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1. Introduction

Bearing capacity is one of the key parameters for the design of shallow footings. In many parts of the planet,
which are in dry or semi-arid climates, surface soils are in dry or unsaturated conditions. However, in most of
the previous studies, soil bearing capacity is estimated assuming completely saturated soil condition and
ignoring the effects of stresses caused by capillary or matric suction. This assumption leads to a non-economic
footing design. In the present study, the effects of the degree of saturation of the soil on the bearing capacity of
the square and rectangular footings based on dense granular soil have been investigated experimentally.
Furthermore, the effects of the length of the shallow footing on its bearing capacity in unsaturated soil condition
has been studied.

2. Methodology
2.1. Physical and Mechanical Properties of the tested soil

The experiments are carried out using GOOMTAPEH sand. The physical properties of the tested sand
include: specific gravity, parameters of the sieve analysis grading curve, and the maximum and minimum void
ratio determined using the procedure given by ASTM standard test methods D4254 and D4253. Mechanical
properties include effective internal friction angle (¢'), effective cohesion (c"), and the dilatancy angle (y).
These parameters are obtained by performing a direct shear test in a saturated state, presented by ASTM
standard test method D3080. Table 1 shows the physical and mechanical properties of the tested sand.

Table 1. Physical and mechanical properties of the tested soil
Gs Dﬁo(mm) D30 (mm) Dlo(mm) Cu cc Uscs €max €min C,(kpa) (P' (O ) W(O )

2.636 0.35 0.25 0.20 1.75 0.89 SP 0.775 0.523 0 33.6 0~14

USCS : Unified Soil Classification System

2.2. Soil-Water Characteristic Curve (SWCC)

In the literature of unsaturated soil mechanics, the soil-water retention curve or the soil-water
characteristic curve describes the variations in matric suction with changes in moisture or degree of soil
saturation. Many properties of unsaturated soils, including hydraulic properties, strength properties, and
flexibility characteristics, are interpreted using the curve. For the sand used in this research, first, the curve
data were extracted using Whatman No.42 filter paper-based on ASTM D5298 standard, then, according to the
conventional method provided by Fredlund and Xing (1994), the best curve fitted to the measured data. Fig. 1
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shows the characteristic curve. According to this curve, the air entry value (AEV), residual suction (), and the
residual degree of saturation (Sr) are estimated 1.2 kPa, 4.0 kpa and 14%, respectively.
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Fig. 1. Soil-water characteristic curve for GOOMTAPEH sand

2.3. Test Setup and Experiment Plans

Fig. 2 (a) shows the details of equipment specially designed to determine the bearing capacity of soils using
model footings. This equipment has special provisions to achieve fully saturated conditions of the compacted
sand layer in the test tank. The water table level in the test tank can be adjusted to the desired level using a
drainage valve, and the capillary tension (i.e., matric suction) variation with respect to depth in the unsaturated
soil zone below the model footing is measured using Tensiometers. Fig. 2 (b) schematically shows the
arrangement of the Tensiometers and the locations of the sampling molds in the soil tank.

(1) Suction Profile (3)Tensiometer’ Zp;: i'th Tensiomter
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a) Test equipment with supplements b) Schematic view of tensiometers and
sampling molds arrangement
Fig. 2. Test setup : a) Test equipment with supplements, b) Schematic view of tensiometers and sampling
molds arrangement

The plate load test was performed by using the steel plate of 10 cm width, with a length to width ratio of 1,
2 and 3 under different soil moisture conditions: dry, unsaturated (three different conditions: 1’th unsaturated
state: GWT=-100mm, 2’'nd unsaturated state: GWT=-300mm and 3’rd unsaturated state: GWT=-500mm) and
submerged state in the soil tank with length, width and depth of 1m. Since, in different modes of tests, the values
of soil saturation and matric suction are varied in depth, to find a comparable value of these parameters for
different footings, the calculation of the average values of these parameters in the depth of the effective zone
of footings could be a good approach.

3. Results and discussion

Based on the plate load tests which are carried out in this study, variations of the applied stress to all three
footing models versus the induced settlement were plotted in submerged, unsaturated and dry conditions of
the soil. For instance, Fig. 3 (a) shows the mentioned curves for square footing. In this figure, the numbers on
each curve shows the average matric suction in the depth of the effective zone. Similar curves can be plotted
for two other rectangular footings. Fig. 3 (b) shows the variation of measured ultimate bearing capacity of each
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three footings with average matric suction measured in the effective zone of one of them. Itis observed that by
increasing the suction up to the residual suction, the bearing capacity increases nonlinearly and it decreases
sharply as the residual suction is approached. A detailed look at Fig. 3(b) shows that, in the middle zone of the
matric suction (between the AEV and the residual suction), the increasing rate of the bearing capacity is higher
than the first interval. Afterwards, the increasing rate of the bearing capacity declines. Furthermore, close to
the residual suction, by decreasing the aspect ratio of the footing, the increasing rate of the bearing capacity
decreases. The reason for this can be attributed to the effect of the average matric suction in the effective zone
of the footings. In the square footing with a smaller effective zone compared to the rectangular footings, the
average matric suction in the depth of its effective zone (4.5 kPa) more passes from the residual matric suction
(4.0 kPa) compared with the rectangular footings. Consequently, the rate of increase of the bearing capacity of
the rectangular footing was higher than the square footing, from the second unsaturated condition to the third
one. Results show that the bearing capacity reduces by increasing the relative length of the footing in
unsaturated states. For each of the three footing models, the dry ultimate bearing capacity has a significant
difference with the unsaturated bearing capacity. This is attributed to the difference in the structure of the dry
soil compared to the unsaturated soil. In the dry soil, due to the lack of a fluid phase, although the matric suction
is very high, but the matric suction cannot play an increasing role in the strength and bearing capacity of the
soil.

Submerge State =~ oo Dry State 400 +

]
_______ ' —— A
1'th UnSat. State 2'nd UnSat. State 350 4 L/B=1 ¥
————— 3'rd UnSat. State :
;E 400 1 4.5 KPa 300 + —2— L/B=2 g/
E ST TT R N “E 250
g £ g
& v =z 200 g
| R N I =)
2 g = 150 3
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] ' . ' ' 0 . y YOy,
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(a) Stress vs settlement for square footing(L/B=1) (b)  Ultimate bearing capacity vs matric suction

Fig. 2. Bearing capacity curves: a) Stress vs settlement for square footing, b) Ultimate bearing capacity vs matric suction

4. Conclusions

In this research, the ultimate bearing capacity of a square and rectangular model footings on the sand was
investigated under different moisture conditions: dry, unsaturated and saturated. With increasing matric
suction, the bearing capacity is increased nonlinearly and this increase in the middle region of the characteristic
curve has a slope higher than the first part. As the residual suction approaches, the increasing rate of bearing
capacity decreases. In the dry soil, due to the lack of a fluid phase, although the matric suction is very high, but
the matric suction cannot play an increasing role in the strength and bearing capacity of the soil.

Results of the performed tests showed that in unsaturated conditions, the ultimate bearing capacity of
footing depends on the soil matric suction, and in square footing can be 2.55 to 3.95 times the ultimate bearing
capacity of the saturated conditions. In rectangular footings due to the larger effective depth than the square
footing, the increase in ultimate bearing capacity compared to square footing was less in the same water table
conditions, so that the ratio of the unsaturated bearing capacity to the bearing capacity of the saturated state
is between 2.28 to 2.64 at low suction and up to between 3.96 and 4.25 in high suction values.
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