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FAILURE MECHANISM IN GEOGRID-REINFORCED SEGMENTAL
WALLS: EXPERIMENTAL IMPLICATIONS
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ABSTRACT

The results of pullout experiments employing one and two reinforcement layers are described. The results imply
that the concept of an internal slip surface, passing through all reinforcement layers, may not always be valid. This
validity is questioned when reinforcement layers, exhibiting significant stiffness at small strains, are closely spaced.
The relevance of this observation to current design practice is also discussed.

Key words: geosynthetic, pullout resistance, reinforced soil, reinforced walls, slip surface (IGC: D10/E5/E12/H2).

INTRODUCTION

Current design guides for geosynthetically reinforced
walls are based on limit state analysis (e.g., Leshchinsky
and Perry, 1989; Jewell, 1990). In this analysis it is postu-
lated that a slip surface will develop, extending between
the toe and crest of the wall. The reinforcement must
then extend beyond this slip surface so that lateral pres-
sure against the facing of the wall is tied back (i.e., trans-
ferred) into the stable soil zone. Limit analysis, however,
cannot account for the interaction between a system of al-
ternating layers of geogrid and soil, and the subsequent
possibility of load transfer or ‘‘shedding.’’ If these layers
are spaced far apart, one would expect little interaction,
thus making the limit state design assumption sensible.
However, as the spacing decreases, the geogrid-soil-ge-
ogrid interaction becomes stronger, producing a ‘pseudo
homogenized’ structure that acts as an apparent
monolithic block. Such a wall, comprised of the compo-
site geogrid/soil, may be termed a ‘Composite Wall.’
This paper describes a preliminary experimental study,
aimed at verifying if such a composite structure can be
produced using available materials. It is tentatively con-
cluded that the concept of an internal slip surface current-
ly used in design, may not be valid when reinforcement
layers, exhibiting significant stiffness at small strains, are
closely spaced.

EXPERIMENTAL PROGRAM

Testing Plan

Two types of tests were conducted. The first type con-
sisted of the pullout of a single geogrid layer. This was
done to establish a performance baseline of the embed-
ded geogrid under conventional test conditions. In addi-
tion, the testing facility and its potential end effects could
be somewhat assessed by checking the single layer pullout
test results for consistency. Also, the interaction
coefficient characterizing the materials used, C;, could be
determined. Note that the interaction coefficient can be
determined from a pullout test using:

T=2-Cy-o-L-W-tan ¢ (0))]

where 7T is the pullout force, C; is the interaction
coefficient, o is the average stress normal to the geogrid
plane, L and W are the length and width of the geogrid
layer, respectively, and ¢ is the internal angle of friction.

The second type of test utilized two geogrid layers, at-
tached to a rigid and smooth front panel, and pulled out
through a force applied to this panel. This is a model
test, and its relevance to current design is subsequently ex-
plained. The force versus displacement, as well as maxi-
mum pullout resistance from such tests can directly be
compared with the single layer test results.

Pullout test conditions, for either the single layer or
the double layer test, varied only with the confining pres-
sure (i.e., induced normal stress) and the reinforcement
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length. A detailed description of the equipment, materi-
als and test setup is presented below.

Testing Facilities

Figures 1 and 2 illustrate schematically the setup for
the single and double layer pullout tests, respectively. A
metal frame, 20 cm wide, was designed and constructed
to carry out the pullout tests. For the single layer, the
front end of the frame had a slot at its mid-height,
through which the embedded geogrid was pulled (Fig. 1).
In the double layer case, the two geogrids were attached
to a 20 cm high panel that was subsequently subjected to
a pullout load (Fig. 2). To minimize friction with soil, the
panel was coated with grease and covered with a latex
sheet. Two 1.9 cm thick transparent plexiglas panels
made up the side walls of the testing box. The geogrid
width, in all experiments, fitted exactly the inside net box
width of W=19 cm. Movement of soil adjacent to the dis-
placing geogrid could thus be observed through the trans-
parent plexiglas walls. Channel sections were bolted at
two intermediate levels on both outer sides of the pullout
box to add lateral stiffness by restricting the relatively flex-
ible plexiglas from bulging.

Confining pressure was applied at the top of the box
through a custom-made air bag, capable of sustaining
207 kPa. Pullout force was applied using a Duff-Norton
Screw Jactuator having a 56:1 gear ratio. A speed con-
trolled electric motor powered the screw jack at a rate of
approximately 0.25 cm per minute.

The pullout load was transferred through a load cell to
two sheet metal plates in the single layer test (Fig. 1), or
to the rigid facing panel in the double layer test (Fig. 2).
The sheet metal plates in the single layer tests were 12.7
cm long and were attached to each other using epoxy,
firmly and rigidly ‘‘sandwiching’’ the front end of the ge-
ogrid specimen 10 cm into the sand. This reduced the
boundary effects at the front end of the testing box, while
transmitting a uniform tensile load to the specimen. A
similar technique was used in the double grid tests to
firmly attach the two geogrids to the facing panel; the
thickness of these sheet metal plates was equal to the fac-
ing thickness; i.e., about 5 cm. This assured uniform con-
nection between the facing and the geogrids.

Displacements along the geogrids were measured using
tell-tale connections to dial gages. In the single layer pul-
lout test, three points along the specimen were monitored
for displacement. In the double layer case, the common
front end of the grids and both free ends were moni-
tored. In all tests, movement of the free end indicated
that pullout had occurred.

Materials

The soil used in all tests was dry Ottawa sand. The
sand was densified to an average unit weight of 16.8 kN/
m? (D,=70%). To achieve a near uniform unit weight,
six layers of sand were placed in the box, each through
sand ‘raining.” A slight tapping on the box sides and on
top of the sand, was sufficient to attain the prescribed
unit weight of each layer placed. Triaxial tests, conduct-
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ed on this sand at D,=70% and at confining pressures
varying between 69 and 207 kPa, gave ¢peax and oresidual
values of 38° and 34°, respectively. Typical grain size dis-
tribution of this poorly graded sand (SP) was Dy=0.60
mm, Dgp=0.42mm, Ds=0.31mm, Ds=0.26 mm,
D3=0.18 mm, and D;=0.13 mm. Maximum grain size
was 0.90 mm.

The geogrid used was Tensar BX1500 made of Poly-
propylene. The tensile test results for this bi-axial ge-
ogrid, using the wide-width test method (ASTM D4595),
are shown in Fig. 3. Its tensile strengths are 45.2 and
35.0 kN/m in the transverse and machine directions, re-
spectively. All pullout tests were conducted with loading
applied in the transverse direction. It should be pointed
out that the wide-width test is carried out at a tempera-
ture of 21 £2°C. Tensile load is applied so as to produce
an average geogrid strain of 10% per minute. Time-de-
pendent behavior of similar geogrids has been widely
reported in the literature (e.g., McGown et al., 1984).
Note, however, that little creep data is available for in-
soil conditions.

Net aperture inside dimensions of the geogrid were
30.5mm and 25.4 mm in the transverse and machine
directions, respectively. The geogrid open area was 65%.
Its thickness at the rib and junction was 1.8 mm and 4.8
mm, respectively. Its junction strength was 30.6 kN/m.

Latex sheets, 0.4 mm thick, were placed between each
of the two transparent plexiglas side walls and the sand.
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Fig. 3. Load-elongation curves for tensar BX1500 geogrid

The latex sheets were labeled with permanent markers to
form a mesh of points. High quality silicone grease,
manufactured by Shin-Etsu Chemical Company, was
smeared on the latex sheets (on the side facing the trans-
parent wall), as well as on the plexiglas walls. The nearly
uniform thickness of the grease was about 0.1 mm. The
grease allowed the latex sheets to be pasted to the side
walls before sand was rained in. More importantly, this
grease has extremely low adhesion, thus creating shear-
free boundaries that allow the latex to deform with the
sand while minimizing end-effects. In light of the fact
that the box net inside width was only 19 cm, this is in-
deed an important consideration. The latex was thus as-
sumed to move with the sand, and to depict the displace-
ment field produced by the geogrid as it was subjected to
gradually increasing pullout forces. The coordinates of
the deforming mesh, marked on the latex, were later
measured from photographs taken at various times in the
loading history. The coordinate measurements utilized a
digitizer connected to a PC. Hence, the displacement
field within the sand, due to a given load increment,
could be calculated with an accuracy better than 0.5 mm.

Scope of Tests

Nine pullout tests of the single layer were conducted.
Three different grid lengths were used (17.15, 31.12 and
45.72 cm). The 17.15 cm long specimens were subjected
to confining pressures of 69.0, 103.5 and 138 kPa; the
31.12 cm specimens were tested under 34.5, 69.0 and
103.5 kPa; and the 45.72cm ones were subjected to
12.25, 41.4 and 69.0 kPa. Six pullout tests of the double
layer were conducted for two lengths, 31.12 and 45.72
cm. The 31.12cm long specimens were tested under
confining pressures of 34.5, 69.0 and 103.5 kPa, while
the 45.72 cm ones under 17.25, 34.5 and 69.0 kPa. All
tests were planned such that pullout rather than breakage
of geogrid would occur first.

TEST RESULTS

Figure 4 presents a summary of all single layer test
results considering the measured peak pullout load.
Rather than displaying pullout force, however, the
average shear stress, defined as the corrected pullout load
divided by twice the area of the specimen (A=L-W
where A, L, and W are the area, length and width, respec-
tively; i.e., the specimen is considered as a continuous
sheet), is presented versus the applied normal stress. The
corrected pullout load is the measured peak value minus
friction loss due to the embedded sheet metal plate (see
Fig. 1). This loss was determined from simulated pullout
tests on embedded metal plates having the same dimen-
sions as those used in the regular tests but without a ge-
ogrid attached. These calibration tests correlated the fric-
tional loss, confining pressure and displacement, while
assuming the plate to be rigid. Figure 4 implies that a
straight line envelope is appropriate for all single layer
test results. This line is inclined at about 29°. Hence, con-
sidering the peak value of both the internal angle of fric-
tion (¢peac=38°) and the pullout load, the interaction
coefficient is about C;=0.71. Figure 5 is similar to Fig. 4,
but corresponds to the measured residual pullout load.
The envelope here is inclined at about 25°, implying
C;=0.69 (recall: ¢esiquar=234°). It should be pointed out
that Figs. 10 through 15 show the peak pullout loads;
measured residual pullout loads were observed at very
large displacements (i.e., at about 50 mm). That is,
though it is apparent from the figures that the displayed
post-peak data has not reached yet its residual values in
some cases (i.e., Figs. 10, 12, 14), the actual tests were
continued until residual strength values were obtained.
The recording of displacements ceased since the full
range of the measuring device had been exceeded.
However, the pullout load was recorded at constant time
intervals to obtain the residual strength. In Fig. 10 the dis-
placement device was not reset at the beginning of the
test and therefore, its effective measurement range was
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limited to about 25 mm. The summary of test data in Fig.
5 corresponds to the actual residual values.

It should be pointed out that the process of pullout is a
progressive phenomenon. That is, while a segment of the
embedded geogrid is strained past the peak soil restrain-
ing capacity, portions away from the applied tensile load
are hardly displaced (e.g., see Fig. 6 to realize how
nonuniform the displacement along a geogrid is under
tension). Hence, pullout does not occur simultaneously
along the geogrid, as portions of its interface are already
at their residual state. Consequently, for design it may be
wise to use the residual pullout resistance. The test results
indicate, however, that C; associated with peak or resid-
ual values is practically the same. However, this conclu-
sion is limited to Ottawa sand at D,=70%; generally, this
is not the case. Also, the value of C;is somewhat small,
though considering the consistency of the particles of
Ottawa sand, this is not surprising.

Based on the results of single layer experiments, it ap-
pears that during pullout, 2.5 to 5 cm of soil on either
side of the geogrid are affected. This observation is in-
dependent of the confining pressure. Figure 7 shows sche-
matically a typical pattern of displacement observed in
the sand. This displacement was the result of both rigid-
body movement and deformation. With a realistic back-
fill, the influence zone will likely be larger. It should be
noted, though, that in the majority of the single layer pul-
lout tests the measured displacement field did not seem to
accurately reflect the actual soil displacement. Hence,
only qualitative observations (see Fig. 7) with regard to
the displacement field can be made. That is, photogram-
metric measurements of the latex mesh for the single
layer pullout tests were deemed inaccurate.

Figures 8 and 9 show the pullout load versus the front-
end displacement for all double layer tests. Note that the
front-end displacement required to attain maximum pul-
lout resistance increases with increase of confinement
pressure or increase of embedded length of the geogrid.
That is, when maximum pullout force is attained, larger
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strains are generated in the geogrid as the confining pres-
sure or embedded length increases.

Figures 10 through 15 compare the single and double
layer pullout load versus displacement curves, each for
the same geogrid length. From these figures it is apparent
that: 1) For higher confining pressures the maximum pul-
lout resistance is nearly the same for single and double
layers; however, for pressures less than 34.5 kPa, the dou-
ble layer pullout appears to be as much as 30% larger;
and 2) The front-end displacement associated with the
double layer maximum pullout force is much smaller
than that required for the single layer. Both observations
imply that for overburden pressures likely in a typical
wall structure, the material confined in between the two
grids is stiffened, resulting in a nearly ‘rigid body’’ move-
ment of the soil and reinforcement as a block. This block
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has the same surface area as the equivalent single layer
grid and therefore, no significant increase in pullout
resistance occurs when two layers are considered. Further-
more, when this block is subjected to pullout load, it un-
dergoes very little internal deformation as compared to
the progressive straining associated with the single layer.
This results in small front-end displacements prior to pul-
lout. In fact, the observed soil displacement field, sche-
matically illustrated in Fig. 16, implies that the soil in be-
tween the geogrids indeed displaces as a block. A slide/
pullout pattern was observed above the top layer, below
the lower layer, and near the back-end of the geogrids.
Figure 17, similar to Fig. 4, summarizes all single and
double layer test results corresponding to maximum pul-
lout resistance. Generally, the single layer results agree
with the double layer results when treating the double
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layer as a rigid block. Note, however, that for a double
layer length of 31.12 cm, the average pullout stress is
somewhat larger than for a length of 45.72 cm. A reason-
able explanation for this phenomenon can be drawn
from Fig. 16. That is, near the back-end a pullout
mechanism of two geogrids prevails rather then the
mechanism of a single block. This local pullout increases
the overall pullout resistance; however, as the length of
the block increases (say, from 31.12 to 45.72 cm), the
overall effect of this local pullout contribution diminish-
es.

Figures 18 through 20 represent typical displacement
fields measured in the double layer tests when pullout oc-
curred. Note that there are two zones, above and below
the double geogrids, where displacement was not meas-
ured. This was due to the metal channels, reinforcing and
stiffening the testing box, that obstructed locally the view
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Fig. 16. Simplified representation of soil displacement pattern:
Double layer movement

of the latex sheet. Also note that displacements at the low-
er portion of the box were negligible while vertical and
horizontal displacements were noticeable in the upper
portion above the geogrids. This is due to the different
boundary conditions at the top and bottom of the box.
The sketch in Fig. 16 is a simplified representation of
these and other figures. Calculations of shear strains in
the soil based on the displacement fields indicated very
small strains, all below about 1%.

RELEVANCE OF TESTS TO CURRENT DESIGN
PRACTICE

Current design methods for reinforced walls are based
on a limit state approach; i.e., Rankine’s or limit
equilibrium (e.g., Coulomb’s, log spiral, etc.). Basically,
a slip surface is assumed to develop within the backfill,
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and to pass through the reinforcing layers. That is, an ac-
tive soil wedge is formed within the reinforced zone. This
wedge leans against the wall face. The resulting lateral
load exerted against the facing units is transmitted back
by the geogrid layers into the stable soil behind the active
wedge. Based on the aforementioned postulated mechan-
ism, a stable system is produced in which the geogrid
layers act as tiebacks. Verification of the postulated
mechanism is difficult to achieve in a framework of full
scale tests. However, a model test consisting of one fac-
ing unit tied back by two geogrid layers and subjected to
a predetermined simulated overburden pressure (i.e.,
confining pressure) can be conducted in a detailed
fashion and with relative ease. In this model test, the out-
ward movement of the single facing unit can be accurate-
ly and actively induced. Subsequent displacement within
the soil can be observed to see if indeed a wedge has
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formed. The double layer pullout test is indeed this
model test. Though in the actual structure outward move-
ment will result from excessive overburden pressure, the
simulation using induced facial displacement, while hold-
ing the confining pressure constant, is considered equiva-
lent as far as the resulting failure is concerned. In a sense,
this is analogous to failure in a triaxial specimen either
through increase of &, while holding o3 constant, or
through decrease of g; while g, is held constant; the end
result is the same inclination of the failure surface at an



angle of (45°+¢/2) to as. Figure 21 shows the postulat-
ed initial failure mechanism used in current design
methods as applied to the single facing unit. That is, as
the facing unit is pulled outward, an active wedge is ex-
pected to form through the top geogrid layer. This wedge
is to be restrained by the facing. As the facing (and the
connected geogrids) is continuously pulled, the soil mass
in between the two geogrids is expected to move together
with the progressively straining geogrids. This causes the
initially developed failure zone, which extends up to the
soil surface, to shift to the right. The ultimate situation
occurs when the pullout resistance is exceeded, provided
the tensile force is smaller than the reinforcement break
strength. The initial formation of an active wedge is con-
sidered as the failure state in design. In a wall structure,
where facing units are stacked, active wedges (e.g.,
Rankine’s) will emanate from the toe of each unit to the
crest. In the model test, the formation of only one such
wedge can be examined.

Contrary to the postulated mechanism used in current
design of reinforced walls (Fig. 21), the mechanism
shown in Fig. 22 was observed. That is, at 20 cm spacing
an initial active wedge against the facing was not ob-
served. Rather, the soil mass confined in between the two
geogrids moved nearly as a rigid block. This movement
occurred rapidly, after very little displacement of the fac-
ing (2 to 4 times smaller displacement than that associ-
ated with the pullout of an equivalent single geogrid). As
the movement evolved, a wedge behind the two geogrids
formed, similar to the one shown schematically in Fig.
22. This wedge represents a soil mass in an active state,
retained by the composite geogrid-confined soil system.

CONCLUSIONS

Actual segmental walls include many geogrid layers
that are attached to stacked facial units. The double layer
pullout model test signifies one facial unit in such a wall,
where failure is induced through lateral movement rather
than through an increase in wall’s height (i.e., increase in
overburden, or confining, pressure). In either process,
current design procedures assume the formation of an ac-
tive wedge against the wall. However, with regard to
these design procedures for reinforced segmental walls,
the experimental observations noted herein imply the fol-
lowing:

1. If the reinforcement layers are closely spaced and are
sufficiently stiff and strong, a failure surface entirely
within the reinforced zone is noft likely to develop. At a
limit state, an active zone is likely to develop behind the
reinforced zone.

2. The soil confined between the closely spaced ge-
ogrids is stiffened, forming a composite material that
behaves, for simplified design purposes, as a monolithic
block. Consequently, if all layers are of equal length and
spacing, the reinforced backfill can be treated in design
as a gravity wall. In this case, for granular backfill the
length of the reinforcement can be as short as 0.3 to 0.4
times the height of the wall. This range stems from exter-
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nal stability considerations for a wall over competent
foundation (i.e., direct sliding and overturning analyses),
and it is considerably shorter than the range required
based on a tieback wedge (0.6 to 0.7 times the height).
3. This pseudo gravity wall must retain an unreinforced
soil mass behind it. This mass is in an active state, as is
the soil behind the double layer (Fig. 22). Since the inter-
face between the reinforced and unreinforced zones con-
sists of soil (and not, say, concrete and soil), the force ex-
erted by the active wedge may be assumed to be inclined
at ¢. This inclination is commonly used in design when
utilizing a two-part wedge mechanism to assess direct slid-
ing resistance (e.g., Schmertmann et al., 1987).
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4. From the viewpoint of construction, placement of
reinforcement at close spacing in segmental walls is easy
and practical. The spacing is dictated by the height of
modular facing blocks (typically, minimum height is 20
cm). Walls with short reinforcement are sometimes need-
ed, especially when back space is limited (e.g., repair of a
failed slope). Hence, the design implications may indeed
be significant.

It must be stated that the aforementioned design impli-
cations are restricted to closely spaced reinforcement.
However, how far layers can be spaced and still be consi-
dered “‘closely spaced’’ so that an internal active wedge
will not develop is not clear at the present time. More stu-
dies are needed to identify this maximum spacing. For ex-
ample, Bathurst and Benjamin (1990) observed an inter-
nal slip surface when the geogrid spacing was 75 cm.
These tests were conducted with reinforcement that imme-
diately mobilizes significant tensile resistance with strain
(i.e., the facing cannot move outward without first ac-
tivating the geogrid’s resistance). It should be noted that
geotextiles and some geogrids have an S-shaped load-
elongation curve, indicating there will be little resistance
mobilized during initial straining. The effects of this ini-
tial ‘‘softness’’ on the formation of active wedge, as as-
sumed in current design, are not clear and more studies
are therefore needed on such materials. Moreover, the de-
sign implications ignore wall face deformations. This per-
formance aspect needs further study, especially for low
quality backfill. Finally, this research work does not pro-
vide information about the tensile forces mobilized in the

geogrid, an important factor in selecting a reinforcement
and in ensuring that breakage and creep do not occur.
Numerous field tests, however, indicate that strength
selected based on Rankine’s analysis is quite conserva-
tive.
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