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Abstract

The study of the behavior of unsaturated soils has been the subject of
several studiesinrecentyears. The objective of this paperis tosummarize
the main aspects and different theories established by reference authors,
used to estimate bearing capacity of unsaturated soils. The variation
in the bearing capacity of a square shaped foundation surface: sides B
=L 1.5 m is obtained, using the approach proposed by Brinch-Hansen
considering the formulations offered by Fredlund and Vanapalli to
estimate the unsaturated soil strength parameters (c and ¢). Each of
the reviewed formulations suggests a law of variation of cohesion
values depending on the unsaturated suction function. A comparison
of the behavior between the unsaturated and the saturated phases, is
performed, using different values of matric suction obtained by means
of the soil retention curve of Formation Capdevila.

Keywords: bearing capacity, suction, the soil-water characteristic
curve, unsaturated soils.

Resumen

El estudio del comportamiento de los suelos parcialmente saturados
ha sido motivo de diversos estudios en los dltimos afios. La presente
investigacion se encarga de resumir los principales aspectos y dife-
rentes teorias enunciadas por varios autores para estimar capacidad
de carga de los suelos parcialmente saturados. Se obtiene la variacion
de la capacidad de carga de una cimentacién superficial cuadrada de
lado By L de 1.5 m, empledndose la formulacion propuesta por Brinch-
Hansen, y tomando en consideracién las formulaciones propuestas por
Fredlund y Vanapalli, para estimar los pardmetros de resistencia del
suelo parcialmente saturado (c y ¢). Estas formulaciones proponen una
ley de variacién de los valores de cohesion de un suelo parcialmente
saturado en funcién de la succién que este pueda experimentar. Se
realiza la comparacion entre el comportamiento en la fase saturada y
la fase parcialmente saturada, empleando diferentes valores de succién
matricial obtenidos por medio de la curva de retencion del suelo de la
Formacion Capdevila.

Palabras claves: capacidad de carga, curva de retencion, succién,
suelos parcialmente saturados.
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BEARING CAPACITY OF FOOTINGS IN UNSATURATED SOILS EMPLOYING ANALYTIC METHODS

I. INTRODUCTION

The study of the geotechnical behavior of soils has been developed consi-
dering the soils are saturated or unsaturated. However, there are important
geotechnical problems where the study of unsaturation is essential, since
much of the geological formations in the world, are mostly unsaturated
soils. [1]-[3].

The bearing capacity of soil is associated to ability to support different types
of tension due to the presence of loads imposed by the superstructure and
its maximum value is related to the maximum stress registered, before the
failure occurs by shear or loss of stability. This value varies depending on
the type of soil being treated, as well as the magnitude and distribution of
loads acting on the foundation.

Thehypothesis of thisresearch states that the bearing capacity of the shallow
foundation, placed on an unsaturated soil from the Capdevila formation,
increases when considering the suction effect.

II. THEORETICAL FRAMEWORK AND METHODOLOGY
A. Bearing capacity of unsaturated soils

The bearing capacity of shallow foundations is estimated using approaches
originally presented by Terzaghi and Meyerhof assuming that the soil is
saturated, [4]. The shallow foundations are placed above the water level
and the variation of tensions with respect to depth, associated with how
the loads of the superstructure are distributed through the substructure
(shallow foundations), in unsaturated soils. The bearing capacity of a sha-
llow foundation depends mostly on the foundation’s width, additionally
this study results show that the capacity of these soils (for the same width)
is significantly influenced by the suction values.

Fredlund in 1993 suggested that the strength parameters for unsaturated
soils affected by the influence of suction can be obtained from the strength
parameters of the saturated soil, equation 1 and 2. [1]

‘ b
Cunsat = Csat T (ua - uw) tan ¢ (1)
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¢unsat = ¢sat (2)

Where c_,"is the effective cohesion, (u -u ) is the matric suction ¢_,” is the
effective angle of internal friction and ¢"is the slope angle of the failure
envelope with respect to matric suction, when ¢'<¢_,.

Moreover, Fredlund suggests that there is a relationship between the ¢’<
¢,,and given by: (Equation 3)
Tan ¢”
y = Tan¢ (3)
Tan ¢,
If assumed as valid that x=S_proposed by Beneyto [5] and Alanis [6], then:
(Equation 4)

o° = arctan(S, Tan ¢sat) (4)

Replacing strength parameters, C
mula. (Equation 5)

erediung @0d ¢ in Brinch-Hansen for-

@u = [csar + (uq — wy) tan ¢”| N.S,icdcg. + ydAN,Sqiqd,g, + 0.5vBN,S,i,d,g, (5)

Wherec_,
base level, B is the footing width, (u -u ) is the matric suction, ¢_,"is the
effective angle of internal friction, ¢’is the slope angle of the failure envelope
with respect to matric suction, SV, Sq, S_are shape factors of Brinch-Hansen,
i, iq, iy , are load slope factors of Brinch-Hansen, dr’ dq, d_are depth factors
of Brinch-Hansen, g , g , , are sloped terrain factors of Brinch-Hansen, and

N_, N , N, are bearing capacity factors of Brinch-Hansen.
v q ¢

“is the effective cohesion, y is the specific weight, D fis the footing

Vanapalli and Mohamed suggest the semi-empirical equation based on
the model of surface balance tests for predicting the variation of bearing
capacity with respect to the matric suction in unsaturated soils as follows.
[7], [8]. (Equation 6)

qu = [Csat, + (ug — uw)b(tan ¢sat, - S,Vtan ¢sat,) (6)
+ (ug — ) avr Sy'tan ¢, | NeScd, + yDpNySydg + 0.5vBN, S, d,,
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Where c_,"is the effective cohesion, y is the unit specific weight, D is the
footing base level, B is the footing width, (u -u_), is the air-entry value from
the soil-water characteristic curve, (u-u ), . average air-entry value, ¢_,
is the effective angle of internal friction, S is the degree of saturation, y is
a fitting parameter, Sy, Sq, S, are shape factors of Vesic, dy, dq, d_are depth
factorsand N , N, N, are bearing capacity factors of Vesic.

Performing an adjustment of the equation proposed by Brinch - Hansen,
which is used by the Cuban Normative (NC 2007), with unsaturated soil
parameters that refer to [10]. After replacing the values, as follows for un-
saturated soils. (Equations 7, 8 and 9)

qu = [C’ + (uu - uw)b(tan¢sat - S,Wtand)sat) + (ua - uw)AVR Srwtan(bsat] Ncscicdcgc (7)
+ydNySqiqdqgq + 0.5vBN,S,i,d, g,
¥ = 1.0 + 0.34 (PI) — 0.0031 (PI?) (8), [8]-[9]
(I)unsat = (I)sat + \Vd (9)

Where c , is effective cohesion, y is the unit specific weight, D is the footing
base level, B is the footing width, (u-u ), is the air-entry value from the
soil-water characteristic curve, (u -u ), . average air-entry value, ¢_,"is the
effective angle of internal friction, S is the degree of saturation, y is a fitting
parameter, Sy, Sq, S, are shape factors of Brinch-Hansen, i , iq, ir are load
slope factors of Brinch-Hansen, dy, dq, d_are depth factors of Brinch-Hansen,
8., 8, 8, are sloped terrain factors of Brinch-Hansenand N, N, , N, are bea-
ring capacity factors of Brinch-Hansen. The parameter ¥ depends on soil

plasticity index (PI), this adjustment parameter is obtained by Equation 8.

Dilatancy has a significant influence on the volumetric response of granular
soils, is a volume change when shear stresses, applied Figure 1. [11]

Lo it L
_.M s Wwﬂ

Figure 1. The dilatancy model in granular soils. [11]
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Dilatancy for direct shear test can be obtained by expression 10. [11]

S dy

P dx Wd( )
Where S is the tangential stress, P is the normal stress, dy is the displace-
ment in the y-axis, d_is the displacement in the x-axis and y, is degree of

dilatancy (°).

The degree of dilatancy values are controversial and have greatinfluence on
the geotechnical behavior of shallow foundations, [12], [13]; the absence of
a single criterion Haramboure [14] considered null (y, = 0°)in all frictional
soils, this being a conservative approach from the proposal Bolton [12] for
frictional soils ¢ < 30° and which can be estimated considering that y, =
¢ - 30°for soils with ¢ > 30°.

Mohamed and Vanapalli assume that the dilatancy value will be 10% of
the angle of internal friction of the soil, [7]. This approach is the chosen for
the further analysis of soils in this paper.

ITII. RESULTS AND DISCUSSION
A. Soil characterization - Capdevila

To carry out the tests on the soil for the study and classification, current
Cuban Normative NCand ASTM indications were followed: determination
of the particle size, specific gravity, liquid limit, plastic limit and plasticity
index, standard Proctor, suction and direct shear test. The results of phy-
sical and mechanical tests performed on soil samples studied below. [16]

* Particle size distribution, consistency limit, specific gravity and com-
paction test

Determination of particle size, specific gravity, liquid limit, plastic limit
and plasticity index, Proctor Standard: To carry out the tests in soils under
study and classification guidelines to currently existing ASTM normative
were followed and suction in soils. The results of physical tests performed
on soil samples are shown below in the Table 1.
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Proctor Standard test was performed to Capdevila soil samples, necessary
to obtain the values of maximum dry unit weight and optimum moisture
to have a reference when working on remolded samples because there
could not be obtained undisturbed samples. The remolding of the sample
used in the research was done following the method of using 90% of the
maximum dry unit weight as a fixed parameter, always working on the
dry branch of the Proctor Standard curve. This test was performed taking
into account the standard. (Table 1)

Table 1. Experimental results of the soil Capdevila

Parameters Units Capdevila
Gravel (%) 248
Sand (%) 20.89
Silt and Clay (%) 76.63
Limited Liquid (LL) (%) 52
Limited Plastic (LP) (%) 21
Plasticity Index (PI) (%) 31
Relative specific weight of the solid particles (Gs) ) 2.72
Specific weight dry () (kN/m3) 14.8
Optimum moisture () (%) 23

Depending on the results of the particle size and consistency limit soil
studied, the soil is classified as CH (clay high compressibility).

* The soil-water characteristic curve of the soil studied

To determine soil suction, it was taken as the ASTM standard for obtaining
suction in the laboratory (ASTM: D 5298, 2010), experimental results suctions
of the soil samples used in the research are presented below in Figure 2.
The suction test was performed using Whatman filter paper 42.
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Sr Matric Suction (e = 0,849)
100% .\
80% huu| —#— Experimental wetting
\ \ curve
60%

—e— Experimental drying
curve

40%
20%
0% | | | |
1 10 100 1000 10000 100000
S (kPa)

Figure 2. The experimental soil-water characteristics curves of
Capdevila for compacted soils. (e = 0.849). [15]

Resistance parameters of saturated soil studied

This test is performed in order to determine the parameters of soil strength
(¢ - ), considering the standard (NC-325 2004.) Corresponding to Geote-
chnical Determination of direct shear resistance (box apparatus small cut).
To carry out this test, specimens compacted with the energy of Standard
Proctor were used. Each of the samples was applied to a vertical load of 50,
100 and 200 kPa, with an application rate of 0.4 mm/min on Capdevila soil.

As a result, stress values of the soil samples tested were gathered. It is
shown in Figure 3 the curveof o vs T__ .

ax
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Curve of o vs 1, Capdevila

150
y = 0,6596x +3,3944..."°
~ 100
©
© 50 :
=
0
0 50 100 150 200 250
o (kPa)

Figure 3. Curve of o vst__ soil Capdevila formation.

As aresult, the graph parameters for Capdevila soil resistance, Table 2. The
test was performed with samples of saturated soils, through the flooding
of cutting box.

Table 2. Parameters strength of soils objects of study.

Parameters Capdevila
Cohesion C, (kPa) 34
Effective angle of internal friction ¢, (°) 334

The sampling was preformed based onarandom procedureat the geological
site of the Capdevila Formation. The samples where extracted undisturbed,
following the corresponding normative. After performing 5 cycles of labo-
ratory tests, average values of properties and parameters were determined
for each soil studied.

Results of the capacity of the soil - Capdevila

In Cuba, the soils do not experience saturation values below the 60%, so
obtaining the bearing capacity and predict the foundation’s settlement on
unsaturated soils, it is valid for suctions between 0 - 200 kPa.
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This case study research foundation is a square surface side Band L 1.5 m,
withfoundation depth of 1.5 m and the total base height 0.45 m; the pedestal
section 0.3 m x 0.3 m and a height of 1.05 m. The foundation will be suppor-
ted on the ground from Capdevila Formation, where the bearing capacity
is determined when the degree of saturation variations occur. (Figure 4)

1,05m

0.45m I

Figure 4. Geometrical characteristics of the foundation used in the case study.

To analyze the bearing capacity of the foundation described above, the
characteristics shown in Table 3 were taken as initial data. The results of
the properties of soil bearing capacity Capdevila using formulation Brinch-
Hansen (NC2007), soil ¢ - ¢ modified (C,, . ;and ¢, ) and (Cg,, ,and
Opreqiung)- Under the influence of suction, (equation 5 and 7), are reflected in
Table 4, Table 5 and Figure 5.

Table 3. Data of foundation and soil Capdevila

Foundation Soil - Capdevila

B(m) L(m) Dfm ¢, v, C,kPa) PI(%) (u,-u,),(kPa)
15 15 15 334 334 34 306 120

* Analytical Methods (Vanapalli and Fredlund)

The results of calculating the bearing capacity of the soil formation Ca-
pdevila, the void ratio (e = 0.842) using the formulation Brinch-Hansen
Of mOdlfled (CVanapalli and ¢Vanapalli) and (CFredlund and ¢Fredlund) is Varying the
values of suction.
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Table 4. Ultimate bearing capacity of the soil - Capdevila,
variable suction (C,, . and ¢, )

Brinch-Hansen (e=0.842) (Equation 7, 8 and 9)

Soil- Capdevila Bearing capacity Shape factors Depth
factors factors g, (kPa)
(U, = U, )y 9 v* e O B-H Vanapalli
wa Sy ey ¢ wea) N N NS S0 S dod
0 100 18.1 271 3188 234 272 228 3515 06 162 165 1 1 1 1364.10
50 100 18.1 271 3188 2379 272 2286 3515 06 162 165 1 1 1 2608.41
100 98 18.0 270 3188 4660 272 228 3515 06 162 165 1 1 1 3924.82
150 91 17.7 266 3188 5960 272 228 3515 06 162 165 1 1 1 4659.42
200 84 174 261 3188 6162 272 228 3515 06 162 165 1 1 1 4757.28
Table 5. Ultimate bearing capacity of the soil - Capdevila,
variable suction (C, ;. v ¢, .
Brinch-Hansen (e=0.842) (Equation 5)
Soil- Capdevila Bearing capacity Shape factors Depth
factors factors
qu (kPa) B-H
(U, - U ) Vv q* ¥, C* Vanapalli
S (% ws N N N S S S d d d
) ) N (kPa) PO I T T A T T A T
0 100 18.1 271 3188 234 272 228 3515 06 162 165 1 1 1 1364.10
50 100 18.1 271 3188 2508 272 2286 3515 06 162 165 1 1 1 2683.08
100 98 18.0 270 3188 4691 272 228 3515 06 162 165 1 1 1 3942.83
150 91 17.7 266 3188 6442 272 2286 3515 06 162 165 1 1 1 4939.05
200 84 174 261 3188 7874 272 228 3515 06 162 165 1 1 1 5750.61
8000 - Svs (], - Capdevila
7000 -
6000 -
. 5000 -
L)
% 4000 -
= 2%2 | —a— Brinch-Hansen (Vanapalli)
—#— Brinch-Hansen (Fredlund
1000 - ( )
0 T T T T 1
0 50 100 150 200 250
Suction (kPa)
Figure 5. Curve of ultimate bearing capacity vs suction for formulating Brinch-
Hansen mOdlﬁed Of (CVanapalli and ¢@Vanapalli) and (CFredlund and ¢Fredlund), soil - Capdevila.
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In obtaining the bearing capacity of a shallow foundation resting on a un-
saturated soil, the formulation that best describes the behavior of the soil is
raised suggested by Brinch-Hansen modified (C and ¢ ), which
takes into consideration soil characteristics by using suction, the degree of

Vanapalli Vanapalli

saturation, the plasticity index; and wherein a value for the suction capacity
begins to decrease becoming asymptotic as the soil becomes drier; being
differentin the case of the formulation proposed by Brinch-Hansen modified
(Cyanapans and ¢y, ) where the value of carrying capacity of unsaturated
soil increases indefinitely as matric suction increases.

The unsaturated soil Capdevila Formation modifying cohesion by employing
the formulation of Vanapalli, the bearing capacity starts to decrease for a
given value of suction depending of the soil type, showing a rearrange-
ment of particles with a decreased volume when a decrease in the degree
of saturation occurs. (Figure 5)

IV. CONCLUSIONS

The study of unsaturated soil treatment requires effort of new variables,
such as suction, which can significantly affect their behavior.

The load capacity in unsaturated soils friction increases from 2 to 4 times as
compared to the saturated condition, with increasing suction on the floor,
due to a decrease in the degree of saturation.

The method that best describes the behavior of unsaturated soil from Ca-
pdevila Formation is suggested by Vanapalli for modifying the strength
parameters of the soil, where it takes into account in its formulation, soil
characteristics by using suction, the degree of saturation and soil plasticity
index. Unlike the Fredlund’s formulation raised by the value of carrying
capacity increases as soil matric suction increases indefinitely, for developing
this capacity value, Vanapalliload starts to decrease for a particular suction
value, which is a function of soil type that evidenced a rearrangement of
the particles it occurs when a decrease in the degree of saturation.

For soils with a high value in the angle of internal friction, such as soil of
Capdevila Formation, which has a ¢ =33.4 °, the capacity begins to decrease
from a value of suction depending on the soil characteristics. In this case,
for values above 150 kPa, Table 5.
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