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Evaluation of Tangent Bearing Element Axial Load Response

Jon Sinnreich'*

Abstract: Augered cast-in-place (ACIP) piles, also known as continuous flight auger (CFA) or augered
pressure-grouted (AGP) piles, are a well-established method for installation of deep foundation elements.
A current equipment constraint of ACIP piles is the largest practical diameter that can be constructed.
To overcome this limitation, some ACIP contractors have begun offering deep foundations which in this
paper will be referred to as Tangent Bearing Elements (TBEs). A TBE consists of two or more ACIP piles
spaced at one diameter center-to-center. The individual pile elements form a bundle which acts as a single
foundation element in axial loading. This results in an efficient foundation installation method which
produces equivalent-sized elements faster than traditional large-diameter bored piles. Because of their
non-traditional geometry however, design engineers may be hesitant to utilize TBEs. This paper examines
the results of several bi-directional static load test programs conducted on TBEs.

Keywords: augered cast-in-place piles, continuous flight augered piles, augered pressure-grouted piles, tangent bearing
elements, bi-directional static load testing

Introduction tions [4, 5]. BDSLT testing has been successfully carried out
on a variety of element types, including bored piles, barrettes as
well as ACIP piles. It is therefore well-suited for testing TBEs,
by individually installing one BDSLT sacrificial jack and ancil-
lary equipment (collectively known as a Load Test Assembly,
“LTA”) into each of the individual piles comprising a TBE, to
the same depth of the bi-directional fracture plane. Once the

A current equipment limitation of ACIP piles is the largest con-
structible diameter, which typically does not exceed 1.2 me-
ters. In comparison, traditional bored piles can be constructed
with diameters of 3 meters or greater. To offer an alternative to
large-diameter bored piles, some specialist ACIP deep founda-
tion contractors have begun offering Tangent Bearing Elements

[1, 2, 3]. A TBE consists of two or more ACIP pile elements

spaced at one diameter center-to-center (Figure 1). Effectively,

the individual piles form a bundle which can be considered to

act as a single foundation element in axial loading. *
TBEs can be efficiently constructed, by having one drill

rig install multiple “Number 1” elements in one day, then

after 24 hours of grout curing install multiple “Number 2”

elements the next day, and so on. In this fashion, TBEs are 1TBE 2TBE 4TBE
typically constructed much faster than the equivalent number
of bored piles, with reported production time savings of 30%
or more. Figure 2 illustrates a 12-meter deep open excavation
performed to verify that individual elements will remain tan-
gent at depth when constructing TBEs.

Because of their non-traditional geometry however, de-
sign engineers may be hesitant to utilize TBEs due to questions
regarding their design and performance under load. The opti-
mal way to assess performance is to conduct a static load test
on a TBE. Bi-directional Static Load Testing (BDSLT) is an
efficient type of axial load test for cast-in-place deep founda-

Figure 1. Tangent Bearing Element Configurations and Designation
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grout in all the pile elements satisfies minimum curing time and
strength requirements, the test is conducted by pressurizing all
jacks simultaneously, while monitoring all instrumentation in
the TBE. This is similar to a BDSLT on a large-diameter bored
pile whose load testing assembly consists of multiple jacks.

Analysis

Three case histories involving BDSLT testing of TBEs are
available to the author through his personal involvement
with the test programs. Each of the three programs was car-
ried out by a different ACIP specialty drilling contractor on
a different project. Each test program included a single pile
element (1TBE), as well as one or more multiple-pile element
(nTBE). Because of the commercial and competitive nature
of the projects, the results have been anonymized and nor-
malized as described below, so as not to divulge proprietary
information. Fortunately, the essential performance of TBEs
can be examined even under these restrictions.

The analyses presented below primarily focus on the up-
ward load-displacement data, since this represents a single
load-transfer mechanism (side shear). Downward displace-
ment, with the exception of Case History B, would involve
the separation of the load-displacement curve into a side
shear and an end-bearing component for individual analysis.

Generally, the single-pile element and multi-pile ele-
ments in each project were installed in close proximity (with-
in roughly 10 meters of each other), to the same pile base
elevations, with the same reinforcement in each element and
with the LTA at the same fracture-plane elevation (with the
exception of Case History A, see below). This allows for
a simple and direct comparison of the load capacity of the
individual TBE segments above and below the LTA. With the
exception of Case History A, internal forces computed from
embedded strain gauges do not need to be utilized, because of
the matching test element geometries.

The basic assumption made is that the side shear area
and end-bearing area of a TBE is computed from the envelop-
ing perimeter of the element. The enveloping perimeter can
be thought of as the shape of an elastic band wrapped around
the TBE bundle (Figure 3).

The justification is that the soils in the gaps between the
individual pile are either displaced by, or admixed with, the
grout overpour (typically grout is pumped into ACIP piles to
120% to 150% of theoretical volume). If the TBE layout is
compact, with the individual elements clustered in a ring, the
perimeter length P can be calculated as:

P=(m+n)D, n>I (1)

1TBE

2TBE

Figure 3. Enveloping Perimeter (Solid Lines)
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where D is the individual pile diameter and 7 is the number of
elements in the TBE. If the TBE is linear (elements aligned in
single file), the perimeter is computed as:

P=(m+2(n—-1)D Q)

Applied loads are divided by the shear area (taken as the el-
ement length above the LTA times the perimeter area as de-
fined above) to compute unit loads. Thes unit loads are then
normalized by dividing each load by the load applied to the
ITBE element at 10 mm upward displacement.

Case History A

In this test program, a I TBE and a 2TBE were compared. Both
test foundations were constructed with 760-mm-diameter
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Figure 4. Elevation and Soil Profile for Case History A
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Figure S. Upward unit side shear vs. displacement, Case History A

piles installed with a base depth below existing grade of
37.5 meters. Figure 4 illustrates the test element and general-
ized soil profile.

Each pile element was reinforced with a full-length re-
bar cage. In the I TBE, the bi-directional LTA was installed
at a depth of 28.3 meters. In the 2TBE, the LTAs were in-
stalled at a depth of 31.4 meters. However, one level of
strain gages in the 2TBE was positioned at a depth of 28.3
meters, the same as the LTA in the 1 TBE. Using the internal
force computed at this strain gage level and the perimeter
for 2TBE computed using Equation 1, the upward load and
displacement data at depth 28.3 meters are converted to nor-
malized unit side shear curves. Figure 5 plots the results. The
x-axis of the plot is in units of normalized stress (force per
length squared, F/L?). The two curves show a very similar
trend. The gaps in data between approximately 5 and 7 mm
of displacement in both curves (indicated by dashed data se-
ries lines) are due to cycling load-unload stages, which are
not recommended for any type of axial static load testing,
including BDSLT, but were imposed by local building code.

The downward displacements are not compared in this
case because one element of the 2TBE displaced significantly
different from the other, rendering comparison to the 1TBE
meaningless. This is most likely due to disturbance of the
lower calcareous sandstone material during sequential instal-
lation of the two elements.

Case History B

In this test program, a I TBE and a4TBE were compared. Both
test foundations were constructed with 610-mm-diameter
piles installed with a base depth below existing grade of
30.2 meters. In both foundations the LTAs were installed
at a depth of 29.3 meters, close to the pile base. Each pile
element was reinforced with a single full-length centerbar.
Figure 6 illustrates the test element and generalized soil
profile and Figure 7 is a photo of the 4TBE test under way.

© Deep Foundations Institute
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Figure 6. Elevation and Soil Profile for Case History B
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Both tests resulted in relatively small upward move-
ments and large downward movements. Because neither
element achieved 10 mm of upward movement, unit shear
normalization is done by fitting a Chin hyperbolic curve
[6] to the ITBE side shear data. This is accomplished by
computing the least-squares parameters m and b from the
unit shear and displacement data (z and z respectively) in
Equation 3 below.

z

T= 3)

mz+b
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Figure 7. Case History B 4TBE Test Underway

These can then be used to compute 7 at z = 10 mm. The nor-
malized upward unit shear comparison is plotted in Figure 8,
along with the Chin hyperbolic curve-fit and extrapolation
computed for the 1TBE load-displacement data.

Because of the close proximity of the LTAs to the pile
bases, all the applied downward load is assumed to be resist-
ed in end bearing in this test. The unit end bearing at max-
imum 1TBE downward displacement (228 mm) is used as
the normalizing value for the unit end bearing curves. If the
end-bearing area of the 4TBE element is computed as the
cross-sectional area bounded by the enveloping perimeter as
defined above, the normalized unit end bearing curves, plot-
ted in Figure 9, compare reasonably well at ultimate (plung-
ing) displacements.

The 1TBE end bearing curve in Figure 9 is stiffer at small-
er displacements. Based on the theory of elasticity [7], the set-
tlement z of a rigid disk of diameter D subject to a uniform
pressure ¢ and fully embedded in an elastic medium which
has a Young’s modulus £ and Poisson’s ratio v is given by:

2
Z:qD(3—v—4V ) )
S8E(1-v)
Although the actual end-bearing load-displacement curve is
not linear elastic at any but the smallest displacements, the
simple analysis given by Equation 4 suggests that for a given
settlement z, an inverse relationship between D and ¢ exists
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Figure 8. Upward unit side shear vs. displacement, Case History B

0o
-50
~
:
— -100
=
Q
=)
3
g -150
=%
&
a
200 —~0—Case History B-1TBE
—0—Case History B-4TBE
- - - Case History B-1TBE Scaled
-250

000 025 050 0.5 1.00 125

Normalized Unit End Bearing ( F/L?)

Figure 9. Unit end bearing vs. displacement, Case History B

at small-strain displacements. The equivalent diameter D,
is approximately 2.2 times the individual element diameter

D, That is tlo say, the end ‘t.)earing area A, within the
enveloping perimeter of 4TBE is equal to:
2 2
A — ﬂD 4TBE — ﬂ(z'ZDITBE) (5)
4TBE 4 4

Figure 9 includes a scaled load-displacement curve for the
initial portion of 1TBE end bearing, in which the meas-
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Figure 10. Elevation and Soil Profile for Case History C
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Figure 11. Case History C 4TBE (foreground) and 1TBE (background)

ured displacement z is multiplied by the factor 2.2 (dashed
line). This scaled curve appears to correspond reasona-
bly well to the 4TBE end bearing curve below 50 mm
settlement. The analysis is not extended into the fully plastic
large-deformation portion of the curves since Equation 4 as-
sumes elasticity.

Case History C

In this test program, a 1TBE, one 2TBE and one 4TBE were
compared. Figure 10 illustrates the test element and gener-
alized soil profile and Figure 11 illustrates two of the TBEs
installed prior to testing.

All three test foundations were constructed with
915-mm-diameter piles installed with a base depth below ex-
isting grade of 37.0 meters. Each pile element was reinforced
with a full-length rebar cage. In all three foundations the
bi-directional LTAs were installed at a depth of 26.4 meters.

The magnitude of downward movement in all three
tests was relatively small, and separating end bearing from
side shear resistance gave inconclusive results. However,
upward movement was significant. Additionally, there was
also a BDSLT test carried out by the author at an adjacent lot
(“Case History D”, within 35 meters of the Case History C
test TBEs) on a 36.2-meter-deep, 1,830-mm-diameter bored
pile designated “TS3”, which was drilled under polymer
slurry and whose LTA was located at a depth of 29.6 meters.
Although this is not an exact correspondence to the TBE con-
figuration, it is a relatively close match, and its normalized
upward unit side shear plot is compared alongside that of the
TBEs in Figure 12.

All the curves show a similar trend up to a displacement
of about 10 mm. Subsequently, the curves diverge. 1TBE
and 2TBE maintain a similar trend, while 4TBE and TS3
indicate a relatively lower stiffness above a displacement
of 10 mm. This may be due to scaling effect of larger- vs.
smaller-diameter objects in the same geotechnical stratum
[8], since the trend from stiffest to least-stiff also follows
the sequence of smallest to largest effective diameter. It may
also be caused by the procedures utilized to construct the
larger elements (repeat disturbance of existing elements by
the installation of the next adjacent element in 4TBE, use of
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Figure 12. Upward unit side shear vs. displacement, Case Histories C
and D

polymer slurry on bored pile TS3), or simply be a product of
normal variability in the capacity of adjacent cast-in-place
foundations.

Conclusions

Tangent Bearing Elements (TBEs) present an innovative
alternative installation method which overcomes the size lim-
itation of ACIP piles where large-diameter foundations are
required. Designers and contractors may be hesitant to utilize
TBEs, since their load-transfer mechanism as compared to
equivalent cylindrical piles is poorly understood due to their
unique geometry.

This paper presents the results of some head-to-head
comparison bi-directional static load tests on TBEs. This
data set, although limited, is encouraging and indicates that
if a TBE’s surface area is assumed to be the enveloping pe-
rimeter, the unit resistance in both shear and end bearing is
comparable to a traditional ACIP pile or bored pile. Some
scaling effects are apparent especially when the TBE equiv-
alent diameter becomes large relative to the individual pile
element and should be accounted for. A load test program
should be part of any significant deep foundation project,
and bi-directional static load testing has shown itself to be
uniquely suited to verify TBEs” mobilized resistance to ap-
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plied loads. The ability to verify load-bearing resistance via
testing will hopefully encourage utilization of TBEs on fu-
ture projects.

Potential future research efforts include the collection
of additional data sets from full-scale TBE test elements for
further comparison. Additionally, a numerical study should
be performed using finite element modeling to validate the
assumption of the enveloping perimeter as a representative
shear and bearing area of a TBE configuration.
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