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Abstract: Drilled Displacement Piles (DDP) provide an ideal foundation solution that combines the ben-
efits of ground improvement with traditional advantages of piling systems. This paper offers insights
gathered from 55 construction projects in which nearly 130 DDPs were installed and tested axially. High
quality site exploration data (e.g., Cone Penetration Test (CPT) and Standard Penetration Test (SPT)) were
evaluated to derive geotechnical analysis parameters. The test sites consisted of mostly mixed soil types
with strongly stratified layers of sand, silt, and clay. Pile diameters ranged between 35 and 61 cm (14 to
24 inches). Prior to analyzing the axial performance of DDPs, a variety of failure interpretation methods
were assessed to confidently extrapolate failure loads when field testing was terminated prior to pile fail-
ure. Results of this study suggested the Van der Veen’s (1953) method to most closely estimate the load
that triggers pile plunging behavior specific to DDPs, followed by the Butler & Hoy (1977) and L1-L2
methods (Hirany and Kulhawy, 1989). Hereafter, in-situ axial load test results were compared with a wide
range of analytical methods, including those developed specifically for DDPs. Predictive accuracy was
assessed in terms of total pile capacity and pile settlement and separated based on pile diameter, stiffness,
and soil type. Most examined analytical methods underpredict the in-situ pile capacities for both, CPT and
SPT -based analysis. It was also found that the difference between the experimentally determined and pre-
dicted capacities is related to the level of improvement in the surrounding soil following pile installation.
A general comparison between predictive axial accuracy and the observed level of ground improvement
is also discussed for sandy and mixed type of soils.

Keywords: pile analyses, drilled displacement piles, axial load tests, interpreted failure load, direct CPT methods, direct
SPT methods, bearing capacity

Introduction struction technique for projects near vibration-sensitive sites
and in zones with contaminated soils given the lack of spoils
during construction (i.e., environmentally friendly construc-
tion). Additionally, financial and time efficiency have been
identified as key advantages to DDP installation when placed
in suitable soil types (Basu and Prezzi, 2009).

The lateral soil displacement during pile installation
strongly depends on the drilling tool, piling rig technology,
and the installation parameters such as auger rotation, pene-
tration rate, and installation torque during pile construction.
Constructing DDPs involves a drilling process achieved with

The use of Drilled Displacement Piles (DDP) is gaining
increasing traction amongst the deep foundation industry.
DDPs provide a fast and easy option to mitigate problematic
in-situ conditions such as low bearing capacity, high settle-
ments, and moderate liquefaction susceptibility. Particularly
for sandy soils, DDP installation increases local soil resist-
ance due to lateral displacement and compaction of adjacent
soils (Siegel et al., 2007). DDPs are advocated as ideal con-
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tion non-destructive testing to verify concrete quality and
to detect potential areas where soil inclusions might have
occurred. Alternatively, axial, and lateral load tests can be
conducted to evaluate the global pile performance, includ-
ing load capacity, tolerable settlements, and tolerable lateral
displacements. Static pile load testing commonly consists
of applying sequentially increasing axial loads, (typically in
5% increments of the design load) and measuring the axial
displacement at the top of the pile. This procedure provides
load-settlement curves from which the failure load can be ob-
tained experimentally or theoretically depending on whether
the maximum load was reached during the test. Based on the
Caltrans — Foundation Manual: Ch. 8 “Static Pile Load Test-
ing and Pile Dynamic Analysis”, the static pile load testing on
concrete piles is not recommended until the concrete reaches
a minimum compressive strength of 13.8MPa (2000 psi).

To validate the design capacity, piles are commonly
loaded to (1) their design loads plus a safety factor or (2) a
large enough load to reach geotechnical failure. A popular
approach is to load pile specimens to at least 200% of their
calculated design load to assure sufficient axial capacity. The
Federal Highway Administration’s (FHWA) report on ‘Stat-
ic Testing of Deep Foundations’ (FHWA-SA-91-042, 1992)
highly recommends testing piles to failure whenever feasi-
ble, to “obtain the real safety factors intrinsic to the design”.
ASTM D1143M-20 (ASTM, 2020) also recommends reach-
ing the failure load whenever possible to generate a rapid dis-
placement of the foundation element so that further loading
is not possible and plunging behavior is clearly visible in the
load-settlement curve. As part of this study, the authors col-
lected axial load test data from 55 different construction sites,
in which 129 Drilled Displacement piles were tested axially.
Within this newly established database, 33% of all piles were
tested up to 2-2.5 times of their design load, 25% were test-
ed up to 2.5-3 times of their design load, and 22% of piles
were subjected to higher than 3 times their design load. The
remaining 20% of all piles were subjected to an in-situ load
less than two times the design load.

Current practice for the axial design of deep foundations
employs different empirical methods developed between 1975
and today. Many of these methods have been validated and
calibrated to approximate the failure load of driven and bored
piles; only a few methods account for the installation and
performance effects of specialty foundations such as drilled
displacement piles (DDPs), Helical Piles, or Press-in Piles,
unless specifically developed for such. The change of radial
stresses during pile construction strongly depends on the pile
installation technique and therefore directly impacts the pile-
soil resistance and global pile performance. Nevertheless, ax-
ial methods are extrapolated and applied beyond their original
development, either due to lack of an available method, due to
highly unique field conditions, and/or for comparison.

This paper is the first of two papers in which the per-
formance behavior of Drilled Displacement Piles is analyz-
ed. The authors collected data from 55 construction sites, at
which a total of 129 DDPs were tested either axially and/or
laterally. The objective of this paper is to evaluate the axial
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performance behavior of Drilled Displacement piles and to
provide valuable insight into the accuracy of existing SPT
and CPT-based predictive methods in estimating the in- situ
failure load of DDPs. Following a literature review on previ-
ous DDP research, the authors first assess a variety of litera-
ture-based methods used to interpret/estimate pile failure in
the absence of experimentally reached failure, followed by
a comparative statistical analysis of predicted and measured
axial pile failure loads for DDPs in sand like, clay like, and
mixed soil sites. The second paper in this series will assess
the effects of the DDP installation on the surrounding soil
using pre-and post CPT testing, and potential implications on
the axial and lateral pile capacities. This study was conducted
and supported as part of a DFI Technical Committee project,
and data analyzed in both papers were provided by commit-
tee members with expertise in the construction and design of
Drilled Displacement Piles.

Literature Review

Previous research on DDPs related to this study
Drilled displacement piles combine the effects of driven piles
(axial force applied to the drilling tool) and torque applied
by a continuous flight auger into the soil without soil remov-
al. Consequently, soil-pile stress conditions are complex and
highly dependent on the drilling tool. The insertion and ro-
tation of the drilling tool produces not only shear, but cyclic
lateral forces due to the rotation of the tool. Accordingly, the
axial capacity of displacement piles is difficult to generalize.
Basu and Prezzi (2009) modeled the pile installation and
axial loading via one-dimensional fine element analysis. The
authors proposed an analytical method to estimate shaft re-
sistance of DDPs installed in sandy soils by considering the
effects of the drilling tool on the soil’s relative density and
level of confinement. Basu and Prezzi proposed the inclu-
sion of a lateral earth pressure coefficient into the analysis of
shaft resistance at limit state for different installation velocity
ratios. The “before - after” ratio of the lateral earth pressure
coefficient following pile installation, was found to be 2.2 to
2.7 times larger than the respective ratio for drilled shafts,
and only 0.4 — 0.47 the ratio of traditional displacement piles.
Similarly, the finite element analysis suggested the limit unit
shaft resistance for DDPs to be larger than for drilled shaft
(non-displacement piles) but lower than for jacked piles
(displacement piles). The influence of the velocity of pene-
tration and rotation ratio, and the effects on the radial stress
surrounding the pile were also assessed in every construction
phase (i.e., during the penetration and extraction of the drill-
ing tool and the pile loading). Basu and Prezzi found the ra-
dial displacement of the soil during pile installation to reduce
the radial stress around the pile shaft. Also, after the removal
of the drilling tool, the torsional shear stress at the vicinity
of the pile shaft becomes zero and the vertical shear stress
reaches a negative limiting value. The installation effects,
and therefore the relationship between the final and initial
lateral earth pressure coefficient was proven to have a great
impact on the shaft capacity of DDPs.
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Stacho and Ladiscova (2014) numerically evaluated
the soil improvement surrounding DDPs by considering the
Cavity Expansion Theory (CET) by Mecsi (2013). Axial
load-settlement curves were compared with results of two
static load test and analytical predictions. The piles were lo-
cated in a 10 m layer of soft clay followed by dense sand.
Pile lengths ranged between 16 to 18 m and their diameter
was 410 mm. FEM analyses which didn’t model the soil im-
provement showed an underestimation of the real (in-situ)
axial pile capacity of the DDP of up to 10%. To consider the
soil improvement, tiny clusters with improved soil properties
(based on CET results) were created around the pile vicini-
ty to model the soil compaction. The modified FEM model
showed a 98% accuracy between the model and the test data.

Shah and Deng (2016) studied the installation effects
on the axial load response of four different piles installed in
the same soil: drilled cast-in-place, continuous flight auger,
drilled displacement, and drilled displacement steel piles.
All piles had an identical length (12 m) and nearly identical
diameters. The piles were heavily instrumented and axially
tested to failure. The shaft resistance along the pile length and
the toe resistance were recorded. At shallow depths, all piles
indicated lower shaft resistance than analytically predicted.
This (rather expected result) can be attributed to the low con-
finement stress at shallow depths and limited soil densifica-
tion near the ground surface. For deeper layers, the shaft and
tip resistance measured for the piles was higher than what the
analytical methods suggested. The total axial capacity of the
DDP was found to be 1.5 times higher than the capacity of
the drilled shaft.

Moshfeghi and Eslami (2018) studied the reliability of
CPT based predictions for axially loaded DDPs by specifi-
cally focusing on the installation technique and drilling tool.
The results of 65 static load tests on DDPs were used to find
a correlation between the predictive performance and drill-
ing tool employed during pile construction. Moshfeghi and
Eslami found the accuracy of the predicted pile capacity to
be dependent on the drilling tool; for instance, the capacity
of Atlas piles, a DDP type originating from Europe, was best
predicted by the Brettmann and NeSmith (2005) method. The
study also showed that for some CPT direct methods, the ax-
ial load capacity results are highly conservative for clayey
soils.

Rad et al. (2021) studied the torque applied during con-
struction, and the axial load performance of three different
piles. A drilled displacement pile (DeWaal), a helical pile, and
a Tsubasa pile (frequently used drilled displacement piles in
Japan) were constructed and tested under compressive load.
Two sets of experiments (large scale and model scale) were
performed in the field and in the laboratory respectively; em-
ploying similar soil conditions: poorly graded sand (SP) with
a friction angle between 32 - 34 degrees. The authors found
that the DDP required a much higher torque compared to the
other two piles, which was mainly attributed to the difference
between the DDP diameter and the shaft diameter and geom-
etry of the helical and Tsubasa pile. For all piles, the amount
of torque needed to penetrate the soil was found to be pro-
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portional with depth. Even though the need of a lower torque
during construction of the helical and Tsubasa piles might be
seen as an advantage, the axial load test results suggested the
performance of the DDP to be superior compared to the other
two pile types. During the compression load test, the DDP
reached a higher ultimate load, around 1.4 times higher than
the helical and Tsubasa pile, and a lower settlement (~10%D)
at failure.

Siegel et al. (2019) studied the end resistance of continu-
ous flight auger (CFA) piles and drilled displacement piles in
clayey soil with interbedded sand seams. Experimental data
from 15 compression load tests were compared with analyt-
ical predictions of pile tip resistance Q, (i.e., Q, =9 x Cu,
where Cu is the clay’s undrained shear strength). A higher
tip resistance was measured for both pile types in compari-
son with the conventional analytical estimate of 9 times the
shear strength for bored piles. The authors did not find sig-
nificant differences between the tip resistance of the CFA and
the DDP piles, the latter was attributed to the type of soil
in which both piles were installed and their amenability to
improve the soil resistance due to the construction technique
of the pile.

This study will complement the above-mentioned re-
search efforts by evaluating the in-situ performance of
Drilled Displacement piles in a variety of soil types. While
much knowledge regarding the specific pile and soil perfor-
mance exists within contractors and manufacturers of drilled
displacement tooling, findings are not easily publishable due
to data restrictions or non- disclosure agreements. With the
generous provision of data by members of the DFI technical
committees, the authors were able to collect the largest DDP
database yet published and perform analysis of unprecedent-
ed comprehensiveness to help improve the design and analy-
sis of this specialty piling technique.

Review of analytical and empirical methods to predict axial
pile capacity

Depending on the availability and quality of the in-situ geo-
technical data, two primary approaches to predict pile axial
load capacity have emerged in geotechnical practice: indirect
methods and direct methods. As implied by the name, direct
methods use in-situ soil test data “directly” within their for-
mulation, such as the blow count (N-SPT) of the standard
penetration test (SPT), and the tip and side resistance (¢, and
/., respectively) of the cone penetration test (CPT). In turn,
indirect methods use geotechnical parameters estimated from
empirical relationships, such as undrained shear strength (S),
friction angle (¢), or the over-consolidation ratio (OCR). Due
to the nature of this study and the objective to evaluate DDP
using in-situ performance parameters, this paper will focus
on the use of direct methods only, and hence indirect methods
are excluded.

According to Eslami and Fellenius (1995), gener-
al North American geotechnical practice mostly employs
the following methods for predicting axial pile capacities:
Schmertmann and Nottingham (1975; 1978); DeRuiter
and Beringen (1979); Bustamante and Gianeselli (1982),
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also known as LCPC (Laboratoire Central des Ponts et
Chaussées); Bustamante and Gianeselli (1993); and the
Eurocode (1993). In addition to the aforementioned meth-
ods, this study also includes methods developed by Niazi
and Mayne (2016) and Brettmann and NeSmith (2000-
2005). Table 1 provides a summary of direct methods, in-
cluding a detailed description for which types of piles these
methods have been originally developed, and what geotech-
nical parameters (or measurements) are needed to calculate
the pile’s side friction and toe bearing resistance. Amongst
all methods listed in Table 1, only Bustamante and Giane-
selli (1993; 1998) as well as Brettmann and NeSmith (2000;
2005) were developed specifically for DDPs. Both meth-
ods were calibrated based on axial load test results, in-situ
soil tests, and geo-mechanical soil properties obtained from
empirical relations. Little information was provided on the
effects of soil disturbance and the axial load capacity of the
piles. Therefore, these two DDP methods are similarly nar-

rowed to particular soil types, drilled displacement tools,
and pile geometries as many of the above listed approaches.
This limitation is common when empirical methodolo-
gies are developed based on proprietary information and/
or technologies, predominantly led by private contractors.
Brettmann and NeSmith’s (2000-2005) method, developed
for augered, pressure-injected drilled displacement piles,
can be used with CPT and SPT data alike, and represents
the only SPT-based method available in literature for DDPs.
As indicated in Table 1, most other methods are derived for
drilled or driven piles. Hence their application to DDPs is
an extrapolation beyond their intended use, driven by the
limited availability of DDP-specific solutions. For instance,
two of the most employed SPT based methods (i.e., Decourt
(1989; 1995) and Meyerhof (1976)) were derived for driv-
en piles; and O’Neill and Reese (1988) and Brown, et al.
(2010) are SPT-based methods recommended by the FH-
WA-NHI-10-016 for drilled shafts.

Table 1. Current SPT & CPT based methods for estimating axial pile capacity

Pile Type/ Installation

How to determine pile side friction

How to determine pile toe bearing

Direct Methods from CPT data

Schmertmann and Driven and Drilled shaft

Nottingham (1975-1978)

CPT Sleeve friction (fs) and pile material

CPT Tip resistance qt and over
consolidation ratio OCR

deRuiter and Beringen
(1979)

Driven piles

Over consolidation ratio (OCR), undrained
shear strength (S ), CPT tip resistance (q,).

Undrained shear strength Su (Laboratory or
CPT), tip resistance qt

LCPC. Bustamante and Drilled, driven, grouted,

Eslami’s soil classification index, undrained

Tip resistance qt and pore water pressure u.

Gianeselli (1982) barrettes piles and piers shear strength (S ), CPT tip resistance (q,)
foundations
Eslami and Fellenius Driven piles Pile construction method and soil behavior — Tip resistance qt and pile diameter D

(1997)

type index (I )

Niazi and Mayne (2016) Drilled piles, jacked piles and

driven piles

Sleeve friction (f), tip resistance (q,),
soil index behavior (I ), pile installation,
loading direction, loading rate.

CPT Sleeve friction fs, CPT tip resistance,
soil index behavior

Brettmann and NeSmith
(2000;2005)

Auger Pressure Grouted Drilled
Displacement

Soil gradation and angularity, CPT tip
resistance (q,)

Soil gradation and angularity and tip
resistance

Bustamante and Gianeselli
(1993;1998)

Drilled displacement piles

Pile installation, CPT sleeve friction
(f)), CPT tip resistance (q,), soil index
behavior (1)

Sleeve friction, tip resistance, index
behavior

Direct Methods from SPT Data

O’Neill and Reese (1988)  Drilled shafts Depth below the ground and overburden N,, blow count, assuming good
effective stress workmanship
Adhesion factor and undrained shear Bearing capacity factor and undrained
strength shear strength

Brown, et al. (2010) Drilled shafts Coefficient of lateral earth pressure before N, blow count

and after construction, overburden effective
stress

Decourt (1989; 1995) Driven and bored piles

Pile installation, soil type, N-index along
the pile shaft

Pile installation, soil type, N-index at the
pile toe

Brettmann and NeSmith
(2000;2005)

Auger Pressure Grouted Drilled
Displacement

Soil gradation and angularity and N blow
count

Soil gradation and angularity and N blow
count

Meyerhof (1976) Bored and driven piles

Shaft coefficient based on the pile
installation, N-index along the pile shaft.

Toe coefficient based on the pile
installation, N-index at pile toe.
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Data Analysis

Database of static pile load tests

Data from more than 50 US-based, and 4 German construc-
tion projects was collected. The majority of data originated
from the West and South-East of the United States, including
California, Florida, and Louisiana as shown in Figure 1. All
data was provided by members of the DFI technical com-
mittees. The authors performed a comprehensive review of
the project information and filtered the projects based on the
following:

e Availability of geotechnical site data obtained from high
quality in-situ soil testing and sampling; information
about the groundwater table location; proximity between
in-situ soil test and the DDP location

e Description of the DDP design and construction, includ-
ing pile diameter, pile length.

e Availability of axial load test data within a meaningful
load-displacement range and suitable for failure interpre-
tation.

The need for axial load tests to reach a substantial level of
settlement to meaningfully interpret the pile axial failure load
resulted in discarding several pile tests from this study. Only

load test curves with visible onset of strength loss were kept.
These remaining project data are summarized in Table 2,
which shows the general site location, number of piles tested
at each site, soil type, type of in-situ soil test (e.g. SPT/CPT),
pile diameter (D), and pile length (L). The test sites consisted
of mostly mixed types of soils with strongly stratified sand,
silt, and clay layers. The nominal shaft diameters varied from
35to 61 cm (14 to 24 inches). The embedment length of the
piles ranged from 6 m to 29 m. A total of 129 static axial
load test measurements were evaluated against CPT and SPT
based predictions (i.e., direct methods). Potential effects of
the various types of displacement drilling tools on the piles’
axial capacity were not considered in this study, as this infor-
mation was not consistently available for all projects. This
restriction poses a limitation to the study, as the construction
method (tool and grout placement) is known to affect the fi-
nal performance behavior (see Moshfeghi and Eslami, 2018).
Nevertheless, is also enabled the authors to conduct a more
global performance evaluation without getting involved in
proprietary and confidentiality related matters and obtain
more data. The asterix (*) in Table 2 denotes sites where pre
and post CPT tests were carried out. Post-CPT tests were con-
ducted at a distance ranging from 0.75 to 1.2 m away from
the installed pile to assess the potential spatial improvement
of the surrounding soil.

Numbers of Pilest tested |

Con tecnologia de Bing
© GegNames, Microsoft, TomTom

Figure 1. Location of the construction projects in The United States, and number of the piles tested by State
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Table 2. Overall information of each project site and tested piles

Location D (m) L (m) Q;il:;i;gn In-situ test  Soil Type SI tle:iltfji
San Francisco, CA 0.45 6.4 427 SPT-CPT *Silty clay, Clayey silt, silty sand base 3 1
Los Angeles, CA 0.40 8.2 570 SPT-CPT *Silty clay, Clayey silt, silty sand base 3 1
San Jose, CA 0.40 6.7-15.2 214-390 SPT-CPT *Silty clay, Clayey silt, silt base 3 2
Redwood, CA 0.45 7.6 355 SPT-CPT *Silty sand, sand, silt, silt base 3 4
Los Angeles, CA 0.40 11.3 1312 CPT *Sand, silty sand, clayey silt, sand base 3 2
Santa Clara, CA 0.45 14.6 890 SPT-CPT Clay and silty clay, sand, sandy silt base 3 2
Stockton, CA 0.45-0.60 19.8 667-1000  CPT Soft clay, sand, stiff clay, silty clay base 2 2
San Francisco, CA 0.40 18.3 1423 SPT Clayey Silty sand, silty sand, silty sand base 1 1
Anaheim, CA 0.45 13.916.9 1423-2002  SPT-CPT Silty sand, sand, silt, silt or sand base 3 3
San Francisco, CA 0.45 12.20 1112 SPT Sand, silty sand, clay, sand base 1 1
Sacramento, CA 0.40 18.9 1112 SPT-CPT Silty clay, silty sand, sand, silty clay base 2 1
Sacramento, CA 0.45 13.4 890 SPT Stiff silty clay, clayey silt, sandy gravel base 3 1
San Francisco, CA 0.45 243 712.00 SPT Sandy clay, clay, sand with clay base 3 1
Sacramento, CA 0.35-0.40 232 601 SPT-CPT Silty sand, silty clay, clay, sand, sand base 3 2
San Francisco, CA 0.40 11.3 1120 SPT-CPT Silty sand, silty clay, sand, sand base 3 1
Sacramento, CA 0.45 10.7-11.6 1334-1912  SPT-CPT Sand, silty sand, clay, clay base 2 2
Sacramento, CA 0.40 8.2 534 SPT-CPT Silty sand, silty clay, clay, sand base 3 1
McClellan, CA 0.4 20.4-21.8 569 SPT-CPT Silty sand, sand, silt, sand base 1 2
Daly City, CA 0.40 21.3 1334 SPT-CPT Silty sand, sand, sand base 1 1
Santa Rosa, CA 0.45 16.7 667 SPT-CPT Silty sand, sand, sand base 1 1
Tampa, FL 0.45 7.6 - CPT *Sand, silty sand, silt, sand base 1 1
Caddo, LA 0.40 13.4-18.9 1470 CPT Sand, silty sand, clay, clay base 3 7
Florence, SC 0.35 10.7-14.6 882 SPT Sand, silty sand, clayey silt, sand base 1 8
Orlando, FL 0.40 13.1-23.2 1225 CPT Sand, silty sand, clay, sand base 3 7
Guthrie, KY 0.35 13.2-17.8 882-980 SPT Clay and silty clay, clay base 2 7
Miramar, FL 0.40 8.5-10.1 833 CPT Sand, silty sand, clayey silt, sand base 1 2
Monroe, LA 0.35 7.9-9.1 980 CPT Silty sand, silty clay, clay, sand, sand base 1 2
Westlake, LA 0.60 9.1-16.8 490-1323 CPT Clay and silty clay, clay base 2 3
Mobile, AL 0.40 21.6-24.4 980.00 CPT Silty clay, silty sand, sand, silty clay base 3 4
Roxana, IL 0.45 6.1-9.8 563-1225 SPT Sand, silty sand, clayey silt, sand base 1 2
Memphis, TN 0.40-0.45 15.85 421-735 SPT Clay and silty clay, clay base 2 2
Clayton, NC 0.35 18.3-19.8 1250 SPT Silty clay, silty sand, sand, silty clay base 1 3
Virginia Beach, VA 0.40 9.5-12.2 735-1176 SPT Sand, silty sand, clayey silt, sand base 1 2
Atlanta, GA 0.45 10.3-16.5 1960 SPT Clay and sand, sand base 3 2
Memphis, TN 0.35 7.7-12.9 931 SPT Sand, silty sand, clayey silt, clay base 1 3
Savannah, GA 0.40 14.0-17.1 1470 CPT Sand, silty sand, clayey silt, sand base 1 3
Tuscaloosa, AL 0.35 18.6 764 SPT Sand, silty sand, clayey silt, stiff clay base 3 1
Port Allen, LA 0.35-0.45 9.1-28.9 255-1729  CPT Clay, silty sand base 3 4
Savannah, GA 0.35 159 1112 CPT Clayey Silty sand, silty sand, silty sand base 3 1
Pensacola, FL 0.40 9.1-11.0 980 SPT Sand, silty sand, silt, sand base 1 3
Pensacola, FL 0.40 18.29 1274 SPT Silty sand, silty clay, sand, sand base 1 2
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Table 2. Overall information of each project site and tested piles (Continued)

Location D (m) L (m) Q:ll:;i;gn In-situ test  Soil Type SI tZ:ltzii
Mobile, AL 0.40 50.00 - SPT-CPT Sand, silty sand, clayey silt, sand base 1 1
Owensboro, KY 0.35 44.00 - SPT Silty sand, silty clay, clay, sand, sand base 1 1
Memphis, TN 0.40 50-73 - SPT Sandy clay, clay, sand with clay base 1 1
Fort Myers, FL 0.45 75.00 - SPT Sand, silty sand, silt, sand base 1 1
Memphis, TN 0.40 70.00 - SPT-CPT Clay and silty clay, sand base 3 3
Redwood, CA 0.40 18 711 CPT Silty clay, sandy silt with medium sand layers 2 2
Redwood, CA 0.40-0.45 18.3 533-711 SPT Lean and fat clay, and silty sand 2 4
Belmont, CA 0.40 18.3 - CPT Soft clay, stiff silty sand and silty clay 2 2
Mountain View, CA 0.40 24.4 - CPT Shallow stiff lean clay, and lean clay 2 2
with sand
Santa Clara, CA 0.40 23 1140 CPT High plasticity clay and stiff clay with sand 2 3
layers
Kleve, DEU 0.51 9.5-10 - DPH Sand, silty sand, sand base 1 2
Glasgow, UK 0.51 13.5 - CPT Loose to medium sand, sand base 1 3
Hamburg, DEU 0.35-0.51 5.8-10.3 - CPT Medium sand with silt layers 1 4
Rin-Lahn, DEU 0.51 6.5 - DPH Sand, silty sand, silt, sand base 1 1

* Projects with Pre and Post CPT
SI: Overall Soil Interpretation. (1) sand like, (2) clay like, and (3) mixed soil

Geotechnical data review

Cone Penetration Test (CPT) and Standard Penetration
Test (SPT) data were subsequently processed to obtain ge-
otechnical analysis/design parameters. CPT results were
interpreted following Robertson (2015). The SPT N-values
(blow-counts/feet) reported in the boring logs were corrected
to obtain N, values, based on the sampler method, hammer
type, and energy values reported by the respective testing
company. SPT results were then further processed using em-
pirical relationships from Hara et al. (1974) and Peck et al.
(1974) to calculate the undrained shear strength and friction
angle per Egs. 1 and 2, respectively, i.e.,

S,=029P, (N,

)0.72

()

0

¢’ =27.1+0.3(N, ) —0.00054(N, )’ )
where S = undrained shear strength, P, = atmospheric pres-
sure (101.3 kPa), N, = SPT blow count corresponding to 60%
of the theoretical free-fall hammer energy, ¢’ = soil friction
angle, and N, . = energy and overburden pressure corrected
SPT blow count.

Most CPT and SPT based design methods require the
soil (layers) to be categorized into cohesionless or cohe-
sive soils. Robertson (2015) defines the soil index behavior
(I) as a function of the CPT based tip and side resistance.
A value of I higher than 2.6 suggests the soil behavior to
be silt like, clayey silt like to silty clay like, or clay-like
in general. An I value lower than 2.6 suggests sand-like

,60
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behavior, including silty sands to sandy silts and sands in
general. The 2.6 value for the index behavior was employed
as a threshold to categorize the soil layers. For the projects
in which CPT data were not available, the Unified Soil Clas-
sification System (USCS) defined in the SPT logs was uti-
lized for the same purpose. Table 2 categorizes each project
location in sand-, clay-, and mixed sites using the I_criteria
described above. Sites with less than 20% of clayey-silt-like
index behavior were classified as sandy soil sites. Sites with
more than 70% of the clayey-silt behavior index were clas-
sified as clayey sites. All other sites were labeled as mixed
soil sites. This classification resulted in 23 sandy soil sites;
11 clay sites; and 20 sites with highly stratified soil profiles
(mixed soils). Figure 2 shows an example of the in-situ soil
test data and an accompanying axial load-settlement curve
(Figure 3) for a project located near Redwood, CA. This site
would be categorized as mixed site since 55% of the calcu-
lated soil behavior indices (SBT) along the pile depth reach
values higher than 2.6 (suggesting clayey soil), and 45% of
the SBT indices are lower than 2.6 (suggesting sandy soil).
Four piles were axially tested on this site, and Figure 3
shows the results for every pile (A, B, C, D). Pile A and
C revealed clear plunging behavior (increase of settlement
higher than 20% due to an 2% increase of axial load) at an
axial load of 910 kN and 1230 kN, respectively. For piles
B and C, the plunging behavior cannot be clearly observed.
The maximum increase of settlement due to an increase of
axial load of 2%, was recorded as only 9% and 5% for each
pile, respectively.
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Figure 3. Axial load-settlement curve from test

Interpretation of axial failure based on pile load tests

The American Society for Testing and Materials (ASTM,
2020), as well as the American Association of State High-
way and Transportation Officials (AASHTO, 2008) define
the failure load as the load which induces a visually observ-
able plunging behavior in the axial load versus displacement
curve. The plunging behavior is referred to as a gross settle-
ment of the tested element. In turn, Fellenius (2001) high-
lights the fallacy and misinterpretation of the “failure load”
or “ultimate load” of a pile since the shaft resistance is the
only resistance mechanism that exhibits a limiting resistance
while the axial compression of the pile and the pile toe bear-
ing show a linear response and do not have an ultimate value

8 | DFI JOURNAL | VOL. 16 | ISSUE 2

besides the structural failure of the pile. As an alternative,
Fellenius (2001) suggests the use of the load that triggers a
settlement equal to 10% of the diameter of the pile. The In-
ternational Building Code (IBC), 2019, defines the allowa-
ble pile load as one half of the ultimate axial load of the test
element assessed by using Davisson Offset Limit, Brinch-
Hansen 90% criterion, Butler-Hoy criterion, and other meth-
ods approved by the building official.

For piles in soft or medium clays, plunging behavior can
be clearly identified in most load-settlement curves; there-
fore, failure loads can be easily determined through visual
inspection. On the other hand, for medium soils, stiff clays,
and sands, the slope of the resulting curve is stiffer and does
not necessarily show the change in the slope during load-
ing (i.e., it does not reach failure). Amongst the projects
collected for this study, eight axial load tests were discard-
ed due to the very flat load-displacement curve during the
test (e.g., pile-soil system is too stiff) such that no tendency
towards failure can be identified within the available range
of test data. Regardless of the soil conditions, geotechnical
failure generally occurs well before the ultimate structural
capacity of the pile is reached.

To determine the failure load for each project listed in
Table 2, two different approaches were adapted: (i) failure
was defined based on substantial strength loss (plunging)
whenever clearly visible in the vertical load vs. displacement
curves: this was the case for 30 piles, and (ii) failure loads
were estimated using interpretation methods from literature
whenever failure was not reached experimentally (which was
performed for 70 piles). Additionally, a corresponding axial
load for a settlement equal to 10% of the pile diameter was
identified whenever possible.

© Deep Foundations Institute
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Review of existing methods to interpret axial pile failure
Current literature offers several methods to estimate/inter-
pret the anticipated failure load when axial failure was not
reached during field testing. The most common approaches
are Decourt Extrapolation (1999), the Davisson Offset Limit
Load (DOL) (1972), the Hansen 80-% Criterion, the Brinch-
Hansen 90% criterion, Chin-Kondner Extrapolation (1970)
also known as the inverse method, the Butler & Hoy (1977)
Load, also known as “double tangent method” or “L1-L2
method”, De Beer’s Criterion (1968) or “maximum curva-
ture” method, and the Van der Veen’s Criteria (1953). The
corresponding axial load for a settlement equal to 10% of
the pile diameter was defined as an alternative “failure load”
for CPT methods such as the Niazi and Mayne (2016) and
Bustamante and Gianeselli (1993; 1998) methods, which de-
fine the predicted failure load at a displacement equal to 10%
of the pile diameter instead of the traditional definition of pile
failure in literature.

The procedure to identify the failure load for each of the
above-listed methods is described hereafter. Figure 4 sum-
marizes these methods graphically, by depicting the required
tangents and bisectors to a schematic load-displacement il-
lustration.

Decourt Extrapolation (Decourt, 1999)

The measured values from the axial load test are assumed to
be hyperbolic and required to be fitted by Equation 3. Once
the values calculated with Equation 1 fit the observed data,
the failure load is determined by the inverse value of the fit-
ting constant k,, i.e., Qt.= 1/k,.

o

027
ky + ky6

3)

Where Q is the applied axial load, ¢ is the pile settlement,
and the values k, and k,, are fitting constants to the hyperbolic
equation found by using ordinary square regression.

The Davisson Offset Limit Load (DOL) (Davisson, 1972)
Widely used in North America, this method defines the ulti-
mate failure load as the load corresponding to a settlement
equal to the elastic compression of the pile (de) (Equation 4)
plus the sum of settlements required to mobilize the shaft
and the tip resistance. The authors believe that the maximum
shaft and tip resistance is achieved at a settlement equal to the
sum of 3.8 mm (0.15 inches) plus a settlement equal to the
pile diameter, in inches, divided by 120.
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Qr, ®
Butler & Ho i
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Figure 4. Illustration of the interpreted failure load methods for the static-axial load test
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assessing a set of failure load interpretation methods to de-
termine their suitability for augered cast in place piles (ACIP
piles), and suggested the Davisson Offset Limit Load to be
inappropriate for drilled foundations. This agrees with plen-
tiful discussion in literature showing that the DOL method
underestimates the failure load (NeSmith and Siegel, 2009,
Baligh and Abdelrahman, 2005-2006, Stuedlein et al., 2014).
The difference between the interpreted failure load obtained
with the DOL method and the actual failure load is attribut-
ed to two factors, namely (1) the slope of the initial straight
line of the axial load test (m,) does not always represent the
slope (m,) that the elastic axial load deformation would have
per Equation (4); and (2) the soil quake deformation (third
term of Equation 5) to mobilize the soil strength is higher for
drilled foundations than the deformation needed for driven
piles. To address this issue, Perlow (2020) studied the soil
quake factor of the DOL method (i.e., D/120), finding that
the pile width needed to calculate the soil quake deformation,
should be multiplied by a factor ranging from 2 to 6 depend-
ing on the drilled foundation type (i.e., drilled shafts, cased
micropiles, drilled displacement piles, among others). This
adjustment enables a better estimate for drilled shaft failure
loads when using the Davisson Offset Limit Load method.

10 | DFI JOURNAL | VOL. 16 | ISSUE 2

Figure 6. m /m  values vs. pile slenderness

From the DDP data collected in this study, 30 axial load
tests showed a clear plunging behavior, and were used to
evaluate the limitations of the DOL method with respect to
drilled displacement piles. Since the uncertainty of the DOL
method is associated with the discrepancy between the slope
of the first line of the test results (m,) and the elastic slope
(m,), the ratio between these two lines (k) was obtained for
each test using Equation (6). As shown in Figure 5, when
m,/m, is less than one, the pile settlement is higher than the
elastic deformation for small loads (Equation 4), on the oth-
er hand, when the ratio is higher than one, the initial axial
deformations are lower than the amount of elastic deforma-
tion expected. Figure 6 shows the ratio & versus the piles’
slenderness ratio L/D. For slender piles, L/D higher than 20,
the initial settlement of the pile is not shown at early stag-
es (shaft is effectively resisting the dragging forces). On the
other hand, m,/m, lower than one demonstrates how the pile
settlement starts developing at earlier stages.
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Figure 7. Comparison of the measured (geotechnical failure) and pre-
dicted failure load with the DOL and the MDOF methods

Mg

k= (6)

my

where m,, is the elastic slope, and m, is the slope of the first
line from the axial load test.

Following Perlow (2020), the DOL method was mod-
ified by applying an amplification factor of 4 to the soil
quake deformation (third term of the DOL equation — Eq. 5).
Figure 7 shows the comparison between the measured failure
load vs. the interpreted failure load estimated with Davisson
Offset Limit Method (DOL) and Modified Davisson Offset
Limit (MDOL). The MDOL data points align better to the
45-degree line which represents the perfect agreement be-
tween the measured and the interpreted failure load. The ratio
between experimental and the interpreted axial failure load
was obtained for the piles that reached the geotechnical fail-
ure while testing. The p value represents the average ratio for
all piles and o represents the standard deviation. The MDOL
method shows a 12% increase in accuracy compared to the
original DOL method. The standard deviation of the ratio be-
tween the interpreted failure load Qf;imeypr using the modified
DOL and the measured failure load Qf;measuye , in the field, as
introduced later in this paper, reduced by 30%, showing less
scatter amongst results when comparing interpreted failure
with the actual failure load obtained during the test.

Brinch Hansen 80% Failure Criterion (Hansen, 1963)

The Brinch-Hansen 80% criterion suggests the failure load
to be reached at the level of compressive stress (Q/A) at
which the axial strain in the pile is equal to four times the
strain at a 20% smaller stress. This concept was translat-
ed by Dotson (2013) into a direct solution that requires
plotting the square root of each pile displacement value
normalized by its corresponding load plotted against the
respective pile settlement. Hereafter, a trendline with slope

© Deep Foundations Institute

C, and intercept C, is fitted to the plotted data. The Hansen
80% criterion defines the failure load as the inverse value
of two times the square root of C, times C, as shown in
Equation (7).

1

% e (7)

Brinch-Hansen 90% criterion (Hansen -1963)

The Brinch Hansen 90% criterion interprets pile failure as the
load for which strain is equal to two times the strain ata 10%
smaller stress. Similar to the 80% criterion, Dotson (2013)
proposed a direct solution of the failure load obtained with
the 90% criterion as shown in Equation (8),

o0 - 23
¢ 7,/clc2

where O represents the interpreted failure load, and C, and
C, are the slope and the intercept of the linear tendency de-
fined for the Hansen-80% criterion.

®)

Chin-Kondner Extrapolation (Chin, 1970)

To apply the Chin-Kondner Extrapolation method, a plot of
the pile settlement measured during the axial load test (x-Ax-
is) vs. settlement divided by its corresponding load (y- axis)
needs to be constructed (Figure 4). A trendline is fitted to the
data above (y = Cx + C,), its slope is defined as C, and its
y-intercept as C,. The failure load is calculated as the inverse
of the trendline’s slope, i.e., 0= 1/C..

Butler-Hoy Criterion (Butler and Hoy, 1977)

The interpreted ultimate failure load is defined as the point of
intersection between a line fitted to the initial straight part of
the load-settlement plot, and a second line with a pre-defined
slope of 0.13 mm/kN (0.05 in/ton). This second line is to
be placed at the point of minimum curvature in the pile’s
load-settlement curve.

L1-L2 method (Hirany and Kulhawy, 1989)

The interpreted failure load is defined based on the points
L, and L,, where L, represents the “end point” of the initial
straight-line portion of the pile load-settlement curve, and L,
represents the first point of the final linear region. L, simul-
taneously defines a failure threshold, as any incrementally
small load beyond point L, produces a significant increase in
pile displacement. Q, , and Q,, are the loads corresponding to
points L, and L., respectively.

De Beer Yield Load (De Beer, 1968)

The pile load test data is plotted on a log scale of the measure
load (Q), and a log scale of the settlement (0) (Figure 4). If
the plunging behavior was reached during testing, two con-
secutive lines approximations will show. The point where the
lines change their direction, or the maximum curvature of the
plot is interpreted as failure load or yield load as defined by
the authors.
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Van der Veen’s Criteria (Van der Veen, 1953)

The measured values from the axial load test are assumed to
fit an exponential relationship shown by Equation 9, where
O, is the interpreted failure load, J is the in-situ settlement,
and f represents a curve fitting parameter. O and f can be
found by using ordinary square regression. Q represents the
axial load at any point along the exponential curve.

Q=0Q,(1—¢") ©)

To date, there is no established best practice in selecting the
appropriate interpretation method. Stuedlein et al. (2014)
found pile failure of Auger Cast Piles to be best interpreted
with the Butler & Hoy (1977) and L -L, methods. The Da-
visson method is widely known for its application and valid-
ity for small-diameter driven piles, and although the criteria
was originally developed for tip bearing driven piles, it has
been proven that it can also be utilized for driven friction
piles (NeSmith and Siegel, 2009). However, similar to the
earlier-described predictive equations for axial pile capacity,
extrapolation of formulations beyond their original empirical
development is generally recommended against. For drilled
displacement piles, no such relationship has been established
yet. Hence, a preliminary assessment of the interpretive fail-
ure load methods was carried out to identify the methods that
best describe the failure load of DDPs included in this study.
First, all failure interpretation methods listed above were
applied to 30 DDP tests during which experimental failure
was reached and the corresponding failure load is known.
Similarly, all tests for which a settlement equal to 10%D was

obtained, were included. Hereafter, the ratio of interpreted
failure load (Qﬂm) and actual, measured failure (Qﬁmm) was
calculated. The best-performing interpretation method was
defined as the one with an average ratio closest to one (1.0)
and minimal standard deviation for all tests considered. A
normal distribution was calculated to assess the accuracy
and precision of the methods. Figure 8 shows the Probability
Density Function (PDF) of the normal distribution calculat-
ed for each method and suggests the Van der Veen’s Crite-
ria (1953) to provide the closest match and most accurate
estimate of the actual failure load, followed by Butler and
Hoy (1977), and the L -L, method. Both, De Beer’s Criteri-
on (1968) and the DOL Method, underestimates the failure
load of the piles, and the Decourt Method and Chin-Kond-
ner Extrapolation overestimate the failure load. Even though
the L -L, method shows good predictive performance of the
failure load, a significant number of assumptions are need-
ed when load test data don’t reach the magnitude of settle-
ments needed to establish the second “linear” portion of the
load-settlement curve. Finally, the interpreted failure load
at settlement equal to 10% of the pile diameter (i.e., 0.1D)
was estimated based on the axial load — settlement data.
Even though the 10%D approach closely approximates the
measured failure, this criterion had to be discarded since not
enough load tests reached this level of settlement, which is
common particularly for piles with large diameters. Figure 9
summarizes the load ratios obtained through all methods in
a single graph. Based on this summary, Van der Veen’s cri-
teria (1953) was found to be most suitable and consequently
applied to all tests that did not reach failure in order to inter-
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referred toas 0, .
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Data Analysis

The accuracy of each available direct method in predicting
pile axial capacity was assessed by calculating the ratio be-
tween the measured experimental axial failure load (Q,) and
the analytically predicted (i.e., calculated) axial capacity (Q,)
for each pile specimen listed above. The axial failure load
was either taken as the measured load at failure (QMMW P
or the interpreted load (inn erprete ) per Van der Veen’s Cri-
teria (1953) when plunging behavior was not observed ex-
perimentally. 100% predictive accuracy is reached when
the ratio of failure load divided by the predicted load is one.
The arithmetic mean (u) and the standard deviation (o) were
calculated according to Equation 10 and Equation 11. The
confidence limit (CL) was also calculated for the ratio Q,/
Q, based on Equation 12, where Z is equal to 1.96 for a 95%
confidence limit according to Hogg and Craig (1995). The
Confidence Interval (CI) Equation (Equ.13), represents the
range in which 95% of the mean of the samples will fall.
The results for Q /Q  are presented in Figure 10 for sand, in
Figure 11 for clay and in Figure 12 for mixed types of soils.
An optimum result is defined by a mean value (x) near unity
and a minimal standard deviation to assure the trend (ratio of
under or over prediction) with a higher precision. The CPT
direct methods are shown with round symbols, and the SPT
results with square symbols.

n {Qf,i]
i=1
Qci
p= ol (10)
n—1
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Figure 10 suggests that measured and analytically predict-
ed capacities (i.e., Qf/QC) in sandy soils reach closest agree-
ment when using Brettmann and NeSmith (2000; 2005) and
Schmertmann and Nottingham (1975;1978) to calculate the
pile axial capacity. De Ruiter and Beringen (1979), LCPC
(1982), and Niazzi and Maine (2016) were found to almost
exclusively underpredict the in-situ pile capacity in sands,
implying a strong conservatism when applied for drilled
displacement piles. On the other hand, Eslami and Felleni-
us (1997) and Bustamante and Gianeselli (1993; 1998) were
found to yield axial load capacities 1.25 times higher than
what the measured or interpreted results show. By comparing
SPT-based methods with the measured or interpreted failure
load, the O’Neill and Reese (1988) method showed slightly
better alignment with the 45 degrees line than other methods,
even though a high dispersity is visible. Figure 10 suggests
that the Brown et al. (2010), and Meyerhof (1976) methods
tend to generally underestimate the in-situ capacity of the
piles. Decourt (1989; 1995) show uniform datapoints on both
sides of the spectrum (under and overpredicting), with larger
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variability. Brettman and Nesmith (2000; 2005) appears to
overpredict the capacity when N values are used to calculate
the axial load capacity.

Figure 11 presents the comparison of Qf/QC in clayey
soils. For axial loading below 2000kN (450 kip), all methods
align well with the CPT-based predictions. Above this load
threshold, most methods tend to significantly underestimate
the actual capacity of the elements. The Eslami and Fellenius
method appears to provide the best statistical fit regardless of
the magnitude of axial failure load, however, the favorable
statistical results are likely due to an even scatter above and
below the 45-degree line. Due to the absence of SPT field
data for load tests in clayey soils, the analytical SPT methods
could not be assessed.

Figure 12 shows measured vs. analytically predicted
pile capacities for mixed soil profiles. Data points for most
CPT methods suggest very consistent predictions (very
small scatter for most methods). Within the CPT-based
methods, Bustamante and Gianeselli (1993; 1998) provide
the best approximation of the pile failure load in mixed
soils, followed by Eslami and Fellenius (1997). De Ruiter
(1979), LCPC (1982), Niazi and Mayne (2016), as well as
Brettman and NeSmith (2000; 2005) conservatively under-
predicted the field capacity. The O’Neill and Reese (1988)

© Deep Foundations Institute

method provides the closest predictions when SPT data is
utilized.

Figure 13 shows the mean values and confidence interval
for the ratio Q f/ Q, for the different soil types and analytical
methods. The more accurate the method is, the closer is the
mean value (circular mark) to one, accompanied by a small
confidence interval (shorter vertical line). As it can be seen in
Figure 13, the ratio Qf/ O exhibits the highest variability and
largest confidence intervals for clayey soils.

Figure 14 and Figure 15 display a comprehensive com-
parison between all experimental failure loads (measured
and interpreted) (y-axis), and their respective, analytical
predictions using all methods (x-axis) combined into one
single graph. The three symbol types (e.g., square, circle,
and triangle) categorize the results into sandy soils (square),
clayey soils (circle), and the mixed soils (triangle) from CPT
(Figure 14) and SPT (Figure 15), respectively. A global com-
parison of all CPT-based methods suggests a general under-
estimation of the pile failure loads, while SPT based methods
tend to underestimate the axial load capacity often.

To study the influence of pile geometry on the O /Q, ra-
tio, the pile slenderness ratio, defined as L/D was computed
for each pile (where L represents the total pile length and D
defines the pile diameter). The L/D ratio was plotted versus
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Figure 15. Interpreted failure load versus the axial load capacity estimated analytically from the SPT methods

Q,/0, ratio in Figure 16. It can be observed that regardless
of the pile slenderness, a general trend of capacity underesti-
mation using CPT-based methods is observed for all pile ge-
ometries, ranging from small to large slenderness ratios (i.e.,
more data plot above the 1.0 line).

Figure 17 compares the axial load at failure (measured
or interpreted) with the axial capacity predicted by the differ-
ent analytical methods by separating the methods based on
their empirical derivation: the upper row corresponds to the
methods developed specifically for drilled displacement piles
(i.e., Brettmann and NeSmith (2000; 2005) for SPT and CPT
data, and Bustamante and Gianeselli (1993; 1998)). The sec-
ond row depicts all remaining methods. Similary, the three
columns categorize the results into sandy soils (left column),
clayey soils (center), and the mixed soils (right column).
Unfortunately, the desired improved accuracy (when using
methods developed for DDPs specifically) is not recogniza-
ble in Figure 17. The DDP methods and the “other” methods
shows similar data scatter.

According to Siegel et al. (2007), the installation of
drilled displacement piles in sandy soils results in densifica-
tion of the soil surrounding the pile and an increase in lateral
stresses. In this study, an increase in CPT tip resistance (q,)
was encountered following several pile installations. Even
though data were limited, the available average CPT tip re-
sistance (¢,) and the SPT-based N60 resistance measured be-
fore the pile installation was compared with the Qf/QC ratio

© Deep Foundations Institute

for each sandy and mixed soil site. The average tip resistance
(g,) was computed as the arithmetic mean of the g, values
at different depths for sandy and clayey soils. For mixed
types of soils, the average tip resistance was computed for
soils with a soil index behavior (/) higher and lower than
2.6, clay-like and sand-like behavior, respectively; with those
two values, and the percentage of each type of soil within
the soil profile, a weighted average was calculated. Figure 18
shows the 0, /Q_ratio against the average pre-pile installation
cone tip re51stance (¢ (top row) and the SPT N60 values
(bottom row) for sandy (a), clayey (b) and mixed soils (c).
For soils with initially low strength (e.g., g, = 5-10 kPa, or
N60<15) Figure 18 suggests an inverse relationship between
the soil resistance, (i.e., qt or N60). The ratio between fail-
ure load and the estimated capacity seems to follow a slight
downward trend. Even though the soil improvement during
pile construction is a complex topic with high variability, dif-
ferent authors have proven that the higher the initial soil re-
sistance (i.e., high initial soil strength), the less improvement
the soil experiences due to DDP installation. Consequently, a
higher accuracy, and a Q;'/Qc ratio closer to one is obtained
for dense sands and stiffer silt mixtures since the soil does
not experience great changes. On the other hand, for looser
soils, the implementation of the analytical methods without
soil improvement considerations can lead to the underesti-
mation (or conservatism) of the pile’s capacity Qf,/QL, >1. For
clayey soils no relationship between the ratio Q/,/Qv and g,
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was found, this is due to the unique degree of “improvement”
or “relaxation” this type of soil can experience.

Summary and Conclusions

Current practice for the design of deep foundations em-
ploys different empirical methods developed between 1975
and today. While many of the methods have been validated
and calibrated to approximate the actual failure load of driv-
en and bored piles, only few methods account for the instal-
lation and performance effects of drilled displacement piles
(DDPs). A database of 55 construction sites, in which more
than 120 DDP were installed and tested, was utilized to eval-
uate the predictive accuracy of CPT and SPT based direct
methods in estimating axial pile load capacity for DDPs in
sand like, clay like, and mixed soil sites.

Prior to comparing predicted and measured axial capac-
ities of drilled displacement piles, this study first investigat-
ed a variety of literature-based methods to interpret/estimate
pile failure in the absence of experimentally reached fail-
ure. A comparison of eleven different methods, including
the “Load at 10% of the pile diameter” method suggested
that Van der Veen’s Criteria (1953) provided the best match
between estimated and measured failure. This method was
closely followed by Butler & Hoy (1977), which slightly
underpredicted the in-situ failure and L1-L2 method by
Hirany and Kulhawy (1989) which slightly overpredicted
the in-situ failure load of the 100+ piles investigated. The
Decourt Method and Chin-Kondner Extrapolation methods
overestimate the DDP failure loads across a large spectrum,
while the De Beer’s Criterion (1968) and the DOL Meth-
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od generally underestimate the failure load of the drilled
displacement piles. A modification factor to Davisson’s
method for DDP interpretation was iterated following sug-
gestions from Perlow (2020). With a modification factor of
4 to the last term of Davisson’s failure interpretation equa-
tion, the failure load of DDPs can be much more accurately
estimated and extrapolated from its original application to
driven piles.

When comparing in-situ failure to analytically predicted
failure, almost all examined methods underpredict the capac-
ity of the piles. Among all CPT-based methods, Brettmann
and NeSmith (2000; 2005) showed a better agreement be-
tween the measured and analytically failure load for sandy
soils, the Bustamante and Gianeselli (1993;1998) method
showed the most favorable approximation of the pile fail-
ure loads for mixed type of soils, and Eslami and Fellenius
(1997) provided a more accurate estimation for clayey soils.
The performance of the SPT direct methods was also evalu-
ated, the most acceptable Q, and Q_ agreement was achieved
with the O’Neill and Reese (1988) method for sandy and
mixed type of soils. However, overall, the authors recom-
mend against the use of SPT-based prediction given the large
scatter in analytically determined axial pile capacities and the
uncertainty associated with estimating shear strength from
SPT data needed for the SPT-based predictions.

The maximum axial load achieved during the pile tests
was 200% to 300% of the design load; at this level of force,
the settlement of the piles was considerably far from the
plunging behavior. The higher pile capacity could be partially
attributed to the higher resistance achieved due to the instal-
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lation effects. Favorable ground improvement effects such as
the densification of soil surrounding the DDP can translate
favorably into more accurate predictions of the actual pile
failure load and represent an added factor of safety during the
design phase, as pile design often relies on pre-pile installa-
tion based in-situ data.

In summary, the estimation of pile capacity and pile fail-
ure remains a function of high quality in-situ data and meth-
ods specifically developed for a certain pile type, inherently
accounting for pile installation and construction effects. The
current data reduces (but does not eliminate this gap) by pro-
viding recommendations for more accurately estimating pile
failure from load test data and predicting pile capacities using
existing methods.
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