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ABSTRACT

Load testing such as standard top-down or bi-directional tests are widely accepted
practices that provide foundation designers with site-specific information about the
nominal resistance of drilled shaft foundations. The application of load testing in drilled
shaft foundations provides insight into the load-displacement behavior which can be used
to reduce risk, improve reliability and confirm design assumptions. Typically, these tests
are justified for mid to large-size projects where foundation construction costs are
substantial and can be offset by design improvements achieved from performing such tests.
As an example, in a recent project in Northern Nevada, a bi-directional test on a 7-ft
diameter, 115-ft length drilled shaft imposed an initial cost of $125K to the project,
however resulted in a 15% reduction in the total foundation cost which was equivalent to
$1.3 million in savings. The relative inexpensiveness of testing drilled shafts as compared
to the potential savings on large projects is self-evident. However, the current practice
presents challenges when considering the magnitude of loads required in fully mobilizing
the capacity of large diameter drilled shafts. In some cases, the feasibility of these tests is
impractical because the associated initial cost is not guaranteed to outweigh the final
savings. As a result, load testing is sometimes left out of the design phase of projects
although their use as deep foundation systems for buildings and large span bridges is

widespread.

Oftentimes, the magnitude of loads applied in such drilled shaft load tests are selected
to limit the degree of mobilization, allowing the foundation to be utilized as a production

shaft. This practice restricts our knowledge of the true capacity of the drilled shaft at failure;



il
hence the nominal resistance remains unknown. As a result, cost effective and innovative
solutions for performing load tests on smaller diameter drilled shafts and then being able
to extrapolate the result to gain knowledge on the response of large diameter shafts is of
key interest. In this research, we explore relationships of diameter dependency of unit side

and base resistances between small and large diameter drilled shafts using available field

load test data.

A dataset of 145 load tests, conducted on drilled shaft foundations, were collected as
part of an evaluation of scaling effects in load-displacement response of drilled shaft
foundations. Drilled shafts ranging in diameter from 2 to 9.8 feet with lengths of
embedment ranging from approximately 13 to 250 feet were collected as part of this study.
The dataset represents drilled shafts installed in a broad spectrum of coarse and fine-
grained soil types. Careful review of load test records established 612-unit side resistance
curves for our evaluation with roughly 12% exhibiting a fully-mobilized load-displacement
behavior. Comprehensive review of all available load test reports, subsurface investigation
reports and geotechnical design reports were used to establish generalized subsurface
profiles for each respective drilled shaft. Generalized soil material types were assigned to
each unit side and base resistance curves for further analysis of scaling effects. Estimations
of geotechnical properties (vertical effective stress and undrained shear strength) were
developed and used as normalization parameters to reduce the measured unit side
resistance to a standard confining stress. Estimation of the properties used as normalization

parameters relied on in-situ, laboratory measurements as well as empirical correlations.
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In this study, two existing extrapolation methods were evaluated and a new one is
being proposed for further evaluation to predict fully mobilized load-displacement
behavior from partially mobilized records. Each proposed method of extrapolation will be

presented and discussed, identifying potential drawbacks in their application to predict

maximum unit side resistance.

Using the data for predicted and measured fully-mobilized response, values of unit
side resistance were compared against drilled shaft diameter. Comparisons were made for
general soil type and grouped by the following: a) Predominant Soil Type, b) State, c)
USCS and, d) Shaft construction method. Results using measured and predicted fully
mobilized data generally showed considerable variability in non-normalized and
normalized values of maximum resistance. The relationships observed in these plots

indicates that shaft diameter dependency in unit side resistance is minimal or non-existent.

Results of this study conclude that scaling effects in unit side resistance are
insignificant, however these results support Federal Highway Administration (FHWA)
guidance on the use of prototype drilled shafts to measure fully mobilized load-
displacement response in shafts loaded to failure. Performing load tests on prototype drilled
shaft foundations no less than 2 the diameter of the intended production shaft diameter

should yield similar capacities in unit side resistance.
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1 Statement of Research

1.1 Introduction

Load testing such as standard top-down or bi-directional (i.e. O-Cell) tests are widely
accepted practices that provide foundation designers with site-specific information about
the nominal resistance of deep foundations. The application of load testing in design of
deep foundations provides insight into the load-displacement behavior which can be used
to reduce risk, improve reliability and confirm design assumptions. Typically, these tests
are justified for mid to large-size projects where foundation construction costs are
substantial and can be offset by design improvements achieved from performing such tests.
As an example, in a recent project in Northern Nevada, a bi-directional test on a 7-ft
diameter, 115-ft length drilled shaft imposed an initial cost of $125K to the project,
however resulted in a 15% reduction in the total foundation cost which was equivalent to
$1.3 million in savings (Pease, 2014). The potential cost savings associated with testing
large diameter shafts as compared to the overall construction cost on large projects is self-
evident. However, the current practice presents challenges when considering the magnitude
of loads required in fully mobilizing the capacity of large diameter drilled shafts. In some
cases, the feasibility of these tests is impractical because the associated initial cost is not
guaranteed to outweigh the final savings. As a result, load testing is sometimes left out of
the design phase of projects although their use as deep foundation systems for buildings

and large span bridges is widespread.

Oftentimes, the magnitude of loads applied in such load tests are selected to limit

degree of mobilization, allowing the foundation to be utilized as a production shaft. This



practice restricts our knowledge of the true capacity of the drilled shaft at failure; hence the
nominal resistance remains unknown. As a result, cost effective and innovative solutions
for performing load tests on smaller diameter drilled shafts and then being able to
extrapolate the result to gain knowledge on the response of large diameter shafts is of key
interest. In this research we explore relationships of diameter dependency of load-
displacement response between small and large diameter drilled shafts using available load
test data. The following Figure 1.1 demonstrates the potential for cost savings for
construction of drilled shafts in Texas and California. The figure illustrates that a 50%

reduction in the shaft diameter can result in a 70% to 80% reduction in construction costs.
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Figure 1.1: Drilled shaft construction cost for different diameters (after Brown et al, 2010)



A dataset of 145 load tests, conducted on drilled shaft foundations, were collected as
part of an evaluation of scaling effects in load-displacement response of the fully and
partially mobilized foundation. Drilled shafts ranging in diameter from 2 to 9.8 feet with
lengths of embedment ranging from 13 to 250 feet were collected as part of this study. The
dataset represents drilled shafts installed in a broad spectrum of coarse to fine-grained soils
as well as bedrock. Careful review of each load test record established 612-unit side
resistance curves for our evaluation with roughly 12% exhibiting a fully-mobilized load-

displacement behavior.

Comprehensive review of all available load test reports, subsurface investigation
reports and geotechnical design reports were used to establish generalized subsurface
profiles for each respective drilled shaft. Generalized soil material types were assigned to
each unit side resistance curve for further analysis of scaling effects. Estimations of
geotechnical properties (vertical effective stress and undrained shear strength) were
developed and used as normalization parameters in reducing the measured unit side
resistance to a standard confining stress. Estimation of the parameters used in
normalization relied on in-situ testing, laboratory measurements as well as empirical
correlations. Regression analysis was performed comparing available laboratory measured
values of undrained shear strength against a variety of empirical correlations based on
standard penetration test values. Results of these analyses were used in determining
suitable models in predicting undrained shear strength used for normalizing unit load-

displacement curves.



The implementation of geotechnical databases that include load test data and detailed
subsurface investigation information can be used to prevent reliance on overly conservative
design methods and assumptions. It has been recognized that such databases can lead to
improved design of production foundations as well as to promote improved reliability
calibration in the development of more economical and accurate geotechnical design
methods (Abu-Hejleh et al., 2015). One such database, the Nevada Deep Foundation Load
Test Dataset (NDFLTD) adopted a framework from recommendations proposed that
defined minimum geotechnical information required for an “all-inclusive” database (Abu-
Hejleh et al., 2015; Motamed et al., 2016a; Motamed et al., 2016b; Stanton et al., 2017).
Using the framework adopted by the NDFLTD, the dataset was evaluated for degree of
quality and proposed additional criteria evaluating the degree of mobilization of unit load-

displacement curves.

Roughly 88% of the unit side resistance curves within the dataset display a partially
mobilized load-displacement behavior and did not achieve maximum resistance. In a
comprehensive study of non-failed load tests performed on driven pile foundations,
Paikowsky and Tolosko (1999) noted that under-mobilized tests performed on foundations
do not contribute to improved knowledge of pile analysis, increased accuracy of design, or
reductions in costs of such foundations. In this study, three extrapolation methods are
investigated for use in predicting fully mobilized load-displacement behavior of field-load
test data. The following methods, Hansen 80% criterion, and the Chin Method are some of
the more common approaches applied in estimating ultimate capacity. A new method, the
Double Tangent method, is proposed for use in the prediction and extrapolation of

maximum unit side resistance. The development of this model, using fully mobilized load-



displacement response data, are presented and compared to the Hansen 80% criterion and
Chin method. Methods representing the Chin and Double Tangent method are further

evaluated for use in construction of equivalent top-down curves.

Using the data representing measured and predicted fully-mobilized resistance,
comparisons against drilled shaft diameter were completed and evaluated for non-
normalized and normalized maximum unit side resistance. Comparisons were grouped by
the following: a) Predominant Soil Type, b) State, ¢) Unified Soil Classification System
(USCS), and d) Shaft construction method. Maximum unit side resistance was normalized
using either vertical effective stress or undrained shear strength depending on predominant
soil type. Results of the evaluation of scaling effects using each grouping method are
presented in this study and include both fully mobilized and partially mobilized
(extrapolated) data. Concluding remarks on scaling effects of load-displacement response
in drilled shaft foundations are discussed and further recommendations in future practice

are provided herein.

1.1.1 Research Objectives
In pursuit of evaluating scale effects of load-displacement behavior in drilled shaft
foundations, the following objectives were identified and deemed essential in supporting

the main intent of this research:

1) Characterization of soil properties for use as normalization parameters in
evaluating shaft resistance
2) Consideration of quality of load test data and supporting geotechnical information

in evaluating the nominal axial capacity of drilled shafts



3) Techniques in extrapolating partially mobilized load-transfer data to expand use
of existing dataset to meet research goals

4) Using Objectives 1 through 3, utilize existing drilled shaft dataset to explore
relationships of diameter dependency in both side and base resistance

5) Utilize dataset to further investigate guidance recommendations for use of scaled
prototype shafts proposed in the Federal Highway Administration Drilled Shaft

Manual (Brown et al, 2010).

1.2 Literature Review

1.2.1 Construction of Drilled Shaft Foundations

The construction of drilled shaft foundations can be perceived as a relatively
straightforward practice. However, the effective use and design of drilled shaft foundations
requires a comprehensive understanding in the methods of construction as well as the
implications that subsurface conditions can have toward their construction (Brown et al.,
2010; Terzaghi et al., 1996). Terzaghi et al. (1996) emphasized the importance of soil

mechanics towards the design and construction of drilled shafts in two ways:

1. The importance of conducting high-quality detailed subsurface investigations that
identify potentially challenging conditions and their influence on successful
construction (e.g. boulders, seepage, free-water, etc.)

2. Therole of bearing materials in providing the means to carry the imposed loads at

tolerable settlements and lateral movements.

The performance of a drilled shaft foundation is related to the effectiveness of the

construction technique in preserving the integrity of the bearing materials and ensuring the



structural integrity of the cast-in-place reinforced concrete (Brown et al., 2010). In this
section, the basic methods of construction in drilled shaft foundations are presented. The
main methods used to construct drilled shafts are as follows: dry construction method,

casing construction method, and wet construction method (Stuedlein and Arduino, 2015).

Dry Method

According to Brown et al. (2010), dry construction methods represent the most
favorable condition in terms of shaft constructability. This method is suitable for soil and
rock above the water table and can be excavated to the designed depth under relatively dry
conditions (Stuedlein and Arduino, 2015). This method may include use of permanent or
temporary surface casing to prevent collapse of the hole under weight of drilling equipment
during construction. Construction procedures as outlined by Brown et al. (2010) are

detailed as follows and presented in Figure 1.2:

a. The shaft is excavated using augers which will likely have teeth to break up the
soil.

b. The base is cleaned using a bucket or flat bottom tool to remove loose debris and
possibly any small amount of water.

c. In most typical transportation projects, a full-length reinforcing cage is placed.

d. The concrete is placed using a drop chute or centering device.



(a) (b) (c) (d)

Figure 1.2: Dry method of construction: a) drill the hole, b) clean the base, ¢) place reinforcement
and d) place concrete (after Brown et al., 2010)

Casing Method

The casing method is applicable to sites where soil conditions are such that caving or
excessive deformation will occur when a shaft is excavated (Brown et al., 2010; Samtani
and Nowatzki, 2006). In using the casing method, a cylindrical steel casing is advanced
into the subsurface to support potentially caving soils within the excavation. Advancement
of the casing is accomplished by driving, vibrating, or pushing the casing to the proposed
founding level and by removing the soils from within the casing either continuously or in
one sequence after the casing has been installed (Samtani and Nowatzki, 2006). This
method can be used in conjunction with both the dry method as well as the wet method.
Typical construction using casing advancement practices and methods are presented in

Figure 1.3.
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()
Figure 1.3: Construction using casing advanced ahead of excavation: a) drive casing into bearing
stratum, b) drill through casing, ¢) complete and clean hole, set reinforcing, d) place

concrete to head greater than external water pressure, e) pull casing while adding
concrete (after Brown et al., 2010)

Wet Method

When soil conditions do not permit dewatering of the shaft excavation, the excavation
and concrete placement operations must be completed using the wet method (Brown et al.,
2010). The wet method is commonly employed while drilling below the groundwater table
and use a form of bentonite or polymer slurry in the excavation to prevent caving or

deformation of loose or permeable soils (Samtani and Nowatzki, 2006).

Stuedlein and Arduino (2015) provided an excellent summary of the wet construction

method detailed in Brown et al. (2010), discussed below and presented in Figure 1.4:

a. Before excavation, place surface starter casing at the site, which extends deep
enough to prevent surface cave-ins, but far enough above the ground surface to

elevate the surface level of the drilling fluid.
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b. Fill slurry into the hole to maintain the slurry head at 1.5 m (5 feet) or more above
the water table throughout the operation.

c. Install a reinforcing cage after the excavation is completed and cleaned.

d. Perform concrete placement with concrete that maintains sufficient workability to
move easily through the reinforcing cage.

e. Pull the tremie while adding concrete keeping the outlet of the tremie 3 m (10 ft)

or more below the concrete surface to prevent mixing with the slurry.

concrete
slurry
expelled by
concrete

starter slurry tremie

; concrete
casing

[ x

(a) (b) (c) (d) (e)

Figure 1.4: Slurry drilling process: a) set starter casing, b) fill with slurry, c) complete and clean
excavation, set reinforcing, d) place concrete through tremie, e) pull tremie while
adding concrete (after Brown et al. 2010)

1.2.2  Design of Axial Capacity in Drilled Shaft Foundations

Load-transfer behavior of drilled shaft foundations is mobilized through a combination
of resistance at the base of the shaft and through skin friction along the length of the shaft.
Both the base and shaft resistances develop in response to foundation displacement with
the maximum values of each being unlikely to occur at the same displacement (AASHTO,

2012). The estimation of maximum resistance observed in load-transfer behavior has been
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studied extensively. The most common methods used in practice today are presented in the
following section and are recommended for use in both the Federal Highway
Administration Drilled Shaft: Construction Procedures and LRFD Design Methods (Brown
etal., 2010) and the Association of State Highway and Transportation Officials (AASHTO)

LRFD Design Specifications for 2012.

Brown et al. (2010)

This section details the procedures recommended by Brown et al. (2010) for
computation of nominal axial capacity of drilled shaft foundations. Figure 1.5 presents an
idealized profile of a shaft founded in 4 different soil layers. Under axial loading, each soil
layer will mobilize a different resistance along the length of the shaft depending on the
characteristics of the soil. In addition, load-transfer behavior will mobilize differently at
the base of the shaft. In general, nominal side resistance (Rsy) for each layer along the
length of the shaft is determined using Equation 1.1 and the nominal base resistance (Rzy)
at the base of the shaft is determined using Equation 1.2. The sum of all the calculated
resistances (Rsy and Rpy) for the shaft would represent the ultimate capacity. However,
depending on the controlling soil type of the soil layers encompassing the shaft, different
procedures are recommended for the calculation of both Rsy and Rpy. Procedures for
estimation of these resistances for both Cohesionless and Cohesive soils are provided in

the following sections.
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Figure 1.5: Idealized geomaterial layering for computation of compression resistances (after
Brown et al., 2010)

Nominal side resistance for a specific geomaterial layer is the product of the nominal
unit side resistance (fsn) and the cylindrical area over which side resistance develops and
is expressed as the product of the layer thickness (Az;) and the shaft circumference detailed

in Equation 1.1 (Brown et al., 2010).

Rsny = mBAzifsy (1.1)
B = shaft diameter

Az; = thickness of layer /

fsn=nominal unit side resistance
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Nominal base resistance is the product of the nominal unit base resistance (¢sv) and
the cross-sectional area of bearing at the shaft base detailed in Equation 1.2 (Brown et al.,

2010).

nB?

Rpy = — 49BN (1.2)

Cohesionless Soils

According to Brown et al. (2010), the nominal side resistance of a drilled shaft founded
in cohesionless soils can be expressed as the frictional resistance that develops over a

cylindrical shear surface defined at the soil-shaft interface (Equation 1.3).

Rgy = mBAz;(¢',K tan §) (1.3)

Rsy = Nominal Side Resistance

o’y = average vertical effective stress over the depth interval Az
K = coefficient of horizontal soil stress (6’w/c’v)

o’n = horizontal effective stress

0 = effective stress angle of friction for the soil-shaft interface

By combining the terms of the frictional resistance, a beta factor is evaluated using

Equation 1.4 and the nominal unit side resistance is calculated as the product of the vertical

effective stress by the beta factor (Equation 1.5).

B = Ktané (beta method) (1.4)
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fsn = d'uP (1.5)

Brown et al. (2010) identifies that the approach presented in Equations 1.4 and 1.5 is
calculated solely as a function of depth without consideration of soil strength or in-situ
state of stress. The author further presents a more rational approach proposed by Chen and
Kulhawy (2002) and is recommended for use in design. Equations 1.6 through 1.10 are

considered applicable to all cohesionless soils.

Ko = (1 —sing")OCRS™?¢' < K, (1.6)

K, = At rest (in-situ) earth pressure
K, = Passive earth pressure
OCR = Overconsolidation ratio

¢’ = Effective friction angle

OCR= 22 (1.7)

aly

op’ = Preconsolidation pressure (psf)

oy’ = Overburden stress (psf)
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K, = tan’(45 + %) (1.8)

The following Equation 1.9 provides a correlation for estimation of preconsolidation

pressure using SPT N-values corrected for hammer efficiency (Neo).

L~ 0.47(Ngo)™ (Mayne, 2007) (1.9)
m = 0.6 for clean quartzitic sands

= (.8 for silty sands to sandy silts

The following correlation in Equation 1.10 is recommended for gravelly soils.

:—” = 0.15N (1.10)

a

Equations 1.6 through 1.10 lead to the approximation of  using Equation 1.11.

B ~ (1—sing) (Z—,I’:)Si”‘p’tan @' < K, tan ¢’ (1.11)

The base resistance in cohesionless soils is calculated using Equation 1.12.

4N = 06ON60 < 30t5f (112)
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Nso = average value between the base and two diameters beneath the base of the
shaft

Cohesive Soils

Rgy = mBAz;(aS,); (1.13)

Su = average undrained shear strength over the depth interval Az;

a = coefficient relating unit side resistance to undrained shear strength
(alpha method)

Evaluation of a is as follows (after Brown et al., 2010):

a=0  between the ground surface and a depth of 5ft or to the depth of seasonal
moisture change, whichever is greater

a = 0.55 along remaining portions of the shaft for ;—“ <15

o = 0.55-0.1[(Su/Pa)-1.5] along remaining portions of the shaft for 1.5 < ;—u <25

a

P. = atmospheric pressure in the same units as Sy

Base resistance (gsw) is calculated using the following Equation 1.14.

gy = N*:Sy (1.14)

N’c = bearing capacity factor (provided in Table 1.1)
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Table 1.1: Bearing Capacity Factor N*; (after Brown et al., 2010)

Undrained Shear N
Strength Su (psf)
500 6.5
1,000 8.0
2,000 9.0
AASHTO (2012)

The Association of State Highway and Transportation Officials (AASHTO) load
resistance and factor design specifications for 2012 contains detailed information on design
of drilled shaft foundations. The specifications for drilled shafts include general
information as well as comprehensive procedures for computation of axial capacity. The
following procedures used in derivation of nominal axial capacity are provided in this

section.

Cohesionless Soils

The nominal axial resistance for drilled shafts in cohesionless soils is calculated using
the B-method. The B-method presented in AASHTO (2012) is a function of depth.

Calculation of the side resistance is presented in Equation 1.15.

qs = Bo', <4.0ksf for025<p<12 (1.15)

for sandy soils, the following calculation of B in Equation 1.16 and 1.17 is

recommended
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for Ngy = 15

£ =15-0.135Vz (1.16)
for Ngy < 15

g = Y0 (15-0.1352) (1.17)

15

o’ = vertical effective stress at soil layer mid-depth (ksf)
S = dimensionless load transfer coefficient
z = depth below ground, at soil layer mid-depth (ft)

Nso = average SPT blow count (corrected for hammer efficiency) in the
design zone under consideration (blows/ft)

For gravelly sands and gravels, Equation 1.18, is recommended when Ngp >15. If Ngo

<15 Equation 1.16 is recommended.

£ = 2.0-0.062%75 (1.18)

Tip Resistance is calculated using the following in Equation 1.19.

qp = 1'2N60 fOT N60 < 50, (119)

The value of g, should be limited to 60ksf, unless greater values can be justified

through load test data.
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Cohesive Soils
Estimation of side resistance in AASHTO (2012) adopted use of the a-method and is
based on total stress conditions. The method adopted by AASHTO (2012) is the same

method as presented in Brown et al. (2010).

For estimation of tip resistance in cohesive soils, AASHTO (2012) has adopted the
total stress method as proposed by O’Neill and Reese (1999). The tip resistance (gp),
presented in Equation 1.20, is the product of the undrained shear strength (S,) by the

bearing capacity factor (N¢) presented in Equation 1.21.

Gy = NS, < 80.0 (1.20)

N, = 6[1+02()] <9 (1.21)

1.2.3  Field Load Testing of Drilled Shaft Foundations

For deep foundation projects, it is usually necessary to confirm that the response of
the foundation to the loads from the supported structure agrees with the assumptions of the
design (Fellenius, 2018). One way to confirm the assumptions of the design is to perform
field load testing on a test shaft loaded to failure or a production shaft loaded to a maximum
design load. Brown et al. (2010) identified that in spite of thorough efforts to correlate
drilled shaft performance to geomaterial properties, their behavior is highly dependent
upon local geology and construction practices. The author further stated that this limitation
poses a difficulty in accurately predicting strength and serviceability limits from
standardized design methods. The application of site-specific field load testing on drilled

shaft foundations, can provide insight into the load-mobilization behavior and verify
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assumptions in the design. The following sections detail two methods commonly used in

practice today to directly measure axial resistance of drilled shaft foundations.

Static Load Testing

Static load testing is the most accurate method of determining the axial load capacity
of a deep foundation (Samtani and Nowatzki, 2006). The test is commonly performed with
a reaction frame and system equipped with a hydraulic jack centered over the head of the
drilled shaft. The magnitude of loads that could be applied in testing is limited. Brown et
al. (2010) has noted that the high load capacity and large diameter of drilled shaft
foundations today has limited the ability to perform such tests because of the load
requirements imposed on the reaction system. Certain advantages of performing static axial

load testing are noted as follows (Samtani and Nowatzki, 2006):

Supports a rational design by confirming design assumptions

e Improves understanding of load-displacement behavior which can be used to
optimize foundation design lengths or capacities.

e Direct evaluation of the ultimate capacity

e Potential for cost-savings through design optimization

The standard test methods for deep foundations under static axial compressive load
are detailed in ASTM D1143 (2013). A schematic of a conventional top-down test,
showing the reaction frame/system with applied load to the top of the shaft is presented in

Figure 1.6.
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Figure 1.6: Schematic of conventional static top-down axial load test (after Samtani and Nowatzki,
2006)

Certain drawbacks in using conventional top-down methods arise from the reaction
system. An adequate reaction system requires the construction of anchor foundations to
support the load frame used in testing the foundation. Testing procedures defined in ASTM
D-1143 require a minimum distance of five times the maximum diameter of the test pile or
anchor pile. Brown et al. (2010) noted that this requirement can make testing of large
diameter foundations impractical. Additionally, the magnitude of loads required to
mobilize the resistance in large diameter foundations is often times impractical using
conventional methods. The method discussed in the following section is another common
method used in field load testing that does not require a reaction frame/system and is

capable of testing large diameter foundations to greater loads.
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Bi-Directional Load Testing

The bi-directional load cell is a more recent method in axial load testing of deep
foundations. The method, originally known as the Osterberg method, is performed by
means of a sacrificial hydraulic cell or series of cells embedded within the foundation. The
hydraulic cells, commonly located at the base of the pile or shaft, are used to provide
separate measurements of both base and side resistance. A typical schematic of a bi-
directional test on a deep foundation is presented in Figure 1.7. During testing the bi-
directional cell applies the load against the upper and lower portions of the shaft. Loading
is applied incrementally through the cells and the foundation derives all subsequent
reaction from the soils encompassing the shaft (Brown et al., 2010; Sinnreich, 2011; Ayithi
and Ryan, 2019). An example of bi-directional data collected during testing and subsequent
evaluation of data to interpret side and base resistance is presented in Chapter 2. Results of
bi-directional testing are further used to construct a load-displacement response similar to
conventional static axial top-down methods. The resulting curve, called an equivalent top-
down curve is further presented and discussed in Chapter 5 detailing methods of

extrapolation in interpreting ultimate capacity of drilled shaft foundations.
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Figure 1.7: Schematic of a bi-directional load cell (Osterberg) test on a deep foundation
(after Samtani and Nowatzki, 2006)

1.3 Previous Research

1.3.1 Evaluation of Scaling Effects

Lizzi (1980) presented an experimental approach in the use of smaller pilot shafts to
optimize the design of larger diameter cast-in-place piles (i.e. drilled shafts) using a series
of congruence equations. Using the proposed congruence method, an instrumented pilot
shaft would be subjected to gradual loading until failure. Measurements of the gradual
loading were used to infer mechanical properties of the site soils defining a “skin factor.”
The skin factor is defined as the ratio of the settlement of a section of the pilot shaft and its
corresponding side shear is a function of the behavior of the soil-shaft interface. Knowing
the geotechnical behavior of the pilot shaft in conjunction with the load-displacement

behavior, Lizzi (1980) proposed a method to calculate the load-bearing capacity and
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settlement of a larger diameter shaft through congruence. Lizzi (1980) illustrated the
importance of the relationship between soil and shaft, especially regarding roughness of
the interface. Additionally, construction effects are mentioned, specifically the effect
drilling operations have in altering soils from their natural state. The congruence method
was validated using two-full-scale field load tests on drilled shaft foundations of differing
diameter. Figure 1.8a presents a typical incremental section along a shaft where D is the
diameter of the shaft, P are the respective axial forces measured at strain gauge
installations, e are the settlements measured at strain gauge installations, L is the length of
the shaft section, £ is the modulus of elasticity of the concrete, and fis the skin factor.

Figure 1.8b presents a typical load-displacement response used in the congruence method.
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Figure 1.8: (a) Congruence method and equations, (b) load-displacement response from pilot-pile
load test (after Lizzi, 1981)
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Scaling effects of drilled shaft radius on fs were explored by Sinnreich (2011) and
noted that the scaling effect in shear has been well documented in scale model testing.
Three phenomena are attributed to the influence of scaled effects. The effect of grain size,
roughness of the shaft-soil interface and vertical shear imposed at the interface from shaft
displacement are considered to influence fs (Sinnreich, 2011). Shaft to soil load transfer
using direct shear tests identified that shearing occurs in a narrow band at the interface
(Balachowski, 2006). Sinnreich (2011) explains that increases in normal stress result from
the dilatant behavior of soil grains within the narrow band. The author further stated that
increases in normal stress result in increased shear stiffness. Balachowski (2006) identified
scale effects in lateral friction greater than unity for models in dilatant soils and less than
unity for models in contractive soils. Sinnreich (2011) identified the shaft roughness
coefficient, presented by Seidel and Collingwood (2000), which iteratively correlates
higher ultimate shear with the interlock between the shaft and rock socket. The last effect
examined by Sinnreich (2011) is the relationship between drilled shaft radius and vertical
shear induced through displacement of the pile. Full-scale load testing obtained from
various areas performed on different diameter drilled shafts was presented and grouped by
geologic formation or locality. Regardless of the soil type or construction techniques, the
trend of decreasing unit side shear as radius increases (at a fixed displacement) holds
(Sinnreich, 2011). Considerable scatter can be seen in the presented data and is believed to
be an artifact of the variability in contractors and construction methods. Turner and
Kulhawy (1994), in discussing terms in similitude, had pointed out that dissimilarities in
the design conditions would lead to changes in capacities. This perhaps can be used to

describe some of the potential scatter within the plots. Typical results of a scaling
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evaluation presented by Sinnreich (2011) are included in Figure 1.9 showing an inverse

relationship with increasing shaft radius.
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Figure 1.9: Unit side resistance versus pile radius at 6.25 mm shaft displacement (after Sinnreich,

2011)

Full Scale Testing

The implementation of prototype shafts (i.e. smaller diameter drilled shafts) to inform

capacity of larger diameter drilled shaft foundations is discussed in the Federal Highway

Administration (FHWA) Drilled Shaft Manual. Brown et al. (2010) asserts that the

magnitude of loads required to fully mobilize the resistance of large, high capacity drilled

shaft foundations can make tests on production size shafts impractical. Brown et al. (2010)

provides discussion on the use of prototype shafts in conducting load tests. Brown et al.
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(2010) states that if prototype shafts are to be considered for use as load test shafts, the

following general guidelines should be met:

e The test shaft should be at least '4 the diameter of the production shaft diameter and
not less than 30-inches.

e The test shaft should be constructed using similar tools and construction
techniques; this includes exposure time of open slurry or slurry filled hole.

e The displacements at which unit values of side and base resistance are mobilized
should be interpreted with respect to diameter in order to extrapolate to the

anticipated performance of production size shafts.

Although design procedures in axial capacity of drilled shaft foundations have
assumed fs is independent of shaft diameter, evidence has suggested that smaller diameter
shafts can provide larger capacity in fs than larger diameter shafts (Lizzi, 1983; O’Neill et
al., 1996). Similar inverse relationships between fully-mobilized f; and the diameter were
observed for drilled shafts keyed into rock-sockets (Horvath et al., 1983; Miller, 2003;
Baycan, 1996). Lizzi (1983) cited previous tests performed by Kerisel (1961 and 1965)
demonstrating fs decreases with increasing diameter. Figure 1.10 presents the results of the
inverse relationship observed in Miller (2003) and Baycan (1996) for unit side resistance
in drilled shaft sockets in rock of moderate roughness. To reiterate the observations from
Lizzi (1980, 1981 and 1983), Brown et al. (2010) identified that the effect of mobilized
resistance for different diameter drilled shafts installed in rock sockets is largely a result of

sidewall roughness and dilatancy of the geomaterial at the interface.
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Figure 1.10: Unit side shear versus displacement for drilled shaft sockets in rock of moderate
roughness (after Brown et al., 2010)

The mobilization of f; is a complex problem with many elements influencing the load-
displacement behavior. The type of geomaterial in which the foundation is constructed will
prescribe the methods employed in excavating and casting the shaft. The largest influence
on the side resistance of a drilled shaft results from the relaxation of stresses from the
practice of excavating the borehole in preparation for construction (O’Neill, 2001;
Terzaghi et al., 1996, Brown et al., 2010). O’Neill (2001) describes the difficulties in
characterizing the resulting changes in horizontal effective stresses immediately after
construction and once subsurface conditions have stabilized. The degree to which those
stresses are restored largely depends on the amount of time the excavation is left open and
the ability of the fluid concrete to restore those stresses (O’Neill, 2001; Terzaghi et al.,
1996). The use of slurry to aid in maintaining open-hole conditions during excavation may

also influence the f; of the shaft.
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Physical Models

Turner and Kulhawy (1994) formulated laws of similitude for side resistance capacity
in drilled shaft foundations. The resulting laws were tested against model drilled shafts
founded in sand using static uplift load tests. Their research drew careful attention to
uncertainties that could be misleading in understanding the true behavior of prototype-scale
foundations. Results of static uplift tests performed on five different model shafts showed
that the capacity decreases with increasing diameter (Turner and Kulhawy, 1994).
However, when applying the laws of similitude to extrapolate to prototype conditions, little
change in capacity would be observed using larger-scale shafts (Turner and Kulhawy,
1994). The model scale results highlighted the influence of scale effects on side capacity
and the importance in accounting for appropriate physical mechanisms. Oversight when
accounting for these influences leads to behavioral differences from lack of similarities in
model shaft foundations (Turner and Kulhawy, 1994). The following factors: thickness of
the shear zone, soil dilation behavior, horizontal stresses and the curvature of Mohr-
Coulomb at low confining stresses for scaled physical models were identified. Turner and
Kulhawy (1994) concluded that increases in normal stress resulting from soil dilation
would cause higher f; for models of decreasing diameter, if the thickness of the zone at the
shear interface was constant. Figure 1.11 presents the results of the observed capacity of
scaled physical models using the terms of similitude identified in Turner and Kulhawy
(1994). In focusing on the curvature of the mohr-coulomb failure envelope for lower
confining stresses, the authors concluded the independence of shaft diameter on

displacement at loading failure.
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Figure 1.11: Observed and corrected dimensionless capacity versus shaft diameter (after Turner
and Kulhawy, 1994)

1.3.2  Influences on Side Resistance
Geomaterial Type

The effects of grain size on fs were also considered and presented in Rollins et al.
(2005) in which 28 load tests in axial tension (uplift) were conducted on drilled shafts in
soil profiles ranging from uniform sand to sandy gravel. Rollins et al. (2005) calculated
capacity for each drilled shaft using proposed methods by Meyerhof (1976), Reese and
O’Neill (1988), and Kulhawy (1991) comparing each to the measured capacities from load
testing. Both Meyerhof (1976) and Reese and O’Neill (1988) are empirical based
procedures that derive f; of shafts founded in sand. Rollins et al. (2005) identified that the
coefficient of lateral earth pressure is the most important and yet difficult parameter to
characterize and is largely affected by construction practices (Kulhawy, 1991). Results
highlighted the difficulties in estimating appropriate lateral earth pressure coefficients

when describing the characteristically higher measured capacities in comparison to the
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empirical calculations (Rollins et al., 2005). Higher lateral earth pressure coefficients,
which led to increased measured capacities on the order of several hundred percent for
gravels, were identified as a result of increased lateral stress during shearing in dilation.
Rollins et al. (2005) concluded that ultimate side resistance of drilled shafts appears to
increase with increasing gravel content and that increases in side resistance can be
attributed to effects of dilation in moderate to dense gravelly soils. Figure 1.12 presents
results of measured capacities of the shafts in their study and compared them against the
empirical calculations for Reese and O’Neill (1998), and Meyerhof (1976). The authors
concluded that the ultimate side resistance appears to increase as the gravel content
increases, and that increased skin friction in moderate to dense gravelly soils is attributable
to increases in the lateral earth pressure during shearing caused by dilation of the soil and

the roughness of the soil-shaft interface.
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Figure 1.12: Comparison between measured and computed capacities for (a). Reese and O’Neill

equation, and (b) Meyerhof equation (after Rollins et. al, 2005)

1.4 Geotechnical Databases

The inclusion of load testing on deep foundations, such as standard top-down load

tests or bi-directional load tests, elucidate site specific information about the load-

displacement behavior to the designer. Although the tests provide invaluable insight into
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the behavior of these foundations under load, at times they are considered cost-prohibitive
and are subsequently left out of the design phase of projects. Countless times the absence
of load testing during the design phase of projects has been noted to lead to excessive costs
resulting from conservative design assumptions in lieu of reliable data (Thomas et al.,

2012).

The implementation of comprehensive geotechnical databases that include load test
data and detailed subsurface investigation information can be used to prevent reliance on
overly conservative design methods and assumptions. A recent article discussing the
development and use of high-quality databases of deep foundation load tests, identified
two immediate benefits of the use of geotechnical databases in the practice of geotechnical
engineering. From the perspective of a foundation designer, a comprehensive database
could be used to improve the design of production foundations using localized datasets.
Secondly and more importantly, a database of high-quality load test data will promote
improved reliability calibration in the development of more economical and accurate

geotechnical design methods (Abu-Hejleh et al., 2015).

The Deep Foundation Load Test Database (DFLTD) was implemented by the Federal
Highway Administration (FHWA) with the motivation of improved reliability calibration.
The database consists of over 1,500 load tests performed on driven pile and drilled shaft
foundations installed in different soil conditions (Petek et al., 2016). The database was
originally conceived in the 1980°s and was subsequently discontinued in 2003 due to lack
of resources (Motamed et al., 2016). The database was recently updated as part of a new

calibration study investigating large diameter open-end pipe piles (LDOEPs). Although the
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DFLTD was better established than other databases it lacked important elements in the
framework and should include subsurface boring logs and geotechnical reports to cross-

reference with individual load test reports (Petek et al., 2016).

Other efforts to implement geotechnical information systems have been pursued by
other various state agencies such as the lowa DOT (Heine et al., 2011). The broad scope
of these efforts undertaken by these state agencies is to manage existing data as well as
accommodate collection of new data (Yang et al., 2014). The pursuit of state funded
geotechnical databases and the benefit of multi-state collaboration in developing both local
and regional reliability-based LRFD methods appropriate for specific design and

construction conditions should be highlighted (Abu-Hejleh et al., 2015).

The Nevada Deep Foundation Load Test Database (NDFLTD) was created in 2016 to
develop region specific LRFD resistance factors for deep foundations in the Las Vegas
area (Motamed et al., 2016a; Motamed et al., 2016b; Stanton et al., 2017). The database is
comprised exclusively of 43 bi-directional load test records; however, it is designed to
readily include different types of load test data. The NDFLTD adopted a framework from
recommendations proposed that defined minimum geotechnical information required for
an “all-inclusive” database (Abu-Hejleh et al., 2015). Additionally, the NDFLTD proposed
a data quality ranking system to identify high-quality data within the dataset. The quality
ranking system evaluated each load test report and geotechnical investigation data based

on certain criteria discussed further in this paper.

A new dataset comprising 145 bi-directional and standard top-down load test records

was collected as part of an evaluation of scaling effects between small and large diameter
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drilled shaft foundations. The load test data originally comprising the NDFLTD was
included as part of the dataset used in this study. As part of our evaluation of scaling effects,
the framework utilized in the NDFLTD was adopted and employed the data quality ranking
system (Motamed et al., 2016a; Motamed et al., 2016b; Stanton et al., 2017). In support of
our research into scaling effects, additional data quality ranking criteria were considered

and are presented hereafter in this report.

1.5 Extrapolation Methods

The best practice in understanding the load-transfer behavior of a drilled shaft
foundation is to perform site specific load testing on a test shaft loaded to failure. A load
transfer test is typically designed to fully mobilize the resistance of the soil or rock (Brown
et al., 2010). Depending on the scale and type of project, a load test performed on a test
shaft is used in optimization of the foundation design. Instrumented test shafts are used to
inform the design through detailed distribution of side and base resistance and are most
useful when performed in advance of drilled shaft installation (Brown et al., 2010). Another
common practice in load testing is to conduct a proof test. Proof tests are performed where
the foundation is tested to a maximum load equal to the desired factor of safety times the
design load, without reaching failure (Ooi et al., 2003). In a comprehensive study of non-
failed load tests performed on driven pile foundations, Paikowsky and Tolosko (1999)
noted that the proof test does not provide the ultimate capacity and as a result does not
contribute to improved knowledge of pile analysis, increasing accuracy of design, or

reduction in foundation costs. Considerable focus has been given to estimating the ultimate
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capacity of non-failed load tests performed on pile and drilled shaft foundations. Multiple
criteria and extrapolation methods have been identified in efforts to interpret ultimate
capacity from measured load-displacement behavior. Paikowsksy and Tolosko (1999),
Fellenius (2018), Ooi et al. (2004), Chin (1970), Ayithi and Ryan (2019) and Salgado
(2008) are among the few that have examined differences in interpretation techniques of
ultimate capacity, making new recommendations in practice. Such techniques as the
Davisson offset limit, Hansen 80% and 90% criterion and the Chin extrapolation are the
most notable. These methods are interpreted using a variety of techniques, some of which
are accomplished using extrapolation criteria, graphical construction as well as methods
using relative or absolute displacement (Ooi et al., 2003; Salgado, 2008). A recent
publication from Ayithi and Ryan (2019) proposed a new method for estimation of
maximum unit side resistance (fs-max) in drilled shaft foundations installed in rock sockets.
This method uses simple statistical techniques to develop multiplication factors to predict

maximum values for specific ranges of shaft displacements.
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2 Load Testing Dataset

The following chapter discusses the load test dataset collected as part of this study and
summarizes key characteristics of each load test on their respective drilled shaft
foundations. Important pieces of information to consider in understanding the load-transfer
behavior of drilled shaft foundations are shaft dimensions, construction methods, and soil
type. Discussion on further evaluation of the dataset towards estimation of unit side and
base resistance is included. A new method in quantifying the degree of mobilization in unit
side resistance is presented and used to draw distinctions between fully mobilized and

partially mobilized resistance.

2.1 Overview of Dataset

The dataset collected for this study, represents 145 load tests performed on drilled
shaft foundations and consists of 138 bi-directional load tests and 7 static top-down tests.
The load tests were performed between 1990 and 2016. Load test data was compiled and
used to evaluate load-transfer behavior and further investigated for potential scaling effects
in unit side resistance. The number of load tests and their respective localities are
summarized in Table 2.1. Each test was thoroughly assessed in terms of the quality and

reliability of all the necessary information such as load testing and geotechnical reports.

Load test data were collected through the Arizona Department of Transportation
(ADOT), Alabama Department of Transportation (ALDOT), California Department of

Transportation (Caltrans), Nevada Department of Transportation Deep Foundation Load
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Test Database (NDFLTD) (Motamed et al., 2016), North Carolina Department of
Transportation (NCDOT), Oregon Department of Transportation (ODOT) and the
Washington Department of Transportation (WSDOT). Load test records collected for the
State of Nevada were collected in support of research conducted by Stanton (2016) and
used in development of the NDFLTD (Motamed et al., 2016). All load test records
collected for projects located in the State of Louisiana and Mississippi (Table 2.1) were
part of a research study conducted through Caltrans (Yu et al., 2017). In Table 2.1, the

highest numbers of load tests collected were in Mississippi, Nevada, and Louisiana.

Table 2.1: Summary of load test records

State No. State No. State No.
Projects Projects Projects
AL 1 LA* 30 NV 46
AZ 7 MS* 48 OR 4
CA 5 NC 1 WA 3

*Included in Caltrans Study

The dataset represents drilled shaft foundations constructed in a broad range of
subsurface conditions. It is not uncommon for test shaft profiles to reflect highly
interbedded and heterogenous soil conditions. Further discussion and characterization of
soils are presented at the end of Section 2.3. Shaft dimensions range in diameter from 2 to

9.8ft with lengths ranging from 13 to 250.5ft and are presented in Figure 2.1. The most
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common shaft diameters range between 3 to 6t and the most common shaft lengths range

between 30 to 130ft.
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Table 2.2 provides a summary of the construction methods in the dataset. Some of the
load test reports provided general reference to the construction method such as “wet” or
did not report any specific construction method at all. Although it is understood that
mineral slurry and bentonite slurry are likely identical in mineralogical nature, for purposes
of clarity, the construction method was grouped by its specific reference in the load test
report. The use of natural water as a drilling fluid for shaft construction was the most
common method. Roughly 8 percent of the dataset did not report a specific construction

method and is listed as “Not Reported.”
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Table 2.2: Summary of shaft construction methods

Construction Method No. Load | Percentage
Tests (%)

Dry 31 21.4

Wet 5 3.4

Natural Water 47 324

Synthetic Polymer Slurry 12 8.3

Bentonite Slurry 25 17.2

Mineral Slurry 10 6.9

Not Reported 15 10.3

Each load test report was accompanied by a summary of subsurface conditions
encountered at each respective project site. Subsurface conditions were commonly
conveyed through means of shaft profile summaries or borehole logs appended at the end
of each load test report. Depending on the load test report and project site, subsurface
conditions were either logged visually during construction of the shaft or during a separate
borehole investigation program. Subsurface conditions logged visually during shaft
construction are considered to provide less detail than those logged from samples collected
through means of borehole investigation with sampling at targeted intervals. Exact
proximity of each subsurface investigation to centerline of the load tested drilled shaft was
typically unknown and borehole logs did not provide specific georeferenced coordinates.
When available, geotechnical reports detailed locations of investigated boreholes and load
tested drilled shafts in relation to a project alignment with stationing. Further discussion on

characterization of subsurface conditions and soils parameters identified in the dataset are



41

presented and discussed further in Chapter 3. Additionally, the level of information
included in each load test report is further evaluated and used in our dataset quality ranking

and criteria presented in Chapter 4.

A summary table of all projects comprising the dataset is included in Appendix A
which includes project number, general locality, load test method (bi-directional of static

top-down), shaft dimensions (diameter and length) and construction methods.

2.2 Load-Transfer Mechanism in Drilled Shafts

The mechanisms of load transfer in drilled shaft foundations are considered similar to
pile foundations. According to Das (2016), as the applied load is increased at the head of
the shaft, a portion of the load will be resisted through side friction and another portion by
the soil bearing directly underneath the base of the shaft. These basic load transfer
mechanisms were identified through early research on drilled shafts and are discussed in
O’Neill and Reese (1972). Figures of these generalized relationships are presented in
Figure 2.2 from Brown et al., (2010). Figure 2.2a presents the general relationship of load
transfer showing the load (Q) applied to the head of the shaft and the corresponding side
(Rside) and base (Ruvase) resistance. Figure 2.2b presents the mobilization of load-transfer
behavior as a function of shaft displacement for Rside, Rbase and combined or total resistance.
Brown et al., (2010) stated that full side resistance is typically mobilized at displacements
of roughly 2 inch. Brown et al., (2010) also stated that base resistance typically mobilizes

at much greater values; 4 to 5 percent of the shaft diameter in cohesive soils and rock and
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as much as 10 percent in cohesionless soils. Key aspects of load transfer behavior of drilled

shafts were identified in Brown et al., (2010) and noted the following

e Side and base resistance mobilize as a function of shaft displacement with
maximum values of each occurring at different displacements
e Maximum side resistance is considered independent of shaft diameter

e Maximum base resistance is dependent upon shaft diameter and geomaterial type
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Figure 2.2: Generalized load transfer behavior in drilled shaft foundation (Brown et al., 2010)

2.3 Load-Transfer from Bi-Directional Testing Methods

The following section discusses the evaluation of bi-directional testing methods to
infer the mobilization of load-transfer behavior in both side (Qs) and base (Qy) resistance.
Figures 2.3 and 2.4 present the typical measured displacement and strain gauge data for a

project located in Arizona. The drilled shaft was constructed to an embedment length of
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115.3 feet and was 72-inches in diameter (Loadtest, 2015). A gross load of roughly 12,000
kips was applied through the bi-directional jack. Measured displacements above and below
the load cell were respectively 2.25 and 2.75-inches (Figure 2.3). The strain gauge load
diagram indicates the depth of strain gauge instrumentation along the length of the shaft as
well as the measured loads. Review of the load test report indicated that instrumentation
located at the depth for strain gauge (SG6) was damaged. As a result, data from SG6 was

omitted from analysis.
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Figure 2.3: Example plot of load applied vertically through the shaft using bi-directional
methods for project in Arizona (after Loadtest, 2015)
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Figure 2.4: Example strain gauge load diagram for project in Arizona (after Loadtest, 2015)

Subsurface conditions along the shaft consisted of interbedded poorly graded gravels

and sands with trace to moderate silt (Loadtest, 2015). One layer of highly plastic clay was

noted at a depth from 68 to 75 feet with groundwater observed at 65 feet. A shaft profile

that includes the depths of instrumentation and generalized subsurface conditions above

the bi-directional jack are presented in Figure 2.5.
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Figure 2.5: Example test shaft profile showing subsurface conditions and instrumentation above
bi-directional jack for project in Arizona (after Loadtest, 2015)

2.3.1 Unit Side Resistance (fs) Derivation

The load transfer behavior in unit side resistance (fs) is calculated using the difference
in measured loads between strain gauge intervals in Figure 2.4 and their respective
displacements observed in Figure 2.3. The frictional or side resistance per unit area at any

depth z can be calculated using Equation 2.1 (Das, 2016).

Q
fs= &

Bz

2.1)

Qs — Difference in calculated side resistance between strain gauges
B — Shaft diameter

z — Shaft length between strain gauges
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The mobilization of f;s for each shaft was calculated using available strain gauge and
bi-directional jack displacement data provided in each load test report (Equation 2.1).
Mobilization of f; for respective shaft length sections for the example is presented in Figure
2.6. The curves presented in Figure 2.6 represent the portion of the shaft located above the
load cell to the top of the shaft (TOS) as shown in Figure 2.5. The f; curve defining Jack-
SG4, peaks at roughly 8 kips per square foot (ksf) at a displacement of 0.5-inches before
declining to 1 ksf at a maximum displacement of 2.25-inches. Strain gauge interval (SG7-
8) appears to have reached maximum unit side resistance (fs-max) of roughly 0.8 ksf and
maintains that resistance for the entire displacement of 2.25 inches. Lastly, the remaining
strain gauge intervals indicate continuing mobilization over the entire displacement of 2.25

inches.
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Figure 2.6: Example unit side resistance curves between strain gauge sections above the bi-
directional jack
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2.3.2  Unit Base Resistance (qi) Derivation

Base resistance is commonly interpreted as the remaining load from the lowest strain
gauge installed on the shaft, typically within a few feet of the shaft base. Depending on the
location of the strain gauge from the base of the shaft, the load could represent a
combination of Qs and Qy. Further discussion on distinction and interpretation of Qp under

this scenario is provided later in the section detailing extrapolation of Qp (Chapter 4)

Qp

Wb = 1% (22)

O» — Base resistance

B — Shaft diameter (base)

2.3.3  Summary of Load-Transfer Dataset
A total of 612-unit side resistance (fs) curves were calculated using the methods
described in the example above. Within the dataset, 159 f; curves (26% of the total dataset)

were identified as outliers and removed from further analysis for the following reasons:

e Permanent casing installed over length of section,

e Inconsistent diameters over length of section resulting from removal of temporary
casing or over-reaming of shaft during construction,

e Section of shaft embedded in bedrock (not focus of this study),

e Damaged strain gauges (noted in report),

e Irregular load-displacement behavior indicative of construction defects,
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The resulting 453-curves (74% of the total dataset) from the dataset were further
characterized using the Double Tangent method to quantify the mobilization of fs and is

discussed in Section 2.4.

Subsurface conditions for the dataset reflect a wide range in soil conditions and covers
a broad spectrum of soil types ranging from fine to coarse grained soils. Using the Unified
Soil Classification System (USCS), the definition of coarse-grained and fine-grained soils

are as follows (ASTM D-2487-17):

e Coarse-grained: soils with more than 50% retained on the No. 200 sieve

e Fine-grained: soils with more than 50% passing through the No. 200 sieve

Using the site profiles for each project, predominant soil types were assigned to each
section defined by strain gauge intervals using the 70% rule (Tang et al., 2019) to
distinguish between cohesive, cohesionless, and mixed soils. If 70% of the shaft section
was identified as predominantly cohesive, cohesionless, or mixed soil; it was assigned that
respective designation. In general, cohesionless soils are considered those meeting the
definition of coarse-grained while cohesive soils fall under the definition of fine-grained
soils by USCS standards. Additionally, the generalized predominant soil types followed
guidelines in criteria presented by Brown et al. (2010) for idealized geomaterial profiles.
These guidelines closely follow the USCS standard with one exception which includes low
plastic silts (ML) as cohesionless soils. Figure 2.7 presents the frequency of each
predominant soil type and corresponding percentages of the total dataset. The summary
indicates that predominantly cohesive and cohesionless soils comprise much of the overall

dataset (about 80%). Figure 2.8 presents the frequency of each predominant soil type and
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corresponding percentages of the dataset excluding outlier data previously discussed in the
section. With the exclusion of outlier data, roughly half of the representative dataset is

predominantly cohesive.
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Figure 2.8: Summary of unit side resistance curves by predominant soil type for dataset excluding
outlier data
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A total of 37-unit base resistance (qp) curves were estimated using the procedures
described in Section 2.3.2. Further discussion on the use of these curves for estimation of

equivalent top-down curves is presented in Chapter 5.

A summary of subsurface conditions provided in available borehole logs for each
respective project number are presented in Appendix B. These borehole logs include USCS
classifications, stratigraphy thickness, sample depths, sample types as well as laboratory

measured soils index and soils engineering properties.

A summary of calculated fs curves for the dataset are presented in Appendix C. Each
figure of calculated unit side resistance includes the respective project number, section of
strain gauge instrumentation, predominant soil type and USCS classifications identified

within the specific section of drilled shaft.

2.4 Quantification of Unit Side Resistance Mobilization

Review of the 453-unit side resistance curves indicated three general trends in
mobilization of fs, distinguishing between full, partial and linear load-displacement
behaviors. Criteria A was assigned to curves that clearly showed resistance had reached a
maximum value. Criteria B was assigned to curves that showed the resistance was
approaching an asymptotic value. Criteria C was assigned to curves that were linear in
load-displacement behavior. Typical load-displacement behaviors for each of the criteria
are presented in Figure 2.9. Typically, Criteria C behavior occurs in the initial stages of
load-displacement mobilization. Mobilization of resistance through load-transfer is highly

dependent on many variables which can be a function of soil type, soil density/consistency,
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relaxation of stresses as a result of construction practices as well as the use of different
drilling slurries (O’Neill, 2001; Terzaghi et al., 1996). The fs curves comprising the dataset
reflect a considerable range in both mobilized resistance and shaft displacements. The
variability in mobilized resistance can be attributed to the variables mentioned above. In
this research, a new method is proposed to quantify the extent of unit side resistance

mobilization which is described in detail in the following section.

Unit Side Resistance

Displacement
A —==B ----- C

Figure 2.9: Typical trends in load-transfer behavior in unit side resistance

2.4.1 Double Tangent Method

In exploring potential scaling effects in f, it was important to identify curves that had
reached a fully mobilized load-displacement behavior. The double tangent method was
originally conceived as a means of interpreting the ultimate capacity as the load
corresponding to the initial and failure portions of a load-displacement curve (Mansur and

Kaufman, 1956; Butler and Hoy, 1977; Price et al., 1992). This graphical method in
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interpreting ultimate capacity was considered ineffective and subjective in determining the
failure slope. However, a new approach using this method is used to evaluate the degree of
mobilization. The Double Tangent method was applied to evaluate the degree of
mobilization for each fs curve thus quantifying the extent of mobilization as a ratio. A
typical unit side resistance curve and the estimation of resistance by the Double Tangent
method is presented in Figure 2.10. The Double Tangent method is estimated by projecting
a tangent line from the initial portion of the curve, typically the first two points of measured
resistance. A second line is then projected from the final slope of the curve or last two
points of measured resistance. Equations 2.3 and 2.4, each define the equation of a line for
the initial and final portions of the tangential lines. The equations can then be used to solve
for the displacement that corresponds to their intersection (Apgpr) and defined in Equation
2.5. The intersection of the two tangential lines defines the unit side resistance of the
Double Tangent (fs-psL). The resistance of the Double Tangent can be calculated as a ratio
of fs-pBL to the peak measured unit side resistance (fs-peak) and is presented in Equation 2.6
as the mobilization ratio. In Figure 2.10, fs_peak represents the maximum measured unit side

resistance of a partially mobilized load-displacement record.
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Figure 2.10: Typical estimation of resistance defined at the intersection of the double tangent

Yi(initial) = M1l + by (2.3)

Ya(finary = Mzly + by (2.4)

AppL= r:i:friz (2.5

Mobilization Ratio = }’:_—% x 100% 2.6)

It is observed that as the unit side resistance approaches a fully mobilized load-
displacement behavior, the mobilization ratio approaches unity. Using this observation, 52-
unit side resistance curves were identified as having a ratio of 1; exhibiting a fully
mobilized response. Table 2.3 provides a summary of the mobilization ratios calculated for
the dataset (453 curves). Curves having a ratio equal to 1 are further classified as Criteria

A. Curves with a mobilization ratio between 0.9 and less than 1 are classified as Criteria
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B1 while curves with ratios between 0.4 and 0.9 are classified as B2. The range in
mobilization ratios for each criteria were determined using statistical analysis of fully
mobilized curves in the dataset. Discussion on determination of ranges in mobilization
ratio, distinguishing between Criteria A, B and C, are further presented in Chapter 5. All
curves less than 0.4 or linear in measured response are considered Criteria C and were not
used in our methods of extrapolating f;. Roughly 90% of the dataset is characterized as
having mobilization ratios greater than 0.4. Approximately 26% have a ratio greater than
0.9. The fully mobilized (Criteria A) dataset is used to validate our proposed methodology
to extrapolate fs curves, whereas partially mobilized curves (Criteria B) are used to exercise

the proposed extrapolation technique.

Table 2.3: Summary of mobilization ratio estimated by double tangent method for dataset

Mobilization Ratio No. of fs Curves Percentage Criteria
1 52 11.5% A
0.90-1.0 65 14.3% B1
0.4-0.9 286 63.1% B2
<0.4 50 11.0% C

In evaluating each criteria, comparisons of the resistance defined by fs-peax and fs.psL
were made for each range in mobilization ratio. Scatter plots of fipeak and fsppL are
presented in Figures 2.11a through 2.11d. These figures each show a considerable variation

in fspeak for each range in mobilization ratio. Figure 2.11a indicates a range in fs.peak NO
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greater than 20 ksf. However, it is observed that in Figures 2.11b and 2.11c¢, Criteria B1
and B2 have an increasing range in fs.peak as the ratio decreases. This range, as high as 60
ksf, is much greater than those observed in Criteria A. A similar observation can be made
using the typical trends in mobilization behavior presented in Figure 2.9. These figures
might indicate other controlling factors in attaining full mobilization i.e. construction

practices or soil type. Values representing Criteria C are typically much smaller in range

compared to the Criteria A and B data.
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Figure 2.11: Comparison of fspea to fippr for the following ranges in mobilization ratio a) Mob.
Ratio (1.0), b) Mob. Ratio (0.9<x<1.0), ¢c) Mob. Ratio (0.4<x<0.9), and d) Mob. Ratio

(x<0.4)
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To further investigate any potential relationships in load-transfer behavior,
comparisons of peak displacement and shaft diameter were made using each criteria.
Figures 2.12a through 2.12d present scatter plots of the shaft diameter to the peak measured
shaft displacement (Apcax). Peak measured displacements for 2.12a, 2.12b and 2.12¢ each
show a considerable range in scatter for shaft diameter. Peak displacements presented in
2.12a do not reflect the displacements corresponding to fs.max and instead reflect the
maximum displacement that each shaft was mobilized during testing. Review of these plots
does not suggest any trend between displacement and shaft diameter. Further review of
2.12b and 2.12c¢ suggest that fs.max could reach full mobilization at displacements as much
as 6 inches. Figure 2.12d, Criteria C, has a range in peak displacements no greater than 2

inches.
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Figure 2.12: Comparison of peak measured shaft displacement (Apeax) and shaft diameter for the
following ranges in mobilization ratio a) Mob. Ratio (1.0), b) Mob. Ratio (0.9<x<1.0),
¢) Mob. Ratio (0.4<x<0.9), and d) Mob. Ratio (x<0.4)

Similar load-transfer relationships were investigated by reviewing histograms of peak

displacement for each criteria. The following Figures 2.13a through 2.13d present

lognormal distributions for each criteria. In each figure, the greatest concentration of

displacements is less than 0.5 inches. This observation agrees with the rough displacement

that corresponds to mobilization of fs.max discussed in Brown et al. (2010). This artifact is

more likely a result of standard practices in load testing procedures and serviceability

requirements in utilizing production shafts.
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Figure 2.13: Comparison of maximum measured shaft displacement (Apca) for the following

ranges in mobilization ratio a) Mob. Ratio (1.0), b) Mob. Ratio (0.9<x<1.0), ¢c) Mob.
Ratio (0.4<x<0.9), and d) Mob. Ratio (x<0.4)

Figures 2.14a through 2.14d present lognormal distributions of Apeak sorted by

predominant soil type. Similar observations are made in each figure showing the greatest

concentration of shaft displacements of less than 0.5 inches. The figures do not elucidate

any trend in measured displacements organized by predominant soil type.
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Figure 2.14: Comparison of peak measured shaft displacement (Apcax) for the following
predominant soil types a) All, b) Cohesionless, ¢) Cohesive, and d) Mixed

Figures 2.15a through 2.15e present distributions of Apeak sorted by shaft construction

method. For the dry, natural water, and bentonite construction methods, the greatest

concentration of peak shaft displacements are less than 0.5 inches. Mineral slurry and

polymer construction methods each had the greatest concentration of peak shaft

displacements 0.5 and 1 inches. Each method is observed to have a range in shaft

displacement by as much 5 to 7 inches.
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Figure 2.15: Comparison of peak measured shaft displacement (Apek) for the following
construction methods a) dry, b) mineral slurry, c) natural water, d) bentonite, and ¢)
polymer
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2.5 Calculated Maximum Design Resistance

Using procedures outlined in Section 1.2.2 for Design of Axial Capacity in Drilled
Shaft Foundations, maximum unit side resistance and base resistance were both estimated
for each shaft within the project dataset. Estimates of unit side resistance and base
resistance were calculated using Brown et al. (2010), herein referred to as FHWA (2010),
and AASHTO (2012) guidelines .The following Section 2.5.1 summarizes the results of
estimated design capacities for unit side resistance using both FHWA (2010) and AASHTO
(2012) criteria for cohesionless and cohesive soils. Section 2.5.2 summarizes the results of
estimated design capacities for base resistance using both FHWA (2010) and AASHTO

(2012) criteria for cohesionless and cohesive soils.

2.5.1 Unit Side Resistance

Figure 2.16 presents comparisons of maximum design unit side resistance using the
FHWA (2010) beta method for cohesionless soils. The results using this method are
compared against each range in mobilization ratio. Broad review of Figures 2.16a through
2.16d each indicate that measured side resistance is often greater than calculated using
prescribed procedures in FHWA (2010) and for each figure clusters of measured values are
close to calculated design values. Figure 2.16a indicates that the majority of maximum
measured values are close to calculated design values with the exception of a few points.
Figure 2.16b represents partially mobilized unit side resistance, Criteria B1, is less than

calculated design values. For Criteria B2, presented in Figure 2.16c, measured unit side
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resistance achieves considerably greater values than maximum calculated design values.

Similar comparisons are observed for Criteria C data.

60 60
[FHWA (R Method)| | [FHWA (B Method)|
< m
S 40 | T 40 —
ko= [TE=
52 7 52 3
g 20— o -7 § 20 /////”
- 1 8° -7 . 1 ° -
0 *‘“f 7 L T 0 74 \ \ \ \
0 5 10 15 20 2 0 5 10 15 20 25
f. v DESIGN fomax DESIGN
(ksf) (ksf)
(a) (b)
60 60
[FHWA (B Method)| [FHWA (B Method)|
[ N O |
m
© 40 | T 40
T o 2~
'E ) — — 0 -
G < - o= o -
¥ 20 —| _ - 5 20 ®° _ -7
£ - g -
w? _ _ - - b o _ - -
_ - - &O o _ -
0 | | | 0 —Fesey | | |
0 5 10 15 20 25 0 5 10 15 20 25
f, vax DESIgN fovax DESIgN
(ksf) (ksf)
(c) (d)

Figure 2.16: Comparison of maximum design unit side resistance using FHWA (2010) method for
cohesionless soils against measured unit side resistance for each range in mobilization
ratio (a) Criteria A, (b) Criteria B1, (c¢) Criteria B2, and (d) Criteria C.

Figure 2.17 presents comparisons of maximum design unit side resistance using the
AASHTO (2012) beta method for cohesionless soils. Figure 2.17a indicates that maximum

measured unit side resistance has the tendency to overpredict and underpredict maximum






