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Probabilistic Analysis of Piers in 
Expansive Soils 

c. FERREGUT, M. PICORNELL, AND J. A. PENDONES 

The design of drilled piers in expansive soils requires a consid
erable amount of site-specific data. The cost associated with ac
quiring these data is seldom justifiable by the cost of the foun
dat.ion. In general, some of the design parameters can be reasonably 
estimated for each site; however, other design parameters are 
effectively unavailable in routine design. A probabilistic analysis 
is proposed to incorporate some site-specific information to other 
design parameters selected from data bases. The proposed meth
odology is flexible enough to allow different design parameters 
to be incorporated as site-specific information. In this manner a 
preliminary design can be accomplished without incorporati~g 
any site-specific information. The data bases assembled from ex
isting data in the technical literature are described, as well as the 
analysis of these data to select probability density distributions 
for the different design parameters. A proposed analysis meth
odology is also described, and example runs for a hypothetical 
case are illustrated. 

A drilled shaft is a common type of foundation used to support 
heavy structures on expansive and other types of soil. The 
piers are installed to transmit the structural loads to the soils 
below the active swelling zone. Upon swelling of the soil, the 
pier is subjected to pulling forces caused by adhesion between 
the pier and the swelling soil. However, the section of shaft 
embedded in the soils below the swelling zone may be sub
jected to reaction forces to retain the pier in place if movement 
occurs. The result of these two actions is that a pier may be 
subjected to tensile stresses, which much be considered in 
designing the pier, and that the pier head may experience 
some vertical heave as a result of soil and pier deformations. 

The soil swelling process and the installation of the piers 
take place under different conditions at different sites. The 
soil swelling process can be initiated during the grading of the 
site upon the removal of the naturally occurring vegetation; 
thus, the swelling process can be well under way at the time 
of installation of the piers. By way of contrast, the swelling 
process at other sites might be triggered by the construction 
of the structure itself, specifically by the change in moisture 
regime caused by the impermeable surface of the structure. 
Under these conditions, the swelling process can start well 
after the installation of the piers. 

After construction each pier remains unloaded and later is 
subjected to increasing axial loads as the construction pro
gresses. During this period, the pier may be under critical 
conditions because the tensile stresses could be at a maximum. 
However, because the swelling process can continue after the 
application of the dead loads, there is the possibility that the 
most critical conditions occur after the construction of the 
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structure. These considerations illustrate the main parameters 
that would determine the design of a pier to withstand the 
induced shear stresses by the swelling soil. Some of these 
parameters, such as the maximum heave at the soil surface 
can be estimated within reasonable costs. Furthermore, pre~ 
vious experience in the area might also provide a basis on 
which to estimate the maximum surface heave with small 
uncertainty. However, other design parameters, such as heav
ing rates, total swelling time, or heave profile with depth, 
would be more costly to develop for a specific site and are 
not likely to be available from previous experience in the area. 

The engineering design of piers to withstand the tensile 
stresses imposed by soil heaving would require using some 
site-specific parameters known with relatively small uncer
tainty and some other design parameters that cannot be fea
sibly developed for the specific site conditions. This second 
set of parameters could be selected from previous experience 
at other sites, although at much higher levels of uncertainty. 

This paper describes a methodology to analyze drilled shafts 
in expansive soils incorporating site-specific data to design 
parameters chosen from data bases compiled from the existing 
technical literature. The results of example runs are presented 
and the significance of the findings are discussed in the re
maining sections of this paper. 

SOIL-PIER INTERACTIONS 

The swelling of an expansive soil profile takes place in a 
surface zone known as the active zone. The soil heave is 
maximum at the soil surface and progressively decreases to 
zero at the bottom of the active zone. The soil below the 
active zone does not heave. The heaves taking place in a soil 
profile, swelling under its own weight, are known as the heaves 
under "free-field" conditions. 

The construction of a drilled shaft introduces a stiff co
lumnar element within the soil mass. The clayey soil adheres 
to the concrete shaft. Upon swelling, the soil within the active 
zone pulls on the pier, which in turn constrains the potential 
movements of the surrounding soil. The soil below the active 
zone also adheres to the concrete shaft and constrains the 
movement of the pier. These pier-soil interactions take place 
through shear stresses that develop at the pier-soil contact 
surface. The shear stresses within most of the active zone tend 
to extract the pier; along the rest of the pier, the shear stresses 
tend to resist the pull exerted in the active zone. 

The magnitude of the shear stresses that develop at each 
section of the pier is determined by soil properties, such as 
the perimeter shear modulus G, and the relative displacement 
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between the pier section (displacement u) and the adjacent 
soil heaving in free-field conditions (displacement w). The 
displacements of the pier sections are governed by the fol
lowing ordinary differential equation (J): 

d2u 
A · Ee · dZ2 + G · P(w - u) 

where 

A = cross sectional area of the pier, 
P = perimeter length of the pier, 

(1) 

Ee = elastic modulus of the composite section of the pier, 
'Ye = unit weight of the pier, and 
Z = depth below the soil surface. 

The perimeter shear modulus G is a function of the depth 
and the relative displacement w - u between the soil and the 
pier section. The soil heave in the free-field w is also a function 
of the depth Z. 

The solution of this differential equation for different input 
functions of G and w has been accomplished with a finite 
element program using 99 longitudinal elements and linear 
interpolating functions. The boundary condition at the head 
of the pier is that the stress is equal to the applied stress on 
the pier section at the ground surface. The boundary condition 
at the tip of the pier has been assumed to be zero axial stresses 
in all cases. 

SOIL HEAVE 

Heave Profile 

The preliminary study identified that one of the most influ
ential factors on the tensile stresses and displacements ex
perienced by a pier in expansive soils is the heave profile 
occurring in the soil around the pier (2). The determination 
of this profile for a given site cannot be done accurately be
cause of several uncertainties. These uncertainties include the 
inherent spatial variability of the soil properties and the im
perfect knowledge of the changes to be imposed on the soil 
by the environment. 

To aid in the assessment of the heave profile for a site, the 
technical literature was searched to identify published heave
profile records of swelling soil deposits. These records were 
analyzed and compared to assemble a data base of heave 
versus depth that was used to develop an analytical model to 
describe heave with depth. 

A total of 32 sets of data were identified in the technical 
literature (3). The heave records collected from the literature 
included many cases with different depths of the active zone 
and surface heave of very different magnitudes. To compare 
all these records, it was convenient to describe the heave
versus-depth profile in terms of dimensionless relative heave 
and relative depth . This was accomplished by dividing the 
depth by the depth of the active zone and the heave by the 
surface heave reported. The expression originally proposed 
elsewhere (2) to model the dimensionless heave profile is the 
following: 

w 

where 

W = heave at depth D, 
w,u,f = surface heave, 

D depth, 
Dnrnx = depth of active zone, and 
a, b = parameters. 
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(2) 

Figure 1 shows Equation 2 fitted to all field data collected. 
Details and reference of these data have been reported else
where (3). Readily noticable is the large uncertainty (vari
ability) in the relative heave profile. This uncertainty can be 
taken into account by considering all the parameters in the 
Equation 2 to be random variables. This considers that the 
sources of the uncertainty may be due to the uncertainties in 
the physical and analytical parameters a, b, W,",r' and Dmax· 

Statistical data for each of these parameters were compiled 
and analyzed to model their variability . Figure 2 shows the 
data for each variable summarized as a histogram and the 
statistical distributions that were fitted to each of them. Final 
statistical parameters and the distributions chosen to model 
each of these random variables are given in Table 1. 

Surface Heave 

A number of surface, heave-versus-time curves have been 
compiled and analyzed (3). To facilitate the comparison of 
the different sets of data, the profiles were described in terms 
of dimensionless relative surface heave and relative time. This 
was accomplished by dividing the time into the maximum time 
of swelling and the surface heave into the maximum surface 
heave recorded. The expression proposed by Pendones to 
model the resulting normalized curves takes the form 

w 
(3) 
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FIGURE I Summary of all field data from technical literature 
for heave versus depth. 
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FIGURE 2 Comparison of frequency histogram fitted to theoretical distributions for (a) depth of active zone (Dm • .); (b) surface heave 
(W,0 .,); (c) parameter a; (d) parameter b. 

where 

W = heave at time T, 
wmax = maximum surface heave, 

T = time, 
Tmax = time at maximum heave, and 
c, d = parameters. 

Figure 3 shows the Equation 3 fitted to all data compiled. 
Clearly shown is the large uncertainty existing in relative heave 
for a given relative time. As in the previous model, the sources 
of this uncertainty can be considered to be the uncertainties 
associated with each of the variables in Equation 3, W mm 

T ma., c, and d. Using the collected data, statistical analyses 
were conducted to model the uncertainty in each of these 
variables. Figure 4 shows the histograms for each of the vari-

ables and the candidate statistical distributions used to model 
the data. 

The statistical parameters and the selected probability dis
tributions for each variable are shown in Table 1. 

LOAD TRANSFER MECHANISM 

The load transferred to the pier sections is basically governed 
by the perimeter shear modulus G. The earliest attempts con
sidered a fixed G for each pier section but increasing asymp
totically with depth Z to a maximum value Gmax (J) . This 
type of variation can be represented analytically by the 
following expression: 
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TABLE 1 Statistical Characteristics of Variables and Parameters That Intluence Pier Response 

VARIABLE DESIGNATION DISTRIBUTION EXPECTED VALUE COEFFICIBNT OF 
VARIATION 

w ... Surface Heave Gamma 2.9in. 0.88 

D.., Depth of Active Zone Lognonnal 141.86in. 0.62 

T..,, Time at Maximum Heave Uniform 48.73 months 0.32 

a Parameter in Equation 2 Lognonnal 0.54 0.59 

b Parameter in Equation 2 Log normal 0.951 0.54 

c Parameter in Equation 3 Gamma 0.925 0.31 

d Parameter in Equation 3 Gamma 1.73 0.31 

G""" Asymptotic Value of Normal lOOpci 0.10 
Perimeter Sbear Modulus 

W,..n=!J.W..,. I Surface Heave for the Exponential 0.34in. 1.00 
Unloaded Condition 

W,.,, = !J.W..,,2 Surface Heave for the Exponential 2.5in. 1.00 
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FIGURE 3 Summary of all field data collected from technical 
literature. 

G ( 1 )
1 

--1 --
Gm .. - - 1 + Z (4) 

A shortcoming of this model is that it does not allow slippage 
at the pier soil contact, which can be an important factor for 
large soil heaves. The mobilization of the maximum shear 
stresses at the pier-soil contact is known to take place for 
displacements ranging from 0.1 to 0.2 in. (4). 

Normal 3 months 0.16 

Normal 6 months 0.083 

Normal 3 x 10' psi 0.15 

Unifonn 0.125 0.3464 

1299.2in. 

41.34in. 

0.15in. 

One approach to overcome this difficulty has been proposed 
in other papers (5) . This consists of defining a f-w curve re
lating shear stress to relative soil-pier displacement. The pier 
is arbitrarily divided into several sections, and in each section 
a different f-w curve is adopted. A shortcoming of this ap
proach is that the variation of the f-w curve with depth is 
continuous. Thus, dividing the pier into twQ or three sections 
provides only a gross approximation of the axial stresses in 
the pier. 

The method proposed in the present study provides the 
continuous variation as seen in Equation 4 but limits the pos
sible shapes of the f-w curves. For this purpose, a critical 
displacement, we,;., is chosen. If the relative soil-pier displace
ment is smaller than we,;,, then the perimeter shear modulus 
is given by Equation 4. Conversely, when the relative soil
pier displacement exceeds we,;., then the shear modulus is 
decreased relative to the value given by Equation 4. 

The resultingf-w curve is shown in Figure 5. The shape of 
this curve forces the need to solve the differential Equation 
1 through an iterative process. In this sense, if the relative 
soil-pier displacement W; exceeds we,.., then the perimeter shear 
modulus G given by Equation 4 would be reduced to G' in 
the following iteration. 

The parameters involved in this approach are Gmax> f and 
wed•· These parameters can be obtained from field records on 
piers when simultaneous measurements of axial stresses in the 
pier and free-field heave have been reported. In such a case, 
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f 

FIGURE 5 Conceptual sketch of proposed backbone curve. 

the free-field heaves can be used with combinations of the 
parameters in Figure 5 to find a good fit of the axial stresses 
measured. 

In this study, the following values have been arbitrarily 
adopted: 

• Gmax = 100 pci , and 
e W«;t = 0.15 in . 

The parameter f is the only variable used to match the field 
data. One example of the possible match is illustrated in Fig
ure 6 on field measurements published in another paper (6). 
The good agreement between the field measurements and the 
values predicted by Equation 1 lend credibility to the load 
transfer model proposed. 

The technical literature was searched for cases that could 
be used to analyze the variability of the parameters involved. 
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FIGURE 6 Tensile stresses along pier calculated for best-fit 
solution if = 0.195). 
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However, only four instrumented piers were identified. A 
complete analysis of these cases has been reported elsewhere 
(3) . The low number of cases identified did not permit the 
formation of appropriate histograms; thus, a uniform distri
bution was adopted in the range of values obtained in the 
analyzed cases. This range of values for the parameter f is 
between 0.05 and 0.2. 

CONSTRUCTION SCHEDULE 

Casting of piers is normally one of the first activities in a 
construction schedule. Then the structure is assembled resting 
on the foundation; thus, the applied loads on the pier increase 
until the structure is completed . Under these circumstances 
the piers can have three distinctive phases: (a) the piers re
main unloaded for some time; (b) the load on the pier in
creases progressively ; and (c) the piers remain loaded with 
the constant dead weight of the structure. The swelling of the 
subsurface soils can start before or during any of these stages 
depending on the cause of the moisture changes of the subsoil. 

The variability to be encountered in practice can conceiv
ably cover a very wide range of possibilities. Therefore, it is 
believed that the analyses of the effects due to the construction 
schedule can best be implemented by the designer after the 
construction schedule has been defined . At that time, the 
designer will be a reasonable position to estimate the time of 
construction (T1) of each pier and the time (T2) when the full 
dead load would have been applied on each pier. These times , 
T 1 and T2 , in reference to the time of initiation of the swelling 
process will not be known with certainty, but reasonable es
timates of the coefficient of variation would be available at 
that time. For the purposes of the illustrative examples, it has 
been assumed that times T1 and T2 are random variables with 
a normal distribution. 

The proposed method of analysis considers the two follow
ing pier conditions: 

l. Unloaded: This first condition extends from the day of 
casting of each pier until the day when the full dead load has 
been applied on it (i.e . , from time Ti to time T2) . During this 
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time, the pier is assumed to be unloaded and the soil surface 
is experiencing a surface heave of .:l W1m.x· 

2. Loaded: The second condition considers that the pier is 
loaded with the full dead load from the day of casting until 
the soil swelling is completed (i.e., from time Ti to infinity). 
During this time, the soil surface will be experiencing a surface 
heave Ll W:1n a x> which is equal or greater than Ll Wfn ••. 

The most critical (i .e., largest pier head heave or largest ten
sile stress along the pier) of these two conditions is then used 
to design the pier . 

Since the times, T1 and T2 , and the swelling process pa
rameters , W max> T m a x> c, and d, are all random variables, the 
surface heaves Ll Wfn •• and .:l ~ •• will also be random vari
ables. The distributions of Ll W1max and Ll ~'"' can be found 
from a Monte Carlo simulation based on all the distributions 
of the intervening parameters. 

PROBABILISTIC ANALYSIS 

The computation of the uncertainties in the pier response due 
to uncertainties in the soil and material parameters was ac
complished using a Monte Carlo simulation approach (7). The 
information summarized in Table 1 was used for the simu
lation of each of the input random variables. 

llOO 800 '000 1200 '400 

Depth (ft) 

-0.025 

'2 
c -0.03 

Me., -----,,// -0.04 

_,/ MMn + Std. Dev. 

/" 
,....p# 

-0.045 

-0.064----.---....---.---.---~---.----i 
o 200 400 eoo eoo 1 ooo 1200 1400 

Depth (in) 

FIGURE 7 Results of probabilistic analysis for unloaded 
condition. 
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A preliminary simulation was conducted to determine the 
statistics of the two surface heaves il w,;, •• and il ~ ••. For 
this purpose, Equation 3 was used. The results show that the 
uncertainty on both heave increments can be modeled using 
exponential distributions (3). The calculated parameters are 
also shown in Table 1. 

Several aspects of the pier response were studied. These 
included (a) the computed tension and compression stresses 
along the pier, (b) the computed displacements along the pier, 
and ( c) the maximum tensile stress in the pier. 

EXAMPLES 

A drilled pier 1,299 in. long and 41.34 in. in diameter is 
considered. Two cases are studied: in Case 1, the pier remains 
unloaded, and the soil surface swells il w,;, •• ; in Case 2, the 
pier head is loaded with 50 psi in compression, and the soil 
surface swells il ~ ... The two pier conditions described were 
analyzed using the statistical information of Table 1 for the 
problem variables and the Monte Carlo simulation approach 
previously described . 

Case I 

Figure 7 shows the computed mean value of the stress and 
displacement at each pier section and a lower bound for each 
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FIGURE 8 Results of probabilistic analysis for loaded 
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FIGURE 9 Histograms of maximum tensile stress: top, 
unloaded pier; bottom, loaded pier. 

of these responses. This lower bound corresponds to one 
standard deviation from the mean value . The upper bound is not 
shown because of the unsymmetrical nature of the statistical 
distribution of these variables. Figure 7 also shows that the 
standard deviations of these variables are functions of depth. 

Case 2 

Figure 8 shows the summarized results of the probabilistic 
analysis for the loaded pier. Similar conclusions to the pre
vious case can be drawn. The distribution of the stresses and 
displacements at any section are unsymmetrical, and the 
standard deviation of stresses and displacements is a function 
of depth. 

From a designer's point of view the distribution of the max
imum stress along the pier may be more useful. Figure 9 shows 
this distribution for the two cases considered. It can be ob
served that the distribution of the maximum stresses also seems 
to be exponentially distributed. It is also evident that the mean 
maximum stress for the loaded pier is larger than for the 
unloaded pier. This may reflect the larger amount of soil 
swelling occurring for Case 2 than for Case 1. 

CONCLUSIONS AND RECOMMENDATIONS 

A deterministic analysis of drilled shafts in expansive soils 
requires the acquisition of large amounts of site-specific data 
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that can seldom be justified on the basis of the foundation 
cost. The proposed analysis methodology permits combining 
site-specific data that can be reasonably acquired with data 
from the technical literature for the more costly information. 

The maximum tensile stresses in the pier or the heave of 
the pier head can exhibit significant variability if there is no 
site-specific information included in the analysis. Neverthe
less , the overall variability can be split into components that 
can be attributed to each intervening parameter. When site
specific information is included in the analysis, the variability 
of the corresponding parameter may be reduced along with 
the overall variability. 

Some of the variables contributing the most to the overall 
variability, such as the maximum surface heave, can be cost
effectively estimated for each specific site; therefore , their 
uncertainty would be reduced . By way of contrast, other pa
rameters much more costly to develop for each site, such as 
the heaving rates, can be estimated from a general data base. 
These parameters , however, would have larger uncertainties . 

The main shortcoming now is the lack of sufficient data to 
permit a proper quantification of the variability of the perim
eter shear modulus G and the associated variation of G with 
depth. A substantial reduction in the overall uncertainty of 
the pier response would be expected if the variability of the 
intervening parameters in the estimation of the shear modulus 
could be documented more thoroughly. 
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