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EXECUTIVE SUMMARY

Introduction

The existing foundations of a bridge can be reused for bridge or
superstructure widening, bridge or superstructure replacement,
bridge repurposing, seismic retrofitting of bridge foundations,
bridge rehabilitation, clearance increase, or other retrofitting
purposes. Reuse of existing foundations not only eliminates the
costs associated with demolition of old foundations and their
disposal, but also reduces the costs of the design and construction
of new foundation elements. However, there are challenges,
including the assessment of the structural integrity of existing
foundations, estimation of the current capacity of existing
foundations, estimation of the remaining service life of the existing
foundations, the application of current design codes and
specifications to existing foundations that were constructed based
on old design codes and specifications, and lack of clear guidelines
for foundation reuse. The absence of foundation reuse guidelines
in INDOT’s toolbox hinders the reuse of bridge foundations and
also prevents design consultants from designing new structures
using existing foundations. In this project, foundation reuse
protocols are proposed to serve as guidance for INDOT engineers
to systematically assess the possibility of reusing existing founda-
tions and to consistently come up with reliable solutions for bridge
rehabilitation and replacement projects. The proposed guidelines
for foundation reuse design were evaluated and implemented in
one ongoing INDOT bridge rehabilitation and widening project.

To reuse existing foundations in bridge replacement and bridge
rehabilitation projects, it is very important to accurately estimate
the bearing capacity of the existing foundations by using current
design methods and current standards. Current design standards
do not include the load carrying capacity that develops due to the
interaction of the pile cap and the soil bearing the cap in the total
capacity calculation of the pile groups supporting bridge piers.
The effect of the interactions between individual piles in a group
and the soil surrounding them is accounted for by using a single
group efficiency value, which is capped at 1 to be conservative.
However, recent studies showed that the contribution of a soil-
supported pile cap to the total bearing capacity of the group is not
negligible. Group efficiency values can also be greater than 1,
depending on group layout, location of the individual piles,
settlement level and type of resistance. Accordingly, a series of
realistic numerical simulations of axially loaded pile groups was
performed using realistic soil models and fine meshes in Finite
Element (FE) analyses, which included a parametric study of the
impact of the pile cap on the total pile group resistance and pile
efficiency values. Different advanced two-surface constitutive
models were used to realistically simulate the behavior of sand
and clay, separately. The commercial software Abaqus/CAE
(SIMULIA, 2021) was used to perform the FE analyses. In the
analyses, different soil profiles that are typical in Indiana, pile
group layouts (1 x5, 2x 5, to 3x5), pile diameters B (14 inches
and 23.6 inches), pile-to-pile spacings (3B and 5B), and pile-to-cap
edge distances (2B and 6B) were carefully considered.

Findings

Protocols for foundation reuse were proposed, in the form of
flow charts, in this study. Determination of the as-built geometry
of existing foundations is the first step when considering

foundation reuse. After determining the as-built geometry of the
existing foundations, their structural integrity should be assessed
through inspection. If the structural integrity of existing founda-
tions is sufficient for potential reuse with or without repairs, the
available site investigation data should be collected and analyzed.
If necessary, additional site investigation can be performed not
only to determine an accurate design soil profile for the site, but
also to investigate any time effects—like, for example, from
consolidation or setup—on the current soil profile. Based on the
as-built geometry of the existing foundations and the site
investigation data, the capacities of existing foundations can be
estimated. The current capacity of existing foundations can be
estimated from consideration of historical records, inspection
results, structural integrity evaluations, site investigation data, and
load tests. Capacity estimation of existing foundations is one of
the major challenges for foundation reuse, because of the
uncertainties regarding historical records, inspection results,
current site conditions, time effects on capacity, and remaining
service life. It is recommended that foundation capacity predic-
tions be made using the most current pile design methods and
current site investigation data. These predictions can be com-
plemented with data from load tests on existing foundations for an
accurate capacity estimation. Next, both geotechnical and
structural design checks must be performed based on updated
design loads, current soil profile conditions, and the estimated
current capacities of existing foundations. If the existing founda-
tions do not pass the design checks, they can be repaired or
strengthened by adding newly installed piles to increase their
capacity, or the superstructure design loads can be reduced by, for
example, using lighter materials. Another option to consider is
strengthening ground conditions by using ground engineering
methods. If none of these methods work, then the existing
foundations will need to be completely replaced by new
foundations.

The proposed guidelines for foundation reuse design were
evaluated and implemented for an ongoing INDOT bridge
rehabilitation and widening project on 1-465 over 7lst street.
From the implementation project, we found that a “loam” layer in
the soil profile, which is typical in Indiana soil profiles, may be
difficult to classify as either a sandy soil or clayey soil, but a
correct classification is very important, because most of the design
methods—including traditional ones contained in AASHTO
(AASHTO, 2020) and current methods—are developed for either
sand or clay. Depending on the classification, the estimated
capacities can be substantially different, even for the same SPT or
CPT cone resistance values. In addition, an accurate site
investigation is essential to estimate whether the existing founda-
tions have reserve in capacity. Obtaining additional site investiga-
tion data is advantageous, not only to account for any
strengthening of the soil that may have occurred in time, but
also because of the greater accuracy in interpretation and analysis
that results. We also found that capacity estimation using the
state-of-the-art methods is useful in estimating the reserve capacity
of existing foundations, and design checks using different design
codes can produce contrasting results.

Additionally, we performed studies on the bearing capacity of
the pile cap and the individual efficiencies of the piles in a pile
group. Based on the results of the realistic, advanced FE analyses
performed in this study, the pile cap contribution towards the
total capacity of the pile-supported foundation in sand can be
significant. It ranges from 12% to 80% depending on the target
settlement level of the pile group. The percentage of the pile cap
contribution to the total pile group capacity varies with the
settlement of the pile cap, cap size, and soil profile. Features of the
soil profile that were considered are soil types, relative density of



sand layers, thickness of the loose layer in a loose-over-dense soil
profile, and the existence of a dense sand layer at the top of the
soil profile.

The efficiencies of individual piles in a pile group increase as the
pile cap settlement increases. It is lower than 1 when the pile cap
settlement is very small but can be greater than 1 as settlement
increases. The efficiencies for the shaft resistance typically increase
at higher rates than the efficiencies for the base resistance as the
settlement increases from 0 to 100 mm (4 inches). The amount and
rate of change of shaft and base efficiencies at the different
settlement levels considered in this study depend on group layout,
soil profile, and location of the pile in a group.

Implementation

Comprehensive foundation reuse guidelines were developed in
the form of flow charts based on a comprehensive literature review
on bridge foundation reuse design, which includes technical
publications and existing standards and codes. The proposed
guidelines include detailed guidance on the inspection of existing
foundations to assess their structural integrity, determination of
as-built geometry of the existing foundations, capacity estimation
of the existing foundations, minimum requirements for founda-
tion reuse, and selection of foundation reuse solutions.

The proposed guidelines for foundation reuse were implemen-
ted in an ongoing INDOT bridge rehabilitation and widening
project on I-465 over 71st street. Following the proposed
guidelines, the research team, with collaboration from INDOT
engineers, fulfilled the following: (1) reviewed available historical
records; (2) analyzed inspection results; (3) interpreted available
site investigation data and proposed performing additional CPT
tests to better estimate soil properties; (4) reanalyzed soil profile
conditions, including the data from the additionally performed
CPT; (5) determined the as-built geometry of the existing
foundations; (6) estimated the bearing capacities of the existing
foundations using different design methods; (7) performed design
checks following different design codes (ASD, LFD, and LFRD
design frameworks); (8) analyzed the selected solution of
strengthening the existing foundations with new piles; (9)
estimated the capacities of new foundations; and (10) reperformed

design checks following different design codes (ASD, LFD, and
LFRD design frameworks). These analyses were performed for
research and illustration purposes only.

From the implementation project, we found that the “loam”
layer—“loam” being a common soil classification used by drillers
in Indiana—may be difficult to classify as either a sandy soil or
clayey soil, but a correct classification is very important, because
most of the design methods— including traditional ones contained
in AASHTO (AASHTO, 2020) and current methods—are
specified for either sand or clay. In addition, an accurate site
investigation is essential to estimate whether the existing founda-
tions have reserve capacity, and additional site investigation is
generally worth it, not only to account for any strengthening of
the soil that may have occurred in time, but also because of the
greater accuracy in interpretation and analysis that results. We
also found that the capacity estimation using state-of-the-art CPT-
based methods can be useful in estimating the reserve capacity of
the existing foundations, and design checks using different design
codes can produce contrasting results. These findings can be useful
in future INDOT bridge rehabilitation and widening projects,
which are common applications of foundation reuse in Indiana.

Additionally, we extracted the pile cap contribution towards the
total pile group capacity and the pile efficiencies from simulation
results. Based on a series of realistic, advanced finite-element
analyses of soil-supported pile groups, we found that (1) the pile
cap contribution towards the total capacity of the pile-supported
foundation in sand is significant (12% to 80%, depending on the
settlement level, for the pile groups considered in this study), and
(2) the efficiencies of individual piles in a pile group increase as the
pile cap settlement increases. The efficiencies are lower than 1
when the pile cap settlement is very small but can be greater than 1
as settlement increases. These findings can be implemented in pile
group designs with further studies.

An equation for the unit pile cap capacity was developed based
on a series of realistic, advanced finite-element analyses of soil-
supported pile groups. The proposed equation predicts the pile
cap capacities of pile groups with various group layouts (1 x5,
2 x5, to 3 x5), pile diameters B (14 inches and 23.6 inches), pile-
to-pile spacings (3B and 5B), and pile-to-cap edge distances (2B
and 6B) in uniform loose and dense sands.
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1. INTRODUCTION
1.1 Background

When a bridge is replaced or retrofitted, it may be
advantageous to reuse its existing foundation elements
(e.g., footings or piles and pile cap) if they are able to
provide sufficient bearing capacity to support the new
or retrofitted bridge. Reuse of existing foundations not
only eliminates the costs associated with demolition of
old foundations and their disposal, but also reduces the
costs of the design and construction of new foundation
elements. For example, the reuse of foundations for the
reconstruction of the Milton-Madison Bridge between
Kentucky and Indiana resulted in savings of $50 million
(Tiberio, 2015). In addition to significant cost savings,
benefits of reusing existing foundations include reduced
project delivery timelines, improved safety, no ROW pro-
curement, no utility relocations, and minimum environ-
mental impact (Davis et al., 2019). In this type of work,
engineers are held to a negligence standard (Salgado,
2022b); however, the standard of care in the foundation
reuse area is still fluid. Because the geometry and con-
dition of the foundations are often unknown, this creates
a risk that is specific to this type of application. Addi-
tional uncertainties include any changes that have
happened to the soil and the soil-foundation interface
over the life of the existing structure and whether design
methods then used were to conservative or unconserva-
tive. What should a prudent engineer do when designing
a reuse solution remains object of study.

Foundation reuse can be defined by “the use of an
existing foundation or substructure of a bridge, in whole
or in part, when the existing foundation has been evalu-
ated for new loads” (Agrawal et al., 2018). Foundation
reuse does not include the cases where the loads do
not change, such as in bridge deck replacements. The
existing foundations of a bridge can be reused for bridge
or superstructure widening, bridge or superstructure
replacement, bridge repurposing, retrofitting of bridge
foundations for seismic conditions or other purposes, or
clearance increase. NCHRP Synthesis 505 (Boeckmann,
2019; Boeckmann & Loehr, 2017) performed a web-
based survey to agencies in the USA and Canada and
obtained responses from 45 US state DOTs and 8
Canadian provinces. In a question about applications
for foundation reuse, 82% of the respondents chose the
bridge or superstructure widening application, and 80%
of the respondents chose the bridge or superstructure
replacement application. Seismic retrofit of bridge
foundations, increase of clearance, and bridge repurpos-
ing were chosen by 30%, 30% and 24% of the respon-
dents, respectively, while only 2% of the respondents
chose scour retrofit and cantilever retaining wall as
applications for foundation reuse.

According to the survey performed by NCHRP
Synthesis 505 (Boeckmann, 2019; Boeckmann & Loehr,
2017) and discussions in the workshop hosted by
FHWA'’s Foundation Characterization Program in
2013 (Boeckmann & Loehr, 2017) and in the DFI’s

46th annual Conference on Deep Foundations in Las
Vegas in 2021 (Boeckmann & Shields, 2022), the major
challenges for reuse of existing foundations of a bridge
are the following.

® Assessment of structural integrity of the existing
foundations.

® Estimation of current capacity of the existing founda-
tions.

® Estimation of remaining service life of the existing
foundations.

® Consideration of current design codes and specifications
to existing foundations constructed based on old design
codes and specifications.

® Lack of clear guidelines for foundation reuse.

The absence of foundation reuse guidelines in
INDOT’s toolbox hinders the reuse of bridge founda-
tions and also prevents design consultants from
designing new structures using existing foundations.
There is not at present a systematic manner, based
on current science and engineering, to address this
problem. In this research, foundation reuse protocols
are proposed to serve as guidance for INDOT engineers
to systematically assess the possibility of reusing
existing foundations and to consistently come up with
reliable solutions for bridge rehabilitation and replace-
ment projects.

1.2 Pile Group Capacity and Contribution of Pile Cap

To reuse existing foundations in bridge replacement
projects, it is very important to accurately estimate the
load capacity of the existing foundations by using
current, reliable design methods and current standards.
Typically, the foundation design methods that were
used to design the existing foundations of old bridges
are mostly empirical and thus tend to be conservative.
Empirical pile design methods were developed based on
results of pile load tests for the specific site conditions in
which these tests were performed; thus, generalization
of these methods to capture several important factors,
such as friction degradation due to driving, cross-
sectional shape (e.g., solid cross section versus hollow
ones; square versus circular sections) and other factors
is not advisable.

According to the design standards (AASHTO, 2020;
INDOT, 2018), the load-carrying capacity that devel-
ops due to the interaction of the pile cap and the soil
bearing the cap is not considered for pile group-
supported bridge foundations. However, recent studies
have demonstrated that the contribution of a soil-sup-
ported pile cap to the total bearing capacity of the
group is not negligible and could be considered in cases
in which scouring is not expected to occur. In addition,
according to the AASHTO design manual (AASHTO,
2020), the effect of the interactions between individual
piles in a group and the soil surrounding them is
accounted for by using a single group efficiency value,
which is capped at 1 to be conservative. This efficiency
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factor does not depend on the configuration of the
individual piles in the pile group, settlement level, type of
resistances (pile shaft versus pile base) or soil layering.

Results of model- and small-scale load tests on pile
groups with caps supported by soil have shown that the
pile cap capacity accounts for about 10%—40% of the
total pile group capacity (Park et al., 2012; Senna et al.,
1993), depending on pile spacing and soil conditions. In
the Sagamore bridge monitoring projects (SPR-4165
and SPR-4546), the pile cap capacity has been meas-
ured to be approximately 20% of the total foundation
capacity (Han, Marashi, et al., 2020; Han, Prezzi, et al.,
2020). Numerical studies on pile group response have
demonstrated that group efficiency values can be
greater than 1 depending on group layout, location of
individual piles in the group, settlement level and type
of resistances (Han et al., 2015; Han, Salgado, et al.,
2019). Being able to account for the pile cap capacity
and to consider group efficiency values greater than 1
when evaluating the total load capacity of existing
foundations can lead to more widespread foundation
reuse and significant cost savings for INDOT.
Therefore, a comprehensive understanding of (1) the
contribution of cap capacity to the total foundation
capacity, and (2) the effect of the pile cap on the
mobilization of base and shaft resistances of individual
piles in a group is essential to accurately reevaluate the
load capacity of existing pile groups to be reused.

In order to account for the effect of the pile cap on
pile group capacity, researchers have used both
analytical (Butterfield & Banerjee, 1971; Chow & Teh,
1991; Shen et al., 2000) and numerical (Huang et al.,
2011; McCabe & Lehane, 2006; Ottaviani, 1976) app-
roaches to model the response of pile groups subjected
to axial loads. These studies improved the under-
standing of pile group response to loading. However,
the use of simple constitutive models (e.g., linear elastic
models or linear elastic, perfectly-plastic models with

TABLE 1.1
Foundation reuse protocols in other DOTs

the Mohr-Coulomb yield criterion) and the use of
coarse meshes in finite-element (FE) simulations limit
the application of the results in design.

In this research, a parametric study involving a series
of realistic numerical simulations of axially loaded pile
groups was performed by using realistic soil models and
fine meshes in FE analyses. Pile group configurations
that are commonly used to support bridges in Indiana
were analyzed to study the effect of soil layering, pile
cap size, pile group layout, and pile-to-pile spacing on
the bearing capacity mobilization of pile groups.

1.3 Reuse Protocols by Other DOTSs

While INDOT and other DOTs have been reusing
existing foundations, none of the DOTs have complete
policies or guidelines on foundation reuse in place.
Several DOTs have started to include a discussion of
foundation reuse in their bridge design manuals (IDOT,
2011; MaineDOT, 2018; MassDOT, 2013; ODOT,
2020). MaineDOT (2018) provides suggestions for the
reuse of two types of foundations which are timber piles
and granite or stone substructure, and IDOT (2011),
MassDOT (2013), ODOT (2020) provide requirements
for foundation reuse and guidelines on specifications,
inspection and estimation of the capacity of existing
foundations. Table 1.1 summarizes the existence of
foundation reuse guidelines in other DOTs.

In addition, FHWA and a few DOTs (e.g., MDOT
and MoDOT) have explored design methods and
decision criteria for foundation reuse (Agrawal et al.,
2018; Aktan & Attanayake, 2015; Boeckmann & Loehr,
2017; Boeckmann et al., 2018; Collin & Jalinoos, 2014).
Yet, these attempts are still preliminary and incomplete.
Foundation reuse protocols developed especially for
Indiana can be implemented by INDOT, accounting
for the site conditions and foundation types commonly
seen in Indiana.

Detailed Guidelines for the Assessment of Existing Foundations

DOT Specifications Integrity Check Capacity Check Service Life Check Note
MaineDOT X - - X Detailed guidelines only for timber piles
(2018) and granite or stone substructures
Illinois DOT 4 - v X Simple guidelines (minimum
(IDOT, 2011) requirements) for foundation reuse
are given
Massachusetts v v v - Simple guidelines (minimum
DOT requirements) for bridge rehabilitation
(MASSDOT, are given
2013)
Ohio DOT v v v X Simple guidelines (minimum
(ODOT, requirements) for foundation reuse
2020) are given
Note:
v = Yes.
x = No.

— = Recommended without detailed guidelines.
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1.4 Case Histories of Foundation Reuse

There are several historic cases of foundation reuse
discussed in the literature. Table 1.2 is summarized
from (Agrawal et al., 2018) and (Boeckmann & Loehr,
2017). From the twenty cases selected, sixteen involved
structural integrity checks of the foundation elements,
five involved as-built geometry determination, nine
involved additional site investigation, three used finite
element analysis to assess the capacity of the founda-
tion elements, five included life cycle investigations, and
only one mentioned further monitoring of the structure.
Table 1.2 provides general information for the selected
cases.

2. PILE CAP CONTRIBUTION TO PILE GROUP
CAPACITY

2.1 Finite-Element Analyses of Pile Groups

2.1.1 Constitutive Models

A comprehensive understanding of soil-pile group
response to axial loading can be achieved by perform-
ing Finite Element Analyses (FEA). The use of realistic
constitutive models is necessary to obtain accurate
analysis results. Simple constitutive models, such as a
linear elastic model or a linearly elastic-perfectly plastic
model with the Mohr-Coulomb yield criterion are not
capable of capturing the complex response of the soil
surrounding a pile or a pile group (Han et al., 2015;
Han, Salgado, et al., 2019).

In this study, two advanced two-surface constitutive
models are used to simulate the behavior of sand and
clay: the sand model developed by Loukidis and
Salgado (2009) is used to simulate sand layers and the
clay model developed by Chakraborty, Salgado, and
Loukidis (2013) is used to simulate clay layers. Both
models are based on critical-state soil mechanics and
use a bounding surface to capture the peak strength of
soil and a dilatancy surface to capture the dilatancy
(plastic volume change during shearing) of soil before it
reaches critical state under continuous monotonic
shearing. These soil models are able to capture the
highly nonlinear response of soil to loading under
various loading paths with consideration of initial
fabric, initial stress state and initial density (i.e., relative
density Dg of sand and over consolidation ratio OCR of
clay). In addition, the clay model can capture the
increase in shear strength with increasing loading rate
and the decrease in shear strength all the way to the
residual strength with consideration of the change in
fabric under extensive shearing. The values of the model
parameters for sand and clay are presented in Table 2.1
and Table 2.2, respectively. In the case of sand, we
selected for the simulations Ottawa sand, which is a
medium-sized silica sand with rounded-to-subrounded
particles, and for clay, we considered Boston Blue Clay
(BBC), which is an inorganic clay of low-to-medium
plasticity that does not have a residual state. In our
analyses, the rate of loading applied at the top of the pile

TABLE 2.1
Model parameters used for sand (Ottawa sand)

Parameter Groups Parameter Symbol Parameter Value

Small-Strain v 0.15
Parameters Cy 611
ng 0.437
Vi 0.00065
oy 0.47
Critical State I, 0.78
A 0.081
14 0.196
M., 1.21
Bounding Surface ky, 1.9
Dilatancy Dy 1.31
ka 2.2
Plastic Modulus hy 2.2
h> 0.24
Clim 0.81
u 1.2
Stress-Induced c; 0.71
Anisotropy c 0.78
ny 0.35
Inherent Anisotropy o 0.31
ky, 0.39
Yield Surface Radius m 0.05
TABLE 2.2

Model parameters used for clay (Boston Blue Clay)

Parameter Groups Parameter Symbol Parameter Value

Small-Strain v 0.25
Parameters Cy 250
¢ 5
K 0.036
Normal N 1.138
Consolidation A 0.187
Line
Stress Anisotropy Ko ne 0.53
Shear Strength M., 1.305
ng 0.2
ks, 0.0
o 2.7
Dilatancy Surface D, 1
Flow Rule ) 0.95
14 0.31
Plastic Modulus ho 1.1
Yield Surface Radius m 0.05

cap is high enough to produce an undrained response
for clay, but sufficiently low to produce a negligible
strain-rate effect on the shear strength of clay, and a
drained response for sand. In the analyses, the applied
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velocity gradually increased from 0 to 20 mm/s (0.787
inches/s) within the first second and kept constant until
the end of the simulation.

Advanced soil models for sand and clay are
implemented through user-defined material subroutines
(VUMAT) in the commercial software Abaqus/CAE
(SIMULIA, 2017). The Jaumann rates are considered
for both models in the VUMAT to capture the effect of
rigid-body rotation in the analyses. Since the soil
models are developed based on effective stresses (with
effective stress = total stress minus pore-water pres-
sure), the pore-water pressure in a soil element is
separately calculated within the VUMAT. The initial
pore-water pressure is the hydrostatic pore-water
pressure for both sand and clay layers. During the
application of loading, the excess pore-water pressure is
zero for sand layers under drained conditions, while the
excess pore-water pressure rate # for a given computa-
tion step for a clay layer under undrained conditions is
calculated using
(Eq. 2.1)

u=-—24,

n
where K, is the bulk modulus of water, n is the porosity
and &, is the volumetric strain rate.

The piles and the pile cap are modeled by using a
linear-elastic model with Young’s modulus E of 50 GPa
(7,252,000 psi), Poisson’s ratio v of 0.2 and unit weight
of 25 kN/m?> (159 pcf).

Qtotal = + Qpiles

L I C X C

—

Total load on pile cap Qyq,

Pile cap \ J

e

ﬁ ﬁ ﬁ ﬁ Total load in piles Qpiles

Figure 2.1 Force equilibrium for a pile group supporting a
bridge pier.

Pile cap resistance Q

TABLE 2.3
Pile group configurations considered in the analyses

2.1.2 Analysis Configuration

Pile groups with a rigid pile cap are often used to
support bridge piers and bents and to transfer struc-
tural loads to the ground. As shown in Figure 2.1, when
the superstructure loads (from the bridge deck, beams,
and bridge pier) are applied on the pile cap, part of the
load is carried by the piles in the group below the pile
cap, and the remaining load is carried by the soil that is
immediately below the pile cap. The total applied load
Qiotal 18 equal to the summation of the pile resistance
Opile and the cap resistance Qcap:

Qtotul = chp + Qpile.v

In the analyses, three different pile group configura-
tions (1 x5, 2x5, and 3x5) are considered with
different pile diameters B (0.36 m (14 inches) and 0.6
m (23.6 inches)), pile-to-pile spacings s, (3B and 5B)
and pile-to-cap edge distances s.;, (2B and 6B). Only
pile groups having soil-supported pile caps—which
have the pile caps resting on the ground surface—are
considered to evaluate the effect of the pile cap on the
load capacity of the pile group. Table 2.3 provides a
summary of the pile group configurations considered in
the analyses.

The four different soil profiles shown in Figure 2.2—
loose-over-dense sand (profile 1), normally consoli-
dated (NC) clay over dense sand (profile 2), loose sand
sandwiched between two layers of dense sand (profile
3), and over consolidated (OC) clay underlain by NC
clay and dense sand at the bottom (profile 4)—are
considered in the analyses. Relative densities D g of 40%
and 80% are used for the loose and dense sand layers,
respectively, and over consolidation ratios (OCR) of
5 and 10 are considered for the OC clay. To evaluate
the effect of soil layering on the contribution of the pile
cap to the total capacity of the pile group, the thick-
nesses of the top and middle layers were varied. Table
2.4 provides the values of the thicknesses of the top and
middle layers used in the analyses.

Considering the symmetries in the pile group
configurations, one-quarter of the problem domains
are modeled in the simulations. Figure 2.3 shows the
simulation domain of a 3 x5 pile group. As shown in
the figure, only one-quarter of the entire domain is
considered as the simulation domain. Figure 2.3 also
shows the applied boundary conditions to the simula-
tion domain.

(Eq. 2.2)

Pile Diameter Pile Length

Pile-to-Pile Pile-to-Cap Edge

Group Configuration B M) L M) Spacing S, Distance S, ,

I1x5 0.36, 0.6 10 (32.8 ft) 3B, 5B 2B, 6B
(14 inches, 23.6 inches)

2x5 0.36 (14 inches) 10 (32.8 ft) 3B 2B

3x5 0.36 (14 inches) 10 (32.8 ft) 3B 2B
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Figure 2.2 Soil profiles considered in the analyses.

TABLE 2.4
Thicknesses of top and middle layers considered in the analyses

OC clay

sand (D= 80%) | t ¢
R *  (OCR=50r10) |

Sand (Dg=40%) | tmia NG clay i

Sand (D = 80%) Sand (D = 80%)

Profile 3 Profile 4

Soil Profile Thickness of Top Layer t,,,

Thickness of the Middle Layer t,,,,

Profile 1
10 m (32.8 ft) + 2B, 20 m (65.6 ft)
Profile 2
Profile 3 0, 0.5Bcap, Beaps 1.5Bcap, 2Bcqp, 10 m (32.8 ft)
Profile 4 0, 0.5Bc4p, Beaps 1.5Bcqp, 10 m (32.8 ft)

0, 0.5Bcap, Beap, 1.5Beaps 2Beaps 2.5Bcap, 3Beap, 10 m (32.8 f1), -

0, Beaps 2Beaps 10 m (32.8 ft), 10 m (32.8 ft) + 2B, 20 m (65.6 1) -

10 m (32.8 ft) —
10 m (32.8 ft) — 4,

Note: B.,, = shorter length of the pile cap.

For materials like soils that show a softening res-
ponse with loading, finite-element analyses results are
dependent on the mesh configuration. Therefore, use
of a fine mesh configuration that can capture the
development of strain localization (shear bands) next to
the pile shaft and base with loading is necessary to
obtain realistic and accurate numerical analysis results
for pile groups (Han, Salgado, et al., 2017; Loukidis &
Salgado, 2008). For linear finite elements, which are the
type of elements used in this study, the size of the ele-
ments located in the zones where shear bands develop
should be the same as the thickness of shear bands
measured experimentally, as done in load tests perfor-
med on piles in calibration chambers with visualization
capabilities. According to Tehrani et al. (2015), Tovar-
Valencia et al. (2018), the thickness of the shear band in
sand next to the shaft of a pile loaded axially is of the
order of 4 to 5 times the mean particle size D5, of the
sand when the pile surface is rough. Han, Salgado,
et al. (2017) suggested that for sand the element size
should be 2 mm to 6 mm (0.0787-0.236 inches) below
the pile base based on their parametric study. Janabi
et al., (2022) observed from images collected during
model footing load tests in sand a shear band thickness
of about 7Ds, to 8Dsy. Given that the D5, of Ottawa
sand is 0.4 mm (0.0157 inches) and these experimental
observations, the estimated range of shear band
thickness for Ottawa sand is 2 mm to 6 mm (0.0787—
0.236 inches). Morgenstern and Tchalenko (1969, 1967)
observed shear band thicknesses of 3 mm to 4 mm
(0.118-0.157 inches) in kaolin clay from microscope
photographs taken from specimens at different stages

during direct shear tests. Thakur (2007, 2011) per-
formed undrained plane-strain compression tests on
Norwegian quick clay samples prepared between two
glass plates and measured a shear band thickness of
3 mm to 5 mm (0.118-0.197 inches) by performing
digital image correlation (DIC) analyses of the pictures
of the samples taken during the tests. In this study, we
used linear elements, 4 mm (0.157 inches) in size, next
to the pile shaft, below the pile base and below the
edges of the pile cap to capture the soil response in the
shear bands in a realistic manner. Figure 2.4 shows the
mesh configuration used for the analyses of a 3 x 5 pile
group with B = 0.36 m (14 inches), s, = 3B and 5.4, =
2B; the mesh consists of 8-noded, linear, hexahedral
elements, with very fine meshing (elements 4 mm (0.157
inches) in size) in the vicinity of the shafts and bases of
the piles and the edges of the pile cap.

The commercial software Abaqus/CAE (SIMULIA,
2021) was used to perform the analyses. Abaqus/Explicit
was used to solve the analyses. In the analyses, the
effects of installation of the pile group and of time on
the stress state in the soil domain are not considered.
The initial stress state in the soil is assumed to be close
to its initial K)-consolidated state. The soil and the piles
and the soil and the pile cap are assumed to be in perfect
contact. In the first step of the analyses, an initial K-
consolidated stress field is assigned to all element Gauss
points. Next, gravity is applied to the piles and the soil
by applying the corresponding forces at element nodes.
This is continued until the analyses reach a static
equilibrium. Gravity is not applied to the pile cap to
exclude the effect of the weight of the pile cap on the
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Figure 2.3 Simulation domain of the 3 x 5 pile group and its boundary conditions: (a) a plan view of the simulation domain, and

(b) a side view of the simulation domain of the pile group.

load capacity of the pile group. In the second stage of
the analyses, loading was simulated by applying a
vertical velocity boundary condition at the top surface
of the pile cap. The applied velocity gradually increased
from 0 mm to 20 mm/s (0.787 inches/s) within the first
second and kept constant until the total settlement of
the pile cap reached 100 mm (4 inches).

The weight of the cap is not considered in the
analyses because we do not know a priori the thickness

of the pile cap that will be used in actual designs.
Engineers can subtract the weight of the pile cap from
the load capacity obtained from the analyses to
calculate their net capacity at design time. Similarly,
in footing analyses, we do not consider the weight of
the footing. In group efficiency calculations, the weight
of the cap also needs to be excluded from the load
applied to the piles in the group to be consistent with
the load applied to a single, isolated pile.
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Figure 2.4 Mesh configuration used for the analyses of a 3 x 5 pile group with B = 0.36 m (14 inches), s, = 3B, and 5.4, = 2B.

2.2 Analyses Results

2.2.1 Pile Groups in Uniform Sand

2.2.1.1 Load-settlement curves. Axially-loaded pile
groups with a soil-supported pile cap have three sources
of resistance: the resistance developed by the pile cap
bearing on soil and the base and shaft resistances of the
individual piles in the pile group. Figure 2.5 shows a
comparison of the mobilization of these axial resis-
tances as a function of the pile cap settlement for the
1x5, 2x5, and 3 x5 pile groups placed in uniform
loose sand. The resistances of a single, isolated pile with
the same geometry as the piles in the pile groups and
placed in the same soil profile are also shown in the
figure. Figure 2.5(a) shows the average total resistances
per pile for the 1 x5, 2x 5, and 3 x5 pile groups, and
Figure 2.5(b), (c), and (d) show the average cap
resistance per pile, the average base resistance per pile
and the average shaft resistance per pile, respectively.
As can be seen in Figure 2.5(a), all pile groups develop
greater total axial resistances than the single, isolated
pile. The greater total axial resistance per pile in pile
groups than that of the single pile are mainly attributed
to the resistances developed by the pile cap and the pile
shafts, as shown in Figure 2.5(b) and (d).

For different pile groups, Figure 2.5(b) shows that
the 1 x 5 pile group develops the largest cap resistance
per pile and the 3 x5 pile group develops the smallest
cap resistance per pile. This indicates that the unit cap
resistance of the 1 x 5 pile group is the largest, and the
unit cap resistance of the 3 x 5 pile group is the smallest.
This is because of the geometry of the pile cap. The
geometry of the pile cap of the 3 x 5 pile group is closer
to a square than the 1 x 5 pile group. As is the case with
footings (a square footing has a smaller unit base
resistance than a strip footing with the same width B if
bearing on the same soil), the pile cap of the 3 x 5 pile
group has a smaller unit resistance than the 1 x5 pile
group. However, we should note that the width B,,, of

the pile cap of the 3 x5 pile group is 1.5 times larger
than the B, of the 1 x5 pile group. The effects of the
geometry of the cap and the width B, of the pile cap
on the unit cap resistance need to be further investi-
gated in future work to have a better understanding
of the mobilization of the pile cap resistance with
settlement.

Figure 2.5(c) shows that, as the settlement of the pile
cap increases, the average base resistance of the piles in
each of the pile groups is slightly greater than the
resistance developed by a single, isolated pile. At a pile
cap settlement of 100 mm (4 inches), the greatest
average pile base resistance is observed for the 3 x 5 pile
group and the smallest for the 1 x 5 pile group. The pile
cap does not have much effect on the base resistances of
the piles in a group at the beginning of the loading, but,
as the settlement increases, the base resistances of the
piles increase at a rate that depends on the size of the
pile cap and group layout.

Figure 2.5(d) shows that the shaft resistances of the
piles in the pile groups are smaller than that of the
single, isolated pile in the beginning of the loading,
but that this trend reverses as the pile cap settlement
increases. The 3 x5 pile group develops the smallest
average shaft resistance and the 1x5 pile group
develops the greatest average shaft resistance in the
beginning of the loading. At a pile cap settlement of 100
mm (4 inches), the greatest average pile shaft resistance
is observed for the 2 x 5 pile group and the smallest for
the 1 x 5 pile group. The pile cap has a greater impact
on the shaft resistance mobilization than base resistance
mobilization for the piles in a group. In the beginning
of the loading, the pile cap restricts the relative dis-
placements between the pile shafts and the soil, so that
smaller average shaft resistances are mobilized for the
groups than for the single, isolated pile. However,
as the settlement increases, the pile cap compresses the
soil underneath it and generates additional con-
fining stresses there. This pressure increase leads to
shaft resistances for the piles in the group that are
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Figure 2.5 Comparison of the axial resistance mobilization as a function of pile cap settlement for the 1 x5, 2x 5, and 3 x 5 pile
groups in uniform loose sand: (a) total resistance, (b) cap resistance, (c) base resistance, and (d) shaft resistance.

greater than those of a single pile. The increase in shaft
resistance due to the presence of a soil-supported pile
cap depends on the size of the pile cap and group
layout.

Pile groups with soil-supported pile caps have two
different effects on the mobilization of the base and
shaft resistances of individual piles in the group: the
effect due to the interaction between adjacent piles and
the soil surrounding them and the effect of the pile cap-
soil contact. For free-standing pile groups in sand, the
interaction between adjacent piles has almost no effect
on the base resistances of the piles in small groups
(I x2, 1x3, and 2 x2 groups); however, the effect of
the pile cap on the shaft resistances of the piles in a
group is not negligible (Han, Salgado, et al., 2019). At
pile head settlements less than 2%-3% of the pile
diameter, the interaction between piles delays the
mobilization of the shaft resistances of the piles in a
group when compared with single piles (the average
shaft resistances of the piles in groups are smaller than

that of single piles). At settlements greater than 2%—-3%
of the pile diameter, the shaft resistances of the piles in
groups increase as the settlement increases and reach
values of fully mobilized shaft resistances similar to that
of a single, isolated pile (Han, Salgado, et al., 2019).
Based on our simulation results, the pile groups with
soil-supported pile caps develop greater average pile
base and shaft resistances than the single, isolated pile,
in general, as settlement increases up to 100 mm
(4 inches). Again, this is mainly because of the contact
between the pile cap and the soil underneath it; as load
is transferred to the soil below the cap, the confining
stress in the soil increases, which in turn leads to an
increase in the base and shaft resistances.

Figure 2.6 shows a comparison of the axial resistance
mobilization as a function of pile cap settlement for the
1x5, 2x5, and 3 x5 pile groups placed in uniform
dense sand. The resistances of a single, isolated pile with
the same geometry as the piles in the groups and placed
in the same soil profile are also shown in the figure for
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Figure 2.6 Comparison of the average axial pile resistances as a function of pile cap settlement for the 1 x5, 2 x 5, and 3 x 5 pile
groups in uniform dense sand: (a) total resistance, (b) cap resistance, (c¢) base resistance, and (d) shaft resistance.

reference. The general trends of the results are similar to
those observed for the pile groups in uniform loose
sand (see Figure 2.5).

Figures 2.7, 2.8, and 2.9 show base and shaft
resistances of the individual piles in the 1 x5, 2x5,
and 3 x 5 pile groups in uniform sand. The resistances
of a single, isolated pile with the same geometry as the
piles in the group and placed in the same soil profile are
also included in the figures for reference. Based on the
FEA results, the individual piles in each pile group
can be grouped into two or three pile categories that
have almost the same base and shaft resistance mobi-
lization response. Figure 2.10 shows the grouped
individual piles in each pile group. The piles in the
1 x5 and 2 x 5 pile groups can be grouped into a center
pile category and a side pile category, whereas the piles
in the 3 x 5 pile group can be grouped into a center pile
category, a side pile category and a corner pile category
depending on the location of the individual piles in
the group.

2.2.1.2 Contribution of pile cap to the total resistance
of the pile group. The contribution of the pile cap to the
total resistance of the pile group is evaluated by the ratio
between the pile cap resistance Q.,, and the total axial
resistance Q,,.; of the pile group. Figure 2.11 shows the
pile cap contribution to the total resistance at different
pile cap settlements for three different pile group
configurations in uniform sand. The pile cap contri-
bution increases, in general, as the pile cap settlement
increases. Figure 2.11(a) and Figure 2.11(b) show the
results for pile groups in uniform loose sand and dense
sand, respectively. As shown in the figures, the denser
sand provides slightly higher cap contributions. The
1 x5 pile group provides the largest cap contributions
and the 3 x 5 pile group, the smallest cap contributions.
For example, at a pile cap settlement of 100 mm, the
cap contribution ratios for the 1 x 5 pile group in loose
and dense sand are 36% and 42%, respectively, whereas
those of the 3 x 5 pile group in loose and dense sand are
22% and 25%, respectively.
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Figure 2.7 Base and shaft resistances of individual piles in 1 x 5 pile group in uniform sand: (a) base resistances of piles in loose sand, (b)
shaft resistances of piles in loose sand, (c) base resistances of piles in dense sand, and (d) shaft resistances of piles in dense sand.

Figure 2.12 shows the unit pile cap resistances
of different pile groups placed in uniform sand. As
expected, the trends of these results are similar to those
presented in Figure 2.11.

Figure 2.13 shows the pile cap contributions for
the 1x5 pile groups with different pile diameters
placed in uniform sand. The results show that, for
the same pile length L, the cap contribution increases
as the pile diameter B of the piles in the group increases
from 0.36 m (14 inches) to 0.6 m (23.6 inches). For
both cases, a pile-to-pile spacing s, of 3B and a
pile-to-cap edge distance s.q4, of 2B are considered.
Figure 2.14 shows the unit cap resistances of 1 x5
pile groups for pile diameters of 0.36 m (14 inches)
and 0.6 m (23.6 inches). The unit cap resistances of
the 1 x5 pile groups with different pile diameters are
similar.

Figure 2.15 shows the pile cap contribution to the
total resistance of 1 x 5 pile groups with different pile-
to-pile spacings s, and pile-to-cap edge distances s.qq
placed in uniform sand. The results show that the cap
contribution increases as the pile-to-pile spacing s, and
the pile-to-cap edge distance s.4, increase from s, = 3B
and s.4 = 2B to 5, = 5B and s.4, = 6B. The greater cap
contribution of the 1 x5 pile group with s, = 5B and
Seqg = 6B 1s mainly because of the greater size of the pile
cap, resulting in a relatively larger cap resistance than
the resistances of the piles in the groups. When the unit
cap resistances of the 1 x 5 pile groups with different s,
and s.,, are compared, the values of the unit cap
resistances are similar, as shown in Figure 2.16.

Table 2.5 and Table 2.6 show summaries of unit cap
capacities of the pile groups in uniform loose and dense
sands.
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Figure 2.8 Base and shaft resistances of individual piles in 2 x 5 pile group in uniform sand: (a) base resistances of piles in loose
sand, (b) shaft resistances of piles in loose sand, (c) base resistances of piles in dense sand, and (d) shaft resistances of piles in dense

sand.

2.2.1.3 Group efficiencies. The effects of the pile-soil-
pile interaction in a pile group and the pile cap-soil
contact on the mobilization of the base and shaft
resistances of the individual piles can be evaluated
through the base and shaft efficiencies 7, and 7,
respectively, of the individual piles in the pile group as:

_ Opi(w)

Np, (W)= m (Eq. 2.3)
_ Qs,i(w)

1= 5w (Eq- 2.4)

where Q,; and Q;; are the base and shaft resistances,
respectively, of the i pile in the pile group; and Op.is
and Q, ;, are the base and shaft resistances, respectively,

of a single, isolated pile with the same geometry and
placed in the same soil profile as the i/ pile of the pile
group.

Figures 2.17, 2.18, and 2.19 show the base and shaft
efficiencies (7, and 7, respectively) of the individual
piles in the 1 x5, 2x 5, and 3 x 5 pile groups placed in
uniform loose and dense sand. As shown in the figures,
both the base and shaft efficiencies increase from values
lower than 1 to values higher than 1 as the settlement
increases from 0 mm to 100 mm (4 inches). In general,
the base and shaft resistances of the piles in a group are
mobilized at a slower rate than for the single pile
because of the effects of the pile-soil-pile interaction in a
pile group and the pile cap-soil contact. The figures also
show that the change in base efficiencies is smaller than
the change in shaft efficiencies. The effects of the pile-
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Figure 2.9 Base and shaft resistances of individual piles in 3 x 5 pile group in uniform sand: (a) base resistances of piles in loose
sand, (b) shaft resistances of piles in loose sand, (c) base resistances of piles in dense sand, and (d) shaft resistances of piles in dense

sand.

soil-pile interaction and the pile cap-soil contact are
more significant for shaft resistance mobilization than
for base resistance mobilization.

The shaft and base efficiencies and their rate of
change with increasing settlement depend on the group
layout. As shown in Figures 2.17, 2.18, and 2.19, the
base and shaft efficiencies of the 1 x 5 pile group change
the least while those of the 3 x 5 pile group change the
most. For example, as the settlement increases from 0
mm to 100 mm (4 inches), the base efficiency of the
center pile in the 1 x 5 pile group increases from 0.80 to
1.09 in loose sand and from 0.90 to 0.99 in dense sand,
whereas the base efficiency of the center pile in the 3 x 5
pile group increases from 0.59 to 1.63 in loose sand and
from 0.73 to 1.56 in dense sand. Similarly, as the

14

settlement increases from 0 mm to 100 mm (4 inches),
the shaft efficiency of the center pile in the 1 x5 pile
group increases from 0.55 to 2.05 in loose sand and
from 0.52 to 2.18 in dense sand, whereas the shaft
efficiency of the center pile in the 3 x5 pile group
increases from 0.2 to 2.5 in loose sand and from 0.2 to
2.17 in dense sand. These results reflect the fact that the
size of the cap of the 3 x 5 pile group is greater than that
of the 1 x 5 pile group; the larger the cap, the greater its
impact on the mobilization of the base and shaft
resistances of the piles in the group is.

The shaft and base efficiencies and their rate of
change with increasing settlement also depend on the
soil profile. From the results shown in Figures 2.17,
2.18, and 2.19, the change in both the base and shaft
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Figure 2.10 Grouping of individual piles in the 1 x5, 2x 5, and 3 x 5 pile groups depending on the location of each pile in the
group.
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Figure 2.11 Pile cap contribution for 1 x5, 2 x5, and 3 x 5 pile groups in (a) uniform loose sand, and (b) uniform dense sand.
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Figure 2.12 Unit cap resistances for 1 x5, 2x 5, and 3 x 5 pile groups in (a) uniform loose sand, and (b) uniform dense sand.
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Figure 2.13 Pile cap constribution of 1 x5 pile group for different pile diameter B in (a) uniform loose sand, and (b) uniform
dense sand.

250

T T 600

200 L | 500 .

400 - -7 A
150 | -- 7
300 | e .

100 | P~ .
200 . -

Unit cap resistance (kPa)
\
N

Unit cap resistance (kPa)

50 - 1x5 pile group, L =10 m + 1x5 pile group, L=10m |
_ = 100 f
S, =3B, Soqg = 2B ] 2 S, =3B, So4y=2B
Uniform sand, Dg = 40% | Uniform sand, D = 80%
0 1 1 1 1 0 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100

(a) Pile cap settlement w (mm) (b) Pile cap settlement w (mm)

Figure 2.14 Unit cap resistance of 1 x 5 pile group for different pile diameter B in (a) uniform loose sand, and (b) uniform dense
sand.
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Figure 2.15 Pile cap contribution of 1 x5 pile group for different pile-to-pile spacing s, and pile-to-cap edge distance 5.4, in
(a) uniform loose sand, and (b) uniform dense sand.
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Figure 2.16 Unit cap resistance of 1 x5 pile group for different pile-to-pile spacing s, and pile-to-cap edge distance s, in
(a) uniform loose sand, and (b) uniform dense sand.

TABLE 2.5
Summary of unit cap capacities in uniform loose sand
Pile Pile-to- Pile-to-Cap Shorter Length of Longer Length  Unit Cap Capacity Unit Cap Capacity

Group Diameter Pile Spacing Edge Distance the Pile Cap of the Pile Cap at w = 50 mm at w = 100 mm
Configuration B (m) Sp Sedg B.., (m) L., (m) (2 inches) (kPa)' (4 inches) (kPa)'
1x5 0.36 3B 2B 1.44 5.76 105.9 142.5

(14 inches) (4.72 ft) (18.9 ft) (2.21 ksf) (2.98 ksf)
2x5 0.36 3B 2B 2.52 5.76 82.4 128.7

(14 inches) (8.27 ft) (18.9 ft) (1.72 ksf) (2.69 ksf)
3x5 0.36 3B 2B 3.6 5.76 59.7 101.8

(14 inches) (11.8 ft) (18.9 ft) (1.25 ksf) (2.13 ksf)
Ix5 0.6 3B 2B 2.4 9.6 115.3 159.5

(23.6 inches) (7.87 ft) (31.5 ft) (2.41 ksf) (3.33 ksf)
1x5 0.36 5B 6B 4.32 11.52 141.2 200.8

(14 inches) (14.2 ft) (37.8 ft) (2.95 ksf) (4.19 ksf)

w is the pile cap settlement.

TABLE 2.6
Summary of unit cap capacities in uniform dense sand
Pile Pile-to- Pile-to-Cap Shorter Length of Longer Length  Unit Cap Capacity Unit Cap Capacity

Group Diameter Pile Spacing  Edge Distance the Pile Cap of the Pile Cap at w = 50 mm at w = 100 mm
Configuration B (m) Sp Sedg B, (m) L., (m) (2 inches) (kPa) (4 inches) (kPa)
1x5 0.36 3B 2B 1.44 5.76 359.3 472.3

(14 inches) (4.72 ft) (18.9 ft) (7.50 ksf) (9.86 ksf)
2x5 0.36 3B 2B 2.52 5.76 222.1 396.3

(14 inches) (8.27 ft) (18.9 ft) (4.64 ksf) (8.28 ksf)
3x5 0.36 3B 2B 3.6 5.76 140.2 289.3

(14 inches) (11.8 ft) (18.9 ft) (2.93 ksf) (6.04 ksf)
1x5 0.6 3B 2B 2.4 9.6 282.9 451.4

(23.6 inches) (7.87 ft) (31.5 ft) (5.91 ksf) (9.43 ksf)
1x5 0.36 5B 6B 4.32 11.52 314.6 522.9

(14 inches) (14.2 ft) (37.8 ft) (6.57 ksf) (10.92 ksf)
efficiencies of the piles in a group in dense sand is, in inches), the base and shaft efficiencies of the center piles
general, smaller than that in loose sand. For example, in the 2 x 5 pile group increase from 0.67 to 1.36 and
as the settlement increases from 0 mm to 100 mm (4 from 0.33 to 2.44, respectively, in loose sand; on the
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Figure 2.17 Efficiencies of individual piles in the 1 x 5 pile group in uniform sand: (a) base efficiencies 7, in loose sand, (b) shaft
efficiencies 7, in loose sand, (c) base efficiencies 7, in dense sand, and (d) shaft efficiencies 7, in dense sand.

other hand, the efficiencies increase from 0.79 to 1.25
and from 0.32 to 2.02, respectively, in dense sand. These
results can be explained by the fact that the denser the
sand, the greater the strain localization in the zone
immediately next to the pile is, affecting the pile-soil-
pile and the pile cap-soil response.

Another factor that influences the shaft and base
efficiencies and their rate of change with increasing
settlement is the location of individual piles in a group.
Figure 2.17 and Figure 2.18 show that in the 1 x 5 and
2 x 5 pile groups, both the base and shaft efficiencies of
the center piles are smaller than those of the side piles in
the beginning of the loading, but the efficiencies of the
center piles increase at a faster rate and become greater
than those of the side piles as the settlement increases

from 0 mm to 100 mm (4 inches). For example, as the
settlement increases from 0 mm to 100 mm (4 inches),
the base and shaft efficiencies of the center piles in the
1 x 5 pile group in loose sand increase from 0.78 to 1.09
and from 0.55 to 2.05, respectively, while the base and
shaft efficiencies of the side piles in the 1 x 5 pile group
in loose sand increase from 0.8 to 1.03 and from 0.68 to
1.79, respectively. In the beginning of the loading
of the 1 x5 and 2 x5 pile groups, the side piles carry
more load than the center piles but as the settlement
increases, then the center piles carry more load than the
side piles. Figure 2.19 shows that, in the beginning of
the loading of the 3 x 5 pile group, the center piles have
the smallest base and shaft efficiencies, and the corner
piles have the greatest base and shaft efficiencies,
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Figure 2.18 Efficiencies of individual piles in the 2 x 5 pile group in uniform sand: (a) base efficiencies 7, in loose sand, (b) shaft
efficiencies 7, in loose sand, (c) base efficiencies 7, in dense sand, and (d) shaft efficiencies 7, in dense sand.

but, as the settlement increases, the base and shaft
efficiencies of the center piles increase at the fastest rate
and achieve higher values than those for the other piles
in the group. In contrast, the efficiencies of the corner
piles increase at the slowest rate and become the
smallest. In the beginning of the loading, the corner
piles carry more load than the center piles, but as the
pile group settlement progresses, the opposite happens,
with the center piles then carrying more load than the
other piles.

Figure 2.20 shows the profiles of the unit shaft
resistance mobilized along the pile shafts of the center,
side and corner piles in the 3 x 5 pile group at different
pile head settlements w, (36 mm (1.4 inches), 50 mm
(2 inches), and 100 mm (4 inches)). The profile of the

limit unit shaft resistance mobilized at a pile head
settlement of 36 mm (1.4 inches), which is 10% of the
pile diameter B of a single, isolated pile placed in the
same soil profile as the piles in the group is also plotted
for reference. As discussed earlier, at settlements greater
than 36 mm (1.4 inches), most of the load is carried by
the center piles and the least is carried by the corner
piles. In general, the unit shaft resistances of the piles in
the 3 x 5 pile group are much higher than that of the
single pile. In loose sand, the unit shaft resistances of all
individual piles in the group continue to increase as the
settlement increases. In dense sand, the changes in the
unit shaft resistances of the center, side and corner piles
depend on the depth of the pile being considered. As the
settlement increases from 36 mm (1.4 inches) to 100 mm

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/23 19



Relative settlement w/B at pile cap (%)

0.0 56 1 16.7 222 27.8
25 T T v T v T T
— 0 C'enter~ pile 55000
- = = O Side pile 00000
20L==" OCornerpile | ©0000 ]

Pile base efficiency

3x5 pile group

05| B=036m,L=10m T
S, =3B, S,q;= 2B
Uniform sand, Dg = 40%
00 1 1 1 1
0 20 40 60 80 100
(a) Pile cap settlement w (mm)
Relative settlement w/B at pile cap (%)
0.0 56 1.1 16.7 222 27.8
25 T T T T
—— @Centerpile 55000
- = = O Side pile coeeeo
20 kL="=- OComerpile [©0000 4
>
o
=
(]
S 15
=
(]
8 I AT eSS
S oaal T e ST e
_Q 10 ——————
o
T
3x5 pile group
05 B=036m,L=10m I
S, =3B, 5,4,= 2B
Uniform sand, Dg = 80%
00 1 1 1 1
0 20 40 60 80 100
(c) Pile cap settlement w (mm)

Relative settlement w/B at pile cap (%)

0.0 5.6 1.1 16.7 202 27.8
2.5 — —
—— @ Center pile
- - - O Side pile =T
20 L == O Comer pile T I
> B
[%) Mg o
5 s
-§ 15 - o) /.,.I =
5 v
7/
= K
2 K
% 10—, -
K} 1"
a ok
i X 3x5 pile group
—, "
s 00000 | g=03em,L=10m
0eeeo B g A
00000 | 5~ 9B: Seqg ™
Uniform sand, D = 40%
00 1 1 1 1
0 20 40 60 80 100
(b) Pile cap settlement w (mm)

Relative settlement w/B at pile cap (%)

0.0 56 131 16.7 222 27.8
25 T T T T
—— @ Center pile
- - - O Side pile

20 k== O Comer pile |
>
%) -
= S -
S - g
S 15 e .
b= e
S :
=
2
S 10 -
Ll
T

05 ) 3x5 pile group

~ b B=036m,L=10m
S, =3B, 5.4, =2B
Uniform sand, D, = 80%
00 1 1 1 1
0 20 40 60 80 100
(d) Pile cap settlement w (mm)

Figure 2.19 Efficiencies of individual piles in the 3 x 5 pile group in uniform sand: (a) base efficiencies 7, in loose sand, (b) shaft

efficiencies 7, in loose sand, (c) base efficiencies 7, in dense sand,

(4 inches), the unit shaft resistance of the center pile in
the group in dense sand increases at depths smaller than
2 m (6.56 ft), but at depths greater than 3 m (9.84 ft), it
decreases because of the effects of the cap on the lateral
effective stress acting on the shafts of the piles. The unit
shaft resistances of the side pile in the group in dense
sand are almost the same at different settlement levels,
and those of the corner pile increase slightly as the
settlement increases from 36 mm (1.4 inches) to 100 mm
(4 inches). These trends in the unit shat resistances with
depth are similar to the trends of the lateral effective
stress along the shafts of the piles in the group. For
example, Figure 2.21 shows the average effective mean
stress profiles calculated for soil elements next to the
shaft of one of the center piles in the 3 x 5 pile group for

and (d) shaft efficiencies 7, in dense sand.

pile head settlements w, of 36 mm (1.4 inches), 50 mm
(2 inches), and 100 mm (4 inches). The average mean
effective stress at different depths is calculated by
averaging pressures along the perimeter of the pile at
each depth. The results for loose and dense sands are
shown in Figure 2.21(a) and (b), respectively. The
average mean effective stress profile calculated for the
soil elements next to the shaft of a single, isolated pile
placed in the same soil profile as the piles in the group
for a pile head settlement w, of 36 mm (1.4 inches) is
also plotted for reference. The average mean effective
stress profile for the single pile at settlements of 36 mm
(1.4 inches), 50 mm (2 inches), and 100 mm (4 inches)
are the same. The general trends of the mean effective
stress profiles in the soil along the shaft of the center
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Figure 2.20 Development of unit shaft resistance along the pile shaft of an individual pile in the 3 x 5 pile group in loose and
dense sands at different pile head settlements w,: (a) center pile in loose sand, (b) center pile in dense sand, (c) side pile in loose
sand, (d) side pile in dense sand, (e) corner pile in loose sand, and (f) corner pile in dense sand.

piles in the 3 x 5 pile group are very similar to those for
the unit shaft resistances. The pressure profiles of the
piles in the group are, in general, much greater than
those calculated for the single pile (see Figure 2.21)
because of the compressive loading effect on the soil
below the pile cap. This increase in pressure makes the

unit shaft resistances of the piles in the pile group
greater than that of the single pile.

Figure 2.22 shows base and shaft efficiencies (7, and
75, respectively) of individual piles in the 1 x 5 pile groups
with pile diameters of 0.36 m (14 inches) and 0.6 m
(23.6 inches) and placed in uniform loose and dense sands.
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Figure 2.21

Average mean effective stress calculated for soil elements on the pile shaft of the center piles in the 3 x 5 pile group
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Figure 2.22  Efficiencies of individual piles in 1 x 5 pile group for different pile diameters B in uniform sand: (a) base efficiencies 7,
in loose sand, (b) shaft efficiencies 7, in loose sand, (c) base efficiencies 7),, in dense sand, and (d) shaft efficiencies 7, in dense sand.

22 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/23



A pile-to-pile spacing s, of 3B and a pile-to-cap edge
distance s.4, of 2B are considered for both cases. The
1 x5 pile groups with different pile diameters have
similar individual pile base and shaft efficiencies.
Figure 2.23 shows base and shaft efficiencies (7, and
ns, respectively) of individual piles in the 1 x5 pile
group with pile-to-pile spacing s, of 3B and pile-to-cap
edge distance s.4, of 2B, as well as with s, = 5B and
Seqqg = 6B. Both pile groups are placed in uniform loose
or dense sand. The results show that the greater the
s, and s.4. are, the higher the base and shaft efficiencies
are. This is because of the larger size of the pile cap
of the pile group with s, = 5B and s.4, = 6B. For the
pile groups with soil-supported pile caps, as s, and S.q,
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increase, the size of the pile cap that is in contact with
the soil also increases; the larger the pile cap is, the
greater the base and shaft efficiencies of the piles in the
pile group are. This results from the greater compres-
sive loading of the larger pile cap on the soil below it.
Figure 2.24 shows average mean effective stress profiles
calculated for soil elements next to the shaft of the
center piles in the 1 x 5 pile group with s, of 3B and s.4,
of 2B and the 1 x 5 pile group with s, = 5B and s.4, =
6B. Both pile groups are placed in uniform loose or
dense sand. The average pressure profiles at pile head
settlements w,, of 36 mm (1.4 inches), 50 mm (2 inches),
and 100 mm (4 inches) are shown in the figure. The
average pressure profile of the soil elements next to the
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Figure 2.23  Efficiencies of individual piles in the 1 x 5 pile group for different pile-to-pile spacing s, and pile-to-cap edge distance
Sedq in uniform sand: (a) base efficiencies 7, in loose sand, (b) shaft efficiencies 7, in loose sand, (c) base efficiencies 7, in dense

sand, and (d) shaft efficiencies 7, in dense sand.
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shaft of the single pile placed in the same soil profile at
the pile head settlements w, of 36 mm (1.4 inches) is
also plotted for reference. The average pressure profiles
for the single, isolated pile at settlements of 36 mm (1.4
inches), 50 mm (2 inches), and 100 mm (4 inches) are
the same. The mean effective stress generated in soil
elements along the shaft of the center pile in the 1 x5
pile group with s, = 5B and 5.4, = 6B is a slightly
higher than that of the center pile in the 1x5 pile
groups with s, of 3B and s.4, of 2B. In addition, the
depth at which the pressure profile of the center pile in a
group is greater than that of the single pile is deeper for
the 1 x5 pile group with s, = 5B and 5.4, = 6B than
that for the 1 x5 pile groups with s, of 3B and s, of
2B. This can be interpreted to be because of the larger
influence zone of the larger pile cap. For this reason,
the base and shaft efficiencies of the center pile in the
1 x5 pile group with the larger pile cap are greater.

The effects of s, and s.4, on base and shaft efficiencies
of individual piles for different pile group layouts can
be further investigated in the future.

2.2.2 Pile Groups in Layered Soil

2.2.2.1 Tolerable settlements. For pile groups with
soil-supported pile caps, the ultimate load settlement
criterion of 10% of the diameter of a pile may be too
small for certain designs. Reliance on the tolerable
settlement criteria for bridges proposed by Bozozuk
(1978) might be useful in those cases. According to
Bozozuk (1978), a vertical settlement less than 50 mm
is safe and tolerable for bridge structures, while a verti-
cal settlement between 50 mm (2 inches) and 100 mm
(4 inches) is harmful but still tolerable, and a vertical
settlement greater than 100 mm (4 inches) is intolerable
and is likely to cause heavy damage to the bridge
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structures. Depending on the type and purpose of the
structure being constructed, different values of tolerable
settlements may be considered in design.

In this study, the resistance or contribution of the
pile cap and the resistances or efficiencies of the
individual piles in a pile group are evaluated at three
different pile cap settlements: 10% of the pile diameter
B, 50 mm (2 inches), and 100 mm (4 inches), so that
engineers can choose a value for the tolerable settlement
appropriate for the structure being designed.

2.2.2.2 Contribution of the pile cap. Figure 2.25 shows
the pile cap contribution of the 1 x5, 2x 5, and 3x5
pile groups in loose-over-dense sand (profile 1) with
various thicknesses 7,,, of the top loose sand layer. The
cap contribution of the pile groups decreases as the
thickness t,,, of the loose sand layer increases up to the
pile length L of 10 m (32.8 ft) and reaches the smallest
value when ¢,,, becomes equal to the pile length (the
cap contribution of the 1 x 5 pile group decreases at the
fastest rate while the cap contribution of the 3 x 5 pile
group decreases at the slowest rate). As t,,, increases
from 0 to 10 m (32.8 ft), the cap contributions of the
1x5, 2x5, and 3 x5 pile groups at a settlement of
50 mm (2 inches) decrease from 41% to 24% (with a
minimum value of 21% at t,,, = 4.32 m = 14.2 ft), from
26% to 16%, and from 17% to 12%, respectively. The
cap contributions of the pile groups are almost constant
and equal to the values obtained for the pile groups in
uniform loose sand when ¢,,, is greater than the pile
length L. The cap contribution of pile groups in
uniform loose sand are greater than those in loose-
over-dense sand with ¢#,,, = L. The cap contributions of
the 1 x5, 2x5 and 3 x 5 pile groups in loose sand at a
settlement of 50 mm (2 inches) are 34%, 23%, and 17%,
respectively, whereas those in loose-over-dense sand
with 7,,, = L are 24%, 16% and 12%, respectively. This
is because of the smaller base resistances of the piles in
uniform loose sand than in loose-over-dense sand with
tiop =L.

Figure 2.26 shows the unit cap resistances of the
1x5, 2x5, and 3 x5 pile groups in loose-over-dense
sand (profile 1) with various thicknesses ?,,, of the top

tlop/Bcap
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ttop/Bcap
0.0 08 16 24 32 40 48 56 63 7.1 79
50

loose sand layer. As ¢,, increases, the unit cap
resistances of the pile groups decrease. The unit cap
resistances of the 1 x5, 2 x5 and 3 x 5 pile groups for a
settlement of 50 mm (2 inches) decrease from 359 kPa
(7.5 ksf) to 106 kPa (2.2 ksf), from 222 kPa (4.6 ksf) to
82 kPa (1.7 ksf), and from 140 kPa (2.9 ksf) to 60 kPa
(1.25 ksf), respectively, as the thickness of the top layer
increases towards a thickness of 10 m (32.8 ft). The unit
cap resistance of the 1 x5 pile group decreases at the
fastest rate and that of the 3 x 5 pile group decreases at
the slowest rate.

Figure 2.27 and Figure 2.28 show the pile cap
contribution towards total resistance and the unit cap
resistance of the 1 x5, 2x5, and 3 x5 pile groups in
normally-consolidated (NC) clay over dense sand
(profile 2) with various thicknesses ,,, of the top layer.
The trends in these results are similar to those observed
for the loose-over-dense sand (profile 1), but the
decrease in the cap contribution is much faster as t,,,
increases. As t,,, increases from 0 to 10 m (32.8 ft)
(profile 2), the cap contributions of the 1 x5, 2 x 5 and
3 x5 pile groups at a settlement of 50 mm (2 inches)
decrease from 41% to 3.5% (with a minimum value of
2.2% at t,,, = 1.44 m = 4.72 ft), from 26% to 4.3%
(with a minimum value of 3.4% at t,,, = 2.52 m = 8.27
ft), and from 17% to 4.4% (with a minimum value of
3.6% at t,,, = 3.6 m = 11.8 ft), respectively. The cap
contributions of the 1 x 5, 2 x 5 and 3 x 5 pile groups in
uniform NC clay at a settlement of 50 mm (2 inches) are
8.9%, 7.9% and 7.6%, respectively. The absolute values
of the unit cap resistances are much smaller for the pile
groups in normally-consolidated (NC) clay over dense
sand (profile 2) than those in the loose-over-dense sand
(profile 1). The unit cap resistances of the 1 x5, 2x5
and 3 x 5 pile groups in profile 2 at a settlement of 50
mm (2 inches) decrease from 359 kPa (7.5 ksf) to 4.9
kPa (0.1 ksf), from 222 kPa (4.6 ksf) to 5.0 kPa (0.1
ksf), and from 140 kPa (2.9 ksf) to 5.1 kPa (0.1 ksf),
respectively, as t,,, increases from 0 m to 20 m (65.6 ft).

Figure 2.29 shows the pile cap contribution of the
1x5,2x5 and 3x5 pile groups in loose sand sand-
wiched between two layers of dense sand (profile 3)
with various thicknesses ?,,, of the top dense sand layer.
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Figure 2.25 Pile cap contribution of pile groups in loose-over-dense sand (profile 1) with various thicknesses #,,, of the top loose
sand layer: (a) 1 x5 pile group, (b) 2 x5 pile group, and (c) 3 x 5 pile group.
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Figure 2.26  Unit cap resistance of pile groups in loose-over-dense sand (profile 1) with various thicknesses z,,, of the top loose-
sand layer: (a) 1 x5 pile group, (b) 2 x5 pile group, and (c) 3 x 5 pile group.
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Figure 2.27 Pile cap contribution of pile groups in normally-consolidated (NC) clay over dense sand (profile 2) with various
thicknesses ¢,,, of the top NC clay layer: (a) 1 x 5 pile group, (b) 2 x 5 pile group, and (c) 3 x 5 pile group.
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Figure 2.28 Unit cap resistances of pile groups in normally-consolidated (NC) clay over dense sand (profile 2)
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with various

thicknesses ., of the top NC clay layer: (a) 1 x 5 pile group, (b) 2 x 5 pile group, and (c) 3 x 5 pile group.

As the thickness of the top layer increases, the cap
contribution of the pile groups increases, and most of
the increases in cap contribution happens when ¢,
increases by just a few meters. The cap contributions of
the 1 x5, 2x 5, and 3 x5 pile groups at a settlement of
50 mm (2 inches) increase from 24% to 41%, from 16%
to 26%, and from 13% to 17%, respectively, as t,,
increases from O to 10 m (32.8 ft). The increase in cap
contribution for the 1 x5, 2x 5, and 3 x5 pile groups
reach 68%, 67%, and 91% of their maximum cap
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contributions at ¢,,, = 2.9 m (9.5 ft), 2.5 m (8.2 ft) and
1.8 m (5.9 ft), respectively. The effect of the stiff top
layer on the pile cap contribution is the most significant
for the 1 x 5 pile group and the least significant for the
3x5 pile group. Figure 2.30 shows the unit cap
resistances of the 1 x5, 2x5 and 3 x5 pile groups in
loose sand sandwiched between two layers of dense
sand (profile 3) with various thicknesses #,,, of the top
dense layer. As the thickness of the stiff top layer
increases, the unit cap resistances of the pile groups
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Figure 2.29 Pile cap contribution of pile groups in loose sand sandwiched between two layers of dense sand (profile 3) with
various thicknesses ¢,,, of the top dense sand layer: (a) 1 x 5 pile group, (b) 2x 5 pile group, and (c) 3 x 5 pile group.
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Figure 2.30 Unit cap resistances of the pile groups in loose sand sandwiched between two layers of dense sand (profile 3) with
various thicknesses t,,, of the top dense sand layer: (a) 1 x5 pile group, (b) 2 x 5 pile group, and (c) 3 x 5 pile group.
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Figure 2.31 Pile cap contribution of 2 x 5 pile groups in over consolidated (OC) clay underlain by NC clay and dense sand at the

bottom (profile 4) with various thicknesses ¢,,, of the top OC clay layer: (a) OCR of 5 for the top OC clay, and (b) OCR of 10 for
the top OC clay.

increase. The unit cap resistances of the 1 x5, 2 x 5 and Figure 2.31 and Figure 2.32 show the pile cap
3x 5 pile groups at a settlement of 50 mm (2 inches) contribution and unit cap resistance of the 2 x5 pile
increase from 109 kPa (2.3 ksf) to 359 kPa (5.4 ksf), groups in overconsolidated (OC) clay underlain by NC
from 86 kPa (1.8 ksf) to 222 kPa (4.6 ksf), and from 68 clay and dense sand at the bottom (profile 4). Various
kPa (1.4 ksf) to 140 kPa (2.9 ksf), respectively, as t,,, thicknesses 7,,, of the top OC clay layer and OCR
increases from 0 to 10 m (32.8 ft). values of 5 and 10 are considered. The existence of the

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/23 27



ttop/ B cap

0.0 0.8 1.6 24 32 4.0
500 T T T T
2x5 pile group —a— w =36 mm
= B=036m,L=10m -& w=50mm
o 400 [ S, = 3B, S.q9 = 2B A w=100 mm+
; Soil profile 4, t;4 = 10 - t,,,
! OCR=5
@ 300 | i
@
®
o
o 200 | e
@
3]
.‘é
2 100 e
0 ' . 1 I‘ : 1 1 -
0 2 4 6 8 10

Thickness of top layer t,,, (m)

Unit cap resistance (kPa)

ttop/Bcap
0.0 0.8 1.6 24 32 40
500 T T T T
2x5 pile group —a&— w =36 mm
B=036m,L=10m -& w=50mm
400 [ S, =3B, Seqg=2B A w=100 mm-
Soil profile 4, t,q =10 - t,,,
OCR =10
300 .
200 .
100 | e
0 1 1 1 1
0 2 4 6 8 10

Thickness of top layer t,, (m)

Figure 2.32 Unit cap resistance of the 2 x 5 pile groups in overconsolidated (OC) clay underlain by NC clay and dense sand at the
bottom (profile 4) with various thicknesses 7,,, of the top OC clay layer: (a) OCR of 5 for the top OC clay, and (b) OCR of 10 for

the top OC clay.

top OC clay layer increases the cap contribution and
the unit cap resistance of the pile groups slightly, and
the increases in cap contribution and unit cap resistance
are greater for the OC clay with OCR equal to 10. The
cap contributions at a settlement of 50 mm (2 inches)
increase from 4.3% to 5.3% (with a maximum value of
6.7% at t,,, = 2.52m = 8.3 ft), and from 4.3% to 5.4%
(with a maximum value of 9.1% at t,,, = 2.52 m = 8.3
ft) for the OC clay with OCR of 5 and 10, respectively,
as t,,, increases from 0 to 10 m (32.8 ft). The unit cap
resistances at a settlement of 50 mm (2 inches) increase
from 12 kPa (0.25 ksf) to 34 kPa (0.71 ksf) and 60 kPa
(1.25 ksf) for the OC clay with OCR of 5 and 10,
respectively, as 7,,, increases from 0 to 10 m (32.8 ft). As
the OCR of the top layer increases from 5 to 10, the cap
contributions and the unit cap capacities at a settlement
of 50 mm (2 inches) at 7,,, = 10 m (32.8 ft) increases
from 5.3% to 5.4% and 34 kPa (0.71 ksf) to 60 kPa
(1.25 ksf), respectively.

2.2.2.3 Group efficiencies. Figure 2.33 shows the base
and shaft efficiencies of individual piles in the 3 x 5 pile
groups in loose-over-dense sand (profile 1) with various
thicknesses t,,, of the top loose sand layer. The
efficiencies of the base resistance are almost constant
when t,,, is between 0 and the pile length L of 10 m
(32.8 ft). When ¢,,, is slightly greater than the pile
length, the base efficiencies increase because of the
embedment of the pile base into the dense sand layer.
The efficiencies for the shaft resistance increase slightly
as t,,, increases up to the pile length of 10 m (32.8 ft)
and then become constant for ¢#,,, > 10 m (32.8 ft).

2.3 Summary and Conclusions

A series of realistic, advanced finite-element analyses
were performed for 1x5, 2x5, and 3 x5 pile groups
with soil-supported pile caps to have a better under-
standing of (1) the contribution of the cap towards the
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total foundation capacity and (2) the effect of the pile
cap on the mobilization of resistance of the individual
piles in the group. Through a parametric study, the
effects of soil layering, pile cap size, pile group layout,
and pile-to-pile spacing on the resistance mobilization
of the pile cap and of the individual piles in the pile
groups are evaluated.

Based on the analyses results, the pile cap contribu-
tion towards the total capacity of the pile-supported
foundation in sand is significant. It ranges from
approximately 12% to 80% depending on the type
and the state of the soil in which the foundations were
constructed, the pile spacing, the length of the piles, and
the settlement level for the pile groups considered in this
study. For uniform sand, the cap contribution towards
resistance in dense sand is greater than that in loose
sand by up to 21%. For loose-over-dense sand, the cap
contributions of the 1 x5, 2x 5, and 3 x5 pile groups
decrease as the thickness #,,, of the loose sand layer
increases up to the pile length L of 10 m (32.8 ft). The
cap contribution of the 1 x 5 pile group decreases at the
fastest rate and the cap contribution of the 3 x5 pile
group decreases at the slowest rate as ¢,,, of loose-over-
dense sand increases from 0 to 10 m (32.8 ft). The cap
contribution of the pile groups does not vary mean-
ingfully for #,, greater than the pile length L. A layer of
dense sand as thin as 2-3 m (6.6-9.8 ft) at the top of the
soil profile can increase the cap contribution by up to
55%. The pile cap contribution in clay is quite small
when compared to that in sand.

For the same pile geometry (pile diameter B = 0.36
m = 14 inches and pile length L = 10 m = 32.8 ft), pile-
to-pile spacing s, of 3B, pile-to-cap edge distance s.q, Of
2B, and soil profile (uniform loose or dense sands), the
1 x5 pile group provides the largest cap contribution,
ranging from 33% to 42%, and the 3 x5 pile group
provides the smallest cap contribution, ranging from
16% to 25%. The cap contribution increases as the pile
cap settlement increases due to continuous mobilization
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Figure 2.33 Efficiencies of individual piles in 3 x 5 pile groups in loose-over-dense sand (profile 1) with various thicknesses #,,, of
the top loose-sand layer: (a) base efficiency 7, of center pile, (b) base efficiency 7, of side pile, (c) base efficiency 7, of corner pile,
(d) shaft efficiency 7, of center pile, (e) shaft efficiency n, of side pile, and (f) shaft efficiency 7, of corner pile.

of the cap capacity. The cap contribution increases with
increasing pile cap size. A larger size of the pile cap may
result from use of piles with greater diameter B for
given values of 5,/B and s.4/B or from larger values of
s,/B and s.4./B for a given pile diameter B.

The individual piles in pile groups can be grouped
into two or three pile categories depending on the
location of the piles: center and side piles for the 1 x5
and 2 x 5 pile groups; and center, side and corner piles
for the 3 x5 pile group. The efficiencies of individual
piles in the pile group increase as the pile cap settlement
increases. At the beginning of the loading, the
efficiencies are lower than 1 but, in general, become
higher than 1 as the settlement increases. The efficien-
cies for the shaft resistance typically increase at higher
rates than the efficiencies for the base resistance as the
settlement increases from 0 mm to 100 mm (4 inches).

The amount and rate of change of shaft and base
efficiencies at different settlement levels considered in
this study depend on group layout, soil profile and the
location of the pile in a group. In both base and shaft
efficiencies, the 1 x 5 pile group has the least change and
the 3 x 5 pile group has the most change. This can be
because a larger size of the pile cap of the 3 x5 pile
group than that of the 1 x 5 pile group has more effect
on the mobilization of base and shaft resistances of the
piles in a group. The change in both base and shaft

efficiencies of the piles in a group in dense sand is, in
general, less than that in loose sand by up to about 23%
for the cases considered in this study. A possible reason
for this the more intense strain localization in dense
sand, which narrows the influence zone of the pile-soil-
pile interaction and the pile cap-soil contact. In the
1 x5 and 2 x 5 pile groups, both the base and the shaft
efficiencies of the center piles are lower than those of
side piles at the beginning of loading, but they increase
at a faster rate and become greater than those of side
piles as the settlement increases from 0 mm to 100 mm
(4 inches). This shows that, at the beginning of loading,
side piles carry greater loads than center piles but, as
the settlement increases, center piles carry greater loads
than side piles in the 1 x5 and 2 x 5 pile groups. In the
3 x5 pile group, the center piles have the lowest base
and shaft efficiencies, and the corner piles have the
highest base and shaft efficiencies at the beginning of
the loading, but, as the settlement increases, the base
and shaft efficiencies of the center piles increase at the
fastest rate, exceeding those of side and corner piles,
while the efficiencies of corner piles increase at the
slowest rate and become less than that of center and
side piles. This shows that at the beginning of the
loading, corner piles carry higher loads, and the center
piles carry lower loads, but, as the settlement increases,
these reverse.
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Pile base and shaft efficiencies calculated at a
settlement of 100 mm (4 inches) are similar in 1x5
pile groups with pile diameters of 0.36 m (14 inches)
and 0.6 m (23.6 inches) for the same s, of 3B and 5,4, of
2B. If a different comparison is now made of a 1 x 5 pile
group with s, of 5B and s.4 of 6B to the 1x5 pile
group with s, of 3B and 5.4, of 2B, we find that base
and shaft efficiencies are then 29% and 52% greater for
the pile group with larger spacings because of the
greater size of the pile cap.

3. GUIDELINES FOR FOUNDATION REUSE
3.1 Consideration of Updated Design Loads

Bridge rehabilitation and replacement projects that
rely on foundation reuse can have design loads—we will
refer to this as updated design loads—that are different
from the current loads applied on existing foundations
because the superstructure or bridge may be replaced
or widened, or because other types of loading are
considered. Changes in design loads can also result
from repurposing or retrofitting of the bridge founda-
tions to accommodate the changes in bridge design.
Even if there are no changes in the loads applied on
existing foundations, the design loads need to be
updated to account for current design specifications
and to verify original design load calculations. Many
old bridges considering foundation reuse were designed
following ASD (allowable stress design) or LFD (load
factor design) standards, which is different from the
current design framework, LRFD (load and resistance
factor design).

In the strength limit state design in the LRFD and
LFD frameworks, factored design load should be less
than the factored capacity (resistance) of foundations.
The factored load Q is defined by

0=> (LF)Qi,

where Q;,, is a nominal load—a dead load, live load or
other source-linked load—and LF; is the corresponding
load factor. In the ASD framework, the factored load
equals to the nominal load because uncertainties
regarding the loads are considered in the factor of
safety (FS). Table 3.1 compares load factors in the
LRFD and LFD frameworks and equivalent load
factor, which is 1 in the ASD framework, proposed by
AASTHO (AASHTO, 2002, 2020) for dead and live
loads. This comparison shows that different design

(Eq. 3.1)

TABLE 3.1
Comparison of load factors for dead load and live load for
different design specifications

Load Factor

Load Type ASD LFD LRFD

Dead Load (DL) 1 0.9-1.3 1.0-1.95 (max)
0.25-1.0 (min)

Live Load (LL) 1 1.25-2.86 1.35-1.75

specifications can provide different factored loads for
the same nominal loads, which can lead to different
results in design checks.

3.2 Inspection of Existing Foundations

Collecting detailed and reliable information of exist-
ing foundations through inspection is necessary for
foundation reuse design. The existing foundations need
to be inspected to assess the following two main things:

® the structural integrity of the existing foundations; and
® the as-built geometry of the existing foundations.

Assessment of the structural integrity of existing
foundation elements needs to be performed at the very
beginning of the reuse foundation design. Existing
foundation elements that have undergone severe
deterioration are not suitable for foundation reuse
because the capacity of the existing foundations may
have degraded, shortening their service life. The
structural integrity of existing foundations can be
evaluated by analyzing historical inspection records
and performing visual inspection when foundation
reuse is being considered and also by using destructive
and/or nondestructive methods.

Accurate information on as-built geometry of exist-
ing foundations is essential for capacity estimation. The
as-built geometry of existing foundations can be
determined from the original plan drawings or con-
struction records. Otherwise, destructive or nondes-
tructive methods can be used to determine the as-built
geometry of existing foundations.

Details on methods and procedures for the inspec-
tion of existing foundations can be found in Chapter 4.

3.3 Capacity Estimation of Existing Foundations

Capacity estimation of existing foundations is
challenging for foundation reuse because it involves
consideration of several factors that are not considered
in the capacity estimation of new foundations (Davis
et al., 2018; Hoomaan et al., 2021). The main factors in
the estimation of the capacity of existing foundations
are the following.

® The level of uncertainty in capacity estimation for
existing foundations is highly dependent on the reliability
of the inspection results and historical records.

® The level of deterioration of existing foundation elements
and other time-related effects (e.g., pile setup) must be
determined and considered in the capacity estimation of
the existing foundations.

® The design checks using current LRFD design specifica-
tions can yield different results from those using the
original (ASD or LFD) checks.

The current capacity of existing foundations can be
estimated by considering of some of the following.

1.  Historical records (original plan drawings, construction
records, as-built plans showing the geometry of existing
foundations or inspection records).
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2. Results of inspections or structural integrity evaluations.
3. Site investigation data.
4. Load tests.

Details on methods and procedures used for the
capacity estimation of existing foundations can be
found in Chapter 5.

3.4 Design Checks and Selection of Foundation Reuse
Solution

Based on the updated design loads, current soil
profile and estimated current capacity of existing
foundations, the design checks for foundation reuse
can be performed. The minimum requirements for
foundation reuse may be set as follows:

factored foundation resistance > factored load,
structurally sound foundation elements,

no significant scour,

no excessive total and differential settlements,

no excavations or other work that might lead to loss of
foundation support,

® no significant reconfiguration of loads, and

® ability to do construction work as needed for the existing
and new foundation elements.

If the existing foundations do not pass design checks,
they can be repaired or strengthened to increase their
capacity, or the superstructure design loads can be

Obtain as-built geometry of
existing foundations

.

Assess integrity of existing
foundations

Is the integrity of existing
foundation sufficient for
potential reuse?

Analyze available site
investigation data and perform
additional site investigation if

necessary

-

Estimate capacity of existing
foundations using current design
methods

Do existing foundations
pass both geotechnical and
structural design checks
using updated design
loads?

Directly reuse existing
foundations

Figure 3.1 Framework of the foundation reuse strategy.

revised (e.g., by using light-weight superstructure
materials). If none of these methods work, the existing
foundations can be completely replaced by new
foundations, or the overstress may be accepted by the
asset owner. The detailed methods and procedures
addressing the selection of foundation reuse solutions
are provided in Chapter 6.

3.5 Framework for Foundation Reuse

Figure 3.1 shows the proposed guidelines for
foundation reuse. The first step is to determine the
as-built geometry of the existing foundations. After the
as-built geometry of the existing foundations is deter-
mined, the structural integrity of the existing founda-
tions should be assessed. If the structural integrity of
the existing foundations is not sufficient for potential
reuse, the existing foundations should be completely
replaced by new foundations. If the structural integrity
of the existing foundations is sufficient for potential
reuse with or without repairs, the available site
investigation data should be collected and analyzed.

After the available site investigation data is analyzed,
if necessary, additional site investigations should be
performed. Initially, the site investigation data can be
obtained from available geotechnical reports and other
general INDOT foundation documents. The data that
can be used for the analysis includes the following:

Completely replace
existing foundations by
new foundations

Can the integrity
be restored?

Go to the foundation reuse
solutions flow chart
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® geotechnical logs: soil description, layering, soil density,
SPT and/or CPT, water content, groundwater level and
flow pattern (i.e., hydrostatic, hydrodynamic, artesian
conditions) and laboratory test results; and

® records of geohazard vulnerability assessments.

Geohazard vulnerability assessments includes vulner-
ability to scour and seismic and other hazards (includ-
ing liquefaction, settlement, slope failure, and fault
rupture). Records on corrosive soils, Karst formations,
loss of soil foundation support and drainage during or
after a rain event can also be considered in the data
analysis.

If available historical records are incomplete and do
not provide sufficient information, additional site
investigation can be performed in the context of reuse
decisions (including deciding which types of in situ or
laboratory tests are more appropriate for the site
conditions). Even when the original borings from the
time of initial construction are available, further
exploration can be done to confirm the available data.
If only standard penetration test (SPT) data are
available, more reliable tests, such as the cone penetra-
tion test (CPT), can be performed.

The next step is to estimate the geotechnical capacity
of the existing foundations. The capacity of the existing
foundations can be estimated from available original
bridge project documentations; however, the estimation
from the original bridge project documentation should
be considered as a reference, or even as the minimum
likely capacity, because the original bridge plans
typically followed old design codes that are conserva-
tive and do not consider time effects on current soil
profiles; current capacities of the existing foundations
reflect factors such as pile setup and consolidation of
the soil supporting shallow foundations. The current
capacity of existing foundations can be estimated using
the current design equations used by INDOT and their
Geotechnical Consultants as recommended by FHWA,
INDOT and AASHTO, in addition to methods
developed over the years at Purdue University (Han
et al., 2015; Han, Ganju, et al., 2019, 2020; Han, Prezzi,
et al., 2017; Sakleshpur et al., 2021a and b; Salgado,
2008, 2022a; Salgado et al., 2017).

Once the design loads from the new superstructure
and the capacity of existing foundations are deter-
mined, geotechnical and structural design checks can be
performed. If the existing foundations pass the design
checks, they can be directly reused without modifica-
tion, but with the necessary care to properly connect
them to the new or modified superstructure. Otherwise,
modification or extension of the existing foundations or
construction of new foundations may be needed.

Several factors need to be considered when making
plans for foundation reuse: type, size and elevation of
the existing and new foundations; constructability of
the new foundations; integration of the new structure
with the existing foundations and any retrofitting that
may be needed; cost effectiveness of the foundation
reuse plan; impact of new foundation construction on

the existing foundations and structures (e.g., ground
settlement, slope failures, heaving, artesian conditions,
rotation or deflection of existing structures, load
distribution, and effects on the capacity of the existing
foundation due to new foundation construction); age of
the existing structure; and the life expectancy of the
reconstructed structure.

4. INSPECTION OF EXISTING FOUNDATIONS

4.1 Framework for the Inspection of Existing
Foundations

In order to make informed decisions regarding
foundation reuse, it is necessary to collect detailed
information of the existing foundation elements. Such
information includes the following.

® Type of foundation (e.g., driven piles, drilled shafts,
footings), including material type.

® Location and elevation of the foundation elements (see
Figure 4.1).

® Dimensions (e.g., width and length of footings, diameter
and wall thickness of pipe piles, and size and thickness of
a pile cap) of the foundation elements (see Figure 4.1).

® Structural integrity of the existing foundations.

In this chapter, we discuss different methods and
techniques that INDOT may use to determine the
geometry and assess the integrity of existing founda-
tions. As summarized in Table 4.1, these methods can
be divided into four categories: review of historical
records, visual observation, destructive methods, and
nondestructive methods. Table 4.1 summarizes the pros
and cons of these methods, which will be discussed in
detail later in this chapter.

4.2 Determination of As-Built Geometry of Existing
Foundations

Determining as-built geometry of existing founda-
tions is essential for accurate estimation of the capacity
of existing foundations for reuse. The information on
the geometry of existing foundations could be found
from the original plan drawings or construction records
if those records are available. Otherwise, destructive or
nondestructive methods can be used to determine the
as-built geometry of existing foundations. Table 4.2
summarizes the options that are available to determine
a specific dimension of the unknown foundation
element by using destructive and/or nondestructive
methods.

When a decision is made regarding which method or
technique to use, a number of factors should be
considered, such as the cost and time it takes to
perform the test, the site accessibility for the method to
be applied, the target accuracy, and the suitability of
the method for measuring a specific dimension. Figure
4.2 is a flow chart that can be used to plan a scheme to
determine the geometry of any unknown foundation
element.
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Figure 4.1 Geometry of foundation elements to be obtained for foundation reuse decisions.
TABLE 4.1
Methods that can be used to determine the dimensions and integrity of the existing foundations
Method Category Methods Advantages Limitations

Review of Historical
Records

Review of the following.
Plan drawings

Reliable, fast, and inexpensive

Construction records
Inspection records

A set of records may be
unavailable
or incomplete

Visual Observation

Visual observation

Fast, easy and inexpensive

Dye penetrant testing

It is applicable only to foundation
elements above the ground

Destructive Methods

Probing

Vertical coring with wireline logging

Sampling and lab testing
Partial or full excavation

Reliable
Reliable

Fast and inexpensive

Accurate; continuous; providing
samples for additional testing

Data is discontinuous and limited
Excavation depth is limited due to
safety or economic concerns

Inspection range is limited to the
top elevation of pile cap/footing

It is relatively expensive and time-
consuming, and limited by site
accessibility

Nondestructive

Methods methods

Surface
geophysical
methods

Borehole
methods

Pile integrity test Sonic echo/impulse

Fast and relatively inexpensive
response (SE/IR)

Ultra-seismic

Impact echo (IE)

Ultrasonic pulse velocity
(UPV)

Spectral analysis of
surface waves (SASW)

ER, radiography, cover
meters, infrared
thermography

Magnetic particle testing,
eddy current testing,
ultrasonic testing (UT),
phased array ultrasonic
testing (PAUT),
acoustic emission (AE)

Seismic methods Fast and relatively inexpensive

Surface resistivity testing

Ground penetration radar
(GPR)

Parallel seismic Reliable

Cross-borehole
tomography

Induction field (IF)
testing

Borehole radar and sonic

Exploration depth is limited due to
energy attenuation; the upper
part of foundation elements
needs to be accessible

Accuracy is low; it is applicable
only for shallow depths (down
to 50 ft)

It is relatively expensive and
limited by site accessibility
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TABLE 4.2
Destructive and nondestructive

methods that can be used to obtain specific dimensions of existing foundations

Unknown Dimension to Obtain

Methods/Techniques

Pile Length

Thickness of Footing/Pile Cap

Elevation of the Top of Pile Cap/Footing

Width and Length of Footing/Pile Cap

Layout of Pile Group

Vertical coring, sonic echo/impulse response, bending wave method, ultra-seismic,
seismic methods, cross-borehole tomography, parallel seismic, magnetometry, GPR,
borehole radar and sonic, induction field (IF) testing

Excavation, vertical coring, seismic methods, impact echo, surface resistivity testing,
GPR, borehole radar and sonic

Excavation, probing, seismic methods, GPR, surface resistivity testing, borehole radar
and sonic

Excavation, probing, seismic methods, GPR, surface resistivity testing

Partial excavation, seismic methods, impact echo, GPR

Are destructive
methods
feasible?

Review historical records:
* Plan drawings

» Construction records
« Inspection records

Yes

Are the foundation
dimensions ascertainable?

Footing Is it a footing or Pile foundations

pile foundations?

’

Determine pile group layout
using:

« Partial excavation

« Impact echo

« GPR

« Excavation
« Coring
« Probing

Determine footing geometry
using destructive methods, e.g.:

Is there access to pile
heads (or upper segments
of the pile shafts)?

methods, e.g.:

A 4

*« GPR

Determine footing geometry
using nondestructive

« Impact echo

+ Seismic method

Determine pile length using:

« Sonic echo/impulse response
« Ultra-seismic

* Bending wave method

Determine pile length using:

+ Parallel seismic

« Vertical coring

* Cross-borehole tomography

Determine the dimension of the pile cap

A 4

Is the dimension of
the pile cap known ?

»
Lal

=
)

Figure 4.2 Flow chart to determine the geometry of the unknown foundation.

4.3 Inspection of Structural Integrity of Existing

Foundations

foundation reuse because severe deterioration in
foundation elements can significantly lower the capa-
city of the foundation and reduce its remaining service

Assessing the structural integrity of existing founda-
tion elements is a crucial step in the initial decision on

34

life. For example, a concrete pile foundation after
20 years of wet-dry-freeze-thaw cycles was shown to
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have a gradual decrease in its capacity, ending with a
total reduction of 34.5% (Feng et al., 2021).

Different inspection methods can be chosen for
different foundation material types. Table 4.3 and
Table 4.4 show inspection items and the corresponding
inspection methods (review of historical records, visual
observations, destructive methods or nondestructive
methods) for concrete and steel foundation elements,
respectively. Various inspection items mentioned in
Agrawal et al. (2018), MassDOT (2013), ODOT (2020)
for concrete and steel can be categorized into material
properties, defects and geometry. Material properties
include strength of the material; defects include cracks
or corrosion and section loss; and geometry includes
discontinuities or breaks in the foundation. Each
category can be inspected through different processes,
as shown in Figure 4.3.

The durability of concrete foundation elements can
be affected by temperature changes, freeze-thawing
cycles, Alkali-Silica Reaction (ASR), Delayed Ettringite
Formation (DEF), sulfate attack, calcium leaching,
chloride intrusion, carbonation, concrete paste erosion,
extreme events (e.g., fire, flooding, earthquakes), and
foundation movements (total and differential settle-
ments) (Agrawal et al., 2018). Damage resulting from
these different processes produce different crack
patterns in concrete elements. Through the inspection

TABLE 4.3

process and forensic evaluation of foundation elements,
processes causing damage to concrete foundations can
be identified and plans can be developed and imple-
mented to restore integrity and to protect concrete from
further deterioration.

Steel foundation elements can be damaged by corro-
sion in zones with fluctuating water levels (e.g., ocean,
tide, river, or lake water levels), impact, seismic events,
fatigue, tensile or shear loading on connections, and
improper driving (Agrawal et al., 2018). Proper inspec-
tion of foundation elements helps not only with the
understanding of critical factors affecting their integrity
but also with the development of plans to improve their
durability and increase their remaining service life.

4.4 Inspection Methods

4.4.1 Review of Historical Records

When available, the easiest and most reliable way to
obtain information on existing foundations is by
reviewing historical records of bridge projects.
Historical records include but are not limited to plan
drawings, construction records (including as-built plans
or drawings and pile driving records or PDA data), and
inspection records. Specifications or special provisions
from the original construction, monitoring reports and

Inspection items and corresponding inspection methods for existing concrete foundations

Item Category Inspection Items

Methods/Techniques

Material Properties
modulus, rebar strength

Cracking/crack density and width, spalling,
delamination, patching, discoloration,
efflorescence and rust/moist staining, cold
joints, section loss

Cracking, voids, weak zones, honeycombing,

Surface Defects

Internal Defects

delamination, presence of water, chloride and
salts, presence and extent of corrosion of rebar,

section loss

Mixture properties, compressive strength, elastic

Review of historical records, destructive methods (sampling and
laboratory testing, and vertical coring with wireline logging)
Visual observation, destructive methods (excavation)

Destructive methods (excavation, vertical coring with wireline
logging), nondestructive methods (GPR, ultrasonic pulse
velocity, infrared thermography, electrical resistivity,
radiography, sonic echo/impulse response method, ultra-
seismic, impact echo, SASW, bending wave method)

Geometry Discontinuities, breaks, rebar layout Review of historical records, destructive methods (excavation),
nondestructive methods (GPR, radiography, cover meters,
parallel seismic, induction field testing)

TABLE 4.4

Inspection items and corresponding inspection methods for existing steel foundations

Item Category Inspection Items

Methods/Techniques

Material Properties Yield strength and tensile strength

Defects

Geometry Discontinuities, defects

The location and extent of corrosion, cracks (especially
near welds and bolts), surface flaws, condition of
fatigue prone elements, condition of cover plate
cutoffs, condition of connection details and
fasteners, presence of lead paint, section loss

Review of historical records, destructive methods
(sampling and laboratory testing)

Visual observation, dye penetrant testing, destructive
methods (sampling and laboratory testing),
nondestructive methods (magnetic particle testing,
Eddy current testing, ultrasonic testing and phased
array ultrasonic testing, acoustic emission)

Destructive methods (excavation), nondestructive
methods (GPR, parallel seismic, induction field
testing)
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documentation of any extreme events, such as flooding, built geometry of existing foundations may be different

barge impacts, earthquakes, and fire, affecting the from what is in the plan drawings as a result of
bridge performance are also included in historical adjustments made during construction. A high degree
records. Among these documents, construction records of confidence that records are accurate need to exist for
are more reliable than plan drawings because the as- this method to be used.

Determine material properties
through review of historical records:
« Plan drawings

« Construction records

« Inspection records

Are all required
material properties
available?

Determine material properties using

destructive methods, e.g.:

« Sampling and lab testing

« Vertical coring with wireline
logging

End

(a)

Is the foundation
element accessible?

A 4
Ts full i Yes Inspect surface
S:1UN Gxcavalion OF defects by visual
sampling feasible? X
observation

Is the foundation
element concrete or
steel?

Concrete

y

Inspect defects using

nondestructive methods, e.g.:
GPR Inspect defects using
Ultrasonic pulse velocity nondestructive methods, e.g.:
Infrared thermography * Magnetic particle testing
Electrical resistivity « Eddy current testing
Radiography « Ultrasonic testing and
Sonic echo/impulse response phased array ultrasonic
Ultra-seismic testing
Impact echo « Acoustic emission
SASW
Bending wave method

Figure 4.3 Continued.
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» Cover Meters
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Figure 4.3 Flow chart to inspect three aspects of structural integrity of existing foundations: (a) material properties of foundation
elements, (b) defects in existing foundations, and (c) a change in the geometry of existing foundations.

4.4.2 Visual Observation

Visual observation is one of the most basic and
easiest ways to inspect existing foundation elements.
For concrete elements, observable cracking, spalling,
efflorescence, carbonation, rust staining, cold joints or
other defects can be recorded during inspection. If
reinforcements of concrete elements are exposed due to
concrete deterioration, the presence and extent of
corrosion of reinforcements can also be recorded. For
steel elements, the extent of corrosion, connection

deterioration, cracking (especially near welds and bolts)
can be determined by visual inspection. To detect
microcracks and small surface flaws in steel elements,
dye penetrant testing can also be performed.

4.4.3 Destructive Methods

While detailed design and construction records are
the most reliable source to inspect existing foundations,
they are sometimes unavailable, more often so for older
bridges. In these cases, destructive and/or nondestruc-
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tive methods and techniques can be used to estimate the
geometry of the unknown foundations and to assess the
structural integrity of existing foundations. Destructive
testing methods are intrusive and may affect the
condition or integrity of the existing foundations.
Commonly used destructive methods include sampling
and laboratory testing, partial or full excavation,
probing, and vertical coring and wireline logging.

4.4.3.1 Sampling and laboratory testing. If samples of
materials from existing foundation elements can be
obtained, visual inspection and various laboratory tests
can be performed to determine material properties and
to determine the degree of deterioration of existing
foundation elements at most relevant locations. For
concrete elements, petrography and unconfined com-
pressive strength testing can be performed to ascertain
the cause of concrete deterioration by examining the
mineralogical and chemical characteristics of the
material and to determine current material properties,
respectively. If the concrete element is reinforced, rebar
strength tests can also be performed to determine its
current material properties. For steel elements, several
tests can be performed, including the Brinell hardness
test, the Charpy impact test, and tensile tests, to deter-
mine their current material properties. The number of
samples collected from the existing foundations
should be limited to prevent additional degradation of
their strength and integrity. Visual inspection and non-
destructive methods, such as ground penetration radar
(GPR) or cover meter tests to determine the concrete
cover over the reinforcement, can be performed before
sample collection to determine the location and
frequency of sampling.

4.4.3.2 Partial or full excavation. When deemed
feasible, without compromising the performance of
the existing foundations, the ground can be excavated
to reveal a portion of the foundation because this is the
most direct method to find out the exact location and
dimensions of the existing foundations. The method
can be used for footings to obtain their location and
dimensions. Partial excavation can be done to expose
the cap of a pile group and possibly the top portion of
the piles to obtain their dimensions and pile group
layout. The method is reliable, but often limited to
the maximum depth of excavation due to cost and
safety concerns. According to a survey performed by
Boeckmann and Loehr (2017), about 51% of the DOTs
have used this method to determine the geometry of
unknown foundations, and the excavation depths
that have been used were up to 10 ft. The excavation
method becomes impractical when the ground water
table is near the ground surface, (dewatering would be
needed). In addition, excavations should be avoided
when removal of soil undermines the support that the
soil provides to the foundation elements and the
structure.

4.4.3.3 Probing. Probing is a technique that
introduces a small-diameter rod (such as the CPT
cone) into the ground to reach the top of the footing or
pile cap to determine the depth to the top of these
foundation elements. The method is simple to
implement, but the collected information is limited to
the top elevation of these elements and the approximate
horizontal extent of these elements when multiple
probing tests are performed (Olson et al., 1998).

4.4.3.4 Vertical coring with wireline logging. If the
foundation elements are made of concrete, vertical
coring can be done through footings, pile caps, or
drilled shafts to obtain their top and bottom elevations.
Visual inspection of the collected samples enables the
assessment of defects (e.g., cracking or corrosion) that
may impact the structural integrity of these foundation
elements. In addition, laboratory testing can be perfor-
med on the samples collected to obtain their strength
and stiffness. Vertical coring is accurate and provides
samples for additional testing, but the method is
relatively expensive, time-consuming and often limited
by site accessibility (Boeckmann & Loehr, 2017; Olson
et al., 1998). Vertical coring can be performed with wire-
line logging, which allows recording continuous vertical
logs of density and wave speed (Agrawal et al., 2018).

4.4.4 Nondestructive Methods

There are various nondestructive techniques that can
be used to determine the dimensions and assess the
integrity of existing foundations (Azari, 2020; Baker
et al., 1991; Hertlein & Davis, 2007; O’Neil & Reese,
1999; Samtani & Nowatzki, 2006). These methods can
be grouped into three categories: pile integrity test
methods, surface geophysical methods, and borehole
methods.

4.4.4.1 Pile integrity test methods. Pile integrity test
methods typically involve generating an impact (e.g.,
ultrasonic wave or hammer blow) on foundation
elements and then measuring the reflected waves at
receiver sensors attached to the foundations. Only the
signals within the foundation elements are involved.
Commonly used impact wave methods are sonic echo
(SE)/impulse response (IR) method, bending wave
method, ultra-seismic method, impact echo (IE)
method, ultrasonic pulse velocity (UPV) method, and
spectral analysis of surface waves (SASW) method.

Sonic echo (SE)limpulse response (IR) methods are
widely used pile integrity testing (PIT) methods to
determine the length of a pile and to locate defects (e.g.,
cracks or corrosion) in a pile. In this method, a shock
wave is generated by striking a hammer blow at the top
of a pile, as shown in Figure 4.4(a). The compression
wave travels down along the pile length, reflects at the
pile bottom, and travels back to the pile top, where
the acceleration of the reflected waves is measured by
the sensors (e.g., accelerometer) attached to the pile
head.
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Figure 4.4 Testing methods that can be used to determine pile length and locate defects in piles using: (a) Sonic echo (SE)/impulse
response (IR) with top hammer impact, and (b) bending wave method with side hammer impact (Samu & Guddati, 2020).

The difference between the sonic echo (SE) method
and the impulse response (IR) method is related to the
interpretation of the collected data: SE relies on the
time domain analysis of the reflected waves, whereas IR
focuses on the frequency domain analysis. The SE/IR
methods are fast, easy, and inexpensive to perform, but
are subject to two important limitations: (1) they
cannot be performed when there is no access to the
pile top, and (2) the accuracy of the interpretation
drops as the pile length increases due to increased
attenuation. The methods are limited to about 25 feet
when the pile is installed in very stiff soils (Boeckmann
& Loehr, 2017).

The bending wave method is very similar to the sonic
echo (SE)/impulse response (IR) methods. Instead of
relying on the generation of compression waves as is the
case for the SE/IR methods, the bending wave method
relies on bending (flexural) waves (Samu & Guddati,
2019, 2020) generated by striking the foundation with a
hammer on its side near the top of the pile, as shown in
Figure 4.4(b). The bending wave method does not
require access to the top surface of the pile foundation
(to generate the hammer blow), but it is subject to
limitations such as the maximum pile length that can be
detected due to severe attenuation of the bending
waves: it severely underestimates the length of piles
longer than 55 ft in the field (Samu & Guddati, 2020)
without modification on the original method.

The ultra-seismic method was developed as an
improvement on the SE/IR and bending wave methods.
Unlike the SE/IR methods, which typically uses 1-2
receiver sensors, the ultra-seismic method relies on
multiple (e.g., 4-5) triaxial sensors that measure move-
ments in all three directions, improving the accuracy of
the pile dimension estimates (Jalinoos et al., 2017; Tran
et al., 2019).

The measurement principle for the impact echo (IE)
method is similar to those for the SE/IR methods. As
shown in Figure 4.5, the IE device travels along the top

| | |V
Figure 4.5 The impact echo method can be used to determine
the thickness of pile cap and the pile group layout.

of a footing or a pile cap, generating stress or acoustic
waves, which are reflected at the bottom of the
foundation element and then captured by the receiver
sensor embedded in the IE device. Based on the time it
takes for the acoustic/stress wave to travel (for a round
trip) in the foundation element, its thickness/length can
be estimated. The IE method can be used to determine
the thickness of a footing or a pile cap, the length of a
pile and the layout of the pile group under the pile cap,
as well as the location of defects (e.g., cracking or
corrosion) or weak zones.

The ultrasonic purse velocity (UPV) method uses an
ultrasonic pulse to detect the location of internal defects
of foundation elements. A transducer attached on one
side of the foundation element generates an ultrasonic
pulse and an accelerometer attached on the other side
of the foundation element receives the pulse. By
measuring ultrasonic pulse velocities at different loca-
tions, the location and size of internal defects can be
estimated.
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The spectral analysis of surface waves (SASW)
method uses the propagation of surface (Rayleigh)
waves within the foundation element to determine the
stiffness of concrete elements and locate internal defects
such as voids and delamination (Wightman et al.,
2004). The surface waves are generated by tapping the
surface of the element using a small hammer and the
acceleration of the waves are measured at multiple
accelerometers located in a line from the hammer strike
point.

Especially for concrete foundation elements, the
following nondestructive methods can be used to
determine internal defects of concrete elements: elec-
trical resistivity (ER) test, radiography, cover meter
tests, and infrared thermography. The electrical resis-
tivity (ER) test measures the relative difference in
electrical resistivities within the element to detect
internal damages or cracks. The radiography uses X-
rays to locate internal elements (e.g., rebars) and
internal defects (e.g., cracks or voids) within concrete
elements. The cover meter test measures magnetic field
disturbance to estimate the concrete cover thickness,
and the infrared thermography measures heat flow
though the concrete element and detects areas having
different heat conductions to determine delamination of
concrete elements.

To assess the structural integrity of steel foundation
elements, nondestructive methods such as magnetic
particle testing, Eddy current method, ultrasonic testing
(UT) and phased array ultrasonic testing (PAUT), and
acoustic emission testing can be used. The magnetic
particle testing uses a magnetic field to detect the
presence of defects in steel elements. The Eddy current
method uses electromagnetic induction to estimate
surface flaws, material or coating thickness, and
cracking of steel elements. The ultrasonic testing (UT)
uses ultrasounds to estimate flaws, cracks, material
thickness, geometry and section loss of steel elements.
The phased array ultrasonic testing (PAUT) creates an
ultrasound beam to image internal flaws, cracks and pit
corrosion in steel elements and connection defects. The
acoustic emission (AE) testing is commonly used to
monitor crack growth in steel elements by detecting
acoustic emissions (pressure waves) that are generated
as cracks or discontinuities within steel elements
actively grow.

4.4.4.2 Surface geophysical methods. Surface
geophysical methods rely on the analysis of how
signals (e.g., seismic waves, electrical current, and
electromagnetic signals) propagate through soil and
reflect at the boundaries of foundation elements.
Depending on the type of signals used, the tests are
known as the seismic method, surface resistivity testing,
and ground penetration radar. These tests are fast and
inexpensive to perform but are known for the relatively
low measurement accuracy and precision.

For the seismic method, an array of geophones is
placed on the ground surface on one side of the
unknown foundation to receive the seismic waves

generated from a hammer blow applied on the ground
surface on the other side of the unknown foundation.
As a seismic wave travels at different speeds depending
on the stiffness of the medium through which it
propagates, the signals captured by the geophone array
will reflect the contrast in the stiffnesses of the
foundation elements and the surrounding soil, generat-
ing an estimate of the location and dimensions of the
unknown foundation elements (Agrawal et al., 2018).

Surface resistivity testing relies on the difference in
the electrical resistivity (ER) values for different
materials (e.g., concrete, steel, and soil). The method
involves injecting electric current into the ground at two
sources and measuring the electrical potential at two
different receivers between the two sources. The method
has been successfully used to identify foundation depths
up to 30 feet (Tucker et al., 2015).

The ground penetration radar (GPR) method uses
electromagnetic radiation in the microwave band of the
radio spectrum and detects the reflected signals from
material interfaces beneath the ground surface. Higher
frequency radar provides higher measurement resolu-
tion but is limited to a small depth, whereas lower
frequency radar can detect features at greater depths
but with low resolution. GPR is typically used to
determine the geometry and integrity of near surface
foundation elements (e.g., footings).

4.4.4.3 Borehole methods. Borehole methods is a class
of methods that involve drilling vertical borehole(s)
close to the foundation elements and then lowering a
logging device down the borehole to send and receive
signals (e.g., seismic wave, radar, acoustic and
magnetic) that are used to determine the geometry of
the unknown foundation elements. Borehole methods
are accurate and reliable, but they are relatively time-
consuming, expensive, and subject to limitations of
site accessibility. Commonly-used borehole methods
include parallel seismic, cross-borehole tomography,
induction field testing, and borehole radar and sonic
testing.

As shown in Figure 4.6, parallel seismic testing starts
by drilling a vertical borehole parallel to the unknown
foundation. Then, a hammer blow is generated on the
pile top, producing a seismic wave propagating down
the foundation; the refracted wave is collected by a
receiver sensor (e.g., geophone) placed in the borehole.
This is repeated multiple times with the receiver sensor
placed at different elevations. As the seismic wave
travels at different speeds in the foundation and in
soil, the elevation of the foundation bottom can be
estimated by comparing the arrival times of the signal
received by the sensor positioned at different elevations.
The borehole is typically kept at a distance of 3—4 ft
from the foundation to ensure high accuracy. In
addition, signal processing techniques, such as the
Automatic Gain Control technique and noise filtering
techniques, can be used to help optimize the measured
data from the parallel seismic tests by minimizing the
impact of noise (Wightman et al., 2004). The parallel
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Figure 4.6 Parallel seismic testing that can be used to
determine the length of unknown foundation.

seismic method is reliable and produces estimates of
pile length with an accuracy of at least 95% (Wightman
et al., 2004).

The cross-borehole tomography method uses a pair of
vertical boreholes to create an image of the soil and
foundation geometry between the boreholes by sending
signals from a transmitter that travels vertically in one
of the boreholes and measuring the arriving signals with
a receiver placed in the other borehole at various
elevations (Boeckmann et al., 2018; Olson et al., 1998).

Induction field (IF) testing deploys a magnetic sensor
that travels down the borehole drilled next to the
unknown foundation to detect metal (such as a steel
pipe pile, or the reinforcement rebars in drilled shafts)
in the foundation elements, providing an estimate of the
foundation length (Agrawal et al., 2018).

Borehole radar and sonic testing works similarly to
the parallel seismic testing. A transmitter and a receiver
are simultaneously sent down the borehole. The radar
or acoustic signals are reflected off the unknown
foundation and then measured by the receiver sensor.
This way, the length of the foundation element can be
determined (Boeckmann & Loehr, 2017).

4.5 Examples of Inspection of Existing Foundations

4.5.1 Estimation of Footing Thicknesses by Using
Ground Penetration Radar (GPR)

Ground penetration radar (GPR) is a nondestruc-
tive, surface geophysical method that can be used to
determine the geometry of unknown foundations. This
section provides an example of how GPR can be used
to estimate the thicknesses of existing spread founda-
tions (Grin¢ et al., 2015). At the site considered,
destructive methods were not allowed to prevent
damage to the water proofing of the basement of the
structure. The GPR data was collected by a device,

GSSI SIR-3000, with a ground coupled antenna of 400
MHz. The device is suggested to be used for a depth not
deeper than 3 to 4 m (9.8-13.1 ft), so the test is
performed up to a depth of 3 m (9.8 ft). The GPR test
was performed in two profiles: the 11-m-long (36-ft-
long) profile 1 including one spread footing; and the
32-m-long (105-ft-long) profile 2 including three spread
footings. The data was collected at every 0.01 m (0.4
inches) in each profile, with the data recorded at every
60 ns. The GPR data was processed by the software,
ReflexW. The frequencies outside the range between
100 to 800 MHz were filtered out during the data
acquisition.

Figure 4.7 shows the GPR test results for profile 1.
From the test data, three boundaries were identified, as
shown in Figure 4.7a. Figure 4.7b shows the interpreted
data with three different layers below the ground
surface within a depth of 3 m (9.8 ft). The first layer
(red area in Figure 4.7b) was interpreted as a top
concrete layer, and the second layer (blue area in Figure
4.7b) was interpreted as a reinforced concrete layer. The
last third layer (green area in Figure 4.7b) was
interpreted as a base layer of the footing consisting of
an aggregate or gravel layer. From the GPR test results,
the thickness of the footing was estimated as 1 m (3.28
ft) and the shape of the footing below the ground
surface was also estimated. The estimated thickness of
the footing was very close to the data available in the
technical documentation of the foundation construc-
tion (Grinc et al., 2015).

Figure 4.8 shows the GPR test results for profile 2.
The obtained results were similar to those for profile 1:
three boundaries and layers were identified within a
depth of 3 m (9.8 ft). In this case, three concrete
footings were detected, and the thicknesses of all the
footings were estimated as 1 m (3.28 ft).

4.5.2 Estimation of Pile Length Using Bending Wave
Method

The bending wave method is one of the nondestruc-
tive, impact wave methods. The bending wave method
can be analyzed by using Effective Dispersion Analyses
of Reflections (EDAR), which was developed by Samu
and Guddati (2019). The bending wave method using
EDAR underestimates the length of piles longer than
55 ft in the field due to severe attenuation of the
bending waves (Samu & Guddati, 2020). To solve this
problem, Samu and Guddati (2020) improved the
original EDAR method and developed the modified
EDAR method which can accurately estimate the
length of relatively long piles in the field. This section
provides an example of the estimation of lengths of
existing pile foundations in the field by using the
modified EDAR method (Samu & Guddati, 2020). The
detailed procedure of the method can be found in Samu
and Guddati (2019, 2020).

The bending wave method was performed for two
square solid concrete piles embedded in Rodanthe,
Outer Banks, NC. Figure 4.9(a) shows the test piles,
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Figure 4.7 The GPR test results for profile 1: (a) the radagram result with the detected boundaries in colored lines, and (b) the
interpreted results with three different layers below the ground surface (Grin¢ et al., 2015).
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Figure 4.8 GPR test results for profile 2: (a) the radargram result with the detected boundaries in colored lines, and (b) the
interpreted results with three different layers below the ground surface (Grin¢ et al., 2015).
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Figure 4.9 Test piles and the bending wave method equipment in the field: (a) embedded test piles (Pile #1 and Pile #2), and (b)
data acquisition system, different types of hammers and sensors attached on the upper part of a test pile (Samu & Guddati, 2020).

TABLE 4.5
The estimated lengths of the piles and corresponding errors (Samu & Guddati, 2020)

Estimated Length from the Sensor Estimated Total Length Actual Length of Error
Test Pile Midpoint to the Pile Tip (ft) of the Pile (ft) the Pile (ft) (%)
Pile #1 50.5 55.1 56 -1.6
Pile #2 50.2 57.1 56 2

named Pile #1 and Pile #2 in the field, and Figure 4.9b
shows the equipment (data acquisition, hammers and
sensors attached on the upper segment of the pile) used
for testing. The test piles have the same dimensions: the
width of the square cross section of the pile is 16 inches
and the length of the pile is 56 ft. The distance from the
head of Pile #1 to its bottommost sensor is 5.71 ft, and
the distance from the head of Pile #2 to the bottom-
most sensor is 7.87 ft. Four sensors were attached at
different vertical locations on the upper segment of
each pile, as shown in Figure 4.9b, and different pairs
of sensors were used for the tests. Different types of
hammers were also used for each test. In the data
analyses, the density and Poisson’s ratio of the concrete
were assumed to be 150 pcf (2,400 kg/m>) and 0.15,
respectively.

Table 4.5 shows the estimated lengths of the test
piles by using the modified EDAR method, and the
corresponding errors. The estimated lengths of Pile #1
and Pile #2 were 55.1 ft and 57.1 ft, respectively, and
the corresponding errors were -1.6% and 2%, respec-
tively. This example clearly shows that the bending
wave method using the modified EDAR method
can accurately estimate the lengths of existing pile
foundations.

5. CAPACITY ESTIMATION OF REUSED AND
NEW FOUNDATIONS

5.1 Framework for Capacity Estimation of Existing
Foundations

Estimation of the current capacity of existing
foundations is one of the major challenges for founda-
tion reuse because estimating the capacity of existing

foundations is different from doing so for new
foundations for the following two main reasons.

® The level of uncertainty in capacity estimation is highly
dependent on the reliability of inspection results and
historical records. The reliability of the obtained as-built
geometry of existing foundations from the inspection is
highly dependent on inspection methods. The reliability
of historical records also depends on the type of
documentation. The estimated capacity from the original
plan drawings and the estimated capacity from the
historical records of applied loads and observed perform-
ance of existing foundations have different levels of
uncertainties.

® The deterioration of existing foundation elements and
other time-related effects (e.g., pile set-up and densifica-
tion of soil near existing foundations) can decrease or
increase the capacity of existing foundations over time.
This needs to be explicitly accounted for.

The current capacity of existing foundations can be
estimated from consideration of some of the following.

1. Historical records (original plan drawings, construction
records, as-built plans showing the geometry of existing
foundations or inspection records).

Results of inspection or structural integrity evaluations.
Site investigation data.

Load tests.

B

Historical records include original plan drawings,
which typically have design bearing pressures for
shallow foundations and design loads for deep founda-
tion elements. Ultimate foundation resistances can be
estimated by multiplying these loads by design factors
of safety (or resistance factors) if the factors used in the
original design calculations are known. The RuFUS
handbook (Butcher et al., 2006) recommends checking
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the original design calculations. If pile driving logs are
available for driven pile foundations, pile dynamic
formulas can be used to estimate the capacity of
existing foundations. If previous load test data is
available, the capacity of existing foundations at the
time of testing can be directly determined. Possible
decrease in capacity due to scour, down drag, loss of
soils near the foundation or deterioration in the
foundation, and possible increase in capacity due to
set-up or consolidation of the soil supporting the
foundation need to be considered. Capacity estimation
following these approaches can be combined with
existing foundation capacity estimation using current
design methods with consideration of inspection results
and site investigation data. Capacity estimation based
on analyses of historical records is easy and inexpensive
if the available data is complete. However, performing
load tests on existing foundations and using current
design equations (such as the methods of foundation
design developed over the years at Purdue (Han et al.,
2015; Han, Ganju, et al., 2019, 2020; Han, Prezzi, et al.,
2017; Salgado, 2008, 2022a; Salgado et al., 2017) and
other methods) can produce more reliable and accurate
estimations of the current capacity of existing founda-
tions. Historical records can be used for a preliminary
estimation of the capacity of existing foundations.

Based on the results of inspections of the existing
foundations and establishment of the current soil
profile based on recently performed in situ tests, the
capacity of existing foundations can be estimated using
current design equations. In this case, reliable data from
foundation inspection and site investigation is neces-
sary. The uncertainty in capacity estimation depends on
the reliability of the data from the inspection and site
investigation. Numerical analyses can also be per-
formed to accurately estimate the current capacity of
existing foundations. Design equations and/or numer-
ical analyses can account for the effects of foundation
deterioration and/or time on the estimated capacity of
existing foundations.

The most reliable method to predict the capacity of
existing foundation is by performing static and/or
dynamic load tests. If possible, the superstructure or
other components of the foundation elements (e.g., pile
cap and adjacent piles) can be used to provide the

reaction forces for the static load tests. In this app-
roach, the measured capacity of the existing founda-
tions includes any effects due to deterioration or time,
but access to the upper segments of the existing foun-
dations and sufficient space for testing are necessary.
Table 5.1 summarizes the required data, and pros
and cons of capacity estimation methods for existing
foundations. Figure 5.1 shows a flow chart that can be
used to estimate the capacity of existing foundations.

5.2 Nominal Capacity Estimation of Existing and New
Foundations

5.2.1 Load Tests

5.2.1.1 Plate load tests. The bearing capacity of
existing and new shallow foundations can be estimated
by performing plate load tests, following ASTM
D1194. The plate load tests should be performed near
the shallow foundation of interest. Site investigation
data should guarantee that the soil profile below which
the plate load test is performed is similar to the one
below the shallow foundation. When the plate load test
results are used for the capacity estimation of shallow
foundations, scale effects should also be considered
(Loukidis & Salgado, 2011).

5.2.1.2 Static and dynamic load tests. The capacity of
existing and new piles can be estimated by performing
static and/or dynamic load tests on test piles that have
the same dimensions and materials and are constructed
in the same manner as the pile of interest. If possible,
static and/or dynamic load tests can be performed
directly on the pile of interest but, access to the upper
segments of the pile and sufficient space for testing are
necessary.

According to (AASHTO, 2020), a static pile load test
should be performed following ASTM D1143 with the
quick load test procedure. For driven piles, (AASHTO,
2020) recommends that the static pile load test be per-
formed at least 5 days after driving unless it is approved
by the engineer of record. Table 5.2 summarizes the
methods of nominal pile capacity determination from
static load test results suggested by (AASHTO, 2020).

TABLE 5.1

Methods that can be used to determine the capacity of existing foundations

Methods Required Data Advantages Limitations

Analyzing Historical Records  Original plan drawings: Easy and Data can be limited and incomplete;

Design guidelines and specifications considered

during the initial construction

Construction records (pile driving logs)
Inspection results of existing foundations
(type, as-built geometry and structural

Using Current Design
Methods Based on
Inspection Results and
Site Investigation Data

Performing Load Tests

integrity)
Information on current soil profile
Load test results

effects of deterioration and time on
capacity need to be considered
separately

inexpensive

Reasonably Reliable data are necessary
reliable

Reasonably It is relatively expensive and limited by
reliable site accessibility
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Figure 5.1 Flow chart to estimate the capacity of existing foundations.

TABLE 5.2

Nominal capacity determination from static load test results for piles (AASHTO, 2020)

Pile Diameter (or Length of

Pile Type Side for Square Piles)

Capacity Determination Method

Driven Piles 24.0 inches or less

Greater than 24.0 inches and less
than 36.0 inches

Larger than

36.0 inches

Davisson method

Linear interpolation between the criteria determined for diameters of
24.0 and 36.0 inches
L

Qi +

. . . B
Capacity at the pile head settlement of s [inches] = oAt T35

Drilled Shafts —

Capacity at plunging; otherwise, the capacity at the gross settlement or
uplift of 0.05B

Note: Q = test load (kips), L = pile length (ft), 4 = cross-sectional area of the pile (ft>), E = Young’s modulus of the pile (ksi), and B = pile

diameter (or the length of side for square piles) (ft).

It should be stressed that such methods are not linked
by (AASHTO, 2020) to specific methods of determina-
tion of axial capacity. It is better to estimate capacity
from load tests by using a definition consistent with the
method of design that was or will be used to design the
piles.

For existing piles, the hydraulic jack can be installed
between the pile and the pile cap after removing a
section of the pile to apply static loads. In this case, the
superstructure and/or the other parts of foundation
elements (e.g., pile cap and adjacent piles) can be used
to provide the reaction forces after checking the

structural stability of the superstructure and/or founda-
tion elements.

According to AASHTO (2020), dynamic load tests
should be performed following ASTM D4945 for
restrike tests. The nominal capacity of the pile can be
determined by performing a signal matching analysis
based on the dynamic load test results.

5.2.1.3 Future load tests. The capacity of existing
foundations can be estimated by performing a “future
load test” (Agrawal et al., 2018), where the estimated
additional future load is applied on the bridge deck.
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The future load test does not require access to
individual foundation elements; however, it can be
performed only when the existing superstructure can
handle loads large enough to transfer the desired
additional loads to the foundations. From this type of
test, the total capacity of the entire foundation system
can be estimated but not the capacity of the individual
piles, unless individual piles had been instrumented.
The nominal capacity of the entire foundation system
can be determined by the applied load under which one
of the piles fails or the settlement of one of the piles
reaches the settlement criteria. If possible, strain gauges
can be installed on individual piles to monitor the loads
transferred to the individual piles during the test. The
steps in a future load test are as follows (Agrawal et al.,
2018).

1. Estimate the maximum safe test load for the superstructure
and the substructure elements to be tested. The maximum
safe test load should be less than the load under which any
one of the elements of the structure fails.

2. Determine the current load and estimate the additional
load on the existing foundations.

3. Apply the test load on the bridge deck incrementally
following standard static load test procedures.

5.2.2 Design Equations

5.2.2.1 Shallow foundations. The nominal capacity R,
of a shallow foundation can be expressed by the unit
bearing capacity ¢, as

Rn:quA (Eq 51)

where A is the cross-sectional area of the footing. The
unit bearing capacity ¢;; can be determined by the
bearing capacity equation (Meyerhof, 1951; Salgado,
2022a; Terzaghi, 1943) as
qpr =cN(scdicb.g.)~+ quq(Sqdqiqbng)
1
+ EVBMV(S"/dvi}'bygr) (Eq. 5.2)

TABLE 5.3
Bearing capacity factors used for sand and clay (Salgado, 2022a)

where N, N, and N, are bearing capacity factors,
respectively, corresponding to the cohesive intercept c,
the surcharge g, acting at the base level of the footing
and a representative unit weight y of the soil below the
base of the footing, respectively. The effects of footing
shape, embedment depth, load inclination, base inclina-
tion, and ground inclination can be considered by
multiplication of each bearing capacity factor by shape,
depth, load inclination, base inclination, and ground
inclination factors, which are denoted in Equation 5.2
by the letters s, d, i, b, and g with subscripts indicating
whether they apply to the ¢, gy or y term of the bearing
capacity equation. Table 5.3 shows some design equa-
tions for the bearing capacity factors for sand and clay.

Table 5.4, Table 5.5, and Table 5.6 show commonly
used expressions for the shape factor, depth factor, and
load, base and ground inclination factors for sand, res-
pectively. Table 5.7 shows commonly used expressions for
the shape, depth, and load inclination factors for clay.

In AASHTO (2020), the recommended method to
calculate the nominal bearing resistance of a footing,
in ksf, is:

Gn=CNem+7 4D Ny Ciog+0.57, BN, Cpy (Eq. 5.3)
in which,
N =N¢Sele
Ny =Nys,d,i,
Ny =N,s,i, (Eq. 5.4)

In Equation 5.3 and Equation 5.4, c¢ is the undrained
shear strength in ksf; N, is the cohesion term bearing
capacity factor (used in undrained loading); N, is the
surcharge term bearing capacity factor; &V, is the unit
weight term factor; yq4 is the total unit weight of soil
above the bearing depth of the footing (kcf); yr is the
total unit weight of soil below the bearing depth of the
footing (kcf); Dy is the footing embedment depth (ft), B
is the footing width (ft); C,q and C,, are correction

Soil/Analysis

Bearing Capacity Factor

Sand: effective stress analysis of purely frictional soil (¢ = 0, ¢ > 0, ©» = ¢)

Associated flow rule

1+ sin ¢
1—sin¢
N,=1.5(N,—1)tan ¢

N,=(N,—0.6)tan (1.33¢)

e tan ¢

N, =

Sand: effective stress analysis of purely frictional soil (¢ = 0, ¢ > 0, ¢ < ¢)

Non-associated flow rule

1+ sin ¢ F@wmiang

1—sing

F(¢.p)=1— tan $[tan (0.8(¢ —y))]**
Ny=(N,—0.6)tan (1.33¢)

Ny=

Sand: N, based on relative density

Dr B —04
N,=2.82 .64 =
s 8 exp<36 100%) (p/)

Clay: total stress analysis with soil modeled as purely cohesive (¢ = s, and ¢ = 0)

N.=2+mn

Note:

¢ is the friction angle, v is the dilatancy angle, Dy is the relative density of sand, s, is the undrained shear strength of clay, B is the width of

footing, and p, is a reference pressure (= 100 kPa).
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TABLE 5.4
Commonly used expressions for shape factors of sand (Salgado, 2022a)

¢ term qp term y term

(Meyerhof, 1963)

_ 1+ sin¢\ B _ 1+ sin¢\ B -~ 1+ sin¢g\ B
50—1—0—0.2<m>z s‘,—1+0.1<m>z &,—1+0.1<177. '

(Hansen, 1970)

Ny Besy By
se=1+cosp L~ _1+ 7 sin 5,=1-04-%>0.6
N, e Loy L,// ¢ Loy
(Vesic, 1973)
Ny B B B
sc:l—b—ﬁz sq=l+ztan¢> SV=170'4Z20'6

(Lyamin et al., 2007)

NA 5,=14(0.0336¢ — 1)ﬂ
Ly

D
0.7—0.01¢ 1-0.16 <—)
s,=1+ | (0.098¢—1.64) x <B£> (?) By
o off 55 = (140.002¢b)s,

SC7¢ = (140.0025¢)s,

(Loukidis & Salgado, 2009)

NA sy =1+29tan’ ¢ s =14 (0261509 ¢ 73
l1—sing

Note:

B is the footing width, L is the footing length, B, is the effective width, defined by B — 2e; where e is the load eccentricity in the B direction, L.z
is the effective length, defined by L — 2e¢; where ¢, is the load eccentricity in the L direction, D is the embedment depth, ¢ is the friction angle, and

" and 5,” are s, and s, for circular footings, respectively. ¢ for Lyamin et al. (2007) factors is in degrees.

cire

TABLE 5.5
Commonly used expressions for depth factors of sand (Salgado, 2022a)

¢ term qo term y term

(Meyerhof, 1963)

_ 1+ sin¢ D -~ 1+ sin¢p D _ 1+ sin¢p D
dc_lJrO'z”l—sin(/)B dq_lJrO'l”l—sin(j)B d,=1+40.1 —sing B

(Hansen, 1970)

DIBy=1
D . D d,=1
d,_1+2(1—sm¢) —4 d,=1+2tan ¢(1 — sin )’ — v
N By * By
DIB,;> 1
dé.:l+2(lfsin¢)2&tan*1£ gl,,:1+2tan¢>(1fsingb)ztan*'i d=1
Ne By By
(Vesic, 1973)
DIB =1
d4,:1+0.4% dq:1+2tan¢>(l—sin¢)2% & =1
DIB > 1
dc:l+0.4tan"§ d,,:1+2tan¢>(1—sin¢)2tan"% & =1
(Lyamin et al., 2007)
NA D\ 07 d,=1
d,=1+(0.0036¢+0.393) <—>
By
Note:

B is the footing width, B is the effective width, defined by B — 2e5 where e is the load eccentricity in the B direction, D is the embedment depth,
and ¢ is the friction angle. ¢ for Lyamin et al. (2007) factors is measured in degrees.
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TABLE 5.6
Commonly used load, base, and ground inclination factors for sand (Salgado, 2022a)

¢ term qp term y term

(Meyerhof, 1963)

2 2 2
arctan ( On > arctan < Q”) arctan ( Q")
i= liian i(/— 1— ax i~/= 1— ax
90" 90 P
(Hansen, 1970)
PR ek 0.50 > 0.70 g
le=1lqg— i = l—— == ) 0 = 1l—— 7200 )
Ni’ 7; e max[( Qux+ Ac cot d)) ? fy = max Qux+Accotgp) ’
be=b,— N_ "1 by = exp (—0.035x, tan ¢) b, = exp(—0.0470y, tan ¢)
Y
1—g, gq=(170.5tamocg)5 gy=(170.5tanocg)5
&c —gq - Nq ]
(Vesic, 1973)
. ' 1 —iq |:< Q”' )m :| Q I+m
le=14— ij=max|(1l———————] .0 P = 1— w 0
17N, 721 “ QuctAe cot b= Tax ( Qux+Ac cot ¢>) ’
Op
b.=1— _ % tan (]5 ‘ 2
¢ @ +17r) tan ¢ b= (1 57 b, = (1 _% ;";“ ¢>
. —lg (1 2
= G mung g =(~ tana) g =(1— tanz)’

2 2
m=/mz+m
\/ Mptmy m=/my+m?

(Loukidis et al., 2008)

NA - tan o

tan ¢

(1.5 tan ¢ +0.4)
i, = (1 —0.94 >

Note:

B is the footing width, L is the footing length, Q,. and Q,,, are the transverse and axial components of load, respectively, ¢ is the friction angle, ¢ is
the cohesion, A4 is the area of footing base, «, «;, and o, are inclination angles of the load, footing base and the ground, respectively, mgis (2 + B/L)/
(1 + B/L) if Q,5 >0, otherwise, 0, and m; is (2 + L/B)/(1 + L/B) if Q,; > 0, otherwise, 0 where Q,3 and Q,; are the Q,, components in the B and L
directions, respectively. m values for Vesic factors may also be used for the Hansen factors if they fall in the 2 < m < 5 range.

TABLE 5.7
Correction factors for the ¢ term in the bearing capacity equation for clay (Salgado, 2022a)
(Meyerhof, 1953, 1963) (Hansen, 1970) (Salgado et al., 2004)
B D,. D B D
se=1+02 de=140.4 for 2 <1 sf=1+Clz+Cz\/%
D D D D
.=14+0.2= for — <2. .=1+04tan"' = for — >1
d, +0 3 orB< 5 d, +0.4 tan 3 orB> d(=l+0.27\/—§
ie=1-13 O tor 2 <04
an QIIX
Note:

B is the footing width, L is the footing length, D is the embedment depth, Q,. and Q,, are the transverse and axial components of load,
respectively, and C; and C, are functions of B/L, given in Table 5.8.

factors to account for the location of the groundwater For ¢ = 0 degrees,
table; dj is the depth correction factor to account for

the shearing resistance along the failure surface passing

through cohesionless material above the bearing eleva-

tion; and i, i, and i, are load inclination factors.

Equation 5.3 is the complete formula to calculate the For ¢¢ > 0,
bearing capacity of the footing. However, in practice,

not all the terms and parameters are used for any given ie=i,— [(1—iy) /(Ng—1)] (Eq. 5.6)
problem.

ic=1—nH/cBLN, (Eq. 5.5)
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TABLE 5.8
Regression constants C; and C, (Salgado et al., 2004) in shape
factor (Salgado, 2022a)

B/L (o} C,

1 (circle) 0.163 0.210
1 (square) 0.125 0.219
0.50 0.156 0.173
0.33 0.159 0.137
0.25 0.172 0.110
0.20 0.190 0.090

Note:

B is the footing width, and L is the footing length.

in which,
N PO S
“ V +cBLcot ¢,
. (Eq. 5.7)
S P S
"T T Y cBLcot ¢,
and
n=[(2+L/B)/(14+L/B)]cos* 0+
(Eq. 5.8)

+[(24B/L)/(1+ B/L)]sin* 0

where B is the footing width in ft, L is the footing length
in ft, A is the unfactored horizontal load in kips, V is
the unfactored vertical load in kips, 0 is the projected
direction of the load in the plane of the footing,
measured from the side of length L, in degrees, and ¢y is
the internal friction angle of the soil.

The bearing capacity factors can be found in Table
5.9. The shape correction factors are shown in Table
5.11. The groundwater-related coefficients C,,, and C,,,
are shown in Table 5.10.

The depth factor d, can be written as:

dg=1+2tan ¢,(1— sin ¢f)2 arctan (%) (Eq. 5.9)

D
where arctan?f

AASHTO (2020) also recommended semiempirical
procedures to determine the bearing capacity for
footings in sand based on SPT data and CPT data.
The equations are summarized in Table 5.12.

is given in radians.

5.2.2.2 Piles. The nominal capacity R, of a single pile
can be expressed by the sum of the nominal base
capacity Rj, and the nominal shaft capacity Ry,, which
can be expressed as

Rpn = Qb.uit = qbuit Ap (Eq. 5.10)

Ry=0Quw =Y " dsridsi (Eq. 5.11)

where O, is the ultimate base resistance, Q,; is the
limit shaft resistance, ¢, is the ultimate unit base

TABLE 5.9
Bearing capacity factors (AASHTO (2020) Table 10.6.3.1.2a-1)

or N. N, N, ¢y N. N, N,
0 5.14 1 0 23 18.1 8.7 8.2
1 5.4 1.1 0.1 24 19.3 9.6 9.4
2 5.6 1.2 02 25 207 107 109
3 5.9 1.3 02 26 223 119 125
4 6.2 1.4 0.3 27 239 132 145
5 6.5 1.6 0.5 28 258 147 167
6 6.8 1.7 0.6 29 279 164 193
7 7.2 1.9 0.7 30 30.1 184 224
8 7.5 2.1 0.9 31 327 206 26
9 7.9 23 1 32 355 232 302
10 8.4 2.5 1.2 33 386 261 352
11 8.8 2.7 14 34 422 294 4Ll
12 9.3 3 1.7 35 461 333 48
13 9.8 33 2 36 506 378 563
14 10.4 3.6 2.3 37 556 429 662
15 11 3.9 2.7 38 614 489 78
16 11.6 43 3.1 39 679 56 92.3
17 12.3 4.8 35 40 753 642 109.4
18 13.1 5.3 4.1 41 839 739 1302
19 13.9 5.8 47 42 937 854 1556
20 14.8 6.4 54 43 1051 99 186.5
21 15.8 7.1 62 44 1184 1153 2246
22 16.9 7.8 7.1 45 1339 1349 2718
TABLE 5.10

Coefficients C,,, and C,, for various groundwater depths
(AASHTO (2020) Table 10.6.3.1.2a-2)

Ground Water Table Depth D,, Cy C,,
0 0.5 0.5
D, 1 0.5
>1.5B + Dy 1 1

resistance, A4, is the area of the pile base, g, ; is the unit
limit shaft resistance of layer i, A;; is the area of pile
shaft of layer 7, and » is the number of layers along the
pile shaft. The unit base and shaft resistances in
Equation 5.10 and Equation 5.11 can be determined
using a variety of design equations including both
property-based and in situ test-based methods.

AASHTO (2020) suggests the use of some methods
to estimate the shaft resistance and base resistance for
both driven piles and drilled shafts. Table 5.13
summarizes the design equations for shaft resistance
for driven piles suggested by AASHTO (2020) (note
that g, = unit shaft resistance in ksf).

Table 5.14 summarizes the design equations for base
resistance for driven piles suggested by AASHTO
(2020). The design equations suggested by AASHTO
(2020) for drilled shafts can be found in Table 5.15.

Table 5.16 and Table 5.17 provides some recently
proposed design equations for driven piles in sand and
clay, respectively, and Table 5.18 and Table 5.19
provides design equations for drilled shafts in sand
and clay, respectively.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/23 49



TABLE 5.11
Shape correction factors (AASHTO (2020) Table 10.6.3.1.2a-3)

Factor Friction Angle

Cohesion Term (s,.)

Unit Weight Term (s,) Surcharge Term (s,)

Shape Factors s, s, 54

dr=10 1+<B> Ho b

5L
B B
1-04 (Z) 1+ <Z tan qb/-)

¢r>0 B\ (N,
- ()()

TABLE 5.12
Semi-empirical procedures to determine the bearing resistance of spread footings in sand suggested by AASHTO (2020)
Method Equations
Based on SPT Data NlgB Dy
qn = 56 0 <Cwq ?f + Cw",;)

Nlgo ¢n is the nominal bearing resistance of sand in ksf.

Nlgo ¢y is the average corrected SPT blow counts over a depth ranging from the bottom of the footing to 1.5B below the

bottom of the footing.
B is the footing width in ft.
Cywq and C,,, are correction factors to account for the location of the groundwater table as specified in Table 5.10.
Dy is the footing embedment depth taken to the bottom of the footing (ft).

Based on CPT Data

_ 1B Dy
=" (Cwq B + Chy

q. is the average cone tip resistance within a depth range B below the bottom of the footing (ksf).
Cywq and C,,, are correction factors to account for the location of the groundwater table as specified in Table 5.10.
Dy is the footing embedment depth taken to the bottom of the footing (ft).

For individual piles in pile groups, group efficiency
should be multiplied to the nominal capacity R, of
individual piles to consider the interaction between
adjacent piles within a group. Table 5.20 provides the
group efficiencies suggested by (AASHTO, 2020).

5.2.2.3 Pile cap capacity. If the pile cap is in solid
contact with sand, the contribution of the pile cap
capacity can be considered in capacity estimation for
the pile group. Although no state DOT has decided to
consider the contribution of cap capacity towards total
foundation capacity, it is important to study what it
might be so that, in the future, it may be considered in
substructure design. In this report, the pile cap capacity
QO.qp s proposed based on a series of rigorous numerical
simulation results shown in Chapter 2 as

Qcap = QCapAnet (Eq 5. 12)

where 4,,., is the net area of contact between the pile
cap and the soil, which can be determined from
[Aeap— Z:’:I Ap;] with the cross-sectional area A,
of the pile cap, area of the i pile base A4, ;, and the total
number 7 of piles in a pile group; and ¢, is the unit
bearing capacity of the pile cap, given by

1
Geap = EV’BC“])N;CJPS)F’HP (Eq 513)

where 7§’ is the effective unit weight of the soil
(= buoyant unit weight of the soil), B,,, is the width
of the pile cap, N,“? is the bearing capacity factor for
the pile cap and s, is the shape factor for the pile cap.
The bearing capacity factor N, and the shape factor
5,“? can be determined by

, Dr \ (7 Beay\ ~*°
cap __ ‘p
Ny a exp (2.33 100%) ( ’y ) (Eq. 5.14)

B(‘ﬂ
S5 = exp(—2.58 '1’) (Eq. 5.15)

L cap

where the constant « is equal to 3.5 for a settlement of
2 inches and 5.9 for a settlement of 4 inches, and L.,
is the length of the pile cap.

Table 5.21 and Table 5.22 show comparisons of unit
cap capacities in uniform loose and dense sands from
the simulation results and the proposed design equa-
tions (Equation 5.13—-Equation 5.15). The considered rela-
tive densities for loose and dense sands are 40% and 80%,
respectively. Different group configurations (1 x5,
2 x5, and 3 x 5), pile diameters B (14 and 23.6 inches),
pile-to-pile spacings (3B and 5B), pile-to-cap edge
distances (2B and 6B) and settlements (2 and 4 inches)
were considered for comparison. For pile groups with
various group configurations, pile diameters, pile
spacings and pile-to-cap edge distances in loose sand,
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TABLE 5.13

Design equations for shaft resistance ¢, for driven piles suggested by AASHTO (2020)

Method Equations Comments
a-Method qs = oSy, -
Where,
s, 1s the undrained shear strength of clay in ksf, and
o can be found in Figure 10.7.3.8.6b-1 in AASHTO (2020).
p-Method qs = Po’ v p-method works best for
Where, piles in normally
o',0 18 the vertical effective stress in ksf, and consolidated soil and
f can be found in Figure 10.7.3.8.6¢c-1 in AASHTO (2020). slightly over
consolidated soil.
A-Method qs =A(c', + 2s,)
Where,
o', + 2s, is the passive earth pressure in ksf, and
/ can be found in Figure 10.7.3.8.6d-1 in AASHTO (2020).
Nordlund/Thurman LK Coo sin (0 + ) Nordlund/Thurman
Method A5 =RoTFT " og (w) Method is mainly used
Where, for sandy

K is the coefficient of lateral earth pressure at mid-point of soil layer, which can be
obtained from Figures 10.7.3.8.6f-1 through 10.7.3.8.6f-4 in AASHTO (2020).

Cr is the correction factor for K5 when 6 # ¢, with ¢, being the internal friction angle,
which can be obtained from Figure 10.7.3.8.6f-5 in AASHTO (2020).

o', is the effective overburden stress at midpoint of soil layer under consideration in ksf;

5 1s the friction angle between the soil and the pile in degrees, which can be obtained from
Figure 10.7.3.8.6f-6 in AASHTO (2020).

» 18 the angle of pile taper from vertical in degrees.

("cohesionless") soils and
gravelly soils.

Using SPT in Sandy
(“cohesionless”™)
Soils

For displacement piles:

_ Nigo

=35

For non-displacement piles:
_ Nieo

=750

where N ¢ is the averaged corrected SPT blow count through the pile side.

Using CPT in Sandy
(“cohesionless”)
Soils

N N>
R, =K. =) fuasih; silsilli
. [Z(w’_)fah+;fah

i=1

Where,

K, . are the correction factors for sand and clay, respectively, which can be obtained from
Figure 10.7.3.8.6g-2 in AASHTO (2020).

L; is the depth to middle of length interval at point considered in ft.

D; is the pile width or diameter at the point considered in ft.

fsi 18 the unit local sleeve friction resistance from CPT at the point considered in ksf.

o is the pile perimeter at the point considered in ft.

h; is the length interval at the point considered.

N, is the number of intervals between the ground surface and a point 8D below the ground
surface; and

N, is the number of intervals between 8D below the ground surface and the tip of the pile.

Note: ¢, = unit shaft resistance in ksf.

the relative error of the proposed equations for the unit
cap capacity was in the 0.1%-15% range for a
settlement of 2 inches and in the 0.7%-38% range for
a settlement of 4 inches. For pile groups in dense sand,
the relative error of the unit cap capacity was in the
0.1%-22% range for a settlement of 2 inches, and in the
0%-28% range for a settlement of 4 inches.

5.2.2.4 Consideration of time effects on capacity. The
capacity of existing foundations can decrease due to
foundation deterioration or damage. The current
capacity of existing foundations can be estimated by
considering the possible effects of changes in material
properties and estimating the extent, level and main
causes of any deterioration or damage of the existing
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TABLE 5.14

Design equations for tip resistance for driven piles suggested by AASHTO (2020)

Method

Equations

Comments

Tip Resistance in
Clayey (“cohesive”) Soils

q, = 9s, where s, is the undrained shear strength.

This method suitable for
piles in clay.

Nordlund/Thurman Method

qp = % N’q o'y =gqr

Where,

o, is a dimensionless coefficient.
N', is the bearing capacity factor.

o', is the effective overburden stress at pile tip in ksf; and

¢ is the limiting unit tip resistance.

Nordlund/Thurman
Method is mainly used
for sandy
(“cohesionless”) soils
and gravelly soils.

The value of o, N'; and ¢, can be found in Figure 10.7.3.8.6f-7 through

Figure 10.7.3.8.6f-9 in AASHTO (2020).

Using SPT in Sandy
(“cohesionless™) Soil

_ 0.8(N1,60)Ds
w=—""p =
Where,

N 60 is the representative SPT blow count near the pile tip corrected for

overburden pressure.
D is the pile width or diameter in ft.

D,, is the depth of penetration into bearing strata in ft.

q, = 8N ¢ for sands in ksf, and ¢, = 6N, ¢ for nonplastic silts in ksf.

Using CPT in Sandy
(“cohesionless™) Soil

el +qc2
qp:%

ge1 and ¢, are shown in Figure 10.7.3.86g-1 in AASHTO (2020).

Note: g, = unit tip resistance in ksf.

TABLE 5.15

Design equations for drilled shafts from AASHTO (2020)

Soil Type

Equations for Shaft Resistance

Equations for Base Resistance

Clayey (“cohesive”) Soil

qs =0y

%=0.55for X <1.5
P4

a:0.55—0.1(;l—1.5)
A

forl.5< > <25
Pa

Where,
s, 1s the undrained shear strength.
P4 1s the atmospheric pressure (= 2.12 ksf).

qp=Ns, <80.0ksf

()]

Where,

D is the diameter of drilled shaft in ft.
Z is the penetration of shaft in ft.

s, is the undrained shear strength in ksf.

Sandy (“cohesionless”) Soil

qs= ﬁa—,v

. ) O'/P sin ¢, )
B=(1—sin¢,)|— tan ¢,

gy

by =27.5+9.210g (N160)

o
£ —0.47(Neo)"
Pa

where,

m = 0.6 for clean quartzitic sands, and 0.8 for silty sand
to sandy silts;

P is the atmospheric pressure;

o', is the effective vertical preconsolidation stress;

o', is the effective vertical stress at soil layer mid-depth;

Ngp is the SPT N-values; and

N 0 is the SPT N-value corrected for effective overburden
stress.

q,=1.2Ngy = 60 ksf
where Ny is the average SPT blow count
in the design zone.

Note: ¢, = unit shaft resistance in ksf; and ¢, = unit tip resistance in ksf.
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TABLE 5.16
State-of-the-art design equations for driven piles in sand

Method and
Key References Limit Unit Shaft Resistance ¢, Ultimate Unit Base Resistance ¢, .,/ Comments
Purdue Method Qs = (K‘T/vo) tan . Apuir = (1-0.0058Dr) b avg
(Han, Ganju, et al., h qcb,avg 18 g averaged from 1B above to 2B
2019; Salgado, K = Kpnin + (Kmax — Kmin) xp (— “E) below the pile base
2022a
) Kinax =0.01 M
G0/ Pa
I is the distance from the depth being considered
to the pile base; Kyin = 0.2; o = 0.05
ICP Method g2 =(0.,+Aa, ) tan d, qp.r = max[0.3, 1 — 0.5 log Intended to predict
(Jardine et al., 2005) ;013 038 (BIBcpr)lqeb,avg the pile bearing
a'n,=0.029qt. (G—’O) (max [ﬁ’ﬂ) Bepr is cone diameter = 0.036 m capacity 10 days
P4

, after driving for
Ao, =2GAr/R “virgin” piles.
G = ¢,.[0.0203 + 0.00125p — 1.216 x 10°%°]"
N = qpac’)
Ar = 0.02 mm for lightly rusted steel piles; / is the
distance from the depth being considered to the pile

base.
UWA Method _ e 4 4GAr tans Apur = 0.6 Gepavg The method is
(Lehane et al., 2005) IsL.= fe Ire B andc intended to predict
, h —0.5 the pile bearing
0,.=0.03¢, {max (E ’2> } capacity measured
075 10-20 days after
G/q.=185 [7,%/1“ 0_5} driving.
(a—v() /pA )
Ar = 0.02 mm
f1f. = 1 for compression and 0.75 for tension.
NGI Method - 7 025 ) _ 0.8¢ch,ave -
(Clausen et al., 2005) 9¢sL= Max | py (Zh > <P7‘A> FprFipFioadFinar, 01,5 | 0wt = “ 3
e 1+ {0.4ln {7‘1?“* 0_5} }
Fp,=2.1[D%—0.1]"7 22(a,pp4)
q o', is the vertical effective stress at the
Dp=04Ind — depth of the pile base.
R {22(0;0;;,, )03 } P P
where z is the depth below the ground surface; z;,,, is the
pile base depth; F;, = 1.6; Fj,,q = 1.3 for compression;
F0e = 1.0 for steel and 1.2 for concrete pile; D" is the
nominal relative density, which may be greater than
100%.
Fugro Method o N\ N 09 qeb,av, 03 The method is
L =0.08¢, [ 22 - Goutr =8.5p.4 | = - -
(Kolk et al., 2005) qsL qc A R j DA intended to predict
h the pile bearing
if R >4 capacity measured
PINUIE h about 10 days after
. =0.08g, (=2 N ivi
qsL q (}7/1 > 4) 4R driving.
h
if — <4
if <
h is the distance from the depth being considered to the
pile base.

Note: ¢ = critical-state friction angle; o’/ = initial horizontal effective stress at the depth being considered; B = pile diameter; R = pile radius;
pa = reference stress = 100 kPa; ¢. = representative cone resistance of the soil layer; o',y = initial vertical effective stress at the depth being
considered; d. = interface friction angle (ICP and UWA suggest using interface shear tests to determine the value of J; if not feasible, it can also be
estimated from the mean particle size (Jardine et al., 2005; Lehane et al., 2005). 6. can also be determined from the critical-state friction angle in
sand by: 6. = 0.9¢. (Foye et al., 2009; Salgado et al., 2011)); g5 g = representative cone resistance at the pile base level.
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TABLE 5.17

State-of-the-art design equations for driven piles in clay

Method and
Key References

Limit Unit Shaft
Resistance ¢,

Ultimate Unit Base
Resistance g, .

Comments

Purdue Method qsr =0y 10s,, The method is intended to
(Salgado et al., 2011) —0.05 estimate the shaft resistance
0=1.28 (AT“) after dissipation of the excess
Ty pore pressure generated
- during pile installation.
- (—”0) (be = min) 2
Ai+(—Ape \P4
Ay = 0.75 for ¢ — ¢r.min =5°, 0.43 for ¢, — ¢, min =12°
and a linearly interpolated value for 5° = ¢. — &, min
=12°
Ay =0.64+0.4 In (L)
Oy
Purdue Method 10s,, The method is intended to

(Salgado et al., 2011)

s = 0Sy

’

0,
N
a=1.03 A1—|—(1—A1)e Pa

Ay = 0.75 for ¢ — ¢r.min =5°, 0.43 for ¢, — ¢, min =12°
and a linearly interpolated value for 5° =< ¢. — &, min
=12°

A>=0.55+0.43 In (L)
O_vO

estimate the shaft resistance
within a short term (the excess
pore pressure generated
during pile installation is not
fully dissipated).

ICP Method
(Jardine et al., 2005)

qst. = O.8KCU,V0 tan o,
K.=[2.2+0.016 OCR—0.870 AI,,) OCR"*

(wofy])

Al =logyS;

where OCR is the overconsolidation ratio; / is the
distance from the depth being considered to the pile
base and S, is the sensitivity of clay = su/sur, Sur being
the undrained shear strength of disturbed samples.

For undrained
loading:
qbult = 0.8 qcb,avg

For drained loading:

qbulr = 1.3 qcbavg

The method is intended to
estimate the shaft resistance
after dissipation of the excess
pore pressure generated
during pile installation.

Ring shear interface tests are
recommended to determine
the interface friction angle o..

UWA h —02 N/A Two equations were proposed
(Lehane et al., 2013) qs2.=0.055¢, [max (E’ 1)} for the shaft resistance and

or the first one is more reliable.

02 Time effects were not
0.23¢, |:maX (% R 1):| mentioned.
qsL = 015 tan d,
qi
Th
h is the distance from the depth being considered
to the pile base.

NGI For NC clays with (s,/0",9) < 0.25: 9s,, The calculated shaft resistance
(Karlsrud et al., 2005) ¢,; = o™¥s, corresponds to a time of 100

V€ = 0.32 (PI-10)°3 (0.20 = &V = 1.0) days after the initial driving.

For OC clays with (s,/o’,9) > 1.0: s, 18 recommended to be

s = o Sy Fip determined from

oa=0.5 (su/cr’vo)’o‘3 unconsolidated undrained

F,, =08+0.2 (sulo’,0)*> for closed-ended pipe piles (UU) compression tests.

(1.0 = F,;, = 1.25)

For clays with 0.25 < (s,/0’,9) < 1.0:

o is determined by linear interpolation between the

above two cases.
Fugro qs =0y qpur = The method for shaft resistance
(Van Dijk & Kolk, _02 0.7 (¢; — 0v0) generally predicts long-term
2011; Kolk & der 2=0.9 (L_Z) (5u/G,9) 3 <1 resistance.
Velde, 1996) B Y -

Note: ¢, = critical-state friction angle; ¢, min = minimum residual-state friction angle; PI = plasticity index; o',y = initial horizontal effective
stress at the depth being considered; o', = initial vertical effective stress at the depth being considered; o,y = initial vertical total stress at the depth
being considered; L = pile length; z = depth being considered; B = pile diameter; R = pile radius; ¢. = cone resistance at the depth being
considered; ¢, = g-+(1-a)u,, where a = cone area ratio and u, = pore pressure measured behind the cone tip; s, = undrained shear strength of clay;
6. = interface friction angle.
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TABLE 5.18
State-of-the-art design equations for drilled shafts in sand

Method and Key

References Limit Unit Shaft Resistance ¢,

Ultimate Unit Base

Resistance g, . Comments

Purdue Method
(Han, Salgado, et al.,

qdsr. = K O_!v() tan ¢c

(1) K =K0.7exp {{0.0114—0.0022 In (ﬂ> }DR}

Third K is used.

(1) gpu=0.23¢0006Prg e First g, is used

2017; Loukidis & D when CPT is
Salgado, 2008; or or available;
Salgado, 2006; Ko G Dn 183 /o 0.4 otherwise, second
. 2) K= ———=C, it R Zho :
Salgado et al., 2011; ) w2 moa ! ®) oy 62( 0 00%) (p) Gp,uir is used.
Salgado & Prezzi, / S .
2007) exp Dr 13-021n(%® Second equation is applicable
100 | ' Pa for L/B < 50.
or
Ko
G) K= 03VKs 04 0.67
DR O'/
Z211.5—0.35In( 20
exp{loo[ 5—-0.35 n([u)]}
qc 0;10
In (p—) —0.4947—0.1041¢,—0.841 In (—)
Dr(%) = — P4 PAL <100%

0.0264 —0.0002¢,. —0.0047 In (p

C; = 0.7 for clean sand.

Note: L = pile length; B = pile diameter; ¢. = critical-state friction angle; ',y = initial horizontal effective stress at the depth being considered;

p4 = reference stress = 100 kPa; ¢g. = representative cone resistance of the soil layer; ',y = initial vertical effective stress at the depth being
considered; g 4 = representative cone resistance at the pile base level; K, = coefficient of lateral earth pressure at-rest; Dp = relative density of

sand.

TABLE 5.19
State-of-the-art design equations for drilled shafts in clay

Method and Key References

Ultimate Unit

Base Resistance gy, . Comments

Limit Unit Shaft Resistance ¢,;
Purdue Method

Su
(Chakraborty et al, 2013; (1) 452 =04 [1 —0.121n (E)] Su
Salgado, 2006) or

Ao = 9.6 5, Second ¢ is

used

o\ —0.05 IO VTR
2 qs:‘:cf”) {A1+(1_A,)L, (»,4>(</< Brooin) 5

v0
A; = 0.75 for ¢ — rmin = 5°
A, = 0.4 for ¢, — ¢ymin = 12°

A, = a linearly interpolated value for 5° < ¢ — ¢, min < 12°

A>=0.4+031n <i>
)

First equation is valid for 3 < OCR < 5.

Note: ¢. = critical-state friction angle; ¢, mi» = minimum residual-state friction angle; c’,, = initial vertical effective stress at the depth being
considered; s, = undrained shear strength of clay; p4 = reference stress = 100 kPa.

foundations. Severely deteriorated foundation elements
cannot be reused.

Depending on the site conditions, the capacity of
existing foundations can be affected by scour, down
drag and/or pile set-up. Scour can reduce the capacity of
existing foundations by removing the soil supporting the
foundation from beneath it. Down drag can decrease
the available capacity of existing foundations by
applying additional axial down drag forces to the piles.

Pile setup, if not considered at design time, can provide
some reserve geotechnical capacity to existing founda-
tions. Traditionally, pile setup has not been considered
in foundation designs, but, in a recent I-480 Valley View
Bridge construction in Ohio, driven pile foundations
were designed considering the reserve capacity from pile
setup, and the design resulted in savings of 106,000 ft of
piling (approximately 7,000 cubic yards of concrete) for
the project (Winter & Maday, 2022).
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TABLE 5.20
Group efficiency suggested by AASHTO (2020)

Soil Type Pile Cap-Soil Contact Pile Spacing Group Efficiency
Sand Free-standing or soil-supported pile cap =2.5B 1.0
Clay Free-standing pile cap with soft soil at the 2.5B 0.65
surface 2.5B-6B Linear interpolation
6B 1.0
Free-standing pile cap with stiff soil - 1.0
Soil-supported pile cap - 1.0

Note: B = pile diameter.

TABLE 5.21
Comparison of unit cap capacities in uniform loose sand from the simulation results and the proposed design equations

Unit Cap Capacity at

Unit Cap Capacity at w = 2 inches (ksf) w = 4 inches (ksf)

Pile-to-Cap
Pile Pile-to- Edge Simulation Simulation
Group Diameter B Pile Distance Results in Design Error Results in Design Error
Configuration (inches)  Spacing s, Sedg Table 2.5 Equation (%) Table 2.5 Equation (%)
I1x5 14 3B 2B 2.21 2.23 1.0 2.98 3.77 26.5
2x5 14 3B 2B 1.72 1.72 0.1 2.69 2.90 8.0
3x5 14 3B 2B 1.25 1.22 1.9 2.13 2.06 3.0
1x5 23.6 3B 2B 2.41 2.74 13.6 3.33 4.61 38.4
1x5 14 5B 6B 2.95 2.51 15.0 4.19 4.22 0.7

Note: w = settlement.

TABLE 5.22
Comparison of unit cap capacities in uniform dense sand from the simulation results and the proposed design equation

Unit Cap Capacity at w = 2 inches (ksf) Unit Cap Capacity at w = 4 inches (ksf)

Pile Pile-to-Cap Simulation Simulation
Group DiameterB  Pile-to-Pile Edge Results in Design Error Results in Design Error
Configuration (inches) Spacing s, Distance 5.4, Table 2.6 Equation (%) Table 2.6 Equation (%)
I1x5 14 3B 2B 7.50 5.85 22.0 9.86 9.86 0.0
2x5 14 3B 2B 4.64 4.51 2.8 8.28 7.60 8.2
3x5 14 3B 2B 2.93 3.21 9.5 6.04 5.40 10.6
Ix5 23.6 3B 2B 291 7.17 214 9.43 12.08 28.2
Ix5 14 5B 6B 6.57 6.56 0.1 10.92 11.06 1.3

Note: w = settlement.

5.3 Factored Capacity Estimation of Existing and New
Foundations

The factored capacity R of a foundation in LRFD
and LFD frameworks is obtained from

R= (RF)Ri, (Eq. 5.16)

where R;, are different types of nominal resistances that
the foundation have (e.g., shaft and base resistances for
piles), which are identified by a different value of 7, and
RF; are the corresponding resistance factors.

In the ASD framework, the allowable capacity R, is
defined by

Z R[,n
FS

where FS is the factor of safety. When the allowable
capacity is assumed to be equal to the factored capacity,
an equivalent resistance factor RF,, can be estimated
from the factor of safety as

Ra” = (Eq. 5.17)

1

RFeq = F_S

(Eq. 5.18)
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TABLE 5.23

Comparison of resistance factors for the bearing resistance of shallow foundations for different design specifications (ASD and LFD from

AASHTO, 2002 and LRFD from AASHTO, 2020)

Resistance Factor

Method/Soil/Condition ASD LFD LRFD
Theoretical method (Munfakh et al., 2001) in clay: 0.33 0.50
using shear strength measured in lab tests, (max) 0.60
using shear strength measured in field vane tests, and 0.60
using shear strength estimated from CPT. 0.50
Theoretical method (Munfakh et al., 2001) in sand:
using CPT, and 0.45 0.50
using SPT. 0.35 0.45
Semi-empirical methods:
for all soils (Meyerhof, 1976), - 0.45
in sand using SPT, 0.45 -
in sand using CPT, and 0.55 -
in clay using CPT. 0.50 -
Footings on rock:
for all types, and _ _
using semi-empirical procedure (Carter & Kulhawy, 1988). 0.60 0.45
Plate load test 0.55

Note: ASD refers to allowable stress design, LFD refers to load factor design, and LRFD refers to load-and-resistance factor design.

Table 5.23, Table 5.24, and Table 5.25 summarize
resistance factors in the LRFD and LFD frameworks
and the equivalent resistance factors in ASD frame-
work proposed by AASTHO (AASHTO, 2002, 2020)
for shallow foundations, driven piles and drilled shafts,
respectively. The comparisons show that different
design specifications provide different factored resis-
tances and lead to different design requirements.

Resistance factors represent in large measure the
reliability of corresponding nominal resistances, so they
depend on the method used to estimate the nominal
resistance, and soil type and other factors considered in
the estimation. As shown in Table 5.23, Table 5.24, and
Table 5.25, AASHTO (2020) proposes resistance factors
that can be used in LRFD framework for certain con-
ditions in which the nominal resistance of the founda-
tion is estimated, but it does not cover all types of
estimation methods, including modern design equations
that consider time-related effects on the capacity of
existing foundations. In order to accurately estimate the
factored capacity of existing foundations, additional
reliability analyses are necessary to determine appro-
priate resistance factors for such methods, unless static
and/or dynamic load tests are performed on existing
foundations for capacity estimation.

5.4 Example of Capacity Estimation

5.4.1 Estimation of Pile Group Capacity Using Different
Design Methods

Consider a 3 x 5 pile group with a soil-supported pile
cap in a uniform sand layer. The pile diameter B is 14
inches, the pile length L is 60 ft, and the pile spacing s
is 3B. The unit weight of the soil is 109 pcf, and the

relative density of the sand is 70%. A CPT was
performed at the site, and the obtained cone resistance
q. and sleeve friction f; profiles are shown in Figure 5.2.

The nominal capacity of the pile group can be
determined by the following:

1. calculating the nominal capacity R, of a single pile using
Equation 5.10 and Equation 5.11;

2. calculating the nominal capacity R,,; of the i pile in the
group by multiplying the group efficiency in Table 5.20
to R,;

3. for a soil-supported pile cap, calculating the pile cap capa-
city Q4 using Equation 5.12-Equation 5.15, if needed;
and

4. calculating the nominal capacity of the pile group by
summing up the capacities of the individual piles in the
group and the pile cap capacity.

Table 5.27 shows the estimated pile group capacities
using different design methods.

When calculating the pile capacities using the
Nordlund/Thurman method (AASHTO, 2020), we
need to know the value of the internal friction angle
¢, of soil, which is not given in this problem. According
to AASHTO (2020), we can estimate the internal
friction angle based on the CPT cone resistance value
using Sabatini et al. (2002):

qi

)

¢, = arctan (O.l +0.351og ) (Eq. 5.19)

where ¢, is the corrected total cone resistance, which is
the same as ¢. in this case, because we have a uniform
sand layer, and o', is the vertical effective stress.
Since this pile group is in uniform sand, we will use a
single layer to sand for the entire soil domain. The layer
thickness is 60 ft and the middle point of the layer is at a
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TABLE 5.24

Comparison of resistance factors for nominal bearing resistance of single driven piles for different design specifications (ASD and LFD
from AASHTO, 2002; LRFD from AASHTO, 2020; and INDOT LRFD from INDOT, 2018)

Resistance Factor

Method/Soil/Condition ASD LFD LRFD INDOT LRFD

Driving criteria established by successful static load test of at least one pile per 0.53 0.80 0.80 0.80
site condition and dynamic testing' of at least two piles per site condition,
but no less than 2% of the production piles

Driving criteria established by static load test in combination with INDOT - - - 0.80
dynamic pile load test, PDA with CAPWAP

Driving criteria established by successful static load test of at least one pile per 0.50 0.80 0.75 0.75
site condition without dynamic testing

Driving criteria established by dynamic testing' conducted on 100% of 0.44 0.70 0.75 0.75
production piles

Driving criteria established by dynamic testing', quality control by dynamic 0.44 0.70 0.65 0.65
testing! of at least two piles per site condition, but no less than 2% of the
production piles

Driving criteria established by dynamic test with signal matching at the - - - 0.70
beginning of re-drive (BOR) INDOT dynamic pile load test, PDA with
CAPWAP

Driving criteria established by INDOT dynamic formula at the end of initial - - - 0.55
drive condition (EOID) only

Wave equation analysis, without pile dynamic measurements or load test but 0.36 - 0.50 0.50
with field confirmation of hammer performance

FHWA-modified Gates dynamic pile formula (end of drive condition only) 0.29 - 0.40 0.40

Engineering News dynamic pile formula (end of drive condition only) 0.29 - 0.10 0.10

Side Resistance in Clay and Mixed Soils: - - - -
Clay and mixed soils (Skempton, 1951) 0.29 - - -
o-method (Tomlinson & Woodward, 2007) - 0.70 0.35 0.35
B-method (Esrig et al., 1981) - 0.50 0.25 0.25
A-method (Focht & Vijayvergiya, 1972) - 0.55 0.40 0.40

End Bearing in Clay and Mixed Soils: — — — -
Clay and mixed soils (Skempton, 1951) 0.29 0.70 - -
a-method (Tomlinson & Woodward, 2007) - - 0.35 0.35
B-method (Esrig et al., 1981) — — 0.25 0.25
A-method (Focht & Vijayvergiya, 1972) - - 0.40 0.40

Side Resistance in Sand: 0.29 - - -
Nordlund/Thurman Method (Hannigan et al., 2006) - - 0.45 0.45
SPT-method (Meyerhof, 1963) - 0.35 0.30 0.30

End Bearing in Sand: 0.29 - - -
Nordlund/Thurman Method (Hannigan et al., 2006) - - 0.45 0.45
SPT-method (Meyerhof, 1963) - - 0.30 0.30
Friction angle ¢, from CPT (Kulhawy, 1983) - 0.45 - —
Friction angle ¢, from SPT (Kulhawy, 1983) - 0.30 - —

CPT-method (Schmertmann, 1970). 0.29 0.55 0.50 0.50

SPT-method - 0.45 - -

End bearing in rock Canadian Geotechnical Society (1985) - 0.50 0.45 0.45

'"Dynamic testing requires signal matching, and best estimates of nominal resistance are made from a restrike. Dynamic tests are calibrated to the

static load test, when available.

depth of 30 ft. The value of ¢, at 30 ft is 290 ksf,
according to Figure 5.2. The effective vertical stress o'y,
at 30 ft is 3.27 ksf. The internal friction angle ¢ of the
soil is 40°. The equations for the unit shaft resistance of
the piles and the unit base resistance of the piles are
summarized in Table 5.13 and Table 5.14. The volume
V of soil displaced per unit length of pile is taken as the
area of the cross section of the pile. The coefficient of
lateral earth pressure Kjs, the correction factor Cg and

o . .
the value of —, where ¢ is the friction angle between

the soil and the pile, can be obtained from Figure
10.7.3.8.6f-1 to Figure 10.7.3.8.6f-6 in AASHTO

(2020). The coefficient «,, the bearing capacity factor
N', and the limit unit tip resistance can be found in
Figure 10.7.3.8.6f-7 to Figure 10.7.3.8.6f-9 in AASHTO
(2020). The wvalues used in the -calculations are
summarized in Table 5.26.

For the “CPT method” (AASHTO, 2020), CPT data
is directly used. The equations for the unit shaft
resistance of the piles and the unit base resistance of
the piles are summarized in Table 5.13 and Table 5.14.

For the Purdue method (Salgado, 2022a), the
critical-state friction angle of the soil is taken as 31°,
the coefficient of earth pressure at rest is taken as 0.45,
and the pile-soil interface friction angle is taken as
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TABLE 5.25

Comparison of resistance factors for nominal axial compressive resistance of single drilled shafts for different design specifications
(ASD and LFD from AASHTO, 2002 and LRFD from AASHTO, 2020)

Resistance Factor

Method/Soil/Condition ASD LFD LRFD
Static load test, all materials 0.50 (max) 0.80 0.70
Side resistance in clay: a-method (Brown et al., 2010) 0.40 (max) 0.65 0.45
Tip resistance in clay: Total Stress (Brown et al., 2010) 0.40 (max) 0.55 0.40
Side resistance in sand: B-method (Brown et al., 2010) 0.40 (max) - 0.55
Tip resistance in sand (Brown et al., 2010) 0.40 (max) - 0.50
Side resistance in cohesive IGMs:! (Brown et al., 2010) 0.40 (max) - 0.60
Tip resistance in cohesive IGMs:! (Brown et al., 2010) 0.40 (max) - 0.55
Side resistance in rock:
Kulhawy et al. (2005) 0.40 (max) - 0.55
Brown et al. (2010) - 0.55
Carter and Kulhawy (1988) 0.55 -
Horvath and Kenney (1983) 0.65 -
Tip resistance in rock:
Canadian Geotechnical Society (1985) 0.40 (max) 0.50 0.50
Pressuremeter Method (Canadian Geotechnical Society, 1985) 0.50 0.50
Brown et al. (2010) - 0.50

"IGM refers to the intermediate geo-materials.

TABLE 5.26
The value of the coefficients and factors used in Nordlund/
Thurman method in the design example

Coefficient/Factor in the Equation Value Used
Ks 3.0
Cg 0.8

o 0.65
by

14 1.07 £/t
oy 40°
[0} 0°
o 0.73
Nz; 150
qr 400 ksf
o', at the center of the soil layer 3.27 ksf
o', at the level of the base of the pile! 3.2 ksf

!s’, at the base of the pile is the taken as 3.2 ksf if the actual
effective vertical stress at the base of the pile exceeds 3.2 ksf.

27.9°. The equations for the unit shaft and base
resistances of the pile are summarized in Table 5.16.
As shown in Table 5.27, the estimated nominal
capacities of a single pile using the Nordlund/Thurman
method (AASHTO, 2020), the “CPT method”
(AASHTO, 2020), and the Purdue method (Salgado,
2022a) are 1,131 kips, 680 kips, and 632 Kips,
respectively. The Nordlund/Thurman method provides
the highest estimate, and the Purdue method provides
the lowest estimate of the pile capacity. An engineer
using the Nordlund/Thurman method must have

confidence that the capacity that the method provides,
which is about 80% higher than the Purdue design
method, will indeed be available. This comparison
shows the importance of choosing the most reliable
design methods for capacity estimation considering site
conditions.

When group efficiencies and pile cap capacity are
considered in the capacity estimation of the 3 x 5 pile
group, the estimated nominal capacities of the pile
group using Nordlund/Thurman method (AASHTO,
2020), “CPT method” (AASHTO, 2020), and Purdue
method (Salgado, 2022a) are 16,960 kips, 10,204 Kips,
and 12,570 kips, respectively. In this case, the
Nordlund/Thurman method provides the highest esti-
mate and the “CPT method” provides the lowest
estimate of total capacity. The capacity estimation for
the pile group indicates that there is some reserve in
capacity according to the Purdue method because it
considers pile cap capacity (which the other two
methods do not) and its group efficiency is different
from that used in AASHTO (2020). The group
efficiencies used in the Purdue method were determined
from realistic, advanced finite-element simulation
results for the 3 x5 pile groups in uniform loose and
dense sands, as shown in Figure 2.19. In addition, the
relationship (Equation 5.12-Equation 5.15) used in the
Purdue method for the pile cap capacity was derived
from the results of the FEA performed in this study. In
calculation of the pile cap capacity, the pile-to-pile cap
edge distance s,4q. 1s assumed to be 2B. The considera-
tion of the FEA-derived group efficiencies provides
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Figure 5.2 Cone resistance ¢. and sleeve friction f; profiles for the design example.

TABLE 5.27
Estimated pile group capacities using different design methods

Nominal Capacity of Individual Pile (kips)

Group Total Capacity Pile Cap Pile Group
Design Method Base Shaft Efficiency per Pile Capacity (kips) Capacity (kips)
Nordlund/Thurman Method in Table 374 756 1.0 1,131 02 16,960

5.13 and Note: ¢, = Unit Shaft
Resistance in ksf. Table 5.14

CPT Method in Table 5.13 and Note: 447 233 1.0 680 0? 10,204
¢, = Unit Shaft Resistance in
ksf. Table 5.14

Purdue Method in Table 5.16 270 362 Center piles’: 1.1 805 493 12,570
(base), 1.9 (shaft);
Side piles': 1.0 (base),
1.5 (shaft);
Corner piles': 0.9 (base),
1.2 (shaft)

"Interpolated values for a relative density of 70% at a settlement of 10% B in Figure 2.19, where B is the pile diameter.
2Pile cap capacity is not considered in AASHTO manual (AASHTO, 2020).

about 27% reserve in capacity and the consideration of using the Purdue method. This shows that capacity
pile cap capacity (estimated using Equation 5.12- estimation considering the most current cutting-edge
Equation 5.15 proposed in this study) provides about methods can be useful in estimating the reserve capacity
4% reserve in capacity of the pile group, as estimated of existing foundations.
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6. GUIDELINES FOR THE SELECTION OF
FOUNDATION REUSE SOLUTION

6.1 Framework for Selection of Foundation Reuse Solution

Given the updated design load, current soil profile,
confirmed structural integrity of existing foundations
and estimated current capacity of existing foundations,
the suitability of existing foundations for reuse can be

TABLE 6.1
Foundation reuse solutions

determined through both geotechnical and structural
design checks following the current LRFD design
specifications. When the design checks fail, the reuse
solutions in Table 6.1 can be considered. Possible
foundation reuse solutions can be compared and
selected by considering several factors listed in Table
6.2. Figure 6.1 shows a flow chart that can be used to
select foundation reuse solutions.

Category Technique

Repair of Foundation Elements For concrete elements:

(Agrawal et al., 2018)

Patching spalled and cracked concrete, cover replacement and encasement, fiber-reinforced polymer (FRP)

wrapping, doweling, cathodic protection, and electrochemical chloride extraction and re-alkalisation of

concrete
For steel elements:

Encasement or jacking in concrete, wrapping with a waterproof membrane, cathodic protection and
application or reapplication of paint or protection coatings

Strengthening of Foundations

Addition of new deep foundation elements (micropiles, drilled shafts, driven piles, ground anchors, stone

columns, and other deep foundation elements), widening of footings or pile cap, and ground
improvement (compaction, grouting, soil mixing and stone columns)

Reduction of the Updated Design
Loads
(Agrawal et al., 2018)

Use of lightweight concrete, lightweight backfill or composite fiber-reinforced polymer (FRP) decks

Complete Replacement of Existing
Foundations by New Foundations

Use of shallow foundations, drilled shafts, driven piles, micropiles, ground anchors, stone columns, and
other deep foundation elements

TABLE 6.2

Factors to be considered for the selection of foundation reuse solutions

Factors to be Considered

References

Historical Aspects

Level of Risk, Including Life Cycle Risks
Constructability

Environmental Impact

Sustainability

Agrawal et al., 2018; MassDOT, 2013

Impact of New Foundation Construction on Existing Foundations and Structures
(e.g., ground settlement, slope failures, heaving, artesian conditions, rotation or
deflection of existing structures, and effects on the capacity of the existing

foundation due to new foundation construction)
Cost Effectiveness
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Figure 6.1 Flow chart to select foundation reuse solutions.

62

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/23



7. IMPLEMENTATION PROJECT: BRIDGE
REHABILITATION AND WIDENING PROJECT
ON I-465 OVER 71st STREET

7.1 Project Description

A Dbridge rehabilitation and widening project was
planned for the bridge located on I-465 over 71st street,
Marion County, IN. Figure 7.1 shows the location of
the bridge.

The length of the bridge is 116 ft. Figure 7.2 shows
the bridge construction site. Figure 7.2(a) shows the I-
465 southbound side of the bridge, Figure 7.2(b) shows
the I-465 northbound side of the bridge, and Figure
7.2(c) shows the interior piers of the bridge.

The bridge was originally built as two-span twin
bridges supported by driven piles at the end bents and a
shallow foundation at the interior pier. The original
two-span bridges were planned in 1966. According to
the bridge plan in 1966, about half of the driven piles at
the end bents were battered towards the interior pier,
the shallow foundation at the interior pier was 6 ft
wide, the elevation level of the base of the shallow
foundation was 814.88 ft, and the shallow foundation
was designed for a maximum soil pressure of 5.0 ksf.

In the early 2000s, the two-span bridges were widened
to both the inside and outside of the bridges. In this
widening plan, additional battered driven piles were
installed at the end bents, and the shallow foundation at
the interior pier was widened. The base of the widened
portion of the shallow foundation was located at El.
814.88 ft, and the width of the footing was 1,829 mm
(about 6 ft). The widened portions of the shallow
foundation were doweled into the existing foundations.
Figure 7.3 shows the newly constructed interior piers of
the bridge during the widening plan in 2000.

In 2021, further widening of the bridge to the outside
and replacement of the existing decks were planned.
During the widening project, additional steel encased

(a)

[ H
I

PROJECT LOCATION SHOWN BY -es=-

(b)

concrete (SEC) piles were installed at the end bents, and
the shallow foundation at the interior pier was widened
with steel encased concrete (SEC) piles with a pile cap.
The new foundations were designed following the load
factor design (LFD) outlined in the 2002 AASHTO
Standard Specifications for Highway Bridges, 17th
edition (AASHTO, 2002).

7.2 Foundation Overview

Figure 7.4 shows an overview of the existing and new
foundations of the bridge in this project. In the figure,
yellow boxes indicate the existing foundations designed
during the original plan in 1966, orange boxes indicate
the existing foundations designed during the widening
plan in 2000, and green boxes indicate the new foun-
dations designed during the widening plan in 2021. Pile
numbers are also marked in the figure.

According to the original 1966 plan, each two-span
bridge were supported by 9 driven piles (piles 10-18 at
the southbound end bents 1 and 3, and piles 8-16 at the
northbound end bents 1 and 3) with a pile cap at the
end bents, and a shallow foundation at the interior pier.
The locations of the existing foundations of the two-
span twin bridges are identified using yellow boxes in
Figure 7.4. During the widening plan in 2000, three
additional driven piles (piles 7-9 at the southbound end
bents 1 and 3) were installed on the outside of the
southbound end bents, three additional driven piles (piles
5-7 on the northbound end bents 1 and 3) were installed
on the outside of the northbound end bents, and three
additional driven piles (piles 19-20 at the southbound
end bents 1 and 3 and piles 17 at the northbound end
bents 1 and 3) were installed inside the end bents. The
existing shallow foundations for the interior pier of
the two-span bridges were extended. The locations of the
additionally added piles at each end bent and extended
shallow foundation at the interior pier during the widening

esH _o

Gl

Project
location

1-465 ﬂ I-465
Southbound vl Northbound

Figure 7.1 Location of the bridge rehabilitation and widening project on 1-465 over 71st street: (a) location of the bridge in
Indiana (figure is from the drawing plan of the project), and (b) a closer view of the project location (Google, 2022).
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plan in 2000 are marked as pink boxes in Figure 7.4. For
the widening project in 2021, four additional driven piles
(piles 1-4 at the northbound end bents 1 and 3) were
installed on the northbound side end bents, and 6 driven
piles (piles 1-6 at the southbound end bents 1 and 3) were
installed on the southbound side end bents. At the interior
pier, 2 x 3 driven piles (piles 1-6 at the northbound interior
pier) were installed and a pile cap constructed at the
northbound side, and 2 x4 driven piles (piles 1-8 at the
southbound interior pier) were installed and a pile
cap constructed at the southbound side of the bridge.
The locations of the newly added foundations during
the widening plan in 2021 are marked as green boxes in
Figure 7.4.

Figure 7.2 Bridge construction site: (a) I-465 Southbound side, (b) 1-465 Northbound side, and (c) interior piers.

7.3 Foundation Reuse Design

7.3.1 As-Built Geometry of Existing Foundations

The first step of the foundation reuse design is the
determination of the as-built geometry of the existing
foundations, as shown in Figure 3.1. According to
Table 4.1, the dimensions of the existing foundations
can be determined by the following:

® review of historical records,
® visual observation,

® destructive methods, and

® nondestructive methods.
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Newly constructed portions for the widening plan in early 2000's

Figure 7.3 Newly constructed interior piers for the widening plan in 2000.
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Figure 7.4 Overview of the existing and new foundations of the bridge.

Figure 4.2 shows the flow chart to determine the as-
built geometry of existing foundations. In this project,
the geometry of all existing foundations was determined
from the original plan drawings and construction
records. Based on visual inspection results, all existing
foundations are assumed not to have experienced severe
deterioration over time, and their as-built geometry is
assumed to be the same as the geometry originally
planned or initially constructed.

According to the original plan drawings, the
geometry of the existing shallow foundation at the
interior pier is as follows.

Width B: 6 ft

Length L: 155.66 ft
Embedment depth D: 7.82 ft
Elevation of the base: 814.88 ft

Pile driving records were available for all existing
piles. Table 7.1 shows the as-built geometry of the
existing piles at the end bents. The pile tip elevation in

the table is calculated using the pile length below cut off
obtained from the pile driving records and the elevation
of the pile cap base obtained from the original plan
drawings. The cutoff elevation is assumed to be equal to
the elevation of the pile cap base.

7.3.2 Assessment of the Structural Integrity of Existing
Foundations

According to the flowchart for the foundation reuse
design, proposed in this study and shown in Figure 3.1,
assessment of the structural integrity of existing founda-
tions is the second step of the foundation reuse design. As
shown in Table 4.1, the structural integrity of the existing
foundations can be determined by the following:

® review of historical records,
® visual observation,

® destructive methods, and

® nondestructive methods
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TABLE 7.1
As-built geometry of existing piles at the end bents

Pile Pile Diameter Pile tip Source of Year of Pile
Location of the Pile Pile # Type (inches) Elevation (ft)" Information Driving
Southbound Bent #1 7 Steel encased 14 800.91 Original plan 2002
8 concrete (SEC) 805.18 drawings and pile 2002
9 pile 806.16 driving records 2002
10 801.19 1969
11 801.09 1969
12 794.39 1969
13 801.29 1969
14 800.69 1969
15 800.69 1969
16 797.19 1969
17 796.39 1969
18 797.59 1969
19 796.06 2002
Bent #1 Center 20 795.76 2002
Northbound Bent #1 5 Steel encased 808.79 Original plan 2002
6 concrete (SEC) 809.11 drawings and pile 2002
7 pile 808.79 driving records 2002
8 797.59 1969
9 791.39 1969
10 802.19 1969
11 802.29 1969
12 803.09 1969
13 808.29 1969
14 802.99 1969
15 810.09 1969
16 811.09 1969
17 794.68 2002
Southbound Bent #3 7 Steel encased 14 808.79 Original plan 2002
8 concrete (SEC) 808.79 drawings and pile 2002
9 pile 806.82 driving records 2002
10 800.69 1969
11 802.39 1969
12 793.79 1969
13 797.39 1969
14 796.79 1969
15 796.09 1969
16 795.79 1969
17 801.09 1969
18 796.19 1969
19 809.11 2002
Bent #3 Center 20 801.24 2002
Northbound Bent #3 5 Steel encased 803.54 Original plan 2002
6 concrete (SEC) 803.87 drawings and pile 2002
7 pile 804.52 driving records 2002
8 795.19 1969
9 796.99 1969
10 796.99 1969
11 796.39 1969
12 801.49 1969
13 801.19 1969
14 796.59 1969
15 797.09 1969
16 794.89 1969
17 801.90 2002

!Pile tip elevation = the elevation of the pile cap base (831.09 ft)—pile length below cut off.
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The structural integrity of the existing foundations
can be evaluated by inspecting material properties,
surface and/or internal defects and geometry changes of
existing foundations, as shown in Table 4.3 and Table
4.4, Figure 4.3 shows the flow charts to inspect material
properties, defects and geometry changes of existing
foundations using the corresponding methods.

Figure 7.5 Photo of the crack in the joint connecting the
original and widened portions of the interior pier (photo from
United Consulting, personal communication, April 28, 2022).

In this project, there were no historical records
mentioning possible issues regarding the structural
integrity of the existing foundations. The existing
structures above the ground surface indicated no signs
of loss of structural integrity of the existing founda-
tions. All existing foundations were assumed to be in
adequate condition and to have the same dimensions as
in the original plan.

Small cracks near the joint connecting the original
and widened portions of the existing pier were
observed, as shown in Figure 7.5. The pattern of the
cracks was interpreted as a sign of differential settle-
ment between the original and widened portions of the
shallow foundation at the interior pier.

7.3.3 Site Investigation

7.3.3.1 Boring logs. At the site, 90-ft long borings
were performed in 2008, and 10-ft long borings were
performed in 2018. Figure 7.6 shows the locations of
boring logs available at the beginning of the widening
project in 2021.

According to the 90-ft long boring log data, the
subsurface profile consists mainly of loam, low-
plasticity silty soils, classified as A-4 using the
AASHTO soil classification system. A-4 soil represents
silty soils that have more than 35% of fines passing the
No. 200 sieve with maximum liquid limit and plasticity
index equal to 40 and 10. The loam layer is located
above the elevations 768 to 778 ft. Below the loam
layer, the profile consists mainly of sandy soil. The
loam layer typically contains frequent thin layers of
“granular” soils (gravelly sand, sand and gravel). A few
boulders were also observed within the loam layer.

All existing foundations are located within the loam
layer. The average dry unit weight of the loam layer is
127 pcf, its gravel fraction is in the 1.2%-38.8% range,
and its clay fraction is in the 8.6%—-25.3%. The profiles

5 | |
&
1-465 1-465
Southbound K Northbound
\ <
* & f $|c8-w_24
& C8-W-58 % | 4 RB-W-3
End bent #1 | 5268_TB-3
® 5268_TB-5 ‘ 5266 — =
718t ST RB71-1/PC =" @RBH-Z/PC
Interior pier #2 — — — — | — — —
5268_TB-6
5268_TB-2
RB71-1/PC @ 10-ft long borings
End bent #3 18 5266_T8-4 - performed in 2018
5268 182@ 90-t long borings
BRIDGE 16 BRIDGE 15 performed in 2008

Figure 7.6 Locations of available boring log data
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Figure 7.7 Profiles of liquid limit, plasticity index, and undrained shear strength s, from unconfined compression tests.

TABLE 7.2
Observed groundwater level elevations from test borings

Observed Water

Level Elevations (ft) RB71-1/PC RB71-2/PC 5268_TB-1 5268 TB-2 5268_TB-3 5268 _TB-4 5268 _TB-5 5268_TB-6

While Drilling NwW NwW 811.7 NwW 805.5 NwW 796.7 806.4

Upon Completion NW NwW 807.2 813.7 802 NwW 797.7 812.4

After Drilling - - BF BF BF 816.5 BF 809.9
Note:

NW = no water.
BF = backfilled upon completion.

of the liquid limit, plasticity index and undrained shear borings performed in 2018 used an automatic hammer.
strength measured from samples collected from the field From the SPT data Ngpr obtained from test borings,
are shown in Figure 7.7. In the figure, the undrained Ngp profiles were obtained using (Salgado, 2022a):
shear strength s, is measured from unconfined com-
pression tests. According to the test results, the Neo = C €, CsCalNspr (Eq. 5.20)
measured undrained shear strength s, of the loam is
in the 0.7-6.9 tsf range and increasing with depth. The
results of the 10-ft long shallow borings were consistent
with the previous 90-ft long borings performed in 2008.
Table 7.2 shows the observed groundwater level
elevations from the test borings. Groundwater readings
were taken during and upon completion of the test
borings, and delayed groundwater level readings were
taken when feasible. The observed groundwater level is
in the range of El. 796 ft to 816 ft. Observations during
drilling were commonly in areas where “granular” soil
seams were observed.

where C;, C,, C,, and C, are correction factors for the
hammer type, rod length, sampler type and borehole
diameter, respectively. For the automatic hammer,
C;, = 1.33 is used. For the test borings performed in
2008, C;, = 1.33 is assumed. Different values of C, were
used depending on the rod length: C, = 0.75 if rod
length is less than 4 m (13.1 ft), 0.85 if rod length is in
between 4 m (13 ft) and 6 m (19.7 ft), 0.95 if rod length
is in between 6 m (19.7 ft) and 10 m (32.8 ft), and 1 if
rod length is larger than 10 m (32.8 ft). C; = 1 for the
standard ISSMGE sampler and C; = 1 for the bore
hole diameter in the 2.5-4.5 inches range were used.
The upper limit of Ngpz is 100.

7.3.3.2 SPT data. Test borings performed in 2008 Figure 7.8 shows Ng, profiles for the test borings. In
used 2-inch inner diameter split barrel sampler and a general, Ny, increases with depth within the loam layer.
140-1b hammer with a free fall height of 30 inches to As shown in the figure, N, within the loam layer varies
obtain the SPT data. The hammer type used for the considerably. For example, at the elevation 790 ft, the
SPT borings performed in 2008 is unknown. Test minimum Ny is about 27 measured from the 5268_TB-5
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Figure 7.8 Ny profile

boring, and the maximum Ny, is about 109 measured
from the 5268_TB-3.

7.3.3.3 Additional CPT data. It is very important to
classify the soil profiles into sandy (“cohesionless®) or
clayey (“cohesive®) soils, because most of the design
methods, including traditional ones described in
AASHTO (AASHTO, 2020) and current ones, are
developed for sand and clay, separately. Depending on
the classification, the estimated capacities can be quite
different, even for the same SPT or CPT data.

For example, when the “theoretical method” suggested
by the AASHTO LRFD design manual (AASHTO,
2020) is used to estimate the capacity of the existing
shallow foundation at the interior pier using the SPT
data, the estimated capacities can be very different for
sand and clay, even for the same value of Ngq. Table 7.3
shows an example calculation of capacity estimations for
the existing shallow foundation at the interior pier using
the SPT data. When the loam layer is considered to be a
sandy soil, using an average value of Ngo below the
footing base, which is about 19, the friction angle can be
estimated to be 35° according to the table 10.4.6.2.4-1 in
the AASHTO manual (AASHTO, 2020), and zero
cohesion is assumed. When the loam layer is considered
to be a clayey soil, the undrained shear strength of the
soil can be estimated from the average value of Ny

using the Brown method (Brown & Hettiarachchi,
2008) as about 1.7 ksf, and zero friction angle can be
considered for the capacity estimation. When the same
equations for the theoretical method in AASHTO
LRFD design manual (AASHTO, 2020) were used for
sandy soil, the estimated nominal and factored capa-
cities were 53 ksf and 24 ksf, respectively, while the
estimated nominal and factored capacities for clayey
soil were about 10 ksf and 5 ksf, respectively. The
estimated capacity for sandy soil was about 5 times
greater than the one for clayey soil even though the
same value of N,y was used in the calculations.

It can be challenging to classify a silty soil like the loam
layer at this site as a sand or a clay. According to the
available boring log data, the loam layer could be
considered to behave like sandy soils because (1) the clay
fraction is mostly lower than 20%, and (2) the Ny, values
are relatively high. However, the Purdue research team
recommended the performance of additional site
investigations to decrease the uncertainties regarding
site investigation data. The research team pointed out
that (1) the obtained N4y profiles from test borings
varied considerably within the loam layer, and (2) the
soil samples from the test borings were plastic with non-
zero plasticity index and undrained shear strengths,
which could be inconsistent with a sandy soil classifica-
tion. INDOT performed an additional CPT test at the
site in October 2022. In comparison with the SPT, CPT
provides more reliable data (Salgado, 2022a) and, using
the CPT data, current design equations, such as the
methods of foundation design developed over the years
at Purdue (Han et al., 2015; Han, Ganju, et al., 2019,
2020; Han, Prezzi, et al., 2017; Salgado, 2008, 2022;
Salgado et al., 2017)) can be used for comparison when
the capacities of existing foundations are estimated.
The location of the CPT, which is referred to as CPT-1,
is shown in Figure 7.9. A digital cone with five channels
(tip, friction, pore pressure, inclination and seismic)
with cone serial number 1169 was used in the CPT.

CPT-1 was performed within the loam layer and
stopped at the depth of 57 ft because the CPT truck
started lifting. Figure 7.10 shows the CPT results. In the
figure, g, refers to the corrected cone tip resistance, f;
refers to the sleeve friction, and u refers to the pore-
water pressure. As shown in the figure, within the loam
layer, there are clayey soil layers at elevations 822-815
ft, 814-808 ft, and 798.5-796.5 ft, which has a low ¢,
and high pore-water pressure u.

Using the CPT data at each depth, the soil behavior
types were classified using the modified soil behavior
chart in Ganju et al. (2017), which is modified from the
original Tumay chart (Tumay, 1985). Figure 7.11 shows
the results of the soil behavior type classification.
Figure 7.11(a) shows the soil behavior type classifica-
tion using the modified soil behavior chart in Ganju
et al. (2017) and Figure 7.11(b) shows the classified soil
behavior type using the modified soil behavior chart in
Ganju et al. (2017) at each elevation. As shown in
Figure 7.11(b), most of the layers within the loam layer
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Figure 7.9

Location of additionally performed CPT, referred to as CPT-1, at the site.
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Figure 7.10 Additional CPT data

can be interpreted as a clayey soil, which is inconsistent
with the SPT data.

In conclusion, the loam layer is considered to be
multilayered with both sandy soil and clayey soil layers,
and the soil type at each depth is determined using both
SPT and CPT data. For the capacity estimation of
existing foundations, CPT data was primarily used in
the calculations.

7.3.4 Capacity Estimation of Existing Foundations

7.3.4.1 Capacity estimation of existing shallow
foundation. Using the analyzed site investigation data

u (psi)

and the obtained as-built geometry of the existing
foundations, the capacities of the existing foundations
were estimated.

To estimate the capacity of the shallow foundation at
the interior pier, boring logs near the interior pier (5268_
TB-1, 5268_TB-2, 5268_TB-5, and 5268_TB-6) and CPT-1
data were considered. Figure 7.12 shows a comparison
between SPT and CPT data with the soil type classification
using the CPT data within a depth of 1.5B below the ele-
ation level of the footing base, where B is the footing
width. Based on the comparison, the loam layer below
the footing base is considered as a clayey soil layer sand-
wiched by sandy soil layers, as shown in Figure 7.12.
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TABLE 7.3
Example calculation of capacity estimation for existing shallow foundation at the interior pier using SPT data

Design Methods Nominal Bearing Capacity (ksf) Resistance Factor Factored Bearing Capacity (ksf)
Theoretical Method in Sand Using SPT 53 0.45 24
(AASHTO, 2020) (AASHTO, 2020)
Theoretical Method in Clay (AASHTO, 10 0.5 5
2020) (AASHTO, 2020)
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Figure 7.11 Soil behavior type classification using CPT data: (a) soil type classification using the chart provided in Ganju et al.
(2017), and (b) soil type classification at each elevation.
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Figure 7.12 Comparison between SPT and CPT data within a depth of 1.5B below the footing base, where B is the footing width.
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Figure 7.13 Estimated undrained shear strength s, profile of
the clay layer below the footing base.

The capacity of the existing shallow foundation is
estimated using (1) the “theoretical method” for clay
suggested by the AASHTO LRFD design manual
(AASHTO, 2020) and (2) the Purdue method for clay
(Salgado, 2022a).

The theoretical method in clay suggested by
AASHTO LRFD design manual (AASHTO, 2020) is
defined by Equations 10.6.3.1.2a-1-10.6.3.1.2a-4, and
the bearing capacity factors, shape correction factors,
depth factor and coefficients for various groundwater
depths can be found in Tables 10.6.3.1.2a-1-10.6.3.
1.2a-3 and Equation 10.6.3.1.2a-10 in the AASHTO
manual. For the clay layer, the undrained shear
strength s, is determined from the CPT data using

qr— 0y

Sy = Ny (Eq. 5.21)
where o, is total vertical stress and N, is the cone
factor. The clay layer is considered to be overconsoli-
dated because it has higher values of N4y and ¢, than
typical values for normally consolidated clays, so the
higher end value for N, equal to 14, is used for the
estimation of the undrained shear strength.

Figure 7.13 shows a comparison between the
undrained shear strengths obtained from the samples
from the test borings and the estimated undrained shear
strength from the CPT data within the clay layer below
the footing base. The average value of the estimated s,
from the CPT data, which is 2.65 tsf, is used in the
capacity estimation, and zero friction angle is consid-
ered for the clay layer.

The top sand layer below the footing base is consi-
dered using the 2:1 method. First of all, the nominal

bearing capacity ¢,* acting on top of the clay layer is
estimated using the design methods with the enlarged
footing width B and length L” calculated based on the
2:1 method, and the nominal bearing capacity g, acting
on top of the sand layer is estimated using

~  BL

where B" = 6.88 ft and L" = 156.88 ft.

Table 7.4 shows the capacity estimation of the
shallow foundation using the two different design
methods. As shown in the table, the Purdue method
provides 29% higher nominal bearing capacity and 88%
higher factored bearing capacity than the AASHTO
method. Given that some recent methods may be more
reliable, this comparison shows that there may be
reserve in the capacity of the existing foundations.

In the original design plan, the factored maximum
soil pressure is 5 ksf, which is similar to the capacity
estimated based on the SPT data in clay, as shown
in Table 7.3. However, when the factored bearing
capacities were estimated using the currently performed
CPT data, the estimated values are about 2-3 times
greater than 5 ksf. This shows that a quality site investi-
gation can also help establish whether there is reserve in
capacity of the existing foundations.

n (Eq. 5.22)

7.3.4.2 Capacity estimation of existing piles. To
estimate the capacities of the existing driven piles at
each end bents, 90-ft long boring logs (5268_TB-1,
5268_TB-2, 5268_TB-3, 5268_TB-4, 5268_TB-5, and
5268_TB-6) and CPT-1 data were considered. The
existing piles were assumed to be predrilled to the
elevation of 822 ft, so shaft capacities were considered
only from the 822 ft elevation. Figure 7.14 shows a
comparison between SPT and CPT data with the soil
type classification using the CPT data of the loam layer
below the elevation of 822 ft. As discussed in Section
7.3.3.3, the SPT data varies substantially within the
loam layer and, in general, the SPT profile is
inconsistent with the CPT profile. Most of the pile
tips are located within the layer at elevations 796.5-769
ft, so it is important to properly determine the soil type
for this layer. However, as shown in Figure 7.14,
especially within this layer, the SPT data varies the
most, and relatively high Ny, values would indicate that
the soil is a sandy soil, but, in contrast, the relatively
low ¢, values indicate the soil to be clayey instead. The
inconsistency between SPT and CPT data can be
because of (1) thin gravelly sand or sand seams exist
within the loam layer or (2) the soil profile at the site
has high horizontal variability. In this study, soil types
within the loam layer were decided based on both SPT
and CPT data. The layers where nonnegligible excess
pore pressure was observed during cone penetration
were considered to be clayey soils. Ideally, more
extensive site investigation data, such as from
additional CPTs, would have been very helpful
for an accurate capacity estimation of the existing
foundations.
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TABLE 7.4

Capacity estimation of existing shallow foundation at the interior pier

Nominal Bearing Resistance Factored Bearing Capacity
Design Methods Capacity (ksf) Factor Calculated Using CPT Data (ksf)
Theoretical Method in Clay 17 0.5 8.5
(AASHTO, 2020) (AASHTO, 2020)
Purdue Method in Clay (Salgado, 22 0.73 16
2022a) (Foye et al., 2006)
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Figure 7.14 Comparison between SPT and CPT data of the loam layer below the elevation 822 ft where existing driven piles are

located.

The capacities of the existing driven piles are
estimated using the following.

1. AASHTO LRFD design methods (AASHTO, 2020).

a. Dynamic formula (10.7.3.8.5 in the AASHTO design
manual).

i. FHWA modified Gates formula.
ii. Engineering News Record formula.

b. CPT-method (Nottingham and Schmertmann
method) (Equations 10.7.3.8.6g-4 and 10.7.3.8.6g-5
and Figures 10.7.3.8.6g-1 and 10.7.3.8.6g-2 in the
AASHTO design manual).

2. Purdue method (Salgado, 2022a).

a. CPT-based method in sand (Han, Ganju, et al.,
2019) and CPT-based method in clay (Salgado et al.,
2011) modified with the degradation term [max(//B,
DI%% in the unit shaft resistance for clay. In the
degradation term, /% is the distance from the depth
being considered to the pile base, and B is the pile
diameter.

There are driving records for all existing piles. The
existing piles driven in 1969 were driven using a Vulcan
#1 air hammer, and the existing piles driven in 2002
were driven using a Delmag D12-32 hammer. Based on
driving records, the capacities of the existing piles were
estimated using the dynamic formulas, as shown in

Table 7.5. The estimated nominal capacities of the piles
using the FHWA Gates formula are in the range of
220-372 kips with the average value of 268 kips. When
the resistance factor of 0.55 is applied, the average value
of the factored capacity is 147 kips. The estimated
nominal capacities of the piles using the Engineering
News Record formula are in the range of 417-1,108
kips, with an average value of 619 kips. When the
resistance factor of 0.10 is applied, the average value of
the factored capacity is 62 Kips.

The capacities of the existing piles were also esti-
mated using the site investigation data, as shown in
Table 7.6. When the capacities were estimated using the
CPT method in the AASHTO LRFD design manual
(AASHTO, 2020), the estimated nominal shaft and
base capacities resulted in the range of 45-407 kips and
121-459 kips, respectively. The estimated total nominal
capacities are in the range of 180-812 kips, with an
average value of 379 kips. When the resistance factor of
0.50 is applied, the average value of the factored
capacity is 189 kips. When the capacities were estimated
using the Purdue CPT-based method (Salgado, 2022a),
the estimated nominal shaft and base capacities are in
the range of 116-196 kips, and 47-372 kips, respec-
tively. The estimated total nominal capacities are in
the range of 163-568 kips, with an average value
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TABLE 7.5
Estimated capacities of the existing piles at the end bents using dynamic formulae in the AASHTO LRFD design manual (AASHTO,
2020)

FHWA Gates Formula Engineering News Record Formula
Nominal Resistance Factored Nominal Capacity Resistance Factored
Location of the Pile Pile # Capacity (kips) Factor Capacity (Kkips) (kips) Factor Capacity (kips)
Southbound 7 221 0.55 122 426 0.10 43
Bent #1 8 221 (INDOT, 2013) 122 426 (AASHTO, 2020) 43
9 221 122 426 43
10 291 160 720 72
11 277 152 655 65
12 277 152 655 65
13 277 152 655 65
14 277 152 655 65
15 264 145 600 60
16 264 145 600 60
17 270 149 626 63
18 264 145 600 60
19 220 121 435 44
Bent #1 Center 20 241 133 469 47
Northbound 5 239 0.55 131 478 0.10 48
Bent #1 6 243 (INDOT, 2013) 134 493 (AASHTO, 2020) 49
7 239 131 478 48
8 264 145 600 60
9 277 152 655 65
10 308 169 800 80
11 372 205 1,108 111
12 329 181 900 90
13 329 181 900 90
14 299 164 758 76
15 355 195 1,029 103
16 355 195 1,029 103
17 238 131 463 46
Southbound 7 221 0.55 121 420 0.10 42
Bent #3 8 221 (INDOT, 2013) 122 426 (AASHTO, 2020) 43
9 221 122 417 42
10 264 145 600 60
11 277 152 655 65
12 270 149 626 63
13 264 145 600 60
14 264 145 600 60
15 277 152 655 65
16 258 142 576 58
17 299 164 758 76
18 264 145 600 60
19 224 123 438 44
Bent #3 Center 20 220 121 431 43
Northbound 5 260 0.55 143 560 0.10 56
Bent #3 6 275 (INDOT, 2013) 151 625 (AASHTO, 2020) 63
7 265 146 580 58
8 277 152 655 65
9 270 149 626 63
10 270 149 626 63
11 277 152 655 65
12 264 145 600 60
13 270 149 626 63
14 264 145 600 60
15 264 145 600 60
16 270 149 626 63
17 270 149 620 62
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TABLE 7.6
Estimated capacities of existing piles at the end bents using CPT-based methods

AASHTO LRFD CPT Method (AASHTO, 2020) Purdue CPT-Based Method (Salgado, 2022a)
Nominal Capacity Nominal Capacity
Location of the L Resistance Factored L Resistance Factored

Pile Pile # Shaft Base Factor Capacity (kips) Shaft Base Factor Capacity (kips)

Southbound 7 161 128 0.50 144 138 80 0.45 (shaft) 110

Bent #1 8 106 133 (AASHTO, 2020) 120 150 137 0.59 (base) 148

9 89 121 105 147 181 (Foye et al., 173

10 158 124 141 139 81 2009)1 110

11 159 124 141 139 81 110

12 275 410 343 178 253 229

13 156 124 140 139 81 111

14 163 136 149 138 78 108

15 163 136 149 138 78 108

16 180 314 247 158 136 151

17 184 299 241 168 187 186

18 178 298 238 150 113 134

19 194 295 245 168 204 196

Bent #1 Center 20 207 308 258 170 221 207

Northbound 5 52 217 0.50 135 144 108 0.45 (shaft) 129

Bent #1 6 51 214 (AASHTO, 2020) 133 140 91 0.59 (base) 117

7 52 217 135 144 108 (Foye et al., 129

8 178 298 238 150 113 2009)! 134

9 407 405 406 196 372 307

10 145 126 136 141 81 111

11 144 125 135 141 81 111

12 138 127 133 143 81 112

13 53 208 131 148 136 147

14 139 127 133 143 82 113

15 48 201 124 128 51 88

16 45 135 90 116 47 80

17 262 383 322 177 253 229

Southbound 7 52 217 0.50 135 144 108 0.45 (shaft) 129

Bent #3 8 52 217 (AASHTO, 2020) 135 144 108 0.59 (base) 129

9 76 144 110 147 195 (Foye et al., 181

10 163 136 149 138 78 2009)! 108

11 144 125 134 141 81 111

12 304 459 381 180 255 232

13 179 309 244 155 124 143

14 181 312 246 165 164 171

15 193 295 244 168 204 196

16 206 307 257 169 214 202

17 159 124 141 139 81 110

18 190 296 243 168 196 191

19 51 214 133 140 91 117

Bent #3 Center 20 157 124 140 139 81 110

Northbound 5 135 129 0.50 132 144 83 0.45 (shaft) 114

Bent #3 6 132 129 (AASHTO, 2020) 131 145 84 0.59 (base) 115

7 120 130 125 148 102 (Foye et al., 127

8 236 340 288 173 248 2009)! 224

9 180 315 248 162 148 160

10 180 315 248 162 148 160

11 184 299 241 168 187 186

12 154 124 139 139 91 111

13 158 124 141 139 81 110

14 181 303 242 168 174 178

15 180 314 247 160 144 157

16 251 362 306 175 252 227

17 148 125 136 140 82 111

"Resistance factors are for the closed-ended pipe piles.
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TABLE 7.7

Average values of the estimated capacities of the existing piles at the end bents

Design Methods Nominal Capacity (kips/pile)

Resistance Factor Factored Capacity (kips/pile)

FHWA Gates Formula 268 0.55 147
(AASHTO, 2020) (220-372) (INDOT, 2013)
Engineering News Formula 619 0.10 62
(AASHTO, 2020) (417-1,108) (AASHTO, 2020)
CPT Method (AASHTO, 2020) Shaft: 156 0.50 189
Base: 223 (AASHTO, 2020)
Total: 379
(180-812)
CPT-based Method (Salgado, Shaft: 152 Shaft: 0.45 148
2022a) Base: 136 Base: 0.59
Total: 287 (Foye et al., 2009)'
(163-568)

'Resistance factors are for the closed-ended pipe piles.

of 287 kips. When the resistance factors 0.45 and 0.59
are applied for the shaft and base resistances, the
average value of the factored capacity is 148 kips.

Table 7.7 summarizes the average values of the
estimated capacities of the existing piles at the end bents
using different design methods. In the table, the ranges of
estimated total nominal capacities using different meth-
ods are also noted within the parentheses to highlight the
variability of estimated capacities from mean values. As
shown in the table, the FHWA Gates formula has the
narrowest capacity range. Even though the same driving
records were used for the Engineering News formula, it
has a wider capacity range than the FHWA Gates
formula. Both the AASHTO CPT method and Purdue
CPT-based methods provide relatively high variability in
the estimated capacities. This can be because of the high
horizontal variability of the soil profile at the site, as we
discussed earlier in this chapter.

7.3.5 Design Checks

According to the flowchart for foundation reuse
design proposed in this study and provided in Figure
3.1, the design checks for foundation reuse can be
performed using the estimated capacities of existing
foundations and the updated design loads. The minimum
requirements for foundation reuse, described in Chapter
3.4, can be checked for this project as shown below.

1. Factored foundation resistance > factored load.

a. Table 7.8 and Table 7.9 show the factored resistances
of the existing foundations and the updated factored
loads, respectively. Factored resistances and loads
are calculated wusing different design codes:
AASHTO ASD method (AASHTO, 2002),
AASHTO LFD method (AASHTO, 2002), and
AASHTO LRFD method (AASHTO, 2020). In
Table 7.9, the updated factored loads are also
compared with the corresponding factored resis-
tances. As shown in the table, none of the existing
foundations, except the piles on the northbound side

when the AASHTO LRFD method is used, passes
this criterion.

2. No significant foundation element deterioration.
a. The existing foundations pass the structural integrity
check according to inspection done by INDOT
personnel or contractors.

3. Structurally sound foundation elements.
a. The existing foundations pass the structural integrity
check according to inspection done by INDOT
personnel or contractors.

4. No significant scour.

a. A significant scour was not observed during inspec-
tion by INDOT personnel or contractors.

5.  No excessive total and differential settlements.
a. Excessive total and differential settlements were not
observed during inspection by INDOT personnel or
contractors.

6. No excavations or other work that might lead to loss of
foundation support.
a. Any work that might lead to loss of existing
foundation support is not expected during the bridge
widening project.

7.  No significant reconfiguration of loads.

a. The total nominal load on the southbound end bent
increases from 1,010 kips to 1,601 kips; the total
nominal load on the northbound end bent increases
from 1,010 kips to 1,461 Kkips; total nominal load on
the southbound interior pier increases from 2,335
kips to 3,924 kips, and total nominal load on the
northbound interior pier increases from 2,335 kips to
3,460 kips. The updated loads are about 45%—68%
higher than the original loads, so there is a signifi-
cant increase in the updated loads.

8.  Lack of ability to perform construction as needed for the
existing and new foundation elements.
a. New foundations can be constructed.

For this bridge widening project, the updated loads
are significantly higher than the original loads, so, as
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TABLE 7.10

As-built geometry and estimated nominal capacities of new piles at the end bents and the interior pier

Capacity Estimation Using
FHWA Gates Formula

PDA Test Result at BOR

Pile Tip Nominal Capacity Factored Capacity’ Nominal Factored
Location of the Pile Pile # Elevation (ft) (kips) (kips) Capacity (kips) Capacity® (kips)

Southbound 1 794.26 484 266 - -
Bent #1 2 793.42 521 286 - -
3 793.51 521 286 - -
4 794.51 539 296 - -
5 795.42 521 286 - -

6 (test) 792.01 505 278 384 269
Northbound 1 793.17 487 268 - -
Bent #1 2 794.51 493 271 - -
3 793.17 464 255 - -

4 (test) 793.26 493 271 355 249
Southbound 1 792.76 499 274 - -
Bent #3 2 793.42 485 267 - -
3 793.51 459 253 - -
4 794.51 478 263 - -
5 795.42 485 267 - -

6 (test) 795.67 471 259 369 258
Northbound 1 797.17 440 242 - -
Bent #3 2 794.76 440 242 - -
3 794.42 440 242 - -

4 (test) 792.92 470 258 314 220
Southbound 1 779.03 532 292 - -
Interior Pier #2 2 777.20 562 309 - -
3 777.62 553 304 - -
4 781.28 524 288 - -
5 776.78 566 311 - -
6 781.03 540 297 - -
7 778.70 517 284 - -

8 (test) 780.78 536 295 523 366
Northbound 1 773.03 661 364 - -
Interior Pier #2 2 772.53 641 352 - -
3 775.20 649 357 - -

4 (test) 771.78 607 334 595 417
5 775.12 605 333 - -
6 776.70 668 367 - -

'Resistance factors for FHWA Gates formula and the PDA test results at BOR (the beginning of restrike) are 0.55 and 0.70, respectively

(INDOT, 2013).

shown in Table 7.9, the existing foundations cannot
bear the estimated updated loads with the required level
of reliability. Therefore, foundation reuse solutions are
required.

7.3.6 Selection of Foundation Reuse Solution

7.3.6.1 Foundation reuse solution. As described in
Chapter 7.3.5, the existing foundations do not pass the
design checks, so there is a need for foundation reuse
solutions. Foundation reuse solutions can be deter-
mined by using the flow chart shown in Figure 6.1. For
this project, reducing the updated design loads was not

preferable or possible, so the existing foundations were
strengthened by the following:

® adding new piles at the end bents and interior pier, and
® widening the shallow foundation and constructing a pile
cap at the interior pier.

As we discussed in Chapter 7.3.2, during the
inspection, small cracks near the join connecting the
original and widened portions of the existing pier on
shallow foundations were observed, and the pattern of
the cracks was interpreted as a sign of differential
settlements. Therefore, the foundation at the interior
pier was widened and placed on piles to minimize any
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TABLE 7.11
Design checks with the increased factored resistances

AASHTO ASD Design
Specification (AASHTO, 2002)

Specification (AASHTO, 2002)

AASHTO LFD Design AASHTO LRFD Design

Specification (AASHTO, 2020)

Factored Factored Load Factored Factored Load Factored Factored Load
Location of the Foundation Resistance (kips) (kips) Resistance (kips) (kips) Resistance (kips) (kips)
Southbound Bent #1 1,873> 1,601 2,622> 2,352 3,604> 2,157
Northbound Bent #1 1,688> 1,461 2,362> 2,170 3,248> 1,982
Southbound Bent #3 1,803> 1,601 2,525> 2,352 3,471> 2,157
Northbound Bent #3 1,542> 1,461 2,158< 2,170 2,968> 1,982
Southbound Interior Pier 3,883< 3,924 5,702> 5,159 6,351> 4,942
Northbound Interior Pier 3,740> 3,460 5,502> 4,557 6,076> 4,362

differential settlements between the existing and new
foundations.

7.3.6.2 Capacity estimation of new foundations. The
newly added piles at each end bent and at the interior
pier location are steel encased concrete (SEC) piles with
14-inch pile diameters. The piles were driven using an
APE D19-52 hammer in 2022. Table 7.10 shows the pile
tip elevations and the estimated capacity of each pile
using the FHWA Gates formula (AASHTO, 2020).
PDA tests were performed only for the test piles that
are noted in parentheses next to the pile number in the
table. For the test piles, the estimated nominal
capacities using the PDA results at the beginning of
restrike 3 to 5 days after driving were also calculated.
Factored capacities for the FHWA Gates formula and
PDA test results were calculated with resistance factors
of 0.55 and 0.70, respectively (INDOT, 2013).

7.3.6.3 Design checks. Design checks were performed
again using the increased factored resistances of the
foundations after adding additional piles at each end
bent and at the interior pier to strengthen the foun-
dations. Table 7.11 shows the comparisons between the
factored resistances and the factored loads using diffe-
rent design codes: AASHTO ASD method (AASHTO,
2002), AASHTO LFD method (AASHTO, 2002), and
AASHTO LRFD method (AASHTO, 2020). As shown
in the table, when the LRFD design framework is used,
all foundations have higher factored resistances than
the factored loads, but when the ASD design frame-
work is used, the foundation at the southbound interior
pier has lower factored resistance than the factored load
and when the LFD design framework is used, the piles
at the northbound end bent #3 has lower factored
resistance than the factored load.

7.4 Lessons Learned from the Implementation Project

The following lessons were learned from the imple-
mentation project.

® Loam layers, which are typical in Indiana, may be hard
to classify as a sandy soil or clayey soil. However,
a correct classification is very important, because most of

the design methods, including traditional ones contained
in AASHTO (AASHTO, 2020) and current methods, are
developed for sand and clay, separately; therefore,
depending on the classification, the estimated capa-
cities can be very different even for the same SPT or CPT
values.

® Accurate site investigation is essential to estimate
whether there is reserve capacity in existing foundations,
and additional site investigation is generally worth doing,
not only to account for any strengthening of the soil that
may have occurred in time, but also because of the
greater accuracy in interpretation and analysis that
results.

® Capacity estimation using the most current, state-of-the-
art methods can be useful in estimating the reserve
capacity of existing foundations.

® Design checks using different design codes can produce
contrasting results.
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APPENDIX A. SUMMARY OF PROTOCOLS FOR FOUNDATION REUSE

Figure A.1 shows the proposed framework for foundation reuse analysis. The detailed
information can be found in Section 3 of the report.

Obtain as-built geometry of
existing foundations

'

Assess integrity of existing
foundations

Is the integrity of existing
foundation sufficient for
potential reuse?

No

Completely replace
existing foundations by
new foundations

Can the integrity
be restored?

Analyze available site
investigation data and perform
additional site investigation if

necessary

A

Repair

v

Estimate capacity of existing
foundations using current design
methods

Do existing foundations
pass both geotechnical and
structural design checks
using updated design
loads?

Go to the foundation reuse
solutions flow chart

Directly reuse existing
foundations

Figure A.1 Framework of the foundation reuse strategy.
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A.1 Inspection of Existing Foundations
A.1.1 Determination of As-Built Geometry of Existing Foundations

Determination of the as-built geometry of existing foundations is the first step of the foundation
reuse. Table A.1 shows destructive and nondestructive inspection methods that can be used to
obtain specific dimensions of existing foundations. The detailed inspection methods can be
found in Section 4.4 of the report. Figure A.2 shows the flow chart to determine the geometry of
unknown foundations.

Table A.1 Destructive and nondestructive methods that can be used to obtain specific dimensions
of existing foundations.

Unknown Dimension To Obtain Methods/Techniques

Pile length Vertical coring, sonic echo/impulse response,
bending wave method, ultra-seismic, seismic
methods, cross-borehole tomography, parallel
seismic, magnetometry, GPR, borehole radar and
sonic, induction field (IF) testing

Thickness of footing/pile cap Excavation, vertical coring, seismic methods, impact
echo, surface resistivity testing, GPR, borehole radar
and sonic

Elevation of the top of pile cap/footing | Excavation, probing, seismic methods, GPR, surface
resistivity testing, borehole radar and sonic

Width and length of footing/pile cap Excavation, probing, seismic methods, GPR, surface
resistivity testing

Layout of pile group Partial excavation, seismic methods, impact echo,
GPR




Review historical records:
* Plan drawings

« Construction records
* Inspection records

Yes

Are the foundation

dimensions ascertainable?

Footing Is it a footing or Pile foundations

pile foundations?

v

Determine pile group layout
using:

+ Partial excavation

+ Impact echo

+ GPR

Are destructive
methods
feasible?

Determine footing geometry
using destructive methods, e.g.:
+ Excavation

« Coring

* Probing

Is there access to pile
heads (or upper segments
of the pile shafts)?

Determine footing geometry
using nondestructive
methods, e.g.:

+ Impact echo

+ GPR

+ Seismic method

Determine pile length using:

+ Sonic echo/impulse response
+ Ultra-seismic

+ Bending wave method

Determine pile length using:

+ Parallel seismic

+ Vertical coring

+ Cross-borehole tomography

Determine the dimension of the pile cap

Is the dimension of
the pile cap known ?

4
Ll |l

Figure A.2 Flow chart to determine the geometry of the unknown foundation.

A.1.2 Inspection of Structural Integrity of Existing Foundations

After determining the as-built geometry of existing foundations, inspection of structural integrity
of existing foundations should be performed and structural integrity of the existing foundations
should be assessed. The inspection items and corresponding inspection methods for existing
concrete and steel foundations can be found in Table 4.3 and Table 4.4. The detailed inspection
methods can be found in Section 4.4 of the report. Figure 4.2 shows the flow chart to inspect
three aspects of structural integrity items of existing foundations.
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Table A.2 Inspection items and corresponding inspection methods for existing concrete

foundations

Item Category

Inspection Items

Methods/Techniques

Material Mix properties, compressive strength, | Review of historical records,
properties elastic modulus, rebar strength destructive methods (sampling and lab
testing, vertical coring with wireline
logging)
Surface Cracking/crack density, spalling, Visual observation, destructive
defects delamination, patching, discoloration, | methods (excavation)
efflorescence and rust/moist straining,
cold joints (lift lines), section loss
Internal Cracking, voids, weak zones, Destructive methods (excavation,
defects honeycombing, location of vertical coring with wireline logging),
delamination, presence of water, nondestructive methods (GPR,
chloride and salts, presence and extent | ultrasonic pulse velocity, infrared
of corrosion of rebar, section loss thermography, electrical resistivity,
radiography, sonic echo/impulse
response method, ultra-seismic, impact
echo, SASW, bending wave method)
Geometry Discontinuities, breaks, rebar layout Review of historical records,

destructive methods (excavation),
nondestructive methods (GPR,
radiography, cover meters, parallel
seismic, induction field testing)




Table 4.4 Inspection items and corresponding inspection methods for existing steel foundations

Item Category

Inspection Items

Methods/Techniques

Material Yield strength, tensile strength Review of historical records,

properties destructive methods (sampling and lab

testing)

Defects The location and extent of corrosion, Visual observation, dye penetrant
cracks (especially near welds and testing, destructive methods (sampling
bolts), surface flaws, condition of and lab testing), nondestructive
fatigue prone elements, condition of methods (magnetic particle testing,
cover plate cutoffs, condition of Eddy current testing, ultrasonic testing
connection details and fasteners, and phased array ultrasonic testing,
presence of lead paint, section loss acoustic emission)

Geometry Discontinuities, breaks Destructive methods (excavation),

nondestructive methods (GPR, parallel
seismic, induction field testing)
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(c)

Figure A.3 Flow chart to inspect three aspects of structural integrity of existing foundations: (a)
material properties of foundation elements, (b) defects in existing foundations, and (c) a change
in geometry of existing foundations.

A.2 Interpretation of Site Investigation Data

If the structural integrity of existing foundations is sufficient for potential reuse with or without
repairs, the available site investigation data should be collected and analyzed. Having an accurate
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analyzed site investigation data is very important to estimate the capacities of existing
foundations accurately. If necessary, additional site investigations should be performed.

The data that can be used for the analysis include the following.

e Geotechnical logs: soil description, layering, soil density, SPT and/or CPT, water
content, groundwater level and flow pattern (i.e., hydrostatic, hydrodynamic, artesian
conditions).

e Records of geohazard vulnerability assessments.

Geohazard vulnerability assessments includes vulnerability to scour and seismic hazards
(including liquefaction, settlement, slope failure, and fault rupture). Records on corrosive soils,
Karst formation, loss of soil foundation support and drainage during or after a rain event can also
be used for the analysis.

If available historical records are incomplete and do not provide sufficient information,
additional site investigation can be performed in the context of reuse decisions (including
deciding which types of in situ or laboratory tests are more appropriate for the site conditions).
Even when original borings from the time of initial construction are available, further exploration
can be done to confirm the available data and the time effect on the current soil profile. If only
standard penetration test (SPT) data are available, more reliable tests, such as the cone
penetration test (CPT), can be performed.

A.3 Capacity Estimation of Existing Foundations

The current capacity of existing foundations can be estimated from consideration of some of the
following.
1. Historical records (original plan drawings, construction records, as-built plans showing
the geometry of existing foundations or inspection records).
2. Results inspection or structural integrity evaluations.
3. Site investigation data.
4. Load tests.

Figure A.4 shows the flow chart to estimate capacities of existing foundations. Details on
capacity estimation methods can be found in Section 5 of the report.
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foundations

r 3

End

Figure A.4 Flow chart to estimate capacity of existing foundations.

A.4 Design Checks and Selection of Foundation Reuse

Based on the updated design load, current soil profile and estimated current capacity of existing
foundations, the design checks for the foundation reuse can be performed. The minimum
requirements for foundation reuse may be set as follows.
e Factored resistance > factored load.
No significant foundation element deterioration.
Structurally sound foundation elements.
No significant scour.
No excessive total and differential settlements.
No excavations or other work that might lead to loss of foundation support.
No significant reconfiguration of loads.
Lack of ability to perform construction as needed for the existing and new foundation
elements.

If the existing foundation does not pass design checks, it can be repaired or strengthened to
increase its capacity, or the superstructure design load can be revised, as by using light-weight
superstructure materials. If none of those methods work, the existing foundation can be
completely replaced by new foundations. Figure A.5 shows the flow chart to select foundation



reuse solutions. The detailed foundation reuse solution methods and several factors to be
considered can be found in Section 6.

Is a reduction in design loads
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Figure A.5 Flow chart to select foundation reuse solutions.
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