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EXECUTIVE SUMMARY

Results are presented for the project, “Improvement of Driven Pile Installation and Design in lllinois:
Phase 2.” This phase of research continued to add and interpret dynamic load tests conducted in
Phase 1 (Project R27-069). A total of 111 dynamic pile tests and one static load test was performed for
Phase 1 and Phase 2 research. The overall project objective was to improve the design of driven piling
in lllinois. This included reducing the difference between estimated and driven pile lengths, accounting
for the type of pile and soil or rock to assess their effect on developing capacity, to reduce the risk of
damage during installation by developing a predictive method for estimating stresses during pile driving,
and developing resistance factors based on the results of the dynamic load tests conducted throughout
the state of lllinois.

The Phase 2 research effort included traveling throughout the state to jobsites at which driven piling
was being installed. Piles were instrumented, and data recorded during the installation were analyzed
to provide the best estimates of pile capacity at the end of driving. Piles were retested after a delay of
typically 3 to 14 days to determine the change in capacity with time. Estimates using the current IDOT
method for predicting pile capacity (WSDOT) can be used with a more appropriate resistance factor
because restricting the database to the pile types, soil conditions, and installation methods commonly
used in lllinois results in a specific and relevant database with less scatter between predicted and
measured behavior.

A significant effort was made to incorporate time-dependent change in pile capacity (pile setup) into the
WSDOT method. Relationships to quantify and model the magnitude and the rate of pile setup are
assessed in Chapter 3. The relationships exhibit considerable scatter. Estimates of pile capacity based
on WSDOT(EOD) with functions specifically modeling the time-dependent behavior were found to be
less precise than WSDOT methods based on EOD and pile type. Accordingly, it was observed that
installation effects are better accounted for using WSDOT(EOD) with separate factors for H-pile and
shell piles. WSDOT uses a factor, Fe (Equation {2.8}), in the formula for pile capacity. Currently, a
value of 0.47 is used for F¢ for all steel piles driven with an open-ended diesel hammer. New
recommendations for determining pile capacity are as follows:

Ground
Pile Type Conditions EOD/BOR Fet
H Soil EOD 0.38
Shell Soil EOD 0.46
H Rock EOD 0.47
H Shale EOD 0.38
H Soil BOR 0.33
Shell Soil BOR 0.33
H Rock BOR 0.47
H Shale BOR 0.34

Piles driven to shale indicated that over a period of up to about 2 weeks, the end-bearing capacity
decreased an average of 26% of the initial end bearing. However, in most cases the side capacity
increased sufficiently to compensate for the reduction in end bearing, resulting in little to no change in
total bearing capacity with time.

The K-IDOT method exhibits the highest degree of scatter for all the methods investigated. COV values
of greater than 0.55 were observed for K-IDOT, while the WSDOT method exhibited significantly lower
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COV values, at around 0.3. Accordingly, the K-IDOT predicts capacity with significantly less precision
than WSDOT.

Estimates of pile capacity (K-IDOT) for H-piles were improved by increasing the estimate by a factor of
1.265; therefore, new values for Fs and F, (in Equation {2.7}) are increased for portions of the pile
embedded in cohesionless soil and for portions of the pile embedded in cohesive soil as follows: H-
piles in cohesionless soil, Fs = 0.19, F, = 0.38; H-piles in cohesive soil, Fs = 0.94, F, = 1.89.

Resistance factors were developed for the predictive methods investigated in this study. The
recommended resistance factor for K-IDOT is 0.37. Resistance factors for WSDOT in soil profiles are
0.58, 0.63for H-piles and shell piles respectively for EOD and 0.61 for both H-piles and shell piles for
BOR. Resistance factors for H-piles driven to shale are 0.56 for EOD and BOR. Resistance factors are
reported for more conditions and predictive methods in Table 6-6.

The simplified stress formula (SSF) was modified to predict pile damage using the maximum pile

stress, onax @along the pile length. The overall correction factor C, has been updated to C, = 0.95 for
EOD and BOR.
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CHAPTER 1 INTRODUCTION AND DOCUMENTATION OF COLLECTION

1.1 INTRODUCTION

The primary objective of this project (Phase 1 and Phase 2) was to increase foundation efficiency by
improving pile design for driven pile bridge foundations in lllinois. A high-strain dynamic pile load test
program provided the basis by which pile design methods and installation guidelines are evaluated and
improved. In addition to providing a basis for evaluation of current practice, a dynamic pile load test
program provides the most effective, direct, and economical approach to determining the LRFD
resistance factors for axial pile capacity calibrated to local conditions. The performance of static
methods, dynamic formulas, and wave equation were evaluated for capacity prediction. The
performance of wave equation and the simplified stress formula (SSF), developed in Phase 1, were
evaluated for prediction of driving stresses and used to refine driving criteria to minimize pile damage.
Phase 2 field data collection increased the number of piles tested from 45 to 111 with tests conducted
at end-of-driving (EOD) and beginning-of-restrike (BOR). Primary objectives in Phase 2 were to collect
additional dynamic testing data from under sampled analysis categories, revise driving and acceptance
criteria for end bearing piles driven to rock, determine potential end bearing relaxation of piles driven to
shale, to determine time effects (setup) for friction piles, and to incorporate setup into design methods.

Chapter 1 describes the character of the dynamic load test database with respect to test site location,
soil category, pile category, pile-soil category, pile section, and hammer type. Equations and
background information for each of the capacity methods analyzed in this study are presented in
Chapter 2. The static axial capacity methods examined in this report are the K-IDOT static method,
WSDOT dynamic formula, WEAP wave equation analysis, and PDA and CAPWAP dynamic testing.
Time effects on pile capacity are discussed in Chapter 3. Magnitude and rate of soil setup are
determined by examining setup ratios (BOR/EOD capacity) for total and side resistance. Setup
constants are back-calculated, and relationships are developed and evaluated. Statistics based on
predicted capacity/measured capacity are calculated in Chapter 4 for all capacity methods. Chapters 5
and 6 update the comparison of stresses measured during driving with stresses predicted using the
simplified stress formula (SSF). Resistance factors using the first order second moment (FOSM)
method are developed for all the predictive methods in Chapter 7. Some additional adjustments to the
K-IDOT and WSDOT methods are developed to allow more precise predictions of capacity. A summary
and conclusions are provided in Chapter 8.

1.2 COLLECTION EFFORT AND DOCUMENTATION

A dynamic load test program was performed to establish a dynamic load test database of driven pile
behavior to improve pile design and pile installation practice. The dynamic load test program was
conducted over a 4-year period and included 38 test sites with a total of 111 test piles (Figure 1-1).
Each test pile was monitored with a pile driving analyzer (PDA) during initial driving and had at least
one restrike (222 tests, piles to rock have retaps at different fuel settings to assess pile stresses). The
second phase of the data collection added an additional 66 piles to the 45 piles tested in Phase 1 and
broadened the test area. The site locations are geographically distributed throughout the state from
north to south and from east to west. Soil profiles at test sites were rarely uniform; thus, soil categories
of clay, mixed, and sand were made to provide general categories of soil type and behavior. Test sites
in Phase 2 were also selected to provide a variety of soil categories. A number of sites were included
where piles were driven to shale. H-piles and shell piles were tested with a wide distribution of length,
size, capacity, and percent end bearing.



Two pile types, H- and shell piles, were included in the study. Shell piles are closed-ended pipe piles
driven to capacity, and then later filled with concrete. Soil profiles were identified as clay, sand, or
mixed (Table 1-1). A soil profile was considered clay if greater than 70% of the pile capacity is
contributed by fine-grained soil. A soil profile is considered sand if greater than 70% of the capacity is
contributed by coarse grained soil. A soil profile is considered mixed if neither soil type provides greater
than 70% to overall capacity. Piles driven to rock refer to cases where H-piles driven to rock or shale
are categorized as H-rock. No shell piles were driven to rock or shale for this study.

The distribution of pile types (H- and shell) across the three different soil profiles is shown in Figure 1-2
and Figure 1-3. About 20% of the total number of piles were H-piles in sand, and about another 20%
were shell piles in mixed soil. About 15% of all piles were H-piles to shale. H-piles in clay and H-piles to
rock each contributed about 5% of the total number of piles; the remaining combinations contributed
7% to 10%.

About 60% of the driven piling was H-piles, as shown in Figure 1-4 and quantified in Table 1-2. Thirty-
one percent of all piles were driven into primarily sand, approximately 19% were in clay, and about 28%
were in mixed soil. Twenty-two percent of piles were driven into rock or shale.

The specific distribution of pile type and size is shown in Figure 1-5 and Table 1-3. HP 12x53 and HP
14x73 were the more common H-pile sizes used. The most common shell pile was the 14x0.25.

A summary of the hammer size and manufacture for piles driven in this study is given in Figure 1-6 and
Table 1-4. The four most common hammers were the Delmag D30-3.2 (24%), the Delmag D19-42
(24%), the APE D19-42 (12%), and the Delmag D19-3.2 (11%). All piles were driven using single-acting
diesel hammers.



Figure 1-1.Test site locations: 38 sites, 111 piles, 222 tests.
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Table 1-1. Test Pile Properties: Pile-Soil Category by Research Phase

Pile/Soil Type Phase 1 Phase 2 Piles Piles (%) | Linear ft
H-clay 2 5 7 6.3 341
H-mix 7 3 10 9.0 531
H-sand 6 17 23 20.7 1440
H-rock 4 4 8 7.2 251

H-shale 0 17 17 15.3 796
S-clay 5) 14 12.6 725
S-mix 14 7 21 18.9 926
S-sand 7 4 11 9.9 661
Total: 45 66 111 100.0 5671
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Table 1-2. Test Pile Properties: Soil Type and Pile Type

Pile/Soil Type Piles (%) Linear ft (%) Piles
All clay 18.9 18.8 21
All mix 27.9 25.7 31
All sand 30.6 37.0 34
All H-piles 58.6 59.2 65
All S-piles 41.4 40.8 46




25

20

21.62

19.42

Percent (%)

ft driven

M Piles Tested

W Total Linear

o) o
P gV SV
AR
&S O
g &

Figure 1-5. Distribution of pile sections tested.

Table 1-3. Pile Properties: Pile Sections Tested

Pile Type Piles (%) Linear ft (%) Piles
HP 12x53 0.90 0.31 1
HP 10x57 0.90 0.70 1
HP 12x53 21.62 19.42 24
HP 12x63 4.50 3.88
HP 14x73 1.80 1.45
HP 14x102 0.90 1.27
HP 14x73 20.72 24.61 23
HP 14x89 7.21 7.60 8
Shell 12x0.25 6.31 6.46
Shell 14x0.25 22.52 20.93 25
Shell 14x0.312 12.61 13.37 14




w
1]

314

w
o

243 739 24.3

N
w

M Piles Tested

N
o

Total Linear ft driven

Percent (%)

[
w
1N
Y]
D

Figure 1-6. Single-acting diesel hammers: Manufacturer and model.

Table 1-4. Single-Acting Diesel Hammers: Manufacturer and Model

Hammer Type Number (%) | Linear ft (%) Number
APE D19-42 11.7 13.0 13
Delmag D12-43 1.8 1.4
Delmag D-15 0.9 0.3
Delmag D19-3.2 10.8 8.8 12
Delmag D19-42 24.3 23.9 27
Delmag D25-3.2 3.6 2.1
Delmag D30 0.9 0.7 1
Delmag D30-3.2 24.3 314 27
Delmag D36-3.2 0.9 1.1 1
Delmag D8-22 0.9 0.5 1
ICE 40-S 2.7 2.4 3
ICE 42-S 5.4 3.7 6
MKT DE-42 3.6 3.3 4
MKT DE-42/35 3.6 3.3 4
PileCo D19-42 4.5 4.1 5




CHAPTER 2 PREDICTIVE METHODS

2.1 INTRODUCTION

Of the 14 methods used in Phase 1 to calculate pile capacity and presented in the Phase 1 report (R27-
069), only the nine methods of primary interest are presented here. These methods can be divided into
four main categories: static methods, dynamic formulas, wave equation, and dynamic testing (see
Table 2-1). Method categories are listed in order of increasing computational effort:

Static methods use data from a subsurface investigation (Nspr and s,) to calculate side
friction and end bearing, the sum of which is equal to total capacity.

Dynamic formulas rely on EOD field data (specifically, pile penetration resistance [bpi] and
hammer stroke [ft] to calculate total capacity). Dynamic formulas are empirically based and
relate hammer energy imparted to the pile and pile driving resistance to static capacity.

Wave equation analysis of piles (WEAP) also relies on EOD field data. It simulates the
driving process by modeling the hammer system, pile, and soil resistance. WEAP relates
pile capacity and pile stress to hammer energy and pile resistance (PDI 2005).

Dynamic testing is defined in this study as pile monitoring using a pile driving analyzer
(PDA) to record pile acceleration and stress-time histories for each hammer impact. PDA
static capacity is calculated in real time during pile driving using the Case method, which
assumes a homogeneous soil profile with damping constant only applied at the pile toe. In
this study, a damping constant of 0.6 was used. Additional refinement of PDA capacity is
achieved by performing a CAPWAP analysis (CAse Pile Wave Analysis Program), enabling
pile resistance to be divided into end bearing and side resistance and to provide an estimate
of the side-resistance distribution along the pile embedment length. CAPWAP analysis
employs signal matching between a calculated theoretical response (stress-wave
propagation for each hammer impact) and the measured response spectra in an iterative
process to converge to a solution. The CAPWAP series of equations is underdetermined
(more unknowns than equations) resulting in a non-unique solution and therefore requires
engineering judgment to verify the solution.

Methods investigated for determining pile capacity are listed in Table 2-1 and are organized by design
stage in order of increasing investigative effort.



Table 2-1. Summary of Capacity Methods Presented

Design Stage Method Type Required Input Methods Reviewed
- . . Soil boring, pile type, nominal required )
Initial design Static bearing (NRB) K-IDOT
Construction Dynamic formula Stroke, penetration resistance (bpi) WSDOT (EOD, BOR)
Construction/ Stroke, penetration resistance (bpi), hammer
L Wave equation system, pile data (type/length/penetration), WEAP (EOD, BOR)
validation - Lo
resistance distribution
Construction/ Dynamic testin (t e/:l?]mtw/?jzsstﬁtgn t;eplll)svdsagr?sors) PDA (EOD, BOR), CAPWAP
validation y 9 yperieng ; ’ (EOD, BOR)
damping factor

Estimates for stress in the pile due to driving can be made with WEAP, PDA, and CAPWAP; static
methods and dynamic formulas do not provide a means to estimate stresses. A summary of methods
investigated for predictions and measuring driving stresses is given in Table 2-2.

Table 2-2. Summary of Stress Methods Examined

Design Stage Method Type Required Input Methods Reviewed
Nominal required bearing (NRB),
. . . hammer system, pile data
Initial design Wave equation (type/length/penetration), resistance WEAP (EOD, BOR)
distribution
Hammer system properties, pile
Construction/ U of | simplified properties, proportion of side U of | simplified stress
validation stress formula resistance, field observed set and formula
stroke
Construction/ Dynamic testin (t e/:l?]mt?/‘(ejrisstﬁtfén ng?/vdsz[r?sors) PDA (EOD, BOR), CAPWAP
validation y 9 | (yperleng e ’ (EOD, BOR)
amping factor

2.2 STATIC METHODS
2.2.1 Introduction

Static methods are used during initial design to calculate pile capacity, which is a summation of side-
and end-bearing resistance (see Equation {2.1}). Static methods calculate a unit side resistance per soll
layer and unit end-bearing resistance at the pile toe. End-bearing unit resistance is multiplied by the
end area (or area of controlling failure mode) to calculate total end bearing (see Equation {2.2}). Side
resistance per unit area is multiplied by the pile perimeter (or the perimeter of the controlling failure
mode) and layer thickness and summed over all layers to calculate total side resistance (see Equation
{2.3}). Static capacity is therefore proportional to the surface area of the pile (when not controlled by the
failure mode; see K-IDOT plugged/unplugged discussion shown in Equations {2.6} and {2.7}), which is
a function of the pile length and selected section size. Consequently, static methods are used to select
the most economical pile section and length combination for the foundation system.



The ultimate capacity, Q,, of a pile under axial load is generally accepted to be equal to the sum of the
net pile tip capacity, Q,, and the shaft capacity, Qs:

Q =Q,+Q, {2.1}

These terms can be further broken down and defined as follows:

Qp =d, -Ap {2.2}
and
Q, = Z fsiCiIi {2.3}
i=1
where

Op = unit net bearing capacity of pile tip [F/L?]

A,= area of pile tip [L]

fy=  ultimate skin resistance per unit area of pile shaft segment i [F/L?]
i=  perimeter of pile segment i [L]

P = length of pile segment i [L]

n= number of pile segments

Thus, evaluating the ultimate pile capacity, Q,, reduces to estimating the magnitude of fs for each pile
segment and g, at the pile tip. A number of methods are available for evaluating the ultimate pile
capacity, most of which are based on empirical methods, derived from correlations of measured pile
capacity with soil data. One method is described in the following section.

The static methods examined in this study are the kinematic IDOT method (K-IDOT), DRIVEN, Olson,
and ICP method; however, only K-IDOT is presented because the primary focus of this research phase
is to improve existing methods used by IDOT. The K-IDOT applies kinematic correction factors
accounting for pile type (shell or HP) and dominant soil type along embedment length (granular or
cohesive). The K-IDOT method was presented and developed in ICT Report R27-024.

2.2.2 K-IDOT Method

IDOT currently uses the K-IDOT method to estimate the capacity of a pile (Long et al. 2009). The user
inputs information based on the soil profile and pile type to determine pile capacity. Specifically, for
each layer of the soil profile, the user must input the layer thickness, soil type (either hard till, very fine
silty sand, fine sand, medium sand, clean medium to coarse sand, or sandy gravel), the SPT N-value,
and, if applicable, the undrained shear strength. The total pile capacity is determined as the sum of the
base capacity and side capacity.

For granular (cohesionless) soils, the unit base capacity is determined as
qp = (0'8'NSPT'Db)/DSq| {2.4}
where

Nspr = SPT N-value as measured in the field and indicated on log [dimensionless]
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D,= depth from the ground surface to the pile tip [ft]
=  pile diameter [ft]

gp=  unit base capacity [kips/ft’]

q = limiting unit base capacity [Kips/ft’]

where

0, = 8:-Ng; for sands and gravel

0, = 6-Ng; for fine silty sand and hard till

gy is multiplied by the area of the base of the pile to determine the pile’s base capacity. For cohesive
soils, the unit base capacity is determined based on the undrained shear strength as

q, = 4.5-q, {2.5}

where q, is the unconfined compressive strength [tsf]. The unit base capacity, qp, is multiplied by the
area of the base of the pile to determine the pile’s base capacity.

The side capacity of a pile is determined on a layer-by-layer basis. For a granular soil, the unit side
capacity is determined based on the soil type and the N-value input. The formulas used are empirical.
There are 17 different formulas used to determine the unit side capacity of a granular soil, depending
on the soil type and Nspr value of the soil. For cohesive soils, the unit side resistance is based on Q.
Depending on the value of Q,, one of four empirical formulas is used. Also, for very stiff soils (Q, > 3 tsf
and N > 30), the soll is treated as a granular soil with the hard-till soil type.

The K-IDOT method applies an empirical correction factor determined for combinations of pile type and
dominant soil type along the embedment length (kinematic factors, side (Fs) and end (Fp)) (Table 2-3.).

Two conditions are considered for a non-displacement pile; plugged and unplugged. These conditions
refer to the effective surface areas, side and end, to which a unit side resistance and unit end bearing
resistance are applied respectively. The plugged or unplugged condition is applied to the entire pile.
The unplugged condition exists when the failure plane along the pile length is assumed to exactly follow
the pile perimeter (e.g. H-piles result in an ‘H’ shape, areas: Asau, Apy). The plugged condition
represents a soil plug situated in the pile web moving with the pile. Therefore, the effective surface
area is taken as the rectangular prism surrounding the pile (areas: Asap, Arp). The plugged condition
will result in a smaller surface area per unit length of the pile; however, the H-pile will have a larger end
bearing area. Capacity is determined for both plugged and unplugged conditions, and the lesser
capacity is used as the capacity of the H-pile. The K-IDOT method calculates the plugged and
unplugged capacity (for both side and end bearing) on a per-layer basis. Therefore, the controlling
condition may change with increasing embedment depth. Note, the displacement piles examined
(closed-end shell piles) are always unplugged and tip area is equal to the area of the bottom plate.

For displacement piles (closed-ended shell piles, precast concrete piles, timber piles) and non-
displacement piles (H-piles, open shell piles) capacity is calculated as follows:

Ry = (qus ASAp + quPAPp)' I {2.6}
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and displacement piles (closed-end shell piles) capacity is calculated as follows:

Ry :(qusASAu+FPquPu)'IG {2.7}
where
Fs= pile type correction factor for side resistance (see Table 2-3. for value) [dimensionless]
»=  pile type correction factor for tip resistance (see Table 2-3. for value) [dimensionless]

Asay= unplugged surface area (4 x flange-width + 2 x member-depth) x pile
length [ft?]
Aspp= plugged surface area (2 x flange-width + 2 x member-depth) x pile length [ft]
Ap,= the cross-sectional area of steel member [ft?]
Ap,= the flange-width x member-depth [ft]
Ic=  bias factor ratio (1.04) [dimensionless]

Table 2-3. Kinematic Correction Factors for Side and Tip Resistance

Fs Fo
Displacement Pile

Cohesionless 0.758 0.758
Cohesive 1.174 1.174

Rock NA NA

Non-Displacement Piles

Cohesionless 0.15 0.3

Cohesive 0.75 15

Rock 1 1.0

To facilitate the use of the K-IDOT method, a spreadsheet was created by IDOT and circulated to the
public as “Estimating Pile Length” on the IDOT Bridges and Structures—Foundations and Geotechnical
Unit website. The K-IDOT method and spreadsheet are discussed in AGMU Memo 10.2—Geotechnical
Pile Design. Note that all references to (N1)so in AGMU Memo 10.2 should be Nspr. The current values
for kinematic factors (Fs and Fp) are shown in Table 2-3.

2.2.2.1 Interim Modifications to K-IDOT Method

This research project was organized to allow for interim reports and regular progress meetings with its
technical review panel. Applying this format enabled the research project to incorporate feedback from
IDOT and allow IDOT to implement changes to design methods and installation guidelines throughout
the project duration due to preliminary research findings. Implementation of these changes throughout
the data collection phase has no effect on the measured data collected and consequently does not
affect the character of the dynamic pile load test database. When a design method in the dynamic pile
load test database is modified, the method is recalculated for all piles.

Several modifications were made by IDOT to the K-IDOT static method to account for observed field
performance, particularly to compensate for lower driving resistance than predicted for H-piles in sand
and sandy gravel. At particular sites with difficult driving conditions, driven lengths of 50% to 100%
longer than predicted were observed (St. Charles, McLean). To account for this behavior, the
correlation curve between SPT blow count and unit side resistance in sandy gravel was decreased.
Study results consistently show that piles driven in soil identified as sandy gravel in SPT borings
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provided significantly less resistance than calculated by the K-IDOT method. Therefore, the correlation
curve for sandy gravel is conservative and was reduced by 14% over the entire range of Nspr values,
as seen in Figure 2-1.
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Figure 2-1. Modified sandy gravel soil strength curve.

The resistance, load factors, and bias factor applied in the K-IDOT method for Phase 1 calculations are
shown in Table 2-4.

Table 2-4. Phase 1 K-IDOT Bias Factor and LRFD Resistance Factor

Cohesive DD load factor 1.05
Granular DD load factor 1.05
Seismic resistance factor 1.0
LRFD resistance factor 0.55
ASD factor of safety 3.0
Bias factor ratio 1.04
Modified IDOT static bias factor 1.09
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On the basis of the results of the Phase 1 study, the resistance and bias factors were modified. The
modified factors applied to all piles for Phase 2 calculations are shown in Table 2-5.

Table 2-5. Phase 2 K-IDOT Bias Factors and LRFD Resistance Factors

Cohesive DD load factor 1.00
Granular DD load factor 1.00
Seismic resistance factor 1.0
Extreme event ¢ 1.0
LRFD ¢ (WSDOT soil) 0.60
LRFD ¢ (WSDOT shale) 0.65
LRFD ¢ (WSDOT rock except shale) 0.7
ASD factor of safety 2.4
Bias factor ratio (soil) 0.87
Bias factor ratio (rock) 1.0
Modified IDOT static bias factor 1.00
Maximum driving stress factor 0.9
Required check of boring location No

During the Phase 2 project, the bias factor for soil was changed from 1.04 to 0.87. Additionally, the
resistance factor for all soil types (¢ = 0.55) was changed to Qs = 0.6, Pshae = 0.65, and @k = 0.7.
The research team used these latest values for estimates of pile capacity. Additionally, the K-IDOT
method used in this study uses Nspt vValues rather than previous (N;)eo values.

2.3 DYNAMIC FORMULAS
2.2.1 WSDOT Formula

The WSDOT dynamic formula uses observations of ram weight, ram stroke height, and rate of pile
penetration at the end of driving to estimate the capacity of the pile. Calibrations of dynamic formulas
are made using results of static load tests, which are typically tested several days to several weeks
after initial driving. It is well known that the capacity of a driven pile can change with time; therefore,
there is an inherent assumption that the dynamic formula (based on observations made during EOD)
can be related to the static capacity of a pile that is tested several days to several weeks later.
Therefore, dynamic formulas include in an approximate way, the change of capacity after initial driving.

The State of Washington uses the following formula (Allen 2005) to determine pile capacity:

R, =6.6F,,WH In(10N) {2.8}

where

R, = ultimate pile capacity [kips]

Fet = hammer efficiency factor based on hammer and pile type
= weight of hammer [Kips]

H=  drop of hammer [ft]

N = average pile penetration resistance [blows/in.]
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Currently, the parameter is Fe; = 0.55 for air/steam hammers with all pile types, 0.37 for open-ended
diesel hammers with concrete or timber piles, 0.47 for open-ended diesel hammers with steel piles, and
0.35 for closed-ended diesel hammers with all pile types. The WSDOT formula is used currently by
IDOT for EOD capacity verification.

2.4 WAVE EQUATION

Wave equation analyses use the one-dimensional wave equation to estimate pile stresses and pile
capacity during driving (Goble and Rausche 1986). Isaacs (1931) first suggested that the one-
dimensional wave equation analyses can model the hammer-pile-soil system more accurately than
dynamic formulas based on Newtonian mechanics.

Wave equation analyses model the pile hammer, pile, and soil resistance as a discrete set of masses,
springs, and viscous dashpots. Smith's discrete model for the hammer-pile-soil system is shown in
Figure 2-2.

A finite difference method is used to model the stress wave through the hammer-pile-soil system. The
basic wave equation is:

ou S o°u
pa7—A—';fS:pb¥ {2.9}
where
E,=  modulus of elasticity [F/L’]
u= axial displacement of the pile [L]
X= distance along axis of pile [L]
Sp = pile circumference [L]
A,= pile area [L7]
fo=  frictional stress along the pile [F/L?]
M = unit density of the pile material [M/L?]
t= time [T]

Wave equation analyses may be conducted before piles are driven to assess the behavior expected for
the hammer-pile selection. Wave equation analyses provide a rational means to evaluate the effect of
change in pile properties or pile driving systems on pile driving behavior and driving stresses (FHWA
1995). Furthermore, better estimates of pile capacity and pile behavior have been reported if the field
measurement of energy delivered to the pile is used as direct input into the analyses (FHWA 1995)
(Long and Maniaci 2000).
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Figure 2-2. Model simulating the hammer pile-soil system
for one-dimensional wave equation (after Smith 1960).

2.5 DYNAMIC TESTING
2.5.1 PDA

PDA dynamic testing refers to a procedure for determining pile capacity based on the temporal
variation of pile head force and velocity (Case method). PDA dynamic monitoring requires the use of a
minimum of two accelerometers and two strain gauges typically mounted a minimum distance of two to
three pile diameters below the top of the pile. Gauges are used in pairs to account for eccentricity in the
hammer blow. Each accelerometer and strain gauge pair is attached to a Bluetooth radio that wirelessly
transmits the response spectra from each hammer blow to the PDA (a wired setup is required for use of
more than two sets of gauges; see Figure 2-3.).
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Figure 2-3. PDA Instrumentation and installation on H-pile (Ng et al. 2011).

The PDA provides real-time analysis of the measured response with a calculated pile capacity, pile
stress, and related data. Strain measurements are converted to pile force by multiplying by the pile
cross-sectional area (A) and elastic modulus (E), and acceleration measurements are integrated to find
velocities. The measured force and velocity are related by the pile impedance:

F=2v {2.10}
where Z =(EA/c); and for a uniform pile:
Me _EA 211}
L c

allowing the Case method to be expressed in terms of pile impedance, where

= measured force [kip]
= pile impedance [kip]
V= pile velocity (particle velocity) [ft/s]
=  Elastic modulus [ksi]
= pile cross-sectional area [in’]
= wave speed [ft/s]
= total mass of pile of length L [kips-s7]

= pile length below sensor location (typ. L =L, —3D ) [ft]

Using the relationship in Equation {2.10}, the velocity can be scaled by the pile impedance, Z, to
coincide with the plot of measured force at the start of the time-history record (see Figure 2-5). The time
and magnitude of the divergence of the force and velocity traces indicate the magnitude and position of
soil resistance (side resistance before t = 2L/c or pile tip resistance after t = 2L/c; see Figure 2-4 and
Figure 2-5). The travel time for a stress wave to propagate from the gauge location to the pile toe is ti
= L/c and total travel time for the reflected wave to return to the sensor location is t = 2L/c. A simple
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dynamic model (Case model) is applied to estimate the pile capacity. The calculations for the Case
model are simple enough for static pile capacity to be estimated during pile driving operations. Several
versions of the Case method exist, and each method will yield a different static capacity. A detailed
presentation of Case methods, including behavior of stress-wave reflections from pile resistance

(concepts of fixed versus free end, wave-up and wave down), is presented by Rausche, Goble, and
Likins (1985) and Hannigan (1990).
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Figure 2-5. Example PDA record: Force and velocity with time.

PDA measurements are used to estimate total pile capacity as

I:Tl + FT1+2L/C Mc

RTL = 2 + [VTl _VT1+2L/c ]Z {2.12}

where
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Ry = total pile resistance

Fr.= measured force at the time T1

Fri+21c = measured force at the time T1 plus 2L/c
Vi = measured velocity at the time T1

Vr1421/c = Mmeasured velocity at the time T1 plus 2L/c
L= length of the pile

c= speed of wave propagation in the pile

M = pile mass per unit length.

Terms for force and velocity are illustrated in Figure 2-5. The total pile resistance, Ry, includes a static
and dynamic component of resistance. Therefore, the total pile resistance is
RTL =R

+R {2.13}

static dynamic

where Rgaic IS the static resistance and Rgynamic IS the dynamic resistance. The dynamic resistance is
assumed viscous and therefore is velocity dependent. The dynamic resistance is estimated as

. Mc
Rdynamic =J (Vtoe) ~ Jc Tvtoe {214}
where
J= linear viscous damping coefficient [kip-s/ft]
Jo=  Case damping factor [dimensionless]

Viee = velocity of pile toe [ft/s]
The velocity at the toe of the pile can be estimated from PDA measurements of force and velocity as

FTl B RTL
EA
C

Substituting Equations {2.14} and {2.15} into Equation {2.13} and rearranging terms results in the
expression for static load capacity of the pile as

V,

oe = V1 T {2.15}

Mc
Rstatic = RTL -J |:VT1 T + FTl - RTL:| {2.16}

The calculated value of Ry can vary depending on the selection of T1. T1 can occur at some time after
initial impact:

T1=TP+6 {2.17)

where TP = time of impact peak and & = time delay. The two most common Case methods are the RSP
method and the RMX method. The RSP method uses the time of impact as T1 (corresponds to 6 =0 in
Equation {2.17}). The RMX method varies 6 to obtain the maximum value of Rgaic. The RMX method is
recommended over the RSP method (PDA-W User’'s Manual 2004) and was used throughout this
study.
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2.5.2 CAPWAP

CAPWARP signal matching analysis is an iterative solution process whereby a calculated theoretical pile
response is converged to match the observed force-time and velocity-time records. The convergence
procedure is required as the CAPWAP series of equations is underdetermined, thereby making the
solution non-unique and requiring engineering judgment to determine the appropriate solution. The
PDA provides a single estimate of ultimate static axial capacity, whereas CAPWAP resolves the axial
capacity into a side-resistance distribution and an end-bearing capacity.
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CHAPTER 3 TIME EFFECTS

It is well known that the capacity of a driven pile can change after initial installation. Usually the capacity
of a driven pile will increase with time, and this increase in capacity is termed setup. If the rate and
magnitude of setup can be quantified reliably, then estimates of pile capacity based on pile behavior at
end of driving can be modified to include the effect of setup.

This chapter uses field observations of pile capacity at end of driving and pile capacity after several
days to quantify setup as a function of time, soil type, and pile type. Effects of setup are then applied to
adjust capacities estimated with CAPWAP at beginning of restrike to the pile capacity at 14 days.
These estimates of CAPWAP(BOR_14) are compared with estimates of capacity from WSDOT based
on EOD, WSDOT based on BOR, and WSDOT maodified to include time effects specifically. Finally,
observations are made for the change in capacity observed for piles driven into shale.

3.1 ASSESSMENT OF SETUP MAGNITUDE AND GENERAL TRENDS

The magnitude of pile setup is shown in terms of setup ratio (BOR/EOD capacity) for both total capacity
and side resistance (Figures 3-1 and 3-2). Piles driven to competent rock do not exhibit a significant
change in mobilized end-bearing capacity with time and therefore restrikes were not performed in the
field study (accordingly, these piles are absent from the figures based on setup ratio). Piles driven to
soft rock such as shale do exhibit time-dependent capacity change for both side and end bearing
resistance; therefore, restrikes were performed and appear in the figures shown in this chapter. Piles
driven to shale will be specifically discussed in Section 3.6.

As indicated by Figure 3-1 and Figure 3-2, pile capacity typically increases with time, as is evident by
the setup ratio for total capacity and for side resistance. The increase in pile capacity is typically the
result of increased shaft resistance (see Figure 3-2), while the end-bearing capacity remains
approximately constant. The notable exception to this trend in end-bearing resistance is piles driven to
shale, in which significant relaxation at the pile toe may be observed.

A field test program was conducted on driven piles to ascertain the rate and magnitude of pile setup in
a recent study by the lowa Department of Transportation (Ng et al. 2011). An inverse relationship was
found between the thickness-weighted average SPT blow count along the pile embedment length, N,,
and pile setup in clays. The N, values did not exceed 16 (piles driven in soft clays) and was not
calculated for granular or mixed soil types because these soil categories were shown to contribute less
than cohesive layers to soil setup (Ng et al. 2011).

The relationship between N, and the total capacity setup ratio, and N, versus side-resistance setup
ratio is shown for the piles in the lllinois dynamic load test database (see Figure 3-3 and Figure 3-4).
Results show for lllinois soil conditions significant average setup ratios for sand (27%) and for mixed
(36%) soil categories in addition to clay (45%). Therefore, an approach for estimating pile setup based
on N, was extended to all soil types. The average N-value for piles to rock and shale is calculated using
only the soil profile above the top of shale/rock. This acknowledges that only the soil profile will be
experiencing setup and eliminates the effect of an N-value equal to refusal (N = 100) at the pile toe in
the calculation of N,, which would disrupt the ability to make potential correlations (e.g., for a pile
socketed into shale). It will be shown in section 3.6 that setup should not be applied to piles driven to
rock or to shale. Time dependent capacity change occurs for piles driven to shale; however, the
observed increase in side resistance is often offset by an approximately equivalent relaxation in end
bearing capacity resulting in no net change in total capacity.
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Side Resistance Setup Ratio (BOR/EOD) [kips/kips]

Total Capacity Setup Ratio (BOR/EOD) [kips/kips]
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Figure 3-1. Setup ratio (total capacity) vs. setup duration.
269 __12.1
5.0 i
m H-cl
4.5 cay TR g
H-mix °
4.0 H-sand o
M H-rock ° - ®
3.5 B H-shale
®S<cla
3.0 Y o8B
S-mix
25 S-sand
2.0 L N °
L5 | |
: @ r
Hm =
1.0 0 | - . | =
|
0.5 n
]
0.0
0.01 0.10 1.00 10.00 100.00
Setup Period (days)

Figure 3-2. Setup ratio (side resistance) vs. setup duration.
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Total Reistance Setup Ratio (BOR/EOD) [kips/kips]

Side Reistance Setup Ratio {(BOR/EOD) [kips/kips]
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Figure 3-3. Setup ratio (total capacity) vs. Nspr average, N, (along embedment length).
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Figure 3-4. Setup ratio (side resistance) vs. Nspr average, N, (along embedment length).
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Trends for soil type, pile type, and soil category are difficult to determine solely from these figures;
however, some general trends are observed from calculation of the setup factor, C, discussed in the
following section.

3.2 DETERMINATION OF RATE OF SETUP

The rate of setup was quantified by estimating the capacity at EOD using CAPWAP, and then by
estimating the capacity at a later time using CAPWAP(BOR). Time delays between EOD and BOR
were typically greater than 24 hours. The change in capacity with time provides a means to quantify
setup. A commonly applied approach to describe the rate of pile setup is with a linear log time
relationship. The general form of the pile setup estimation formula is based on Skov and Denver
(1988):

t
&:Alog — |+1 {3.1}
RO tO
Following the lowa DOT variable nomenclature the equation can be rewritten as
R t
—29%® =Clog (—BOR }+1 {3.2}
EOD min
Pile setup rate (C) is defined as
a
C= {3.3}

where

method-dependent scale factor (regression curve-fitting term)
method-dependent concave factor (regression curve-fitting term)

a
b
N average SPT N-value

a —

The pile setup factor, C, is the slope of the pile setup curve at any given time, where N, is the
thickness-weighted average SPT N-value along the pile embedment length defined as

'
— i=1

N — |

a n
2!
i=1

(3.4}

where

N. = SPT N-value for layer i

l =  thickness for layer | [ft]
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Substituting for C into Equation {3.2}:

SHERWRN o5
REOD ( Na ) min

Comparing Equation {3.5} to the lowa SPT method, which is defined as

t
alogm(J
= teo +1[ L J {3.6}

Reop ( N, )b

I‘EOD

there is an additional length term. The L/Lgop term in Equation {3.6} reflects the increase in pile capacity
from the additional embedment length driven during pile restrike. For the majority of cases, piles are
driven less than 4 in. during restrike, which produces a negligible change in capacity compared with the
capacity obtained for the initial pile embedment length (L/Lgop = 1). Therefore, a value of unity was

used for the length term in Equation {3.5}.

The capacity ratio in Equation {3.5} is expressed in terms of total capacity and was used to initially
back-calculate the setup constants a and b (which define the resulting function of the setup parameter
C with N,). Therefore, this method applies the setup factor to both end bearing and side resistance. As
previously shown in Figure 3-1 and Figure 3-2 and is commonly recognized, setup occurs primarily
along the embedded length of the pile shaft and not the pile toe. Therefore, a more accurate
representation is to apply the setup parameters only to the side resistance.

The back-calculated values for constants a and b are shown for each pile-soil category in Figure 3-5 for
side resistance. Setup constants are back-calculated for all categories including rock, although setup
factors are not applied for piles to rock or shale for design recommendations or normalization of setup
period (determination of 14-day capacity). Normalization is discussed in the following section.

Accordingly, the setup equation in terms of side resistance is defined as

a t
Reor = (REOD )Side [ J log ( BOR J +1 |+ ( Reoo )end {3.7}

( Na )b 1min

The approach shown in Equation {3.7} reflects a more rigorous treatment of setup and resulted in lower
COVs for capacity methods when compared with estimates of BOR from EOD total capacity (even
though side resistance exhibits significantly higher scatter than total capacity). The distribution of side
and end-bearing resistance and the side-resistance profile is determined from CAPWAP analysis.

The back-calculation of constants a and b shown in Figure 3-5 exhibits significant scatter. Therefore,
engineering judgment was used to create two sets of design curves: one for H-piles (a =2.92, b = 1.17,
max = 0.4) and one for shell piles (a = 2.63, b = 0.85, max = 0.5) (see Figure 3-6). The setup factor, C,
is not constant with time, and piles of the same soil type will not have the same setup curve unless the
piles have the same N, value.
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An additional method applied by the lowa Department of Transportation, the CPT&SPT method, used
the following definition of constant C, derived by Ng et al. (2011):

C=f, C“2 +f, {3.8}
NI,
where
f.=  consolidation factor [min™]
f. = remolding recovery factor

C. horizontal coefficient of consolidation [in?/min]

r, = equivalent pile radius [in.]

The CPT&SPT method could not be applied because the back-calculated consolidation factor, f;, and
remolding recovery factor, f,, resulted in significant scatter, which prevented the determination of these
constants using a linear regression (as conducted by lowa DOT). The scatter may be due to attempting
to extend the application of this formula to granular and mixed soil conditions because the formula was
initially applied only to cohesive soils. Additionally, the lowa case study had a much smaller average
SPT blow count, N, (approximately 2 to 16), whereas the soil profiles for the piles in the dynami