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Abstract

This paper presents a new method of soil improvement by using semi-flexible vertical reinforcing
elements which shows promise for future work. Load tests were conducted on two model footings
in a sand box using unreinforced sand and also by reinforcing the sand with vertical reinforcing
elements. The ultimate bearing capacity for the unreinforced and reinforced sand has been compa-
red. The effect of length, spacing, lateral extent of the reinforcement, and the initial relative density
of sand in increasing the ultimate bearing capacity have been evaluated. The effect of roughness
of the reinforcing elements has also been investigated. Based on the results of these model footing
tests, it appears that significant improvement in the ultimate bearing capacity of loose and medium

sands can be achieved by reinforcing with vertical elements.
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1. Introduction

The concept of improving weak and difficult su-
bsoils for safe and economical construction has
been in use for more than a century. However
the techniques of soil improvement have been
changing and during the last three decades, the
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concept of soil improvement by reinforcing it with
tension-resistant elements in the form of sheets,
strips, metal nets, woven or resin fibers, polymers
and plastics has received the attention of resear-
chers and field engineers alike. The applications
of reinforced earth technology to date show that
most of the work has been done with reinforce-
ment laid~horizontally several studies relating to
the evaluation of hearing capacity of shallow foun-
dations supported on soil with horizontal layers
of reinforcement have been published.

Binquet and Lee™ conducted model footing te-
sts on reinforced earth slabs and studied the ef-
fect of the number of layers of horizontal reinfor-
cement, the spacing between the reinforcement
layers, and the distance of the first layer of rein-
forcement measured from the bottom of the foun-
dation. Marked improvement in bearing capacity
was observed as a result of soil reinforcement.
They also investigated the failure mechanism of
horizontally reinforced soils. Akinmusuru and
Akinbolade® investigated the effect of flat strips
of rope fiber embedded horizontally in granular
soil on the bearing capacity of square footing. The
effect of horizontal spacing of the fiber strips, ver-
tical spacing between the layers of reinforcement,
number of layers, and the depth below the footing
to the first layer of reinforcement were investiga-
ted. They observed that the bearing capacity inc-
reased with the number of layers of reinforcement
below the footing. The optimum results were ob-
tained with three layers of reinforcement when
the horizontal spacing of fibers in the layers was
05B (B=width of the footing) and the vertical
distance between the layers was 0.5B.

Fragaszy and Lawton® studied the effect of soil
density and length of reinforcing strips on the
improvement of bearing capacity of horizontally
reinforced sand subgrades. Guido ef a/.,® and Ki-
nney® studied the beneficial effects of geotextiles
placed at the interface of a finely crushed gravel
underlain by a soft clay by conducting model tests
on circular footings subjected to sinusoidal loads.
Ingold and Miller” evaluated the behavior of a
footing supported by a clay soil with horizontal
geogrid reinforcement. Milligan and Love® made
a study of the behavior of a strip footing on an
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aggregate layer overlying soft ground with horizo-
ntal geogrid reinforcement.

Bassett ans Last® stuided the possibility of
using non-horizontal reinforcements in soil under
the foundation. Gray and Al-Refeai’® evaluated
the strengthening effects of randomly-distributed
discrete fibers mixed with sand.

Hence it appears possible to use semi-flexible
non-horizontal reinforcement in soil to improve
its load-bearing capacity for supporting shallow
foundations. Vertical reinforcement may be easier
to install than the horizontal reinforcement since
no soil excavation or recompaction may be nee-
ded. A preliminary study for determination of the
beneficial effects of vertical reinforcement on the
load-bearing capacity of a model footing resting
on the surface of a sand layer reinforced with
vertical semi-flexible reinforcement (ie., metal
rods) has been reported by Verma and Char®"
Field applications of vertical reinforcement by uti-
lizing sand drains and sand compaction piles for
large-scale land reclamation projects have been
reported by Arai"® and Shin et al.™®

The present study is related to the evaluation
of the beneficial effects of vertical reinforcement
in sand relating to the bearing capacity of shallow
strip foundations. A laboratory investigation was
conducted to study the important parameters inf-
luencing the effectiveness of the vertical reinfor-
cement in improving the load-settlement characte-
ristics of sand subgrades by conducting a series
of model footing tests. The details of these tests
and the results obtained during this study are
presented below.

2. Model Test Details

2.1 Test Set-Up

Model footing tests under plane strain condi-
tions were conducted in a sand box measuring
914.4 mm X 152.4 mm X 609.6 mm (length X widthX
height). The longer side of the box was made of
thick plexiglas to observe the deposition of sand
in the box during sample preparation and to obse-
rve the development of the failure surface in the
sand under the foundation during the model tests.
The smooth surface of the plexiglas also helped
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Fig. 1. Laboratory test set-up

to minimize the effects of side resistance on the
rupture surface in the soil. Because the interface
friction angle between plexiglas and sand is too
small to influence the test result. The walls of
the box were also reinforced against lateral defor-
mation by stiffening them with angle irons. A
schematic diagram of the test arrangement is
shown in Fig. 1.

The load on the model footing was applied with
the help of a hand-operated screw jack and mea-
sured with a proving ring. The vertical settlement
of the footing was observed with a pair of dial
gauge fixed to extension links on either side of
the model footing.

2.2 Test Parameters

The model footing used in this study measured
50.8 mm (width) X 139.7 mmX50.8 mm (thickness)
and 101.6 mm (width) X 139.7 mm X 50.8 mm (thic-
kness) and were cut from hard wood. The base
of the footing was made rough by gluing sandpa-
per to the base.

The soil used for this study was medium silica
sand with a Unified soil classification of SP. The
effective size of the sand and the uniformity coeff-
cient were 0.398mm and 1.2, respectively. The
tests were conducted by depositing sand at initial
relative densities of 45, 60, and 70 percent.

Two types of reinforcing elements were used
in this investigation: (a) plain reinforcement that
consisted of 1.58 mm diameter steel rods and (b)
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Fig. 2. Geomatry of reinforcement in the soil box

rough (or ribbed) reinforcement which consisted
of 1.58mm diameter steel rods with a single grain
layer of very fine sand bonded on to its surface
using an epoxy glue. Several combination of le-
ngth (L), spacing (S), and extent of the reinforce-
ment (R) were used during the tests. These com-
binations are listed in Table 1 which also summa-
rizes the other test parameters. The parameters
L, S, and R are defined in Fig. 2a,b.

2.3 Test Producedure

The sand test beds were prepared by depositing
sand in layers through a long-stemmed funnel.
The height of free fall of sand to ensure a deposit
of uniform density was decided by conducting trial
tests. This technique made possible to form a re-
latively lower density of sand layer. The unifor-
mity of layers was also checked by placing small
containers before depositing the particular layer
and taking out and weighting these samples after
the layer was deposited.

The installation of vertical reinforcement was
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Fig. 3. Settlement vs. load intensity plot for footing
with B=50.8 mm, R=B, and §/B=0.4

followed the construction procedure of pile foun-
dation in field, that is, after proper preparation
of the sand bed, the vertical reinforcement was
pushed into it at predetermined spacings. The
sand bed was again leveled at the end of place-
ment of the reinforcement and before placing the
model footing on it.

The load to the foundation was applied in inc-
rements. Each load was maintained at a constant
value until the movement of the footing stopped.
The process of loading was continued until the
ultimate load was reached or the settiment be-
came excessive.

3. Model Test Results and Discussion

The general effect of providing vertical reinfor-
cement in the soil was to increase its ultimate
bearing capacity compared to the case where no
reinforcement was provided. Fig.3 shows typical
plots of load intensity versus settlement for the
footing having a width of 50.88 mm for both the
unreinforced and reinforced sand with L=1B, 1.5B
and 2B, and S$/B=04. These plots are for sand
at an initial relative density of 45%. It can be
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seen from these plots that, with the introduction
of reinforcement, the ultimate bearing capacity in-
crease and the load intensity for any given value
of settlement is higher for a reinforced soil than
for an unreinforced soil. The improvement in the
load-settlement characteristics of the soil reinfor-
ced with vertical elements may be due to several
factors, such as increase in density of sand (due
to installation of reinforcing elements), the change
in stress distribution within the soil, and the cha-
nge in the mode of failure. The stress distribution
on the improved ground was assumed as an uni-
form load even if it was more concentrated on
the reinforced rod.®®

Three different failure modes were observed,
general shear failure(complete collapsed), partially
collapsed, and local shear failure. The general
shear failure mode was observed for the case of
Dr=45%, L=B and -R=B, this failure mode was
somewhat like bulging failure due to lack of confi-
nement.

The intermediate failure mode, partially collap-
sed faillure mode, was observed for the case of
Dr=45%, L=15B, R=2B and Dr=60%, L=B,
R=B. The local shear failure mode was observed
for the case of Dr=60%, L.=2B, R=2B and Dr=
70%, L=1.5B, 2B and R=:2B with reinforcement
spacing of 0.2B.

Thus, the failure mode of reinfored ground was
dependent on relative density of sand, Dr, and
reinforcing parameters, L, S and R (Table 1). The
effect of reinforcement parameters such as Length
(L), spacing (8), and extent (R) was first investiga-
ted and an optimum combination of these parame-
ters was determinved. The effects of initial soil
density and roughness of reinforcement were then
determined.

3.1 Effect of the length of reinforcement (L}

Typical plots showing the length of reinforcing
elements on the load settlement characteristics
of the footing with the width B==50.8mm tested
on a sand hed at an initial relative density of 45%
have been shown in Fig. 3. In these tests the spa-
cing (S) and extend of reinforcement (R) were
maintained constant at 04 B and B, respectively,
and the tests were conducted by using reinforcing
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Table 1. Test Parameters

Parameters Range
Footing size (mm) 50.8 X 1524 101.6X152.4
Initial relative density, Dr(%) 45, 60, 70 45, 60, 70
Length of reinforcement, L B, 1.5B, 2B B. 15B, 2B
Spacing of reinforcement, S 0.2B, 03B, 04B 0.1B, 0.15B, 0.2B
Extent of reinforcement. R B, 2B B, 2B
Load intensity (kN/m?) Load intensity (kN/m?)
0 20 30 40
0 — . - 0 10 20 30
~ /— S/B=0.2 Nl\ \ R/B=2
25 (— _
S/B=0.3
e sk 4 ?
E Unreinforced E 50k ~
§ E
E S/B=04 £ R/B=1—
E \ r s 75F .
10k ' \ ! & Unreinforced —
v A | 7
. l 10,05
\\ '\ ' T
== 4K0 v | D,=45'%
D.=45% . L # ¢
15 £l | 125 !

Fig. 4. Settlement vs. load intensity plot for footing
with B=50.8 mm, R=B, and L=8

elements of length, L=B, 1.5B and 2B. As can
be seen from this figure, both the ultimate bearing
capacity and the load-settlement characteristics
improve with increase in length of reinforcing ele-
ments. Similar effects of length reinforcing eleme-
nts on bearing capacity were observed in all other
tests.

3.2 Effect of spacing on reinforcement (S}

Typical plots showing the effect of spacing on
vertical reinforcing elements on the bearing capa-
city and load-settlement characteristics of the foo-
ting with B=50.8 mm are shown in Fig 4. For
these tests, the length of reinforcement (L) and
its extent (R) were maintained constant and spa-
cing $=0.2B, 0.3B, and 0.4B were used. It may
be observed from Fig, 4 that the ultimate bearing
capacity and the soil pressure for a given value

HI4E P4 19944 TH
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g. 5. Settlement vs. load intensity plot for footing
with B=50.8 mm, R=8, and S/B=0.4

of settlement increase as the spacing of reinfor-
cing elements is decreased. The results of other
tests conducted for investigating the effect of spa-
cing also gave similar results.

3.3 Effect of extent (R)

A typical plots showing the effect of the extent
of reinforcing (R) is shown Fig. 5. The general
effect of increasing the extent from R=B to R=2
B is to increase the ultimate bearing capacity
(with parameters L and S kept constant).

3.3.1 Optimum Combination of Length, Spacing,
and Extent of Reinforcement.

Based upon the results of load tests conducted
on footings with B=50.8 mm and 101.6 mm and
within the range of variables L, R, and S, used
in this study, it was observed that the best impro-
vement in ultimate bearing capacity of the combi-
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Table 2. Optimum Combination of Reinforcement

Parameters
Values for best results
Footing width, B (mm)
Reinforcement parameter 50.8 101.6
Length, L 2B 2B
Spacing S 0.2B 0.15B
Extent, R 2B 2B

nation of reinforcement parameters would be as
shown in Table 2 for any given initial relative
density of sand. Spacing of vertical reinforcement
for best results (i.e., maximum imprvement in this
case) is in the range of 0.15B to 0.2B.

In order to make a quantitative assessment of
the beneficial effects of vertical reinforcing eleme-
nts in improving the ultimate bearing capacity of
the reinforced soil compared to the unreinforced
soil at different placement density of sand, a non-
dimentional term, bearing capacity ratio (BCR),
can be defined as

qu(t)

BCR=
qu(w)

e))]
in which g,(u)=ultimate bearing capacity of un-
reinforced soil and q.(r)=ultomate bearing capa-
city of reinforced soil.

Plots were then made of the BCR versus Dr
(initial relative density of sand) for footings with
B=508mm and 101.6 mm at optimum combina-
tions of reinforcement parameters as shown in
Table 2. It can be observed from Fig. 6 that the
value of BCR for all initial relative densities of
soil used in the tests is greater than one. The
beneficial effects of the vertical reinforcement
therefore occur at all placement densities used
in this study. The magnitude of the increase in
BCR is a function of the initial relative density
of sand. The value of BCR is seen to increase
with the increase of Dr up to a maximum value
and decreases thereafter (Fig. 6). This may be due
to the fact that when the vertical reinforcements
are installed in the sand at relatively lower densi-
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Fig. 6. Plot of BCR vs. D, for optimum combination
of reinforcement parameters

ties, it becomes compacted and the combined ef-
fect of this increase in density and the presence
of reinforcing elements results in a substantial
increase in the value of the BCR. When the rein-
forcements are installed in a relatively dense
sand, the upper sand layers get somewhat loose-
ned and the increase in BCR diminishes. The ma-
ximum value of BCR will thus be achieved at
some intermediate density. For the present tests,
the maximum value was observed at a relative
density of compaction of about 60%. It is also seen
from Fig. 6 that the plots of BCR vs. D, are rather
close and may be represented by an average curve
and are thus independent of the width of the fou-
ndation.

From Figs. 3, 4, and 5, the magnitude of foun-
dation settlement without reinforcment is much
larger than foundation settlement with reinforce-
ment to yield the ultimate bearing capacity. The
result of the present tests indicate that the use
of vertical reinforcement in sand subgrades helps
improve thier bearing capacity performance and
reduce the settlement significantly.

3.4 Effect of Roughness of Reinforcement

The tests conducted by using rough (ribbed)
reinforcement showed that rough reinforcing ele-
ments are more effective in improving the load
settlement behavior of sand as compared to the
case of plain reinforcement. Fig. 7 shows typical
pressure versus settlement plots for the footing
with B=101.6 mm for sand reinforced with plain
and ribbed reinforcement at an initial relative de-
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Fig. 7. Plot of settement vs. load intensity for foo-
ting with B=101.6 mm, L/B=1.5, R/B=
2, and S/B=0.2

nsity of 60%, L=15B, R=2B, and S=0.4B. Bene-
fits of using ribbed reinforcement as compared
to plain reinforcement are obvious from these
plots (Fig. 7). A similar trend was obvious in all
tests where rough reinforcement was used. Other
parameters remaining constant, the ultimate bea-
ring capacity was generally 40~50% higher with
ribbed reinforcement as compared to the value
for the case of plain reinforcement. It must be
mentioned here that, even though rough reinfor-
cement is more effective in improving the load
settlement behavior of sand deposits compared to
plain reinforcement, its installation shows some
problems.

It is true that the diameter of rough reinforce-
ment is somewhat larger than that of plain reinfo-
rcement due to the fire sand coating. The amount
of this coating volume could increase the overall
relative density of sand layer, also it creates dis-
turbance of surrounding soil during the process
of driving. But overall benefits of using rough rei-
nforcement shown in Fig. 7 could be cased by the
increment of interface friction angle, roughend su-
rface-sand.

The interface friction angle (8) of sand-rough

BUE FAWR- 19945 TH

surface was the same degree as the soil friction
angle ¢ (6=¢). However, the interface friction
angle (8) of sand-smooth surface was approxima-
tely, 2/3 of internal soil friction angle (5=2/3¢).

4. Conclusions

The beneficial effects of using vertical reinfor-
cing elements in improving the load settlement
behavior of sand subgrades have been demonstra-
ted through a series of model footing tests condu-
cted in the laboratory. The improvement in the
ultimate bearing capacity of reinforced sand subg-
rades depends upon the spacing, length, and ex-
tent of the reinforcing elements. Based on the
model footings and soil densities used in these
tests, the best results can be obtained by using
the reinforcing elements as suggested below:

1. Spacing of the reinforcement used should be
about 0.15 to 0.2 times the width of the footing.

2. The length of the reinforcment used should
be at least equal to the width of the footing and
preferably should be 1.5 times the footing width
since placement of L > about 1.5 would be diffi-
cult.

3. The extent of the reinforcement used should
be at least 1 to 1.5B.

The rough reinforcement was found more effec-
tive in improving the ultimate bearing capacity
as compared to plain reinforcement.

For the sand used in this study, the beneficial
effects of using vertical reinforcement are more
prominent for soils at lower initial densities. The
bearing capacity ratio increases as the initial den-
sity of sand increase, becomes maximum at a cer-
tain optimum density, and decreases thereafter.
Further studies are necessary to quantify para-
meters for actual design conditions.

References

1. Binguet, J., and Lee, K.L., “Bearing Capacity Te-
sts on Reinforced Earth Slabs”, fournal of the
Geotechnical Engineering Division, ASCE, Vol. 101,
No. GT12, 1975, pp. 1241-1255.

2, Alinmusuru, J.O.,, and Akinbolade, J.A., “Stability
of Loaded Footings on Reinforced Soil”, Journal
of the Geotechnical Engineering Division, ASCE,

—921—



Vol. 107, No. GT6, 1981, pp. 819-827.

. Fragaszy, R.H, and Lawton, E., “Bearing Capacity
of Reinforced Sand Subgrades”, Journal of the
Geotechnical Engincering Division, ASCE, Vol. 110,
No. GT10, 1984, pp. 1500-1507.

. Guido, V.A, Biesiadecki, G.L., and Sullivan, M.].,

“Bearing Capacity of a Geotextile Reinforced

Foundation”, Proceedings, XI International Confe-

rence on Sotl Mechanics and Foundation Enginee-

ring, 1985, pp. 1777-1780.

. Guido, V.A,, Chang, DK, and Sweeny, M.A,, “Co-
mparison of Geogrid and Geotext ile Reingorced
Earth Slabs”, Canadian Geotechnical Journal. Vol.
23, No. 4, 1986, pp. 435-440.

. Kinney, T, “Small Scale Load tests on a Soil-
Geotextile Aggregate system”, Proceedings, II In-
ternational Conference on Geotextiles, 1982, pp.
405-409.

. Ingold, T.S, and Miller, K.S,, “Analytical and La-
boratory Investigations of Reinforced Clay”, Pro-
ceedings, II International Conference on Geotextiles,
1982, pp. 587-592.

. Milligan, GW.E,, and Love, J.P., “Model Testing

of Geogrids Uuder an Aggregate Layer on Soft

Ground”, Proceedings, Symposium on Polymer Grid

Reinforcements in Civil Engineering, Institution of

Civil Engineers, London, 1984, Paper No. 4. 2.

10.

11,

12.

13.

14.

—922—

. Basset, RH.,, and Last, N.C.“Reinforcing Earth

Below Footing and Embankments”, Proceedings,
Symposium on Earth Reinforcement, ASCE Annual
Convention, Pittsburgh, PA, 1978,
Gray, D.H,, and Al-Refeai, T, “Behavior of Fabric
versus Fibre Reinforced Sand”, Journal of the
Geotechnical Engineering Division, ASCE, Val. 112,
No. GT8, 1986, pp. 804-820.
Verma, B.P., and Char, ANR., “Bearing Capacity
Test on Reinfouced Sand Subgrades,” Journal of
the Geotechnical Engineering Division, ASCE, Vol.
112, No. GR7, 1986, pp. 701-706.
Arai, Y., “Construction of Artificial Offshore Is-
land for the Kansai International Airport”, GEO-
COAST '91, 3-6, Sept, 1991, pp. 927-943.
Shin, B.W,, Shin, E.C., Kim, SW., Yeo, B.C., and
Dass, R., “Case History of Soil Improvement for
a Large-Scale Land Reclamation”, The third Inter-
national Comference on Case Histories in Geotech-
nical Engineering VI, 1993, pp. 955-960.
Shin, BW and Shin, E.C., "Sand Compaction Pi-
les: Theory and Practice for Offshore Develop-
ment”, The Proceedings of the Second International
Offshore and Polor Engineering Conference, San
Francisco, Vol. 1, 1992, pp. 430-435.

(55 0 1993, 10. 21)

K- AR GRS



