UPDATED 04 JUN 12

Memorandum

To: Chris Behling
Shung Chiu
Kent Hokens
Mike Navin
Neil Schwanz

From: Mike McGuire
George Filz

Date: December 26, 2010

Subject: Interim Guidance, Revised "LPILE Method" to Calculate Bending Moments in Batter
Piles for T-Walls Subject to Downdrag, Contract No. W912P8-07-D-0062

The purpose of this memorandum is to provide interim guidance for the revised LPILE
Method for calculating bending moments induced by downdrag acting on batter piles that
support T-Walls. The principal reason for the revision is to incorporate project-specific
nonlinear settlement profiles throughout the LPILE method, instead of the linear variation of
settlement that was applied in the LPILE analysis component of the step-by-step simplified
procedure described in our draft report, which is dated 5 May 2010 and titled “LPILE Method
for Evaluating Bending Moments in Batter Piles Due to Ground Settlement for Pile-Supported
Floodwalls in New Orleans and Vicinity” (Contract No. W912P8-07-D-0062). The linear variation
employed in the procedure in our draft report was simple to apply, but it embodied only the
specific nonlinear settlement variations that occurred in the FLAC analyses that formed the
basis of the procedure. The revised LPILE method described in this memorandum allows for
project-specific nonlinear variation of settlement profiles.

In addition to allowing for project-specific nonlinear variation of settlement profiles, this
interim guidance modifies and/or clarifies two other issues:

e The 5 May 2010 draft report allowed for a reduction in pile bending moment when T-
walls supported by only two rows of batter piles are subject to asymmetric fill loads;
whereas T-walls supported by three rows of piles and subject to asymmetric fill loads
experienced an increase in pile bending moment. The apparent reduction occurred
because the asymmetric fill loads were represented by pressures instead of soil zones in
the FLAC analyses, and this allowed for displacement and "unbending" of the piles due
to translation and rotation of the pile cap. Recent FLAC analyses with the T-wall
embedded in levee fill indicate that the previously calculated reduction is
unconservative, and that reduction has been removed from the procedure. Instead, the
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recent FLAC analyses indicate that asymmetric fill loading produce similar increases in
bending moment, whether the T-wall is embedded in levee fill or three rows of piles
support the T-wall.

e For piles that do not extend to a sand bearing layer, the settlement profile should
extend to the toe of the piles, not to the neutral plane, for purposes of calculating
bending moment in the LPILE method. Although only two sets of FLAC analyses have
been performed that compare piles with their toes in sand to piles with their toes in
clay, both sets of analyses show a slight increase in bending moment for piles with their
toes in clay. This outcome is better represented by extending the settlement profile to
the toe of the piles than by decreasing the settlement profile to only the depth of the
neutral plane.

This interim guidance is for T-walls with their pile caps embedded in soft clay. The final
revised LPILE method will contain guidance for T-walls with their pile caps embedded in levee
fill, but the details have not yet been developed for that case.

This memorandum describes the step-by-step procedure in the revised LPILE Method for T-
walls embedded in soft clay. To apply the revised LPILE method, designers should have access
to the 5 May 2010 draft report because some figures and tables from that document are
referenced in this memorandum. Based on review comments, much of the notation used in the
5 May 2010 draft report has been revised to be easier to follow. Attachment A of this
memorandum provides a table showing the correspondence between the previous and current
sets of notation. Attachment B provides a sample calculation of soil movement to be applied in
LPILE for Case 19 presented in Table 11 of the 5 May 2010 draft report. The procedures
described in this memorandum will ultimately be incorporated in a revised report that presents
the revised LPILE mehtod.

The assumptions listed in Table 1, which are reproduced from Table 15 in the 5 May 2010
draft report except as amended herein, apply to the revised LPILE Method, as do the limitations
of the method provided in Section 6 of the 5 May 2010 draft report. Revisions to the
assumptions of the method are shown in italics in Table 1, while redactions are shown in
strikethrough. It is worth reiterating that there are other sources contributing to the total
bending moment in the batter piles, such as flood loading, and that the bending moments
determined using the LPILE method described in this memorandum are only the moments due
to downdrag.
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Table 1: Assumptions used to develop a method for calculating downdrag-induced bending

moments

Assumptions

The foundation soils consist primarily of compressible clay everying which may include a
sand bearing layer, as shown in Figures 22 and 23 of the 5 May 2010 draft report. The
model was developed considering a clay layer extending 84 ft below the ground surface at
El -2, with batter piles extending from the bottom of the T-wall, which is at El -5, to El -91.

The piles are battered at 3H:1V, corresponding to a batter angle, 3, of 18.4° from vertical.

For symmetric embankment loading and for asymmetric loading resulting in more soil
compression on the flood side of the T-Wall, the down-drag induced bending moment in
the flood-side pile is considered to be critical.

For asymmetric loading resulting in more soil compression on the protected side, the
bending moment in the protected-side pile is considered to be critical. Reductions of
bending moment in the protected-side pile due to asymmetry of the T-Wall stem and
middle batter pile are ignored.

For T-Walls located within an embankment, as shown to Figure 23 of the 5 May 2010 draft
report, the compression of the embankment material is considered to be insignificant
compared to the compression of the underlying soft clay.

The clay is slightly overconsolidated near the ground surface but is otherwise normally
consolidated.

The connection of the piles to the T-Wall has little moment resistance and can be
reasonably approximated by a pin support.

Axial loading in the pile does not significantly impact the downdrag-induced bending
moments, i.e., the P-A effect is not included in this method.

Soil movement normal to the pile axis is responsible for the downdrag-induced bending
moments.

10

Soil compressions sgs and sps (defined in Step 1) are less than 36 43 inches

Revised Step-by-Step Procedure (replaces Section 4.2 of the 5 May 2010 draft report)

1. Calculate the compression profile of the soil due to the embankment surcharge using
ordinary geotechnical analysis procedures, without considering the stiffening effect of
the batter piles. The compression profile should be evaluated over the vertical interval
extending from the elevation of the base of the T-Wall to the elevation of the top of the
bearing layer or to the pile tip elevation for profiles lacking a distinct bearing layer.
Thus, the height of the vertical interval is equal to L.cos(8), where L. is the length of the
batter pile from the base of the T-wall to the top of the bearing layer or the length of
the batter pile from the base of the T-wall to the pile tip elevation for profiles lacking a
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distinct bearing layer, and 8 is the batter angle from vertical. The soil compression
calculations should be performed along two vertical profiles, which are located at the
plan view positions on the flood side and protected side at distances equal to
0.25(L.)sin(B) from the location where the outer flood-side and protected-side battered
piles intersect the T-Wall base. Note that these soil compressions are calculated along
vertical profiles at the 0.25(L.)sin(B8) locations, not along the alignment of the batter
piles. The total compression calculated on the flood side, sk, should be compared to
the total compression on the protected side, sps, and the maximum settlement and
differential settlement determined according to s,. = max{srs, sps} and As=|ses — sps]| .
The weight of the T-wall and the fill directly overlying the T-wall base is not included in
the settlement calculations.

For the plan view location that produces the maximum settlement, s,,., develop a
normalized compression profile over the vertical interval of height L. cos(8), extending
from the elevation of the base of the T-Wall to the elevation of top of the bearing layer
or to the pile tip elevation for profiles lacking a distinct bearing layer. The normalized
compression profile is used to determine the distribution of the soil movements applied
in LPILE. An example of a normalized compression profile is shown below in Figure 1.
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Figure 1: Sample normalized compression profile
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The normalized compression profile shown in Figure 1 was generated by dividing the
settlement calculated in Step 1 for the critical side of the floodwall at a particular depth,
s, by the maximum settlement, s,,4, calculated over the entire vertical interval defined
by L.cos(B). The normalized settlement, s/spmqy, is plotted against the normalized depth
within the compressible clay layer, z cos(8)/L. cos(8) = z/L.. A simplified fit can be
applied to the normalized distribution of compression, as shown in Figure 1, to reduce
the data entry required to specify soil movements in LPILE.

3. Calculate the vertical soil movement at the top of the pile, dy,o, to be applied at the top
of the pile in LPILE using Figure 2 and the value of s,,x determined in Step 1 to account
for the stiffening effect of the piles on soil compression. Not that the plot and equation
in Figure 2 are only applicable over the s;,4 range from 0 to 43 in.

50
d\yp=0.0168(s 4, in.)? +0.2185(s,,,, in.)

20 -

Vertical soil movement at pile top, d, ,(in.)

0 1 1 1 1
0 10 20 30 40 50
S

max (IN.)

Figure 2: Vertical soil movement applied at the top of the pile versus the greater calculated soil compression

4. For asymmetric embankment loading, determine the horizontal soil movement, dy, o, to
be considered at the top of the pile in the LPILE analysis using Figure 3 with the value of
As determined in Step 1. Not that the plot and equation in Figure 3 are only applicable
over the As range from 0 to 21 in.
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Figure 3: Horizontal soil movement considered at the top of the pile in LPILE versus As

5. Determine the magnitude of soil movement to be used in LPILE as displacement of the
spring supports at the top of the pile, dy,0, by summing the components of dyp and d}
that act normal to the pile.

leo = d\/,o*Sin,B+ dHlo*COS,B (2)

6. Apply soil movement along the pile (0 <z < L) using the normalized soil compression
profile developed in Step 2. The magnitude of soil movement, dy,,, to be used in LPILE at
a location along the pile, z, is determined by multiplying the normalized soil
compression at the location, s/Spmax, by the value of dy determined in Step 5.

7. Determine the sign of the pile batter angle according to the convention shown in Figure

4 for soil moving against the pile, which is opposite of the convention given in the LPILE
5.0 Plus User’s Manual for soils resisting lateral movement of the pile.
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Figure 4: Sign convention in LPILE for soil movement and pile batter

8. Transform the soil profile according to Figure 5 to match the coordinate system used in
LPILE, which is parallel to the pile axis.

x~
&
N
S
>

/e

Q

| Pile alignment in LPILE

L .
/ H, Soil Layer 1 L = H4 / cos(B)

Lz// B H, Soil Layer 1
L Lo = Hy / cos(B)

() (b)

Figure 5: (a) Actual soil stratigraphy, (b) Soil stratigraphy modified for pile batter angle

9. Determine the factored unit weight, y;, for each soil layer considered in LPILE according
to 5 = y*cospf, where yis the total unit weight of soils above the water table and yis
the buoyant unit weight of soils below the water table.

F-7



UPDATED 04 JUN 12

10. Determine the LPILE spring stiffness parameters using default values for strain at 50% of

11.

the maximum stress, €xq, (initiated by leaving the field blank when entering soil
properties in LPILE) for clay layers and the guidance provided in the LPILE User’s Manual
for the stiffness modulus, k, for sand layers.

Perform an LPILE analysis to determine the maximum moment, M., using a pinned
restraint (zero moment and zero displacement) at the top of the pile, the spring support
displacements from Steps 5 and 6, and the spring stiffness parameters from Step 10.
The number of pile increments can be specified using the standard guidance in the LPILE
User's Manual.
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Attachment A: Notation

Notation used

Description

Revised Notation

in May 2010 (no change if blank)
draft report

L length of pile in compressible clay layer

Le length of pile within embankment

z distance along the pile starting from an origin at the
bottom of the T-Wall

B pile batter angle

Py vertical soil movement at the pile top, z=0 dvo

P, horizontal soil movement at the pile top, z=0 duo

A component of soil displacement acting normal to pile | dy,
axis at location z, this is also the spring support
displacement applied in LPILE at position z

A, spring support displacement at the top of the pile dn,o

Vg8 transformed soil unit weight = y-cosp Yz

M max maximum bending moment

C hand-calculated vertical compression w/o the
presence of piles

CrLac vertical compression calculated in FLAC with piles dFFSLAC
present according to Geometry (b)

Py,Fiac the magnitude of vertical soil compression whose dVF;AC
normal component when applied as A, in LPILE
produces the same maximum moment as FLAC

X the horizontal distance from where the pile intersects | x
the T-Wall base to the point where a vertical profile
intersects the pile 25% of the vertical distance from
the base of the T-Wall to the top of the bearing layer

Crs vertical compression determined by hand along a | sgs
profile a distance X from where the flood-side pile
intersects the T-Wall base

Cps vertical compression determined by hand along a | sps
profile a distance X from where the protected-side pile
intersects the T-Wall base

Crs, FLAC vertical compression determined using FLAC along a dVF;AC
profile a distance X from where the flood-side pile
intersects the T-Wall base

Cer the greater compression between Cgs and Cps Smax = Max{sks, Sps}

Cis the lesser compression between Crs and Cps As = | sps — Sps|
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Attachment B: Sample calculation of LPILE soil movement for Case 19 (see 5 May 2010 draft
report)

Relevant details:

L, = 81 ft/cos(B) = 85.4 ft = 1024 in.
6 =18.43 deg.

Step 1: Calculate settlements

SFs =28.86in.

Sps =8.28 in.

Smax = Max{ses, Sps} = 28.86 in.
As =|28.28 — 8.28| = 20.58 in.

Step 2: Develop normalized settlement profile
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Figure 6: Normalized compression profile for Case 19

Step 3: Determine dyo

dvo = 0.0168(Smax)’+0.2185(Smax) = 0.0168(28.86)%+0.2185(28.86) = 20.30 in.

Step 4: Determine dy,

10
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duo  =0.295(4s) = 0.295(20.58) = 6.07 in.
Step 5: Determine dy,

dno  =dyosin(B) + duocos(B)
dno  =20.30sin(18.43) + 6.07 cos(18.43)
dnvo =6.42in.+5.76in. =12.18in.

Step 6: Determine distribution of soil movement

For example, the soil movement at z = 341 inches below the top of the pile is determined by
entering the normalized compression profile shown in Figure 6 at z/L. equal to 341/1024 = 1/3,
reading off the corresponding normalized compression which equals approximately 0.44, and
scaling the compression by dy o to yield a compression, dy 324 = 5.36 in. This process is repeated
at other locations as necessary to develop the total soil movement profile to be applied in
LPILE. Figure 7 shows the resulting compression profile, which is similar to Figure 6, but with
the vertical axis scaled by dy o = 12.18 in. and the horizontal axis scaled by L. = 1024 in.
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Figure 7: Compression profile for Case 19

Steps 7 through 11 of the revised procedure in the main body of this memorandum are the
same as Steps 6 through 10 of the procedure in the 5 May 2010 draft report.
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1.0 INTRODUCTION

This report describes development, validation, and use of a method to estimate bending
moments in batter piles induced by downdrag settlements. This project was performed under
US Army Corps of Engineers (USACE) Contract No. W912P8-07-D-0062. The method described
herein was developed for the design of pile-supported T-Walls in the New Orleans area and
vicinity. The method utilizes the program LPILE, developed by Ensoft, Inc., combined with
conventional geotechnical procedures to calculate consolidation settlements and correlations
generated for this project. The approach is intended for practical use by designers, and it was
developed to be as straightforward as possible while retaining the capability to address
complexities of the soil-structure interactions that occur for pile-supported T-Walls.

1.1 Objective

Batter piles used to support T-Walls in the New Orleans area and vicinity may be subject to
downdrag loads produced by consolidation of soft clay foundation soils under the weight of a
levee embankment. When a pile is battered, a component of the total downdrag load on the
pile acts normal to the pile axis and produces bending moments. The bending moments due to
downdrag can be significant, and they can influence the design of the piling system used to
support the T-Wall. The objective of this report is to provide guidance for estimating the
bending moments produced by downdrag for the relatively complex soil-structure interaction
characteristics of pile-supported T-Walls.

1.2 Scope of Work

The scope of work, as outlined in the January 20, 2010 Statement of Work included in the
project contract, was limited to:

1. Reviewing existing methods used by A/E firms and identified in published sources to
estimate downdrag-induced bending moments in batter piles.

2. Evaluate the existing methods

3. Recommend minor changes to an existing method for use on projects in the New
Orleans area and vicinity.

None of the existing methods used by A/E firms or identified during the literature review were
sufficiently validated or detailed enough to address the characteristics of typical pile-supported
T-walls used by the USACE in New Orleans and vicinity. Consequently, an extensive effort was
undertaken to develop and validate a method that would satisfy USACE requirements. This
included comparing LPILE analyses with published data from an instrumented field case history
and laboratory experiments. LPILE analyses were also compared with an extensive series of
numerical analyses that were performed by Mike Navin as part of this project. These
comparisons resulted in two new components for the LPILE Method: (1) a chart that accounts
for the stiffening effect of battered piles on ground settlements in the vicinity of the battered
piles and (2) a chart that accounts for lateral movement of the soil when asymmetric fill loads
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are applied around the T-wall. The effect of lateral movements depends on whether the T-wall
is supported by two or three battered piles because the T-wall and pile frame is freer to move
laterally under asymmetric fill loads when it is supported by two piles than when it is supported
by three piles. In addition, some of the numerical analyses addressed effects of lack of a
distinct bearing layer and the presence of a sheet pile cutoff wall.

1.3 Organization of the Report

Section 2 of the report presents an overview of the literature review, with comprehensive
information about the published literature located in appendices. Section 3 presents a detailed
discussion of the background and development of the LPILE Method for calculating downdrag-
induced bending moments in battered piles. Section 4 presents a concise step-by-step outline
of the method. Section 5 presents a detailed example problem showing the complete
execution of the method. Section 6 presents limitations of the method. A list of references
cited in the main body of the report is in Section 7.

Appendix A provides the entire list of references examined for the project, including some
items discussed in the other appendices but not cited in the main body of the report. Appendix
B provides descriptions and assessments of existing methods for calculating downdrag-induced
bending moments in battered piles. Appendix C provides summaries of selected references
from the published literature. Appendix D provides descriptions and data summaries for an
instrumented field case history and for two laboratory experiments. Appendix E provides a
detailed evaluation of the method proposed by Shibata et al. (1982).

Designers who are primarily interested in applying the LPILE Method can focus their reading on
Sections 4, 5, and 6.
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2.0 Literature Review

The literature review for this project consisted of evaluating information from two primary
source categories. The first source was unpublished documents, hand calculations, and
electronic files pertaining to methods used by A/E firms working on USACE projects to estimate
downdrag-induced bending moments. In total, three such methods were identified. Two of the
methods were used by Eustis Engineering, Inc., while the third was used by Burns Cooley
Dennis, Inc.

Published journal and conference papers were the other main source of information about
downdrag-induced bending moments in batter piles. Several databases were used for the
literature review including: the ASCE Research Library, Virginia Tech’s Newman Library,
Compendex, and the Transportation Research Institute Search engine (TRIS). A complete list of
references identified during the literature review is provided in Appendix A. The following
papers describe specific methods to calculate downdrag-induced bending moments in battered
piles.

e Satoetal. (1970)

e Broms and Fredriksson (1976)
e Shibata et al. (1982)

e Takahashi (1985)

e Satoetal. (1987)

e Sawaguchi (1989)

e Raoetal.(1994)

Appendix B provides a concise overview and our assessments and impressions of all the existing
methods to estimate downdrag-induced bending moments in batter piles. This appendix lists
the strengths and limitations of each method, the assumptions used, and some additional
commentary. Written summaries of selected references describing the existing methods are
presented in Appendix C of this report. Of these methods, the procedure proposed by Shibata
et al. (1982) and the use of LPILE proposed by Burns, Cooley, Dennis, Inc., both possessed a
logical basis and were simple enough for practical use. However, they have not been validated
for conditions of USACE pile-supported T-walls in New Orleans and vicinity.

In order to evaluate published methods and to validate the LPILE Method proposed in this
report, the results of laboratory and field-scale studies found in published sources were
compiled and digitized. Descriptions of the experimental studies are in Appendix D. In general,
the model piles used in the experiments were installed in pairs and hinged at the top to form an
A-frame configuration.

The method proposed in Shibata et al. (1982) uses a closed-form solution that could be made to
achieve good agreement with digitized bending moment data from the experimental studies
indentified in the literature. However, agreement with the measured bending moments
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required back-calculating values of the input parameter relating the pile diameter and the
average undrained shear strength of the foundation soil to the stiffness of the linear pile-soil
springs. This parameter ranged from a value of 0.7 to 90, making use of this method for forward
analysis difficult without prior understanding of the pile-soil response for a specific set of
conditions. The results of this evaluation are included in Appendix E of this report. The method
by Shibata et al. (1982) was eventually abandoned as a recommended procedure for three main
reasons: 1) the difficulty of selecting the spring stiffness parameter, 2) the linear springs used in
Shibata’s method are less sophisticated than the non-linear p-y curves used in LPILE, 3) a
procedure using LPILE requires about the same level of effort on the part of the designer, so
there is no ease-of-use advantage to the closed-form solution proposed by Shibata et al. (1982).

The LPILE Method described in this report is an extension of the method used by Burns, Cooley,
Dennis, Inc., with added procedures to account for the stiffening effect of the piles on soil
settlements, asymmetric fill placement, and differences in T-Wall support conditions for two or
three batter piles.
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3.0 DEVELOPMENT AND DESCRIPTION OF METHOD

3.1 Background

A method utilizing the program LPILE Plus 5.0, produced by Ensoft, Inc., has been developed to
estimate the bending moments generated in batter piles subjected to downdrag. The approach
uses the soil movement option in LPILE 5.0 Plus to apply the component of downdrag that acts
normal to the pile axis when the pile is battered. As shown in Figure 1, the soil movement is
treated as displacement of the back side of the nonlinear p-y springs that act on the pile. For
embankment loading that is symmetrical on the flood side and protected side of the T-Wall, the
primary direction of soil displacement due to consolidation under the embankment loading is
vertical. For embankment loading that is asymmetric, there may be a significant component of
lateral soil movement. The most straightforward approach to estimating the component of soil
displacement that acts normal to the pile axis, 4, is to multiply the vertical component of soil
displacement by the sine of the batter angle taken from vertical and add the result to the
product of the horizontal component of soil displacement and the cosine of the batter angle.

Soil g, |_N\N‘
movement ,
p-y spring

Figure 1: Soil movement applied to soil-pile

< Pie <

Using the concept described above, the main issues to be addressed to apply this approach to
T-Walls in the New Orleans area are:

1. What p-y soil response curves should be used in LPILE to represent the relationship
between the soil pressure exerted on the pile and the soil movement due to
consolidation?

2. How should pile batter be accounted for in LPILE?

3. What type of boundary conditions for moment and displacement should be applied
to the top of the pile in LPILE?

4. What are the influences of the T-Wall, a sheet pile cut-off, and a second batter pile
on the protected side on the downdrag-induced bending moments?

5. How can vertical compression calculated using straightforward hand calculations be
adjusted to factor in the support provided by the piles and the T-Wall?

6. How can the impact of lateral soil displacement due to asymmetric fill be accounted
for in the soil movements used as input to LPILE?

The following steps and observations led to answers to the above questions:
a) LPILE was applied to the experimental field scale study described by Takahashi

(1985), Sato et al. (1987), and Sawaguchi (1989). LPILE was also applied to the
laboratory studies conducted by Takahashi (1985) and Shibata et al. (1982).



b)

d)

f)

g)
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Successful validation of the LPILE Method against the experimental results was
achieved using a simple approach for determining soil movement due to vertical
consolidation, the p-y relationships built into LPILE to model the soil layers, and an
appropriate sign convention for entering the batter angle.

A parametric study was performed using the finite difference analysis program FLAC
(Itasca 2002) for a pile-supported T-Wall on a simple foundation soil profile that was
based on the profile used in the numerical model developed by GeoMatrix
Consultants (2007) for analysis of T-Walls in the New Orleans area.

The results of the FLAC study were used as the basis for exploring the influence of
the T-Wall, the sheet pile cut-off, and a second batter pile on the protected side on
downdrag-induced bending moments. These analyses permitted determining which
of these influences are significant for USACE T-Wall projects in the New Orleans
area.

Compression of the foundation soil profile determined from the FLAC analyses in
Step (c) was compared to the result of hand calculations performed using
conventional geotechnical calculations without the stiffening effect of the T-Wall
and piles. When the T-Wall and piles were removed from the FLAC model, the
compressions calculated by hand agreed with the values determined using FLAC.
When the T-Wall and piles were left in place in the FLAC model, the compressions in
the vicinity of the piles were considerably smaller than those estimated by hand. The
agreement between the experimental studies and the LPILE Method was based on
using the reported settlements, which were influenced by the piles. Therefore, an
approach had to be developed to adjust the hand-calculated soil compressions to
account for the settlement reducing influence of the piles and the T-Wall.

The form of the LPILE Method that was validated against the experimental results in
Step (b), together with the method for adjusting hand calculated settlements
described in Step (e), were successfully used to calculate bending moments in
agreement with those from the FLAC analyses in Step (c) for the case where the
embankment fill is symmetrical with respect to the T-Wall. This result suggested that
the LPILE Method was also applicable to pile-supported T-Walls that have a more
complex soil-structure interaction than the A-frame pile configurations used in the
experimental studies.

The FLAC model was then used to investigate the impact of asymmetric fill on the
flood and protected sides of the T-Wall. A simple procedure was developed to relate
soil compression determined by hand on the flood and protected sides of the T-Wall
to the magnitude of horizontal soil movement which, when applied normal to the
pile in LPILE, yielded bending moments that agreed with those determined by FLAC
analyses.
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3.2 Basics of the Method
3.2.1 Application of Soil Movements in LPILE

As described previously, the most straightforward way to determine the magnitude of soil
movement normal to the pile axis at a position along the pile is to multiply the vertical
component of soil displacement by the sine of the batter angle from vertical and add the result
to the product of the horizontal component of soil displacement and the cosine of the batter
angle. Rigorous application of this approach would require determining the soil movements at
many locations along the length of the pile. Because the pile is battered, such an operation
would require calculating movements along many different vertical profiles and using the soil
compression magnitude where the vertical profile intersects the pile. In the methods
developed by Shibata et al. (1982) and Sawaguchi (1989) to estimate downdrag-induced
bending moments, soil movements due to vertical compression are determined based on
settlement evaluated at a single location. These methods make the simplifying assumption that
soil movements are distributed linearly along the length of the pile from the value at the top of
the pile to a value of zero where the pile intersects the bearing layer. For piles that penetrate
the embankment inducing the consolidation settlement, Takahashi (1985) assumed that the soil
movements are constant over the length of the pile within the embankment. These simplifying
assumptions are incorporated in the LPILE Method described in this report.

Figures 2 and 3 show the relevant components and dimensions of the T-Wall and embankment
configurations considered in this project. In these figures, L. = the length of pile in the
compressible clay layer, and L. = the length of pile within the embankment. For a T-wall with its
base below the embankment, as shown in Figure 2, L. = the length of the pile from the bottom
of the T-wall to the top of the bearing layer, and L. = 0. For a T-wall with its base in the
embankment, as shown in Figure 3, L. = the length of the pile from the top of the clay layer to
the top of the bearing layer, and L. = the length of pile within the embankment. For both cases,
z = the distance along the pile starting from an origin at the bottom of the T-wall. The spring
support displacements, 4, in LPILE are applied as shown in Equations (1) and (2), where A4, is
the spring support displacement at the top of the pile and P, and P, are, respectively, the
vertical and lateral soil movements at z=0.

Ay = P*sinfB+ Py*cosf3 (1)
A=A, forz< L, (2a)
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Flood-side embankment Protected-side embankment
|
T-Wall footing and stem
| El. G.S.
+—-—-————- El. T-Wall Base
2
o Clay
(0]
(0]
e
9]
El. Sand
—————————————————————— El. Pile tip
Sand

B = batter angle
/

/
Figure 2: Layout of T-Wall with base below embankment

L
¢ Clay

El. Sand

l________________\'___\' ________ El. Pile tip

Figure 3: Layout of T-Wall with base in embankment
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3.2.2 Soil Response

The soil response for the soft clay is applied in LPILE using the built-in p-y relationships
developed by Matlock (1970). Even though downdrag is a long-term consolidation
phenomenon, the standard p-y curves for clays that are incorporated in LPILE provided a good
fit to the results of the experimental studies, as shown in Section 3.3 of this report. The
undrained strengths used in LPILE should be based on experience or available laboratory and
field data. A sand bearing layer located beneath the clay can be applied in LPILE using the p-y
relationship proposed by Reese et al. (1974). The yield strength and stiffness parameters for the
p-y response curves are assigned using guidance in the LPILE 5.0 Plus User’s Manual (Ensoft,
2008). In the absence of specific information regarding selection of the values of strain at 50%
of maximum stress, €5, for the soft clay and the soil modulus parameter, k, for sand, the
guidance provided in Tables 3.2 and 3.4 of the LPILE User’s Manual are recommended for
selecting input parameters for LPILE. As an example, the input values used for the soil profile in
the LPILE analyses described in Section 3.5 are shown below in Table 1.

Table 1: Input parameters used in LPILE to determine p-y relationships for the analyses in Section 3.5

Effective Soil
Unit Undrained Strain at 50% stress modulus
Depth along | weight, strength, s, maximum friction | parameter,
Layer pile (in.) 75 (pci) (psi) stress, €59 angle, @’ | k (Ib/in)
Soft Clay 0to 190 0.028 1.39 0.015 -- --
Soft Clay | 190to 1024 0.028 1.39t0 6.35 | 0.015to 0.005 - -
Sand 1024 to 1088 0.033 - - 30 60

3.2.3 Batter Angle

The following three steps are taken to account for pile batter in the LPILE Method described
here:

e The pile length is measured along the pile, and the soil layer thicknesses are
transformed to match, as shown in Figure 4.

e The unit weights of the soils are adjusted to produce the same vertical effective stress in
the transformed soil profile as in the real soil profile at corresponding positions along
the pile length. This is done by multiplying the soil unit weight, y, by the cosine of the
pile batter angle to produce an adjusted unit weight, y3= y* cos(f). Total unit weights
should be multiplied by the cosine of the pile batter angle for soils above the water
table, and buoyant unit weights should be multiplied by the cosine of the pile batter
angle for soils below the water table.

9 F-22
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e LPILE provides for the possibility of a wedge type of failure mode near the ground
surface for laterally loaded piles, and this failure mode depends on the batter angle of
the pile. The sign convention for a pile that is subject to an applied load at the top and
whose lateral movement is resisted by the soil is shown in Figure 3.9 in the LPILE User's
Manual. When the soil is moving against a pile that is restrained at the top, the sign
convention in Figure 3.9 of the LPILE User's Manual should be reversed, and the sign
convention shown in Figure 5 should be applied. This means that a positive batter angle
should be input to LPILE for calculating bending moments due to downdrag.

X~
@Q)Q
S Pile alignment in LPILE
> I
/e
0 0
] A
! H; Soil Layer 1 L, = Hy / cos(p)
Y Z,
A Zig
Lo B H, Soil Layer 1
. \/ z, L, =H, / cos(B)
Zag
(a) (b)

Figure 4: (a) Actual soil stratigraphy, (b) Soil stratigraphy modified for pile batter angle
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> Y+

+ Soil movement
_>

8]
/ \

X+

Figure 5: Sign convention in LPILE for soil movement and pile batter

3.3 Validation of Basic LPILE Method

The LPILE Method described in the preceding sections was applied to the experimental results
from the field tests reported by Takahashi (1985), Sato et al. (1987), and Sawaguchi (1989), as
well as laboratory studies by Takahashi (1985) and Shibata et al. (1982). The details of these
studies can be found in Appendices C and D of this report. For the field test, an embankment of
unspecified material was constructed over a soft clay stratum to induce consolidation. A pair of
hinged piles was then installed through the embankment and soft clay stratum to a bearing
layer of stiff clay and sand. A portion of the hinged pair of piles extended above the ground
surface. Bending moments were measured in the piles over the year-long duration of the
experiment. The input used in LPILE for the field experiment is shown below in Tables 2, 3, and
4. The value for the moment of inertia shown in Table 2 was determined according to rt/4*(rc,4 -
ri4), where r, and r; are the inner and outer radii of the pipe pile section determined from
information given in the referenced papers. This value of moment of inertia is different from
the value reported in Sato et al. (1987).

Table 2: Pile Properties for field experiment

Pile Dist above Batter Diameter Moment of Area Youngs
Length ground (m) angle (m) Inertia (m?) (m) Modulus

(m) (deg) (kN/m?)

38.7 0.9 15 0.508 0.0004623 | 0.0148 2e8
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Table 3: Soil layer input in LPILE for field experiment

Layer Elevation Distance Unit Unit Undrained | Strain at 50%
(m) along pile | weight, y | weight, | strength, s, maximum
(m) (kN/m?3) 7, (kN/m?) stress, €59
(kN/m?)
Stiff Clay 25to00 0.9to 3.5 7.2 7.0 25 (assumed) 0.007
Soft Clay Oto-2.5 3.5t06.1 7.2 7.0 20to 16.5 0.005 to 0.01
Soft Clay | -2.5to-26 6.1to030.4 7.2 7.0 16.5to0 50 0.01 to 0.005
Stiff Clay -26to-34 30.4to 38.7 8 7.7 60 0.007
Table 4: Soil movements in LPILE
Depth along 364-day Soil 243-day Soil 119-day Soil 55-day Soil
pile (m) Movement (m) Movement (m) Movement (m) Movement (m)
0 - - - -
0.9 - - - -
0.9 0.0681 0.0590 0.0422 0.0280
3.5 0.0681 0.0590 0.0422 0.0280
11.8 0.0108 0.0094 0.0067 0.0044
38.7 0 0 0 0

The results of the LPILE analyses are shown in Figure 6, where it can be seen that the LPILE
results are in good agreement with the field data.

12

F-25



UPDATED 04 JUN 12

Bending moment (KN-m) Bending moment (KN-m)
-200-100 0 100 200 300 400 -200-100 O 100 200 300 400
0 ' ' : ' ' 0
£ 4] £ 4]
= 8] = 8]
& 12 1 5 12 1
ic) 16 ¢ § 16 -
2L 20 ® 2 20
= 24 ° 2 24 -
S 28 A . S 28 -
< 32 t < 32 4
36 - ® 36 1 ®
364-days 243-days
10 ( ys) 40 ( ys)
Bending moment (kN-m) Bending moment (kN-m)
-200-100 0 100 200 300 400 -200-100 O 100 200 300 400
~~ N . — ]
5 12 1 5 12 -
& 16 1 N & 16 1 —Predicted
2 20 1 ® o 20
2 24 - ° 2 24 - e | ® Measured
z 284 S 28 - 1
< 32 - . < 32 - .
36 1 ° (119-days) 36 1 (55-days)
40 40

Figure 6: Comparison of LPILE-predicted moments versus moments measured during field experiment

In addition to the field study, the basic LPILE Method was compared to laboratory-scale
experiments performed by Takahashi (1985) and Shibata et al. (1982). The laboratory study
performed by Takahashi (1985) included four pairs of hinged piles at different batter angles. A
layer of sand and steel shot was used to load the clay around the piles. A portion of the piles
extended above the surface of the sand and shot. Bending moments measured at various times
during the year-long experiment were reported in the paper for piles with two different batter
angles. The input used in the LPILE analysis of the laboratory experiments conducted by
Takahashi (1985) are shown in Tables 5, 6, and 7. Due to the very low effective stresses present
at the model scale, it is unclear whether the guidance for k given in the LPILE User’s Manual is
directly applicable. Accordingly, a range of soil modulus values, k, was used to represent the
sand and steel shot layer used in the experiment to apply the surcharge pressure. In this
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instance, the LPILE analysis was not sensitive to values of k above 10,000 kN/m>. The results of
the LPILE analysis for k equal to 1,000 and 10,000 kN/m? are shown in Figure 7, where it can be
seen that a k value of 1,000 kN/m? produced reasonably good agreement between the

calculated and measured values of maximum bending moment.

Table 5: Pile Properties for lab experiment by Takahashi (1985)

Pile Batter Dist. Dist. Diameter | Moment of | Area(m) Youngs
Length | angles | above above (m) Inertia (m?) Modulus
(m) (deg) | ground ground (kN/m?)
20° (m) | 10°(m)
1.78 20,10 0.237 0.308 0.075 4.556e-9 0.000675 2e8
Table 6: Soil layer input in LPILE for lab experiment by Takahashi (1985)
Layer Sand Soft Clay Soft Clay
Depth along pile 20° batter (m) 0.237t0 0.578 0.578 to 1.000 1.000to 1.780
Depth along pile 10° batter (m) 0.308 to 0.633 0.633 to 1.000 1.000to 1.780
Unit weight, 7 (kN/m?) 31.2 5.2t05 5t05.4
Unit weight, 75, 20° batter (kN/m>) 29.4 4.8t04.7 4.7t05.1
Unit weight, 73, 10° batter 30.8 5.1t04.9 49t05.3
(kN/m°)
Undrained strength, s, (kN/m?) - 5 5to 10
Strain at 50% maximum stress, €s5g -- 0.01 0.01 to 0.005
Effective friction angle, ¢’ 35 - -
Soil modulus parameter, k (kN/m3) 1,000 or 10,000 -- -
Table 7: Soil movements in LPILE for lab experiment by Takahashi (1985)
Depth along 14-week Soil 4-week Soil 1-week Soil 14-week Soil
pile (m) Movement (m) Movement (m) Movement (m) Movement (m)
20° batter angle 20° batter angle 20° batter angle 10° batter angle
0 0.0561 0.0338 0.0157 0.0285
1.78 0 0 0 0
14
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Figure 7: Moments predicted in LPILE analysis of laboratory study by Takahashi (1985)

The inputs used in the LPILE analysis of the laboratory study performed by Shibata et al. (1982)
are shown in Tables 8, 9, and 10. Shibata’s study involved measuring bending moments in
model piles subjected to downdrag produced by applying three magnitudes of surcharge
pressure: 20kPa, 40kPa, and 60kPa. Since the piles in this model were pinned at both the top
and bottom, a pinned boundary connection was needed at the bottom of the pile in LPILE. This
was accomplished by adding a length of pile with a very low flexural rigidity. The flexible portion
of the pile was then anchored in a very strong rock layer. These modifications resulted in a
pinned condition of essentially no moment or displacement at the tip of the pile. Figure 8
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shows the results of the LPILE analysis performed for the laboratory study by Shibata et al.
(1982), and it can be seen that the agreement is reasonably good.

Table 8: Pile Properties for laboratory study by Shibata et al. (1982)

Pile Batter | Diameter Moment of Area (m) Youngs
Length angles (m) Inertia (m?) Modulus
(m) (deg) (kN/m?)
0to 0.6 15 0.06 9.6e-8 0.000222 2.1e8
0.6to1l 15 0.06 le-8 0.000222 100000
Table 9: Soil layer input in LPILE for laboratory study by Shibata et al. (1982)
Layer Depth Unit Unit Undrained | Strain at 50% Unconfined
along pile | weight, | weight, strength, maximum compressive
(m) y Y syt (kN/m?) stress, €50 strength (kN/m?)
(kN/m®) | (kN/m?)
SoftClay | 0to 0.6 6.7 6.5 3(6),6(12), 0.02
9(18)
Rock 0.6to 1.0 23 22 100,000

T The values of s, in parentheses are those provided in the paper by Shibata et al. (1982) for surcharge pressures of
20, 40, and 60 kPa. However, there is reason to believe that these values of su are too high, as discussed in the
text below. The LPILE analysis results shown in Figure 8 are based on the values of s, equal to 3, 6, and 9 kPa for
surcharge pressures of 20, 40, and 60 kPa.

Table 10: Soil movements in LPILE for laboratory study by Shibata et al. (1982)

Depth along pile (m) | 20 kPa Soil Movement 40 kPa Soil Movement 60 kPa Soil Movement
(m) (m) (m)
0 0.0142 0.0172 0.0182
0.6 0 0 0
1.0 0 0 0

16
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Figure 8: LPILE analysis of laboratory study by Shibata et al. (1982)

The soil movements used in LPILE for the laboratory studies by Takahashi (1985) and Shibata et
al. (1982) are based on reported values of surface settlement of the samples. Since the
apparatuses used in both laboratory studies were too small for the measured settlements to
reflect a free field condition, it can be reasonably assumed that the reported settlements are
influenced by the presence of the piles. The results of the field-scale study include a vertical
settlement profile obtained from six reference points embedded in the ground. None of the
papers describing the field study explicitly indicate the location of the settlement profile
relative to the piles; however, based on the width of the surcharge embankment provided by
Sawaguchi (1989) and the horizontal projection of the piles from the center of the
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embankment, it can again be assumed that the measured settlements must have been
influenced by the presence of the piles.

Reported values of undrained shear strength were used in LPILE for the field study and
laboratory study by Takahashi (1985). For the laboratory study performed by Shibata et al.
(1982) the clay was placed around the piles as a slurry and allowed to consolidate under self
weight, therefore the undrained strength of the clay at the start of the test when the surcharge
pressure was applied was likely very low, with an average value of about 0.5 kPa. The undrained
strengths used in the paper are based on an assumed undrained strength ratio of 0.3 multiplied
by the value of the surcharge pressure. It is likely that this approach significantly overpredicts
the undrained strength of the clay for the majority of the consolidation-induced soil movement.
This is supported by the fact that LPILE significantly overpredicts bending moments when the
assumed strength values listed in the paper are used. If strengths equal to half the reported
values are used, to approximately represent the average strength during the consolidation
process, the agreement with LPILE for the three surcharge pressures used is quite good, as
shown in Figure 8.

3.4 Refinement of the Basic LPILE Method

The validation of the LPILE Method described in Section 3.3 of this report left the following
issues still to be addressed to develop a practical method that can be applied to the T-walls
typically used by the USACE in New Orleans and vicinity:
A. The stiffening effect of the piles on soil settlements, as compared to conventional
settlement calculations without piles.
B. The shielding effect of the T-wall, which may reduces stress changes in the compressible
soil from the fill load.
The effects of multiple batter piles on the protected side.
D. The effects of asymmetry of embankment fill, which could cause an additional bending
moment on the pile closest to the greater fill load.
E. The effects of a sheet pile cutoff wall.
F. the effects of an all clay profile without a sand bearing layer.

0

These factors were investigated for the geometries shown in Figure 9 and the cases listed in
Table 11 using an adaptation of the FLAC model developed by Geomatrix Consultants, Inc.
Table 11 also includes the maximum bending moment values, M,q, from the FLAC analyses.
The clay used in the FLAC model was assigned the undrained shear strength profile shown in
Figure 10. Other property values for the clay are listed in Table 12. The ground water level is
assumed to be at the ground surface. The bottom of the model is at EL — 140 ft, and no
displacements are allowed below this level. For the purpose of settlement calculations, the
preconsolidation pressure is assumed to be equal to the initial effective vertical stress below EL
-20 ft and to be equal to the initial effective vertical stress at EL -20 ft for elevations above -20
ft. The sand was assigned an effective friction angle of 30 degrees and a buoyant unit weight of
60.5 pcf.
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The embankment geometry for the surcharge pressure extended laterally such that the mid-
point of the side slopes is 75 ft from the T-Wall stem in either direction for cases where the fill

is symmetric and only on the flood side for cases with asymmetric fill.

Items (A) through (F) are addressed in the sections that follow. Section 3.4.1 addresses Item (A),
Section 3.4.2 addresses Item (B), Item (C) is discussed in Section 3.4.3 for symmetric fill and in
Section 3.4.4 for asymmetric fill, Item (D) is addressed in Section 3.4.4, Iltem (E) is discussed in

Sections 3.4.3 and 3.4.4, and Item (F) is addressed in Section 3.4.5.

fY+ x=12 Ay+
I
I (a) (b)
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I I I
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. I I I
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Figure 9: (a) Pair of batter piles with roller supports, (b) Pair of batter piles pinned at base of T-Wall
footing, (c) Three batter piles pinned at base of T-Wall footing, (d) Three batter piles plus sheet pile

pinned at base of T-Wall footing
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Table 11: FLAC Runs in Parametric Study

CASE | Geometry | Flood-side, | Protected-side, FS pile Middle pile | FS pile Mp,ax
FS, Fill (psf) PS, Fill (psf) Mumax (k-ft) | Mpax (k-ft) (k-ft)
1 a 660 660 112 -- -111
2 a 330 330 57 - -57
3 a 990 990 164 - -164
4 b 330 330 63 - -52
5 b 660 660 117 -- -100
6 b 990 990 168 -- -148
7 b 330 0 88 - 27
8 b 660 0 120 -- -39
9 b 990 0 120 -- -58
10 c 660 660 116 44 -84
11 (o 660 0 159 57 47
12 d 660 660 86 44 -96
13 d 660 0 136 51 42
14 | a(all clay) 660 660 118 -- -117
15 d (all clay) 660 660 100 -59 -109
16 c 330 0 88 32 27
17 c 990 0 216 76 64
18 b 1320 0 118 -- -78
19 c 1320 0 270 94 79
20 b 165 0 45 -- 18
21 c 165 0 42 16 15
22 b 495 0 111 - -30
23 c 495 0 126 45 37
24 b 825 0 120 -- -49
25 C 825 0 188 67 56
26 b 1155 0 118 -- -67
27 C 1155 0 246 86 72
28 b 1320 1320 229 -- -190.4
29 c 330 330 61 27 -47
30 c 990 990 162 61 -114
31 c 1320 1320 205 77 -149
32 b 165 165 30 - 221
33 c 165 165 27 17 21
34 b 495 495 94 -- -78
35 C 495 495 92 37 -68
36 b 825 825 147 -- -119
37 c 825 825 141 54 -98
38 b 1155 1155 204 -- -167
39 c 1155 1155 184 69 -130

20
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Figure 10. Undrained shear strength of clay layer in the FLAC model

Table 12. Property values for the clay used in the FLAC model

Property Value
Total Unit Weight 112.4 pcf
Effective Cohesion 0 psf
Effective Friction Angle 23 degrees
Compression Ratio 0.20
Recompression Ratio 0.02
Poisson’s Ratio 0.38

3.4.1 Effect of Piles on Soil Settlements

The stiffening effect of the piles was investigated in two ways: 1) by comparing hand
calculations of soil compression, C, without piles present to FLAC calculations of soil
compression, Crac, With piles present using geometry (b) in Figure 9 and 2) by comparing the
value of C to the magnitude of vertical soil compression, P, rac, whose normal component,
when applied to the p-y spring supports in LPILE, produces the same value of the maximum
moment as predicted in FLAC.
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Using the first approach, it is necessary to select a consistent location to compare the hand-
calculated compression to the FLAC compression for the comparison to be valid. A vertical
profile that intersects the pile at 25 percent of the vertical distance from the base of the T-Wall
footing to the top of the bearing layer was selected because it is near the point along the pile
that experiences the maximum bending moment. This location is a horizontal distance X
measured from the location where the pile intersects the T-Wall base. For the conditions shown
in Figure 2, X = 0.25Lcsin(f), and for the conditions shown in Figure 3, X = 0.25(L. + L¢)sin(/). Soil
compression along this profile can be computed using ordinary geotechnical procedures for
estimating 1-D consolidation beneath a finite located area. The fill overlying the base of the T-
Wall is excluded from the soil compression since this material is primarily supported by the T-
Wall and piles, and it does not impose a significant surcharge to the foundation soil. When the
hand calculation is performed for the profile a distance X from the flood-side batter pile, the
resulting compression is referred herein as Crs. When the corresponding calculation is
performed a distance X from the outer protected-side batter pile, the resulting compression is
referred herein as Cps. For the development of the LPILE Method, the value of Crs was
compared to the flood-side compression determined using FLAC, Ces riac, for geometry (b) with
symmetric fill loading. For symmetric embankment loading, an equivalent comparison using
compressions on the protected-side would be essentially the same. The comparison of Cgs to
Crsriac in Figure 11 shows that the stiffening effect of the piles significantly reduces the
magnitude of compression relative to the case where no piles are present. This comparison is
important because the basic LPILE Method was validated against the experimental results using
reported values of settlement that were influenced by the stiffening effect of the piles. If
compressions determined by hand were used instead of the reported values of settlement, it is
likely that the LPILE Method would have predicted moments that were significantly higher than
the measured values.

Another way to observe the stiffening effect of the piles on soil compression is to compare the
magnitude of vertical soil compression, P, rac, whose normal component, when applied to the
p-y spring supports in LPILE, produces the same maximum moment as predicted in FLAC for the
flood-side batter pile. The moment in the flood-side pile is used for this comparison because, as
described in Section 3.4.2, it experiences higher bending moments than the protected-side pile
for symmetric loading. The approach of basing the stiffening effect of the piles on Py gac is
different from the Ces riac approach described above in that P, riac is a fixed value for a
particular set of conditions whereas C and Cgs riac depend on the location of the vertical profile
over which compression is evaluated. This feature makes P, r.ac @ benchmark that, unlike
Crsriac, is not sensitive to the choice of profile location. The dashed line in Figure 11 shows the
relationship between Ces and Py g ac using the results from the FLAC parametric study.

From Figure 11, it can be seen that the relationships comparing Ces with Cesrac and Py gac are
quite similar, particularly at lower magnitudes of Crs. This suggests that selection of the location
for calculating compressions, i.e., the location at a distance X from where the flood- or
protected-side pile intersects the T-Wall base, is fairly representative of the vertical soil
movements applied in LPILE to generate moments that are in agreement with the FLAC results
(i.e. Crsriac = Py riac). 1t would be reasonable to base the stiffening effect of the piles on Ces riac
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because this would be consistent with the way that the LPILE Method was validated against the
field and laboratory data, although the selection of the location for calculating Crs is somewhat
arbitrary. It would also be reasonable to base the stiffening effect of the piles on P, rac because
the USACE has developed confidence in using FLAC to calculate soil-structure interactions for
pile-supported T-walls. For these reasons, and because the values of Crsrac and Py, rac are
similar, a composite relationship, as shown in Figure 12, is used in the complete LPILE Method
described in this report. As described in Section 3.4.4, when the embankment fill is asymmetric,
the greater of the calculated compressions calculated on the flood and protected sides, Cgy, is
used in the LPILE analysis. For symmetric embankment loading, Cgr = Crs = Cps.

o Crs rLac based on comparing
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- 30 T P, riac based on equating
é moments
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Figure 11: Solid line = relationship between Crs and Cgs r,4c, Dashed line = relationship between Crs and Py 4c
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Figure 12: Relationship between C, and P, to account for stiffening effect of piles on compression

3.4.2 Effect of T-Wall

The presence of the T-Wall can influence downdrag-induced bending moments by: 1) shielding
foundation soils in the vicinity of the piles from the full surcharge pressure produced by the
embankment and 2) moving the tops of the batter piles by the effect of frame action between
the piles and the T-Wall footing.

The shielding effect of the T-wall can be evaluated by comparing the results listed in Table 11
for Cases 2, 1, and 3 for fill pressures of 330, 660, and 990 psf, respectively, with the average
absolute value of maximum moment for the flood-side and protected-side piles for Cases 4, 5,
and 6. This comparison shows that the shielding effect of the T-wall does not produce much
change in the maximum bending moments. The lack of a shielding effect may be due, in part,
to the fact that the maximum bending moments in the batter piles occur at about Elevation -20
ft, which is beyond the T-wall limits for the batter piles. Also, while the addition of the fill load
between the piles for Cases 1, 2, and 3 generates additional vertical settlement, which
increases bending moments, the lack of shielding for these cases reduces the inward lateral
component of soil movement produced by the fill beyond the T-Wall, thus reducing bending
moments. The LPILE Method for symmetric fill was calibrated using only vertical soil
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movements, Py, and the fill overlying the T-Wall base is not included in the compression
calculations. This approach yields good agreement between the FLAC and LPILE moments, and
it is conservative because the fill loads in the FLAC analyses were imposed by surcharge
pressures instead of fill soil, which tends to reduce the shielding effect.

The effect of frame action between the batter piles and the T-Wall base can be evaluated by
comparing the maximum bending moments in the flood-side and protected-side batter piles
when the embankment fill is symmetrical. The frame action develops due to the effect of the
eccentric location of the wall stem. Figure 13 shows the absolute value of the maximum
bending moments in the flood-side and protected-side batter piles determined using FLAC for
Geometry (b) versus the applied surcharge pressure. The figure shows that the maximum
bending moments are higher, on average by about 15 percent, for the flood-side batter pile
than for the protected-side pile. Therefore, for the conditions evaluated using symmetric
loading, the critical pile for down-drag induced bending moments is the flood-side batter pile.

250

200

150

O Flood-Side Batter Pile
50

O Protected-Side Batter Pile

Absolute Value of M,,,,, predicted with FLAC (k-ft)

0 I 1
0 200 400 600 800 1000 1200 1400

Symmetrically Applied Surcharge Pressure (psf)

Figure 13: Absolute value of the maximum bending moment in the flood-side and protected-side batter piles
determined using FLAC for Geometry (b) and symmetric fill versus surcharge pressure

25 F-38



UPDATED 04 JUN 12

3.4.3 Effect of Additional Piles

The FLAC analyses performed using Geometries (c) and (d) permitted evaluating the effect of a
middle batter pile and a sheet pile cut-off on downdrag-induced bending moments. Figure 14
shows that, for symmetric loading, the presence of the middle batter pile has very little
influence on the bending moment in the flood-side batter pile. It can be concluded that the
middle batter does not need to be considered in the LPILE analysis when the fill is symmetric.
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Symmetrically Applied Surcharge Pressure (psf)

Figure 14: Influence of middle batter pile on maximum moment in the flood-side batter pile

Figure 15 shows the influence of the middle batter pile on moments produced in the protected-
side pile when the fill is symmetric. The figure shows that the middle batter pile reduces
moments in the protected-side pile. Since the flood-side pile was determined in Section 3.4.2 to

be the critical pile in the analysis for symmetric loading, the influence of the middle batter pile
does not need to be considered in the LPILE Method.
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Figure 15: Influence of middle batter pile on maximum moment in the protected-side batter pile

The influence of the sheet pile cut-off for cases with symmetric fill can be evaluated by
comparing Case 10 with the results of Case 12. From these cases it is seen that the sheet pile
cutoff wall reduces maximum bending moments. The magnitude of this reduction is expected
to be sensitive to the depth and the lateral position of the sheet pile with respect to the
battered piles, and its influence can be conservatively neglected from the LPILE Method.

3.4.4 Effect of Fill Asymmetry

The FLAC analyses permit consideration of cases where the magnitude and/or lateral extend of
the embankment fill on the flood and protected sides of the T-Wall is asymmetric and results in
Crs # Cps. When the embankment loading is asymmetric, there can be horizontal soil
displacement that acts on the piles and the T-Wall. Figure 16 shows the combinations of
symmetric and asymmetric fill for T-Walls with and without a middle batter pile extending to
the protected side. The FLAC analyses listed in Table 11 directly evaluated Cases (i),(ii), (iii), and
(iv). If the influence of the asymmetric T-Wall stem on moments in the protected-side pile
described in Section 3.4.2 is conservatively ignored, the FLAC analyses also can be used to
evaluate Case (v) by applying the findings from the FLAC runs applicable to Case (iii). Similarly, it
is believed that the findings from the FLAC runs applicable to (iv) can be conservatively applied
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to Case (vi). Table 13 summarizes the embankment loading cases and the applicability of the

LPILE Method.

Protected-side

Flood-side — —
& Fill FiD

FASEAS

TN

IANVAS

Figure 16: Various embankment loading cases for T-Walls with and without a middle batter pile
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Table 13: Applicability of LPILE Method to loading cases shown in Figure 13

Case Loading and Piling Greater Lesser LPILE Pile
Conditions Compression, | Compression, Method Considered in
Cor Cis Directly Analysis
Applicable?
i Symmetric, middle Crs = Cps Crs = Cps Yes FS batter pile
batter pile not present
ii Symmetric, middle Crs = Cps Crs = Cps Yes FS batter pile
batter pile present
iii Fill produces more Crs Crs Yes FS batter pile

compression on flood
side, middle batter pile
not present

iv Fill produces more Crs Crs Yes FS batter pile
compression on flood
side, middle batter pile

present
v Fill produces more Cps Crs No, but PS batter pile
compression on approach
protected side, middle for Case (iii)
batter pile not present can be
applied
vi Fill produces more Cps Crs No, but Outer PS
compression on approach batter pile
protected side, middle for Case (iv)
batter pile present can be
applied

The horizontal soil displacements resulting from asymmetric fill loading increase the bending
moment in the outside batter pile on the side with the larger fill load. The horizontal soil
displacements also push the T-Wall away from the side with greater fill load, resulting in lateral
displacement of the pile head that tends to “unbend” the batter pile on the side with more
load, thereby reducing the bending moment compared to the bending moment that would
occur without displacement of the T-Wall away from the load. The net effect of the increased
soil movement acting on the pile and translation of the pile head depends on the magnitude of
unbalanced embankment load and the amount of resistance provided by the T-Wall foundation
against lateral movement. As part of the overall parametric study, FLAC analyses were
performed to investigate these counter-acting influences for cases with and without a middle
batter pile across a range of unbalanced loads. Figure 17 shows the FLAC results for bending
moment in the flood-side batter pile for symmetric and asymmetric fill loading with and
without a middle batter pile (Cases (i), (ii), (iii), and (iv)).
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Figure 17: Maximum moments in flood-side batter pile from FLAC analyses versus surcharge pressure applied
symmetrically or asymmetrically (only on the flood side)

Figure 17 shows that, when the fill is asymmetric, the presence of the middle batter pile can
have a profound influence on bending moments. The two batter piles on the protected side
create a pile couple which gives the T-Wall far greater resistance to rotation and translation
than when just one pile is present on the protected side. At low magnitudes of asymmetric
loading, the increase in bending moment due to lateral soil movement dominates the moment
reduction due to “unbending” of the flood side pile for cases with and without the middle pile.
As the magnitude of the asymmetry increases, the T-Wall begins to translate significantly for
the case without the middle pile, and the moment reduction due to “unbending” the flood-side
pile counteracts the increased bending moment due to increased lateral displacement of the
soil. For T-Walls with middle piles, the restraint produced by the middle pile reduces the
potential for “unbending” such that lateral soil movement continues to dominate at high
asymmetric fill pressures, and the bending moment on the flood-side pile continues to increase.

The influence of the sheet pile cut-off for cases with asymmetric fill can be evaluated by
comparing Case 11 with the results of Case 13. From these cases it is seen that the sheet pile
cutoff wall reduces maximum bending moments. The magnitude of this reduction is expected
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to be sensitive to the depth and the lateral position of the sheet pile with respect to the
battered piles, and its influence can be conservatively neglected from the LPILE Method.

Table 14 summarizes the findings of the parametric study with respect to fill asymmetry and
the presence of additional piles.

Table 14: Significance of various influences on maximum bending moment in the flood-side pile relative to the
case with symmetric fill without a middle batter pile

Factor Fill condition Influence Significant to LPILE
Method analysis
Fill asymmetry Increase at low surcharge
without middle batter | Asymmetric pressures and reduction at Yes
pile high surcharge pressures
Presence of middle ) Small reduction at high
. Symmetric No
batter pile surcharge pressure
Presence of middle . Significant increase at high
. Asymmetric Yes
batter pile surcharge pressure
Presence of sheet pile . .
P Symmetric Small reduction No
cut-off
Presence of sheet pile . .
P Asymmetric Small reduction No
cut-off

To account for fill asymmetry, the magnitude of soil movement applied at the top of the pile,
A, was determined so that the maximum moment from the LPILE Method would agree with
the maximum moment in the flood-side batter pile from the FLAC analyses for cases with
asymmetric fill with and without the middle batter pile. The total magnitude of soil movement
normal to the pile that is necessary to achieve this agreement was compared to the component
of soil movement normal to the pile due to vertical compression, Py(sinB). The net influence of
the fill asymmetry can be incorporated in the LPILE Method by determining the magnitude of
lateral soil movement, Py, such that

Py=1[40— Py(SinB)]/COSB (3)

where 4, is the total soil movement applied at the top of the pile in LPILE so that Mgy 1pie =

M max,FLAC

The value of P, determined using the approach described above was compared to the
difference between C,y and Cj,. Figure 18 shows the result of this comparison for cases with and
without a middle batter pile. As indicated by Equation 3, the contribution of P, to the normal
soil movement used in LPILE is determined by multiplying the value of P, by the cosine of the
batter angle. More lateral soil movement is needed in LPILE for T-walls supported by three piles
than for T-walls supported by two piles, reflecting the ability of the pile couple on the protected
side to resist T-wall rotation, thereby reducing the potential for side-sway of the pile and T-wall
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system. When only two piles support the T-wall, the increased lateral movement of the T-wall
reduces the relative lateral movement between the soil and the piles, thereby reducing the
effect of asymmetric load on pile bending moments compared to T-walls supported by three
piles.

5.0
With middle batter pile
4.0 1 P, = 0.0006(C,, - C,)3 - 0.0283(C,, - C;)2 + 0.541(C,, - C;) - 0.826
—_— v-"'E
. a--
£ 3.0 SRR, Lt
x D.—"""ﬂ-
Q. -
o 2.0 - -
; -
g 1.0 A
o
s 0.0
s O
'é 1.0 - O With middle batter pile
©
g -2.0 A O Without middle batter pile
N
o -3.0 -
=
4.0 - Without middle batter pile
P, = 0.0013(C,, - C;)? - 0.0657(C,, - C;)? +0.694(C,, - C;) - 0.877
-5.0 L] L L] L]
0 5 10 15 20 25

Cyr - Cis (in.)

Figure 18: Horizontal soil movement applied in LPILE analysis due to net effect of asymmetric fill

3.4.5 Effect of an All Clay Profile

The effect of an all clay profile without a sand bearing layer can be seen by comparing Cases 1
and 14 and by comparing Cases 12 and 15, which both show that the maximum moment is
larger for an all clay profile. The average increase in maximum moment for these two
comparisons is about 11 percent.

3.5 Comparison of LPILE Method with FLAC Results

The complete LPILE Method was compared to the FLAC analyses described in Section 3.4. The
cases considered were: Cases 4, 5, 6, (symmetric fill without a middle batter pile), Cases 7, 8, 9
(asymmetric fill without a middle batter pile), and Cases 11, 16, and 17 (asymmetric fill with a
middle batter pile). Figure 19 shows the comparison of the moment diagrams using the LPILE
Method to the moment diagrams from FLAC for Cases 4, 5, and 6, Figure 20 shows the
comparison for Cases 7, 8, and 9, and Figure 21 shows the comparison for Cases 11, 16, and 17.
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It can be seen that the agreement between the maximum moment values determined from the
LPILE Method and FLAC is quite good.
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Figure 19: (left to right) Bending moment diagrams for Cases 4, 5, and 6 from the LPILE Method and FLAC
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Figure 20: (left to right) Bending moment diagrams for Cases 7, 8, and 9 from the LPILE Method and FLAC
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Figure 21: (left to right) Bending moment diagrams for Cases 7, 8, and 9 from the LPILE Method and FLAC
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4.0 Procedure
4.1 Introduction

This section outlines the LPILE Method for calculating bending moments induced in batter piles
for T-Walls subject to downdrag. The method was developed for practical use by designers of
USACE T-Walls in the New Orleans area, and it is based on the assumptions listed in Table 15.
The bending moments determined using this approach are only the moments due to downdrag.
Additional bending moments may be produced by other factors, such as flood loading.

This section is arranged for designers familiar with the development and limitations of the LPILE
Method to use this section as a standalone document. Accordingly, the some of the figures and
tables that appear elsewhere in the report are repeated here.

Table 15: Assumptions used to develop a method for calculating downdrag-induced bending moments

Assumptions

1 | The foundation soils consist primarily of compressible clay overlying a sand bearing layer, as
shown in Figures 22 and 23. The model was developed considering a clay layer extending 84
ft below the ground surface at El -2, with batter piles extending from the bottom of the T-
wall, which is at El -5, to El -91.

The piles are battered at 3H:1V, corresponding to a batter angle, 3 of 18.4° from vertical.

For symmetric embankment loading and for asymmetric loading resulting in more soil
compression on the flood side of the T-Wall, the down-drag induced bending moment in
the flood-side pile is considered to be critical.

4 | For asymmetric loading resulting in more soil compression on the protected side, the
bending moment in the protected-side pile is considered to be critical. Reductions of
bending moment in the protected-side pile due to asymmetry of the T-Wall stem and
middle batter pile are ignored.

5 | For T-Walls located within an embankment, as shown to Figure 23, the compression of the
embankment material is considered to be insignificant compared to the compression of the
underlying soft clay.

6 | The clay is slightly overconsolidated near the ground surface but is otherwise normally
consolidated.

7 | The connection of the piles to the T-Wall has little moment resistance and can be
reasonably approximated by a pin support.

8 | Axial loading in the pile does not significantly impact the downdrag-induced bending
moments, i.e., the P-A effect is not included in this method.

9 | Soil movement normal to the pile axis is responsible for the downdrag-induced bending
moments.
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The terminology shown in Figures 22 and 23 is used to identify the relevant components and
dimensions of the T-Wall and embankment system. The LPILE Method can be used for the
embankment loading conditions shown in Figure 24 and described in Table 16 for cases when
the T-Wall base is below the embankment as shown in Figure 22 or within the embankment as
shown in Figure 23. Whether the embankment loading is symmetric or asymmetric is
determined by comparing the magnitude of hand calculated compressions on the flood and
protected sides without considering the fill overlying the T-Wall base. The influence of fill
asymmetry was evaluated during the development of the LPILE Method by examining the
moments in the flood-side batter pile resulting from fill applied to the flood-side only. For
conditions where fill asymmetry results in more compression on the protected-side, as in Cases
(v) and (vi), the LPILE Method is expected to produce conservative results due to the influences
of the asymmetric T-Wall stem and the middle batter pile on moments in the outer protected-
side pile.

Flood-side embankment Protected-side embankment
|
T-Wall footing and stem
| El. G.S.
+—-—-————- El. T-Wall Base
2
o Clay
(0]
(0]
e
9]
El. Sand
—_——,———_—_————— o T T T T El. Pile tip
& Sand

B = batter angle
/
_/

Figure 22: Layout of T-Wall with base below embankment
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Figure 23: Layout of T-Wall with base in embankment
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Figure 24: Various embankment loading cases for T-Walls with and without a middle batter pile

Table 16: Loading cases for LPILE Method shown in Figure 3

Case Loading and Piling Conditions

i Symmetric, middle batter pile not present

i Symmetric, middle batter pile present

iii Fill produces more compression on flood side, middle batter
pile not present

iv Fill produces more compression on flood side, middle batter
pile present

v Fill produces more compression on protected side, middle
batter pile not present

Vi Fill produces more compression on protected side, middle

batter pile present
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1. Calculate the compression, C, of the soil from the bottom of the T-wall to the top of the

bearing layer due to the embankment surcharge using ordinary geotechnical analysis
procedures, without considering the stiffening effect of the batter piles. The soil
compression calculations should be performed at the plan view locations on the flood
side and protected sides where the outer battered piles intersect the elevation
corresponding to 25% of the depth from the bottom of the T-wall to the top of the
bearing layer. The compression calculated on the flood side, Crs, should be compared to
the value on the protected side, Cps, according to Table 17 to determine whether the
loading is symmetric or asymmetric. The weight of the T-wall and the fill directly
overlying the T-wall base is not included in the settlement calculations. If compacted
embankment fill exists underneath the T-wall, as shown in Figure 23, the embankment
fill can be considered relatively incompressible compared to the underlying soft clay.

Table 17: Evaluation of embankment loading case using flood-side and protected-side compressions

Case Greater Lesser
Compression, | Compression,

Cgr Cls

i Crs = Cps Crs = Cps

ii Crs = Cps Crs = Cps

iii Crs Cps

iv Crs Cps

v Cps Crs

Vi Cps Crs

2. Determine the vertical soil movement, Py, to be applied in the LPILE Method using the

greater value of the flood-side and protected-side compressions, C,,, determined in Step
1 and Figure 25 to account for the stiffening effect of the piles on soil compression.
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Figure 25: Vertical soil movement considered in LPILE analysis versus the greater calculated soil compression

3. For asymmetric embankment loading, determine the horizontal soil movement, P,, to be
considered in the LPILE analysis using the difference between Cy and Cjs and Figure 26.
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Figure 26: Horizontal soil movement considered in LPILE versus (C,, — C;;) for cases with and without a middle
batter pile

4. Determine the soil movement to be used in LPILE as displacement of the spring supports
at the top of the pile, 4,, by summing the components of P, and P, that act normal to
the pile.

Ao = Py/*sinf + Py*cos B (4)

5. Determine the distribution of the soil movements applied in LPILE. For a T-wall with its
base below the embankment, as shown in Figure 22, let L. = the length of the pile from
the bottom of the T-wall to the top of the bearing layer and let L. = 0. For a T-wall with
its base in the embankment, as shown in Figure 23, let L. = the length of pile within the
embankment, and L. = the length of the pile from the top of the clay layer to the top of
the bearing layer. For both cases, let z = the distance along the pile starting from an
origin at the bottom of the T-wall. The spring support displacements, 4, in LPILE are
applied according to

A=A, forz< L, (5a)
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6. Determine the pile batter angle according to the convention shown in Figure 27 for soil
moving against the pile, which is opposite of the convention given in the LPILE 5.0 Plus
User’s Manual for soils resisting lateral movement of the pile.

+ Soil movement

Figure 27: Sign convention in LPILE for soil movement and pile batter

7. Transform the soil profile according to Figure 28 to match the coordinate system used in
LPILE, which is parallel to the pile axis.

&
(§Q I Pile alignment in LPILE
0 i 0
H, Soil Layer 1 Ly = Hy / cos(p)
Z1 v Z1B
L2 H, Soil Layer1 A
z L, = H, / cos(B)
2
v 22[3
(a) (b)

Figure 28: (a) Actual soil stratigraphy, (b) Soil stratigraphy modified for pile batter angle

8. Determine the factored unit weight, y5, for each soil layer considered in LPILE according
to yp= y*cosf, where yis the total unit weight of soils above the water table and yis
the buoyant unit weight of soils below the water table.

9. Determine the LPILE spring stiffness parameters using the guidance provided in the
LPILE User’s Manual.
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10. Perform an LPILE analysis to determine the maximum moment, M,,,,, using a pinned
restraint (zero moment and zero displacement) at the top of the pile, the spring support
displacements from Steps 4 and 5, and the spring stiffness parameters from Step 9. The
number of pile increments can be specified using the standard guidance in the LPILE
User's Manual.
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5.0 Example problem
5.1 Introduction to Example Problem

This example problem illustrates the LPILE Method for calculating downdrag-induced bending
moments. The example problem is similar to the embankment and T-Wall geometry described
in the report “Overview of FLAC Analysis for St. Bernard Parish” (Navin, 2009) and the
foundation soil profile considered in the numerical model developed by Geomatrix Consultants,
Inc. (2007) for T-Walls in the New Orleans area. Figure 29 shows the embankment, T-Wall,
piling, and foundation soil profile for the example. The embankment includes a wave run-up
berm on the flood side, which is not symmetric with the embankment fill of the protected side.
Two batter piles are used on the protected-side and a sheet pile cut-off is also included. The
tables included in Figure 29 provide the relevant information for the batter piles, as well as
information about the soil properties. The goal of this analysis is to estimate the maximum
bending moment in the critical flood-side batter pile due to downdrag. Other influences such as
flood loading and axial load in the piles may also contribute to the total bending moment
experienced by the pile.

5.2 Step-by-Step Procedure for Example Problem

1. Calculate the compression, C, of the soil from the bottom of the T-wall to the top of the
bearing layer at the plan view locations where the outer flood-side and protected-side
battered piles intersect the elevation corresponding to 25% of the depth from the
bottom of the T-wall to the top of the bearing layer.

Figure 30 shows subdivision of the embankment load into uniform area loads.
Alternatively, solutions for linear varying surcharge pressure could be applied. The fill
overlying the base of the T-Wall is not included in calculations of stress change in the
clay. Two-dimensional conditions are assumed for calculating stress change, and this can
be approximated by assuming that the loaded areas extend a great length in the
direction of the T-Wall alignment.

Based on the area loads shown in Figure 30, the change in vertical stress with depth is
determined using Boussinesq elastic theory for the two locations where compression is
to be determined. Using the results of the stress analysis, and the soil properties
provided in Figure 29, the compressions on the flood side at the location of the left
cross-hair, Crs, and on the protected side at the location of the right cross-hair, Cps, were
calculated to be 10.66 and 8.34 inches, respectively. Accordingly, the greater
compression, Gy, is equal to 10.66 inches and the lesser compression, Cjs, is equal to
8.34 inches.
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Relevant H-Pile (HP 14x73) Details for LPILE Analysis
Moment of Inertia (in.*) 725.76
T-Wall Detail Depth'and Width F)fZSectlon (in.) 13.6 x 14.6
X-Sectional Area (in.”) 21.4
Young's Modulus (psi) 29 x 10°
25ft 25ft 3.0ft|] 2.0ft . " "

1.5 frem -« - o | <15 ft Soil Properties for Analysis Soft Clay Sand
| | | | Buoyant unit weight, v (pci) 0.029 0.035
b ! ! ! Compression ratio, Cec 0.2
o ! ! I Recompression ratio, Cer 0.02

) Preconsolidation pressure, P, (psi .
C 251 pressure, Pops) [, [025
] 1 L Y o,
Undrained strength, S, (psi) 1.4
ax .
0.25(c,,)
Strain at 50% maximum stress, €sg 0.01
Effective friction angle, ¢’ 30
Soil modulus parameter, k (pci) 60
| Unit weight of embankment fill (pcf) | 110
Profile View ‘ Bt 4ﬁ$‘
10H-1V El = +4 3H:1V
Embankment Fill
GS=-2 ==
El=-5 Not to scale
All H-piles
battered at
1H:3V
Sheet pile Soft Clay
Bl=4 — — — — — — —
El = -86
Sand
H-Piles
B=9 —— = - - — — —

Figure 29: T-Wall, piling, embankment geometry, and relevant information for example problem

6.75 ft 675f’[
~~
| -~
T T (R T T T T T
% R |I“<z;/ /‘/“5"'5""5"'5'“6'“5
a I a a A1 grgd 1 ar ar adr a
o [ ) [ 0 T :/o'm!'l.o'm'l.o' o
N | © | o 1y © © QIO 4 Bl Bl =1 —
N | ™ | < +co = ‘-OI(C+“'I ™ N
I | I | I | I . wn & o
> I > I > | > = SI> 1 > >0 > >
& | & & & 6,6, 6, 6,6, &
<4 ! | < . /<,< balalal <
! I ! ﬁ [ N N
- > < > > > >
30ft 10ft 10ft 6.5ft 2.5ft 4 @ 3ft 6ft

Figure 30: Plan view showing subdivision of fill into uniform area loads, excluding the fill overlying the T-Wall
base. The locations where compression will be determined on the flood side and protected side are indicated
with cross-hairs
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2. Determine the vertical soil movement, Py, to be applied in the LPILE Method using the
value of G, determined in Step 1 and Figure 25 to account for the stiffening effect of the
piles on soil compression. Using the equation for the best fit line, P, can be determined
as:

P, = 0.0104(10.66) + 0.36(10.66)
P, =5.02 inches

3. Determine the horizontal soil movement, P,, to be considered in the LPILE analysis using
the difference between Cq and Cis and Figure 26. Since a middle batter pile is present in
this problem, the upper curve should be used. Using the polynomial for the upper curve
and the difference in the calculated compressions, which is equal to 2.32 inches, P, can
be determined as:

P, = 0.0006(2.32)3 - 0.0283(2.32)2 +0.541(2.32) — 0.826
P, =0.28 inches

4. The soil movement used in LPILE as displacement of the spring supports at the top of
the pile, 4,, is equal to the components of P, and P, that act normal to the pile. In this
case, the batter angle, B, is equal 18.43 degrees, which is obtained from the arctan of
the slope of the pile given as 1H:3V. The value of 4, is calculated using Equation (4), as
follows:

Ao = Py*sinf + Py*cos
A, =(5.02)sin18.43 + (0.28)c0s18.43
A, =1.85 inches

5. Determine the distribution of the soil movements applied in LPILE. In the current
problem, the T-wall has its base below the embankment and therefore L. = the length of
the pile from the bottom of the T-wall to the top of the bearing layer and L, =0. Letz=
the distance along the pile starting from an origin at the bottom of the T-wall. The
spring support displacements, 4, in LPILE are applied according to Equation (5b) with L
=0, as follows:

A=A, *[1-2/L]
= (1.85 inches)[1-2/1024 inches]

In this problem, L. is the length of the pile from Elevation -5 to -86, which is a vertical
distance of 81 ft. The length of the pile over this interval is 81 ft divided by the cosine of
the batter angle, which is 85.4 ft or 1024 inches. If the magnitude of soil movement, 4,,
is applied to the top of the pile in LPILE and a magnitude of zero is applied at L., LPILE
automatically applies soil movements to the pile over the interval 0 <z < L. according to
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the linear variation in the expression above. A screen shot of the detail for this aspect of
LPILE input for the example problem in shown in Figure 31.

% Soil Movement g
Diepth in] | Soil Movement [in]
1 0 1.85

e 1024 0

Inzert Fow

The zail maverment prafile should be defined from the
ground zurface downward. [t is not neceszzany far the
zoll movement profile ko extend to the tip of the pile.

Figure 31: Input of soil movement in LPILE

6. Enter the pile properties into LPILE. The length of the pile is the total pile length from
Elevation -5 to -91 and is therefore equal to 12[(91-5)/cos(18.43)] = 1088 inches. Using
guidance given in the LPILE 5.0 Plus User’s Manual, the pile was divided into 180
increments, and the pile was assigned a batter angle of 18.43 degrees based on the sign
convention defined in this report. Next, the properties of the pile section are entered
into LPILE. The cross sectional area, moment of inertia, and Young’s modulus are
provided in the problem statement. An equivalent pile diameter is input for the HP 14 x
73 piles using an equal area approach based on the section depth and width provided in
the problem statement, such that the equivalent diameter equals the square root of
4*13.6*14.6/mt = 15.9 inches. Screen shots of the LPILE input are provided in Figure 32.
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% Pile Properties
T otal Bile Length [in] 1038
MHumber of |ncrements 180
Diztance from File Top to Ground Surface [in] ID—
[hegative if pile bop iz below ground surface]

Combined Ground Slope and Batter Anagles [dearees) 18.43

Edit File Sectional Froperties

r% Pile Section Properties g “

Faow |Depth(in] |Diarneter (in] Mo, of Inetia [in™4] |&mea (™2 |Mod. of Elasticity (Ibedin™2)

1 1] 159 2576 21.4 23000000

2 1028 159 F2B26 214 29000000

R B Inzert Bow

Pile diameter dimenzionz entered in thiz table are uzed when computing p-y curves for all analyses.

The wvalues entered in this table are uzed to compute the bending stiffness of the pile in Tupe 1
and Type 4 analyzesz.

YWhen performing a Type 3 analyziz, the uger must check that the walues for pile diameter entered
it thiz table are conzistent with the values of pile diameter entered for the pile crozs-gectional
dimenzions and that bwo roves of data are entered for each pile zection.

YWhen performing a Type & analyziz, the bending stiffneszs of the pile iz determined fram the input
mament-curature data.

Figure 32: Pile properties used in LPILE

Use the static loading type under the “Loading Type” drop-down menu and a zero
displacement, zero moment boundary condition at the top of the pile. No axial load
should be specified since the LPILE Method does not include an axial-load contribution
to downdrag induced bending moment. A screen shot of the boundary condition
specified for this problem is shown in Figure 33.

48 F-61



UPDATED 04 JUN 12

51 Pile-Head Boundary Conditions & Loading E]
Pile-Head Conditions Condition 1 [ Condition 2 | Axial Load [|bz]
1 |1 Displacement [L] & 2 Moment [F-L] ~|0 0 0

CUEddFow T Insert Flow |

O e

Select a pile-head loading condition from the drop-down ligt under File-Head Conditions.
Condition 1 iz the firzt loading condition in the description of the pile-head condition.
Condition 2 i the zecond loading condition in the description af the pile-head condition.
The Asxial [p-delta) Loading iz the axial thrust force used in p-delta computations.

To zpecify a pinned-head condition, select a Shear and Moment condition and zet the moment to zero.
To zpecity a fixed-head condition, zelect a Shear and Slope condition and zet the zlope to 2erm.

Figure 33: Boundary condition at the top of the pile used in LPILE

7. Since the coordinate axes in LPILE are axial to the pile, a transformed soil profile needs
to be developed from the information given in the example problem statement. The
first step is to determine the transformed soil layer thicknesses according to Figure 28.

For the example problem, the transformed thickness of the clay from Elevation -5 to -86
is 12[(86-5)/cos(18.43)] = 1024 inches, while the sand from Elevation -86 to the bottom
of the pile has a thickness of 12[(91-86)/cos(18.43)] = 64 inches.

8. The transformed unit weight, j;, needs to be determined for each soil according to y5=
y*cosf, where yis the total unit weight of soils above the water table and yis the
buoyant unit weight of soils below the water table. This step is needed for LPILE to
determine the correct overburden pressure for the transformed soil stratigraphy. For
this problem, the transformed buoyant unit weight for the soft clay is equal to (0.029
pci)cos(18.43) = 0.028 pci. For the sand, the transformed buoyant unit weight is equal to
(0.035 pci)cos(18.43) = 0.033 pci.

9. Enter the remaining soil properties, including the spring stiffness parameters, into LPILE.
Due to overconolidation of the upper soft clay, a minimum undrained shear strength of
1.4 psi was given in the problem statement. For LPILE to properly assign undrained
strengths to each pile-soil increment, the clay layer will be divided into two sublayers.
The upper layer will be assigned an undrained strength of 1.4 psi, while the lower layer
will increase linearly with effective overburden pressure. The boundary between these
two layers in the transformed profile can be determined according to
z=1.4/(0.25*0.028) (7a)
z =200 inches (7b)

The undrained strength of the clay at the top of the sand bearing layer is equal to

Su=0.25(0.028 * 1024) (8a)
Su=7.2psi (8b)
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The last steps in defining the soil profile in LPILE are to determine the LPILE spring
stiffness parameters €5, for the clay as well as ¢ and k for the sand using the guidance
provided in the LPILE User’s Manual. For the example problem, values for these

parameters are given in Figure 29.

Screen shots of the soil profile used in LPILE for the example problem are shown below

in Figures 34 and 35.

-

& Soil Layers g
Laver | Soill Type [p-p curve model] Top of Laver, [in] |Bottom of Layer, [in] |Properties of Laper
1 |S|:uft Clay [Matlock) L] 0 200 1: Saft Clay
i ]Su:uft Clay [Matlock) :_J 200 1024 2 Soft Clay
i ]Sand [Reeze] LJ 1024 10885 3 Sand [Reese]
Add Row | Inzert Row I Delete Fow I
Al pozitive depth coordinates are defined as distances below the pile-head.
If the pile-head iz embedded below the ground surface, the uppermost layer must extend from the ground surface [defined by a
negative depth] to zome point below the pile head.

Figure 34: Soil profile used in LPILE for example problem
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& Soft Clay 1 ME )

1=Top. 2=Bottom |Eff. UnitWeight, [Ibs/in™3] |Undrained Cohesion, c, [Ibsfin™2] |Strain Factor, ES0|

1 0.02a 1.4 0.m

2 0.02a 1.4 0.m

LFile linearly interpolates with depth to compute values between the top and bottom of the layer,
LPile will use a default walue far ESD if the input value equals zemn.

& Soft Clay 2 mE x|

1=Top, 2=Battarn |EFf. Unit Weight, [bsdin™3] |Undrained Cohesion, ¢, (bsdn™2] |Stain Factar, ESO

1 0.025 1.4 0.m

2 0.02g 72 0.m

LPFile inearly interpolates with depth to compute walues between the top and bottom of the layer.
LPile will uze a default walue far ESD if the input walue equals zero.

% Sand (Reese) 3 M=

1=Top, 2=Battarn |Eff. Unit "Weight, (bsdn™3] |Friction Angle, deqg. [p-y Maodulus, k,
(Ibsfin™3)

1 0.033 30 Ea

P 0.033 30 E0

LPile linearly interpolates with depth to compute walues between the top and bottom
af the layer.
LPile will use a default walue far k if the input value equalz zero.

Figure 35: Soil properties assigned in LPILE
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10. Perform an LPILE analysis to determine the maximum moment, M.y, due to downdrag.
For the example problem, the maximum moment was determined to be 90 k-ft. Figure
36 shows the bending moment distribution predicted by the LPILE analysis.

Bending Moment vs. Depth
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Figure 36: Moment distribution estimated by LPILE analysis
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6.0 Limitations

The LPILE Method presented in this report was developed using the specific T-Wall geometry,
pile properties, and soil conditions shown in Figures 9 and 10 and Table 12. The assumptions

listed in Table 15 were also made. The LPILE Method may not be accurate for conditions that

are substantially different from those used to develop the method.

The bending moment estimated using the LPILE Method is the component of the total bending

moment in the batter pile due to downdrag. Other sources of bending moment, such as flood
loading, can contribute to the total bending moment in the pile.
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Appendix B

Overview and impressions of existing methods to estimate
downdrag-induced bending moments
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Appendix B Overview and impressions of existing methods
Method Pros/Cons Assumptions Remarks/ Other findings of study
Sato et al. e Simple closed-form e Pile considered to be elastic beam e Sato’s method is very sensitive to the choice of
(1970) solution e (Clay divided into loading zone and supporting ‘effective width” and ‘effective length’ for
(in Japanese) | e Selection of loading zone zone. defining the loading zone. The recommendation
dimensions is subjective e Loading zone carries weight of clay over “effective is to use an effective width of three times the
and has significant impact length” and “effective width” pile diameter, but there is no guidance on
on results e Supporting zone treats clay as Winkler soil, selecting an effective length.
therefore ground reaction is linear. e When calibrated, Takahashi (1985) showed that
e Pile considered to be pinned at base of clay layer, this model has good ability to predict bending
no tip settlement moments.
e Moments and deflections are zero at either end of
pile
Assessment

e Since there is no English version of this paper, pursuing this method further would be difficult.

e This method appears to have no advantages to the method by Sawaguchi (1989).

e Usage of this method requires defining the dimensions of an upper loading zone. Although some guidance is provided in the paper
regarding the selection of the width of the loading zone, the choice of the length of the zone is rather arbitrary and has significant effect of
the predicted maximum bending moment. Therefore, it would be difficult to assess the reliability of the bending moments predicted using

this method.
Broms and e Use of trigonometric e Bending moments in piles are due to downdrag e Broms and Fredriksson use the concept of
Fredriksson series for solution of the forces virtual work to equate the internal work in the
(1976) analytical model makes e Axial loads in pile have insignificant impact on pile due to the induced moment and the
this method impractical predicted bending moment external work due to displacement of the soil
for general use e C(Clayis considered as Winkler soil, therefore e They use an empirical relationship between the
ground reaction is linear coefficient of subgrade reaction, the undrained
e Settlement assumed to be uniform over the length strength of the clay, and the pile diameter. This
of the pile relationship is also used by Shibata et al. (1982)

e Broms and Fredriksson perform a parametric
study using their analytical model to investigate
the influences of the following on pile bending
moments: Pile modulus, pile length, settlement
magnitude, undrained shear strength of clay,
restraint conditions of the pile, variation of
shear strength with depth, and the presence of
a desiccated crust.

60 F-73




UPDATED 04 JUN 12

Appendix B Overview and impressions of existing methods
Method Pros/Cons Assumptions Remarks/ Other findings of study

Assessment
There is not a usable form of the expression for bending moment readily available.
Insufficient guidance is provided in the paper to reproduce the trigonometric series used by Broms and Fredriksson to solve the
differential expression for bending.
This approach appears to have no advantages over the method by Shibata et al. (1982), except that Broms and Fredriksson show their
approach applied to both hinged and fixed conditions at the head of the pile.

Shibata et al. Simple closed-form e Pile considered to be an elastic beam Experimental model findings

(1982) solution e Clayis considered as Winkler soil, therefore A linear relationship exists between bending

Limited applicability to
realistic field conditions

ground reaction is linear

Pile considered to be pinned at base of clay layer,
therefore there is no settlement or moment at the
pile tip

Linear variation of settlement through clay layer
Moments and deflections are zero at either end of
pile

Contribution of axial pile loads to deflections and
moments are insignificant.

moment and applied consolidation pressure

A linear relationship exists between downdrag
load and consolidation pressure

A 20% reduction in max. bending moment was
observed when bitumen was used for batter
piles.

For small batter angle, the bending moment at
a particular location along the axis of the pile is
proportional to batter angle

(continued)

Shibata et al.

(1982)

Assessment

The simple closed-form solution proposed by Shibata et al. can be used to predict the maximum bending moment measured in laboratory
and field-scale studies with good accuracy, provided that the right value is used for the horizontal subgrade reaction coefficient assumed

over the pile length.

The method is suited for batter piles with a pinned top connection which are embedded in uniform clay and bear on a stiff underlying
stratum. The method loses accuracy for bending moment distribution of piles that pass through an embankment layer or extend above the

ground surface.

Reliable use of this method would require a way to confidently estimate the coefficient of horizontal subgrade reaction for local soils.
It does not appear that the model by Shibata et al. can be extended to include other boundary conditions, variable ground conditions, or
nonlinearity within the scope of this project. However, such extensions may be possible in the future by developing adjustment factors or

adding an extra calculation step.
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Method Pros/Cons Assumptions Remarks/ Other findings of study
Takahashi No closed form solution Pile considered to be an elastic beam Takahashi’s model incorporates four
(1985) Insufficient details are Clay is considered as Winkler soil, therefore conditions: 1) bearing stratum, 2) consolidating

provided to implement
this approach

More realistic treatment
of settling clay

Considers case where pile
penetrates the
embankment

Boundary condition are
not explicitly given

ground reaction is linear

Non-linear distribution of clay settlement
according to double-drained assumed strain
profile

Bending moment induced by embankment
through component of overburden pressure
normal to the pile axis

Pile considered to be pinned at base of clay layer,
therefore there is no settlement or moment at the

pile tip

clay, 3) embankment layer, 3) free portion

The pile is loaded normal to the pile axis both
through the embankment and the consolidating
clay.

Takahashi does not provide details on how to
solve for unknown constants and implement his
approach.

Possible typo in Equation 6 of the paper.
Takahashi compared the deflections and
moments measured in experimental and field-
scale studies and found that his method, along
with Sato’s method (1970) outperformed the
predictive ability of his 3D finite element model.
Experimental model findings

A proportional relationship exists between
maximum bending moment and pile inclination
angle

A linear relationship exists between ground
settlement magnitude and maximum bending
moment.

Takahashi observed a linear relationship
between settlement of the pile top and the pile
inclination angle

Numerical study findings

Takahashi found that a 3D FEM was necessary
since his 2D model was unable to capture the
pile behavior observed in the experimental
model.
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Method Pros/Cons Assumptions Remarks/ Other findings of study
(continued) Field study findings
Takahashi e The use of bitumen coating can significantly
(1985) reduce downdrag loads on a batter pile, but can
actually result in a slight increase in the
measured maximum bending moment
Assessment
There is not a usable form of the expression for calculating bending moment readily available.
The additional features incorporated into Takahashi’s Method over the Shibata Method appear to provide little added benefit to
addressing the evaluation of bending moments in batter piles supporting T-Walls.
It does not appear that Takahashi’s Method can be extended to include other boundary conditions or nonlinearity within the scope of this
project.
Sato et al. A description of the e Assumes linear subgrade reaction up to an It appears that this method is very similar to the
(1987) method in English is not ultimate capacity and perfectly plastic response method by Sato et al. (1970) with the addition
(Japanese) available thereafter of the consideration of the plastic yield of the

soil.

e Based on his experimental study, Sawaguchi
(1989) showed that this model does reasonably
well at predicting maximum bending moment

Assessment

Since there is no English version of this paper, pursuing this method further would be difficult.

From the figures in the reference paper, it appears that this method is similar to the method by Sato et al. 1970 with the inclusion of a
yield stress to the linear soil response.

It is unclear whether sufficient details are provided in the paper to implement the approach.
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Method Pros/Cons Assumptions Remarks/ Other findings of study
Sawaguchi Sawaguchi provides non- Pile considered to be an elastic beam The portion of the pile that is considered within
(1989) dimensional design charts Pile is considered to be loaded as a positive the “Loading zone” is determined in the

to calculate the maximum
bending moment.

The charts provided in the
paper cannot be used to
determine the distribution
of bending moment.

No closed-form solution
exists.

Sawaguchi does not
provide details for
implementation of his
method beyond the use of
the design charts.

projecting conduit according to Spangler’s formula
in upper “Loading zone”

Below loading zone, clay is considered as Winkler
soil, therefore ground reaction is linear.

Linear variation of settlement through clay layer
Moments and deflections are zero at either end of
pile

solution using the boundary conditions of the
problem.

To estimate the coefficient of subgrade
reaction, Sawaguchi used an empirical
relationship with unconfined compressive
strength proposed by Sawaguchi (1986).

Using the field study data also reported by Sato
et al. (1987) and Takahashi (1985), Sawaguchi
compared the measured maximum bending
moments to the values predicted using his
method and the methods by Takahashi (1985),
Sato et al. (1987) and found that all had good
predictive ability.

Assessment

The method does not offer significant advancements over the Shibata Method except for the inclusion of a “loading zone” near the pile

top.

It does not appear that Sawaguchi’s method can be extended to include other boundary conditions, variable ground conditions, or
nonlinearity within the scope of this project.

Evaluating the Sawaguchi Method would require digitizing the chart solutions provided in the paper to predict the maximum bending

moment.
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Method Pros/Cons Assumptions Remarks/ Other findings of study
Rao et al. e Simple model, easy to The pile is treated as a free spanning beam with Experimental study findings
(1994) implement either pinned-pinned or fixed-fixed connections e Rao et al. compared their analytical model

e Some assumptions are
guestionable

e Development includes
incorrect consideration of
pore pressures.

e Poor predictive quality
relative to other methods

The pile is assumed to carry the foundation soil
within a wedge-shaped volume defined based on
the pile length, width, and inclination. The load
imposed on the pile due to the foundation soil is
equal to the weight of the wedge of soil minus the
shear resistance acting between the sides of the
wedge and the surrounding soil.

Fully-mobilized shear forces act on the sides of the
wedge of soil supported by the pile but not on the
face of the wedge.

The component of the supported weight of soil
which acts normal to the pile axis is treated as a
uniformly distributed load over the length of the
pile.

assuming pinned and fixed end supports to the
experimental results for bending moment and
found that the fixed support condition yielded
better agreement.

Assessment

e This does not appear to be a suitable method due to the errors and unreasonable assumptions made during the development of the

model.
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Method Pros/Cons Assumptions Remarks/ Other findings of study
Hance and e Procedure to determine The pile length below the neutral plane is This procedure predicts the maximum bending
Stemlau the position of the neutral considered to have an insignificant impact on the moment by 1) estimating the position of the
(2009) plane is incorrect. predicted values of maximum bending moment neutral plane for a particular set of ground

Some assumptions used in
the method are
guestionable

and is disregarded.

The pile length above the neutral plane
considered to be a free-spanning beam with
pinned end supports, therefore no
displacement or moment is allowed at the
neutral plane.

Pile tip resistance is incorrectly assumed to
increases in linear proportion to shaft
resistance.

Above the neutral plane, the pile is assumed to
not make contact with the underlying soil.

The downdrag load on the pile is assumed to be
equal to the integrated shaft resistance above the
neutral plane.

The downdrag load is assumed to have a
triangular distribution over the pile length above
the neutral plane.

conditions and axial service load, 2) determining
the downdrag force as the maximum shaft
resistance above the neutral plane, 3) treating
the pile above the neutral plane as a free-
spanning beam with pinned end supports,
4)applying the component of the downdrag
load which is perpendicular to the axis of the
pile to the beam as a load with a triangular
distribution.

Assessment

This approach has flaws in the way the position of the neutral plane is estimated, which is required for estimation of bending moment.
This approach also makes some unreasonable assumptions in its development.
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Method Pros/Cons Assumptions Remarks/ Other findings of study
Stremlauand | e Procedure to determine e The pile length below the neutral plane is e We have not been provided a complete
Hance (2009) the position of the neutral considered to have an insignificant impact on the example of the procedure for this method.
plane is incorrect. predicted values of maximum bending moment e The position of the neutral plane is required for
e Some assumptions used in and is disregarded. use of this procedure. The information provided
the method are e The pile length above the neutral plane on this method does not show how the neutral
guestionable considered to be a free-spanning beam with plane was determined, however it appears that
pinned end supports, therefore no it was estimated using the same approach that
displacement or moment is allowed at the was used for the method by Hance and

Stremlau (2009).

e In this approach the maximum bending
moment is predicted by 1) estimating vertical
settlement through the clay profile, 2) obtaining
p-y curves for a vertical pile embedded in the
clay, 3) treating the pile above the neutral plane

neutral plane.

e The pile length above the neutral plane
considered to be a free-spanning beam with
pinned end supports, therefore no
displacement or moment is allowed at the

neutral plane. as a free-spanning beam with pinned supports,

e When determining the soil pressure acting on 4) determining the soil pressure distribution
the piles using the p-y curves from LPILE, the acting on the pile using the p-y curves and the
pile is assumed to be rigid. component of settlement which acts

perpendicular to the pile axis as the deflection
for various points along the pile, 5) determine
to maximum bending moment due to the non-
uniform pressure acting on the beam.

Assessment
e Like Hance and Stremlau (2009), this approach makes some unreasonable assumptions in its development.
Templeton e This method or a e This approach uses the component of the soil e Usage of this approach will require reviewing
(2009) derivative appears to be displacement due to consolidation which acts the usage of p-y curves developed for vertical
promising normal to the batter pile axis as the piles on battered piles.
magnitude of free-field soil displacement in
LPILE.
Assessment

e A derivative of this approach appears to be promising.
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Summaries of selected sources evaluated during the literature
review

i. Broms and Fredericksson (1976)
ii. Shibata et al. (1982)

iii. Takahashi (1985)

iv. Sawaguchi (1989)

v. Rao et al. (1994)

vi. Hance and Stremlau (2009)

vii. Stremlau and Hance (2009)
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Reference:

Broms, B., and Fredericksson, A. (1976). "Failure of pile-supported structures
caused by settlements.” Proceedings of the 6th European Conference on Soil
Mechanics and Foundation Engineering, 383-386.

Overview:

This study presents the development of an analytical model to estimate the deflection
and bending moment induced in a batter pile due to downdrag. The model is then used
to theoretically explore the influences of the following factors on bending moment and
deflection: the modulus of the pile material, pile length, settlement magnitude, shear
strength of the foundation soil, restraint conditions at the ends of the pile, the variation
of shear strength with depth, and the presence of a dessicated upper crust. Also
investigated was the magnitude of ground settlement that could be tolerated by a pile
with a moment capacity of 41kNm installed at a certain inclination angle through a clay
layer with a constant undrained strength.

Development of analytical model:

Ground surface

Depth, x

|

~
Incompressible base

Figure 1: Analytical model proposed by Broms and Fredriksson

Broms and Fredriksson assume that bending moments are induced in batter piles due to
the component of settlement of the surrounding soil that is perpendicular to the pile
axis. They acknowledge that the component of downdrag force that acts axial to the
pile, in addition to the imposed load at the pile head, has the effect of increasing the
moment capacity of the pile, but this influence has been neglected in the model. Their
model assumes a linear soil response to pile deflection by the use of a coefficient of
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subgrade reaction, kn, which they assumed can be approximated from the undrained
shear strength, S, of the clay, and the pile diameter, D, according to Equation 1.

k, =10 1
D
Similar to the methods by Shibata (1982) and Takahashi (1985), the reaction of the soil
is proportional to the relative displacement of the pile and the soil by Equation 2, which
is equal to the difference between the component of settlement normal to the pile axis,
d, cosP and the lateral deflection of the pile, yx. As indicated in Figure 1, B is the

inclination of the pile from horizontal and & is the vertical ground settlement.
d, =k, (8, cosp-y,) 2

To relate the load-displacement relationship of the soil the to the lateral load-
displacement relationship of the pile, Broms and Fredriksson use the principal of virtual
work. They use trigonometric series out to eighty terms to apply the virtual work
concept based on solutions by Hetenyl (1946) where the coefficient of subgrade
reaction varies along the length of the pile. The internal work, V,, from the moment of
the pile is given by Equation 3 in the paper. The work by the surrounding soil, V>, is given
by Equation 4 and the work imposed by the soil on the pile, Vs, is given by Equation 5.
Using the principal of virtual work, the work done by the soil on the pile, V3, must equal
the change in internal work, V1. This equality is given in Equation 6 in the paper. Since
the work by the external soil load depends on the magnitude of settlement acting
normal to the pile axis, the distribution of the settlement with depth has important
impacts on the model response. Broms and Fredriksson are not clear as to how they
assume settlement varies along the length of the pile. The impression from the text and
from Figure 3 in the paper is that the settlement is assumed to be uniform over the pile
length. This means that the soil displacement normal to the pile is equal to the
component of settlement at the ground surface which acts normal to the pile.

Results of parametric study using the analytical model:

Below are the results of the investigation for each of the parameters evaluated.
Modulus of elasticity of the pile

Broms and Fredriksson observed that the bending moment increases in the pile with an
increase in modulus. They also observed that the location of the maximum bending
moment moves away from the pile head as the pile becomes stiffer.

Pile length

The results of the theoretical investigation indicate that the maximum bending moment
predicted in the pile is independent of pile length for lengths greater than 10m.
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Settlement magnitude and shear strength of clay foundation soil

Broms and Fredriksson found that the predicted maximum bending moment increased
linearly with the magnitude of surface settlement acting normal to the pile axis. Figure 3
in the paper shows that increasing the shear strength of the foundation soil increases
the predicted maximum bending moment for a given magnitude of settlement. This
conclusion is due to the increase in virtual work by the soil pressure acting on the pile
since more work is required to displace the soil a given magnitude when the coefficient
of subgrade reaction is higher.

End restraint

The model developed by Broms and Fredriksson predicts that the maximum bending
moment is nearly three times higher when the pile head is fixed rather than pinned.

Variation of shear strength with depth

Broms and Fredriksson investigated the response of their model to an undrained shear
strength profile that increases linearly with depth. Since the value of shear strength is
used to estimate the coefficient of subgrade reaction, the variation affects the virtual
work done by the soil on the pile. Based on Figures 4 and 5 in the paper, they concluded
that there was not a significant difference in the magnitude or distribution of bending
moments between the case where shear strength is constant and the case where shear
strength increases with depth.

Presence of dessicated crust

Broms and Fredriksson studies the case where the upper 2 meters of foundation soil
was assigned a shear strength that was 10 times higher than the underlying soil. This
scenario was used to investigate the influence of a stronger, dessicated, layer of soil at
the ground surface. Their model predicts that the maximum bending moment for a pile
will be 4 times higher when a desiccated crust is present compared to a profile without
such a crust.

Settlement at pile failure

Assuming a pile with a moment capacity of 41kN, Broms and Fredriksson varied the pile
inclination angle from horizontal and determined the magnitude of settlement needed
to produce failure. They found that piles with increasing batter failed at lower
magnitudes of settlement. They also observed that piles become less tolerant of
settlement (more prone to failure) when the undrained shear strength of the soil was
high.
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Reference:

Shibata, T., Sekiguchi, H., and Yukitomo, H. (1982). "Model test and analysis of
negative friction acting on piles." Soils and Foundations, 22(2), 29-39.

Overview:

The study by Shibata et al. 1982 focuses on answering three question regarding the
influence of negative friction of groups of piles: 1) What is the net effect of negative skin
friction acting on a group of vertical piles?, 2) What bending moments and deflections
are produced in batter piles due to negative skin friction?, and 3) What percent
reduction in downdrag-induced loads and bending moments can be achieved through
the use of bitumen as a friction reducer. The questions are addressed using a
laboratory-scale model which can simulate the downdrag forces acting on piles due to
an applied uniform pressure and by using a theoretical approach developed by Broms
and Fredriksson (1976). Additional details of the investigation related to batter piles is
given below.

Description of the experimental apparatus:

The apparatus developed by the authors consists of a cylindrical steel tank with an
outside diameter of 1485mm and a height of 1000mm. The tank is used to contain the
model piles and the clay which consolidates around the piles. The tank has a lid that,
when secured, makes the tank air-tight. The bottom of the tank includes a base layer of
sand and drainage ports to allow for water expelled from the clay during consolidation
to exit the apparatus. The tips of the model piles react against load cells fixed to the
bottom steel plate of the tank. In this arrangement, the neutral plane will be at the pile
tips. The clay sample consists of kaolin and is formed around the model piles from slurry
and allowed to consolidate under self-weight. During a test, a vinyl membrane is placed
over the top of the model piles and clay sample. With the tank lid in place, air pressure
is applied through a port in the lid which exerts a vertical pressure on the piles and clay.
As the clay consolidates, the load acting on the pile is monitored using the load cells.
Piezometers are also included in the tank to measures pore pressures in the clay and
track the progress of primary consolidation.

Three series of tests were performed at different consolidation pressures using
two rows of three piles set at a batter of 15 degrees from vertical. Each steel pile had an
outer diameter of 60mm, a wall thickness of 1.2mm, and a length of 600mm. A series of
strain gauges were installed on the inner surface of the battered model piles to measure
bending moment. One of the three tests series used bitumen to determine its
effectiveness at reducing downdrag loads and bending moments.
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Experimental results for batter piles:

Downdrag load
The unit downdrag load acting on a single vertical pile is expressed by the authors
according to Equation 3. In this expression, T, is the mobilized unit shaft friction at a

depth z below the ground surface, S'm is the mobilized effective interface friction angle
between the pile and the surrounding clay, K is the lateral earth pressure coefficient,
and 0;, and G'h are the magnitudes of effective vertical and horizontal stress,

respectively. The value of 7, at a given depth increases with relative displacement of the
soil relative to the pile to reach a limiting value.

1, =c,tand_ =Ko, tans 3

The contribution of group effects results in different magnitudes of downdrag force
exerted on the piles depending of their position within the group. As shown in Figure 8
in the paper, piles with exposure to the perimeter of the pile group are subjected to
higher downdrag loads than piles found in the interior of the group. This figure also
shows that there exists an approximately linear relationship between the unit downdrag
stress and the magnitude of applied consolidation pressure. This observation suggests
that the lateral earth pressure coefficient and interface friction angle are not
significantly affected by the magnitude of effective vertical stress for the modeling
conditions used in the study. The ratio between the unit downdrag stress and the
consolidation pressure for batter piles was determined by the authors to be only slightly
smaller than the value of 0.18 observed using vertical piles. The authors contend that
the relationship given in Equation 3 for vertical piles can be applied to batter piles and
yield conservative results. In the test using bitumen as friction reducer, the authors
observed a 50 percent reduction in measured downdrag load compared to the uncoated
cases.

Flexural behavior

Shibata et al. use the layout given in Figure 1 to present their discussion of the flexural
behavior of batter piles. Here, x represents the distance measured from along the length
of the batter pile, with length, L, penetrating the clay stratum. The authors chose to
average the bending moment measured in the piles at the different positions in the
group. They observed that for a position along the x-axis, the measured bending
moment increased more or less linearly with consolidation pressure. This linear
relationship contrasts to the nonlinear relationship between applied consolidation
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pressure and settlement. They also found that the used of bitumen resulted in a 20%
reduction in the maximum bending moment compared to the uncoated case.

Ground surface H

K/ Incompressible base

X
Figure 2: Local axes and orientation for batter pile

Theoretical consideration of the flexural behavior of batter piles

In an effort to theoretically model the flexural behavior of a batter pile subjected to
downdrag forces, the authors decided to model the pile as a horizontal elastic beam
supported by a Winkler spring foundation. Using these representations, the force
relationship given in Equation 4 holds.

4
Eld )4/+k(y—ys):0 4
D dx
In this expression E is the Youngs modulus of the pile, / is the moment of inertia, D is
the pile diameter, k is the coefficient of subgrade reaction, y is the pile deflection, and y;
is the ground displacement normal to the x-axis. The authors assume that the ground
displacement, y;, can be related to the vertical surface settlement according to Equation
5 where p,is the magnitude of surface settlement, and Bl is the inclination of the pile

from vertical. This approach assumes that settlement varies linearly along the length of
the pile.

X ).
ys(x):po(l—rjsme 5
Substituting Equation 5 into Equation 4 yields the differential equation given by
Equation 6
dy
dx*

+ 4By = 48%p, (1—%)sin 0 6
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where B is defined by
g k0"
4El|

The authors chose to establish boundary conditions by assuming no pile deflection or
moment, M, occurs at either end of the pile.

y=0atx=0andx:L}

M=0atx=0andx=L

Using the boundary conditions given in (7), the differential equations can be solved to
yield solutions for deflection and moment along the pile according to Equations 8 and 9,
respectively.

y =p,Sind

(o]

coshpx -cos(BX - 2[3L)—cosh([3x - ZBL)-cosBx +(1 xﬂ

cosh2BL —cos2pL L

_ 2p,sing-EIp?
cosh2BL —2cospBL

| sinhpx -sin(Bx —2BL) —sinh(Bx —2BL)sinBx | 9

To assign a value for the modulus of subgrade reaction, Shibata et al. chose to use the
recommendation by Broms and Fredriksson (1976) and assume that k :1OSU/D,
where S, is the undrained strength of the clay. Using the relationships given in
Equations 8 and 9, the authors obtained good agreement between the predicted and
measured value sof bending moment. They also found that when the batter angle is
small, that the bending moment at any value of x is proportional to the batter angle.

75 F-88



UPDATED 04 JUN 12
Appendix C Summaries of selected references

Reference:

Takahashi, K. (1985). "Bending of a batter pile due to ground settlement." Soils
and Foundations, 25(4), 75-91.

Overview:
The study by Takahashi applies theoretical modeling, laboratory and field scale
experimental modeling, and numerical modeling to the problem of predicting bending

moments generated in batter piles due to downdrag forces.

Background on theoretical models:

The author presents a general overview of the existing theoretical methods which treat
the pile as an elastic beam which rests on a Winkler spring foundation. The existing
approaches include the method develop by Broms and Fredriksson (1976), the method
by Sato et al. (1970) which is presented in Japanese, and the method by Shibata et al.
(1982). These methods are all fairly similar in their assumptions and treatment of the
pile and consolidating clay. The author asserts that the method by Shibata et al. was
developed primarily for comparison to their experimental model which was for the case
of an end bearing pile. The model by Shibata et al. also assumed that the settlement of
the clay varied linearly along the axis of the batter pile. The method by Broms and
Fredriksson solves the differential expressions for stress and deflection using
trigonometric series, which Takahashi claims make the approach impractical for general
use.

The method by Sato et al. (1970) treats the batter pile as an elastic beam which
supports the weight on the consolidating clay over an “effective width” and “effective
length” which are chosen using judgement. The weight of the soils is thought to act over
the area defined by the effective width and length. Below the zone where the pile is
considered to carry the weight of the soil, the pile is considered to supported elastically
by the bearing stratum. This arrangement is shown in Figure 1, where L’ is the effective
length of the pile.

76 F-89



UPDATED 04 JUN 12
Appendix C Summaries of selected references

Ground surface

!

Consolidating clay

l

Incompressible base

Figure 3: Treatment of pile and foundation soil interaction in method by Sato et al. (1970)

Development of theoretical model by Takahashi:

The theoretical model developed in the current study treats the pile-soil model
according to Figure 2. Similar to the other models mentioned above, the current model
considers the pile to be an elastic beam resting on a Winkler spring foundation. The
enhancements of this model compared to the preceding models in the inclusion of four
distinct foundation characteristics and consideration of the non-linear strain profile
within the consolidating clay layer. The model also does not assume that displacement
and moment is zero at the base of the clay layer, but rather uses the reaction of the pile
in the bearing stratum (Layer 1).

Layer 4: “Free layer”

Layer 3: “Load layer”

Layer 2: Consolidating clay

Layer 1: Bearing Stratum

X

Figure 4: Takahashi's model for soil-pile interaction

Using Winkler springs, the pile is loaded proportionally to the product of the coefficient
of subgrade reaction and the relative displacement between the pile and the
component of ground settlement normal to the pile axis.
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Takahashi provides the assumption of Winkler subsoil according to Equation 1, where E
represents Youngs modulus of the pile, /is the moment of interia of the pile, W is the
pile width, 8 is the pile inclination form vertical, k is the coefficient of subgrade reaction,
x is the distance along the pile axis, and y is the deflection normal to the pile axis. The
function S(x) represents the vertical ground settlement as a function of the position, x,
along the pile axis.

El dy
W dx*

=k(S(x)sin6-y) 1

For Layer 1, which represents the bearing stratum, the ground settlement is assumed to
be zero and Equation 1 reduces to an elastic subgrade reaction for pile deflection.

For Layer 2, which represents the consolidating clay, the function S(x) developed based
on the strain profile for one-dimensional consolidation that is occurring with drainage
layers at both the top and bottom of the clay layer. The author uses a third-order
polynomial to model the settlement profile developed by integrating a second-order
(parabolic) strain profile given by Mikasa (1963). This profile is shown in Figure 3 of the
paper. Takahashi provides the expression for S(x) according to Equation 2.

X x Y X
S(X)zsw{d/cose(lu)(d/coseJ ‘(Szd/coseJ} ?

In this expression S_is the settlement of the ground surface at the end of primary

consolidation, U is the degree of consolidation, and d is the original thickness of the clay
layer. Takahashi warns that the assumed strain profile given in Figure 3 of the paper is
only valid when at least a third of the primary consolidation has completed. Solving
Equation 1 for Layer 2 yields the expression for pile deflection normal to the pile axis
given by Equation 3 where A; through A, are constants and z; through z4 are defined
below.

y=Az +Az,+Az,+ Az, +S(X)sinB 3
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Z, = COSPX -coshPx

z, :%(sinﬁxcosh[}x + COSBX -sinth)
1. :
zZ, :ESIHBX -sinhBx 4

z, = %(sinﬁx -coshpx —cospx - sinhpx)

4El
Layer 3 is defined as the “load layer” and is used to represent the embankment load.
Takahashi does not provide a clear explanation of how this layer contributed to the
deflection and bending moment produced in the pile, however the adapted form of
Equation 1 for the Layer is given by Equation 5. In this expression, y is the unit weight of

the embankment material and x, is the distance along the pile axis from the pile tip to
the top of Layer 3.

4
%%:y(xo—x)sinzecose 5

Inspection of Equation 5 allows for an explanation of the contribution of Layer 4 to the

deflection and bending moment to be developed. The vertical stress at a depth, z,
measured from the top of Layer 4 is equal to y(x0 - X)COSO and the component of the

vertical stress which acts normal to the pile axis is equal to 3((X0 - X)Cosesine . The

sine in Equation 5 is squared and at this time is it not understood why this is. Using
Takahashi’s expression given by Equation 5, the deflection of the pile can be determined
according to Equation 6, where, A; through A, are constants and As and Ag and given
below.

y=A +AX+AX+AX+AX + AX® 6
A = imx0 sin” 6cos0
24 EI
7
__ 1 WY gcoso
120 ElI

Layer 4 is the “free layer” which corresponds to the portion of the pile that extends
above the ground surface. Since the free layer has a coefficient of subgrade reaction
equal to zero the solution to Equation 1 for Layer 4 is equal to Equation 8.
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y=A+Ax+AX+AX 8

Takahashi applies linear algebra to set up the expressions relating the pile behavior to
the soil deflections for each of the four layers. These expressions are given by Equations
9 through 14 in the paper. The process to solve the systems of equations is left unclear.
Takahashi mentions limiting the number of rows in the matrices to four, which in the
case of Layer 2 requires eliminating a row, to make solving the expressions possible. He
also does not provide details on how the unknown constants should be determined
other than that the “sixteen constants could be solved by the use of twelve continuity
conditions at three boundaries between the layers and of four boundary conditions at
pile top and pile tip.”

Experimental Model Tests:

The test apparatus used in this study consists of a cylindrical steel tank with an inside
diameter of 2520mm and a height of 17700mm. A 1130mm sample of clay was prepared
saturated in a remolded state and was sandwiched between upper and lower sand
drainage layers (50-100mm thick each). The piles used consist of thin rectangular steel
plates with a length of 1780mm, a width of 75mm, and a thickness of 9mm. A group of
eight piles was installed into the remolded clay sample at a batter angles of 5, 10, 15, or
20 degrees. The piles in opposing pairs were installed at the same batter angle and all
four angles of batter were present in the group simultaneously. Takahashi doesn’t
describe installation process or how much smearing occurs, but mentions that a ‘special
device’ was used. Each pile was instrumented with seventeen strain gauges spaced
every 10 cm along its length to measure the bending moment.

Consolidation of the clay was induced by placing a 220mm layer of steel shot over the
upper sand layer corresponding to a consolidation pressure of 10kN/m?. The ground
settlement, pile deflection, and bending moments were monitored for 100 days after
placement of the steel shot. The distribution of bending moment if the pair of piles
inclined at 20 degrees is shown in Figure 7 of the paper. Takahashi observed a
proportional relationship between the maximum bending moment and the pile
inclination angle. This is similar to the result observed by Sabata et al. (1982). Takahashi
also found that the relationship between the magnitude of surface settlement and
maximum bending moment to be near linear. Shibata et al. (1982) observed a near
linear relationship between the bending moment at a given position along the pile and
the consolidation pressure.

Finite element analysis of model tests:

Takahashi does not provide much detail on the methods or software used to generate a
finite element model of the experimental conditions. He used elastic constitutive
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relations for both the pile and soil and modeled the experimental tests in two
dimensions. He was not able to obtain reasonable agreement between the numerical
and experimental results and determined it was necessary to model the problem in 3D.
Using the 3D model he was able to obtain reasonable agreement for the magnitude of
maximum bending moment for inclination angles of 10 and 20 degrees.

Evaluation of experimental results using Sato’s Method:

Takahashi was able to obtain good agreement between the measured and predicted
values of deflection, deflection angle, bending moment, shear force, and soil pressure
acting on the pile for an inclination angle of 20 degrees. It seems like a trial and error
approach is necessary to adjust the effective width and length values to get the
predicted values to agree with the experimental results. Sato et al. recommend an
effective width that is three times the pile width. The data fit obtained using Sato’s
method, once calibrated, was better than the fit obtained using the 3D FE model.

Evaluation of experimental results using Takahashi’s method:

Takahashi achieved good agreement between the measured and predicted values of
deflection, deflection angle, bending moment, shear force, and soil pressure acting on
the pile for an inclination angle of 20 degrees. He found the best fit was obtained when
he assumed an elastic soil reaction for both the clay and sand layers and treated the
steel shot as a load layer.

Field tests:

An instrumented field test consisting of a 2x2 group of steel pipe piles with a batter
angle of 15 degrees was reported by Takahashi (1985), Sato et al. (1987) and Sawaguchi
(1989). An 2.5m embankment with plan dimensions of approximately 40m x 25m was
placed to initiate consolidation of the roughly 30m thick soft clay deposit. The piles were
installed through the embankment and the clay to bear on a stratum of stiff clay
stratum with gravel. The piles extended above the ground surface and were hinged in
pairs. The spacing between the piles is not provided in the paper. Two of the piles were
coated with bitumen to observe the effects on deflection and moment. Extensive
instrumentation was used in this study to monitor settlement, pile deflection, and pile
moment. A summary of the instrumentation is given in Table 1 of the paper. The
instrumentation was monitored for a year while consolidation proceeded. The
distributions of axial force and bending moment for the coated and uncoated piles is
shown in Figures 22 and 23 of the paper. Takahashi found that while the bitumen
coating significantly reduced down drag loads, the coating actually resulted in slightly
higher bending moments in the upper portion of the pile. Takahashi ‘s laboratory finding
that the maximum bending moment increased linearly with the ground settlement was
again observed at the field scale.
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Finite element analysis of model tests:

In an attempt to model the field results, Takahashi again found that 2D finite element
modeling did not adequately capture the interaction between the pile and the soil. He
did not pursue modeling the field tests in 3D.

Evaluation of experimental results using Sato’s Method:

Takahashi again applied a trial and error approach to selecting appropriate values for
the effective width and length. In the paper, he notes the strong influence of the choice
of effective width on the results. He was able to obtain reasonable prediction of bending
moment along the length of the pile, although the predicted location of maximum
moment did not correspond to the measured location.

Evaluation of experimental results using Takahashi’s method:

Takahashi provides some detail on how he decided to divide the soil profile at the field
test site into the Layers used in his theoretical model. He ultimately decided break the
pile into four sections. He included a free layer, a load layer to capture the influence of
the embankment, and two clay layers to simulate the soft clayey soil. He found some
sensitivity of the model to the location where he divided the clay layer in to upper
(compressible) and lower (less compressible) regions. His model did not show much
sensitivity to the choice of soil unit weight, which is equivalent to changing the width
adjustment factor. Takahashi also found that the selection of the thickness for the
embankment layer made little difference on the results. Again, he found that his model
was able to capture the interaction between the pile and soil better than either Sato’s
method or finite element analysis.
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Reference:

Sawaguchi, M. (1989). "Prediction of bending moment of a batter pile in
subsiding ground." Soils and Foundations, 29(4), 120-126.

Overview:

The technical note by Sawaguchi briefly discussions existing methods by Sato et al.
(1970), Shibata et al. (1982), Takahashi (1985), and Sabato et al. (1987) for estimating
the bending moment induced in a batter pile due to settling ground. Sawaguchi draws
from elements from each of the aforementioned methods and presents his analytical
model of the problem. He provides chart solutions developed from computer solutions
of his model.

Development of analytical model:

Sawaguchi’s approach introduces a different way to consider the vertical loading of the
batter pile near the ground surface. Rather than use a “loading layer” like Takahashi,
Sawaguchi assumes that the upper portion of the pile is loaded in a way similar to a
positive projecting conduit. For the remainder of the pile, Sawaguchi adopts the
assumption of Winkler ground common to the other methods. The justification for the
treatment of the upper pile as a positive projecting conduit is based on numerous field
observations of ground deformation around the batter pile. This deformation can be
generalized as having a zone directly over the surface projection of the pile where
significantly less surface settlement occurs compared to other areas. Sawaguchi’s
analytical model is shown in Figure 1.

Ground surface '

o &
oS

Consolidating clay

l

/v / Incompressible base
X

Figure 5: Analytical model developed by Sawaguchi (1989)
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Using the assumption of a positive projecting conduit for loading within the upper
portion of the pile, the earth pressure acting on the pile can be estimated using
Spangler’s formula. For a pile top flush with the ground surface, the relationship
between pile deflection and soil pressure in the loading zone (0 < x < X;) is given by
Equation 1.

£ d'y, B?ysin® e(exp 2KpcosO _1j .
dx* 2K
In the expression above, Young’s Modulus of the pile is represented by E, the moment
of inertia of the pile by I, B is the pile width, y,is the deflection of the pile within the
loading zone, y is the unit weight of the surrounding soil, K is the coefficient of lateral
earth pressure, W is the coefficient of friction between the soil supported by the pile and
the surrounding soil, 6 is the inclination f the pile from vertical, and y; is the pile
deflection within the loading zone. Below the loading zone (X; < x <£4), Sawaguchi
considers the pile to be supported by Winkler soil according to Equation 2.

4
El dy, _ Bk, (S(x)sin6-vy,) 2

X4

Here, y,, is the deflection of the pile below the loading zone, ky, is the horizontal
coefficient of subgrade reaction, and S(x) expresses the variation of vertical settlement
along the pile axis. Sawaguchi applies the same assumption as Shibata et al. (1982) and
assumes linear variation of the vertical settlement with depth according to Equation 3,
where S, is the settlement at the ground surface.

S(x)=S, (1—%) 3

After substituting Equation 3 into Equation 2, Sawaguchi solves Equations 1 and 2
assuming no moment exists at either end of the pile and that the deflection, deflection
angle, moment, shear force, and pressure in the pile at the interface of the loading layer
with the Winkler soil layer are equal.

Since no closed solution for the equations exists, Sawaguchi developed normalized
design charts. The charts relate normalized moment, (Mﬁ / EI), to non-dimensional

parameters listed below.
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Bl =a-"—y
4El
vl = 2Ku/lcos9
B
4
/= B%y/®sin® 0
2KpuEl
S, .
=—2sin0
: 4

Field Scale Tests:

An instrumented field test consisting of a 2x2 group of steel pipe piles with a batter
angle of 15 degrees was reported by Takahashi (1985), Sato et al. (1987) and Sawaguchi
(1989). An 2.5m embankment with plan dimensions of approximately 40m x 25m was
placed to initiate consolidation of the roughly 30m thick soft clay deposit. The piles were
installed through the embankment and the clay to bear on a stratum of stiff clay
stratum with gravel. The piles extended above the ground surface and were hinged in
pairs. The spacing between the piles is not provided in the paper. Two of the piles were
coated with bitumen to observe the effects on deflection and moment. Extensive
instrumentation was used in this study to monitor settlement, pile deflection, and pile
moment. A summary of the instrumentation is given in Table 1 of the paper. The
instrumentation was monitored for a year while consolidation proceeded. The
distributions of axial force and bending moment for the coated and uncoated piles is
shown in Figures 22 and 23 of the paper. Takahashi found that while the bitumen
coating significantly reduced down drag loads, the coating actually resulted in slightly
higher bending moments in the upper portion of the pile. Takahashi ‘s laboratory finding
that the maximum bending moment increased linearly with the ground settlement was
again observed at the field scale. The measured bending moments induced by the
settlement were compared to values predicted using Sawaguchi’s analytical model.
Sawaguchi applied an empirical correlation using the unconfined strength of the clay to
estimate the coefficient of horizontal subgrade reaction. Using the input parameter
values given in Table 1 of the paper, Sawaguchi was able to obtain good agreement
between the measured and predicted values of bending moment. He concludes the
discussion of the field-scale study by comparing the measured value of maximum
bending moment to the values predicted using the methods by Sato et al. (1987) and
Takahashi (1985). For the case at hand, the two existing methods and the Sawaguch’s
method all predicted values close to the measured maximum bending moment.
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Reference:

Rao, S. N., Murthy, T. V. B. S. S., and Veeresh, C. (1994). "Induced bending
moments in batter piles in settling soils.” Soils and Foundations, 34(1), 127-1

Overview:

The study by Rao et al. (1994) includes the development of an analytical model for
estimating the pressure acting on a single batter pile due to settlement of the
surrounding soil. The model divides the consolidating soil surrounding the pile into three
zones: 1) a wedge-shaped zone overlying the pile that is completely supported by the
pile, 2) a transitional 3D zone of arching that sheds vertical stress to the pile, 3) the soil
beyond the zone of arching that is unaffected by the presence of the pile. The principal
deviation of the proposed method to the methods by Sata, Takahashi, and Shibata, is
the consideration of separation developing between the pile and the underlying soil.
The authors contend that soil settlement can leave the pile unsupported and it is more
appropriate to model the pile as a clear spanning beam with either free or fixed end
supports. The pressure acting on the free spanning beam representing the batter pile is
determined using the combined pressures produced by the fully —supported and arching
zones.

The study also includes a description of a laboratory scale study carried out to support
the provide support for the proposed theoretical model.

This paper contains several errors in the presentation of the mathematical development
of the model. These errors include typographical mistakes, unreasonable assumptions,
and improper application of soil mechanics. These problems are pervasive enough to
essentially discredit the authors’ assertions.

Development of analytical model:

Estimation of pressure acting on the batter pile

The authors introduce the concept for their analytical model by describing the probably
shape of the volume of soil that is either directly supported by the pile or supported by
arching. The end result of this discussion is the treatment of the soil mass supported by
the pile as a three-dimensional wedge that is defined by a vertical plane extending from
the tip of the pile and a width equal to two pile diameters. This defined soil volume is
provided in Figure 1 of the paper, however the figure and supporting text suggest that
the width of the wedge is three pile diameters instead of two. It is not until the
mathematical development is presented that is becomes apparent that the soil wedge
has a thickness of two pile diameters. The concept behind the use of a wedge, is that
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the soil mass within the wedge is considered to be completely supported by the pile and
that shear resistance between the sides of the wedge and the surrounding soil reduces
the load carried by the pile. No shear force is considered to develop between the face of
the wedge and the surrounding soil. This concept is illustrated in Figure 1.

Ground surface

No shear force Shear forces develop
develops on face of on sides of wedge
wedge

dz }«bz—

Consolidating clay

/V Incompressible base

X
Figure 6: Wedge of soil supported by pile used in the analytical model developed by Rao et al.

Using the wedge defined in Figure 1 and assuming that shear strength is fully mobilized
between the sides of the wedge and the surrounding consolidating soil, vertical
equilibrium is satisfied by Equation 1.

c$VZ

., (2R)b, +7(2R)b,dz -(GVZ . ddz

dzj(ZR)(bZ)—Zrzbzdz ~0 .

In this expression 2R, is the width of the soil wedge and R is assumed to be equal to the

diameter of the pile, b, and dz are the dimensions of a unit of soil within the wedge, T, is
the peak shear strength along the side of the wedge, oy, is the total vertical stress, and y
is the total unit weight of the soil.

The authors then mistakenly define the peak shear strength at the sides of the wedge at
a particular elevation according to Equation 2 where k is the at-rest earth pressure

coefficient estimated using Jaky’s formula, k = (1— Sine).

1,'=c'+(ko,, —u)tan¢’ 2
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The error of multiplying the total vertical stress by the earth pressure coefficient is
incorporated into subsequent development of the analytical model. Later in the
development, Rao et al. decide to set pore pressure to zero using an rationale that is
incorrect on the basis of soil mechanics and the model development. This adjustment
does however remedy the improper calculation of horizontal stress acting on the face of
the wedge. Any potential user of this method should know to use effective unit weights
and drained strength parameters as input. The end result of the expression used to
estimate the pressure acting on the pile is given by Equation 3, where x is the distance
along the pile axis from the head of the pile, d is the pile diameter and, g is the applied
surcharge due to the embankment.

P, =0.d +7(d +2R)xcos0+2R (qs —gj-(l—exp(—P -XC0s6))

_ktand . c
TR Q=Yg

P

Rao et al. use Equation 4 to resolve the vertical pressure P,, determined using Equation
3 into components acting normal and coincident to the pile axis. Here, f,y is the
component of vertical stress acting along the pile axis and g is the component which
acts normal to the pile.

f,=P,C0s0

g, =P, sin6

As shown in Equation 5, the next step in the procedure by Rao et al. is to integrate the
pressure acting normal to pile over its length to get the total lateral force. They then
divide this force by the pile length to yield a uniformly distributed pressure which
induced bending moment. This approach completely disregards the impact of non-
uniformly distributed lateral soil pressure on the induced bending moment. Rao et al.
also make the assumption that the axial force in the pile has no influence on measured
bending moment.

1L
W=E£thdX 5

Using the uniform pressure, w, Rao et al. estimate bending moment in the pile by
considering two typical support conditions for a free spanning beam. The first condition

88 F-101



UPDATED 04 JUN 12
Appendix C Summaries of selected references

is for pinned-pinned end supports, for which the bending moment along the pile is given
by Equation 6, and the second is for fixed-fixed end supports given by Equation 7.

M, :W—;(L—x) 6
M, = o (6Lx ~ 12 —6x?) 7
12

Verification of proposed analytical model using experimental model:

An experimental model consisting of a square steel tank with dimensions of 1200mm x
1200mm x 1200mm was constructed to house a square grouping of batter piles with a
batter angle of 10 degrees. The model piles consisted of aluminum pipes with a length
of 725mm, an outer diameter of 38.1mm, and a wall thickness of 1.5mm. The four piles
were fixed to a square top plate and arranged so that a pile extend from each face of
the plate. This arrangement is shown in Figure 4 of the paper.

To conduct a test, the piles were placed in the empty tank and a 50mm layer of sand
was placed to provide drainage. Next, 570mm of clay was placed and tamped moist in
50mm lifts. Above the compacted clay layer, another 100mm of sand was provided for a
upper drainage layer. A surcharge was applied to the steel plate fixed to the piles to
induce settlement of the compacted clay. At this point, the text and figures are
confusing as to whether the steep plate covered the entire sample surface or just the
200mm x 200mm plate shown in Figure 4.

The model piles were instrumented using strain gauges to measure bending moment.
The results on tests performed using different surcharge loads are shown in Figures 6
and 7 of the paper. The authors use this information to assess their proposed model.
First they calculated the pressure acting normal to the pile axis using Equation 3. After
integrating the soil pressures over the length of the pile and determining an equivalent
uniform distributed pressure, the authors estimated bending moments using the beam
support conditions given in Equations 6 and 7. They concluded that the bending
moment distribution estimated assuming the fixed-fixed end supports more closely
matched the experimental results.
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Reference

Hance, J., and Stremlau, T. (2009). "Lateral load on piles subjected to
downdrag." Internal document, Eustis Engineering, Metairie, Louisiana.

Summary of Method:

This approach considers that the pile is loaded by downdrag above the neutral plane
and that the distribution of the force acting normal to the pile axis can be approximated
by a triangular distribution. The magnitude of downdrag force is determined by treating
the batter pile as a vertical pile and estimating the static capacity of the pile shaft and
tip. The neutral plane is estimated using an approach which will be described below. The
portion of the ultimate shaft capacity that is above the neutral plane is taken to be the
downdrag load. The method estimates bending moment induced in the batter pile by
treating the length of pile above the neutral plane as a free spanning elastic beam
supported at both ends by pinned connections. The portion of the pile below the
neutral plane is neglected in the analysis.

Development and implementation of the Method:

This method is described below following the example provided in the reference.
Calculation errors or questionable assumptions will be pointed out, however for the
purposes of maintaining continuity with the reference document, the original values and
assumptions will be carried through the procedural steps.

1. Assign the structural loads, pile elevations, and amount of pile batter.

For the example:

EIO
El-110
2V:1H or 26.56° from vertical

Butt elevation
Tip elevation
Pile batter (8)

For the elevations provided the required length of the batter pile, L, would be
L=[0% -(-110%)] /cos(26.56) ~ 123ft

The length used in the calculation is L = 110 ft, which does not account for the pile
batter. The structural loads considered in the example problem range from 53 to
103 kips.
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2. Determine the static capacity and ratio of the structural load to the ultimate static
capacity

The authors consider this ratio to be the factor of safety, but it does not account for
the downdrag load. The ultimate static capacity of the 14” H-pile was calculated by
the authors using a software program. They do not indicate what software was used
or the method of estimation. The breakdown of the ultimate pile capacity is given

below:

Ultimate shaft capacity (L = 110ft) = 279 kips
Ultimate tip capacity = 14 kips
Combined ultimate capacity = 293 kips

The ratio of the structural load to the ultimate load, R, for the range of structural
loads is given below.
293ki
- 93. ps _ 55
53kips

R, = 293k!ps o8
103kips

3. Determine the neutral plane of the pile.

For this step the authors develop their own technique for estimating the location of
the neutral plane. The primary assumptions of this approach are given below.

i. The neutral plane can be determined relative to the pile axis and does
not depend on batter angle
ii. The downdrag pressure increases linearly with depth.
iii. The pile cross section is assumed to be constant with depth
iv. The ultimate tip resistance is assumed to increase as a fraction of the
shaft resistance

Figure 1 shows the forces acting on a vertical pile subjected to downdrag where P; is
the applied load, Fp is the total down drag load, Fy is the ultimate resisting skin
friction, and Qg is the ultimate tip resistance. The unit skin friction between the pile
and soil, k, is defined, but the author’s do not explain how it is determined. One
approach for estimate the unit skin friction given by Equation 1, y'is the effective
unit weight of the surrounding soil, USR is the Undrained Strength Ratio of the clay,
and a is a coefficient relating undrained strength to shaft resistance. For an
increment of length along the pile, dx, the shaft friction, f;, is given by Equation 2,
where s is the surface area of the pile over the length increment.
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Figure 7: Forces acting on vertical pile subjected to downdrag

k = oy'(USR) 1
f, (x) = kxsdx 2

For a pile with a constant cross-sectional area, the ultimate shaft friction over the entire
length of the pile is given by Equation 3.

ksL?
Fo==

The authors assume that the ultimate tip resistance can be expressed as a fraction, n, of
the ultimate shaft capacity calculated in Equation 3. Such a relationship is given in
Equation 4.

_ nksL?
2

Qr

Typically, static capacity analyses determine ultimate tip resistance as Q; =Q,A;,

where q; in the unit tip resistance and At is the area enclosed by the outer edges of the
pile tip. For piles in cohesive soils, the unit tip resistance depends on the ultimate
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bearing capacity of the clay and can be estimated by Equation 5, where S, is the
undrained strength of the clay.

Q =9S,A 5
For clays with a constant USR, Equation 5 can be modified to Equation 6.

Q; =9(USR)L3('Ar 6
The assumption that the ultimate tip resistance can be expressed as a fixed ratio of the
shaft resistance is unreasonable. Combining Equations 1, 3, 4, and 6 into Equation 7
shows that the ratio between tip capacity and shaft capacity cannot be expressed
independently of pile length.

Q—T—n _asbL
F 18A,

S

Using the proposed method, the ultimate capacity of the pile, Fy, is equal to the sum of
the shaft resistance and the tip resistance. The combination of Equations 3 and 4 yields
the ultimate pile capacity given by Equation 8.

2
F, = (1+n)XsE

The applied structural load, P;, can be expressed using the ratio R, according to Equation
9. The authors do not point out that the ratio, R, is determined for a specific pile length
if the applied load is known.

(1+ n)ksL2
P="" 9
2R,

The down drag force, Fg4, and the ultimate shaft resistance below the neutral plane is
given by Equations 10 and 11. In Equation 10, the authors chose to divide the negative
shaft resistance by a constant,c. They do not provide guidance on the values to use for
the constant and they use a value of unity in the example problem.

—2
F - ksX 10
2c
F, = k—S[LZ —Yz} 11
2
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The determination of the neutral plane is accomplished by summing the forces acting
along the axis of the vertical pile according to Equation 12.

P+F =R +Q 12
Using their assumptions, the authors express the ratio of the distance along the pile to
the neutral plane to the pile length by Equation 13.

£ feenle ;

The authors assert that Equation expresses the neutral plane as a non-dimensional
fraction of pile length, however the ratio is only valid for the pile length at which n and
R; were evaluated.

4. Set up free-spanning elastic beam problem

Using the software evaluation performed in Step 2, the authors determine the ultimate
shaft capacity at the elevation of the neutral plane estimated in Step 3. They consider

this value of shaft resistance to be the downdrag load, F; . Different notation is used

since this value of downdrag force is evaluated differently than the down drag force
used in Step 3 to estimate the neutral plane. The authors then take the value of
downdrag force determined using the software and subtract it from the shaft capacity

over the entire length of the pile to determine the shaft resistance, FF:. Next, they

evaluate downdrag force again by taking the combined resistances of the shaft and tip
and subtract the applied load. This process is expressed below.

R S D 14

F'=F.+Q, -P

: 15
After the down drag force is determined according to Equation 15, the authors find the
component that would act perpendicular to the axis of a batter pile. This force has a
value of 102 kips in the example problem. There are mathematical errors in the use of
trigonometry to find the perpendicular component of down drag load. First, they divide
the value of down drag force by the pile batter expressed as a ratio of vertical run to
horizontal run. In the example problem, this batter ratio is 1H:2V, so the downdrag force
is divided by 2. This gives the downdrag force acting in the horizontal direction. Next the
authors find how much of the horizontal downdrag force acts perpendicular to the pile,
Fo,orth- TO do this they multiply the value by the cosine of the batter angle. For the
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example problem, this translates to multiplying the vertical downdrag force by 0.5 and
then again by 0.89 to yield a force of 55 kips, which is equivalent to multiplying the
vertical force by the sine of the batter angle. The final step to this process is to convert
the force into a triangular distributed pressure according to Equation 16.

w = Zoom 16
X

For the example problem triangular distributed load is found as shown below.

_ 2(55kips)

=1.5kips/ft
72 .6ft bs/

5. Solve free-spanning elastic beam problem

The authors determine the maximum bending moment in the pile by treating the
portion of the pile above the neutral plane as a free-spanning beam with pinned end
connections. The soil pressure, W, acting perpendicular to the pile axis is considered to
act as a triangular pressure distribution according to Equation 16. The maximum
bending moment of a beam subjected to the loading and support scenario shown in
Figure 2 can be determined according to Equation.

Pile butt
Neutral plane

g
T
o
(o)
)
[0%

~owl?

M =
max 9\/5

This equation was checked against published sources and found to be correct. For the
example problem the maximum bending moment was determined to be 508 kip-ft/ft as
shown below.

17
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_ 1.5kips/ft(72.6ft)’

M
max 9\/5

= 508kip-ft/ft

Determining the maximum bending moment in this way assumes the following:
i. There is no contact between the pile and the underlying soil above
the neutral plane
ii. The bending moment at the top of the pile and at the neutral plane is
zero.
iii. The distribution of downdrag force can be approximated by a
triangular distribution
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Reference:

Stremlau, T., and Hance, J. (2009). "Lateral loads on piles." Internal document,
Eustis Engineering, Metairie, Louisiana.

Overview:

This approach uses the commercial software LPILE (Ensoft) to estimate the bending
moments induced above the neutral plane in batter piles subject to downdrag force.
The procedure requires determination of the vertical settlement resulting from fill
placement. The authors used Settle®” (RocScience) for their calculations which are for
the Sellars Canal (WBV-74). The relative vertical settlement between the soil and the
pile is determined by subtracting a magnitude of vertical pile displacement. In the
example problem, the value of vertical pile displacement is 1.9 inches. It is not clear how
this value was determined but the method assumes that the entire length of the pile
displaces vertically by the same amount. The component of relative vertical settlement
which acts perpendicular to the pile axis is determined by multiplying the relative
settlement magnitude by the sine of the batter inclination from vertical. The component
of relative settlement normal to the pile axis is used as the displacement magnitude, y,
on p-y curves developed in LPILE for several positions along the length of the pile. The
soil pressures corresponding to the displacements are determined for the portion of the
pile above the neutral plane and plotted as shown in Figure 1. From the available
information, it appears that the neutral plane is determined using the approach
proposed by Hance and Stremlau (2009).
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Elevation of foundation

Neutral plane

-80 —

Figure 8: Distribution of soil pressure above the neutral plane

A plot like the one shown in Figure 1 is used to express the distribution of soil pressures
acting normal to the axis of the batter pile. The reference explaining this approach does
not carry the procedure through to the point of calculating bending moment. From the
available information, it appears that the pile length above the neutral plane is treated
as an elastic beam with pinned end supports. The bending moments are calculated by
applying the pressure distribution determined using the p-y curves from LPILE to the
elastic beam representing the pile.
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Overview and impressions of existing methods to estimate
downdrag-induced bending moments
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Appendix 5 Summary of experimental studies and available data
N . Description of
Reference Type of Description of Piles Description Of. Foundation embankment / Results
study soil . .
foundation loading
Shibata et | Laboratory | A 3x2 group of piles A slurry of kaolin was A vinyl plastic sheet Results for the
al. (1982) model composed of steel pipe poured around the pile placed over the top of battered pile
having an outer diameter | group. The kaolin had a LL = | the clay slurry and pile groups include
of 6.0cm, wall thickness 52, a PL = 39, a clay fraction | tops was used to create a | plots of downdrag
of 1.2mm, and a length of | of 39%, and a specific seal that allowed a pressure versus
60cm were installed in gravity of 2.61. A 10cm surcharge pressure to be | time for the
the apparatus at a batter | thick sand drainage layer applied using air various surcharge
angle of 15 degree from was provided at the base of | pressure. Tests were pressures used.
vertical. Vertical sections | the sample tank. The kaolin | performed at surcharge Also plots of
were welded on the tops | slurry was allowed to pressures of 20, 40, and bending moment
of the battered portion of | consolidate under its own 60 kPa. versus depth along
the piles. Three series of | weight prior to application the pile are
tests were performed, of a surcharge pressure. provided in Figure
one of which used a 14 of the paper.
bitumen coating on the Plots of bending
piles. Test series were moment at various
also performed on single positions along the
vertical piles and vertical pile versus
pile groups. consolidation
pressure are
provided in Figure
15 of the paper.
Takahashi Laboratory | Piles consisted of A remolded fully saturated | The clay was subjected to | Results include six
(1985) model rectangular plates clay sample was formed in | a consolidation pressure | plots of max

measuring 1780mm long,
75mm wide, and 9mm
thick. Four pairs of pile
were installed with

the apparatus prior to pile
installation. The clay had a
LL=89.8, a PL=35.2, and a
specific gravity of 2.72.

of 10kN/m? using 220mm
of steel shot placed over
an upper drainage layer
of sand.

bending moment
for all batter
angles, the
distribution of
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Appendix 5 Summary of experimental studies and available data
N . Description of
Reference Type of Description of Piles Description Of. Foundation embankment / Results
study soil . .
foundation loading
hinged tops at batter Figure 6 in the paper shows bending moment
angles of 5, 10, 15, and a profile of the saturated for two pile
20 degrees from vertical. | unit weight and unconfined inclinations, and a
Piles are pinned at the compressive strength plot of maximum
base of the clay using measured after the test. bending moment
hinges. Coefficient of versus ground
compressibility, m,, is settlement
stated as 15m*/MN magnitude.
Takahashi Numerical | Piles treated as 3D elastic | Clay is modeled as an Steel and upper sand Figure 15 of the
(1985) model beam elements, likely elastic material with a layer applied as pressures | paper shows the
(3D) with steel properties. Young’s modulus of in the model. No predicted
represents | Batter angles of 10 and 44kN/m? and a Poisson's additional details are distribution of
the 20 degrees were ratio of 0.33. provided about loading. bending moment
laboratory | considered. Springs, for a batter angle
tests presumably linear, are of 20 degrees.
considered between the
pile and the surrounding
soil.
Takahashi Field study | A 2x2 group of steel pile | The foundation soil A 2.5m high embankment | Figures 20 through
(1985), piles consisted of a 30m deposit | with plan dimensions of 24 in Takahashi
Sato et. al (p508xt9xI138700mm) of clayey soil containing 40m x 25m. (1985) detail
(1987), and were installed through shell fragments. Piles were | Consolidation of the clay | ground
Sawaguchi the test embankment at | terminated in a stiff clay soil was monitored for settlements and
(1989) a batter angle of 15 containing gravel and one year the distribution of

degrees. The
arrangement of the pile is
not provided. Two of the
piles were coated with

having an N value of 20. A
profile of moisture content,
total unit weight, and
unconfined compressive

axial force,
bending moment,
and elastic
compression
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Appendix 5 Summary of experimental studies and available data
N . Description of
Reference Type of Description of Piles Description Of. Foundation embankment / Results
study soil . .
foundation loading

bitumen. The tops of the | strength is provided in observed in the

piles were hinged and Figure 19 of the paper by piles.

extended above the Takahashi (1985).

ground surface. Pile

settlements are provided

in Table 2 in the paper.
Rao et al. Laboratory | The model consisted of a | The piles were installed in Loading of the clay was The results include
(1994) model square grouping of piles an empty tank and 570mm | performed by placing plots of settlement

set at a batter angle of 10 | of saturated clay was weights on top of a steel | versus time and

degrees and fixed at the | placed and tamped around | plate at the top of the distribution of

top using steel plate. The | the pile group. The clay had | sand surface. It is not bending moment

piles were made from a LL=53, a PL=19, G,=2.66, clear in the paper for the two

aluminum tubing having | w=49%, unit weight of whether this is the same | surcharge loads.

a diameter of 38.1mm, a | 17.2kN/m?, and a vane plate the piles are tied to.

thickness of 1.5mm, and | shear strength of 60kN/m?®. | Two surcharge pressures

measuring 725mm in Sand drainage layers 50 were used in the study.

length. and 100mm thick were

placed above and below
the clay layer, respectively.

Veeresh Laboratory | Isolated steel piles with a | The soft clay used in the Lateral loads were The paper includes
(1996) as model diameter of 19mm, a wall | model was stated to have a | applied to the free ends plots of lateral
reported in thickness of 2.1mm, and | liquid limit of 82% and a of the piles at the ground | deflection against
Rajashree a length of 620mm were | plastic limit of 2% which surface elevation in 24N applied load and
and installed in soft clay. The | falls outside the limits of increments up to 120N. A | against depth at a
Sitharam top of the piles were left | known soils The clay was cyclic load analysis was load of 120N. Plots
(2001) free. The following batter | also has a water content of | also included in this of the distribution

angles were considered:
0, +10, +30, -10, and -30

50%, a unit weight of 17.2
kN/m?, an undrained

study.

of bending
moment are also
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Appendix 5 Summary of experimental studies and available data
. . Description of
Reference Type of Description of Piles Description Of. Foundation embankment / Results
study soil . .
foundation loading
degrees. strength of 7.5kPa, and a provided.
modulus of 415 kPa.
Navin Numerical | A 2D FLAC model Soil properties for drained | The existing foundation Profiles of shear
(2009) model considers three battered | and undrained stages of the | soils are brought into load, axial load,
Baseline T- H-piles (two on protected | analysis are given in Tables | equilibrium with gravity moment, lateral
Wall model side) and a sheet pile. 1 through 4 of the under drained conditions. | displacement, and
for St. Battered piles are reference document. The water table is strain along the
Bernard HP14x89 and the sheet established and the batter piles are
Parish pile is PZ-22. The tip model is analyzed again. | provided.

elevation for the H-piles
is El -130 and EL -45 for
the sheet pile. The
spacing between H-piles
perpendicular to the
centerline of the wall is 6
ft. The batter angle of the
H-piles is 3V:1H. The tops
of the piles are pinned
and are embedded 0.75ft
into the T-Wall concrete
to provide some moment
capacity. 3D soil-pile
interaction is
represented using spring-
slider elements between
the piles and the soil in
both normal and shear
directions.

The piling is installed and
the model is analyzed
again. The embankment
is placed (H=20 ft max, El
+20) and the model is
analyzed again. Soil
properties are changed to
reflect undrained
conditions and the model
is analyzed at increments
of flooding ranging from
1.5 to 9 ft.
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. . Description of

Reference Type of Description of Piles Description Of. Foundation embankment / Results

study soil . .

foundation loading

Navin Numerical | The model considers one | The same soil properties The loading conditions Horizontal profiles
(2009) model batter pile on the used in the baseline modeled in the baseline of vertical changes
T-Wall protected side and one analysis for St. Bernard analysis for St. Bernard in stress are
model to on the flood side with a Parish are presumably used | Parish was followed up to | provided at
assess sheet pile separating the | in this analysis. the point of flood load, various elevations
settlement two. Battered piles are where instead of over the length of

HP14x89 and the sheet
pile is PZ-22. The spacing
between H-piles
perpendicular to the
centerline of the wall is
not provided in the
reference document. The
batter angle of the H-
piles was scaled from
Figure 3 in the report to
be 1H:3V.

incremental flood loads,
a vertical line load of 13.3
kpf was applied to the
wall under drained
conditions

the piles.
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Summary of experimental studies and available data

Digitized Bending Moment Distributions

Shibata et al. (1982)

Surcharge Pressure = 20kPa
Bitumen-coated piles (RED)

Uncoated piles (1) (GREEN)

Uncoated piles (2) (BLUE)

Y X Y X Y X
Axial Length Bending Moment Axial Length Bending Moment Axial Length Bending Moment
m N-m m N-m m N-m
3 10 2.6 11.8 3 15.1
8.6 12.6 9 19.8 9 21
15 18 15 27 15 20
24 17 24.4 24 24.4 22.5
36 13 35.8 18.7 36 21.5
47.6 10 47.8 8.4 48 14.5
60 0 60 0 60 0

Surcharge Pressure = 40kPa
Bitumen-coated piles (RED)

Uncoated piles (1) (GREEN)

Uncoated piles (2) (BLUE)

Y X Y X Y X
Axial Length Bending Moment Axial Length Bending Moment Axial Length Bending Moment

m N-m m N-m m N-m

3.3 17 3.3 25 3 27.2

9.3 25.4 9.3 40.7 9.3 39.7

15.6 38 15.6 51.7 15.1 41.8

24.6 35 24.7 48.8 24.4 43.4

36.6 24.5 36.5 33.2 36.4 37.5

48.2 17.5 48.2 18.6 48 24.5

60 0 60 0 60 0
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Surcharge Pressure= 60kPa
Bitumen-coated piles (RED)

UPDATED 04 JUN 12
Summary of experimental studies and available data

Uncoated piles (1) (GREEN)

Y X Y X
Axial Length Bending Moment Axial Length Bending Moment

m N-m m N-m

4.8 24.5 4.8 37.4

8.5 38.5 8.5 61.2

14.5 56 15 76.8

24 54 24 73.2

35.5 36.4 36.2 50.8

47 26 48 33

60 0 60 0

Plots of Moment Distribution
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Takahashi (1985)

Experimental bending moment distributions after 1, 4, and 14 weeks of consolidation for batter angle of 20 degrees

UPDATED 04 JUN 12
Summary of experimental studies and available data

1 Week 4 Weeks 14 Weeks
Y X Y X Y X
Axial Length | Bending Moment Axial Length Bending Moment Axial Length Bending Moment
cm N-m cm N-m cm N-m
10 22 10 41 10 54
20 31 20 58 20 78
30 40 30 76 30 100
40 49 40 94 40 127
50 47.5 50 106 50 153
60 40 60 105 60 170
70 32 70 89 70 161
80 24 80 72 80 138
90 18 90 58 90 113
100 12 100 45 100 87
110 9 110 32 110 60
120 7.5 120 23.5 120 36
130 7.5 130 16 130 16
140 7.5 140 5 140 -3
150 3 150 -3 150 -20
160 0 160 -10 160 -24
170 -1 170 -9 170 -16
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Plots of moment distribution
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Experimental bending moment distributions after 14 weeks of consolidation for batter angle of 10 degrees

14 Weeks
Y X $ -20 O= ﬂm {IPOJOIBZ) 140 160 180
Axial Length Bending Moment B B X . : i : .O : &
cm N-m .-
20 19 2O 8.
30 30 N e
40 41 S %o &
50 51 N . N
60 62 c 90 *
70 73 g | %
80 85 i .
g | -~— _
90 90 2 ool o
100 87 o
110 75 120 o
120 65 : e
130 47 1400 — @
140 30 i Y
150 15 160-0 < TERSHED BT PIE %olS
160 0 g » CALCRATED £ by O
170 -7 16908
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Field-scale study bending moment distributions after 55, 119,264, and 364 days of consolidation for batter angle of 15 degrees

UPDATED 04 JUN 12
Summary of experimental studies and available data

55-days
Y X 119-days
Axial Length Bending Moment Y X
m kN-m Axial Length Bending Moment
0 -55 m kN-m
3 -125 0 -40
6 -68 3 -153
10 -8 6 -110
14 22 14 30
18 12 18 25
22 -35 22 -32
26 3 26 50
30 -52 30 -27
34 -8 34 -34
243-days 364-days
Y X Y X
Axial Length Bending Moment Axial Length Bending Moment

m kN-m m kN-m
0 -78 0 -94
3 -232 3 -292
6 -157 6 -198
14 40 14 54
18 35 18 45
22 0 22 27
26 -5 26 -56
30 0 30 0
34 -19 34 -19
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Plots of moment distribution

BENDING MOMENT (kx.m)

@ 55 days
-A 119 davs
— 243 davs

-C 364
g, 364 davs

?2Xh e

m F-124



UPDATED 04 JUN 12
Appendix 5 Summary of experimental studies and available data

Sawaguchi (1989)

Field-scale bending moment distributions after one year of consolidation for batter angle of 15 degrees

Pile C Pile D
Y X Y X
Axial Length Bending Moment Axial Length Bending Moment

m tf-m m tf-m
0.8 -13.5 0.8 -9.5
3.8 -31.5 3.8 -29.3
6.75 -16.65 6.75 -16.1
10.6 1 10.6 1
14.5 0.5 14.5 5.6
18.2 0.2 18.2 4.3

22 0 22 2.8

26 0.4 26 -4.6

30 0.3 30 -0.1
33.65 0.6 33.65 -1.5
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Plots of moment distribution
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Rao et al. (1994)

Field-scale bending moment distributions after 400 hours of consolidation for batter angle of 10 degrees

4 T s
Y X qg =10 kN/m?
Axial Length Bending Moment -
£
m N-m ~—
0 -6.6 =
0.115 0.2 2
0.208 3.3 E
0.32 5.8 E .
o
0.415 6.2 < W
0.523 5.4 / / L - .. o @=% Experimental
. . /_,,-" — Fixed beam cose
0.618 2.8 )8 ~—- Hinged beam case
0.732 -2.9
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Navin (2009)

UPDATED 04 JUN 12
Summary of experimental studies and available data

Moment distributions calculated using FLAC for T-Wall Foundation Elements in St. Bernard Parish

These plots are taken directly from the document “Overview of FLAC analysis for St. Bernard Parish.” The plots representing the
“Drained” condition apply to the analysis which considered drained conditions during stress initialization, pile installation, and fill

placement and undrained conditions during the short-term flood loading. The plots representing the “Undrained” condition apply to

the analysis which considered undrained soil properties for all phases.
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Center H-Pile
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Comparison of the method by Shibata et al. (1982) to the
experimental studies
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Evaluation of the method by Shibata et al. (1982) to predict bending moment

Key findings:

With calibration, this method yields good agreement with the measured value of peak
bending moment using a simple closed-form expression.

The method loses predictive accuracy if the pile passes through an embankment layer or
extends above the ground surface.

The model is very sensitive to the assigned value of coefficient of subgrade reaction. Shibata
et al. use the correlation by Broms and Fredriksson (1976) which relates subgrade reaction
at long-term loading to undrained shear strength and pile diameter. There are limitations to
using this correlation for the general case, these include 1) it was originally intended for
concrete piles and 2) the constant in the equation is often taken to be 10, however, Broms
and Fredriksson report that values ranging from 7 to 27. In order to achieve good
agreement with the measured results, constants ranging from 0.7 to 90 were applied to the
clay foundation soils. The New Orleans district has found that a coefficient of 64 works well
for many native clay soils.

When the pile length is less than about 20 times the pile width, both measured and
predicted bending moment distributions do not have an inflection point. Despite some
discrepancies between the observed and predicted bending moment distributions, the
values of peak bending moment are quite similar.

When the pile length is greater than about 20 times the pile width, both measured and
predicted bending moment distributions include an inflection point. For piles which do not
pass through an embankment layer or extend above the ground surface, the method by
Shibata et al. does a good job at predicting the distribution of bending moment. The peak
predicted and measured value of bending moment occurs within 8 pile diameters for piles
which do not extend through an embankment layer or above the ground surface.

Plots of bending moment distributions:

General notes:

The bending moment distributions predicted by Shibata et al. (1982) were developed using
a value of coefficient of subgrade reaction estimated using the relationship proposed by
Broms and Fredriksson (1976). This relationship is provided in Equation 1, where S, is the
average undrained strength over the clay layer, D is the pile width or diameter, and N is a
proportionality constant. Broms and Fredriksson observed values of N ranging from 7 to 27
for concrete piles. The practical recommendation used by the New Orleans District is 64 for
many native soils. The value of N used to develop each plot is given in the accompanying
table of input parameters. A single value of N was assigned to each soil type.

Ky =N 1
D
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Laboratory model by Shibata et al. (1982)

Surcharge pressure = 20kPa

Po
Batter angle
I

S, aw

D

E

|

El

N

k

Beta
Beta *|

55 cm
0.262 rad
60 cm

6 kPa

6 cm
2.10E+08 kpa
9.6 cm™M
20.16
10
1000.00 - N Cu/D (kN/m?)
0.009 - (KD/4EI1/4
0.56

Axial pile length (cm)
o a A W N B
© O O O o o o

Bending moment (N-m)
40 60 80

100

—Predicted by Shibata
et al. (1982)

® Measured by Shibata
etal. (1982) (1)

® Measured by Shibata
etal. (1982) (2)
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Surcharge pressure = 40kPa

Po
Batter angle
I

Sy aw

D

E

|

El

N

k

Beta
Beta *|

6.65
0.262
60

12

6
2.10E+08
9.6

20.16

10
2000.00
0.011
0.66

UPDATED 04 JUN 12
Evaluation of Shibata et al. (1982)

cm
rad
cm
kPa

cm
kpa
cm™M

- 10 Cu/D (kN/m?)
- (KD/4EIY™/4

Axial pile length (cm)
o a b W N B
© O O O o o o

0

Bending moment (N-m)
20

40

60 80

100

—Predicted by Shibata
et al. (1982)

® Measured by Shibata
etal. (1982) (1)

® Measured by Shibata
et al. (1982) (2)
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Evaluation of Shibata et al. (1982)

Surcharge pressure = 60kPa

Po 7.04 cm
Batter angle 0.262 rad
| 60 cm
S, aw 18 kPa
D 6 cm
E 2.10E+08 kpa
| 9.6 cm™M
El 20.16
N 10
k 3000.00 - 10 Cu/D (KN/m®)
Beta 0.012 - (KD/4EI1/4
Beta *| 0.73
Bending moment (N-m)
0 20 40 60 80 100
0
. —Predicted by Shibata
e 10 et al. (1982)
(&)
£ 20 ® Measured by Shibata
= etal. (1982)
2 30
Q
o
= 40
<
< 50
60

121

F-134



UPDATED 04 JUN 12
Appendix E Evaluation of Shibata et al. (1982)

Laboratory model by Takahashi (1985)

In this model, the batter piles pass through an embankment layer and extend above the ground

surface

Surface settlement after 1 week, batter angle of 20 deg

Po 0.046 m
theta 0.349 rad
| 1.78 m
Sy aw 5 kPa
D 0.075 m
E 2.00E+08 kN/m2
| 4.556E-09 m™
El 9.11E-01 kN-m~2
N 19
k 1266.67 - 10 Cu/D (kN/m®)
Beta 2.260 - (KD/4EN/4
Beta *| 4.02
Bending moment (N-m)
-50 0 50 100 150 200
0.0 | | | |
~0.2 1 —Predicted by Shibata et
3 al. (1982)
= 0.4
= 0.6 1 ® Measured by Takahashi
208 (1985)
Q@
= 1.0 -
® 1.2 1
><
< 1.4 -
1.6 A
1.8
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Evaluation of Shibata et al. (1982)

Surface settlement after 4 weeks, batter angle of 20 deg

Po
theta
|

Sy aw

D
E

I
El

Beta
Beta *|

0.101 m
0.349 rad
1.78 m

5 kPa

0.075 m
2.00E+08 kN/m2
4.556E-09 m™
9.11E-01 kN-m”2
19
1266.67 - 10 Cu/D (kN/m3)
2.260 - (KD/4ENM/4
4.02

Bending moment (N-m)

50 O 50 100 150

200

—Predicted by Shibata et
al. (1982)

® Measured by Takahashi
(1985)
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Surface settlement after 14 weeks, batter angle of 20 deg

Po 0.169 m
theta 0.349 rad
| 1.78 m
S, aw 5 kPa
D 0.075 m
E 2.00E+08 kN/m2
| 4.556E-09 m™
El 9.11E-01 kN-m"2
N 19
k 1266.67 - 10 Cu/D (kN/m?)
Beta 2.260 - (KD/4EI1/4
Beta *| 4.02
Bending moment (N-m)
-50 0 50 100 150 200
0.0 I ] ] I
~0.2 A —Predicted by Shibata et
al. (1982)
~ 0.4 A
=
© 0.6 - ® Measured by Takahashi
2 0.8 - (1985)
9@
= 1.0 -
T 1.2 -
><
< 1.4 A
1.6 A
1.8
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Evaluation of Shibata et al. (1982)

Surface settlement after 14 weeks, batter angle of 10 deg

Po
theta
|

S, aw

D

E

I

El

N

k

Beta
Beta *l

0.169 m
0.175 rad
1.78 m

5 kPa

0.075 m

2.00E+08 kN/m2

4.556E-09 m™

9.11E-01 kN-m”2

19
1266.67 - 10 Cu/D (kN/m3)

2.260 - (kD/4AEI"M/4
4.02

Bending moment (N-m)

-50 0 50 100 150

200

—Predicted by Shibata et
al. (1982)

® Measured by Takahashi
(1985)
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Appendix E Evaluation of Shibata et al. (1982)

Field-scale study reported by Takahashi (1985)
In this model, the batter piles pass through an embankment layer.

Surface settlement after 55 days

Po 0.108 m
theta 0.262 rad
| 38.7 m
S, aw 20 kPa
D 0.508 m
E 2.00E+08 kN/m2
| 0.00043927 m™
El 8.79E+04 KN-m”2
N 90
k 3543.31 - 10 Cu/D (KN/m®)
Beta 0.268 - (KD/4EI"1/4
Beta *I 10.35
Bending moment (kN-m)
-100 O 100 200 300 400
0 | | | |
— 4 - 7 —Predicted by Shibata et
E g | / al. (1982)
s 12
=% ! Measured by Takahashi
o 16 1 (1985)
o 20 A
C_Qd- 24 A
< 32 A
36 -
40
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Evaluation of Shibata et al. (1982)

Surface settlement after 119 days

Po
theta
|

Sy aw

D

E

|

El

N

k

Beta
Beta *l

0.163 m
0.262 rad
38.7 m

20 kPa

0.508 m
2.00E+08 kN/m2
0.00043927 m™4
8.79E+04 kN-m"2
90
3543.31 - 10 Cu/D (kN/m®)
0.268 - (KD/4EI1/4
10.35

Axial pile length (m)

Bending moment (kN-m)

-100 0 100 200 300 400

0 ——————
4 —Predicted by Shibata et
g - al. (1982)
12 1 °® ® Measured by Takahashi
16 1 (1985)
20 A
[
24 A
o
28 A
®
32 -
36 -
40
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Evaluation of Shibata et al. (1982)

Surface settlement after 243 days

Po 0.23 m
theta 0.262 rad
| 38.7 m
S, aw 22.5 kPa
D 0.508 m
E 2.00E+08 kN/m2
| 0.00043927 m™M
El 8.79E+04 kN-m”2
N 90
k 3986.22 - 10 Cu/D (kN/m®)
Beta 0.276 - (KD/4EI1/4
Beta *| 10.66
Bending moment (kN-m)
-100 0 100 200 300 400
0 I ._|_ ] I
— 4 - —Predicted by Shibata et
£ g al. (1982)
s 12
2 ° ® Measured by Takahashi
o 16 1 o (1985)
@ 20 -
C_CG’- 24 A
< 32 A
()
36 -
40
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Appendix E

Surface settlement after 364 days

UPDATED 04 JUN 12
Evaluation of Shibata et al. (1982)

Po 0.263 m
theta 0.262 rad
| 38.7 m
S, aw 25 kPa
D 0.508 m
E 2.00E+08 kN/m2
| 0.00043927 m™M
El 8.79E+04 kN-m”2
N 90
k 4429.13 - 10 Cu/D (kN/m3)
Beta 0.283 - (KD/4EI1/4
Beta *| 10.95
Bending moment (kN-m)
-100 0 100 200 300 400
0 I ._ ] I
— 4 - —Predicted by Shibata et
£ g al. (1982)
s 12
2 ° ® Measured by Takahashi
o 16 1 o (1985)
© 201
C_CU’- 24 A .
< 32 A
[
36 -
40
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Evaluation of Shibata et al. (1982)

Field-scale study reported by Sawaguchi (1989)

Po
theta
|

Cuaw

0.263 m

0.262 rad
33.65 m

12 kPa

0.508 m
179830 kN-m”2

90
5880.00 GIVEN  (kN/m?)

2177.36 - 10 Cu/D (KN/m®)
0.254 - (KD/4EN/4
8.54

Bending moment (kN-m)

-100 O 100 200 300 400 500 600

I 3_5~.|_~ | I | — Predicted by Shibata etal.

o @ (1982) (using Kh provided
= S5 A ’ by Sawaguchi)
< 10 A = =-Predicted by Shibata etal.
o) (1982) (using Kh predicted
qC, 15 {1 @ by Broms and Fredriksson
o (1976)) .
— ® Measuredby Sawaguchi
s 20 ~ (1989) (1)
S
< ® Measuredby Sawaguchi

30 (1989) (2)

35
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Appendix E Evaluation of Shibata et al. (1982)

Laboratory model by Rao et al. (1994)

20

Po 0.0304 m
theta 0.175 rad
| 0.725 m
S, awg 53 kPa
D 0.0381 m
E 7.00E+07 kN/m2
| 2.8928E-08 m™
El 2.02E+00 kN-m”2
N 0.7
k 965.12 - 10 Cu/D (kN/m®)
Beta 1.460 - (kD/4EI™/4
Beta *l 1.06
Bending moment (N-m)
-10 -5 O 5 10 15
0.0 .I | | | |
T 0.1 - .
 —
< 0.2 1 °
)
£ 0.3
C -
3 Y
2 0.4 -
o
E 05 ] ®
% 0.6 -
0.7 - o
0.8

—Predicted by Shibata et
al. (1982)

® Measured by Rao (1994)
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