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Abstract: This paper presents the findings of an experimental study concerning a method of reducing the set-
tlement of shallow circular foundations on sand. It involves the use of structural skirts fixed to the edges of
foundations. The experiments were performed in a large tank setting and the footing was instrumented in order
to measure normal stresses and settlement. A series of tests were conducted to study the settlements of a circu-
lar footing with and without structural skirts. Test results indicate that this type of reinforcement reduces the set-
tlement of subgrade and modifies the stress-displacement behaviour of the footing. A settlement Reduction
Factor (SRF) was proposed, which takes into account the influence of various parameters that affect settlements.
Results show that the use of structural skirts can produce enhanced settlement reduction in the range of 0.1 to
1.0 depending on stress applied and skirt depth. Given these levels of settlements reduction, it is concluded that
the use of structural skirts to reduce the settlement of shallow foundations on dense sand is of practical signifi-
cance. Further testing is recommended for different foundation shapes with structural skirts resting on different

soil types.
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1. Introduction

Foundation design should satisfy two criteria; one deals
with ultimate bearing capacity of the soil under the foun-
dation and the other is concern with the limit of soil defor-
mation. An excessive settlement, may induce a differential
settlement, which causes structural distresses of the super-
structure. Thus, it is required in many conditions to reduce
the settlement to acceptable limits.

The improvement of the bearing capacity of subgrades
and, hence, modifying the stress-strain relationship by uti-
lization of horizontal reinforcement has been reported by
Binquet and Lee (1975). They studied the effect of hori-
zontal reinforcement of soils on the bearing capacity of
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foundations by conducting a series of experiments.
Akinmusuru and Akinbolade (1981), Fragaszy and
Lawton (1984), and Verma and Char (1986) have also
contributed to this investigation with their experimental
studies. Samtani and Sonpal (1989), and Mahmoud and
Abdrabbo (1989) have studied the effect of vertical rein-
forcements of the soil on the bearing capacity of founda-
tions. They conducted a series of tests, and concluded that
the bearing capacity of a foundation can be increased to
about one-and-a-half to two times that of the unreinforced
soil. They also suggested this method for improving the
bearing capacity of existing foundations.

Various methods of soil stabilization are known.
However, they are sometimes prohibitively expensive and
restricted by site specific conditions. In some cases they
are difficult to apply to existing foundations. It is, there-
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fore, suggested that an alternative approach is required for
improving the bearing capacity of soils and reducing the
settlements. This approach is based on the use of "struc-
tural skirts" fixed to the edges of the foundation. This
method of improvement does not require an excavation of
the soil and, thus, it is not restricted by the presence of a
high water table.

Structural skirts fixed to the edges of shallow founda-
tions have been used for a considerable time, principally
to increase the "effective depth" of the foundations in
marine and other situations where water scours may be a
problem. Bransby and Randolph (1998) have provided a
valuable detailed consideration of their use in such appli-
cations. However, the use of such structural skirts in con-
junction with conventional shallow structural foundations
has not been widely employed, nor have the improve-
ments in settlement resulting from their use been investi-
gated in detail. On this basis, an experimental study was
undertaken to establish the degree of improvement in set-
tlements to be gained from increasing the effective depth
of shallow foundations by fixing structural skirts to their
edges.

In this paper, the background, methodology and find-
ings of an experimental study of the settlement of shallow
circular foundations with structural skirts on sand subject-
ed to central vertical loads are presented. The various fac-
tors influencing the settlement improvements to be
derived from the use of these skirts are identified. The
benefits identified are combined into a parameter called
Settlement Reduction Factor (SRF), and it is suggested
that this parameter can be introduced into the settlement
prediction equation for circular foundations resting on
sand.

2. Test Apparatus and Procedure

An experimental investigation was carried out using a
laboratory model. The experimental set-up consists of a
rigid test tank, sand raining apparatus, a loading mecha-
nism, an instrumented footing and a data acquisition sys-
tem. The principal dimensions and layout of the apparatus
are shown in Fig. 1.

The tank was 1000 x 1000 mm in cross section and 800
mm in height. It was made of wood and was stiffened
with steel frames. The circular footing was a metal plate
that had a diameter of 120 mm and a thickness of 30 mm.
The tank was about 8 times the diameter of the footing
and it was envisaged that there was no edge effects or that
they would be minimal, if there any. The depth of the
foundation was adjustable according to the requirement of
the surcharge depth (Dy). At the middle top of the founda-
tion, a small recess was made for locating a metal ball for
the application of the load. The ball allows the foundation
to tilt.

The sand was placed in the tank by a sand raining tech-
nique. A special sand raining apparatus was designed to
suit the tank size. This sand raining technique causes the
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Figure 1. (a) Dimensions of testing tank and
(b) Set-up of the loading celll and LVDTs
on the footing

sand particles to fall on the whole bed area from a recep-
tacle placed above the receiver tank (Butterfield and
Andrawes, 1970). A range of densities could be obtained
by altering the intensity and the height of fall of the sand.
In order to eliminate the effect of the later, this distance
was kept constant at 800 mm in order to achieve a con-
stant density. Furthermore, a series of tests were carried
out to check the uniformity of the sand bed using density
pots, which were placed in various parts of the tank.

For the foundations with skirts, the skirts were placed
first in a vertical position on the top of the pre-placed
sand. After the skirts were placed in the tank, sand was
deposited using the same procedure as outlined above.
Then the sand raining was stopped, when the required
sand level reached the level of foundation base. Finally,
the surface of sand was levelled and the foundation was
placed on top of the skirt.

The skirts comprised Stanley steel plates with a
Modulus of Elasticity (E) of 210 kN/mm2. The thickness
of the skirt was 6 mm and it was welded to form an open
cylinder shape. The footing was placed on the top of the
skirt.

The foundation was loaded by means of a motorized 10
ton capacity hydraulic jack at a constant rate of displace-
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ment of 12 mm per hour. The applied load was measured
using a load cell of 10 kN capacity placed on the top of the
footing. Two LVDT transducers having a minimum reso-
lution of 0.04 mm were placed at two different locations
on top of the footing for measuring the settlement. The
output voltage of each individual electrical measuring cir-
cuit was recorded automatically in one minute intervals
using a data logging system.

3. Material

A coarse river sand was used throughout this experi-
mental investigation. The particle size distribution of the
sand is shown in Fig. 2. The sand has D, D3g, Dgp, and
Dy, vales of 0.45, 0.65, 0.85 and 0.80 mm, respectively.
These yeild a coefficient of uniformity (C,) of 1.89 and a
coefficient of curvature (C;) of 1.11. Thus the sand was

uniform or poorly-graded. The unit weight of the sand in
the tank was 16.5 kN/m3 and specific gravity was 2.65.

In order to investigate the strength properties of the
sand, triaxial tests were carried out to determine the angle
of internal friction. The sand specimens were 38 mm in
diameter and 76 mm high. Different values of confining
pressures were used in the range 40 to 200 kN/m2. The
samples preparation and test procedure were according to
BS.1377:1990. The results showed that the average peak
friction angle was 42° for all ranges of confining pres-
sures.
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Figure 2. Grain size distribution of the sand

4. Results of Tests without Structural Skirts

In order to establish that the data from the tank test
facilities were reproducible and in conformity with the
findings of previous investigations, two tests were con-
ducted on surface foundations (Ds/B = 0) without structur-
al skirts and another two tests for shallow foundations
(D4/B = 0.5). In all cases, footings without structural skirts
were tested. The stress-settlement ratio relationships for
the tests are shown in Fig. 3. The settlement ratio is
defined as the ratio between the settlement of the footing
(S) to the footing width (B).The overall behaviour
observed shows that the two tests for both footing depths

gave similar results. For the same depth, the difference
between the two tests was within 2%. Therefore, the
reproducibility of the test results was considered to be sat-
isfactory. Thus, they may be used as the basis for deter-
mining the improvements to be derived from the use of
structural skirts.
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Figure 3. Stress-settlement relationship of tests with-
out skirts

The results from the two surface footings tests were fur-
ther analyzed and compared with the predicted values
using some of the existing methods by Terzaghi and Peck
(1967), Schmertmann (1970), Bazaraa (1967), and
Meyerhof (1965). To predict the settlement of footing by
these methods, the Standard Penetration Test (N) value of
the sand was required. The N value was determined using
the relationship between angle of friction and N-value
proposed in the literature (Das, 1999). A comparison
between the experimental settlement at values 0.5 peak
load and theoretical predictions of a surface footing (D+/B

=0) are presented in Table 1.

Table 1. Comparison between calculated and measu-
red values of settlement of 0.5 peak load of
a surface footing

Settlement Scal / Smeasured
Method Calculated, Sy
(mm)

Terzaghi and 0.16 0.71
Peck (1967)

Bazaraa (1967) 0.22 0.99
Schmertmann 0.25 1.13
(1970)

Meyerhof 0.84 3.7
(1965)

Shallow foundations are generally designed with safe-
ty factors of 2-3 with respect to bearing capacity. A factor
of safety of 2 implies 50% of the peak load and, hence, the
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0.5 peak load is used for comparing actual and calculated
settlements.

It can be concluded that the Terzaghi and Peck method
(1967) underestimates the settlement of the model foot-
ings. Similar results were also reported by Hanna and
Abdel-Rahman (1987), and Ameen (1991). The methods
proposed by Schmertmann's (1970) and Meyerhof (1965)
overestimate the settlement, while the method proposed
by Bazaraa (1967) gave the closest values to those
obtained in this study.

Based on an extensive analysis of settlement results,
Sivakugan et al. (1998) reported that the methods pro-
posed by Terzaghi and Peck (1967) and Schmertmann
(1970) overestimate the settlements by 218% and 339%,
respectively. As reported by Sivakugan and Johnson
(2002, 2004), the scatter associated with the settlement
prediction methods is quite high. They proposed a proba-
bilistic approach to take this scatter into consideration.

5. Results of Tests with Structural Skirts

The second part of the test program involved the test-
ing of the footing with structural skirts. Several experi-
mental tests were carried out for different skirt depth
ratios (Ds/B) of 0.05, 0.25, 0.5, 0.75, 1.0, 1.25 and 1.5.
The stress-settlement relationships data obtained from
these tests are shown in Fig. 4. Data were further ana-
lyzed and compared with the results obtained from the
tests for a surface footing (Ds/B=0) and a shallow footing
(D4#/B=0.5) without the skirt. The settlement of the footing
at a given stress with and without skirt, S and S; respec-
tively, was obtained from the stress-settlement relation-
ship. The Settlement Reduction Factor (SRF), which is
defined as SRF = S/S; , was used throughout this paper to
assist in comparing the results.

600

550
500 e T DR =110
450 - "frf_. HHT‘——
‘\g 400 ,; e 2
g FaanUEEEEE
2 ==
§ 250 174 - — - |
é 200 J?l (/ = I =
o0 i x T T =05 |
@ . =05

0
001 23 4 5 & 7 8 9 10111213 1415

Ss/B %

Figure 4. Stress-settlement relationship of tests with
skirts

The tests results for a surface footing (Dy/B =0) and a
shallow footing (D#B=0.5) at different skirt depths are
summarized in Tables 2 and 3, respectively. The compari-

Table 2. SRF for surface footing at different stress

levels
Test Ds/B Stress St Sg SRF
No. (kN/m?)
25 0.7 - 1.00
la 0 50 1.9 - 1.00
75 3.0 - 1.00
100 5.0 - 1.00
25 0.7 0.65 0.92
3 0.05 50 1.9 1.70 0.89
75 3.0 280 0.93
100 5.0 420 084
25 0.7 055 0.78
4 0.25 50 1.9 1.40 0.74
75 3.0 2.00 0.67
100 5.0 3.00 0.60
25 0.7 045 0.64
5 0.5 50 1.9 0.90 0.47
75 3.0 1.10 0.37
100 5.0 1.80 0.36
25 0.7 0.40 0.7
6 0.75 50 1.9 0.60 031
75 3.0 0.70 0.23
100 5.0 0.90 0.18
25 0.7 0.30 0.43
7 1.0 50 1.9 040 021
75 3.0 043 0.14
100 5.0 0.60 0.12
25 0.7 0.20 0.28
8 1.25 50 1.9 0.25 0.3
75 3.0 0.30 0.10
100 5.0 0.50 0.10
25 0.7 0.13 0.18
9 15 50 1.9 0.20 0.11
75 3.0 0.22 0.07
100 5.0 0.32 0.06

son of settlement for a footing with and without skirt is
made for different stress levels at the peak load.

From the comparisons given in the Tables 2 and 3, it is
clear that structural skirts have a significant influence on
the reduction of footing settlement at surface and shallow
depths. The results show that for a given depth of a skirt,
the reduction factor generally decreases as the stress
increases. This is because of non-linearity of the stress-
strain relationship of the soil (see Figs. 3 and 4). In Fig.
3, the footing without skirts curved more to the right for
higher stresses while the curves for footing with skirts
(Fig. 4) were less curved and they were more in the elas-
tic range.

Using a regression analysis with a coefficient of cor-
relation R2 = 0.95, an equation was proposed to calculate
the settlement reduction factor (SRF) as:

Ds
-0.18-3 /o
SRF = e( s '

where
Ds/B : skirt depth ratio
G stress applied on the footing
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Table 3. SRF for shallow footing (D;/B=0.5) at differ-
ent stress levels

Test Ds/B  Stress St Ss SRF
No. (kN/m?)
025 0.80 - 1
050 1.50 - 1
075 2.30 - 1
2 0 100 3.50 - 1
150 5.50 - 1
175 6.00 - 1
200 6.50 - 1
230 7.00 - 1
025 0.80 0.45 0.56
050 1.50 0.70 0.47
075 230 1.10 0.47
5 0.5 100 350 150 042
150 550 2.00 0.36
175 6.00 220 0.36
200 6.50 240 0.37
230 7.00 260 0.37
025 0.80 0.40 0.50
050 150 050 0.33
075 230 060 0.26
6 0.75 100 350 0.60 0.17
150 550 1.20 0.22
175 6.00 1.80 0.30
200 6.50 1.80 0.27
230 7.00 2.00 0.28
025 0.80 0.30 0.38
050 150 040 0.27
075 230 043 0.19
7 1.0 100 350 045 0.13
150 550 0.70 0.13
175 6.00 1.00 0.17
200 6.50 120 0.18
230 7.00 150 0.21
025 0.80 0.20 0.25
050 150 025 0.17
075 230 0.28 0.12
8 1.25 100 3.50 0.30 0.08
150 550 050 0.09
175 6.00 070 0.11
200 6.50 090 0.14
230 7.00 100 0.14
025 0.80 0.13 0.16
050 150 0.20 0.13
075 230 022 0.10
9 1.50 100 350 032 0.09
150 550 0.40 0.07
175 6.00 0.60 0.10
200 650 070 0.11
230 7.00 0.80 0.08

A comparison between the proposed Equation and the
experimental results was made and the results are shown
in Fig. 5. It is clear that the proposed equation is consis-
tent with the experimental results and thus, it can be used
to estimate the Settlement Reduction Factor (SRF) of
footings with skirts.
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Figure 5. Relationship between the proposed empi-
rical SRF and the experimental SRF

6. Conclusions and Recommendations

e Test results indicate that the use of structural
skirts reduces the settlement of footings and
modifies the load—displacement behaviour.

e The Terzaghi and Peck Method underestimates
the settlement significantly by about 30%.

e A simple linear equation is proposed to estimate
the Settlement Reduction Factor. The
experimental results have a good correlation with
the proposed equation.

e Further investigations are recommended for
different foundation shapes with structural skirts
resting on different soil types.
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