
Axial load transfer of drilled shaft foundations
with and without steel casing
Q. Li1, A. W. Stuedlein1* and A. Marinucci2

Steel casing is commonly used in drilled shaft construction to maintain the integrity of the borehole
during drilling; however, little guidance regarding the effect of the casing on axial load transfer
exists in the literature. To address this aspect of drilled shaft design and construction, this paper
presents a study of axial load transfer of drilled shaft foundations using four, full-scale,
instrumented drilled shafts: two uncased and two cased drilled shafts. Axial loading tests were
performed and used to compare various performance metrics between the cased and uncased
shafts, including the axial load-displacement curves, load transfer distributions and back-
calculated unit shaft resistance-relative displacement relationships (t-z curves). The uncased test
shafts exhibited significantly greater axial shaft resistance compared to the cased test shafts, and
data from thermal integrity profiler (TIP) sensors allowed interpretation of the differences in soil-
shaft contact conditions and the resulting load transfer. Although the ultimate axial resistance of the
uncased test shafts could not be mobilised, sufficient data were developed to allow comparison to
the cased test shafts and extrapolation to anticipated ultimate resistance conditions. The back-
calculated t-z curves of the uncased test shafts were modelled and used to estimate the
anticipated large deformation response. Based on observations in this study and those previously
reported, the effects of permanent casing on axial load transfer are summarised to provide an up-
to-date reference on the reductions expected based on construction sequencing and installation
methods.
Keywords: Load transfer, Drilled shaft foundations, Loading tests, Design, Steel casing

Introduction
Drilled shaft foundations are commonly selected to support
highway bridges and heavily loaded superstructures owing
to their suitability for transmitting large axial, lateral and
torsional loads to the subsurface. Steel casing is frequently
used in drilled shaft construction, either for temporary sup-
port of the borehole during construction or for permanent
resistance to anticipated lateral loads. In some instances,
steel casing, which was intended for temporary support, is
difficult to withdraw during construction (Owens and
Reese 1982), and it becomes a permanent feature of the
foundation. In these cases, a reassessment of load transfer
is required in the cased portion, where the new section
may exhibit less axial and torsional resistance, and greater
flexural resistance. Owing to the significant differences in

stiffness (and therefore natural frequency) between cased
and uncased shafts, ignoring the contribution of the perma-
nent casing to the seismic response of substructures can lead
to substantial errors. Steel casing provides significant flex-
ural resistance and confinement to the concrete, which
leads to an increase of inelastic deformation and flexural
capacity (Roeder and Lehman 2012). Common terms for
this type of deep foundation include Cast-In-Steel-Shell
pile and concrete-filled tubes, and are frequently used by
the Washington, California, and Alaska Departments of
Transportation (e.g. Gebman, Ashford and Restrepo
2006; Roeder and Lehman 2012; Li and Yang 2017;
Yang, Horazdovsky, Hulsey, and Marx 2017). However,
depending on the method and sequence of construction,
steel casing may result in reduced axial load transfer to
the surrounding soil.

Accordingly, reductions in the design axial capacity
should be considered for permanently cased drilled shafts
as recommended by AASHTO (2014) and Brown, Turner
and Castelli (2010), but guidance on the magnitude of the
reduction is scarce. Owens and Reese (1982) detailed a
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comparative study of cased and uncased shafts using full-
scale loading tests at several sites and reported that, in
some cases, the ratio of unit shaft resistance of cased to
uncased shafts could be as low as 9%. Camp, Brown and
Mayne (2002) reported the findings of axial loading tests
of three partially cased drilled shafts where the ratio of
unit shaft resistance of the cased portion to the uncased
portion was in the range of 20–58%. However, AASHTO
(2014) states that casing reduction factors of 0.5–0.75 are
commonly used, which is not consistent with the published
field studies. Hence, improvement of design guidance could
benefit from additional full-scale observations.

This paper describes the comparison of axial load trans-
fer between uncased and cased shafts to improve the under-
standing of the magnitude and nature of axial load transfer
and to evaluate the suitability of existing load transfer
models. Four instrumented test shafts with nominal diam-
eters of 0.9 m (36 in) and embedded lengths of 18.3 m
(60 ft) were constructed at the geotechnical engineering
field research site (GEFRS) on the Oregon State University
campus in Corvallis, Oregon. Two of the test shafts were
constructed without steel casing and designated hereinafter
as the test shafts with mild internal steel reinforcement
(MIR) and high-strength internal reinforcement (HSIR).
The other two test shafts were constructed with permanent
steel casing, including the cased test shaft with internal
reinforcement (designated CIR) and nominally without

internal reinforcement (designated CNIR). Following a dis-
cussion of the subsurface conditions and instrumentation
programme, the results of the loading tests are presented,
including the axial load-displacement curves, the axial
load transfer distributions and the back-calculated t-z
curves. Finally, the effect of permanent casing on the
axial response is discussed, and recommendations for
axial shaft reduction with casing are developed based on
available test data, soil conditions and construction
sequencing.

Experimental programme
Subsurface conditions
Four test shafts and 12 reaction piles were installed at the
GEFRS in Corvallis, Oregon. The test site and exploration
plan indicating the cone penetration test (CPT) and six seis-
mic CPTs (SCPTs) performed to characterise the soil strati-
graphy are shown on Fig. 1. The specific testing footprint is
approximately 20 m (66 ft) south of the area where the full-
scale torsional loading tests on drilled shafts was conducted
(Li, Stuedlein and Barbosa 2017a). The soil profile, shown
in Fig. 2, was developed using the results of the CPTs,
recent and historical nearby borings, and Atterberg limit
tests on split-spoon and grab samples collected during dril-
ling. The native soil profile consists of stiff to very stiff,

1 Test site layout, including a site and exploration plan, and b photograph of the as-built, instrumented test shafts
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plastic Willamette Silt to a depth of approximately 5.2 m
(17 ft), with an intermittent, thin sand lens at a depth of
approximately 3 m (10 ft). A layer of dense silty sand with
gravel and intermittent seams of sandy silt follows, with
an approximate thickness of 6.5 m (21.3 ft) separates the
Willamette Silt deposits from a thick and deep deposit of
plastic, stiff to very stiff sandy clayey silt with intermittent
seams of silty sand that grades finer to silty clay to clayey
silt. The piezometric surface varies between a depth of 0.6
and 2.5 m (2–8 ft) below the ground surface throughout
the year, and was located at a depth between 1.6 and 1.8
m (5 and 6 ft) during the axial loading tests of the test
shafts. Some groundwater flows through the thin sand
lens at depth of about 3 m, but is generally concentrated
in the silty sand and sandy silt layer at about 5 m depth
below ground surface.

Construction and experimental details of the
test shafts
The four test shafts were constructed with a nominal diam-
eter of 915 mm (36 in), a length of about 19.8 m (65 ft) and
an embedment depth of about 18.3 m (60 ft). The ‘baseline’
shaft, or the shaft that represents a typical production shaft
without steel casing (i.e. MIR) for the Oregon Department
of Transportation, was constructed with 2% of longitudinal
steel (Fig. 3a, Table 1). The use of high-strength (Grade 80)
longitudinal and spiral reinforcement with yield stress of

552 MPa (80 ksi), along with hollow thread bars (Table 1,
Fig. 3b), was proposed to reduce the congestion of the
reinforcement cage as compared to the baseline shaft and
reduce the potential for and frequency of anomalies.
Although no significant difference in axial performance
was expected, the performance of HSIR due to lateral load-
ing was of concern, and formed the basis for a subsequent
study not discussed herein.

The steel casing used in the two remaining shafts had an
outside diameter and wall thickness of 940 mm (37 in) and
12.5 mm (1/2 in), respectively. One shaft (Fig. 3c) was con-
structed with a steel cage identical to MIR (designated CIR
for cased, internally reinforced). The other cased shaft
(designated CNIR for cased, not internally reinforced),
shown in Fig. 3d was constructed with just enough steel
(0.15%) to facilitate placement of strain gages at the desired
elevations. To compare the effect of subtle construction
differences on axial resistance, the auger diameter used
for cased, no internal reinforcement (CNIR) and cased,
mild internal reinforcement (CIR) was 940 and 915 mm
(37 and 36 in), respectively; this subtle difference was
found to produce a significant effect. See Stuedlein et al.
(2016) for further details of each shaft.

Each of the test shafts was constructed using the wet con-
struction method and polymer slurry. For each shaft, poly-
mer slurry was introduced into the dry borehole at an
excavation depth of approximately 5.5 m (18 ft); the bore-
hole was then excavated to the final depth of 18.3 m

2 Subsurface profile at test site indicating the location of the test shafts, cone tip resistance and Atterberg limits
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(60 ft). Once the drilling achieved the desired depth, the
borehole was cleaned, the instrumented steel cages were
lowered into the hole and concrete was placed using the tre-
mie method. Each shaft was drilled and cast within several
hours so as to minimise degradation of the excavation. The
steel casing for CIR and CNIRwas vibrated into place fol-
lowing excavation and cleanout; then, the base of the exca-
vation was cleaned again, and the instrumented steel cages
and concrete placed. The installation of the casing was con-
spicuously easy for shaft CNIR, and rather difficult for
shaft CIR, the latter of which used the 915 mm auger
diameter.

The concrete mix design used for the test shafts is
summarised in Table 2. Tests of concrete cylinders on
the day of the loading tests of MIR, HSIR, CIR and
CNIR produced average compressive strengths of 72,
69, 65 and 64 MPa (10 500, 10 050, 9 440 and 9 270 psi),
respectively.
To investigate the integrity of the concrete in the test

shafts, CSL methodwas performed on each shaft in accord-
ance with ASTM D6760 (ASTM 2014a) and the thermal
integrity profiling (TIP) method was conducted in accord-
ance with ASTM D7949 (ASTM 2014b) for MIR, HSIR
and CIR. The TIP method monitors the temperature
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3 Cross-sections of the test shafts: aMIR, b HSIR, c CIR and d CNIR, and elevation view e of a typical test shaft with the locations of
strain gages, including RSG and embedded strain gages (ESG). Note: the locations of RSGs are indicated with *

Table 1 Summary of experimental, instrumented test shafts

Test shaft and
designation

Nominal auger
diameter m (in)

Casing wall
thickness mm (in)

Internal and
external steel (%)

MIR 0.915
(36)

0 2.00

HSIR 0.915
(36)

0 1.50

CIR 0.915
(36)

12.5
(0.5)

7.20

CNIR 0.940
(37)

12.5
(0.5)

5.33

The total and embedded length of each shaft is 19.8 m (65 ft) and 18.3 m (60 ft),
respectively.

Li et al. Axial load transfer of drilled shaft foundations
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generated by curing cement (i.e. hydration energy) using a
thermal probe that is lowered down an access tube or
using thermal wires that are attached to the reinforcement
cage (e.g. Mullins 2010; Johnson 2016). The TIP method
is able to detect anomalies by the relative differences in
the measured thermal signature. In addition, the TIP
method can be used to estimate deviations in shape from
an ideal, cylindrical borehole based on the relationship
between the shaft diameter and hydration temperature,
and can be compared to the field concreting logs to assess
the overall quality of the shaft (Mullins 2010; Mullins
2013).

The nondestructive testing (NDT) results indicated that
the four shafts were constructed without anomalies; the
specific test outcomes and comparison of the two NDT
methods performed on these four test shafts are described
by Stuedlein et al. (2016). Notably, the CSL results
showed that the hollow threaded bar produced signifi-
cantly cleaner p-wave velocity signals and improved

clarity in the resulting waterfall plots (Stuedlein et al.
2016). The profile of measured temperature and inferred
shaft radius with depth based on the TIP results is
shown in Fig. 4. The as-built diameter (Fig. 4b) of the
uncased test shafts above the ground surface was known
since a sonotube was used; however, the as-built diameter
below the ground surface was generally larger than the
auger diameter (915 mm or 36 in). Comparing the aver-
age temperature profiles between the cased and uncased
shafts (Fig. 4a), significant differences are observed
above a depth of about 8 m (26.5 ft), whereas similarities
are noted for depths below 8 m. Of particular note at a
depth of about 5 m (16.4 ft) and corresponding to the
interface between the first and second (a water bearing)
soil layers, the shaft became somewhat belled. The dril-
ling protocols were identical for all shafts and therefore
the variation in diameter of the excavation should be
similar. However, this is not observed in the temperature
profile due to the presence of the casing, which would
have been surrounded by groundwater that could act to
cool the shaft. The temperature profile indicated the pres-
ence of significant gaps between the casing and the side-
walls of the shaft cavity from depths of 3–8 m. The
presence of gaps seemed to be confirmed upon loading
(described below). In addition, the temperature-based
inference of shaft radius appeared slightly smaller than
the actual (and known) radius, perhaps due to the cooling
effect of the groundwater.

Instrumentation of the test shafts
An instrumentation programme was developed to observe
the axial and lateral response of the shafts during testing.
Instruments relevant for observing the axial load transfer
included resistance strain gages (RSGs) installed on steel
sister bars, vibrating wire concrete embedment
strain gages (ESGs), load cells, dial gages and string-

Table 2 Concrete mix design for the test shafts

Parameters Value

Compressive strength 28 days, MPa (psi) 28
(4000)

Slump, mm (in) 216 ± 38
(8.5 ± 1.5)

Air content (%) 1.5 ± 1.5
Plastic unit weight, kg/m3 (pcf) 2241

(139.9)
Maximum water/cement (w/c) ratio 0.50
Water reducer, mL/m3 (oz/yd3) 1880

(49)
Hydration stabiliser, mL/m3 (oz/yd3) 3760

(97)
Maximum aggregate 9.5 mm

(3/8”)

4 Comparison of a average temperature-depth profiles, and b average radius-depth profiles for shafts MIR, HSIR and CIR

Li et al. Axial load transfer of drilled shaft foundations
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potentiometers. For each shaft, as shown in Fig. 3e, ESGs
were installed at 18 elevations and RSGs were installed at
six elevations; two pairs of each strain gage type were
installed at given elevation. The RSGs had a strain
limit of 50 000 με, whereas two types of ESGs were
used: a low range (3000 με limit) and high range (8000
με limit) type, the latter of which was placed where the
greatest flexural strains were anticipated during the lateral
loading tests (not described herein).

Axial loading test setup
Conventional top-down axial compression load tests were
conducted by inducing a load into the test shaft using
hydraulic jacks and by reacting against a large, 18 MN
(4000 kip) capacity cross beam with two saddle beams
tied to reaction piles, as shown in Fig. 5. Axial displace-
ments were applied to the test shafts using two jacks that
rested on a levelled, grouted steel loading plate; the jacks
were characterised with the combined capacity of 7120
kN (1600 kips) at 70 MPa (10 ksi). Four 63 mm (2¼ in)
diameter solid steel thread bars connected the reaction
frames to four 0.76 m (30 in) diameter by 17 m (55 ft)
long continuous flight auger piles, two on either side of
the test shaft, to provide the necessary tiedown resistance

to the uplift reaction generated by the jacking force.
Three dial gages and three string-potentiometers were
placed at the top of the test shaft to monitor axial
displacements.

Loading test results and discussion
Axial loads were applied in increments of 267 kN (60 kips)
until failure or until the limit of available pressure with the
hydraulic pump was reached. The loading increments were
deemed too large for the cased shafts, but were used none-
theless to facilitate the comparison of load-displacement
behaviour among the test shafts. At each load increment,
the applied axial loads were maintained for 10 min to
allow sufficient sampling of the ESGs, which required 3
seconds/sample. The load applied at the top of each test
shaft was measured directly using load cells. The displace-
ments measured from the dial gages and string-potenti-
ometers were nearly identical, and the mean value of the
six measurements was used to represent the shaft head dis-
placements. Strains were interpreted following the method
outlined by Fellenius (1989, 2017) for composite sections
as described by Li, Marinucci, Stuedlein and Barbosa
(2017b).

5 Experimental setup for the axial loading tests: a top view and b plan view

Li et al. Axial load transfer of drilled shaft foundations
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Load and displacement observed at shaft head
The measured load-displacement response at the top of
the shaft is shown in Fig. 6 for each test shaft. The
axial resistance of the cased test shafts CIR and CNIR
was fully mobilised (i.e. achieved an ultimate resistance)
since plunging was observed at final displacements of 84
and 74 mm (3.3 and 2.9 in) at maximum applied load
of approximately 1960 kN (440 kips) and 1330 kN (300
kips), respectively, prior to termination of the tests. The
subtle change in auger diameter between CIR and
CNIR (915 vs. 940 mm, respectively) resulted in about
47% greater axial resistance for CIR. Shafts MIR and
HSIR could not be loaded to an ultimate axial resistance,
as the available hydraulic pressure limited the application
of higher loads the pressure was limited to 65 MPa for
safety purposes).

The load-displacement response at the top of the uncased
shafts was nearly identical, as shown in Fig. 6. The maxi-
mum load applied to MIR and HSIR was 6125 kN (1377
kip) and 6380 kN (1435 kip), respectively, with correspond-
ing displacements of 4.3 mm (0.17 in) and 3.8 mm (0.15 in),
or about one order of magnitude smaller than for the cased
test shafts. For example, although the axial resistance of
MIR was not fully mobilised by the end of the test, MIR
still exhibited about 210% greater resistance compared to
the fully mobilised axial resistance of CIR. The resulting

improvement in axial load transfer is due to the rougher
soil–concrete interface and larger as-built diameter of the
uncased test shafts, and to the presence of gaps between
the soil and casing for the cased shafts.

Owens and Reese (1982) showed that the shaft resistance
of an over-drilled, cased shaft could be improved following
grouting of annular spaces between the casing the excavated
borehole. However, the effectiveness of such a procedure
could be difficult to confirm afterwards. In a production set-
ting, the TIP data could have been used to establish a basis
for selecting the depths of remedial grouting to improve
load transfer characteristics.

Axial load transfer
Load transfer distributions for the test shafts at selected
load increments and for the cased test shafts for all of the
load increments are shown in Fig. 7. Each of the test shafts
exhibited bending during axial loading, which may have
resulted from the following: (1) differences in shaft geome-
try and resistance with azimuthal direction and depth, (2)
differences in the axial load applied by the two jacks (aris-
ing from differences in surface topography of the shaft head
and energy losses in the hydraulic lines), (3) imperfect align-
ment of the reaction frame and/or (4) differential mobilis-
ation of uplift load transfer among the four reaction piles
(observed from optical survey). In view of the observed
bending, the load transfer data were interpreted following
fitting of the observed load transfer to the continuous func-
tion:

Q = a1
cosh [(z/a2)

n]
+ a3 (1)

where a1, a2, a3 and n = fitting parameters, determined
using OLS regression. The constraint applied in curve fit-
ting was that load at the shaft head equalled the load
measured using the load cells. In addition, the measured
data from the depths of 0.6–3.0 m (2–10 ft) for MIR were
omitted in the curve fitting due to the significant influ-
ence of bending at this section along the shaft. Since
the bending effects were negligibly small at deeper por-
tions of the test shafts, the measured loads at the depths
below 9.1 m (30 ft) were used for all further analyses of
load transfer. The measured and fitted load distribution
for the two uncased test shafts, MIR and HSIR, is
shown in Fig. 8a and 8b, respectively. The soil provided
relatively small shaft resistance near the ground surface
to depths of 3.0 m (10 ft) and 1.2 m (4 ft) for MIR
and HSIR, respectively. The toe resistances of the
uncased test shafts were not significantly mobilised
during the loading tests.

For the two cased test shafts, the recorded loads at a
depth of 18.0 m (59 ft) were not consistent with the loads
recorded above this location, perhaps due to misalignment
of the gages during installation and construction. The tip
resistance determined using SCPT2 (Fig. 2) was very simi-
lar from a depth of about 11.9–18.0 m (39–59 ft); therefore,
it was assumed that the mobilised unit shaft resistance at
depths from 11.9 to 14.9 m (39–49 ft) for each load incre-
ment was the same as that at depths from 14.9 to 18.0 m
(49–59 ft). However, for CIR, it was reasonably assumed

6 Relationship between the measured load and displacement
for each of the test shafts

Li et al. Axial load transfer of drilled shaft foundations
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that the unit resistances at the bottom of the shaft that were
approximately half of those observed for the tributary area
immediately above the base of the shaft for the first two load
increments only. Furthermore, it appears that the shaft

resistance was very small from the ground surface to the
depth of about 7.9 m (26 ft) and/or mobilisedwith very little
relative displacement, which may be attributed, in part, to
the gaps that formed between the casing and the soil.

7 Measured and fitted load transfer distributions of shafts a MIR and b HSIR c CIR and d CNIR

Li et al. Axial load transfer of drilled shaft foundations
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Unit shaft resistance-relative displacement
relationships (t-z curves)
To generalise the results of the two loading tests of the
uncased shafts specifically for the Willamette Valley and
to evaluate design models, unit shaft resistance-relative dis-
placement relationships were developed. The unit shaft
resistance, t, was computed by considering the representa-
tive tributary area for each portion of the instrumented
shaft using the following approach:

t = DQ
pD · DL (2)

where ΔQ= the change of axial load along the tributary
area, D = the average as-built diameter along the tributary

area and ΔL= the height of tributary area. The relative dis-
placement was calculated by subtracting compression of
the shaft at the depth of interest due to axial loading
from the displacement induced in the shaft at the depth of
the section above. The axial compression of the shaft, δ,
was estimated by:

d = Q · DL
A · Es

(3)

where Q = the average axial load along the tributary area
and A = the average area of the cross-section along the
tributary area. The relationship between unit shaft resist-
ance and relative displacement, known as a t-z curve,
was thus constructed and represents the mobilisation of
shaft resistance along a unit tributary area of a deep

8 Measured t-z responses for a MIR, b HSIR, c CIR and d CNIR at different depths

Li et al. Axial load transfer of drilled shaft foundations
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foundation element. Since the axial load transfer data for
MIR from depths of 0.6–3.0 m (2–10 ft) were omitted in
the curve fitting, the unit shaft resistance was calculated
considering this portion of the shaft as one tributary
area. For comparison purposes, one t-z curve from
depths of 0.6–3.0 m (2–10 ft) was also calculated for
HSIR. The t-z responses for the cased test shafts were
evaluated at those elevations from where a gap between
the casing and soil was not suspected (i.e. from depths of
7.9–18.0 m).

The t-z curves at different depths for each test shaft
are shown in Fig. 8. It appears that the maximum
unit shaft resistance of the uncased test shafts ranged
from 6 to 300 kPa (120–6200 psf), whereas the maxi-
mum unit shaft resistance for the cased test shafts ran-
ged from 8 to 35 kPa (175–700 psf). Shaft CIR
exhibited greater unit shaft resistances than CNIR
below a depth of about 12 m (39 ft), a result stemming
from the use of the smaller auger. As relative displace-
ment increased, the shaft resistance of CIR softened

and reduced to a residual resistance that corresponded
to the ultimate resistances observed for CNIR, equal
to 12–17 kPa (240–360 psf).
The back-calculated t-z curves for MIR and HSIR are

compared in Figs. 9–11 to those obtained by fitting to a
hyperbolic model using OLS. Differences in the t-z
responses of MIR and HSIR were observed from the
ground surface to a depth of about 6.7 m (22 ft); however,
below a depth of 6.7 m (22 ft), similar t-z responses were
observed. The difference in the upper portion (to a
depth of about 4.3 m) may be attributed to bending
effects, differences in the as-built shaft geometry, spatial
variability of the soils and different water contents in the
soil near the ground surface. Based on data from a
weather station at the test site, a rain event with an accu-
mulated rainfall of 21 mm (0.84 in) was observed seven
days prior to testing HSIR. During testing of HSIR, the
groundwater table was located at a depth of 1.8 m
(5.9 ft). However, a four-day rain event ended two days
prior to testing MIR, which produced an accumulated

9 Measured, fitted and proposed t-z responses at each tributary area for the two uncased test shafts for load increments from 0 to
5.5 m (0–18 ft)
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rainfall of 37 mm (1.47 in) and resulted in the ground-
water rising to a depth of 1.6 m (5.2 ft). Thus, changes
in water content and effective stresses in the near-surface
vadose zone were likely between the time that MIR and
HSIR were tested.

For the uncased test shafts, the distribution of the
measured peak and extrapolated ultimate unit shaft resist-
ance, rs,m and rs,ult, respectively, are shown in Fig. 12. The
hyperbolic model (Kondner 1963) was used to simulate
the t-z curves for each tributary area of the uncased shafts
since they did not exhibit plunging. The model was then
used to estimate the ultimate unit shaft resistance, which
was assumed equal to the asymptotic, extrapolated
resistance. Asymptotic quantities associated with the
hyperbolic model represent relatively conservative,
extrapolated estimates of the quantity (i.e. less than the
likely magnitude; Huffman and Stuedlein 2014). On

average, rs,ult determined from extrapolation was 21%
larger than rs,m.

Large displacement axial response of
the uncased test shafts
Using the commercially available software package
TZPile (Reese, Wang and Arrellage 2014) and the as-
built diameter computed from TIP measurements, the
fitted t-z curves (Figs. 9–11) were used to simulate and
compare the axial response of shafts MIR and HSIR
at large displacements. The proposed t-z curves were
developed based on the extrapolated ultimate shaft resist-
ance (Fig. 12b). Since no q-z curves were developed
directly from the uncased shafts, the q-z curves back-cal-
culated from shaft CIR were used to model the toe

10 Measured, fitted and proposed t-z responses at each tributary area for the two uncased test shafts for load increments from 5.5
to 7.9 m (18–26 ft)

Li et al. Axial load transfer of drilled shaft foundations
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resistance, appropriate for large displacements. The simu-
lated global axial load-displacement responses for HSIR
and MIR are shown in Fig. 13, where a resistance at a
displacement of 25 mm (1.0 in) would be approximately
equal to 7650 and 8810 kN (1720 and 1980 kips) for
MIR and HSIR, respectively, when using t-z curves fitted
to the observed load transfer characteristics and extrapo-
lated. Differences in the axial response between HSIR
and MIR in Fig. 13 are largely due to the variation in
the shaft diameter and the resulting different depth-
dependent composite secant modulus.

Effect of permanent casing on axial load
response
The effect of permanent casing on axial load transfer is
compared in Fig. 14 using the t-z curves for different

tributary areas for the cased and uncased shafts. The
uncased shafts exhibited significantly larger unit shaft
resistances than did the cased shafts. The differences,
which were more pronounced at shallower depths, were
attributed to the enhanced load transfer characteristics
at the soil–concrete interface. The comparison between
the fitted ultimate unit shaft resistance for the uncased
test shafts and the measured resistance for the cased
shafts is at relative soil-shaft movements of 2 and
12.5 mm are summarised in Table 3 using the shaft
resistance ratio, defined as the ratio of unit shaft resist-
ance for the cased shafts and that of the uncased shafts
at given relative soil-shaft movements. Since the shaft
resistance ratio depends on the specific installation pro-
cedure, it assigned the variable of Rd-vc,d to represent
construction sequence in the ratio: ratio of a shaft that
was drilled and casing vibro-installed to that of a drilled,
uncased shaft. At small relative soil-shaft movements,

11 Measured, fitted and proposed t-z responses at each tributary area for the two uncased test shafts for load increments from 7.9
to 18.0 m (26–59 ft)

Li et al. Axial load transfer of drilled shaft foundations
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CIR exhibited Rd-vc,d ranging from 4 to 44%, and then
decreased as the interface softened to produce Rd-vc,d

ranging from 3 to 23% at 12.5 mm. Shaft CNIR

exhibited hardening, but with substantially smaller
Rd-vc,d given the use of the slightly larger auger, with
Rd-vc,d ranging from 3 to 5% and 4–11% for relative

13 Comparison of the proposed and extrapolated global axial load-displacement relationship using proposed and fitted t-z curves,
respectively, and the measured responses of all test shafts. Note, the proposed q-z curves were used in both proposed and
extrapolated responses

12 Shaft resistance profile of a measured peak shaft resistance, rs,m, and corresponding proposed model and b extrapolated ulti-
mate shaft resistance, rs,ult, and corresponding proposed model

Li et al. Axial load transfer of drilled shaft foundations
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movements of 2 and 12.5 mm, respectively. The subtle
difference in auger diameter (0.91 vs. 0.94 m, or 36 vs.
37 in) produced significantly different shaft load transfer
characteristics.

The unit shaft resistance ratios from full-scale tests con-
ducted by Owens and Reese (1982), Camp, Brown and
Mayne (2002), and this study are summarised in Table 4.
Owens and Reese (1982) studied the effects of casing on
shaft resistance at a site in Galveston, Texas where the
test shafts were designated G-1 and G-3, and at a site in
eastern Texas where the shafts were designated E-1 and E-
2. The diameter and length of the steel casing used in
shaft G-3 was 0.91 m (36 in) and 18.3 (60 ft), respectively.
After the borehole was drilled to a depth of 10.7 m (35 ft)
using a 0.91 m (36 in) diameter auger, the steel casing was
installed to a depth of 12.2 m (40 ft) using the torque and
crowd supplied by the drill rig. Then, a 0.86 m (34 in) diam-
eter auger was used to drill the borehole to a depth of 18.3
m (60 ft). The diameter and length of test shaft G-1 was
1.21 m (48 in) and 18.3 m (60 ft), respectively. Prior to

drilling, a steel casing 1.21 m (48 in) in diameter was
vibrated to a depth of 15.8 m (52 ft); a 1.17 m (46 in) diam-
eter auger was used to drill the borehole the final depth of
18.3 m. The effect of casing installation methods on the
unit shaft resistance was substantial. The unit shaft resist-
ance for G-3 (drill then twist in casing) compared to G-1
(vibrate casing then drill) reduced by an amount ranging
from Rd-tc,vc-d= 9 to 30%, with the largest variability occur-
ring in the sand deposits and with very little variability in
the plastic, fine-grained soils (Table 4). The reduction of
the unit shaft resistance was greater in the loose, saturated
sands (average Rd-tc,vc-d = 13%) than in the dense to very
dense sands (average Rd-tc,vc-d = 23%). On the other hand,
on average, the unit shaft resistance of the vibro-cased por-
tion of G-1 within the soft clay layer from a depth of 12.8–
15.9 m (42–52 ft) was about 89% of the unit shaft resistance
for the uncased portion of G-3. Vibro-installation of steel
casing results in densification and in an increase in unit
shaft resistance if the casing is installed prior to drilling
as compared to drill-then-install casing in sandy soil,

14 Comparison of the measured and fitted t-z curves between the cased and uncased test shafts at different tributary areas

Li et al. Axial load transfer of drilled shaft foundations
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whereas the vibro-installation of casing prior to drilling in
the deep, soft clay layer resulted in a reduction in unit
shaft resistance compared to that of an uncased shaft.

The diameter and length of the shafts E-1 and E-2 were
0.91 m (36 in) and 18.3 m (60 ft), respectively. Prior to dril-
ling, the casing for shaft E-1 was vibrated to a depth of only

12.2 m (40 ft) because densification of the very loose to
medium dense sand prevented further penetration. To
reduce shaft resistance on the inside of the casing, the soil
was excavated to the same depth as the tip of the casing;
the casing was then advanced to 18.3 m using a vibratory
hammer. On the other hand, shaft E-2 was constructed

Table 3 Comparison of unit shaft resistance ratios, Rd-vc,d, between the cased and uncased shafts

Depth m (ft) Predominant soil type

Shaft resistance ratio
at 2 mm (0.1 in)

Shaft resistance ratio at
12.5 mm (0.5 in)

CIR (%) CNIR (%) CIR (%) CNIR (%)

7.9–9.1 Stiff sandy silt 4 3 3 4
(26–30)
9.1–11.9 Dense silty sand 8 – 6 –

(30–39)
11.9–14.9 Stiff sandy, clayey silt 28 3 15 7
(39–49)
14.9–18.0 Stiff sandy, clayey silt 44 5 23 11
(49–59)

Table 4 Reduction in unit shaft resistance as a function of construction sequencing

Reference
Definition of shaft
resistance ratio

Range in
depths m

(ft)

Shaft
resistance ratio
designation Soil type

Range in
displacements

mm (in)

Shaft resistance
ratio, R

Range
(%)

Average
(%)

Owens and
Reese (1982)

Shaft G-3 (drilled then twist-
cased) to G-1 (vibro-cased

then drilled).

0–6.4
(0–21)

Rd-tc,vc-d
1 Loose to

medium
dense silty
fine sand

23–45
(0.90–1.75)

9.0–17 13

6.4–7.9
(21–26)

Rd-tc,vc-d Very soft to
medium stiff
clay

23–45
(0.90–1.75)

17–18 17

7.9–10.7
(26–35)

Rd-tc,vc-d Dense to very
dense silty
fine sand

23–45
(0.90–1.75)

18–30 23

Owens and
Reese (1982)

Shaft G-1 (vibro-cased then
drilled) to G-3 (uncased).

12.8–15.9
(42–52)

Rvc-d,d
2 Soft clay with

thin lenses of
silty sand

23–45
(0.90–1.75)

85–100 89

Owens and
Reese (1982)

Shaft E-2 (vibro-cased then
drilled, followed by casing
removal) to E-1 (driven
casing left in place).

0–10.7
(0 to 35)

Rvc-d-cr,dc
3 Very loose to

medium
dense sand

23–38
(0.9–1.5)

21–70 33

Owens and
Reese (1982)

Shaft E-1 (vibro-cased then
drilled) to E-2 (vibro-cased
then drilled, followed by
casing removal)

13.8–18.3
(45–60)

Rvc-d,vc-d-cr
4 Very loose to

loose sand
23–38

(0.9–1.5)
8.2–20 14

Camp et al.
(2002)

Vibro-cased portion to
uncased portion of shafts
(vibro-cased then drilled)

(Various) Rvc-d,d Cooper Marl ≲ 12.5
(≲ 0.5)

20–58 34

This study Cased shafts (drilled then
vibro-cased) to uncased
shafts

7.9–14.9
(26–49)

Rd-vc,d
5 Stiff sandy silt

and dense
silty sand

12.5
(0.5)

3–15 7

This study Cased shafts (drilled then
vibro-cased) to uncased
shafts

14.9–18.3
(49–60)

Rd-vc,d Stiff sandy
clayey silt

12.5
(0.5)

11–23 17

Notes: 1Rd-tc,vc-d = drilled then twist-installation of casing compared to vibro-cased then drilled.
2 Rvc-d,d= vibro-cased then drilled compared to drilled.
3 Rvc-d-cr,dc = vibro-cased then drilled and cast followed by removal of casing to driven casing.
4 Rvc-d,vc-d-cr = vibro-cased then drilled to vibro-cased then drilled and cast following removal of casing.
5 Rd-vc,d= drilled then vibro-cased to drilled.
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using a temporary casing that was vibrated to the full depth,
the soil inside of the casing was excavated and then the cas-
ing was extracted during placement of the concrete. Consid-
ering the densification of the sand that resulted from the
vibratory installation of the permanent steel casing to
10.7 m depth for shaft E-1, Rvc-d-cr,dc was about 33% on
average. On the other hand, considering depths of 13.8–
18.3 m, where the comparison relates a vibro-cased, drilled
and cast shaft interface to avibro-cased, drilled and the cas-
ing removed, Rvc-d,vc-d-cr, indicating the benefit of a con-
crete–soil interface, the reduction in shaft resistance
averaged 14%.

Camp et al. (2002) reported loading test results from
three partially cased drilled shafts that incorporated perma-
nent casing through weak sediments overlying Cooper
Marl, within which the shafts were founded. The steel cas-
ing for each shaft was vibrated into place prior to the exca-
vation of the shafts, allowing for a comparison of the effect
of casing in the Cooper Marl. Load transfer data obtained
during the bidirectional loading tests indicated that the unit
shaft resistance was fully mobilised at relative soil-shaft dis-
placements generally less than about 12.5 mm (≲ 0.5 in;
Camp 2017). The shaft resistance ratio, Rvc-d,d, defined in
this ratio of vibro-cased and drilled to the uncased shaft
resistance, ranged from about 20 to 58%, with an average
of about 34%.

Clearly, construction procedures and sequencing, as well
as the type of soil conditions, control the magnitude of shaft
resistance reduction that is possible. Table 4 may be used as
a reference to aid practitioners in estimating possible
reductions.

Concluding remarks
Four full-scale, instrumented drilled shafts were constructed
as part of a study to evaluate various performance charac-
teristics of cased and uncased shafts, with and without
internal reinforcement consisting of either Grade 60 or
Grade 80 steel reinforcement bars. This paper explored
the effects of the steel casing and the effects of auger diam-
eter (relative to the casing diameter) on the axial load trans-
fer characteristics of the cased shafts relative to the uncased
shafts. For the shafts incorporating permanent casing, the
shafts were drilled to depth using slurry, and then the casing
was vibrated into place. The TIP method using thermal
wires was used as part of the NDT programme to estimate
the depth-varying diameter of the shaft. For the cased
shafts, the results from the TIP profiling indicated that
potential gaps existed between the steel casing and the side-
wall of the drilled borehole, and this was confirmed in the
observed axial load transfer. As deduced from the results
of the NDT and load testing, the use of thermal wires
with shafts that incorporate steel casing can prove helpful
in determining whether voids are present between the
steel casing and the sidewalls of the shaft.

Despite similar depth of embedment and nominally simi-
lar as-constructed diameter, comparison of the load-displa-
cement curves for the cased and uncased shafts indicated
significant differences in their axial response. The load
transfer curves developed from the results of the load tests
confirmed that the use of steel casing and the method

used to install the casing resulted in substantial differences
in the load transfer behaviour between the cased and
uncased shafts. In addition, the shafts constructed with an
auger that was nominally the same diameter as the casing
resulted in less effective load transfer characteristics as com-
pared to shafts constructed with an auger that was slightly
smaller in diameter than the casing. Empirical t-z (shaft
resistance) and q-z (toe resistance) curves were developed
based on the results of the load tests and can be used for
design of drilled shaft foundations in similar Willamette
Valley soils. Finally, to provide a useful reference for prac-
titioners considering the use of casing in drilled shaft foun-
dations the effect of casing on axial load transfer
characteristics was evaluated based on load test data
reported in the literature as well as with the load testing
results from this study. Depending on the method and
sequence of construction, the use of casing can result in sig-
nificantly smaller unit axial shaft resistances than that of a
comparable uncased shaft.
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