A qualitative model study

on the effect of geosynthetic
foundation reinforcement in
sand overlying very soft clay

B R Jones, SW Jacobsz, J L van Rooy

A centrifuge model study was carried out investigating the effects of the inclusion of

geogrid reinforcement in a sand layer constructed over a thin, very soft clay layer to facilitate
the construction of warehouse floors supporting product stockpiles. The use of geogrid
reinforcement allowed larger surcharge loads to be applied for a given amount of settlement
by allowing load to be spread over the footprint area of the geogrid due to the tension
membrane effect and its associated benefits. A lower-bound calculation of the load at which
the tensile reinforcement starts to function is presented. Upper-bound solutions were found to
overestimate allowable surcharge loads, as they are associated with unacceptable deformations.
The reinforcing effect of the geogrid was found to have been fully mobilised at 5% vertical

compression of the clay layer.

INTRODUCTION

Southern Africa’s eastern coastline is
characterised by several lagoonal systems,
comprising complex unconsolidated deposits
of sands, silts and clays. These river estuaries
are hosts to a number of major harbours,
and have proved to be problematic as far as
foundation solutions for structures, which
typically involve piling techniques, are
concerned. Zannoni et al (2012) and Moore
et al (2012) have both presented case studies
where high-tensile strength geogrids have
successfully been adopted to provide basal
reinforcement upon which structures can be
founded. The basal reinforcement utilised

in both studies was specifically to support
the floors of warehouse structures in which
large platform loads developed as a result

of product stockpiling. The foundations for
the walls and overhead roof structures were
piled. The major concern on site for both
these studies was the presence of compress-
ible, soft, thin, shallow clay horizons below
the foundation footprint.

The warehouse floors were constructed
on a layer of sand reinforced with a geogrid
constructed over the soft clay layer. The
application of surcharge to the floor would
result in undrained loading of the clay.
Increasing the load would eventually result
in the undrained strength of the clay being
exceeded. This could result in the clay failing
by being squeezed out to the sides (SANS
207 2006). This deformation could result
in undesirable non-uniform settlement and
horizontal deformation of the floor. The
intension with the provision of reinforcement

in the sand layer above the clay is to control
horizontal deformation and to strengthen the
sand layer to provide a more rigid support to
the floor.

Deformation observed in soil is the result
of both compressive and tensile strains,
which usually develop when soil shears
(Jewell 1996). However, when reinforce-
ment is placed in soil it can develop bond
through frictional contact between the soil
particles and the planar surface areas of the
reinforcement, and from bearing stresses on
transverse surfaces that exist in geogrids or
ribbed strips (Jewell 1996). Deformation in
the soil causes tensile forces to develop in
the reinforcement when the reinforcement
is inclined in a direction perpendicularly
to that of the compressive strain in the
soil. The mobilised reinforcement force,
ultimately limited by the available bond,
acts to alter the force equilibrium in the
soil (Jewell 1996). The performance of
reinforced soil foundations depends not
only on soil and reinforcement properties,
but also on this interaction between the
soil and reinforcement (Sharma et al 2009).
Sharma et al (2009) also noted that geogrids
with higher tensile moduli performed better
than geogrids with lower moduli, whilst
Binquet and Lee (1975) were also the earliest
researchers to show that a failure load could
be increased by the use of multiple layers of
reinforcement.

Sharma et al (2009) summarised three
reinforcement mechanisms of a reinforced
soil foundation under strip footings. One
mechanism, termed the membrane effect, is
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Figure 1 Centrifuge model test set-up - the geogrids were placed in the middle of the upper sand
layer for the tests with single geogrids and spaced 10 mm apart for the tests with two

characterised by the downward movement

of the footing and soil beneath the footing
under the applied load. This results in the
reinforcement deforming and tensioning. Due
to the geogrid stiffness, the curved reinforce-
ment develops an upward force to support the
applied load. A certain amount of settlement
is needed to mobilise the tensioned mem-
brane effect, and the reinforcement should
have enough length and stiffness to prevent it
from failing by pull-out and tension.

For reinforcement, which has a width
equivalent to the footing width, Huang and
Tatsuoka (1990) found that in the zone rein-
forced beneath the footing, only small strains
were induced. They concluded that by densely
reinforcing sand with stiff tensile reinforce-
ment having a length similar to the footing
width, a failure occurs in sand beneath the
reinforced zone, and the bearing capacity
characteristics become very similar to those
of unreinforced sand loaded with a rigid deep
footing having an equivalent depth.

Huang and Tatsuoka (1990) highlighted
that there is an obvious increase in the bear-
ing capacity when the geogrid reinforcement

geogrids

Sand

Geogrid

Geogrids

Geogrid

Geogrids

Figure 2 Model configuration for each centrifuge test - (a) Test 1: unreinforced, (b) Test 2: one short-width geogrid, (c) Test 3: two short-width

geogrids, (d) Test 4: one extended-width geogrid, (e) Test 5: two extended-width geogrids
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Table 1 Geotechnical properties of the materials used in the centrifuge model tests

Angle of internal friction, ¢ 34°
Sand’
Dry unit weight, v, 16.7 kN/m3
Liquid limit 47%
Plastic limit 22%
Clay
Undrained shear strength 6.1 kPa
Saturated unit weight, y, 19.3 kN/m3
Ultimate tensile strength (UTS) 20 kN/m
Geogrid
Strain at UTS 13%
*(Archer 2014)

is wider than the footing width. They suggest
that the increase in the bearing capacity,
by using long reinforcement layers, can be
considered due to two factors — firstly, from
the deep footing effect, as is observed in
the case of reinforcing with short reinforce-
ment layers, and secondly, from the effects
contributed by the portions of reinforcement
placed in the zone beyond the footing width.
They termed this the ‘wide slab’ effect.
Their test results showed that the wide slab
effect contributed about 10-50% of the total
increase in the bearing capacity. Huang and
Tatsuoka (1990) also concluded that the
degree of contribution also increased with a
larger covering ratio above the reinforcement
and the number of reinforcing layers present.
Sharma et al (2009) note four possible
failure modes for reinforced soil foundations,
namely (1) failure above the top layer of
reinforcement, (2) failure between reinforce-
ment layers, (3) failure similar to footings
on a two-layer soil system, and (4) bearing
failure within the reinforced zone. Of the four
possible modes of failure defined, the third
failure mode was the most relevant to the
research covered in this paper. This failure
mode is applicable to footings on a two-layer
soil system, which is similar to when a strong
soil layer overlies a weaker soil layer (Wayne
et al 1998). This occurs if the strength of the
reinforced zone is much larger than that of
the underlying unreinforced zone, and the
reinforcement depth ratio (d/B) is relatively
small. Consequently, a punching shear failure
will occur in the reinforced zone, followed by
a general shear failure in the underlying softer
unreinforced zone (Sharma et al 2009).
Understanding failure mechanisms is an
important component of stability analyses
of earth structures. If reinforcement is
used, the mechanisms become altered, and
choosing the right mechanism for stability
analysis may not always be straightforward
(Michalowski & Shi 2003). This study seeks
to qualitatively define the behaviour of a
compressible, soft, thin, shallow clay horizon

under an applied load from a wide platform
founded upon reinforced sand by using
geotechnical centrifuge modelling. Jones and
Van Rooy (2014) have previously presented
some preliminary findings, and this paper
serves to finalise the study.

GEOTECHNICAL CENTRIFUGE
MODEL

Test set-up
Five geotechnical centrifuge model tests
were performed at a scale of 1:50 using the
150 G-ton geotechnical centrifuge housed
in the Department of Civil Engineering at
the University of Pretoria. Details of the
centrifuge facility are described by Jacobsz
et al (2014). The model consisted of a 100 mm
(5 m) thick dense basal sand layer, overlain
by a 60 mm (3 m) thick soft clay layer, which
was subsequently overlain by a 30 mm (1.5 m)
thick sand layer in which the geogrids were
placed. The dimensions in brackets refer
to the full scale. Each test was constructed
identically, with the model set-up illustrated
in Figure 1 and the different configurations of
each test illustrated in Figure 2.

The first model (Test 1) was tested without
any reinforcement. Tests 2 and 3 consisted
of models that were respectively reinforced
with one and two geogrids placed in the upper
sand layer. The geogrids extended 50 mm
(2.5 m) past the edge of the platform and are
referred to as having a short width. Tests 4
and 5 had one and two geogrids respectively,
extending to 180 mm (9 m) from the edge of
the platform, and are referred to as geogrids of
extended width. Tests 2 and 4 had one geogrid
placed in the middle of the clay layer, while
Tests 3 and 5 had two geogrids spaced 10 mm
(0.5 m) apart.

Model preparation and construction
The model was prepared in a strongbox
measuring 600 mm x 400 mm in plan, fitted
with a glass window, which was reduced to

Figure 3 Macgrid EG 20S biaxial geogrid used
in the centrifuge model tests

600 mm x 250 mm by placing spacers at the
back of the strongbox. The basal sand layer
was pluviated to create a 100 mm (5 m) thick
dense sand horizon with a relative density of
about 69%. This sand was carefully saturated
from the base by introducing pore water via a
header tank. Dry kaolin clay powder was pre-
pared by mixing under partial vacuum with
de-ionised, de-aired water at twice the liquid
limit. The slurry was poured over the basal
sand horizon and allowed to consolidate in
the centrifuge for 14 hours at 50 G under a
surcharge load of approximately 25 kPa. This
ensured that the clay was normally consoli-
dated and of a very soft consistency with an
undrained shear strength which averaged
approximately 6 kPa in each test (measured
using a vane shear apparatus).

Finally, the reinforced sand layer was
pluviated over the clay to a thickness of
30 mm (1.5 m). For the tests with reinforcing
included, the sand pluviation was ceased tem-
porarily to allow placement of the geogrids
within the reinforcing sand. The geogrids
used were unscaled Macgrid EG 20S (a
polypropylene biaxial geogrid produced by an
extrusion process), obtained from Maccaferri.
The geogrid had an ultimate tensile strength
of 20 kN/m at 13% strain, with a stiffness of
approximately 350 kN/m, i.e. very stiff and
strong at the prototype scale. The mesh open-
ing size of the geogrid was 38 mm x 38 mm,
and had a percentage open area of 76%. The
geotechnical properties of the sand, clay and
model geogrid are presented in Table 1, whilst
the geogrid is shown in Figure 3.

Three pore pressure transducers (PPTs)
were installed at three locations within the
clay layer of the model. PPT 1 was installed
underneath the centre of the platform, and
PPT 2 at the edge of the platform, 100 mm
away from the first transducer. PPT 3 was
installed 100 mm from the edge of the plat-
form. All PPTs were positioned in the middle
of the clay layer. The purpose of the PPTs was
to assess the extent of the zone influenced
due to the application of the platform load, as
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loading of the clay would immediately result

in the generation of excess pore pressures. A
Jones (2014) provides further details of the
materials and methodology used during the

model construction for the centrifuge tests.

Test sequence :

During loading of the model an aluminium MR T R
platform of 200 mm width, 250 mm length,
and 5 mm thickness was attached to a jack
and lowered at a constant rate of 0.081 mm/s.
The bending stiffness (EI) of the plate was
729 Nm?2/m width at the model scale, equiva-
lent to 91.2 MNm?/m at full scale. A load cell .
recorded the applied load mobilised against = g

the platform, while an LVDT measured the
vertical displacement at the centre of the : i e
platform. The model was observed using a
small digital video camera.

CENTRIFUGE TEST RESULTS 4.4

Load - deformation behaviour 4 =
The deformation behaviour from snapshots

during each test at respectively 5, 10 and

15 mm vertical displacement is presented . :

ipey e

Sixsruwn
=
1

in Figures 4, 5 and 6. In order to qualify

the deformation behaviour in each model,
the following was specifically observed — E
during each test: (1) the mean applied = LR TR
stress recorded against the platform, (2) the :
maximum vertical height of the heave during
deformation of the clay horizon, (3) the offset
of this maximum height from the edge of the
platform, and (4) the width of the heave zone.
A transparency with a grid printed on it was

placed between the glass and the model, Legend:

Platform edge: Layer interface:
Geogrid: — .+ — . — . — . —.

Maximum heave: QO

A: Reinforcing sand
B: Clay layer
C: Basal sand

which assisted in scaling the geometry of the

. {our. |
deformation behaviour. Each square on the Width of deformation: |

grid measured 5 mm x 5 mm. Table 2 sum-

Figure 4 Comparison of load-deformation behaviour between (a) Test 1: unreinforced, (b) Test 2:
one short geogrid, (c) Test 3: two short geogrids, (d) Test 4: one extended geogrid, and
(e) Test 5: two extended geogrids, at 5 mm vertical displacement

marises the observations from the deforma-
tion of the clay horizon.

Test 1 — unreinforced

It is evident in Test 1, which had no reinforce- | Table 2 Observed deformations in the centrifuge model tests at 5, 10 and 15 mm displacement

ment, that at 5 mm vertical platform displace-

Test
ment there was little deformation of the clay 1 5 3 2 5
horizon. The applied load was 20.4 kPa. The
width of the deformation zone is 320 mm, Applied stress (kPa) 204 289 144 25 248
with a maximum height of heave of 1 mm, 5 mm Maximum heave height (mm) 1 2 2 1 3
and the offset of this maximum height at Offset of maximum heave height (mm) 40 70 50 75 70
40 mm from the edge of the platform. Overall width of deformation zone (mm) 320 420 360 440 500
At 10 mm vertical displacement, under an Applied stress (kPa) 3.8 36 3.2 313 321
applied load of 23.8 kPa, a shear zone formed
R i Maximum heave height (mm) 5 4 5 5 9
vertically through the upper sand horizon 10 mm
below the edges of the platform as punching Offset of maximum heave height (mm) 60 70 75 85 105
occurred into the underlying Clay‘ The Clay Overall width of deformation zone (mm) 380 440 490 460 500
horizon continued to strain underneath the Applied stress (kPa) 29.9 44.3 32.5 40.9 44.7
platform and squeezed out laterally. The Maximum heave height (mm) 5 6 10 10 14
i i i 15 mm
width of thé deformatlon. zone mcreasefl t.o Offset of maximum heave height (mm) 50 70 75 95 110
380 mm, with the heave in the clay attaining
. . . Overall width of deformation zone (mm) 450 450 530 520 500
a maximum height of approximately 5 mm.
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A: Reinforcing sand Platform edge:
B: Clay layer I
C: Basal sand Width of deformation: |

Layer interface:
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Maximum heave: O

Figure 5 Comparison of load-deformation behaviour between (a) Test 1: unreinforced, (b) Test 2:
one short geogrid, (c) Test 3: two short geogrids, (d) Test 4: one extended geogrid, and
(e) Test 5: two extended geogrids, at 10 mm vertical displacement

The extent of the deformation zone
of the clay at 15 mm vertical displace-
ment had increased in width to 450 mm.
The maximum height of heave occurred
approximately 50 mm from the edge of the
platform. However, there was no change in
the height of heave as it remained at a maxi-
mum of 5 mm. The load at this time reached
29.9 kPa. In this test the largest strains in the
clay appeared to occur immediately under-
neath the footprint of the platform as the
platform punched into the clay, displacing
clay outwards and upwards, causing some
heave at the adjacent surface.

Test 2 — one short-width geogrid
With one short-width geogrid in Test 2,
there was already some deformation of the
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clay horizon present at small displacements,
unlike the unreinforced test. At 5 mm verti-
cal displacement, the width of the zone of
visible deformation was 420 mm, whilst the
maximum height of heave was 2 mm, located
70 mm from the edge of the platform. The
applied stress achieved at this displacement
was 28.9 kPa.

At 10 mm vertical displacement, the
width of the deformation zone was 440 mm,
whilst the heave of the clay horizon attained
a maximum height of approximately 4 mm
at an offset which remained at 70 mm. The
applied stress achieved was 36 kPa.

The lateral extent of the deformation
zone, as well as the offset of the maximum
height of heave of the clay, was the same at
15 mm vertical displacement. However, the

maximum height of heave was 6 mm for

the clay horizon, by which time the applied
stress had increased to 44.3 kPa. The clay
below the width of the geogrid had exhibited
the most strain.

Test 3 - two short-width geogrids

Test 3, which had two short-width

geogrids, much like in Test 2, showed some
deformation of the clay horizon at 5 mm
vertical platform displacement at an applied
stress of only 14.4 kPa. Reasons for this low
stress are possibly related to poor saturation
of the clay, as will be discussed later. The
heave attained a maximum height of 2 mm
at an offset of 50 mm, and the width of

the visible deformation zone amounted to
360 mm.

At 10 mm vertical displacement, under
an applied stress of 23.2 kPa, the heave
of the clay reached a maximum height of
approximately 5 mm at an offset of 75 mm,
whilst the width of the deformation zone had
increased to 490 mm.

The width of the deformation zone of
the clay at 15 mm vertical displacement
increased to 530 mm. While the offset at
which maximum heave occurred, remained
unchanged at 75 mm from the edge of the
platform, the heave attained a maximum
height of 10 mm at an applied stress of
32.5 kPa. Similar to the test with a single
layer of short-width geogrid, the largest
strains that had occurred in the clay horizon
coincided with the width of the geogrid.

Test 4 — one extended-width geogrid

The model with a single layer of extended-
width geogrid showed little deformation of
the clay horizon at 5 mm vertical displace-
ment. The mobilised stress at this time was
22.5 kPa and the width of the deformation
zone approximately 440 mm, with the offset
of the maximum height of heave occurring
75 mm from the platform edge. The height of
heave was only 1 mm.

At 10 mm vertical displacement, the
width of the deformation zone had reached
460 mm, while the heave of the clay reached
a maximum height of approximately 5 mm.
The offset had moved to 85 mm from the
edge of the platform and the mobilised stress
had increased to 31.3 kPa.

At 15 mm vertical displacement the
lateral extent of the deformation zone of
the clay was wider (520 mm). The heave
attained a maximum height of 10 mm at an
offset of 95 mm, under an applied mobilised
load of 40.9 kPa. The inclusion of the single
extended-width geogrid reinforcement in the
sand in the upper horizon widened the zone
of deformation in the clay to a width coincid-
ing with the width of the geogrid.
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Test 5 - two extended-width geogrids
Test 5, with two extended-width geogrids,

1
|9
2

4

%

showed some deformation and heave of

the clay horizon occurring at 5 mm verti-
cal displacement. The deformation zone

attained a width of approximately 500 mm e
and the heave attained a maximum height of :

3 mm, 70 mm from the platform edge. This LT 0 - T bR |
occurred at an applied stress of 24.8 kPa. I 5 E T Tme ; e S ERERM
At 10 mm vertical displacement, the hori- T
zontal extent of the deformation zone did
not change. However, the heave of the clay
reached a maximum height of approximately
9 mm, 105 mm from the platform edge. The
mobilised stress had increased to 34.1 kPa.
At 15 mm vertical displacement, the

heave attained a maximum height of 14 mm, - ~— etk
with the offset increasing to 110 mm from
the platform edge. The mobilised stress

reached 44.7 kPa. Again, most of the defor-
mation in the clay coincided with the width €
of the reinforcement.

Platform load - settlement ot
behaviour T
The loads mobilised against the platform

during each centrifuge model test are plotted ~ 3iiaaycageiapapasusatanal

against the vertical platform displacement in 4o ? SIINEASRIRRE SR,

o

Figure 7. The corresponding applied stresses d =y = 4.0.9 3
are also indicated. . —

Looking at Figure 7, the loads from Tests ~ TR +1 el | : L
1, 2,4 and 5 (i.e. the tests without reinforce- ¥ T
ment, with one short geogrid, and with one
and two extended geogrids respectively)
initially mobilised at very similar rates. The
results from Test 3 (two short geogrids) show 3 07

a very soft response and it is thought that the

clay in this test might have been poorly con- Legend:

A: Reinforcing sand Platform edge: Layer interface: —— — ———————.
) . ith the oth I B: Clay layer I Geogridi: — + — . — . — . —.
makes comparison with the other test results C: Basal sand Width of deformation: | Maximum heave: QO

solidated or not thoroughly saturated, which

difficult. This test result is therefore gener-

ally excluded from the discussions below. Figure 6 Comparison of load-deformation behaviour between (a) Test 1: unreinforced, (b) Test 2:
The effect of the inclusion of reinforce- one short geogrid, (c) Test 3: two short geogrids, (d) Test 4: one extended geogrid, and

ment becomes evident after approximately (e) Test 5: two extended geogrids, at 15 mm vertical displacement

3 mm of settlement. This illustrates that

some settlement is required before tensile
2.5 50

In the case of the unreinforced situation, the 45

rate at which load is mobilised with settle- 204 /' 40

ment is visibly lower than for the reinforced - 35
1.5 4 - 30

F 25
1.0 F 20
The results from the tests on extended - 15

strength is mobilised in the reinforcement.

cases beyond 3 mm settlement. This illus-
trates the stiffening effect provided by the

Load (kN)

reinforcement.

Applied stress (kPa)

geogrids (Tests 4 and 5) are very similar, 0.5 - L 10
with Test 5, which had two geogrids, L5

ultimately mobilising a slightly higher load 0 ! ! ! ! ! . . . . . . . ] ] 0
than Test 4. 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Displacement (mm)

Load - pore pressure — Test 1: Unreinforced —— Test 2: One geogrid (short) —— Test 3: Two geogrids (short)
It was of interest to know the extent of — Test 4: One geogrid (extended) Test 5: Two geogrids (extended)
the zone of influence resulting from the

loading of the platform as a function of the Figure 7 Load-displacement curves for the centrifuge model tests, up to 15 mm vertical displacement
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(c) Test 3: Two geogrids (short width)
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(d) Test 4: One geogrid (extended width)
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(e) Test 5: Two geogrids (extended width)
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(f) Location of PPTs in clay horizon

PPT 1 = PPT 2 —— PPT 3

Figure 8 Change in pore pressure versus load curves, for each centrifuge model test

reinforcement layout used. Load application
during the centrifuge tests was rapid to
model undrained construction. Undrained
loading of the clay layer would have been
accompanied by immediate changes in pore
pressures. The magnitude of the excess pore
pressures generated indicates the magnitude
of total stress change acting at each particu-
lar location. Pore pressures were therefore
measured at three different locations within
the clay layer (illustrated in Figure 8(f)) to
judge the extent of the zone of influence.
The change in pore pressure measured at
three different locations with respect to the
platform during each test, plotted against the
applied stresses, are displayed in Figure 8.
A 45° line is indicated for each test result,

Journal of the South African Institution of Civil Engineering « Volume 58 Number 2 June 2016

indicating an excess pore pressure or total
stress change equal to the magnitude of the
applied stress.

Figure 8(a) shows the pore pressures
generated in the test without reinforcement
(Test 1). The pore pressure response under
the centre of the platform was initially very
similar to the applied stress, up to an applied
stress of about 18 kPa, due to undrained
conditions. The pore pressure response
under the edge of the platform was less,
reflecting the reduced stress increase below
the edge, as expected. The pore pressure
at PPT3, located 100 mm from the edge of
the platform, initially showed no response,
but then suddenly began to increase beyond
about 18 kPa applied stress at a rate similar

to the rate of load application. That seems

to suggest that the clay under the platform
yielded at this point, mobilising a failure
mechanism, suddenly expanding the zone of
influence. This hypothesis is supported when
comparing with Figure 7, where an applied
stress of 18 kPa corresponds well with the
point on the stress-settlement curve where
the rate of settlement versus applied stress
increased. The corresponding settlement was
approximately 3 mm (5% of the depth of the
clay layer).

Figure 8(b) (Test 2) illustrates the effect
of the inclusion of reinforcement. The pore
pressure response was initially very similar
to that of Test 1, but PPT3 began to respond
significantly earlier. This illustrates that
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Figure 9 Most critical upper-bound failure mechanism in the absence of reinforcement (model dimensions)

the reinforcement expanded the zone of
influence by loading clay adjacent to the
platform. It is also significant to note that
the rate of pore pressure increase at PPT3
is much lower than in Test 1, reflecting
pre-failure conditions.

In Figure 8(c) (Test 3) it can be seen
that the pore pressure response under the
platform was significantly less than the
magnitude of the applied load. This could
indicate that the clay was not well satu-
rated, which would explain the anomalous
response referred to earlier. Despite this, it
is evident that the pore pressures at PPT3
began to respond even earlier than in the
case of Test 2, illustrating that the addition
of a second layer of reinforcement more
effectively expanded the influence zone.

The pore pressure responses at PPT1 and
PPT2 with extended geogrids (Tests 4 and 5)
were initially similar to Tests 1 and 2, i.e. the
response under the platform reflected the
applied pressure. However, PPT3 began to
respond almost immediately after load appli-
cation, illustrating that the wider geogrid
was effective in expanding the zone of influ-
ence far into the adjacent soil.

The pore pressure at PPT3 reached a peak
at an applied stress of between 20 kPa and
25 kPa, and then reduced. When compared
with Figure 7, this corresponds well to the

point where the rate of settlement accelerated.

The pore pressure underneath the platform
(PPT1 and PPT2) continued to increase
linearly with increasing load. It appears that

a failure mechanism was mobilised, inter-
secting between PPT2 and PPT3 so that there
was minimal effect on PPT3 after mobilisa-

tion of the failure mechanism.

THEORETICAL ULTIMATE LOAD
AND FAILURE MECHANISM

For the design of the geogrid-reinforced
foundation it is necessary to assess the
maximum surcharge that can be applied to

the foundation system. Following SANS 207
(2006) this can be estimated using simpli-
fied equilibrium calculations, perhaps more
rigorously using the principles of upper- and
lower-bound plasticity theory (see for exam-
ple Atkinson & Bransby 1978; Atkinson 1981;
Calladine 2000), or even more rigorously by
means of numerical analysis.

In the case of an upper-bound analysis,

a potential failure mechanism is identified
and the amount of work done by external
loads is equated to the amount of internal
work dissipated by the mechanism in order
to solve the collapse load. It is assumed that
full plastic conditions are developed on all
failure surfaces. The resulting estimate gives
a non-conservative or upper-bound estimate
of the collapse load. Failure mechanisms
can be optimised to find the most critical
one. For the work presented here, the upper-
bound collapse load was estimated using the
software Limitstate Geo, which applies an
optimisation routine to find the most criti-
cal failure mechanism and corresponding
collapse load estimate. The optimised upper-
bound mechanisms for the unreinforced
situation are illustrated in Figure 9. An ulti-
mate collapse load of 2.18 kN (model scale)
or 43.5 kPa is predicted. When compared

to the load displacement curves in Figure 7,
this estimate is on the high side and is only
reached at large displacements.

For the lower-bound estimate, an equilib-
rium stress state that nowhere exceeds the
yield criterion, is postulated from which the
collapse load is estimated using principles
of equilibrium. This provides a conservative
estimate of the collapse load. Based on the
theory of plasticity, the true collapse load
will occur between the upper- and lower-
bound estimates. Should the two methods
provide identical solutions, an exact solution
to the problem would have been found
(Atkinson 1981).

A potential lower-bound stress state for
a clay layer being compressed between two

rigid surfaces is postulated in Figure 10.
The lines forming the patterns of kites and
triangles represent stress discontinuities that
allow the stress state to vary across discon-
tinuities (see for example Bolton (1979) or
Atkinson (1981)). In every triangle the major
principal stress direction is inclined 30° to
the vertical, while in the kites it is vertical.
The axis of symmetry of the loaded floor

is on the right, with clay being squeezed to
the left.

Assuming that the full undrained shear
strength of the clay is mobilised in each kite
and triangle allows the maximum vertical
stress that can be applied to the clay layer
to be determined. This maximum vertical
stress (0,), i.e. a lower-bound or conservative
estimate of the vertical stress required to
squeeze out the clay, is given by Equation 1
and increases linearly from the uncon-
fined edge at the left to the centre of the
loaded area.

o,= V3 Lu x 1)
D

where:

¢, = undrained shear strength of the clay

thickness of clay layer
horizontal distance from unconfined

edge

¥
1l

From Equation 1 a lower bound collapse load
(F)) can be estimated as:

~\3¢,B?
4 D

@)

l

Note that other stress states providing better
(i.e. less conservative) lower-bound estimates
may be postulated. The lower-bound for the
collapse load calculated for the unreinforced
situation amounts to 0.433kN. When com-
pared with Figure 7, this fits well with the
end of the initial linear sections of the load-
displacement curves, indicating that this
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Figure 10 A lower-bound stress state in the clay layer nowhere exceeding the yield criterion

particular lower-bound provides a realistic
indication of the first onset of yielding of the
clay, i.e. the point at which significant loads
will begin to mobilise in the reinforcement.

DISCUSSION

This study entailed a qualitative investigation
into the effects of using comparatively very
strong and stiff geogrid reinforcement on the
deformation mechanism below a wide, rigid
surcharge on sand overlying soft clay. With
the exception of Test 3, which is suspected to
have suffered from poor clay saturation, the
physical models provided consistent results
to allow the effect of different reinforcement
configurations to be assessed.

In all the centrifuge model tests there was
no disturbance to the boundary between the
basal sand horizon and the overlying clay
horizon. As such, the interface between the
two horizons behaved as a fixed boundary.
The clay above the sand moved laterally at
this boundary as it was squeezed out from
under the applied load. The observed failure
modes were typical of a strong soil overlying
a weaker soil horizon (Wayne et al 1998).

In the absence of reinforcement, shear
planes extending vertically downwards from
the edges of the loaded platform soon cut
through the sand layer, so that the platform
and underlying sand punched into and
compressed the clay layer. Heave occurred
adjacent to the loaded platform as clay was
squeezed out to the sides. At large displace-
ments, the extent of the observed zone of
influence corresponded well with the extent
of the failure mechanism presented in
Figure 9.

As expected, the introduction of rein-
forcement in the sand layer resulted in higher

loads being mobilised for any given displace-
ment (Huang & Tatsuoka 1990). Increasing
the amount and extent of the reinforcement
resulted in an increased mobilised load
for a given displacement. The addition of
reinforcement visibly expanded the zone of
influence around the loaded platform, with
the mode of deformation becoming that of a
‘wide slab’ (Huang & Tatsuoka 1990).

The expansion of the zone of influence
was also detected from the pore pres-
sure readings. As the platform was forced
downward, the geogrids were also stretched
downward near the platform, mobilising
the tension membrane effect (Sharma et a/
2009). This shifted the point of maximum
heave further from the platform. At large
displacements the width of the zone of influ-
ence appeared to be equal to the width of
the geogrid. The maximum heave occurred
within the width of the reinforcement. If an
additional surcharge load can be applied to
this region, it may improve the mobilisable
tensile resistance of the geogrid by anchoring
it more effectively into the sand layer, also
potentially mitigating the amount of heave.

The initial load-settlement response
from the various tests were very similar,
with loads in all tests mobilising approxi-
mately linearly, with settlement up to just
under 1 mm (1.7% strain in the clay layer).
Thereafter, the mobilised load began to
flatten off and the load-settlement response
became curved. By approximately 3 mm
settlement (vertical strain of 5% in the clay
layer) the load again increased linearly, with
further settlement but at a reduced rate.
The end of the initial linear section of the
load-settlement curve corresponds well with
the lower-bound collapse load calculated

above. This lower-bound load was calculated

on the premise that nowhere had yielding
of the clay occurred yet. Deformations were
subsequently small, and minimal tensile
strength would have been mobilised in

the reinforcement.

The observation that the load settle-
ment curves began to flatten off beyond the
lower-bound estimate suggests that yielding
had begun to occur. The onset of yielding,
i.e. appreciable deformation of the clay, is
required for the mobilisation of significant
tension in the reinforcement. The flattening
off of the curves beyond 3 mm (5% vertical
strain in the clay) suggests that the full load
that could be transferred to the reinforce-
ment had been mobilised. Beyond this point
the unreinforced model behaved plastically,
with only a very gradual increase in load
with further settlement as the loaded plat-
form penetrated deeper into the underlying
material. The reinforced models showed an
increase in load beyond this point as more
resistance was mobilised, with further plat-
form settlement as the tension membrane
effect (Sharma et al 2009) intensified. The
longer geogrids mobilised loads at a greater
rate (i.e. behaved stiffer) compared to the
shorter geogrid, as it was able to transfer load
to a larger body of soil.

Measuring the pore pressure response
during loading provided a good indication of
the expansion of the zone of influence during
loading. Before the zone of influence reached
a certain position, no pore pressure response
was observed. Once the zone of influence
had expanded to a location, the local pore
pressure increased. Should the pore pres-
sure peak and then level off or reduce with
further settlement, it suggests that a failure
mechanism had been fully mobilised and
that constant volume deformation was
occurring, indicating full plastic conditions.
This response is evident from the pore pres-
sures at PPT3 in the test results presented in
Figure 8.

Despite being optimised to find a mini-
mum value, the upper-bound calculation
significantly over-predicted the load that
could be resisted by the platform unless
large displacements were mobilised. Such
settlement would most likely be unaccept-
able in practice. The reason for the over-
estimation is the result of the assumption
that the entire soil mass within the zone of
influence was in a state of plastic yielding,
which in practice is unlikely, because the
zone of yielding is likely to expand progres-
sively with increasing load.

Future improvement to the model will
include the application of a flexible rather
than a rigid surcharge, and scaling down the
stiffness and strength of the reinforcement.
Upper-bound mechanisms, taking into
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account reinforcement, may be considered,
but are likely to give even less conservative
results than presented here.

CONCLUSIONS

A physical model study was presented,

which investigated the effects of geogrid

reinforcement in a sand layer constructed
over very soft clay in order to facilitate the
construction of warehouse floors supporting
product stockpiles. The following conclu-
sions are presented:

B The use of reinforcement allowed larger
surcharge loads to be applied for a given
amount of settlement by allowing load to
be spread over the footprint area of the
geogrid due to the tension membrane
effect and its associated benefits.

B A lower-bound estimate was presented,
allowing the surcharge load to be esti-
mated, beyond which yielding of the
clay occurred, i.e. the load at which the
reinforcement began to function.

B The optimised upper-bound mechanism
overestimated the allowable surcharge, as
it assumed widespread yielding of the soil,
resulting in excessive deformation.

B The reinforcing effect of the geogrid
appeared to have been fully mobilised at
5% vertical compression of the clay layer.
More flexible reinforcement is likely to
require greater strain to fully mobilise
resistance.
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