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Long-Term Behavior of a Drilled Shaft 1n Expansive Soil 
LAWRENCE D. JOHNSON a111I WILLIAM R. STROMAN 

ABSTRACT 

A vertical load test was performed in November 1982 on an instrumented 30-in. 
diameter drilled shaft 36 ft long with a 4-ft underream. Shaft LAFB-2 was con
structed at Lackland Air Force Base, Texas, during July 1966, in stiff, expan
sive clay soil that contained a perched water table in a clayey gravel stratum. 
Soil adjacent to LAFB-2 had heaved 7.7 in. at the ground surface by September 
1981, while the shaft had heaved 3.4 in. Because soil within 3 ft of the shaft 
base had heaved only 1.8 in., LAFB-2 had stretched or fractured along the shaft 
length. Results of the vertical load test indicated a discontinuity in the 
load-displacement curve that separated the observed skin friction resistance of 
250 tons from the end bearing resistance of 130 tons. Uplift thrust of the 
adjacent swelling soil mobilized skin friction and tensile forces in the shaft 
equivalent to the shear strength of the adjacent soil times the total shaft 
surface area. Long-term end bearing capacity was reduced to about 75 percent of 
short-term capacity because of long-term wetting of soil beneath the shaft base. 

In July 1966 seven test shafts were constructed at 
Lackland Air Force Base to study the performance of 
drilled shafts in expansive soil. The test site was 
instrumented with porous stone piezometers, free
standing benchmarks, and two deep reference bench
marks to provide accurate pore water pressure and 
elevation profiles. Pressure heads recorded in the 
piezometers indicated a perched water table 8 ft 
below ground surface extending down to about 50 ft. 

A deep water table was observed 80 ft below ground 
surface. 

A vertical load test was performed on shaft 
LAFB-2 in November 1982 to investigate the long-term 
performance of a drilled shaft in expansive soil. 
This 2.5-ft diameter by 36-ft long shaft, including 
a 4-ft diameter bell, is located in the southeast 
corner of a 100 x 100-f t covered area constructed in 
1974 to observe trends in long-term heave in expan-
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sive soil beneath lightly loaded areas (.!_) • LAFB-2 
was instrumented with 21 strain gauges secured on 
steel reinforcement and distributed in groups of 
three at periodic intervals along the full shaft 
..Lt:UYLll• 5L.t:t:::i. 1.t:.1.ll.LUl.\ •. a::"lllt:lll. J.:::l :; llUJllUl::'l. .l.~LJ Udl.::::i 

tied with number 4 bars at 12-in. centers for 6.7S 
in. 2 or 1 percent of the shaft cross section. LAFB-2 
was also instrumented with eight Carlson earth pres
sure cells that were mounted in specially prepared 
holes cut into undisturbed soil on opposite sides of 
the shaft perimeter at depths of 2.4, 6, lS, and 32 
ft below ground surface. Compressive strength tests 
performed on 3-in. diameter concrete core samples 
Lak.en from Lite dUjdeent Hha[t (LAFB-1) iu 1982 at 
3.8 and 11.S ft deep indicated a Young's modulus of 
216,00 tsf and compressive strength of about 400 tsf 
(~,}_). 

DESCRIPTION OF SOILS 

The overburden material consists of about 8 ft of 
expansive black to gray CH clay and 4 to S ft of GC 
clayey gravel with caliche. The primary material 
encountered below the gravel is fissured expansive 
CH clay shale of the Upper Midway group of the 
Tertiary system. The soils are uniform within the 
test area. Laboratory tests to classify the soil and 
to evaluate strength and consolidation parameters 
were performed on 6-in. diameter undisturbed samples 
obtained between 1966 and 1982 by Shelby tube or 
piston samplers. Relatively undisturbed samples 
could not be obtained from the clayey gravel. De
tails of the results of these soil tests and site 
layout are described elsewhere (~,}_). 

HEAVE PROFILE 

The soil heave profile measured from the freestand
ing benchmarks, PSTBM, shown in Figure 1 relative to 
July 1966 indicate the least measured vertical swell 
at the test site. Heave recorded at the ground sur
face by the PSTBM was about 3 in. in 1981. Soil heave 

10 

t 20 

I 
I
n. 
1'J 
0 

30 

40 

PSTBM 

0 

HEAVE OF 
SHAFT : 

z 

z 3 4 5 
HEAVE1 INCHES 

SOIL HEAVE 
ADJACENT 
SHAFT 

6 7 

FIGURE 1 Heave profile of LAFB-2 in September 1981. 
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of about 1 in. occurred less than S ft below ground 
surface, 0.9 in. between lS and 2S ft in the fissured 
clay shale of the Upper Midway group, 0.6 in. from 
2S to 40 ft, and 0.4 in. below 40 ft. Soil adjacent 
.L - ... .,. .......... .... • - _., ' ., ... ... • ' .. .... .... .. • .. - ' .. 
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more than the freestanding benchmarks. Soil near the 
base of shaft LAFB-2 at 3S ft had also heaved about 
twice that of the 3S-ft benchmark. Shaft LAFB-2 had 
heaved 3.4 in. by 1982, much more than the 1.8 in. 
of soil heave observed near the shaft base; there
fore, the shaft appeared to stretch 1.6 in. Because 
LAFB-2 is underreamed, it may have fractured at one 
or more locations along the shaft length. 

THEORETICAL MODELS 

Vertical axial loads 
along the shaft-soil 
capacity of the soil 
ultimate capacity Qu 
given by 

are resisted by skin friction 
interface and by end bearing 
beneath the shaft base. The 
of the shaft is commonly 

Qsu 

where 

Qsu ultimate mobilized skin resistance, tons; 
~u ultimate end bearing resistance, tons; 
Dsu shaft diameter, fti 
f~ full mobilized skin friction, tsfi 
dL increment of shaft length L, fti 

qbu ultimate base resistance pressure, tsf i 
and 

Ab base area, ft2 • 

(1) 

(2) 

(3) 

The ultimate capacity Qu is normally reduced to an 
allowable bearing capacity Qa for design by selec
tion of suitable factors of safety. 

End Bearing Capacity 

Shaft foundations normally fail by punching shear in 
which the shear surface is not well defined and 
failure is progressive with continuing downward 
movement or punching of the soil. The end bear i ng 
capacity, qbu• for deep foundations may be given by 

(4) 

where c is the cohesion, tsfi cr~ is the effective 
vertical overburden pressure, tsf i and Ne, Nq is the 
bearing capacity factors. Factor N equals 9 and N 

c 9 
equals 1 for total stress (undrained) analysis. crv 
is equally ignored to compensate for the shaft 
weight. The cohesion c equals the undrained shear 
strength Cu· 

The bearing capacity factor Nq for effective 
stress (drained) analysis has been evaluated by a 
variety of useful procedures in which cohesion is 
normally ignored. Two procedures for local and gen
eral shear failure are 

Local(_!): Nq = (1 +tan <t>')etan <!>' tan2 (4S 
+<I>' /2) 

General(~): Nq [e (270-<t> ')11tan <!> '/180) 

f [2cos2 (4S + <t>'/21 

(Sa) 

(Sb) 
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where <I>' is the effective friction angle. Settle
ments required to achieve ultimate end bearing vary 
widely, but practical estimates for drilled shafts 
are up to 25 percent of the shaft diameter. 

Skin Friction 

The development of skin friction fs in deep foun
dations depends on the relative displacement between 
soil and shaft. The full mobilized skin friction 
f~ occurs at relative displacements much less than 
those usually required to achieve full end bearing 
and often less than 0. 5 in. of total shaft head 
displacement. Cylindrical shear models are con
sidered most appropriate for analysis of skin fric
tion resistance as used in Equation 2. The magnitude 
of ultimate skin friction for practical design ap
plications may be computed by the same cylindrical 
shear model for applied structural loads, pullout 
loads, downdrag forces from consolidating soil, and 
uplift thrust from swelling soil. The maximum uplift 
thrust developed in swelling soil is considered in 
this paper. 

Methodology for 
analysis is 

evaluating by undrained 

(6) 

where a is a factor relating adhesion along the 
soil-shaft interface to the undrained cohesion Cu. 
The factor a appears to vary with the type of soil 
and is on the order of 0.5 for the stiff clays of 
this test site (§_); however, a for modeling uplift 
thrust from expansive soil may be larger than 0. 5 
and could approach 1.0 because the soil expands 
tightly against the shaft perimeter over the full 
length of the swelling soil. 

Methodology for evaluating the full mobilized 
skin friction by drained analysis is given by 

(7) 

where a is the lateral earth pressure and friction 
angle factor. Among the models available for eval
uating a, the model (l) 

a ; Ko tan 0 I (8) 

is commonly used where Ko is the coefficient of 
lateral earth pressure at rest. In practice the most 
appropriate effective friction angle cS' appears to 
be several degrees (::::: 5 degrees) less than the mea
sure d angle <1> ' or about 0.8<1> '· 

The uplift thrust from swelling of expans ive soil 
is expected to increase the actual coefficient of 
lateral earth pressure toward the passi ve coefficient 
Kp, which could be modeled by the Rankine passive 
state ignoring cohesion and cS' = <1>'. The uplift 
thrust Qus may also be modeled by (~,1) 

l.311Ds I as tan 4> 'residual dL (9) 

where as is the swell pressure, tsf, and <I>' residual 
is the residual effective friction angle, degrees. 
Possible explanation for the factor 1.3 in Equation 
9 are that measured swell pressures may be less than 
actual swell pressures, and the friction angle may 
be between the peak and residual friction angle. 
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Load-Displacement Behavior 

The load-displacement behavior may b e estimated by a 
variety of techniques. Results of several elastic 
and load transfer models applied to LAFB-2 are de
scribed elsewhere (1_). The finite element method 
using computer program AXIPLN (10) and load transfer 
functions programmed into a computer code AXILTR (~) 

are applied in this paper to evaluate load-displace
ment behavior of LAFB-2. Load transfer functions 
programmed into AXILTR are discussed next. 

Shaft Load Transfer Functions 

The load transfer function or t-z curve defined by 
Seed and Reese ( 11) uses a shape function that de
pends on the type of soil. Experimental data (ll) 
indicated the load transfer (or normalized t=;-) 
function for normally consolidated soil shown in 
Figure 2a. Kraft, Ray, and Kagawa (12) also devel
oped a load transfer hyperbolic t-zfunction after 
Randolph and Wroth (l:l) t hat leads to the normalized 
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load transfer function (Figure 2a) for the following 
parameters consistent with shaft LAFB-2: 

Soil Young's modulus, 
-. ........ ,.. .... 
.&..:.15 - J.JV '-~.L 

Soil Poisson's ratio, 
') s = 0. 3 

Soil shear modulus, 
G = 127 tsf 

Soil shear strength, 
f'S = 1.5 tsf 

Shaft diameter, 
Us = L..:J L[;. 

Shaft length, 
L = 36 ft 

Curve fitting con
stant, Rf = 0.96 

This load transfer function is less stiff than the 
empirical function of Seed and Reese (11) for the 
preceding parameters. 

Base Load Transfer Functions 

Transfer functions have also been developed for load 
transfer to the soil beneath the shaft base. Figure 
2b shows two (normalized q-z) base functions after 
Ree~e and Wi:ighL (14) an<l Vljayvergiya (15). The 
ultimate base settlement Pbu has been related to 
the strain in laboratory tests by <.!!) 

(10) 

where Db is the base diameter in feet and ESQ is the 
strain at 1/2 maximum deviator stress of undrained Q 
triaxial test. Confining pressure during the Q test 
was not specified. In the interest of simulating in 
situ conditions, the confining pressure should be 
similar to the in situ soil overburden pressure. 
Vijayvergiya (~) assumed Pbu is about 4 to 6 
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percent of the base diameter, Db• The ultimate 
base pressure, qbu (Figure 2b) is taken as 9Cu 
where Cu is the undrained shear strength. Figure 
2b shows that the data after Vijayvergiya (15) indi
'-'d~" :;uusi::am:iau.y si::1rrer soi.1 tnan tne mean data 
after Reese and Wright <..!.!>. 

RESULTS AND ANALYSIS OF VERTICAL LOAD TEST 

The vertical load test was performed in November 
1982 using a 1,250-ton capacity loading frame sup
ported by two 3-ft diameter shafts 36 ft long with 
7-ft, 6-in, diameter bello. Each anchor shaft con
tained ten 1 3/8-in. diameter, 150,000 psi high
strength bars equally spaced around a 28-in. diameter 
ring. Vertical loads were applied with a calibrated 
and electronically operated loading jack of 1, 200 
ton capacity. Displacements were measured by two 
dial gauges, sensitive to 0.001 in., positioned on 
each side of the test shaft and mounted on a wood 
frame independent of the shaft. Backup ruler and 
wire gauges were also in position. The load LesL was 
conducted in accordance with ASTM Standard Test 
Method Dll43 (~. 

Results of Load Test 

The shaft experienced an intermediate plunging fail
ure at 250 tons causing rapid displacement to 1. 5 
in. (Figure 3) • This intermediate failure was at
tributed to applied loads exceeding the maximum skin 
resistance and the presence of a void or soft soil, 
or both, beneath the base. Because LAFB-2 had heaved 
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1.6 in. more than the soil had heaved near the vi
cinity of the base, a gap had occurred in the shaft 
and could have been caused by tensile fracture near 
the base. The strain gauge data (~) indicated negli
gible elastic modulus in the shaft near the shaft 
base and the strain gauge d a ta also had shown that 
the shaft had compressed about 1 in. during the load 
test, mostly below 20 ft. Therefore, a fracture in 
the shaft appears to have e xisted near the base, and 
0.6 in. of possible space may have existed beneath 
the base. The shaft held an additional 130 tons 
after the intermediate plunging failure, which i s 
a t tributed to the end bearing capacity. The failure 
load of 380 to 400 tons was maintained for 8 hr with 
a creep rate of 0.001 in. / min. Loads exceeding 400 
tons significantly increased the creep rate and 
could not be maintained. 

An analysis of the skin friction distribution 
with depth (~,-~_) indicated that the a factor at 

0.8 

06 
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maximum skin resistance relative to the undrained 
shear strength is about 0.85 and 1.0 from 0 to 16 ft 
and 16 to 34 ft, respectively (Figure 4). These " 
factors are larger than those expected in nonswell
ing soil, indicating intimate contact at the soil
s haft interface. The skin friction distribution is 
bounded by the Seed and Reese (11) and Kraft, Ray, 
and Kagawa (12) load transfer models. The large 
magnitude of -;;kin friction observed over the full 
length of the shaft indicates that any fracture in 
the shaft must have occurred near the base. Strain 
gauge readings ( 2, 17) show that large tensile 
strains had developed in the lower portion of th e 
shaft. 

The maximum end bearing load, Qbu• was 130 tons 
at a displacement of 4.9 in. A plot of the normalized 
base transfer q-z functions in Figure 5 shows that 
the load test results are between the functions 
after Vijayvergiya (1:2) and Reese and Wright (_!!) 

KRAFT, RAY, & KAGAWA (1981) 

o --~~~~~~--~~~~~~ ...... ~~~~~~ ...... ~~~~~~ ...... ~~~ 
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FIGURE 4 Normalized t-z skin friction curves of shaft LAFB-2. 
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shown in Figure 2b. The ultimate base displacement, 
Pbu• estima t e d by Equation 10 is 0.6 in., which 
is much less than observed even excluding the 1. S 
in. of rapid drop at 2SO t ons. The value of p hn 
after the criterion of 4 to 6 percent of Db (.:!2_) 

is 2 to 3 in., which reasonably simulates the ob
served Pbu if 1 to 2 in. o f displacement are 
subtr acted from the observed 4. 9 in. to compensate 
for crack closure in the shaft. 

The skin friction model use d to calculate curves 
2, 4, and 13 in Figure 3 was after the load-transfer 
skin friction model of Kraft, Ray, and Kagawa (12). 
The general shear Equation Sb wa s used to c ornpu"te 
ultimate base capacity, Obu, for the drained anal
ysis of curve 13, and Ne = 9 was used to compute 
Qbu for the undrained analysis. The shaft modulus 
was 108,000 tsf, simulating a long-term concrete 
modulus. The input parameters used in programs AXIPLN 
a nd AXILTR are given in Tables 1 and 2. The calcu
late d curves tend to underestimate displace ments for 
loads exceeding mobilization o f skin frict i nn. Skin 
friction parameter a. = 0.4S for undrained analysis 
of c urves 2 a nd 4 i s too l ow. The finite ele ment 
dr a ined (Cu = 0) and undrained (<!>' O) results 
from AXIPLN; both overestimate end bearing capacity 
similar to results of AXILTR. 

Ult imate Capacity 

End be aring capacity, Obu, for undrained analysis 
using Nc = 9 i s 170 tons, which exceed s the a c tual 
end bearing capacity by 40 tons. A bearing capacity 
f a ctor Nc = 7 reasonably cons istent with a recom
mended value of 7.4 (18) properly simulates end 
bearing, Qbu• for drained analysis using <I>' 27 
degrees, and the general shear model for Nq grossly 
overestimates e nd bearing at 278 tons. Nq approxi
mated by local shea r failure from Equation Sa r e a son
ably simulates actua l end bearing resistance. 

Skin resistance was underestimated for a. = 0.4S 
and should have been near 1.0 for undrained analysis 
cons istent with results in Figur e 4. Skin resistance 
for drained analysis is properly calculated using 
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the measured effective friction angle <1>' from re

sults of R tests with pore pressure measurements and 
a coefficient of lateral earth pressure K approach
; nn 1 - n 'T1ho mo~c:11ron iO.::trt-h !'ro~~nrP ~ i ~tr-i h11t. ion on 

LAFB-2 (~,_'.D indicates lateral pressures about three 
times the vertical pressure. The Rankine friction 
model or the swell pressure model given by Equation 
9 using <1>' residual 9 degrees and 1966 swell 
pressures both lead to skin frictions comparable to 
those measured during the 1982 load tests. 

CONCLUSIONS 

The a. factor for skin friction resistance by total 
stress (undrained) analysis in expansive soil is 
larger than may occur in no nswelling soils. It can 
approach 1. 0 over the entire length of the shaft 
subject to late ral thrust from swelling soil. 

End bearing capacity for LAFB-2 was less than 
expected and approximately given by Ne 7 for 
undrained analysis and Nq given by local shear 
failure for drained analysis. The reduced end bear
ing capacity is attributed to shaft heave, which 
lifted the base off the soil contributing to a pos
s ible void and soil heave wi t h softening bene ath the 
base and shaft fracture near the base. 

Load-displacement behavior may be modeled by a 
variety of methods of which load transfer functions 
appear practical. Skin friction was bounded by the 
Seed anU Reese (11) and Kr a ft, Ray, and Kagawa (12) 
models and end bearing by the vijayvergiya (15) and 
Reese and Wright (.!.!) models. -

Drilled shaft foundations for supporting permanent 
structures in expansive soil should be loaded near 
the allowable bearing capacity assuming a minimum 
factor of safety consistent with good engineering 
practice. The amount of reinforcement steel required 
to resist uplift thrust caused by swelling soil 
should be based on the maximum shear strength of the 
adjacent soil. Reinforcement should be full length 
e xtending into any existing underream and well se
cured in the underream. Elements of deep foundations 

TABLE 1 Soil Parameters for Analysis of Vertical Load-Displacement 
Behavior, AXIL TR 

Shear Strength 
Parameters 

Water Soil 
Depth, Specific Poisson·s Void Con cent Cu, c/>', Mu<lu lus, 
ft Gravity Ratio Ratio (%) tsf deg_ Ka tsf 

0-10 2.72 0.3 0.90 29 .0 0.8 25 0.7 150 
10- 20 2.75 0.3 0.90 29.0 0.8 27 0.7 150 
20- 34 2.77 0.3 0.88 30.5 1.5 34 1.5 400 
34-40 2.77 0.3 0.88 30.5 1.5 35 1.5 700 

No te: Concrete modulus = 108,000 tsf; e 50 = 0.006; Rf = 0.97; soil shea r modulus = 58 tsf; a = 0.6. 

TABLE 2 Soil Parameters for Analysis of Vertical Load-Displacement Bheavior, 
AXJPLN 

Unit 
Depth, Poisson's Weight 
ft Ratio tons/ft 3 

0- 10 0.3 0.059 
10- 20 0.3 0.059 
20-80 0.2 0.060 
Concrete 0.2 O.Q75 
In terface element 0.495 

No te: Concre te modulus= 108,000 tsf, Kj = 6440. 

Shear Strengt h 
Para meters 

Cu ¢' 
tsf deg 

0.8 18 
0. 8 20 
1. 5 28 
1.0 
0.8 20 

Hyperbolic Paramet ers 

Ka Rr Ki Kui 

0.7 0.97 190 380 
0.7 0.97 190 380 
1. 5 0.90 380 760 

0.97 

n 

0.64 
0.64 
0.28 

0.64 
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should not penetrate through perched water tables 
into deeper desiccated soil if practical. 
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