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Abstract

The purpose of the I-Wall Analysis R&D effort is to provide the U.S. Army
Corps of Engineers (USACE) districts with essential tools in analyzing and
evaluating I-Wall performance in riverine, fluvial, and coastal environ-
ments. This report summarizes an engineering method and its implementa-
tion in the software Corps_I-Wall Version 1.0. The executable program is
referred to as CI-Wall. This initial version of Corps_I-Wall is used for the
design of new I-Walls or the analysis of existing I-Walls in floodplains (i.e.,
I-Walls embedded in level ground) during flood loading. Horizontally
stratified soil layers are assumed in Version 1.0.

Other Corps_I-Wall software capabilities for engineering analysis include:
total stress and/or effective stress earth pressure calculations; Rankine,
Coulomb, or logarithmic spiral-based earth pressure coefficients; hydro-
static pore water pressure computed from surface water(s) and/or piezo-
metric surface(s) within each of the layered soil regions; pore water
pressures computed from line of seepage, steady-state seepage in soil
regions with different hydraulic conductivities; gap initiation and
propagation using hydraulic fracturing criteria; and boundary pressures
(e.g., for wave loading of coastal structures) and/or surface surcharge.

Probabilistic analysis is a primary component of Corps_I-Wall for new and
existing I-Wall analysis. The probabilistic analysis capabilities for the
design of new I-Walls results in a statistical characterization of sheet-pile
tip embedment. The probabilistic analysis capabilities for analyzing
existing I-Walls include the construction of a system response curve
(a.k.a., fragility curve), which gives the probability of rotational instability
as a function of flood elevation.

Examples are provided to highlight each of these capabilities and a user’s
manual for using the Graphical User Interface for CI-Wall is included.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.




Addendum 1

ERDC/ITL TR-16-3 April 2017

Analysis of a Floodplain I-Wall Embedded in Horizontally Stratified Soil
Layers during Flood Events Using Corps_I-Wall Software Version 1.0

Summary

This addendum sheet has been assembled using the results of the updated
code for Corps_I-Wall version 1.0, which has been modified to more
correctly handle gap propagation due to hydraulic fracturing and seepage
effects.

Observation

Software (CI-Wall) updates have had the most significant effect on
Example problem 4.4, found in Chapter 4 of the cited ERDC technical
report (TR) (ERDC/ITL TR-16-3).

Updated Results for the TR’s Example Problems
1. Page 143, change Figure 4.7 with

Figure 4.7 Pore water pressures. (a) Left- and right-hand side of wall. (b) Net water pressures.
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2. Pages 162-166, reanalysis of Example 4.4 with replacement figures starting

after Figure 4-28.

The active and passive earth pressures for both sides of the sheet-pile wall
are illustrated in Figure 4.29. Note the change in earth pressures at the
region interfaces at el -5, el -10, and el -13 ft of Figure 4.29a, illustrating
active and passive earth pressures on the LHS, as well as the change in
earth pressures at the region interfaces at el 5, el 0, el -4, el -10, and

el -12 ft as shown in Figure 4.29b.

Figure 4.29. Active and passive earth pressures. (a) Left-hand side of wall. (b) Right-hand side of wall.
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The hydrostatic water pressures acting on both sides of the sheet-pile wall
are shown in Figure 4.30a with the resultant net water pressure calculated
by taking the difference between the water pressures acting on both sides

of the wall (Figure 4.30a) and shown in Figure 4.30b.

Figure 4.30. Pore water pressures. (a) Left- and right-hand side of wall. (b) Net water pressures.
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From the calculated pressures of Figures 4.29 and 4.30, the net active and
net passive pressures are constructed and presented in Figure 4.31a. For the
prescribed LHS flood loading, the I-Wall will rotate in a counterclockwise
direction. The net active pressure is determined from the difference
between the LHS-mobilized active earth pressure and the RHS-mobilized
passive earth pressure (i.e., acting on the other side of the wall) with the
addition of the net water pressures and any external horizontal net
pressures and overburden net pressures (if any). The net passive pressure is
determined by the difference between the LHS-mobilized passive earth
pressure and the RHS-mobilized active earth pressure acting on the other
side of the sheet-pile wall with the addition of any net horizontal water
pressures and any external horizontal net pressures (if any). The net
pressure diagram of Figure 4.31b is derived from the replication of all values
of the net active pressures, from the top of the wall until the elevation at the
point of rotation (at el -13.04 ft), at which instant the remaining values of
the net pressure diagram are assumed to be linear with elevation between
(1) the net active pressure value at the elevation of the point of rotation and
(2) the net mobilized passive pressure at the elevation of the approximated
sheet-pile tip (i.e., el -15.73).1 Figure 4.31b is an illustration of how the net
pressure diagram was formed. Because the I-Wall has been determined to
rotate in a counterclockwise direction, the net pressure diagram of Figure
4.31b shows that the upper zone of net active pressures is plotted on the
RHS, and the lower zone is plotted on the LHS. The net passive pressures
are plotted on the RHS of the sheet-pile wall. The final results are illustrated
in Figure 4.32 by the presentation of the net pressure diagram Figures 4.32a
(replica of Figure 4.31b) and 4.32b, the shear and moment diagrams.

Figure 4.32b shows that the maximum bending moment occurs at the zero
crossing of the shear diagram.

1 Only one mobilized net passive pressure value in Figure 4.31a is used to construct the Figure 4.31b
net pressure diagram corresponding to the sheet-pile tip elevation at el -15.73 ft. The majority of the net
pressure diagram is derived from the Figure 4.31a net active pressure diagram.



Figure 4.31. Net pressures. (a) Net active and net passive. (b) Net pressure diagram.
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Figure 4.32. (a) Net pressure diagram. (b) Shear and moment.
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The various input conditions for the 10 layers of soil and final results for
Example 4.4 are tabulated in Table 4.4.




Table 4.4. Multilayered soils with effective stress strength definitions (sands with ¢’ = 0) and total stress strength definitions (clays with ¢ = 0).

Region | Material Piezometric o' c y_moist |y _sat Elevation at Elevation at Tip
ID Layer ID Soil Type Surface ID (deg) (psf) (pcf) (pcf) Kamob Kpmob Point of Rotation | of Pile
1 9 Clay 1 0 450 0 122 1.0000 1.0000
2 4 Sand 1 32 0 0 115 0.3073 2.2496
3 10 Clay 1 0 475 0 120 1.0000 1.0000
4 5 Sand 3 32 0 0 116 0.3073 2.2496
5 1 Sand 2 30 0 110 115 0.3333 2.1212
-13.04 -15.73
6 6 Clay 2 0 400 0 120 1.0000 1.0000
7 7 Clay 2 0 450 0 120 1.0000 1.0000
8 2 Sand 2 32 0 0 117 0.3073 2.2496
9 8 Clay 2 0 475 0 121 1.0000 1.0000
10 3 Sand 4 32 0 0 117 0.3073 2.2496

The angle of wall friction (8) and the adhesion (Ca) for all soil layers are zero. The Coulomb earth pressure coefficient method is being used to compute the earth
pressures acting on the faces of the sheet-pile wall, and hydrostatic pore water pressures are being used in the effective stress calculations. The design Factor of Safety

is 1.0 for active earth pressures, and for passive earth pressures the design Factor of Safety is 1.5. Elevations and depths are reported in units of feet.




The sheet-pile tip elevation is computed at -15.73 ft with a calculated depth
of embedment of approximately 15.73 ft.

3. Page 217, change Figure 4.88 with

Figure 4.88. Corps_I-Wall output information.

o5l CAUsers\rditlbow\Documents'\Projects\Ebeling\CI-Wall 2015\CI-WALL Development\CrossTalk\Exampled.6\4.6.6/Exampled_6_6_v1.run =

File

the three character code [grs]is not wvalid.

C_I-Wall will continue the analysis without this option.
the three character code [gnl]lis not wvalid.

C_I-Wall will continue the analysis without this option.
the three character code [gnllis not valid.

C_I-Wall will continue the analysis without this option.
the three character code [gnr]is not wvalid.

C_I-Wall will continue the analysis without this option.
the three character code [gnr]lis not wvalid.

C_I-Wall will continue the analysis without this option.

————————————— Deterministic Analysis at Flood Elevation 10-00 ££€ ———— ————

The I-Wall has been determined to rotate in the counter-clockwise direction.

Node Spacing = 1.00 ft
Node Spacing = 0.99 ft
Node Spacing = 0.98 ft
Point of Rotation = -10.16 ft
Elevation at tip of pile = -15.25 ft

4. Pages 217—223 subsection 4.6.5 replacement figures with expanded
modeling discussion.

Model Setup Tips for Calculating a Depth of Hydraulic
Fracturing: Corps_I-Wall Version 1.0 has the capability to assess the
depth that a zone of separation (i.e., a gap) forms along the flood side of
the soil to sheet pile I-Wall interface during flood loading. The devised gap
initiation and gap propagation engineering methodology implemented
within the software (CI-Wall) makes use of a hydraulic fracturing
criterion, as discussed in Appendix B of this ERDC/ITL TR-16-3. There are
two prerequisites for gap development by CI-Wall: (1) The soil that may
potentially develop a gap must be assigned a nonzero value for its cohesive
strength (either total or effective stress shear strength parameters); (2) On
the side of the I-Wall with flood loads, the surface flood water (elevation,
designated as “el”) must be associated with all soil regions that may




develop a gap within or through the region. Additionally, gap propagation
proceeds from the ground surface down on the flood side of the I-Wall as
the I-Wall rotates away from the flood pool loading side. Note that if
during the course of the hydraulic fracturing analysis the gap propagation
algorithm detects that the gap is about to enter into a zero cohesion soil
region, then gap propagation will terminate at the top of the cohesionless
region.

Model setup tips for a gap initiation and gap propagation can be explained
using an example sheet-pile wall penetrating clay problem similar to the
Example 4.6.7 problem, as discussed in subsection 4.6.5 on pages 217—223
of the ERDC/ITL TR-16-3. This example’s unique feature is a partially
saturated (i.e., moist) clay top layer (versus a saturated layer) in a total
stress site response analysis to a left-hand side (LHS) that is flood loaded.
The model setup would follow the updated Figure 4.89.

Figure 4.89. Sheet-pile wall penetrating clay, the errata sheet’s expanded version with
two soil layers.

I-Wall Rotation
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Surface water associated with Regions 1 & 2

RHS Piezometricsurface
associated with Region 4

For this expanded version, the site consists of two layers of homogenous
clay. Each soil layer, designated Lo1 and Lo2, possesses values of moist
unit weight, saturated unit weight, and constant undrained shear strength,
Su. The total angle of internal friction, ¢, is equal to zero. Table 1
summarizes this soil material information for each of the layers.



Table 1. Geotechnical properties for the two soil layers contained in Example 4.6.7.

Moist Unit Saturated Unit Angle of internal
Total or effective | weight, Yrmoist weight, ysat Cohesion, ¢ friction, ¢
Soil layer no. stress analysis (pcfl) (pcf) (psf?) (degrees)
Total Ymoist-L1 Ysat-L1 Sut1 0.0
Total Ymoist-L2 Ysat-L2 Sui2 0.0

1pounds/cubic foot; 2pounds/square foot

A total stress analysis is being specified in the CI-Wall material properties
input for this problem because a soil shear strength definition is given in
terms of Su values. The top of moist clay layer Loz1 is at ground surface

el 0.0 ft. The upper region of this clay layer is partially saturated while
below a piezometric surface of el -15.0, the second clay layer Lo2 is
saturated.

Insight: In a total stress analysis, without gapping, using CI-Wall, the
only purpose a piezometric surface specification serves is to distinguish
between the assignments of moist or saturated unit weights within that
soil region. A piezometric surface is associated with this region.
Specifically, for the soil within the region located above the piezometric
surface (that is assigned to that region), a moist unit weight is assigned by
the software while a saturated unit weight is assigned to the soil below the
piezometric surface elevation for use in overburden computations. With
CI-Wall, an alternative modeling procedure for piezometric boundaries is
to divide a total stress soil layer into two regions at the elevation of the
piezometric surface. In this case, no piezometric surface is associated with
the upper region where a moist unit will be used by the software. But the
piezometric surface must be associated with the lower region so that the
saturated unit weight is assigned to this lower soil region for the
overburden computations.

When conducting a gap initiation and propagation analysis using CI-Wall,
the surface water must be associated with the potential gapping regions of
the cohesive soil(s). This also means that the saturated unit weight input
data will be used exclusively for total overburden computations. Thus,
unsaturated soil layers (above the piezometric surface) that may
experience gapping need to have their actual moist unit weight input for
the modeled saturated unit weight. Again, the alternative modeling
procedure of dividing this total stress layer into two regions at the
elevation of the piezometric surface should be considered.




Four regions: The two soil layers are subdivided into four regions as
shown in the Figure 4.89 CI-Wall model. This results in two soil layer
regions on each side of the wall. Three material properties are specified for
this model and are listed in Table 2. Table 3 associates the material
numbers with the appropriate Figure 4.89 region numbers.

Table 2. Material property information for the four-region model of Example 4.6.7.

Moist Unit Saturated Unit Angle of internal
Total or effective | weight, Yrmoist weight, ysat Cohesion, ¢ friction, ¢
Material no. stress analysis (pcf) (pcf) (psf) (degrees)
set equal to
Total Ymoist-L1 Ymoist-L1 SuL1 0
Total Ymoist-L2 Ysat-L2 Sul2 0
Total Ymoist-L1 Ysat-L1 Sul1 0

Table 3. Material property
assignments to the four-region
model of Example 4.6.7.

Region no. Material no.
RO1 MO1
RO2 MO2
RO3 Mo3
RO4 MO2

Surface water at el 9 ft: A flood el of 9 ft is specified on the LHS of the I-
Wall in this total stress analysis. Since c (Su for total stress analysis) is
nonzero, the CI-Wall hydraulic fracturing criteria will be engaged to
calculate the depth of gapping on the LHS of the I-Wall. Prior to CI-Wall
analysis, it is not known if the gap propagates partially into region Ro1 or
fully through region Ro1 and into region Ro2. In order to allow the CI-Wall
hydraulic fracturing criteria to compute the depth of gapping on the LHS of
the soil-to-sheet pile interface, it is necessary to associate the LHS surface
water (at el 9.0 ft) with both region Ro1 and region Ro2 (refer to Figure
4.89) in the CI-Wall model input. Because this is a total stress analysis,
associating these two regions with the surface water means that overburden
computations are made using the saturated unit weight inputs.

Left-Hand Side (LHS) piezometric surface at el -15 ft: Since there
is a possibility in this total stress analysis that the gap may propagate
through region Ro1 and into region Ro2, the LHS piezometric surface is




not associated with region Ro2. This allows for the surface water to be
associated with region Ro2 for gap propagation considerations. Recall that
since the surface water is associated with region Ro2, a saturated unit
weight is used in CI-Wall overburden computations for this region (versus
using the moist unit weight input).

Right-Hand Side (RHS) piezometric surface at el -15 ft: The RHS
piezometric surface at el -15.0 ft is specified at the top of soil region Ro4.
Since the RHS piezometric surface is associated with region Ro4, a
saturated unit weight is used in CI-Wall overburden computations for this
region (versus using a moist unit weight).

Soil unit weights: Because of the presence of the upper moist (i.e, non-
saturated) region Ro1 clay layer that is immediately below the flood
surface water, three different material types are specified for the model.
The lower clay regions Ro2 and Ro4 are assigned a saturated unit weight,
and soil region Ro3 is assigned a moist unit weight in total stress,
overburden computations. This is consistent with conventional
geotechnical criteria. For soil region Ro1, a moist unit weight value is
assigned to the saturated unit weight input in CI-Wall. A special material
number Mo1 shows this special input data in Table 2. This data input is
required because, in a total stress soil region for which the LHS surface
water is associated, the CI-Wall hydraulic fracturing algorithm makes
exclusive use of the saturated unit weight input value in its total stress,
overburden calculations.

Example 4.6.7 consists of a homogenous soil layer of constant undrained
shear strength Su equal to 300 psf (check problem 2 in ERDC/ITL TR-16-3,
Table 4.15) and an assignment of the same value to the moist and saturated
unit weights (= 110 pcf). Because of the way gap propagation is enabled in
Corps_I-Wall version 1.0, any soil region that may gap needs to be
associated with the Surface Water (flood el 9 ft) on the side where gapping is
expected to occur (i.e., LHS). This means that the saturated unit weight
material input variable value will be used within potential gapping cohesive
soil regions for CI-Wall software overburden computations. In Example
4.6.7, the soil region on the LHS of the structure has a surface water that
acts to not only load the I-Wall laterally but also acts as overburden
pressure to the ground surface. Between el 0 and -15 ft, this cohesive soil
zone is unsaturated, so a moist unit weight should be used in the
overburden pressure computations analysis. The lower zone (i.e., below el -



15 ft) is saturated because of the presence of its piezometric surface. To
model this situation correctly in CI-Wall so that gapping can occur, the
upper moist and lower saturated LHS soil layer is divided into two regions
along the piezometric boundary line. Each of these divided regions should
then be associated with the surface water, which will enable gapping. The
key to accounting for the effect of the LHS piezometric surface comes in CI-
Wall’s use of saturated unit weights for each LHS region because the
(association of the) surface water will cause both regions to be considered
saturated in the analysis. By setting the upper region material’s saturated
unit weight to the value of the moist (i.e., unsaturated) unit weight, and the
bottom region material’s saturated unit weight to the value of the saturated
unit weight (as usual), the CI-Wall model captures the effect of the
piezometric surface. The simplifying assumption of the same moist and
saturated unit weight values allows for the use of only two material regions
in the model. Thus, Figure 4.90 should be as follows:

Figure 4.90. Corps_I-Wall schematic of sheet-pile wall in clay site.
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When analyzing a partially saturated, cohesive site with layered soils of
different moist and saturated unit weights and/or different cohesion
values, refer to the modeling tips centered around Figure 4.89 that were
presented earlier in this errata sheet.

5. Page 227, expanded conclusion.

Chapter 4 contains several example problems. Because there were minor
changes made to the Corps_I-Wall version 1.0 engineering code to more
accurately handle gap propagation and seepage effects, the results of these
example problems have changed minutely. In all of the cases, except
Example 4.4, the remaining curves have retained the same shape trends,
so each image in ERDC/ITL TR-16-3 will not be changed. For verification
purposes, the following table gives the resulting run values of point of
rotation, pile tip depth, and gap depth for each of the example problems as
compared to the original TR results. These numbers should match the

runs for the example problems if they were built according to the

designated example input parameters.

Table 4. Corrections to results of the Chapter 4 examples.

Corps_I-Wall Version 1.0 TR-16-3

Corrected Values

Example | Point of Pile Tip Gap Point of Pile Tip Gap
# Rotation Elevation Depth Rotation Elevation Depth
411 14.41 8.02 14.48 8.12 N/A
4.1.2 17.35 11.80 17.43 11.92 N/A
413_1 |17.34 11.78 17.42 11.91 N/A
4132 |18.21 12.92 18.30 13.05 N/A
41.3_3 |18.47 13.25 18.56 13.38 N/A
414 17.34 11.78 17.42 11.91 N/A
415 16.24 11.29 16.24 11.29 N/A
421 20.68 15.87 7.59 20.91 16.22 N/A
4.2.2 19.12 14.29 5.00 19.41 14.71 N/A
423 19.00 15.00 8.26 19.39 14.14 8.2
4.3 -20.59 -28.27 13.31 -20.52 -28.17 13.31
4.4 -13.71 -15.69 0.0 -13.04 -15.73 0.0
451 -12.06 -15.79 0.0 -12.06 -15.79 0.0
45.2 -25.41 -36.37 -23.00 -33.00 N/A
45.3 -0.77 -11.55 3.23 -9.75 -11.51 3.23




Corps_I-Wall Version 1.0 TR-16-3

Corrected Values

Example | Point of Pile Tip Gap Point of Pile Tip Gap

# Rotation Elevation Depth Rotation Elevation Depth
4.5.4 Balanced Balanced N/A
46.1 -17.71 -21.71 -17.65 -21.64 N/A
4.6.2 -0.91 -2.19 -0.87 -2.14 N/A
4.6.3 -20.73 -25.72 -20.68 -25.65 N/A
4.6.4 -27.62 -34.50 -27.58 -34.44 N/A
4.6.5 -4.61 -10.04 -4.61 -10.04 N/A
4.6.6 -10.07 -15.14 -10.16 -15.25 N/A
46.7_1 |-76.32 -83.10 8.40 -75.99 -82.75 8.40
4.6.7_2 |-23.07 -29.85 12.61 -22.99 -29.74 12.61
46.7_3 |-16.31 -22.20 16.31 -15.70 -21.15 15.70
46.7_4 |-22.21 -28.96 12.92 -22.13 -28.85 12.92
46.7_5 |-16.38 -22.33 16.38 -15.77 -21.26 15.77
4.7 -20.59 -28.27 13.31 -20.52 -28.17 13.31
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Preface

The response of I-Walls in New Orleans, LA, during Hurricane Katrina in
August 2005 brought to light the possible development of a zone of separa-
tion along the flood side of the soil-to-I-Wall interface as flood loading
occurs. Both the field observations of the New Orleans I-Walls and the
results from two series of complete soil-structure interaction (SSI) non-
linear finite element studies for I-Walls at New Orleans and other locations
demonstrated the need for the engineering analysis of an I-Wall to account
for gap initiation and gap propagation on the flood side of an I-Wall. The
large number of existing and planned Corps I-Walls in riverine, fluvial, and
coastal environments reveals the importance of having methods to predict
and plan for this condition with readily available PC software tools.

The purpose of the I-Wall Analysis research and development effort is to
provide the U.S. Army Corps of Engineers (USACE) districts with essential
tools in analyzing and evaluating I-Wall performance in riverine, fluvial,
and coastal environments. Accurate, easy-to-use, PC-based software is
required for day-to-day District deterministic- or probabilistic-based
designs/evaluations of I-Walls.

This technical report summarizes an engineering method addressing these
needs and its implementation in the software Corps_I-Wall, Version 1.0.
This initial version of Corps_I-Wall is used for the design of new I-Walls
or the analysis of existing I-Walls in floodplains (i.e., I-Walls embedded in
level ground) during flood loading. Horizontally stratified soil layers are
assumed for Version 1.0.

The engineering formulation and software programming reported herein
was authorized by Headquarters, U.S. Army Corps of Engineers
(HQUSACE), and was conducted under the Infrastructure Resiliency and
Reliability Research Program. The Technical Director for Infrastructure
Resiliency and Reliability Research Program was Dr. Michael K. Sharp,
U.S. Army Engineer Research and Development Center (ERDC),
Geotechnical and Structures Laboratory (GSL). Dr. Maureen Corcoran,
GSL Associate Technical Director, was the Program Manager for the
Infrastructure Resiliency and Reliability Research Program. Funding was
provided by the Infrastructure Resiliency and Reliability Research
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Program under the Flood and Coastal Storm Damage (FCSDR) Reduction
Research and Development Program in the focus area title I-Wall Analysis.
William R. Curtis was the Technical Director of the Coastal and Hydraulics
Laboratory (CHL) for the FCSDR Program. The Program Manager for
FCSDR was Dr. Cary A. Talbot, CHL.

The research discussed in this report was led by Dr. Robert M. Ebeling,
Information Technology Laboratory (ITL), under the general supervision of
Dr. Reed L. Mosher, Director, ITL; Patti S. Duett, Deputy Director, ITL. This
work effort was also done under the general supervision of Dr. Robert M.
Wallace, Chief, Computational Science and Engineering Division (CSED),
ITL, during software development. During a majority of the report
publication process, Elias Arredondo, Dr. Kevin Abraham and Dr. Jerrell R.
Ballard were Acting Division Chiefs. Dr. Ballard is the CSED Chief for the
final stage of the publication process. Dr. Ebeling was Principal Investigator
of the I-Wall Analysis work unit. This report was written and the software
was developed by Dr. Ebeling, Moira T. Fong (retired), and Barry C. White
of ITL. Fong and White are with the Computational Analysis Branch (CAB),
of which Elias Arredondo was Chief.

Anjana Chudgar (HQ-retired), Kent D. Hokens, and Neil T. Schwanz, both
of the USACE St. Paul District, were team members providing input and
guidance on District needs during the course of this research.

COL Brian S. Green was the Commander of ERDC, and Dr. Jeffery P.
Holland was the Director.
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Unit Conversion Factors

Multiply By To Obtain
cubic feet 0.02831685 cubic meters
cubic inches 1.6387064 E-05 | cubic meters
degrees (angle) 0.01745329 radians

feet 0.3048 meters

inches 0.0254 meters
pounds (force) 4.448222 newtons
pounds (force) per square foot 47.88026 pascals
pounds (force) per square inch 6.894757 kilopascals
square feet 0.09290304 square meters
square inches 6.4516 E-04 square meters
square miles 2.589998 E+06 square meters
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1.1

Analysis of an I-Wall in Fluvial and
Coastal Environments

Introduction

Hurricane Katrina produced unparalleled wave and storm surge condi-
tions for the New Orleans vicinity when it passed the New Orleans area on
the morning of 29 August 2005 (IPET 2007). To provide an understanding
of the impact of Hurricane Katrina on the New Orleans Hurricane Protec-
tion System in New Orleans, LA, the Interagency Performance Evaluation
Task Force (IPET) was established by the Chief of Engineers. As a result of
this study, a possible development of a zone of separation was identified
that formed along the flood side of the soil-to-I-Wall interface as flood
loading occurred (IPET 2007). In response to this discovery, Headquar-
ters, U.S. Army Corps of Engineers (HQUSACE), recognized the lack of a
method to fully evaluate I-Walls and thereby tasked the U.S. Army Engi-
neer Research and Development Center (ERDC) with providing the
USACE districts with the engineering capability to analyze and evaluate
I-Wall performance in all geomorphic environments, fluvial, riverine, and
coastal, in which I-Walls exist. To meet this objective, ERDC developed
and designed the Corps_I-Wall software Version 1.0. Corps_I-Wall
includes a PC-based FORTRAN (Formula Translating System) program, a
Graphical User Interface (GUI), engineering processor, and visual post-
processor. The Corps_I-Wall software is accessed using the CI-Wall
executable program contained on ERDC’s Knowledge Hub (https://knowledge
.usace.army.mil) within the Computer-Aided Structural Engineering (CASE)
community. This version of Corps_I-Wall is used for the design of new
I-Walls or the analysis of existing I-Walls in a fluvial or coastal environ-
ment (i.e., [-Walls embedded in level ground or floodplain) during flood
loading. In coastal regions, the capability to analyze I-Wall performance to
storm surge is of particular importance because of the potential destruc-
tive force of storm surge. Horizontally-stratified soil layers are assumed
for Version 1.0. As the development of this program continues, the
remaining environments will be included in Corps_I-Wall Version 2.0.
This technical report summarizes Corps_I-Wall, Version 1.0.


https://knowledge.usace.army.mil/
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1.2

Background

Two previous numerical studies (IPET 2007; Pace et al. 2012) of complete
soil-structure interaction (SSI) using nonlinear finite element analyses
were conducted by ERDC that directly apply to developing Corps_I-Wall.
The studies used different soils and cross sections. Dr. Robert Ebeling, of
the ERDC-Information Technology Laboratory, was the technical lead on
both complete SSI studies and principal investigator on the second (2012)
study.

As part of the IPET evaluation, the first study devised a method to assess
the implementation of a zone of separation in the complete SSI analyses of
four different New Orleans I-Wall cross sections as floodwaters were
raised (in 0.5 to 1-ft increments). The second study followed the same
approach. The assessment included when and to what depth the zone of
separation was expected to occur. Hydrostatic floodwater loading of the
I-Wall due to floodwater penetration was then applied to understand the
effect of loading on the zone of separation.

The second complete SSI numerical effort investigated I-Walls embedded in
level ground consisting of four different soils that were stronger and stiffer
than the fine-grained New Orleans soils (Pace et al. 2012). The different
soils considered I-Walls founded in overconsolidated lean clay, stratified
clays of high plasticity, homogenous clay, and silt of low plasticity.

Both the field observations of the New Orleans I-Walls made during the
IPET study and the results from the two complete SSI nonlinear finite
element studies demonstrated the need for the analysis to account for gap
initiation and gap propagation on the flood side of an I-Wall as floodwaters
rise. An important observation is revealed by these two complete SSI
numerical studies of I-Walls designed according to Corps guidance, EM
1110-2-2504 (HQUSACE 1994): When an I-Wall posesses global stability
and local stability of the I-Wall dominates the soil pressures acting on the
I-Wall, there is a tendency for the I-Wall to rotate about a point (designated
as point of rotation (PR) in Figure 1.1) that is often within the proximity of
the sheet-pile tip. This deformation behavior results in the development of a
passive soil zone on the flood side of the I-Wall, located between the point of
I-Wall rotation and the sheet-pile tip (i.e., within Quadrant IV of Figure 1.1).
In Figure 1.1, the quadrants are identified as zones of either (mobilized)
active or (mobilized) passive earth pressures and also include the side of the
I-Wall where the soil zone exists. Quadrant I is the soil zone labeled as the



ERDC/ITL TR-16-3

active zone on the flood side of the I-Wall; Quadrant II is the soil zone
labeled as the passive zone on the landside of the I-Wall; Quadrant III is the
soil zone labeled as the active zone on the landside of the I-Wall; and
Quadrant IV is the soil zone labeled as the passive zone on the flood side of

the I-Wall.
Figure 1.1. Idealization of I-Wall rotation about a PR within proximity of the sheet-pile tip during
flood loading.
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The complete SSI numerical studies have also shown that a sufficiently
large magnitude (mobilized) passive pressure within this zone

(Quadrant IV, Figure 1.1) below the point of rotation can terminate gap
propagation in a cohesive soil on the flood side of the I-Wall so long as
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global instability and seepage along the sheet pile or an underseepage-
induced piping failure are not an issue.

Thus, the ability to identify gap initiation and to propagate this gap on the
flood side of an I-Wall is an important capability that has been implemented
within the Corps_I-Wall engineering computational procedure of analysis
(Figure 1.2).1 This capability is especially needed for analyses in which the
flood elevation is increased for the different loading cases being considered,
as is the case when constructing a system response curve (SRC) (Figure 1.3)
in a probabilistic fragility analysis. An SRC is also known as a fragility curve.
The SRC in Figure 1.3 shows the probability of a rotational limit state range
in magnitude between a value of 0 and 1.0, with a higher probability of
failure occurring for higher flood elevations.

Figure 1.2. Schematic idealization of the consideration of stresses imposed on a soil element
for a gap originating and propagating in an overconsolidated clay layer and stopping within the
normally consolidated clay below, according to the method implemented within Corps_I-Wall.
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1 Appendix B describes the hydraulic fracture phenomenon applied in Corps-I-Wall Version 1.0 to gap
initiation/propagation.
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1.3

Figure 1.3. Idealization of a system response curve for an |I-Wall during variable flood
elevation loading from O to 10 ft.
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Overview of Corps_I-Wall

This section briefly describes selecting a method for analysis, Determinis-
tic or Probabilistic, and includes the problem-solving capabilities within
Corps_I-Wall. The purpose of this discussion is to provide the user with an
understanding of engineering features involved in I-Wall analysis: layered
soil strata, factors of safety, total or effective stress analysis, piezometric
surface or surface water, gap initiation/propagation, clockwise or counter-
clockwise, I-Wall rotation, boundary pressures, point loads, and methods
for computing the earth pressure coefficient. For a visual representation of
the features involved in processes, Figure 1.4 depicts the engineering fea-
tures relevant to an analysis within Corps_I-Wall. The capability of
Corps_I-Wall to evaluate a coastal problem is also described.

The visual modeler for Corps_I-Wall is tab-based as shown in Figure 1.4.
Nine tabs define the I-Wall problem configuration as well as the input of
the soils properties: Introduction, Design or Analysis Process, Geometry,
Soil Data, Water Levels, Earth Pressures, Surface Surcharge Data,
Applied Horizontal Data, and Analyze. For a detailed discussion of these
tabs, refer to Chapter 3.

Deterministic or Probabilistic: When selecting a method for analysis,
either Deterministic or Probabilistic’, the user must consider the inherent
aleatoric uncertainty of soil properties. In Corps_I-Wall, the floodwall
loading conditions on I-Walls can be analyzed for a deterministic problem
as well as for a probabilistic method of analysis based on consideration of

1 Refer to the user’s selection option for selection of either probabilistic or deterministic analysis located
above the labels for the nine tabs shown in Figure 1.4.
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Figure 1.4. Corps_I-Wall Version 1.0 for level ground GUI.
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the inherent aleatoric uncertainty of soil properties. In a deterministic
I-Wall design or analysis, all user-specified input for the shear strength
parameters of the soils is made with absolute certainty in their assigned
values. In a probabilistic analysis, the user has the ability to account for
uncertainty in the soil’s shear strength parameters by specifying for each
variable in each soil region, a mean value, its standard deviation, and its
distribution type (e.g., truncated normal, logarithmic normal, or uniform).
When the user selects both the Probabilistic feature and conducts an
Analysis of an existing I-Wall for a user-specified sheet-pile tip elevation,

a Fragility Analysis is performed. The computations result in construction
of a SRC (Figure 1.3). This SRC depicts the probability of a rotation about a
point along the embedded portion of the sheet-pile wall as a function of
flood elevation. In a safety or risk assessment of I-Walls, the rotational
limit state or probability of rotational failure of the I-Wall about a point
along the embedded portion of the sheet-pile wall serves as a “yardstick” of
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floodwall system performance. As stated previously, the SRC is used to
predict the probability of failure, given the flood hazard (Figure 1.3).

When the user selects both the Probabilistic feature and conducts a
Design of a new I-Wall, calculations are made to determine the sheet-pile
tip elevation. With appropriate consideration of uncertainty in the shear
strength parameters for the soils, both the force and moment equilibrium
computations result in a statistical distribution for sheet-pile tip elevation.
This distribution provides the mean and variance of sheet-pile tip depths
for interpretation by the designing engineer. The engineer can see this
distribution in a histogram plot, as in Figure 3.79 (mentioned here for
reference but included in Chapter 3 for detailed discussion).

Layered Soil Strata: This first version of Corps_I-Wall has the ability
to analyze level ground soil sites (e.g., floodplains) with layered soil strata.
The boundary between each of the user-specified soil layers is assumed to
be horizontal. The soil strata are referred to as soil regions within the
Corps_I-Wall formulation. Although the I-Wall may be embedded within a
single soil stratum, two different soil regions are specified: one on the
flood side of the I-Wall and a second on the landside of the I-Wall. For
multiple soil strata, the number of soil regions is generally twice the
number of soil strata.

Factors of Safety: In a Design, Corps_I-Wall allows the user to specify
a value for the Factor of Safety to be used in active earth pressure
computations (FSactive) and a value for the Factor of Safety to be used in
passive earth pressure computations (FSpassive). The value for FSactive is
typically set equal to 1.0 in a Corps I-Wall Design according to EM 1110-2-
2504 (HQUSACE 1994). In an Analysis, the user specifies the elevation
of the sheet-pile tip and then the corresponding value of Factor of Safety
for the two passive earth pressure zones (FSpassive), identified in Figure 1.1,
is computed. The user is allowed to specify the value for the active earth
pressure computations (FSactive) in this case, but the value is typically set to
1.0 according to EM 1110-2-2504.

These Factors of Safety are applied to the Mohr-Coulomb total stress-based
shear strength parameters c and ¢ (or ¢” and ¢’ in an effective stress based
strength definition), which define the mobilized shear strength parameters
Cmob and @mob (OT ¢’mob and ’mob) used to compute the mobilized active and
passive earth pressures action on the I-Wall/sheet-pile wall. For each soil
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region type, the mobilized active and passive earth pressure coefficients,
(Kactive)mob and (Kpassive)mob are defined by the value of @mob for a total stress
material type assigned to the soil region (or by ¢’mob for a effective stress
material type).

Total or Effective Stress Analysis: Total stress or effective stress-
based soil strength properties used for computing earth pressure
coefficients are specified for each material type. Moist and saturated soil
unit weights are specified by the user for each soil material type. A specific
material type number is assigned to each soil region. Different soil regions
may be assigned the same material type number designation. The total
and/or effective stress-based soil regions can be intermixed in the I-Wall/
sheet-pile wall model.

Within an Effective Stress-designated material type that is assigned to a
particular soil region, the total vertical overburden pressures are combined
with pore water pressures, a cohesion value (if any), a sheet-pile-to-soil
interface friction value (if any), and a horizontal earth pressure coefficient
to obtain the distribution of horizontal earth pressures acting normal to
the face of the sheet-pile wall within each soil region. Within a soil region
containing a Total Stress designated material type, pore-water pressures
are excluded from these computations.

Piezometric Surface or Surface Water: Either a Piezometric Surface
or a Surface Water elevation may be assigned to each region. During the
vertical earth pressure computations, saturated unit weights are assigned
to soil elevations that lie below the Piezometric Surface (or Surface

Water) in the computations for each soil region. If the Piezometric Surface
(or Surface Water) lie within the soil region, then moist soil unit weights
are used in the vertical total overburden stress computation for soil eleva-
tions above the Piezometric Surface (or Surface Water) elevation, with
saturated soil unit weights assigned below this elevation and down to the
bottom of this region. If no Piezometric Surface (or Surface Water) is
assigned to a soil region, then t