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Dynamic Load-Permanent Settlement of Shallow Foundations
Supported by Geogrid-Reinforced Sand
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Abstract

This paper has primarily been directed to evaluate the beneficial effects of geogrid reinforcement
in a medium sand on the ultimate bearing capacity (UBC) of a surface foundation. Also, this study
was conducted to investigate the permanent settlement of a shallow square foundation in improving
the cyclic load-settlement characteristics of reinforced sand deposits by conducting a series of labo-
ratory model tests. Use of geogrids provides an economical and time efficient method for improving
load-settlement and strength characteristics of weak soils. Especially the geogrid reinforced soil
will be necessary in the case of foundation supporting machines, embankments for railroads, and
foundations of structures in earthquake-prone areas. Finally, the test results indicate that the use
of geogrid reinforcement in sand subgrades improves their performance under dynamic loads which
shows promise for future work.
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1. Introduction

During the last twenty years or so, several te-
chniques have been developed to improve the load
bearing capacity of soil supporting a foundation.
Fig. 1 shows a schematic diagram of a square sha-
llow foundation supported by a layer of geogrid-
reinforced sand (B=width of foundation, u=dis-
tance of the first layer of reinforcement from the
bottom of the foundation, d=depth of geogrid rei-
nforcement, N=number of geogrid reinforcement
layers, and b=width of geogrid reinforcement).

Several laboratory model test results are pre-
sently available which relate to the determination
of permanent settiement of shallow foundation su-
bjected to various types of dynamic loading. Cu-
nny et al.® Shenkman et al.® Jackson et al.?
conducted several small-scale laboratory tests to
observe the load-settiement relationships for shal-
low foundations supported by unreinforced sand
and clayey soils due to vertical transient loading.
The most results of these tests have been sum-
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Fig. 1. Square foundation on sand reinforced with
N number of reinforcement layers
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marized by Das.” The transient loads to which
the footings were subjected were of nature shown
in Fig. 2. The nature of settlement of footing with
time during the application of the dynamic load
is also shown in the same figure. In general, du-
ring the rise time (t,) of the dynamic load, the
settlement of a footing increases rapidly. Once the
peck load [Quman] is reached, the rate of settle-
ment with time decreases. However, the total set-
tlement of a footing continues to increase during
the dwell time of the load (ts.) and reaches a
maximum value (s,,) at the end of dwell time.
During the decay period of the load (t4.), the foo-
ting rebounds to some degree. Raymond et al®
have presented the results of the cyclic load amp-
litude and the related settlement of strip surface
foundations supported by dense sand. For these
study, the cyclic loadings approximated a recta-
ngular wave form with a frequency of 1 cycle/sec.
The model foundation was thus subjected to va-
rious magnitudes of cyclic load (04/q,=13.5% to
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Fig. 2. Nature of transient load to laboratory model
foundations
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Fig. 3. Plastic deformation due to cyclic loading
by Raymond and Komos (1978}

90%, where o4+ amplitude of cyclic load per unit
area of foundation). The load -settlement relation-
ships obtained from these tests are of the nature
shown in Fig. 3. For these tests, no sustained sta-
tic load was applied to the foundation. Such plots
may be given by an empirical relation as;

——— =g+ hs 9]

where a and b=constant and functions of o4/
Qu

Brummund et al." published the laboratory mo-
del test results for the permanent settlement of
circular foundations on granular soil subjected to
vertical vibration. In these tests, the peak accele-
ration was varied from about 0.1 g to 1.2 g (g=ac-
celeration due to gravity). In spite of these stu-
dies, there are several factors which control the
permanent settlement of shallow foundations due
to dynamic loading which have not yet been clea-
rly identified. A review of current literature shows
that no study has yet been conducted to evaluate
the load vs. permanent settlement relationship of
a shallow foundation supported by sand reinforced
with layers of geogrid. The purpose of this paper
is to present some recent laboratory model tests
related to cyclic load-induced settlement of shal-
lows square foundations (BXB) supported by geo-
grid-reinforced sand.

2. Parameters Studied in Laboratory Model
Tests
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Fig. 4. Variation of load and foundation settlement
with time

This study relates to the determination of sett-
lement of the square foundation under cyclic loa-
ding. With geogrid reinforcement layers in place
(with d=d.,=1.33B, b=b,=4B, and u=0.333B),
if a static load (g is applied on the foundation
(Fig. 4a), then the settlement of the foundation
with time will take the path o~a as shown in
Fig. 4b. The foundation will undergo a settlement
of s=s, (s;=settlement due to static loading) at
time t=t,. It is important to realize that

Qur

%= "pg (2

where FS=factor of safety
q. =static load
qur = ultimate bearing capacity in reinfor-
cement soil
For time t2t,, if a cyclic load (qs) having a pe-
riod T and an amplitude of qq is applied to the
foundation (Fig. 4a), then it will undergo further
settlement which can be represented by path abc
(Fig. 4b). For all practical purposes, the maximum
settlement due to dynamic loading only is equal
to sgy (Sgu=ultimate seftlement due to cyclic loa-
ding). In this phase of laboratory testing, with va-
rious combinations of q, and g4, the nature of va-
riation of s4 (sq= settlement due to cyclic loading)
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Fig. 5. Grain-size distribution of sand for model te-
sts

and s, has been evaluated.

3. Laboratory Model Tests

The laboratory bearing capacity tests were con-
ducted using a model foundation, made from an
aluminum plate, with dimensions (BXB) of 76.2
mmX76.2 mm. A fine round silica sand was used
for the model tests, and the grain-size distribution
of the sand is shown in Fig.5. All model tests
were conducted at an average relative density, D,
of 70%.

The average physical properties of the sand
during the laboratory tests are given in Table 1.

A biaxial geogrid was used for reinforcement.
The physical properties of the geogrid are given

Table 1. Average physical properties of the sand
during the model tests

Parameter Quantity
*Maximum dry unit weight, kN/m? 18.94
“Minimum dry unit weight, kN/m* 14.07

Dry unit weight during model tests, kN/m®| 17.14

Relative density of compaction 70.00
during model tests, %

"Angle of friction during model tests, deg. 40.30
Note: “‘ASTM test designation D-4253
"From direct shear test

Table 2. Physical properties of the geogrid

Parameters Description/quantity
Structure Punctured sheet drawn
Polymer PP/HDPE co-polymer
Junction method Unitized
Aperture size (MD/XMD) 25.4 mm/33.02 mm
Natural rib thickness 0.762 mm
Nominal junction thickness

2.286 mm

in Table 2.

Laboratory model tests were conducted in a box
measuring 760 ram X 760 mm X 760 mm. Rough
base condition of the model foundation was achie-
ved by cementing a thin layer of sand onto its
base with epoxy glue. In conducting the tests,
sand was poured into the box in 254 mm (1in.)
layers using a raining technique. The accuracy of
the sand placement and the consistency of the
placement density were checked during raining
by placing small cans with known volumes at dif-
ferent locations in the box. Geogrid layers were
placed in the sand at desired values of u/B and
h/B (h=center-to-center spacing of the geogrid
layers as shown in Fig. 1). After completion of the
sand placement, the model foundation was placed
on the surface of the sand layer. A MTS machine
was used for the application of dynamic loads on
the foundation. The magnitude of the number of
load cycles and the foundation settlement were
recorded by a data acquisition system attached
to the MTS machine. In order to start a test, a
static loading (qs) with a desired factor of safety
(FS) was first applied to the foundation, followed
by the application of the cyclic load until the sett-
lement of the foundation became practically cons-
tant. The nature of the dynamic loading pattern
is shown in Fig. 6. The period, T, of the dynamic
load for all tests was 1.0sec. It is important to
point out that for all dynamic tests listed in Table
3, the following constant parameters were used.

Reinforcement: u/B=h/B=0.333
b/B=(b/B),=4
N=4[ie. d/B=(d/B),=1.333]
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Fig. 6. Pattern of dynamic loading

Table 3. Details of the dynamic tests
T

Test 14./Que Qa/ G Remarks
Series| (%) (%)
I-A | 33.3 | 4.36, 10.67, 14.49, 22.33 | Reinforced sand
I-B | 25.0 | 4.36, 10,67, 14.49, 22.33 | Reinforced sand
I-C | 132

4.36, 10.67, 14.49, 22.33 | Reinforced sand

*q.=static load, qq=Cyclic load,
0= UBC in reinforcement soil

4. Model Test Results

Figs. 7, 8, and 9 show the relationship between
the number of cycles of load application, n, and
permanent foundation settlement, sq, as obtained
from Test Series I-A, I-B, and I-C, respectively.
These plots are, in general, of the nature show
in Fig. 10. The magnitude of so/B increases with
the number of load cycles (n) to a maximum value
of sa/B at n=n.. Beyond n=n,, the settlement
due to dynamic load is very small or zero. Hence,
for all practical purposes, sq/B can be assumed
as the maximum permanent settlement due to cy-
clic loading. Based on this concept, the magnitude
of sq/B and n. have been determined from Figs.
7. 8, and 9. These are given in Table 4.

As shown in Fig 10, the maximum settlement
due to dynamic loading, sq, may be approximated
to be equal to the settlement between n=0 and
n=n,. Using this definition, the value of s for
various qy/qur and qa/q. combinations were calcu-
lated and are shown in Fig. 11. Based on this fi-
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Fig. 7. Variation of settlement vs. number of load
cycles for tests on reinforced sand (Test
series 1-A)
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Fig. B. Variation of settlement vs. number of load
cycles for tests on reinforced sand (Test
series |-B)
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cycles for tests on reinforced sand (Test
series 1-C)
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Table 4. Summary of dynamic test results on geo-
grid reinforced sand (Test series I-A, |-B,

and I-C)
ur ur 1M B
0/ ur | Qo/Gr | S/ Nor [n.]-Average
%) | %) | (B)
436 | 174 | 2857X1(° 2.857 X 10°
333 | 1067 | 2000 | 2.143X10°
1449 | 28.26 | 3.036X10°
2233 |1 3957 | 3.393x10°
436 152 3.393x10° 3.750 X 10°
250 | 1067 | 1609 | 4.286x10°
1448 | 25.22 | 3.571x10°
22.33 | 3848 | 3.750x 107
436 | 087 4.929x10° 4.268 X 10°
13.2 | 1067 | 522 2.679X10°
1448 | 1587 | 4.643x10°
2233 | 2013 | 4.821X10°

No of Load Cycles (log scale)

s,/B (%)

Fig. 10. General nature of the variation of founda-
tion settlement due to dynamic loading

gure, it can be seen that with FS(= q./qs) varying
between 7 and 3 and q4/q.~ 10%, the magnitude
of the maximum settlement due to cyclic load may
be in the range of 5% to 20% of the width of
the foundation. If qu4/q. is increased to about 20%,
the maximum settlement sq, for a similar range
of FS increases to a range of 30% to 40% of the
foundation width.

5. Conclusions

These tests were further extended to evaluate
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Fig. 11. Variation of s4,/B with go/q. and Q/qu

the magnitude of permanent settlement of the
foundation where subjected to a cyclic loading.
The foundation was supported by a sand layer
with optimum geogrid reinforcement. Based on
these finding, the following general conclusions
can be drawn.

1. For a given value of q/q, and n, the magni-
tude of s¢/B increases with the increase of ge/d.,.

2. For a given value of q./d,, and n, the magni-
tude of s4/B increases with the increase of q./qy.

3. For a given value of qu/d,, the magnitude
of n. decreases with the increase of qJ/qu.

4. For a given value of q/q., the magnitude
of n. is approximately constant.

Further studies are necessary to quantify para-
meters for actual design conditions. The maxi-
mum possible BCR, BCR(,., obtained will also
be a factor of the type and stiffness of the geogrid.
It will be necessary to conduct model tests of the
type done in this study using geogrids of varying
stiffness before a reasonable working methed can
be established for field work.

References

1. Brummund, W.F. and Leonards, G.A., “Subsidence
of Sand Due to Surface Vibration”, journal of the
Soil Mechanics and Foundation Div, ASCE, Vol

FEERBERE



HI4E B4R 194F 7TH

98, No. SM1, 1992, pp. 27-42.

. Cunny, RW. and Sloan, R.C., “Dynamic Loading
Machine and Results of Preliminary Small-Scale
Footing Tests”, ASTM STP 305, 1961, pp. 65-77.
. Das, B.M., Khing, K.H,, Puri, VK., Cook, E.E., and
Yen, S.C., "Bearing Capacity of Strip Foundation
on Geogrid-Reinforced Sand”, Geotextiles and
Geomembranes, Elsevier Applied Science Publi-
shers Ltd., England, 1992,

4. Jackson, J.G., Jr. and Hahala, P.F., "Dynamic Bea-

—939—

ring Capacity of Soils”, Report 3, U.S. Army Corps.
of Engineers, Waterways Experiment Stations, Vi-
cksburg, Mississippi, 1964.

. Raymond, G.P. and Komos, F.E., “Repeated Load

Testing of Model Plane Strain Footing”, Canadian
Geotechnical Journal 15(2), 1978, pp. 190-201.

. Shenkman, S. and Mckee, K.E,, “Bearing Capacity

of Dynamically Loaded Footings”, ASTM STP 305,
1961, pp. 78-80.
B .1994. 1. 7)



