobile retaining wall. On top of the
mode! soil container is a surcharge-loading unit consist-

Table 1. Material properties of geogrids

=
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Strain at failure, &, (%} {at 1% /minute)
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58.8 ] 29.4

Rupture strength (kN/m)

ing of an inflatable rubber mattress and a rigid lid. When
the model specimen is prepared in the model container,
the rubber mattress is installed on the top surface of the
model specimen, and the model container is closed by
tightly fixing the rigid lid to it. The rubber mattress is then
air-inflated vsing the unit of an air-compressor and a
regulator located outside of the model container, and
produces a surcharge pressure on the model specimen. All
the voltage outputs from the pressure cells, the dial
gauge, and the strain gauges for geogrid layers are record-
ed and stored in data files on a personal computer.

Soil and Reinforcement Materials

In this study, one granular soil, one type of expanded
polystyrene material, and two types of geogrids are used
to prepare model specimens.

Toyoura sand is used as a model gramular backfill in
this study, which is classified as poorly graded clean fine
sand with no fines of less than 0.075 mm particle di-
ameter. The physical properties of this sand are as fol-
lows; specific pravity G,=2.65, mean particle diameter
Ds=0.19 mm, uniformity coefficient U.=1.70, maxi-
mum void ratio em,, = 0.988, minimum void ratio e, =
0.616.

In industrial applications, a variety of types of expand-
ed polystyrene materials are available. The physical prop-
erties of the expanded polystyrene used in this study are
as follows; mass /unit volume =25 kg /m’, allowable com-
pressible strength=70kPa, Young’s modufus under
triaxial compression at a confining pressure of 10 kPa=
2.5x10% kPa, and Poisson’s ratio=0.13. A large block
of the cxpanded polystyrene material is provided and
reduced to smailer blocks 1.0 m in width and 0.15m in
height. The length of the expanded polystyrene blocks,
L., is varied from 0.1 m to 0.4 m according to the test
conditions of each test.

Two types of geogrids are used in this study, and the
physical properties are shown in Table 1. Some of the
most important properties of geogrids under working
stress conditions might be the secant tensile stiffness and
aperture sizes. The difference in the tensile stiffness di-
rectly leads to a difference in the tensile shear stress in-
duced along the geogrid layers, which subsequently con-
tributes to a reduction in the lateral earth pressure on the
wall. On the other hand, the aperture sizes, i.e. opening,
determine the ratio of soil-against-soil contact area and
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soil-against-geogrid contact area at the interface between
geogrid layers and backfill materials, and therefore
govern the dilative characteristics of the soil backfill,
which subsequently alfects the development of interface
shear stresses between geogrid layers and backfill materi-
als.

Test Procedures

In order to eliminate friction between model specimens
and the walls of the model container, lubricant and vinyl
sheets are used in this study, A silicon grease product is
first applied to the entire surface of the walls. A vinyl
sheet is then placed to cover each surface of the walls.
The silicon grease is again applied and another set of
vinyl sheets is placed. This technique to reduce friction is
supported by Tatsuoka and Haibara (1985). They exam-
ined the shear resistance betwegen Toyoura sand and
smooth or lubricated surfaces, and demonstrated that the
interface layers of the silicon grease, Teflon sheet, silicon
grease and Teflon sheet reduce the interface friction angle
to about 0.7° for a mean vertical stress of 30 kPa. There-
fore, since the interface layers consisting of the silicon
grease product and vinyl sheets used in this study are
similar in style and in property to those examined by
Tatsuoka and Haibara (1985), the interface friction angle
between Toyoura sand and the walls of the model con-
tainer in this study is considered to be negligibly small.

The model specimen is then prepared in the maodel
container. Typically, soil lavers of 0.15 m in height are
placed on the floor and then on the top surface of the
model specimen, before being tamped equally 10 achieve
a designed relative density of D, =75%. To monitor the
soil density of each layer, a pair of cylindrically shaped
small containers are placed on the top surface each time
before pouring another laver of the soil material into the
model container. These containers are pulled out and
weighed to calculate the density of the model specimen.
The expanded polystyrene blocks and geogrid layers are
installed where necessary to produce the model configura-
tion designed for each test. Care is especially taken be-
tween the expanded polystyrene blocks and the mobile
retaining wall, where a thin laver of the soil materials is
placed to avoid separation and to maintain contact be-
tween the expanded polystyrene blocks and the mobile
retaining wall, which otherwise leads to erronecous meas-
urement of lateral earth pressure.

When the entire model specimen is prepared, the rub-
ber mattress is placed on the final top surface of the
model specimen, and the model container is closed by the
rigid lid. The rubber mattress is then air-inflated to apply
a designed surcharge pressure to the model specimen. The
following sequence of the surcharge pressure applications
and wall movement ts adopted in each test.

{1) The surcharge pressure is gradually increased at a
rate of 10 kPa/min to achieve a prescribed sur-
charge pressure, q..

(2) The mobile retaining wall is activated 1o move
laterally away from the model specimen at a rate of
0.05 mm/min, until the active stress state condition

is achieved, (typically at a wall displacement of

4 mm).
(3) The surcharge pressure is gradually reduced.
(4) The mobile retaining wall is activated to move back

to the original position at a rate of 0.15 mm/min.
The above procedure is repeated on the same model
specimen under three different surcharge pressures, .,
designed for each test. Since three cycles of surcharge
loading, wall movement away from the soil specimen,
surcharge unloading and wall movement back to the
original position are employed on each model specimen,
there can be some effects of the stress history on the meas-
ured data of earth pressures. However, it is believed in
this study that the effects of stress history are minimal,
since the wall movements towards the model retaining
wall in between the successive cycles take place without
surcharge pressures on top of the model specimen, and
also a greater surcharge pressure is applied on the model
specimen during a laiter cycle than in previous cycles,
which in turn could effectively eliminate the influence of
stress history.

USE OF EXPANDED POLYSTYRENE BLOCKS
BEHIND THE WALL

Figure 2 shows the installation patterns of the expand-
ed polystyrene blocks adopted in test series A. In this test
series, only the expanded polystyrene blocks are installed
in the model specimens. In pattern E-1, which is adopted
in tests A-1 to A-4, four pieces of the expanded polysty-
rene blocks are installed vertically behind the wall;
however, the length of the expanded polystyrene blocks,
L., isvaried as 0.1, 0.2, 0.3 and 0.4 m in tests A-1 io A-4,
respectively. In pattern E-2, which is adopted in test A-S,
ten pieces of the expanded polystyrene blocks are in-
stalled in a step-like shape, and the lengih of the expand-
ed polvstyrene blocks, L., is fixed to 0.2 m. The details of
test series A are summarized in Table 2, in which test O
corresponds to an unreinforced model specimen, as was
originally reported by Tsukamoto et al. (1999).

Figure 3 shows the stress path in the p-g plot for test
A-1, where p={(o,+ on)/2, g=(0.— 61)/2, &, s the over-
burden stress at the depth of the earth pressure cells, and
oy, is the lateral earth pressure on the mobile rctaining
wall. 1t is informative and comprehensive to observe the
stress path in the p-g plot. The siress point moves in a
right-upward direction during surcharge loading, and
reaches an at rest condition located on the K_ line. During
the wall movement away from the model specimen, the
stress point moves in a left-upward direction, and reaches
an active stress state condition located on the K, line. The
stress point then moves in a left-downward direction dur-
ing surcharge unloading, and finally moves in a right-
downward direction during the wall movement back to
the original position. Under three different surcharge
pressures, the stress path experiences three different at
rest conditions as well as three different active stress state
conditions. By drawing up the straight lines on these
three siress points based on the principle of the least
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Table 2. Details of test series A and K, and K, values inferred from p-g plots

EPS blocks \ '-
Test D, (%) : - : g, (kPa) | K, K, | Remarks
L, (m) | Installation pattern | |
PO R [ S | | R .
0 15 | — unreinforced backfill 100, 200, 300 0.395 0.114 after Tsukamoto et al. (1999)
Al | 75 | ol | Pattern E-1 | 100, 150, 200 0.371 0.119 —
= (I N Mialhk i { —
Az | 75 0.2 | Pattern E-1 100, 150, 200 0.350 0.112 -
A3 : 75 0.3 Pattern E-1 | 100,150,200 | 0.227 0.104 e
U — S e L e B P e g e e ! !
A4 75 0.4 Pattern E-1 100, 150, 200 | 0.080 0.014 —
e L R T = ! ! — i S e
AS | 75 | 02 Pattern E-2 | 100, 150, 200 0.055 | 0.007 —
. . I i e e g i~ il ™ s 5 . il - | — | | gl iy, i o . i -

squares method, the coefficient of earth pressure at rest,

K., and the coefficient of active earth pressure, K,, can be 9\ pr = 1-K, g\ _,  1-K @)
. . . - - y a
inferred from the following equations, 14K, a 1+ K,
. Ono _Oha ) where Gy, and gy, are the lateral stresses at rest and at an
Ko="—, Ku= () active stress state on the mobile retaining wall, and M,

Gv Oy
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and M, are the inclinations of the K, line and X, line in
the p-g plot, respectively. The K, and K, values thus
inferred from the p-g plots are also shown in Table 2.
Figure 4 shows typical test results of K-d curves for test
series A, where K is the coefficient of earth pressure and d
is the wall displacement away from the model specimens.
In this diagram, the curves under the surcharge pressure
g, of 100 kPa for tests A-2, A-3 and A-4 are shown. The
K, and K, values inferred from the p-g plot for each test
are also shown. It is seen that the wall displacement
nécessary to move from the at rest to active stress state
condition is typically about 4 mm. Figure 5 summarizes
the X, and X, values inferred from the p-g plots plotted
against the length of the expanded polystyrene blocks, L.,
employed in the tests. The data for Z.=0m correspond
to the results of test O for the unreinforced model speci-
men, It is seen that the K, value gradually reduces as the
length of the expanded polystyrene blocks, L., increases,
while the K, value stays constant at L.=0m up to 0.3 m;
then these two values suddenly decrease at L,=0.4m. In
test A-S, the K, and K, values become even lower than in
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for unreinforced backfill
Ko : coefficient of earth pressure at rest

for backfill with EPS blocks
AL : compression of EPS blocks

Fig. 6. Interpretation of controlied yielding

tests A-1 to A-4. The definition of the line, K=K, is ex-
plained later in this section.

It transpires that the inclusion of the expanded polysty-
rene blocks of up to 0.3 m in length scarcely affects the
active earth pressure. Hence, it appears that only when
the length of the expanded polystyrene blocks exceeds
0.4m do the underweight expanded polystyrene blocks
play a role in reducing the active earth pressure, in such a
way that the solid underweight expanded polystyrene
blocks replace part of the granular backfill behind the
wall, which would have otherwise existed and caused
plastic flow during the wall movement. It is evident that
the active earth pressure for test A-S is the lowest among
test series A, since the solid underweight expanded poly-
styrene blocks wholly replace the granular backfill which
would have otherwise caused plastic flow behind the wall.

On the other hand, the reduction in the earth pressure
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Fig. 7. Evaluation of reduction of earth pressure at rest due to con-
trolled yielding

at rest with increasing length of expanded polystyrene
blocks can be explained by the concept of controlled
yielding, which was iniroduced by Karpurapu and
Bathurst (1992). Herein, the role of compressible under-
weight expanded polystyrene blocks behind a rigid wall in
the reduced earth pressure on the wall can be twofold, the
controlled yielding resulting from compressibility of ex-
panded polystyrene blocks and the reduced overburden
pressure resulting from underweight expanded polysty-
rene blocks. It is stipulated in this study that under such
higher confining pressures as conducted in the test series
reported in this study, the role of controlled yielding due
to compressibility of expanded polystyrene blocks
becomes more predominant than the role of reduced
overburden pressures due to underweight expanded poly-
styrene blocks. However, when the confining pressures
were lower, the role of reduced overburden pressures due
to underweight expanded polystyrene blocks would
become more significant. Figure 6 demonstrates the inter-
pretation of a controlled yielding concept with regard to
the K-d curve of the retaining wall. Suppose the earth
pressure at rest acting on a rigid wall is assumed to be X;.
When a compressible layer such as expanded polystyrene
blocks is installed behind the rigid retaining wall, the ex-
panded polystyrene blocks are subjected to lateral com-
pression. The soil adjacent to them is in turn caused to
laterally expand in proportion to the lateral compression
of the expanded polystyrene blocks, AL, and therefore
the earth pressure decreases from K; 1o K., as illustrated
in Fig. 6. It is considered that the X, value demonstrated

above is determined by the interference between the in-
crease in the compressive stress on the expanded polysty-
rene blocks and the reduction in the lateral earth pressure
exerted by the soil, i.e. nominally (K, — K,0) X &y Similar
to the reduction of the active earth pressure shown in Fig.
5, it is conceivable that the earth pressure at rest sig-
nificantly reduces due to the inclusion of underweight ex-
panded polystyrene blocks of more than 0.4 m in length.
The verification of the occurrence of controlled yielding
in this study is illustrated in Fig. 7. As shown in the upper
diagram, to obtain an initial estimate of the compressive
displacement AL of a compressible layer such as expand-
ed polystyrene blocks behind the wall, the following equ-
ation might be useful, which assumes an elastic deforma-
tion under a plane strain condition,

AL=¢,x L., 3
_1+v

&y E

{(1 —V)Uh_VO'v}=1;,1fgv{(I_V)KD_V}; (4)
where g,, E, and v are the lateral strain, Young’s modu-
lus, and Poisson’s ratio of the cxpanded polystyrene
blocks. Herein, the relation between K, and AL is sensi-
tive to the values of £ and v. Assuming in Fig. 7 that the
elastic modulus of the expanded polystyrene E is related
to the square root of the confining stress, and a, of about
80 kPa is expected under o, of 200 kPa, and since the
modulus £ at a confining pressure of 10kPa is 2.5 %
10* kPa, as described above, it is assumed that E=2.5x
10* % ,/80/10 kPa. Equation (4) implies that it is only
when K,>K.=v/(1—v) that compressive strain occurs;
otherwise extensional strain occurs. The lower diagram
of Fig. 7 shows the K-d curves for the unreinforced model
specimen, from which the reduced earth pressure at rest
due to controlled vielding can be inferred, based on the
compressive displacement 4L obtained in the upper dia
gram. The K, values thus inferred are 0.354 and 0.340 for
tests A-1 and A-2, respectively, in comparison to the K,
values of 0.371 and 0.350, which are experimentally ob-
served as shown in Table 2. 1t is also found that the con-
cept of controlled yielding is applicable only for expand-
ed polystyrene blocks of up to 20 ¢m in length.

USE OF GEOGRIDS WITHIN THE BACKFILL

Figure 8 shows the geogrid reinforcement patterns
adopted in test series B. In this test series, only the ge-
ogrid layers are embedded within the model specimens,
and are not tied to the back face of the medel retaining
wall. There are two types of geogrid, A and B, used in test
series B. In pattern G-1, which is adopted in tests B-1, B-2
and B-4, three layers of the geogrid are embedded to a
full length of the model container. In pattern -2, which
is adopted in tests B-3 and B-5, three layers of the geogrid
are embedded at the same depths as in pattern A, but
only, to half a length of the model container. Pattern
G-3, which is adopted in test B-6, is similar to patterns
G-1 and G-2 but with three layers of the geogrid embed-
ded to one third of a full length of the model container.
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Patterns G-4 and (3-5, which are adopted in tests B-7 and
B-8, respectively, also contain three layers of the geogrid
embedded to a full length of the model centainer;
however the depths of embedment are different from
those for patterns G-1 to G-3. Patterns G-4 and G-5 are
especially designed to make a comparison with the results
from test series C, which used the expanded polystyrene
blocks as well as the geogrid. The details of test series B
are summarized in Table 3. It should be noted that some
of the test results, 1.e. tests B-1, B-3, B-4 and B-7, were

N.B. View from side wall
(e) Pattern G-5 (adopted in test B-8)

Geogrid reinforcement patterns in side view, (Test series B)

originally reported by Tsukamoto et al. (1999, 2001).
Figure 9 shows the stress path in the p-g plot for test
B-7. Test series B is found to experience stress paths simi-
lar to test series A, and allow K, and K| lines to be drawn
in the p-g plots. The K, and K, values thus inferred from
the p-g plots, based on Egs. (1) and (2), are also indicated
in Table 3. Figure 10 shows the K, and K, values plotted
against the test code, i.e. O, B-1 to B-8. The earth pres-
sures at rest for geogrid reinforced model specimens ap-
pear to be the same as that for the unreinforced model
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Fig. 9. Stress path in p-g plot, (Test B-7)

specimen and to stay almost constant, except for errone-
ously higher values exhibited by some data. On the other
hand, the active earth pressures for geogrid reinforced
model specimens are found to be lower than that for the
unreinforced model specimen. In the authors’ opinion,
the at-rest conditions have more tendency to accumulate
the influence of stress path history experienced during
successive cycles of wall movement under three different
surcharge pressures applied on the same model speci-
mens, which initially results from subtle differences in the
operators’ handling of initial preparation of mode} speci-
mens. On the other hand, the active stress state condi-
tions tend to be free from subtle differences in the opera-
tors® handling. It is partly explained by the fact that a K,
line in the p-g plot resembles a steady state envelope de-
fined for sand (Ishihara, 1993), in which a steady state is
independent of initial deposition of soils. From the
results shown in Fig. 10, it is envisaged that the active
earth pressure seems to be dependent on the type of ge-
ogrid. It was discussed above that among the properties
of geogrids, there are two factors that effectively contrib-
ute to the reinforcement mechanism under working stress

T & P
| Geogrids | |
Test D, (%) T 4, (kPD) kK, | K. | Remarks
| Type Reinforcement pattern ! II
0 75 — Unreinforced backfill 100, 200, 300 l 0.395 0.114 after Tsukamoto et al. (1999)
B-1 75 A Pattern G-1 100, 200, 300 0.411 0.048 after Tsukamoto et al. (199%)
B2 | 75 A Pattern G-1 100, 150, 200 0.438 0.064 ., — .
B-3 75 A Pattern G-2 100, 200, 300 0.401 | 0.045 ] after Tsukamoto et al. (1999)
e ] (S = —t s =T
B-4 75 B Pattern G-1 100, 200, 300 0403 [ 0.076 after Tsukamoto et al. (1999}
S U —— T — S - e —— g SR
B-5 | 75 [ B | Ppattern G2 | 100, 150, 200 0.462 0.063 -
= CHECREER e T S peepen o ey en ol o o gl e (T
B-6 !- 75 B Pattern G-3 100, 130, 200 0.476 0.085 —
B-7 | 75 B Pattern G-4 100, 150, 200 0.403 0.076 after Tsukamoto et al. (2001)
B-§ } 75 B Pattern G-5 100, 150, 200 0.397 0.005 —
150 — . —
[ TestB-7 ]
100 - Ka Line ” { Zone of K values ]
~ w
3 - ~ [+
L = . =2 03+ -
= | (3)Surcharge -.3&2) wall . o ]
S s0f unloading *O>mgvement | -
P - ~--" K Line ngq 02 b |
(1) Surcharge s ]
0 - Joading o K, valoe for unreinforced backfill (Test Q)
L I t}( j 01+
3 (4) Wall movement 4 Geogrid type B
50 F  back to the original position 1 0 L A . . . . . L
0 50 . 100 150 Q0 Bl B2 B3 B4 -5 B-6 B-7 B-§
p (kPa) Test code

Fig. 10. K, and K, values of test series B

conditions: tensile stiffness and aperture size. However, it
is still not feasible to discuss how these two factors affect
the active earth pressure from the test results reported in
this study.

Figures 11 and 12 show the X-d curves for test O of the
unreinforced model specimen and for test B-3 of the
geogrid-reinforced model specimen, under three different
surcharge pressures, g, = 100, 200, 300 kPa, respectively.
1t is seen that the wall displacemenis necessary to reach
active stress state conditions are greater under larger sur-
charge pressures for the geogrid-reinforced mode! speci-
mens as well as for the unreinforced model specimen.

In test series B, as well as in test series C described be-
low, geogrid layers embedded within the model speci-
mens are instrumented with electrical resistance strain
gauges at several equally spaced positions, to measure the
tensile strains induced along the layers of the geogrid.
Care is taken here with the difference between the tensile
strains measured by strain gauges and the true global
strains, as reported by Perkins and Lapeyre (1997). It is
demonstrated that the tensile strains measured by strain
gauges are local values, and do not represent the average
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Fig. 11. K-d curves of test O, (after Tsukamoto et al. {1999))

strains (global strains) over a much greater length be-
tween the strain-gauged points along the geogrids. There-
fore, in this study, the tensile strains measured by strain
gauges are converted to true global strains, based on in-
dependently conducted tension tests. The outcome of the
geogrid tensile strain measurement for test series B will be
discussed below in comparison with the results of test
series C. Some aspects of the geogrid tensile strains and
interface shear stresses are illustrated in Appendix, in
relation to the reduced active earth pressures of geogrid
reinforced model specimens.

COMBINED USE OF EXPANDED POLYSTYRENE
BLOCKS AND GEOGRIDS

Figure 13 shows the reinforcement patterns adopted in
test series C. In this test series, the expanded polystyrene
blocks as well as geogrid layers are installed in the model
specimens. In pattern EG-1, which is adopted in test C-1,
four of the expanded polystyrene blocks of 0.2 m in
length are installed vertically behind the wall, and three
layers of the geogrid are embedded within the model
specimen with their ends tightly fixed between two adja-
cent expanded polystyrene blocks. Pattern EG-2, which is
adopted in test C-2, is similar in reinforcement pattern to
pattern EG-1, except for some differences in the depths of
embedment of the expanded polystyrene blocks and ge-
ogrid layers. The details of test series C are summarized
in Table 4.

Figure 14 shows the stress path in the p-g plot for test
C-1. Tt is seen that test series C also follows stress paths
similar to test series B and C, and there are K, and X,
lines in the p-q plots. The K, and K, values thus obtained
from the p-g plots are also indicated in Table 4. With
respect to the similarity in reinforcement patterns, test
C-1 reinforced with the expanded polystyrene blocks and
geogrid layers can be compared with test B-7 reinforced
only with geogrid layers. Similarly, test C-2 can be com-
pared with test B-8. It is found that the K, value for test
C-2 is almost identical to that for test A-2. However, the

0.5

0.3
q,= 200 (kPa}

Coefficient of earth pressure, K

021 q, = 100 (kPa)
0.1+
0 a1 . 1 L 1 . k N 1 "
0 1 2 3 4 5 6

Wall displacement, d (mm)

Fig. 12. K-d curves of test B-3

K, value for test C-1 is unexpectedly lower than those for
tests A-2 and C-2, which in the authors’ opinion might be
related to the operators’ handling of the model specimen
with a complex model configuration in which expanded
polystyrene blocks as well as geogrid layers are involved.
It can be concluded that the K, value for test series C is
also governed by a controlled yielding concept. It is also
found that the active earth pressure for test C-1 (C-2) is
lower than that for test B-7 (B-8). It was concluded above
from the results of test series A that the inclusion of 0.2 m
long expanded polystyrene blocks scarcely alters the
active carth pressure. From that point of view, the differ-
ence of the active earth pressures between test series B
and C might have come from additional benefits resulting
from the fixity between the expanded polystyrene blocks
and geogrid layers, and also from the expanded polysty-
rene blocks acting as a facing unit against a rigid wall.
Figures 13 and 16 compare the distributions of geogrid
tensile strains induced along the geogrid layers for tests
B-7 and C-1, and tests B-8 and C-2, respectively. For tests
B-7 and B-8, in which the geogrid layers are not tied at
each end, the geoprid tensile strains at each free end are
assumed to be zero. However for tests C-1 and C-2, since
the peogrid Iayers are fixed between two adjacent expand-
ed polystyrene blocks, the tensile strajns at the fixed
points are allowed to grow, as shown in Figs. 15 and 16.
itis found that overall, the geogrid tensile strains for tests
C-1 and C-2 are greater than those for tests B-7 and B-8,
respectively. It is considered that the difference in the
geogrid tensile strains induced along the geogrid layers
partly contributes to the reduction in the active earth
pressure, where the larger geogrid tensile strains lead to a
greater reduction in the active carth pressure, The physi-
cal interpretation of the geogrid tensile strains, geogrid
interface shear stresses, and reduction in the active earth
pressure is described in the Appendix. Based on the prin-
ciple described there, the values of AK and K, are plotted
against wall displacement o, for tests B-7 and C-1, in
which AK = K.,-K,, (Appendix), as shown in Fig. 17. Itis
found that when it comes to comparison of the X values,
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Table 4. Details of test series C and X, and K, vaiues inferred from p-g plots

I EPS blocks Geogrids .! |
Test | D, (%) | q, (kPa) K, | K, ] Remarks

| L, (m) | Installation pattern Type | Reinforcement pattern {
O 75 — Unreinforced backfill | — | — 100, 200, 300 | 0.395 | 0.114 | after Tsukamoto et al. (199%)
C-1 75 0.2 Pattern EG-1 B Pattern EG-] 100, 150, 200 | 0.292 | 0.042 | after Tsukamoto et al. (2001}
-2 75 0.2 | Pattern EG-2 Pattern EG-2 100, 150, 200 | 0.350 | 0.070 | —

the difference between tests B-7 and C-1 is relatively
small. In comparison of the AK and X values, it was ob-
served by Tsukamoto et al. (1999) that the AK value tends
to become greater than the K, value for the dense model
granular backfill reinforced with geogrid layers.
However, it appears in this test that the AKX value tends to
become identical to the K; value, although the AX value
for test B-7 behaves in an erroneous manner at a wall dis-
placement, d, smaller than 2 mm, which might support
the assumption that the tensile strains induced along ge-
ogrid layers contribute to the reduction in the active earth
pressure. The AK value for test C-1 at a small wall dis-
placement, d, is large due to controlled yielding, and
tends to subside, and then rise again, which might be
related to the effect of the expanded polystyrene blocks

acting as a facing unit. Figure 18 schematically illustrates
the influence of various factors on the reduction in the
earth pressure developed with a wall movement.

SUMMARY OF EXPERIMENTAL FINDINGS

From the perspective of the test results obtained in test
series A, B and C, described above, the following summa-
ry of the experimental findings can be made.

(1) The inclusion of a compressible layer such as ex-
panded polystyrene blocks behind a rigid wall is
capable of reducing the earth pressure at rest, in
comparison to an unreinforced model specimen.
This can be explained by a controlled yielding con-
cept. However, the expanded polystyrene blocks
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The layers of geogrid embedded within model
specimens scarcely alter the earth pressure at rest, in
comparison to an unreinforced model specimen;
however, they are capable of reducing the active
carth pressure. The reduction in the active earth
pressure can be related to tensile strains induced
along the geogrid layers.

The combined use of expanded polystyrene blocks
and geogrid layers is capable of reducing the earth
pressure at rest, as well as the active earth pressure.
The reduction in the earth pressure at rest can be
demonstrated by a controlled yielding concept due
to compression of expanded polystyrene blocks. The
reduction in the active earth pressure can be related
to tensile strains induced along the geogrid layers
and also to the fixity between the expanded polysty-
rene blocks and the geogrid layers.

PRACTICAL CONSIDERATIONS

In this study, the inclusion of a compressible layer such
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as expanded polystyrene blocks behind a rigid wall, and
geogrid layers embedded within a dense granular backfill
were examined as an earth reinforcement technique for
retaining wall structures. It was illustrated that the inclu-
sion of a compressible layer behind rigid earth retaining
structures achieves controlled yielding of soils behind
rigid walls and reduces the earth pressure at rest. On the
other hand, the embedment of geoprid layers reduces the
active earth pressure due to tensile strains induced along
geogrid layers. This reinforcement technigue might be
useful in increasing the stability of rigid walls retaining
granular backfills sitting on relatively steep slopes, where
slope instability might be anticipated. However, to put
this reinforcement technique into practical use, careful
consideration is necessary: the advantages of usage of the
expanded polystyrene and geogrid materials have been
highliphted, but the downsides of their usage, such as
fragility, buoyancy and endurance and degradation char
acteristics of the expanded polystyrene and geogrid
materials, have been ignored. Because of the fragile char-
acteristics of the expanded polystyrene materials, the
problems of fatigue at fixed positions between the ex-
panded polystyrene blocks and geogrid layers, and of in-
stallation damage need to be carefully examined. Because
of the buoyant characteristics of the expanded polysty-
rene materials, a proper drainage system needs to be
designed for this particular structure. A design life span
of this siructure needs to consider various endurance and
degradation characteristics of the expanded polystyrene
and geogrid materials (Koerner, 1994; among others). It
is noted here that any layer of compressible geosynthetic
materials which is capable of inducing the occurrence of
controlled vielding may be able to replace the expanded
polystyrene blocks examined in this study.

CONCLUSIONS

As one of the reinforcement techniques for retaining
wall structures, the inclusion of a compressible layer such
as expanded polystyrene blocks behind a rigid wall and
geogrid layers embedded within a dense granular backfill
were examined using a mobile model retaining wall. The
coeflicients of earth pressure at rest and active earth pres-
sure were especially examined. The role of the compressi-
ble expanded polystyrene blocks was interpreted by a
controlled vielding concept, which contributes to the
reduction in the earth pressure at rest. The role of the
geogrid layers was discussed in relation to geogrid tensile
strains, which contributes to the reduction in the active
earth pressure. The combined use of the expanded poly-
styrene blocks and geogrid layers provides fixity between
the expanded polystyrene blocks and geogrid layers, and
a facing unit consisting of the expanded polystyrene
blocks against a rigid wall, which contributes to the even
greater reduction in the active earth pressure. This rein-
forcement technigue can be practically viable te prevent
instability of rigid walls retaining granular backfills sit-
ting on relatively steep slopes.
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NOTATION

d: wall displacement away from model specimens

length between adjacent strain gauged points { and i-+1

jrp:  transition point of geogrid interface shear stress changing
from positive to negative along the )-coordinate

p. two-dimensional mean stress, ={g,+ oy}/2
g: two-dimensional shear stress, = {g,-0y,}/2
g,. surcharge pressure
B:  width of retaining wall
E:  Young’s modutus of expanded polystyrene blocks
H- effective height of retaining wall reinforced by a single ge-
ogrid layer
K: coefficient of earth pressure
K, =oy/o,
K,.: imapinary coefficient of earth pressure at rest on retaining
wall with expanded polystyrene blocks
K, imaginary coefficient of earth pressure at rest on rigid retain-

ing wall
K,: coefficient of active earth pressure for geogrid reinforced
model specimen
K,.: cocfficient of active earth pressure for unreinforced model
specimen
AK: K,-K,., reduction in the earth pressure due to reinforce-
ment
L: aperture size (length) of geogrids
L: length of a geogrid layer
L_: length of expanded polystyrenc blocks
AL: lateral compression of expanded polystyrene blocks
M,. inclination of X, line in p-g plot
M, inclination of K, line in p-g plot
Ti: geogrid tensile force per unit width at point {
maximum tensile force per unit width
aperture size (width) of geogrids
£ geogrid tensile strain at failure
€. geogrid tensile strain
¢,: lateral compressive strain of expanded polystyrene blocks
v: Poisson’s ratio of expanded polystyrene blocks
oy lateral earth pressure on model retaining wall
on,:  apparent lateral stress sustained by a geogrid layer
ona: lateral active earth pressure on model retaining wall
ono: Jaterazl earth pressure at rest on model retaining wall
o, overburden stress at depth of earth pressure cells
7 geogrid interface shear stress at the midpoint between points {
and i+ 1
7: geogrid interface shear stress
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APPENDIX: EVALUATION OF GEOGRID
INTERFACE SHEAR STRESSES

Some aspects of geogrid tensile strains and geogrid in-
terface shear stresses are illustrated, in relation to active
earth pressure on a rigid retaining wall. The role of the
geogrid interface shear stresses on the reduced active
earth pressure is especially highlighted. The details of the
following discussion, based on the model test results, are
given by Tsukamoto et al. (1999).

Suppose the geogrid tensile strains are induced along a
geogrid layer as shown in Fig. A-1. 1t is noted here that
the tensile strain measured by a strain gauge needs to be
converted to the true global strain, which represents the
average strain over the length of two adjacent strain
gauged points (Perkins and Lapeyre, 1997; among
others). The geogrid tensile force, T, per unit width at
point { from the wall can be calculated from the independ-
ently conducted tension tests, as shown in Fig. A-1.

The distribution of the geogrid interface shear stresses,
T;, induced along a geogrid layer can be calculated as fol-
lows,

7= Ti— T (A-1)
20

where 7; is the geogrid interface shear stress at the mid-
point between points / and i+ 1, and /;,, is the length be-
tween adjacent strain gauged points. The geogrid inter-
face shear stresses are supposed to develop on both sides
of a geogrid layer. A transition point exists, where the
geogrid interface shear stress changes from positive to
negative values. It is clear that this transition point is
equivalent to the point where the maximum tensile force,

Trans 15 Jocated, and the following equation holds true,
7
Toar= — 25 Td!
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Fig. A-1. Schematic illustration of geogrid tensile strain, tensile force,
and interface shear stress induced along geogrid layer

where 7o, is the maximum tensile force per unit width, 7
is the interface shear stress distributed along a geogrid
layer, [rp is the transition point along the /-coordinate,
and L is the entire length of a geogrid layer. This implies
that the geogrid interface shear stress induced between
the retaining wall and the transition point acts towards
the wall, while the geogrid interface shear stress induced
between the transition point and far beyond acts away
from the wall. Therefore, when the soil resistance is
mobilized during the wall movement, the geogrid inter-
face shear stress induced behind the transition point effec-
tively pulls back the backfill away from the wali, and con-
tributes to the reduced active earth pressure on the wall.
It is also noteworthy that it is at this transition point that
the development of a potential sliding surface is imposed
within the plastically deformed backfill.

The apparent lateral stress, oy, sustained by a geogrid
layer, which acts normal to the retaining wall, is then de-
fined as follows,

TmaxB

Oy = —

7 (A-3)

where B is the width of the retaining wall and a geogrid
layer, and H is the effective reinforced height of the wall
covered by a single geogrid layer. As an initial estimate of
the reduced active earth pressure, the following equation
might be useful,

Kar:Kau_“Kg (A'4)

where K, and K, arc the active earth pressures for a
geogrid reinforced backfill and for an unreinforced back-
fill, respectively, and K, =0oy,/0..



