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Abstract The base and shaft capacities of piles depend on the method of pile instal-
lation, pile type, soil type, and stress state. Fully instrumented, open-ended, and
closed-ended pipe piles were load tested side-by-side statically following a slow-
maintained testing protocol at two sites in Indiana, USA. The piles were instru-
mented following a hybrid, dense instrumentation scheme with both vibrating-wire
and electrical-resistance strain gauges along the entire length of the shafts. The open-
ended piles were specially designed and assembled following a double-wall system
to facilitate separation of the external and internal unit shaft resistances in every
layer of the soil profile. The plug length ratio (PLR) and incremental filling ratio
(IFR) were measured for the open-ended test piles. To gain insights on the impact of
the formation and evolution of the soil plug during installation on the base capacity
of pipe piles, one open-ended model pile and one closed-ended model pile were
installed under similar conditions in a calibration chamber with digital image capa-
bilities. This paper summarizes and discusses the results of the pile load tests. The
load test results are compared with predictions obtained using modern CPT-based
pile design methods available in the literature. An assessment of the design methods
is made based on the field test results.
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1 Introduction

Piles are generally categorized as non-displacement or displacement piles, depending
on the installation method. A closed-ended pipe pile (CEP) is a displacement pile,
whereas the response of an open-ended pipe pile (OEP) typically lies between that
of a displacement and a non-displacement pile [1]. A soil plug develops inside an
OEP during installation [2], and the plug length L, may be less than or equal to the
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pile penetration depth L. If L, = L, the pile is driven in an unplugged/fully coring
mode throughout, whereas if L, < L, the pile is driven in a partially or fully plugged
mode at least during part of the installation [3]. In general, when comparing the
response of pipe piles of the same geometry installed in the same soil profile, an
OEP driven in a fully coring mode would have a load response that is stiffer than that
of a non-displacement pile, whereas an OEP driven in a fully plugged mode would
have a load response that approaches that of a CEP [4].

Side-by-side field static load tests (SLTs) on fully instrumented CEPs and OEPs
installed in the same soil profile allow us to study the effects of pile installation on
the pile shaft and base capacities. Calibration chamber tests with image-capturing
capabilities provide the means to systematically study the response of pipe piles
during installation and loading under controlled conditions. This paper summarizes
the results of side-by-side SLTs performed on full-scale, instrumented CEPs and
OEPs at two sites in Indiana, USA. The test results are compared with predictions
obtained using modern CPT-based pile design methods. We also present preliminary
results of a model OEP and a model CEP tested in the digital image correlation (DIC)
calibration chamber at Purdue University. The effects of pile installation are reflected
in the measured displacement fields in the soil domain surrounding the model piles.

2 Pile Load Tests in Indiana

2.1 Lagrange County

A CEP and an OEP were tested side-by-side at a bridge construction site over the
Pigeon River in Lagrange County, Indiana [5, 6]. The soil profile consists of gravelly
sand (Table 1); the top 3 m is in a loose state (Dr =~ 30%), while the rest of the
deposit is in a dense-to-very dense state (Dg &~ 80%), with SPT blow counts ranging
from 20 to 60, and cone resistance ¢, values, from 15 to 25 MPa. The water table is
at 3 m depth below the ground surface.

The wall thickness ¢ and outer diameter B of the CEP are equal to 12.7 and
356 mm. The double-wall OEP was assembled by combining an inner pipe with B
= 305 mm and an outer pipe with B = 356 mm; both pipes had the same value of

Table 1 Soil layers at the pile load test site in Lagrange County, Indiana [5, 6]
z (m) Layer description ym (KN/m?) €min () emax (-) DR (%) oc (°)
0-3 Gravelly sand 16.38 0.41 0.68 30 333
3-13 Gravelly sand 21.20 0.41 0.68 80 333

Note 7 = depth below ground surface, epi, = minimum void ratio, ¥y, = unit weight, emax =
maximum void ratio, ¢ = critical-state friction angle, and Dr = relative density
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Fig. 1 Pile driving results for the Lagrange County site (modified after [S]): a driving resistance
(blow counts) of CEP and OEP, and b IFR and soil plug length for the OEP

t (= 6.4 mm). The spacing between the OEP and the CEP was about 4.9 m. Nine
pairs of electrical-resistance (ER) strain gauges were installed on the CEP, while the
inner and outer pipes of the OEP were instrumented with ten pairs and nine pairs of
ER strain gauges, respectively.

The CEP and the OEP were driven to depths of 6.87 and 7.04 m (Fig. 1a). Figure 1b
shows that the OEP was partially plugged and never reached a fully plugged state
(with IFR = 0; IFR = dLp/dL). The values of PLR (= Ly/L) and IFR at the end of
OEP driving were 0.82 and 0.78. Measurements of soil plug length recorded before
and after the SLT showed that the soil plug length did not change as a result of
the SLT, indicating that either the OEP behaved as a fully plugged pile under static
loading, or any compression of the soil plug was likely compensated by soil entering
the pile from the bottom during loading.

2.2 Tippecanoe County

A CEP and an OEP were tested side-by-side at a bridge construction site over the
Wabash River in Tippecanoe County, Indiana [7, 8]. The soil profile at the site
generally consists of layers of poorly graded sand with different gravel contents
(Table 2). The gravel content was small (< 20%) for depths less than 15 m, except
for a narrow layer at around 9 m depth, where the gravel content exceeded 50%. The
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gravel content ranged from 30 to 60% for depths exceeding 15 m. The water table was
found at a depth of 3.05 m below the ground surface. Additional site investigation
results are reported in [7, 8].

The wall thickness ¢ and outer diameter B of the CEP are equal to 13 and 610 mm.
The OEP was composed of a bottom segment and a top segment (each 18.3 m long).
The bottom double-wall segment consists of an inner pipe with B = 584 mm and an
outer pipe with B = 660 mm; both pipes had the same value of # (= 13 mm). The
outer diameter of the bottom and top segments of the OEP were the same, but the
value of ¢ for the top segment was 19 mm. The spacing between the OEP and the
CEP was about 7.3 m.

The shaft of the CEP was instrumented with 20 pairs of ER and 12 pairs of
vibrating-wire (VW) strain gauges [9, 10]. For the double-wall OEP, 19 pairs of ER
gauges were installed along the inner pipe of the bottom segment, whereas 11 and
14 pairs of VW and ER gauges were installed along the outer pipe of the bottom
segment [11]. In addition, the top segment of the OEP was instrumented with three
and five pairs of VW and ER gauges, respectively [12]. Further information about
the CEP and OEP instrumentation is reported in the literature [9-12].

The CEP was driven to a depth of 17.37 m below the ground surface (Fig. 2a).
For installation of the OEP, a 0.9 m-diameter steel casing was first installed up to
a depth of 8.53 m, the soil inside the casing was excavated, and then the OEP was
driven to a depth of 30.48 m below the ground surface. Figure 2b shows that the IFR
decreased from 0.92 to 0.70 during installation of the OEP, and that the PLR was
approximately 0.78 at the end of driving of the OEP. The OEP and the CEP were
load tested 8 days and 13 days, respectively, after pile driving.

Table 2 Soil layers at the pile load test site in Tippecanoe County, Indiana [7, 8]

z Layer description Ym D5 GC Cy bc 8¢

(m) (kN/m%) | (mm) | (%) | ) |

0.0-5.5 Clayey silt with sand 19.5 - 0 3.0 30 24.6
5.5-8.2 Sand with gravel 20.0 0.4 4 2.6 32 26.2
8.2-10.4 Sandy gravel 21.5 4.5 49 34.6 35 23.1
10.4-16.8 Sand with gravel 20.0 0.9 10 4.8 32 24.3
16.8-22.6 Gravelly sand 21.5 4.1 43 16.6 34 23.1
22.6-32.6 Gravelly sand 21.5 1.1 28 8.3 33 25.1

Note 7 = depth below ground surface, Dsg = mean particle size, ¥, = unit weight, GC = gravel
content (= percent of soil particles by mass retained on the 4.75 mm sieve), ¢. = critical-state
friction angle, Cy = coefficient of uniformity, and §. = critical-state interface friction angle
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Fig. 2 Pile driving results for Tippecanoe County site: a comparison between driving resistances
of CEP and OEP (after [7]), and b soil plug length and IFR for OEP (after [11])

3 Comparison Between Predicted and Measured
Resistances

Several CPT-based methods have been proposed to predict the ultimate load capacity
of CEPs and OEPs in sand [13—-16]. Some of these methods include the Purdue Pile
Design Method (PPDM) [7, 17], the Unified Pile Design Method (UPDM) [18], and
the Imperial College Pile Design Method (ICPDM) [19].

Figure 3 compares the predicted and measured axial load transfer curves at the
ultimate load level (when w = 0.1B) for the instrumented CEPs and OEPs tested
in Indiana; w = pile head settlement. The axial load transfer curve for the OEP in
Lagrange County was not included in Fig. 3 because some of the gauges in the lower
part of the outer pipe malfunctioned after pile driving [5]. The PPDM, ICPDM,
and UPDM provided good estimates of the base and shaft capacities of the CEP in
Lagrange County (Fig. 3a). For the CEP in Tippecanoe County, all three methods
estimated the limit shaft capacity Qg quite well—the PPDM, ICPDM, and UPDM
provided estimates of Qg that were within = 10% of the measured value, with the
ICPDM just 5% below the measured shaft capacity. However, the methods overpre-
dicted the ultimate base capacity Oy, of the CEP due to the high gravel content
(= 50%) found at the pile base level, resulting in a large g. value (= 28.7 MPa,
averaged from 1B above to 2B below the pile base) for use in the pile base capacity
calculations. The ICPDM provided the closest estimate of Qy (= 1.5 times the
measured base capacity) for the CEP in Tippecanoe County (Fig. 3b). For the OEP
in Tippecanoe County, we see the opposite trend, where all three methods predicted
the pile base capacity reasonably well—the PPDM, ICPDM, and UPDM provided
estimates of Qp i that were within — 12% of the measured value, with the PPDM
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Fig. 3 Predicted and measured axial load transfer curves at the ultimate load level for a CEP in
Lagrange County, b CEP in Tippecanoe County, and ¢ OEP in Tippecanoe County

just 3% below the measured base capacity, even though the gravel content at the level
of the OEP base was 28%. This is because: (1) the annulus thickness of the OEP (=
51 mm) was comparable to the cone diameter d. (= 44.5 mm), resulting in a cone
resistance that was representative of the resistance mobilized by the pile annulus,
and (2) the measured annulus resistance Qa.,, was approximately 88% of the base
resistance Q¢ of the OEP at the ultimate load level. While the PPDM predicted
the limit shaft capacity of the OEP quite well, both the ICPDM and UPDM overpre-
dicted Qg by a factor of two (Fig. 3¢c). A layer-by-layer comparison of the predicted
and measured limit unit shaft resistance g, profiles in Tippecanoe County indicates
that the overestimation of gy, for the CPT-based methods occurred at depths where
the gravel content was higher than 30% [7, 11]. Although the gravel content was
not reported for the Lagrange County test site, the fairly good match between the
measured and predicted axial load transfer curves suggests that the gravel content at
this site was probably low (< 30%).

In practice, when detailed site characterization is unavailable, engineers often
rely on parameters ¢, (= gs1./q.) and B (= gs./0’yo) to calculate the outer unit shaft
resistance gy of pipe piles in sand; o',y = in situ vertical effective stress at the
elevation where ¢ is computed. Figure 4 shows the values of ¢, and 8 determined
from the SLT results at the ultimate load level for the instrumented CEPs and OEPs
in Indiana. For both test sites, the values of ¢y and § are generally higher for the
CEP than the OEP; this is likely because of the displacement of a greater volume of
the surrounding soil by the driving of CEPs than OEPs, resulting in a higher degree
of soil densification and lateral stress increase around the shaft of the CEPs. The c¢;
and B values determined from the SLT data generally agree with the range of values
documented in the literature (c; = 0.1-0.9% and B = 0.3-0.9 for driven piles in sand
[1, 17, 20]).

Figure 4 also shows the values of the lateral earth pressure coefficient K mobilized
within the depth range of the active plug length for the instrumented OEPs in Indiana.
The magnitude and distribution of Kjer and K yyer, Which are the values of K (= gg1./
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Fig. 4 Profiles of ¢5 (= ¢s1./qc), B (= gsi./o'v0), and K (= gg1./0' o tan &) for pipe piles installed
in gravelly sand deposits in Lagrange County (a—c) and Tippecanoe County (d—f)

o'yo tan §.) mobilized along the inner and outer pipes of the double-wall OEPs, were
determined at the ultimate load level from the strain gauges installed on the surfaces
of the inner and outer pipes. The value of K;,ner Wwas determined by assuming that the
vertical effective stress o’y inside the plug is equal to the value of o'y outside the
pile at the elevation of interest. For the CPT-based design methods, the magnitude
and distribution of Kegouer, Which is the equivalent K mobilized along the outer
pipe of the OEP, was estimated from the method equations; for example, Kqouter
= K(1 — 0.66PLR) for the PPDM, and Kcqouter = (0'rc + Ac”'1q)/0”’yo for both the
ICPDM and UPDM (using the expressions for K, ¢';c, and Ac’q as defined in the
methods). Figure 4c shows that, for the OEP in Lagrange County, the value of Kiyner
is approximately equal to 1.0, on average, while the values of Keqouwer Tange from
1.0 to 4.6, with smaller values corresponding to the PPDM. Similarly, Fig. 4f shows
that, for the OEP in Tippecanoe County, the values of Kiyper and Koyer range from
about 0.14 to0 0.16 and 0.3 to 0.6, while the values of Keqoueer Tange from 0.4 to 1.4,
with smaller values corresponding to the PPDM. The values of Kjyper from the SLT
are approximately constant within the active plug length for the OEP in Tippecanoe
County. The active plug length L 4 at the ultimate load level is approximately equal to
7 and 11 inner diameters for the OEPs in Lagrange County and Tippecanoe County,
respectively. The ratio Ly a/L, of the active plug length to the total plug length
(measured at the end of driving) was comparable for the OEPs at both test sites (=
35 and 38% for Lagrange and Tippecanoe Counties).
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For the OEP in Tippecanoe County, the value of 8 inside the plug was calculated
at the ultimate load level by assuming that ¢’ inside the plug is equal to o', outside
the pile at the elevation of interest. This is a practical approach because, in design,
the vertical effective stresses inside the plug are unknown. Following this approach,
the values of 8 obtained from the SLT along the active plug length range from
about 0.06 to 0.08. Using the formulation derived in [21], which assumes that 8 is
constant along the active plug length, we calculated a value of 8 equal to 0.05 by
assuming that the vertical effective stress at the base of the plug is equal to the unit
plug resistance gpi, (= 1.3 MPa) obtained from the SLT at the ultimate load level.
For OEPs driven under partially plugged conditions, the practical approach of using
o'y is convenient in the calculation of unit plug resistance, and B values within the
above range may be used as reference for OEPs installed in soil profiles similar to
that at the Tippecanoe County test site. Note that, for smaller values of IFR, with
driving approaching fully plugged conditions, the 8 values may vary along the active
plug length. In the formulation of [21], the vertical effective stresses in the soil plug
increase exponentially near the pile base, but this change in the vertical effective
stress may be due in part to these varying 8 values. Calibration chamber test data
indicate that the transfer of load in the soil plug tends to increase significantly near
the pile base [2, 22]. Another factor in the experimental determination of 8 values
inside the plug is the separation of the annulus resistance from the plug resistance
based on discrete instrumentation within the inner pipe wall.

Table 3 summarizes the measured and predicted values of the normalized ultimate
unit base resistance ¢, (= gbui/qgc) for the instrumented CEPs and OEPs tested in
gravelly sand profiles in Indiana; g, = representative cone resistance at the pile
base level. For the SLT gy u/gcb ratios, the value of gq, was calculated by taking
the average of the g. values over a distance of 1B above and 2B below the pile
base. For Lagrange County, the CPT-based methods predict values of ¢}, that are in
good agreement with those measured from the SLTs for both the CEP and OEP. For
Tippecanoe County, the predicted and measured ¢}, values agree closely with each
other for the OEP but not for the CEP (for the reasons mentioned previously). Given
that the limit unit base resistance gy (at plunging) of a CEP, particularly one that has
a conical tip (as is the case for the CEP tested in Tippecanoe County), is generally
comparable to the cone resistance measured near the pile base [17], the values of
¢y, were recalculated assuming ¢ to be equal to gy, (= 10.4 MPa, measured in the
SLT on the CEP). The values of ¢}, estimated from the CPT-based design methods,
assuming g., = gpL, tend to be closer to the measured value (= 0.79), except for the
UPDM, where cy, is always equal to 0.50 for CEPs in sand. The unit plug resistance
Gplug and the unit annulus resistance ¢.,, of the OEP in Tippecanoe County at the
ultimate load level were 6 and 93% of g., (= 22.8 MPa, averaged 1B above and 2B
below the pile base).
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Table 3 Predicted and measured values of ¢y, (= gp,uit/qgcb) for CEPs and OEPs tested in Indiana

Test/design method Gb.uit/qgch [Lagrange] qbult/qgeb [Tippecanoe]

CEP OEP CEP CEP* OEP
SLT (w =0.1B) 0.55% 0.35% 0.29 0.79 0.32
PPDM 0.56 0.28 0.52 0.77 0.31
ICPDM 0.50 0.33 0.43 1.00 0.28
UPDM 0.50 0.30 0.50 0.50 0.31

4 Not corrected for residual loads (due to drifts in the zero readings of the strain gauges)
b Based on gcp, calculated using the CPT data
¢ Based on ¢p assumed as equal to gpp. (= 10.4 MPa) measured from the SLT

4 DIC-Based Calibration Chamber Tests

The digital image correlation (DIC) technique can be used to obtain the displace-
ment and strain fields in the soil domain around model footings [23—-26] and model
cones/piles [27-37] tested in calibration chambers with image capabilities. The DIC
chamber at Purdue University is a half-cylindrical calibration chamber with obser-
vation windows positioned on its plane of symmetry. All boundaries of the chamber
are fixed-wall boundaries, except the top surface of the soil sample, where a vertical
stress (surcharge) can be applied. Additional details about the chamber and the DIC
technique can be found in [27]. Tests were performed on a model OEP and CEP
installed in uniform dense samples (Dg ~ 90%) of Ottawa 20-30 (OTC) sand (a
clean silica sand with D5y = 0.72 mm and ¢. = 29.3°). The steel model OEP has
an outer diameter of 50.8 mm and a wall thickness of 9.5 mm, while the conical-tip
brass model CEP has a diameter of 38.1 mm.

The sand samples were air-pluviated inside the chamber, and the top surface of
the sand was carefully leveled to facilitate application of the vertical stress using an
inflatable air bladder. For both the model CEP and OEP tests, the vertical stress at
the center of the second observation window (end of the test) was approximately
40 kPa. The model CEP and OEP were preinstalled 50 and 140 mm into the sand
sample (before application of the surcharge) to ensure pile alignment and prevent
sand intrusion between the observation window and the model pile. The piles were
monotonically jacked into the sand at a rate of 1 mm/s. During the experiments,
digital images of the sand domain were captured by two 12-megapixel monochrome
cameras. The IFR values measured during penetration of the model OEP were in the
range of 0.7-0.9, with a slight decrease in IFR with increasing pile penetration depth
L.
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Figure 5 shows the radial displacement du, and vertical displacement du, fields
obtained for the model CEP and OEP in dense OTC sand. The DIC analyses corre-
spond to 234 mm of pile penetration, from L = 140 mm (reference image) to L =
374 mm (end of test); the figure axes are normalized with respect to the pile radius
7p. The displacement fields for both the model CEP and OEP have a similar pattern,
in the sense that vertical displacements dominate within the zone immediately below
the pile base, while radial displacements dominate within the zone radially adja-
cent to the pile shafts. The radial displacement contours extend further into the sand
domain for the model OEP than the CEP, with the 1.5 mm du, contour, for example,
reaching a vertical distance of 4r, below the OEP base and a radial distance of 7r,
from the OEP centerline (Fig. 5a). A similar trend can also be observed for the vertical
displacement fields; for example, the 2 mm du, contour for the model OEP extends
beyond a vertical distance of 5r;, below the pile base and up to a radial distance of 5r,
from the pile centerline (Fig. 5¢). For the model CEP, the 2 mm du, contour extends
up to a vertical distance of 3.5r;, below the pile base and a radial distance of approx-
imately 3r, from the pile centerline (Fig. 5d). Despite the relatively high IFR values
measured for the OEP, the model OEP produced greater overall soil displacements
than the CEP, likely because of its larger diameter.

5 Conclusions

The paper summarizes two case histories of static load tests on fully instrumented,
closed-ended pipe piles (CEPs) and double-wall open-ended pipe piles (OEPs) tested
side-by-side in gravelly sand deposits in Indiana. Three CPT-based pile design
methods were used to predict the axial load transfer curves of the test piles. Profiles
of commonly used design parameters cg, 8, and K were developed from the SLT
results; these profiles may be used as reference for calculation of unit shaft resis-
tances of CEPs and OEPs installed in similar soil profiles. From the SLT results, the
values of K mobilized along the inner pipe of the OEP at the ultimate limit state were
compared with those mobilized along the outer pipe as well as those predicted by
the design methods. The results of DIC-based calibration chamber tests on model
CEPs and OEPs highlight the effects of pile installation on the magnitude and extent
of the vertical and radial displacement fields in the soil domain around the model
piles; these differences directly affect the load-transfer behavior and load-carrying
capacity of these piles.
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fields (a, b) and the vertical displacement fields (c, d)
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