


Response of American Electric Power to Draft Dam Assessment Report Recommendations
Philip Sporn Plant

At the request of the U.S. EPA, American Electric Power has reviewed the recommendation section of the
draft Dam Assessment Report prepared by Dewberry for the fly ash and bottom ash ponds at the Philip
Sporn Plant. In summary, AEP is in general agreement with some of the recommendations, but strongly
disagrees with the conclusion that the facilities are “rated as poor” for continued safe and reliable
operation. American Electric Power believes a “Fair” or better rating is warranted based on the following:

e The facilities have been designed, permitted, monitored and maintained in accordance with the
requirements of the West Virginia dam safety regulations and in accordance with the standards of
good engineering practice. The facilities have been routinely inspected by qualified staff of the
West Virginia Department of Environmental Protection and have undergone a number of
professional engineering assessments by recognized experts since the Kingston failure.
Additionally, the facilities undergo routine inspection by plant personnel and annual inspections
by qualified professional engineers.

e Inresponse to the TVA Kingston impoundment failure, AEP worked with the WVDEP Dam Safety
Office to re-evaluate the integrity and safety of these facilities. Those reviews again confirmed
that the Sporn ash ponds are stable and safe. The following inspections and investigations have
been performed in 2009 and support the conclusion that the facilities are stable and safe:

- Independent professional engineer detailed inspection with findings that concluded “ the
overall condition remains good” and specific work was needed to address localized
surface sloughing and erosion repairs: February 12, 2009

- WV Department of Environmental Protection dam safety inspection (March 11, 2009) with
recommendations that indicated the need for additional studies for a 100-year Ohio River
flood scouring potential of the eastern embankment and the repair of the surface
sloughing on the down stream embankment slopes: Scour analysis has been completed
and there is not need for special revetment of the slope. An application for the approval of
the modifications necessary to improve the down stream slopes of the facility is currently
under review by the regulatory agency. We are awaiting final approval to proceed with
the repairs.

- Fulfilled an Order from WVDEP to perform a number of detailed structural integrity and
safety investigations. Following the completion of the item outlined in the order, DEP
closed the Order on May 27, 2009.

- AEP engineering staff inspection on August 27, 2009, including a review of the
monitoring and surveillance data, concluded that the facility was overall in “good
condition” with the need with the surface repairs noted..

- Performed quarterly dam deformation surveys at 30 points around the ponds to detect
movement. All findings were within normal parameters.

- Installed additional wells to monitor water levels within the dikes to further improve our
monitoring and surveillance efforts.

- Performed additional soil borings and laboratory analyses to confirm the strength of the
soils in the dikes and foundations. No issues or abnormalities were found.

- Performed analyses to confirm the "factor of safety" in the dike design and construction
and all safety factors met or exceeded required standards.

- Evaluated the potential for effects from underground mine subsidence in the area. No
problems were found.
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e AEP has thoroughly reviewed the Kingston root cause report and worked with Mr. Barry Thacker,
P.E., owner of GeoEnvironmental, Inc., and others to understand the Kingston failure. As a result
of these reviews, AEP has concluded that the unique conditions that led to the failure at Kingston
do not exist at the Philip Sporn facilities.

Itis AEP’s understanding that the “poor” rating in the draft report is driven primarily by three issues:

1. Liquefaction concerns associated with the use of fly ash and bottom ash as a material of
construction for foundations and existing dikes.

2. Surface sloughing, erosion surface irregularities of some of the bottom ash and fly ash
embankments.

3. Slope stability issues related to ground vibration induced by the nearby railroad.

The draft report contains recommendations for conducting field remediation and additional analyses to
address these issues. AEP provides the following response to these three noted items:

1. Liquefaction concerns associated with the use of fly ash and bottom ash as a material of
construction for foundations and existing dikes. AEP concurs with the statement in the draft
report that fly ash materials may be susceptible to liquefaction under certain conditions. The draft
report contains a recommendation to perform analyses to determine the potential for soil
liquefaction. Studies have been completed and based on those studies AEP has concluded that
the conditions necessary to liquefy the fly ash located in the embankments and foundations at the
Philip Sporn site are not present. Attachment A provides additional information and copies of the
relevant studies.

2. Surface sloughing, erosion surface irregularities of some of the bottom ash and fly ash
embankments. AEP agrees that this condition needs to be corrected and has been monitoring
the condition and working with the WVDEP to implement remedial measures. AEP has submitted
a formal design modification request to WVDEP to implement field improvements to eliminate the
surface sloughs and erosion gullies. We expect to receive approval to implement the remedial
measures and will initiate and complete the field work as soon as possible. This work will result
in greater than one acre of soil disturbance, thus requiring approval under the WV general permit
for storm water discharges associated with construction activity. Attachment B to this package
provides a detailed description of the status of these activities and the plans going forward.

3. Slope stability issues related to ground vibration induced by the nearby railroad. AEP is
fully aware of the localized repair needed to address the shallow surface instability and this work
was included in the above permit request to the WVDEP. Steps to repair surface instability on
the fly ash pond dike will be completed. AEP will also complete vibration measurements and
analysis of the fly ash pond dike caused by the railway traffic. Thereafter, AEP will prepare a
report summarizing the results of the monitoring and analyses. Attachment C provides additional
information on this issue. The proposed remedial measures for the fly ash pond dike will be
similar to those previously completed in 2002 for the bottom ash pond dike. The bottom ash dike
has not experienced further instability following those repairs.

In addition, we note that the EPA news release dated October 29, 2009 stated that “EPA contractors
identified factors at the AEP Sporn facility that are similar to the Kingston facility — specifically, both
facilities piled coal ash and bottom ash around the impoundment to raise the impoundment’s walls.” In
response to that statement, AEP provides a draft “white paper” found in Attachment D which summarizes
many of the critical differences between the Sporn and Kingston facilities. After reviewing this
information, the liquefaction information submitted in attachment A and the previously submitted design
information for the facilities, we believe EPA and its contractor will conclude that the Sporn facility is
stable and safe, and that the proposed “poor” rating is not justified.
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AEP requests EPA’s thoughtful consideration of these comments and concurrence that we have provided
compelling justification to warrant a revision of the overall rating of these facilities to a rating of “fair” or
higher. As also requested by EPA, AEP will provide additional comments on the entirety of the draft
report by the November 30, 2009 deadline.
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ATTACHMENT A
STUDIES IN RESPONSE TO COMMENTS REGARDING POTENTIAL FOR LIQUEFACTION OF EMBANKMENT
AND FOUNDATION SOILS
U.S. EPA DIRECTED DAM SAFETY ASSESSMENT
PHILIP SPORN PLANT — MASON COUNTY, WEST VIRGINIA

Response to contractor’s conclusion that fly ash material strata may be susceptible to liquefaction
under certain conditions and associated recommendation for further study.

We concur with the US EPA inspector that “fly ash material strata may be susceptible to
liguefaction under certain conditions.” We believe that the requested studies have been conducted and
based on those studies, have concluded that the conditions necessary to liquefy the fly ash located in
the embankments and foundation soil of the impoundments are not present at the site of the Philip
Sporn Plant due to its geologic and seismic setting (anticipated ground accelerations in the range of
0.06g as indicated by the US EPA inspector).

The liquefaction potential of fly ash has been understood within the engineering profession
since at least the early 1970’s, (Casagrande, Gandhi 1999, Wolfe 2007, Wolfe 2009) even though it has
not been highly publicized. In order to liquefy fly ash, and for that matter any material, it is imperative
that a mechanism capable of inducing high pore pressures in the materials exists, triggering a resulting
overall lost of strength of the material. Thus, the efforts associated with the study of the liquefaction of
fly ash have focused on understanding the triggering mechanism of the behavior.

In 2005, American Electric Power commissioned an evaluation of the liquefaction of ponded ash
at The Ohio State University. In this work, samples of ponded fly ash were re-constructed to different
densities and subjected to cyclic loading until liquefaction was achieved. Based on the results of these
tests, relationships were developed between the imposed shear stress ratio and the number of cycles to
liquefy fly ash to assist in design and review efforts of AEP’ facilities. In addition, ground response
analyses were performed using design accelerations of 0.08g and 0.15g. These accelerations were
selected as they represent the upper range of accelerations induced by credible earthquakes within the
locations of AEP Fly Ash impoundments. The results of The Ohio State University research revealed that
ground accelerations of these magnitudes were not capable of inducing liquefaction of the fly ash.
(2005). These results were published by the researchers in peered reviewed conferences and journals.
Liquefaction studies in ponded ash conducted by Gandhi (1999) concluded that there is no risk of
liquefaction for ash deposits located in earthquake zones where the values of the acceleration do not
exceed 0.211g. The results of the Ohio State evaluation are in agreement with the conclusions drawn on
the basis of Gandhi’s 1999 research.

It is worth mentioning, that the raising of the eastern dike of the Fly Ash pond at the Sporn Plant
was planned and constructed under the technical supervision of Arthur Casagrande as AEP consultant in
1972 (Amaya 1998) who was well aware of the liquefaction potential of fly ash. In summary, AEP has
studied the liquefaction potential of fly ash and concluded that the conditions necessary for the
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liguefaction of the ash materials located in the embankments and foundation soil of the impoundments

are not present at the site of the Philip Sporn Plant due to its geologic and seismic setting.
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Abstract

The objective of this study was to evaluate the liquefaction potential of impounded fly ash
material from a power plant of American Electric Power (AEP). Standard cyclic triaxial tests
were performed on reconstituted samples at various relative densities, confining stresses, and
cyclic stress ratios. After cyclic triaxial tests, samples were reconsolidated at the initial effective
confining stress and subjected to consolidated undrained (CU) triaxial tests to determine the
static undrained shear strength. Additional CU tests were performed to determine the initial static
undrained shear strength. The design seismic loading in terms of cyclic stress ratio and
equivalent number of cycles were obtained from ground response analyses using SHAKE. The
cyclic loading imposed by the design earthquakes was founded to be lower than the cyclic

strength of the fly ash material.
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Chapter 1 Introduction

1.1 Project Objective

The objective of this research was to evaluate the liquefaction potential of impounded fly ash
material from a power plant of American Electric Power (AEP). This evaluation, which includes
a laboratory cyclic behavior characterization combined with an equivalent-linear seismic ground
response analyses carried out with SHAKE, was needed to support the predesign analyses for a

proposed landfill design over the top of an existing fly ash pond.

1.2 Outline of Project

The impounded fly ash material provided by AEP to OSU for investigation was produced by the
Mitchell power plant. The specific gravity, grain size distribution, and the standard proctor
compaction test results were provided by AEP. The cyclic strength of the fly ash material was
measured using standard cyclic triaxial strength test method according to ASTM D5311. A total
of 18 reconstituted samples were prepared and tested with the cyclic triaxial testing method.
These samples were prepared using either wet tamping or wet pouring methods to obtain three
different density levels. The test matrix variables included the confining stress, shear stress, and

the relative density of the material. After cyclic triaxial tests, most of the samples were




reconsolidated at the initial effective confining stress and subjected to consolidated undrained
(CU) triaxial tests to determine the static undrained shear strength. Additional four CU tests (one

for each relative density) were performed to determine the initial static undrained shear strength.

One-dimensional equivalent linear ground response analyses were carried out on two typical soil
profiles of the fly ash pond based on the information given by AEP to estimate the threat
imposed by design seismic events. The liquefaction potential of the fly ash material was
evaluated based on the comparison of the loading conditions required to trigger liquefaction
obtained in the laboratory cyclic triaxial tests and the calculated earthquake-induced loading

from ground response analyses.

Details of the laboratory testing program and ground response analyses are presented in the next
chapter. Chapter 3 includes a discussion of results. Chapter 4 presents project summary and
conclusions. The detailed testing data and numerical analyses results are presented in the

appendices.




Chapter2  Testing Procedures and Numerical Analyses

All laboratory tests and numerical modeling was carried out in the Soil Mechanics Laboratory of
the Department of Civil and Environmental Engineering and Geodetic Science at The Ohio State

University.

2.1 Sample Preparation and Testing

Samples were prepared with 86%, 90%, 95%, and 105% of maximum dry density obtained from
standard Proctor test (ASTM D 698). The samples were made using either wet tamping or

pouring method.

2.1.1 Wet Tamping Method

All the samples were compacted in Harvard Miniature molds (1.31” in diameter, 2.8 in length)
using a 25 1b hand tamper. Each sample was compacted in five equal lifts in such a way that the
last compacted lift be about 0.5” above the top level of the mold. The top surface of each layer
was roughed up before adding the next later to allow a better bonding between the layers. In

order to find the proper compaction effort for each lift, calibration compaction tests were




conducted and compaction curves were established for various moisture contents and number of
tampers per lift. Figure 2.1 shows two examples of such curves. The obtained curves then were
utilized to compact samples with desired target relative dry density. The samples were weighed,
and their height, diameter, and moisture content were measured to calculate the actual dry

densities. Samples with density more than 1% off the target dry density were discarded.

Compaction Test

95.0
90.0
&
» —@— Standard Proctor Test
— 85.0 (ASTM D 698 91)
£
E =
= /J/ 3
= -
=) 80.0 A Miniature Mold , 25
; a a tampers per lift
: =
=]
£ 750 % Miniature mold, 50
tampers per lift
700
650
15% 20% 25% 30%

Water Content (%)

Figure 2.1 Calibration of Compaction Effort for Harvard Miniature Samples




Immediately after compaction, each sample was mounted in the triaxial chamber with dry
drainage lines. Oven dried porous stones were placed at the two ends of the sample and the
membrane was installed. A small vacuum pressure (5 to 10 psi) was applied to the top of the
sample and kept for at least two hours to remove some air out of the sample. The dimensions of
the sample were measured once more after the application of vacuum. The bottom drainage
valve was then opened to let distilled de-aired water flow into the sample from bottom to top.
While the water was drawn into the sample the vacuum pressure was allowed to decrease by 1
psi and a cell pressure of 1 psi was applied. The vacuum pressure was kept constant thereafter
until the top drainage lines became saturated. The vacuum pressure was then removed. Cell
pressure and back pressure were increased simultaneously with a maximum step size of 2 psi.
Each sample was kept under 15 psi or 20 psi back pressure for a few days with a relatively low
pressure gradient to keep water flowing from bottom to top. The B-value of each sample was
measured during this time to inspect degree of saturation. Samples with B-value greater than
0.97 were considered fully saturated. Whenever the minimum B-value of 0.97 was not achieved
in few days, the back pressure was increased to speed up saturation process. The average time
needed to saturate the samples varied from 24 hrs for 85% compacted samples to one week for

105% compacted samples.

2.1.2 Wet Pouring Method

Samples were made in several layers. For each layer about 20 grams of dry fly ash was poured
into a 500 ml flask. Distilled water was added into the flask to raise the water level at about 0.5”

above the fly ash layer. The mix was boiled for approximately 20 minutes to minimize dissolved
5




air. After the temperature of the mix decreased to room temperature, the flask was filled with
distilled de-aired water. A split miniature mold with a stretched membrane inside it was installed
on the bottom cap of a triaxial chamber. The mold was filled with distilled de-aired water and a
saturated porous stone was placed at the bottom. To make the first layer of the sample, the flask
was turned upside-down and the tip was placed inside the mold at about one inch above the
bottom to allow fly ash to settle. The rest of the layers were made in a similar manner by placing
the tip of the flask one inch above the previous layer, except the last layer (usually the fourth
layer was the last one) for which the tip was placed level to the mold top. Since the material was
very fine, each layer of fly ash was given at least two hours to settle. Finally the top porous stone
and cap were installed and 5 psi vacuum pressure was applied to the sample. Then the mold was
removed by splitting and the dimensions of the sample were measured. Sample weight was
determined by subtracting the weight of leftover material from the total weight of material that
had initially been poured into the flasks. The weight of the sample was double checked after the
accomplishment of cyclic and undrained triaxial tests. When the sample was removed from the
triaxial chamber, efforts were made to avoid losing any materials while removing the membrane.
The sample was weighed, oven dried and weighed again to determine dry weight and moisture
content. One advantage of wet pouring method is that the placed sample is saturated and can be

tested immediately.

2.1.3 Cyeclic Triaxial Test

In order to apply extensional loads to the samples, the existing triaxial chambers were modified

by attaching a loading rod to the aluminum top cap using a threaded stud. The cyclic triaxial tests
6




(ASTM D 5311, see Appendix C) were performed using an MTS hydraulic load frame with
dynamic capabilities controlled by an MTS Test Star Controller. The triaxial cell loading rod was
connected to the cyclic loading actuator with a custom-made connection. This connection, the
modified loading rod, and aluminum top caps were designed and made in the Physics Machine
Shop at The Ohio State University. A 100 1b load cell was installed between the connection and
the attachment to measure deviator load. An LVDT was attached on the loading rod to measure

and record sample axial deformations.

For each test a saturated sample was consolidated under the desired effective confining stress by
closing the drainage valves, increasing the cell pressure, and opening the bottom drainage valve,
thereafter. In order to compensate for the rod uplift force, a mechanical force equal to the cell
pressure times the cross-section area of the rod was applied to the rod. Sample axial deformation
and the volume of water squeezed out during consolidation were measured. The samples were
consolidated by draining water from the bottom, while the water pressure was being monitored at
the top to measure the excess pore water pressure dissipation. Due to the high permeability of the
samples (of the order of 10™* cm/sec) the primary consolidation typically took less than 15
seconds. The triaxial chamber then was mounted into the load frame and the cyclic test was
conducted in a stress-control mode. During the test, cell pressure was monitored and sample pore
water pressure and deformation, as well as the deviator load were recorded continuously with a
sampling rate of 100 Hz. The water pressure was measured at the bottom of the sample.

The applied cyclic load was a full sine wave cycling around the zero load as specified in ASTM

D 5311. Various effective stresses and shear stress ratios were selected to develop cyclic strength




curves. The loading frequency was selected to be 0.5 Hz except for one case where a frequency

of 1 Hz was used.

Each sample was designated with a sample ID which indicates its relative density, initial
confining pressure, and cyclic stress ratio. For instance, “85C-20-13" means the sample was
compacted at 85% of maximum dry density, consolidated under 20 psi effective confining

pressure, and tested at a 0.13 cyclic stress ratio.

During the cyclic tests, sample pore water pressure increased with a rate that was a function of
cyclic stress ratio, relative density, and effective confining pressure. Liquefaction was identified
as the excess pore water pressure reaching an asymptotic level of the initial effective confining

pressure accompanied with a dramatic increase in the axial deformation (Figure 2.2).
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Figure 2.2 Identification of Liquefaction for Cyclic Traxial Tests

2.1.4 Consolidated Undrained Shear Test

The undrained shear strength of the samples was measured after liquefaction. These tests were
performed in accordance with the ASTM 4767 using a strain control Instron load frame. Axial
deformation and load were measured by the internal LVDT and load cell of the frame and
collected by the controlling software at a sampling rate of 1 Hz. Sample pore water pressure was
collected simultaneously on a separate computer using a National Instruments data acquisition

system.




2.2 Ground Response Analyses

Ground response analysis was used to predict the ground surface motions and estimate the
earthquake-induced stresses and strains for evaluation of liquefaction potential for a design
earthquake input motion. This section describes the steps involved in the one-dimensional

equivalent linear ground response analysis using a widely used computer program SHAKE.

2.2.1 Equivalent Linear Approximation and SHAKE

Ground response analysis is typically performed by either equivalent linear analysis or nonlinear
analysis. In an equivalent linear analysis, the soil stiffness and damping characteristics are
adjusted until they are compatible with the level of strain induced in the soil. In a nonlinear
analysis, the non-linear stress-strain behavior of soil is considered by integrating equations of
motion in small time steps. Both methods have been used successfully for ground response
analysis while the equivalent linear analysis approach is generally more computational efficient
(Kramer, 1996). The one-dimensional equivalent linear approach has been coded into a widely

used ground response analysis computer program called SHAKE.

10




2.2.2 Numerical Analysis

The one-dimensional equivalent linear ground response analysis was carried out using SHAKE

for two critical sections. The analysis procedure includes the following general steps:

1. Site Characterization

One or more critical profiles are developed for the site based on the results of laboratory and
subsurface investigation programs. Site characterization includes thickness, and unit weight for
each soil layer present at the site, and estimates of the dynamic soil properties (shear modulus or

shear velocity, modulus reduction and damping models).

2. Selection of Earthquake Input Motions
Appropriate earthquake (natural or synthetic) input motions are selected or developed to
represent the design bedrock motion for the site. Each input motion includes a suite of

seismological parameters (e.g., peak acceleration, time step, cut off frequency).

3. Ground Response Analysis with SHAKE
Ground response analysis is conducted using SHAKE with the prepared input parameters (site
characteristics and input motion). Output from the program typically includes the time histories

of acceleration, velocity, displacement, shear strain, and shear stress on the top of layers of

interest.

11




4. Liquefaction Potential Evaluation
The liquefaction potential then can be evaluated by comparing the earthquake loading in terms of
equivalent number of uniform stress cycles and cyclic stress ratio with the liquefaction resistance

obtained from laboratory tests expressed in cyclic strength curves.

12




Chapter 3  Results and Discussion

The complete laboratory test results are presented in Appendix A (Figures A.1 through A .45).
The detailed ground response analyses results can be found in Appendix B. A summary and
discussion of results of the ground response analysis and laboratory tests are presented in this

chapter.

3.1 Ground Response Analysis

Two soil profiles are developed for the site based on the results of laboratory and subsurface
investigation programs provided by AEP. Site characterization includes estimate of dynamic soil
properties (shear modulus or shear velocity, modulus reduction and damping models), thickness,
and unit weight for each soil and fly ash layer present at the site. The two soil profiles and

dynamic soil properties were shown in the Tables 3.1-3.2 and Figures 3.1-3.2, respectively.

Based on wave propagation theory, the ground motion amplitude depends on the shear modulus
(G) or shear wave velocity (V) of near-surface materials. Measurements of the shear velocity
profile using seismic geophysical tests are generally considered the most reliable way to evaluate
the in-situ shear modulus using the following equation:

G, =pV? (.1)

where G, is maximum shear modulus and p is the density.
13




Since the shear velocity measurements are not available in this study, the maximum shear
modulus of each layer was estimated based on empirical relationships in literature. The

maximum shear modulus of sand was estimated as
Gmax = IOOOKZ,max (o-m ')0 ’ (3 2)

where K, is determined from the void ratio or relative density and &,,'is mean principal

2,max

effective stress in 1b/ft? (Seed and Idriss, 1970). For fine grain materials, the maximum shear
modulus was obtained based on the undrained shear strength and the subsurface investigation
results (Kramer, 1996; Seed and Idriss, 1970). The maximum shear modulus of the bedrock was

estimated based on the typical shear wave velocity of sandstone (Burger, 1992).

The shear modulus of soil is known to be strain dependent. The shear modulus decreases as the
strain amplitude increases. The damping ratio characterizes the energy dissipation during
earthquake-induced stress wave propagation. In most engineering applications, standard curves
for various basic soil types are available although site specific curves can be derived from
laboratory tests and back-analysis (Kramer, 1996). In this study, standard curves were chosen
based on the soil type (Tables 3.1-3.2). Experimental studies on a broad range of materials have
shown that the shape of both modulus reduction and damping curves are influenced by the
plasticity index (Kramer, 1996). Since no specific curves for fly ash materials are available, the

curves developed for sands were selected for approximating fly ash material because of its low

plasticity.
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The dry unit weight has relatively little variation with depth compared with the shear modulus.

The unit weight of each layer was determined based on the given subsurface investigation results

or assumed depending on the material type. The depths of ground water table for the two soil

profiles were given by AEP as observed in the ground water monitoring well data.

Table 3.1 Site Characteristics of Soil Profile A-A’

Unit
Layer Material Thickness Weicht Gmax Vs Modulus Damping
eil
Number Description (ft) ( gi) (ksf) (ft/sec) Reduction Curve
pc
Recompacted )
1 ) 10 125 3,885 1,000 Clay (Seed and Sun 1989) Clay (Idriss 1990)
Clay Liner
. Sand (Seed & Idriss) - Sand (Seed & Idriss)
2 Drainage layer 8 125 3,300 921
Average Average
Sand (Seed and Idriss .
3 Fly ash 10 100 1,000 567 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
4 Fly ash 10 100 1,200 621 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss )
5 Fly ash 18 100 1,400 671 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss
6 Fly ash 30 100 1,600 717 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
7 Fly ash 30 100 1,800 761 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
8 Fly ash 30 100 1,900 781 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
9 Fly ash 30 100 2,000 802 Sand (Idriss 1990)
1970)
10 Sandstone Infinite 140 135,360 5,571 Linear Linear

15




=
o




Table 3.2 Site Characteristics of Soil Profile B-B’

Unit
Layer Material Thickness Gmax Vs Modulus Damping
Weight
Number Description (ft) (peh (ksf) (ft/sec) Reduction Curve
pc
Recompacted .
1 ) 18 125 3,885 1,000 Clay (Seed and Sun 1989) Clay (Idriss 1990)
Clay Liner
Sand (Seed & Idriss) - Sand (Seed & Idriss) -
2 Drainage layer 8 125 4,000 1,014
Average Average
Sand (Seed and Idriss
3 Fly ash 10 100 1,000 567 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss
4 Fly ash 10 100 1,200 621 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
5 Fly ash 20 100 1,400 671 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
6 Fly ash 20 100 1,600 717 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss )
7 Fly ash 32 100 1,800 761 Sand (Idriss 1990)
1970)
8 Sandstone Infinite 140 135,360 5,577 Linear Linear

17
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Two natural earthquake input motions, El Centro and Taft, were selected to represent the design
bedrock motion for the site. Each input motion includes a suite of seismological parameters (e.g.,
peak acceleration, time step, cut off frequency). The peak accelerations of the input motions

were scaled to match the design acceleration specified by AEP as 0.08g and 0.15g.

Eight analyses were performed with two selected input motions and design peak acceleration
(Table 3.3). Output from the program included the time histories of acceleration, velocity,
displacement, shear strain, and shear stress on the top three fly ash layers and ground surface.

The positions of output are shown as green circles in Figures 3.1 and 3.2.

Table 3.3 Input Earthquake Motions

Analysis # Site Profile Earthquake Input Peak Acceleration
Motion
Al A-A° Taft 0.08 ¢
A2 A-A° Taft 0.15¢
A3 A-A’ El centro 0.08¢
A4 A-A’° El centro 0.15g
Bl B-B’ Taft 0.08 g
B2 B-B’ Taft 0.15g
B3 B-B’ El centro 0.08 ¢
B4 B-B’ El centro 0.15¢
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The common cyclic stress approach was used for liquefaction potential evaluation. In the cyclic
stress approach, the earthquake-induced loading is compared with liquefaction resistance of the
soil expressed in terms of cyclic shear stresses (Kramer, 1996). The transient and irregular time
history of earthquake-induced shear stresses obtained from the ground response analyses were
converted into an equivalent series of uniform stress cycles in order to compare with the cyclic
strength determined in laboratory tests. Based on the work of Seed et al. (1975a), the equivalent

number of uniform stress cycles (N, ) was determined by counting the stress cycles with

equ
amplitude greater than 65% of the peak cyclic shear stress (7, ) for a particular shear stress

time history as:

7, =0.657,,, (3.3)

Although different stress levels have been developed (e.g., Halder and Tang, 1981), 65% is most
commonly used (Kramer, 1996). The uniform shear stress is typically normalized by the initial

overburden stress to produce a cyclic stress ratio (CSR):

Tcyc
CSR=—2 (3.4)
0

Earthquakes generally produce shear stresses in different directions. Pyke et al. (1975) showed
that multidirectional shaking can cause pore water pressure to increase more rapidly than single
unidirectional shaking. Seed et al. (1975b) suggested that the CSR required to produce initial
liquefaction in field was about 10% less than the laboratory obtained values. Therefore,
equivalent number of uniform stress cycles and corrected CSR’ were compared with the
liquefaction resistance obtained from laboratory tests expressed in cyclic strength curves as:

CSR'=1.1CSR (3.5)
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The ground response analyses results are summarized in Table 3.4. The predicted maximum the
cyclic stress ratio of 0.14 was obtained from the analysis on the B-B’ profile with Taft

earthquake input motion at a peak acceleration of 0.15 g.

Table 3.4 Summary of the Results from Ground Response Analyses

Parameters Layer # depth(ft) oo (psf) T max{psf) Teye (PSf) Nequ CSR CSR’
A-A' 3 18 2250 310 202 4 0.09 0.10
Taft 4 28 3250 436 283 4 0.09 0.10

amax=0.08g 5 38 4250 536 348 4 0.08 0.09
A-A' 3 18 2250 397 258 6 0.11 0.13
Taft 4 28 3250 556 361 6 0.11 0.12

amax=0.15g 5 38 4250 682 443 6 0.10 0.12
A-A' 3 18 2250 279 181 8 0.08 0.09

El Centro 4 28 3250 382 248 8 0.08 0.08

amax=0.08g 5 38 4250 458 298 8 0.07 0.08

A-A' 3 18 2250 386 251 6 0.11 0.12
El Centro 4 28 3250 536 348 6 0.11 0.12

amax=0.15g 5 38 4250 655 426 6 0.10 0.11
B-B' 3 26 3250 407 265 6 0.08 0.09
Taft 4 36 4250 500 325 6 0.08 0.08

amax=0.08g 5 46 5250 541 352 6 0.07 0.07
B-B' 3 26 3250 620 403 5 0.12 0.14
Taft 4 36 4250 755 491 5 0.12 0.13

amax=0.15g 5 46 5250 806 524 5 0.10 0.11
B-B' 3 26 3250 393 255 6 0.08 0.09

El Centro 4 36 4250 494 321 5 0.08 0.08

amax=0.08g 5 46 5250 552 359 6 0.07 0.08

B-B' 3 26 3250 552 359 8 0.11 0.12
El Centro 4 36 4250 647 421 8 0.10 0.11
amax=0.15¢g 5 46 5250 717 466 8 0.09 0.10
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3.2 Laboratory Tests

3.2.1 Cyeclic Triaxial Tests

Figure 3.3 shows the cyclic strength curves derived from the laboratory cyclic triaxial tests (See
Table 3.5). As can be seen, the number of loading cycles to produce liquefaction decreases with
increasing shear stress ratio and with decreasing density. This relationship between the numbers
of cycles to liquefaction, density and cyclic stress ratio is also presented in Figure 3.4. Figure 3.5
compares the design earthquake loading predicted from the numerical analysis with the cyclic
strength curves obtained from laboratory tests. In Figures 3.3 and 3.5, the solid lines demonstrate
suggested curves for 20 psi effective confining pressure for three different relative densities of
85%, 95%, and 105%. The laboratory test results also indicated that the initial confining stress
has a noticeable effect on the liquefaction behavior of fly ash material. When the samples with
the same density were tested under the same CSR, the samples with lower effective confining
stress level demonstrated higher liquefaction resistance. The two dashed lines in Figures 3.3 and
3.5 show the suggested curves for the test results from the samples with 95% relative density and
consolidated at 10 and 50 psi confining pressure, respectively. Therefore, the most critical
earthquake loading for liquefaction is the combination of high CSR, high initial confining stress

and high equivalent number of cycles.

22




The predicted CSRs and the corresponding equivalent number of cycles (See Table 3.4) are
plotted as open black circles in Figure 3.5. As can be seen, all the calculated earthquake loadings
were below the cyclic strength curve of samples with 95% relative density which is the typical
relative density in the field based on the subsurface investigation information. In other words, the
cyclic loading caused by the design earthquakes was lower than the cyclic strength of the fly ash

material. The factor of safety depends on the density, CSR and initial confining pressure.
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Figure 3.4 Effects of Density and Cyclic Shear Stress Ratio on Number of Cycles to

Liquefaction

25




SaAIN)) Y13uang o194 pue Surpeo] axenbyireq udise(q Jo uosteduion) g ¢ aaniy

0001

00l

uonoeyanbyry 03 s312£) jo *oN

sishjeue IyyHS
woJ} syuiod [eoNUD 5

sish[eue I}YHS
woJ} SYSD peaIpald o

$91940 00
Jaye uopoeanbiy| oN

Buiuyuod aanoaye 1sd gz
unm pajoedwod %501
Buiuyuoo anyoays Isd
0Z Ulim pajoedwon %56
Buluyuoo aajoays 1sd
0Z unm pajoedwod %69

ssals
ETNRENE
1sd zz

sapdweg v g Jo [enuajod worpdeyanbry

000

00

010

SL'0

020

S¢0

0e0

(00z)/po

26



dwe) Jop G0 02 %02 0z %¥0l 0z
-02-0501
dwes Jop G0 gl %E 1 0z %G6 £1-02-0S6
auop N -1s9) 211942 Jaye uoewWICep BAISSEOXT  dwe) JopA S0 9 %02 0z %S6 02-02-056
dwey Japn G0 ze %G1 oL %G6 §L-0L-0S6
pajonpuoo jusem  dwie} JopA S0 L %S| 0S %G6 GL-05-0S6
ND uonoejanbil 1s0d UOKEWLIOBP SAISSE0XS 0} aN(]
s91940 006 Joye Ajenby Lupig Buunod G0 TN %01 0Z %G6 01-02-dS6
pajnpuoo jusem  dwe) Jopn 0L 4} %G1 (474 %G6 S1-02-0566
N2D uonoejenbi| 1sod UOKELWIOIBP SAISSIOXS 0) 8N
dwe} Jep G0 1] %01 0S %G6 0L-05-066
pajonpuod jusem  dwej Jopn S0 9 %02 0S %G6 02-05-056
N uooejenbl 1sod UOHBLLIOBP SAISSEOXS 0} aN(g
dwej Jopn G0 0z %02 oL %G6 qaoz
-01-066
pajonpuoo jusem  dwe) Jopn S0 8C %02 0l %S6 202
ND uonoejanbi) 3sod UOHBLLIOEP SAISSEOXS 0} 3nQ -01-0G6
dwey Jopn G0 0S¢ %01 0z %S6  01-02-0S6
dwe;j Jopn G0 Z %0¢ 0e %68 02-02-006
dwey 1apn X0) G %E L [1}4 %G8 €1-02-0S8
pajonpuod jusem  dwiey Jopn G0 9 %S L (474 %98 G1-02-068
ND uonoejenbil 1sod UORBWIOIEP BAISSIOXS 0) 8N
dwej Jopn S0 006< %G/ (474 %.8  8-02-0G8
dwe) Jap S0 8l %01 (474 %98 01-02-0G8
s3940 006 Joye Ajenbij Lupig Buunod G0 TN %01 ] %8 01-01-dS8
Z ‘nbr isd
SAION PotIaIN zoﬂw_wwﬁm 0) mu_.uwmo oned mm.u.cvm uopdulo;y ai srdueg
uondeduion) Suipke 16°°0N sSa.)§ 1eays Suuyuon Teniug

S)NSIY pue UONIPUO)) IS, [BIXBLIT, 9I[0K)) JO Arewiuing ¢°¢ S[qe],

27



3.2.2 Initial and Post Liquefaction CU Tests

Table 3.6 presents a summary of post liquefaction undrained shear test results. In order to
perform post-liquefaction CU tests, efforts were made to stop the cyclic tests as soon as the
liquefaction occurred to prevent excess sample deformation. However, as shown in Table 3.6,
there were six cases when liquefaction happened so dramatically that the sample was severely

deformed and it had to be discarded because it was too much deformed to conduct a CU test on it.

The post-liquefaction CU test was performed after the sample was re-consolidated at the initial
effective confining stress. In one case (Sample 95C-50-10) sample pore water pressure increased
by 5 psi with closed drainage lines before the beginning of undrained shear test. This increase is
likely caused by secondary consolidation of the sample under relatively high effective pressure
of 50 psi. In general, for most cases the pore water pressure slightly increased (1 psi or less)
within 2 to 3 minutes after the drainage lines were closed. Figures 3.6 and 3.7 show examples of
two typical deviator stress versus axial strain trends for these samples. The first trend shows a
clear initial peak in shear strength at relatively low axial strains (less than 2%). At relatively high
axial strains, the shear strength exhibited an increasing trend and it often exceeded the initial
peak. The second one does not have a clear peak point and as the axial strain increases the excess
pore pressure becomes negative. This trend was commonly observed for samples with higher

confining pressures or samples with higher relative density.
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Figure 3.6 Post liquefaction undrained shear test for sample 95C-20-13. (The deviator stress

versus axial strain curve shows a peak at relatively low axial strain. For high axial strains the

shear strength keeps increasing.)
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Figure 3.7 Post liquefaction undrained shear test for sample 95C-50-10. (The deviator stress

versus axial strain curve does not show a clear peak.)
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Table 3.6 also shows the maximum shear strain each sample had experienced during cyclic
loading or after the cycles was stopped and the load frame piston returned to the reference
position (seating load), as well as the total number of cycles applied. It should be mentioned that
the total number of cycles may be greater than the number of cycles to liquefaction presented in
Table 3.5 because in most cases cyclic loading was continued for a few cycles after liquefaction

point.

Initial Undrained Shear Strength versus Post Liquefaction Shear Strength

Table 3.6 presents a summary of post liquefaction undrained shear test results. Table 3.7 shows
initial undrained shear strengths for samples which were not exposed to any cyclic loading
(before earthquake condition). Comparison of the values presented in the two tables indicates
that in most cases the static undrained shear strength have moderately to highly increased after
liquefaction. However there are some exceptions, namely 95C-20-20 and 95C-20-18. For those
samples with an initial peak (the pattern presented in Figure 3.5), the post-liquefaction shear
strength exhibited an increasing trend for high axial strains, whereas the initial shear strength of

the samples approached a residual value and remained almost constant.

Influence of Cyclic Test Variables on Post Liquefaction Shear Strength

The pouring method resulted in samples with significantly higher post liquefaction shear strength.
Recall from the previous section that these samples did not liquefy. As expected, the shear
strength of the samples prepared by wet tamping increases as the initial compaction degree
increases. In general the undrained shear test results exhibit a large scatter, making it difficult to

find a trend between testing conditions and post-liquefaction shear strength values.
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Chapter4  Summary and Conclusions

4.1 Summary

In this study, the liquefaction potential of impounded fly ash material was investigated. Eighteen
cyclic triaxial tests (ASTM D5311) were performed on reconstituted samples with different
relative density, confining stress, and shear stress ratio. The cyclic shear strength of the fly ash
material was presented graphically in terms of cyclic strength curves which show the relationship
between density, cyclic stress amplitude, and number of cycles to liquefaction. After cyclic
triaxial tests, most of the samples were reconsolidated to the initial effective confining stress and
subjected to consolidated undrained (CU) triaxial tests (ASTM 4767) to determine the static
undrained shear strength of the fly ash. Additional four CU tests (one for each relative density)

were performed to determine the initial static undrained shear strength.

The design seismic loading in terms of cyclic stress ratio and equivalent number of cycles were
obtained from ground response analyses using SHAKE. The liquefaction potential of the fly ash
material was evaluated based on the comparison of the cyclic strength and design earthquake

loading.
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4.2 Conclusions

The following conclusions can be made based on the laboratory testing and numerical analysis

results:

1. The cyclic loading imposed by the design earthquakes was founded to be lower than the
cyclic strength of the fly ash material. The factor of safety depends on the dry unit weight,
cyclic stress ratio, and initial confining pressure.

2. The number of loading cycles to produce liquefaction decreases with increasing shear stress
ratio and with decreasing dry unit weight.

3. When the samples with the same dry unit weight were tested under the same cyclic stress
ratio, the samples with lower effective confining stress level demonstrated higher
liquefaction resistance.

4. Typically, the post-liquefaction strength was found to be higher than the initial strength when
the cyclic tests were stopped soon after liquefaction without excessive sample deformation.

5. The post-liquefaction undrained shear strength was found to be unrelated to the laboratory
testing conditions. This may be due to the inability of being able to stop further cyclic
loading right after liquefaction occurs.

6. Sample preparation method was also found to have great effect on the cyclic strength. The

samples prepared with wet pouring method exhibited higher liquefaction resistance.
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Appendix A

Laboratory Results
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Table A.1 Summary of Post Liquefaction Undrained Shear Test Results

. Confinin No. of Loadin .

Sample ID C Imtlal. Stress ® Shear S.tress Cycles to Frequen%y Compaction

ompaction . Ratio . Method

(psi) Liqu. (Hz)

85P-10-10 87% 10 10% N.L. 0.5 Pouring
85C-20-10 86% 20 10% 18 0.5 Wet tamp
85C-20-8 87% 20 7.5% >500 0.5 Wet tamp
85C-20-15 86% 20 15% 6 05 Wet tamp
85C-20-13 85% 20 13% 5 0.5 Wet tamp
90C-20-20 89% 20 20% 2 0.5 Wet tamp
95C-20-10  95% 20 10% 250 05 Wet tamp
95C-10-
20a 95% 10 20% 28 05 Wet tamp
95C-10-
20b 95% 10 20% 20 0.5 Wet tamp
95C-50-20 95% 50 20% 6 0.5 Wet tamp
95C-50-10 95% 50 10% 165 0.5 Wet tamp
95C-20-15 95% 20 15% 12 1 Wet tamp
95P-20-10 95% 20 10% N.L. 0.5 Pouring
95C-50-15 95% 50 15% 7 05 Wet tamp
95C-10-15 95% 10 15% 32 0.5 Wet tamp
95C-20-20 95% 20 20% 6 0.5 Wet tamp
95C-20-13  95% 20 13% 18 0.5 Wet tamp
105C-20-
20 104% 20 20% 20 0.5 Wet tamp
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Figure A.2. 85C-20-10 pore water pressure build up
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Figure A.3. 85C-20-10 cyclic displacement
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Figure A.4. 85C-20-15 cyclic loading
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Figure A.5. 85C-20-15 pore water pressure build up
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Figure A.6. 85C-20-15 cyclic displacement
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Figure A.7. 85C-20-13 cyclic loading
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Figure A.8. 85C-20-13 pore water pressure build up
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Figure A.9. 85C-20-13 cyclic displacement
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Figure A.10. 90C-20-20 cyclic loading
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Figure A.11. 90C-20-20 pore water pressure build up
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Figure A.12. 90C-20-20 cyclic displacement
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Figure A.13. 95C-20-10 cyclic loading. Cycles160 to 260 are presented
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Figure A.14. 95C-20-10 pore water pressure build up
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Figure A.15. 95C-20-10 cyclic displacement

48




Load (ib)

Excess Pore Pressure {psi)

Cyclic Loading

60

407§

20

o
(=]

[N]
(=]

404

60 4

-80

80 1

60 4

40

204

00

204

Time (sec)

Figure A.16. 95C-10-20a cyclic loading

Pore pressure Build-up

10 20 30 40 50 80 70 30

Time {sec)

Figure A.17. 95C-10-20a pore water pressure build up
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Figure A.18. 95C-10-20a cyclic displacement
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Figure A.20. 95C-10-20b pore water pressure build up
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Figure A.21. 95C-10-20b, Cyclic displacement

52




Load (Ib)

Excess Pore Pressure (psi)

0 Y A N Y - L _____.__

-30

Cyclic Loading

30
204 4t - H - o -
T S et

qi
bl
AER
~
~]
&
~
N
~
e
~C
~

Time (sec)
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Figure A.23. 95C-50-20 pore water pressure build up
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Figure A.24. 95C-50-20 cyclic displacement
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Figure A.25. 95C-50-10 cyclic loading
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Figure A.26. 95C-50-10 pore water pressure build up
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Figure A.27. 95C-50-10 cyclic displacement
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Figure A.29. 95C-20-15 pore water pressure build up

57




Displecement (in)

Cyclic Displacement

0.04
0.03 4= - - - - C
|
002 f-mmmmmmmm e L _ - AN AT
0.01 4~~~ - e B O T A P R KRN R
0.00 , ; ‘ . ‘ ; : , : ,
0 5 10 15 20 25 30

Time {sec)

Figure A.30. 95C-20-15 cyclic displacement
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Figure A.31. 95C-50-15 cyclic loading
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Figure A.32. 95C-50-15 pore water pressure build up
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Figure A.33. 95C-50-15 cyclic displacement
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Figure A.34. 95C-10-15 cyclic loading
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Figure A.35. 95C-10-15 pore water pressure build up
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Figure A.36. 95C-10-15 cyclic displacement
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Figure A.37. 95C-20-20 cyclic loading
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Figure A.38. 95C-20-20 pore water pressure build up
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Figure A.39. 95C-20-20 cyclic displacement
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Figure A.40. 95C-20-13 cyclic loading
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Figure A.41. 95C-20-13 pore water pressure build up
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Figure A.42. 95C-20-13 cyclic displacement
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Figure A.43. 105C-20-20 cyclic loading
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Figure A.44. 105C-20-20 pore water pressure build up
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Figure A.45. 105C-20-20 cyclic displacement
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Appendix B

Ground Response Analysis Results
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1. Analysis A-1: Section A-A” with Input Motion TAFT (amax=0.08g)

Soil Profile

Profile Name: AEP impounded fly ash facility Section A-A’
Water Table: 86 .00 ft

Number of Layers: 10

Input Motion

Number of Motions: 1
Number of Iterations: 5
Strain Ratio: 0.65

Tolerance: 5.00%

File Name No of Max. Acc. Time Step
Acc.
(9) {sec)
Values
DAEDUSHAKE\TAFT.E 4220 0.080 0.020

Q

Output Locations

Layer No Depth (ft) Outcrop
1 0.00 No
3 18.00 No
4 28.00 No
5 38.00 No
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Cuttoff Freq.

{Hz)

2000

No of

Fourier

Terms

8192

10

Layer

Outcrop

No




Shear Strain (%)

Shear Stress (psf)

Time History of Shear Strain

0.06

0.05

0.04

003

0.02

001
0.00
-0.01+

-0.02

-0.03

-0.04

005

-0.06

50

Time History of Shear Stress

100

Time (sec)
s Layer: 3-EQ No: 1-Outcrop: No

150

200

400

300

-100

-200

-300

50

+ lLayer: 3-EQNo: 1-Outcrop: No

100

Time (sec)
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008
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-0 08
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100 ; ' AN

0 0 L J .IIFK‘
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2. Analysis A-2: Section A-A’ with Input Motion TAFT (am.=0.15g)

Input Motion

Number of Motions: 1
Number of lterations: 5
Strain Ratio; 0.65

Tolerance: 5.00%

File Name No of Max. Acc.
Acc.
(@
Values
DAEDUSHAKE\TAFTE 4220 0.150
Q
Qutput L ocations
Layer No Depth (ft) Outcrop
1 0.00 No
3 18.00 No
4 28.00 No
5 38.00 No

Time Step

(sec)

0.020
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3. Analysis A-3: Section A-A’ with Input Motion EI Centro (am.x=0.08g).
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4. Analysis A-4: Section A-A’ with Input Motion EI Centro (am.=0.15g).
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5. Analysis B-1: Section B-B’ with Input Motion TAFT (am.x=0.08g).

Soil Profile

Profile Name: AEP impounded fly ash facility Section B-B'
Water Table: 66.00 ft

Number of Layers: 8

Input Motion

Number of Motions: 1
Number of iterations: 5
Strain Ratio; 0.65

Tolerance: 5.00%

File Name No of Max. Acc. Time Step
Acc.
(9) (sec)
Values
DAEDUSHAKE\TAFT.E 4220 0.080 0.020
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6. Analysis B-2: Section B-B’ with Input Motion TAFT (am.x=0.15g).

Input Motion

Number of Motions: 1
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Strain Ratio: 0.65

Tolerance: 5 00%

File Name

DAEDUSHAKENTAFT.E

Q

Output Locations

Layer No

Depth (ft)
0.00

26.00
36.00

46 .00

No of

4220

Acc.

Values

0.150
Outcrop
No
No
No
No

Max. Acc.

Time Step

(sec)

0.020

93

Cuttoff Freq.

(Hz)

20.00

No of

Fourier

Terms

8192

Layer

Outcrop

No




Shear Stress (psf)

Shear Strain (%)

Time History of Shear Stress

600

400

200

-200

-400

-600

-800

0 50

+ Layer: 3-EQ No: 1-Qutcrop: No

Time History of Shear Strain

100

Time (sec)

150

200

0.20

-0.05

-0.10

-0.15

-0.20

0 50

s Layer: 4-EQ No: 1 - Outcrop: No

100

Time (sec)

94

150

200




Shear Stress {psf)

Shear Strain (%)

Time History of Shear Stress

800

600

400

200

-200

-400

-600

-800

+ Layer: 4-EQNo: 1 - Outcrop: No

Time History of Shear Strain

100

Time (sec)

150

200

0.20

-0.05

-0.10

-0.15

-0.20

; Layer: 5-EQNo: 1 - Outcrop: No

100

Time (sec)

95

150

200



Shear Stress (psf)

Depth (ft)

Time History of Shear Stress

800

600

400

200

-200

-400

-600

-800

-1000
0 50 100 150

Time (sec)
s Layer: 5-EQNo: 1-Outcrop: No

Peak Shear Strain (%)

Peak Shear Strain

200

-100

-150
0.00 005 0.10 0.15

Shear Strain (%)
, EQNo: 1

96

0.20

0.25



Depth (ft)

Peak Shear Stress

\

-100

-150

500

Shear Stress (psf)
, EQNo: 1

97

1000

1500



7. Analysis B-3: Section B-B’ with Input Motion El Centro (amax=0.08g).
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8. Analysis B-4: Section B-B’ with Input Motion El Centro (amax=0.15g).
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Appendix C
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ARTICLE LILNFO ABSTRACT

ArtiC{e history: Liquefaction resistance and post-liquefaction shear strength of impounded Class F fly ash are investigated
Recelved 7 May 2007 using laboratory experiments. The study was aimed to evaluate liquefaction potential of a 45 ha
Received in revised form 3 October 2008 impoundment proposed as a base for a utility monofill. The evaluation included cyclic triaxial tests per-

Accepted 7 October 2008

Available online 6 November 2008 formed on reconstituted fly ash specimens with various densities at different confining stresses and cyclic

stress ratios representative of the impounded material and the seismic environment. The results are pre-
— sented in the form of design charts. Post-liquefaction strengths were measured by reconsolidating the
:;?; ‘zz;‘ﬁé d fly ash specimens at the igitial effective confining st[es.s and pexfbr‘ming consolidated undr.ained triaxial te§ts‘
Liquefaction potential The measured cyclic strength was compared with the seismically induced stresses in the profile using
Post-liquefaction shear strength a one-dimensional wave propagation method. The cyclic loadings imposed on the ash by the design
Dynamic triaxial test earthquakes were found to be lower than the measured cyclic strength of the material. The post liquefac-
Ground response analysis tion shear strengths showed some scatter; however, they were typically higher than the initial shear
strengths before exposure of the material to cyclic load.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction cyclic loadings induced during a design earthquake motion, esti-
mated from one-dimensional ground response analyses, were
American coal ash association survey [1] estimates the total fly compared to the measured cyclic strengths. The cyclic strength of
ash production in the US to be 65 million tons (71 million US tons) the impounded fly ash was found to be higher than the induced
in 2005, of which only 41% was reused and the rest was left to be loadings.
disposed in storage ponds or-landfills. This fact combined with
increasing landfill costs highlights the need for innovative methods
to exploit full capacity of existing fly ash landfillsfimpoundments.
A 45 ha fly ash impoundment (Fig. 1), owned by American electric
power (AEP) was proposed as the base for a utility monofill. The
liquefaction potential of fly ash during an earthquake was a con-
cern of the design team. Although a broad literature exists on the
cyclic resistance of sands and clayey soils [2-8] little research
has been done on fly ash. In order to address this concern an exper-
imental program combined with ground response analyses was
conducted to evaluate the liquefaction potential of the impound-
ment and the post-liquefaction shear strength of the material
The cyclic strength of the material was evaluated using standard
cyclic triaxial tests [9], and the initial and post-liquefaction shear
strengths were evaluated in undrained shear (CU) tests [10]. The

2. Testing program and specimen preparation
2.1, Material properties

Class F fly ash produced at AEP's Mitchell power plant was
collected from the impoundment at a depth of ~3 m. No other
types of coal combustion products have been mixed with fly
ash in this facility. A gradation curve is presented in Fig. 2, show-
ing that the dominant particle size is in the silt size range. A spe-
cific gravity of 2.27 was measured by AEP. The in situ density of
the material was determined by AEP to range from 1600 to
1680 kg/m>. In situ moisture content under the ground water ta-
ble was measured to be about 30% by collecting and oven drying
- bag samples. The in situ dry density of the material is estimated

* Corresponding author. Tel.: +1 614 716 2873; fax: +1 614 716 2963, to range from 92% to 96% of the standard Proctor optimum dry

E-mail addresses: bzand@aep.com (B. Zand), tuw®bv.com (W Tu), pja- . ) . . . .
maya@aep.com (PJ. Amaya), wolfe 10@osu.edu (W E. Wolfe). butalia.1@osu.edu density [11] Presented in Table 1 is the chemical composition

(T'S. Butalia). of fly ash.

0016-2361/$ - see front matter © 2008 Elsevier Ltd. All rights reserved
doi:10.1016/j.fuel.2008.10.020
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Fig. 1. Mitchell fly ash impoundment in West Virginia

2.2. Specimen preparation

Fly ash specimens were made in Harvard miniature molds
(3.35 cm diameter, 7.11 cm length) using wet tamping to achieve
target densities of 86%, 95%, and 104% of the optimum standard
Procter dry density (86%, 95%, and 104% relative compactions).
Specimens were compacted in five equal lifts using a 110N
(25 1b) hand tamper. Fig. 3 shows a comparison between the stan-
dard Proctor and the Harvard miniature calibration curves, Satura-
tion of the specimens was achieved by the application of a small
vacuum pressure (<60 kPa) followed by a back pressure of 105-
310 kPa. The time needed to saturate the specimens varied from
one day to two weeks. All the specimens tested registered B-values
larger than 97%.

2.3. Cyclic triaxial test

The cyclic triaxial tests were conducted following the standard
ASTM D5311 method for load control cyclic triaxial test [9]. Each
saturated specimen was consolidated by applying an effective con-
fining stress o, of 68, 135, or 340 kPa, representing typical depths

Sieve analysis Hydrometer test
8Sand size e Clay
100 Silt size size
E I
© 9 A
@
Z 80 s
>
& 70 D100 = 1.180
& &0 ¥ - D60 =0.033
£ D30=0.018
L 50 X D10 = 0.007
£ 5
8 40 %Sand = 8.7
'5 30 %Fines =91.3
5 %<0.002 = 1.9
20 Y
10
0 —
1 0.1 0.01 0.001

Grain Size (mm)

Fig. 2. Grain size distribution of fly ash.

of 3.5, 7, or 20 m, respectively. Specimens were allowed to drain
until full dissipation of excess pore water pressure was achieved.
Then, each specimen was subjected to a uniform cyclic stress of
amplitude o4 (zero-peak) in the axial direction. The ratio of ¢4/c,,
called shear—stress ratio herein, resembles the amplitude of a shear
wave that is normalized by an overburden pressure equivalent to
o.. Cyclic shear—stress ratios ranged from 7.5% to 40% of the effec-
tive confining stress.

Due to the high permeability of the material {on the order of
10* ¢m/s) the consolidation occurred rapidly. The cyclic test was
conducted under undrained condition and constant cell pressure,
The loading frequency was selected to be 0.5 Hz except for one case
where a frequency of 1 Hz was used. A 450 N load cell was utilized
in load control mode while axial deformations were measured by a

Table 1
Fly ash chemical composition.
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Fig. 4. Identification of liquefaction for cyclic triaxial tests

LVDT attached to loading piston. Specimen pore water pressure
and deformation, as well as the deviator load were recorded con-
tinuously at a sampling rate of 100 Hz. Liquefaction was defined
as the point at which the excess pore water pressure reached the
level of the initial effective confining pressure accompanied with
a dramatic increase in the axial deformation (see Fig. 4).

24. Consolidated undrained shear test

Consolidated undrained (CU) tests were performed on the fly
ash to establish the initial static undrained shear strength. Post-lig-
uefaction CU tests were conducted on selected specimens to deter-
mine the static undrained shear strength after the earthquake
event. The results of the initial and post-liquefaction shear tests
are presented in terms of measured internal friction angles (fric-
tion angle is the slope of shear strength versus normal stress line
in Mohr-Coulomb [12] failure criterion: S = ¢ + o tan¢. In this for-
mula ¢ is cohesion, oy is the effective normal stress on the failure
plane, and S is shear strength on that plane).

3. Results and discussion
3.1, Laboratory testing

Presented in Table 2 is a list of the specimens tested under cyc-
lic loading together with their relative compactions, effective con-

Table 2
List of specimens and loading conditions for cyclic tests.

SpecimenID = [nitial compaction (%)

58
58

510
85C.135.13
515('-1 54
85€=135-2

95C-68-16
95C-68-17

Confining stress (kPa) (%)

56

FERRVCERICRATY]

S

95C-68-26
95(-68-40 .
95C-135-10a

95C-135-10b
95¢-135:11
95(-135.13
95C-135-15_
95¢-135.21

Post-liquefaction CU test conducted

fining pressures, and shear-stress ratios. Fig. 5 shows the cyclic
test results for the fly ash specimens subjected to consolidation
stress of 135 kPa. The number of loading cycles to produce lique-
faction (N) is seen to decrease with increasing shear-stress ratio
and decreasing initial density. On the basis of these results, design
curves were established and are presented in the figure, which ex-
press the liquefaction resistance (shear-stress ratio) as a function
of N and initial density. Using these curves, another family of
curves, presented in Fig. 6, was derived expressing N as a function
of initial density and shear-stress ratio for specimens consolidated
under 135 kPa effective stress.

From Table 2, it can be seen that the initial densities of speci-
mens occasionally deviated from the target value by a small
amount. Fig. 6 shows that N is not sensitive to small variation of
the initial density when the shear-stress ratio is relatively high,
However, for specimens with higher initial densities tested under

04 4 104% relative
compaction
i 4
0.3 4 A - 95% relative

compaction

’b?: = 86% relative
2 0.2 a2 compaction
=
o°
R » Corrected data
for 104%
0.14 S relative
compaction
No liquefaction P

< Corrected data

after 500 cycles for 95% relative
0 T - compaction
1 10 100 1000

No. of Cycles to Liquefaction

Fig. 5. Laboratory cyclic test results for confining stress of 135 kPa, showing effect
of density on liquefaction resistance
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Fig. 6. Number of cycles to produce liquefaction as a function of initial density and
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stress ratios lower than 0.13, a small variation in the initial density
can influence the results. For instance, the actual relative compac-
tion for the specimen tested at a shear-stress ratio of 0.11 (ID 95C-
135-11) was 96% versus the target value of 95%. For this stress
ratio, N decreases by 25 cycles when the relative compaction
decreases from 96% to 95%. The corrected results for 95% and
104% relative compaction specimens are superimposed in Fig. 5,
and there are only two data points for which the difference is
apparent. Similar corrections for 86% density specimens do not
influence the results because the change is only a fraction of a
cycle. Since the established curves presented in the figure are in
agreement with the corrected results they were not revised.

Presented in Fig. 7 are the cyclic tests results for the specimens
initially compacted to 95% of the Proctor optimum density and
consolidated to 68, 135, and 340kPa. Liquefaction resistance
exhibited some dependency to the effective confining stress. The
two curves that represent 135 and 340 kPa effective confining
stresses were very close; suggesting that as confining stress in-
creases liquefaction resistance becomes less sensitive to the con-
fining stress.

After liquefaction, selected specimens (see Table 2) were re-
consolidated to the initial effective confining stress and the post-
liquefaction undrained shear strengths were measured, Table 3
presents a summary of these test results for peak strength and
strength at 10% axial strain. Also presented are the maximum axial
strains experienced during the cyclic test. These data were used to

4340 kPa confining stress ® 135 kPa confining stress = 68 kPa confining stress

0.4 s
4,
R
031 \
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ﬂb?, \\\ \;
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o1, T g e °
. . :
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No. of Cycles to Liquefaction

Fig. 7. Laboratory cyclic test results for 95% relative compaction specimens
showing the effect of confining stress.

calculate internal friction angle for the material, assuming cohe-
sion is zero. The results are presented in Fig. 8.

. . 04

sing’ = 35, + 04

In the above equation oy is the static deviator stress (which is
twice the maximum shear-stress) and ¢ is the effective confining
stress which is equal to gy — u. Here, u is the measured pore water
pressure and oy is the cell pressure in the triaxial chamber. For
those specimens which did not exhibit a peak in the shear strength,
the shear strength at 10% axial strain was used. The figure also con-
tains results from pre-liquefaction CU tests conducted on five spec-
imens compacted to 86%, 95%, 97%, 103%, and 104% of the Proctor
optimum density. The first specimen (86%) was consolidated to an
effective stress of 103 kPa and the last one (104%) to 131 kPa. The
specimens compacted to 95%, 97%, and 103% relative compactions
were consolidated to 135 kPa effective stresses. All the specimens
show peak strength at axial strains between 0.5% and 1% The
dashed line in Fig. 8 is a trend line showing the friction angle as
a function of material density. The scatter in the post-liquefaction
friction angles can be attributed to the change in geometry result-
ing from specimen distortion during liquefaction. The results from
those specimens that experienced less amounts of distortion as in-
spected by eye were more consistent, as were the strengths mea-
sured for the specimens with higher densities. It can be seen
that, typically, the static shear strength increased after liquefac-
tion. This result is consistent with the observation that sample
density increased after exposure to cyclic load. However, the scat-
ter in the post-liquefaction shear strengths indicates additional
experiments are needed at greater ranges of initial densities to
confirm this observation.

3.2. Ground response analysis

A ground response analysis was performed using the program
SHAKE [13] which is a one-dimensional equivalent linear wave
propagation analysis. The study was performed for two critical sec-
tions, presented in Fig. 9, that were developed based on the results
of laboratory and subsurface investigation at Mitchell Station. The
approximate locations of these sections are shown in Fig. 1. Site
characterization included thickness and unit weight for each soil
layer present at the site, and estimates of the dynamic soil proper-
ties (shear modulus or shear velocity, modulus reduction, and
damping models). The two soil profiles, A-A’ and B-B', and their dy-
namic properties are presented in Tables 4 and 5, respectively. The
maximum shear modulus of sand was assumed to be a function of
density and confining stress [14]. For the fine grain materials, the
maximum shear modulus was estimated from the undrained shear
strength and the subsurface investigation results [14,15]. Pub-
lished shear wave velocities were used to estimate the maximum
shear modulus of the sandstone bedrock [16]. At the time this
study was conducted no published curves for fly ash material were
available to the authors. Among the curves available, the authors
selected those developed for sands rather than clay or silt to reflect
the fact that the fly ash is non-plastic and non-cohesive material.
Nonetheless, the grain size distribution of fly ash is different than
sand, and the curves developed for a sandy material may not al-
ways represent fly ash dynamic characteristics accurately. This fact
highlights the need for further investigations on dynamic proper-
ties of fly ash. Two natural earthquake input motions, El Centro
and Taft, were selected to represent the design bedrock motion
at the site. The peak accelerations of the input motions were scaled
to match the design accelerations of 0.08g and 0.15g as specified by
AEP.

Eight analyses were performed using the two selected input
motions and the two design peak accelerations. The cyclic stress
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Table 3
Post-liquefaction undrained shear strength
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. At10% axial strain

406

Specimen 1D Max axial strain experienced (%) At Peak shear strength. ¢
o Shear=stress {kPa ' Axial'strain oyt (kpa Shear-stress (kPa)
i : No peak ‘ L

179 0.49%

152 0.54%

L2 115
103
193

u represents specimen pore water pressure

a

approach was used for liquefaction potential evaluation. In this
method the earthquake-induced loading is compared with the lig-
uefaction resistance of the soil expressed in terms of cyclic shear
stresses [15]. In order to compare with the cyclic strength deter-
mined in laboratory tests, the transient and irregular time history
of earthquake-induced shear stresses from the analyses were con-
verted into an equivalent series of uniform stress cycles. The equiv-
alent number of uniform stress cycles (Ngq,) was determined by
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Fig. 8. Material friction angles at different densities of the optimum Proctor
density

counting the stress cycles with amplitude greater than 65% of the
peak cyclic shear-stress (Tmax) for a particular shear-stress time
history [17]. Although different stress levels have been developed
for this approach [18], 65% is most commonly used [15]. The uni-
form shear-stress (7¢,.) was normalized by the initial overburden
stress (o) to produce a cyclic stress ratio (CSR):

, Toye
(SR = oo )

This ratio is equivalent to the shear-stress ratio in a cyclic lab-
oratory test. Pyke et al [19] showed that multidirectional shaking
causes pore water pressure to increase more rapidly than unidirec-
tional shaking. Previous work by other researchers has shown [20]
that the CSR required to produce initial liquefaction in the field is
about 10% less than values measured in the laboratory. Thus, the
predicted field cyclic stress ratios from ground response analysis
were increased by a factor of 1.11 to correct for multidirectional
shaking conditions.

The ground response analyses results for 0.15g are summarized
in Table 6. The predicted maximum cyclic stress ratio of 0.14 was
obtained from the analysis on the B-B’ profile with Taft earthquake
input motion at a peak acceleration of 0.15g. Fig. 10 presents a
comparison between the design earthquake loading predicted from
the numerical analysis and the experimentally obtained cyclic
strengths. The in situ density of the material was estimated to
range from 92% to 96% relative to the optimum Proctor density.
Comparison between the numerical results and experimental lig-
uefaction potential curve for 95% relative compaction and 135
and 340 kPa confining stress shows that the material has sufficient
strength during the design earthquakes and will not liquefy.
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Table 4

Site characteristics of soil profile A-A’.

Layer Material = H© y(kgl G&Vs® © Modulus reduction and
No. description= -(m): m% 1 (MPa) (m/s) damping curve

1 Recompacted. = 3. 2000 1865 3048 Cly[21]

: clay liner o .

2. . Drainagelayer 24. 2000 15 - Sand - average {13
3. - “Fly'ash 3 1600 478 - Sand '~ avérage } 13
4 Flyash 3 1600 575 Sand - average [13
5 Flyash = 55 1 - Sand -~ average [13]
6 - 9.1 Sand - average {131
7 a1 _Sand - average [13}
8 9.1 . Sand —average [13}
8 91 and ~average [13]
10 00 inear

? Initial shear modulus.
b Shear wave velocity

Table 5
Site characteristics of soil profile B-B’

Table 6
Summary results of ground response analyses for design acceleration of 0.15g

o Predicted SCRs from numerical analyses & 340 kPa confining stress

+ 135 kPa confining stress # 68 kPa confining stress

0.40

0.301

0.204

%/(2.9;,)

0.10

0.00

1 10 100 1000
No. of Cycles to Liquefaction

Fig. 10. Comparison between the design earthquake load (0.15g) and cyclic
resistance of fly ash

4, Summary and conclusions

The liquefaction potential of an impounded fly ash material was
investigated. Cyclic triaxial tests were performed on remolded
samples with different relative compactions, confining stresses,
and shear-stress ratios. The cyclic shear strength of the fly ash
material was presented graphically in terms of cyclic strength
curves which show the relationship between density, cyclic stress
amplitude, and number of cycles to liquefaction. After cyclic triax-
ial tests, selected specimens were reconsolidated and subjected to
consolidated undrained (CU) triaxial tests. Additional CU tests
were performed to determine the initial static undrained shear
strength. The design seismic loading in terms of cyclic stress ratio
and equivalent number of cycles were obtained from ground re-
sponse analysis. The liquefaction potential of the fly ash material
was evaluated based on the comparison of the cyclic strength
and design earthquake loading. It was concluded that:

1. The cyclic loadings imposed by the design earthquakes were
lower than the cyclic strength of the fly ash material.

2. Liquefaction resistance of the fly ash material was found to be a
strong function of initial dry density.

3. In addition to diy density, the liquefaction resistance was influ-
enced by the effective stress at low levels of effective stress (or
shallow depths in the field). Cyclic behavior of field material
was represented by the specimens consolidated under higher
effective stresses.
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LIQUEFACTION ANALYSIS OF POND ASH
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ABSTRACT: Huge quantities of coal ash produced from thermal power plants are
 disposed in slurry form into lagoons or ponds covering several square kilometer area. The ash
in lagoons, called pond ash, is in saturated and loose condition, and liable to liquefy during
earthquake. [n order to rehabilitate abandoned ash pond, it is therefore, necessary to evaluate
the liquefaction potential of pond ash. Present study includes a laboratory investigation on
evaluation of liquefaction potential of pond ash. Simplified procedurc has been used to
evaluate the extent of liquefaction in an ash deposit under different earthquake magnitudes.

'

Keywords : Liquefaction, pond ash, oyclic loading.

INTRODUCTION

A major source of electrical energy in lndia is themmal power, which is being
generated by burning low-grade coal of high ash content, The current production of ash is
about 80 million tons per year (Dayal et al., 1999) out of which a very small percentage (3 to
5%) is being used for various applications. Disposal of the remaining quantity of ash has
. treated a major problem of availability of land. In many thermal power plants the height of

ash deposit has exceeded 20 m and the ash ponds have been abandoned. The abandoned ash
pouds create environmental hazards by polluting air and ground water, and by inundating the
. adjoining areas when a breach occurs in the ash dykes due to rain or earthquake motions. The

abandoned ash ponds, occupying a very vast area, oan be utilized effectively for human
habitation, expansion of plant, or increase in pond capacity if the characteristics of ash under
Static and dynamic loadings are known. Considerable research has been carried out on
éngineering characteristics of ash (Gray and Lin, 1972, Sridharan et al., 1997, Seals et al.,
" 1972, etc.) but little work has been reported on behavior of ash under dynamic loading. Being
- cohesionless and non-plastic in saturated condition, the ash has an average particle size (Ds0)

equal 1o that of silt or fine sand and thus can be susceptible to liquefaction. The present study
includes the behavior of ash under dynamic loadidg, the liquefaction potential of ash and the
evaluation of a density at which liquefaction will not oceur. The term ‘pond ash’ is used here
 for the ash collected from an ash pond in Mettur Thermal Power Plant, Tamil Nadu, India.

The property of this ash is found to be similar to that of any other ash obtained by burning
low-grade coal in the country.

EXPERIMENTAL INVESTIGATION

. To evaluate the liquefaction potential, pond ash samples were subjected 1o cyclic
louding in a triaxial appztaius. Following parameters were varied:
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Relative density, [, = 50, 60 and 75%: %

initinl effective confining pressure. o = 20,40 and 60 kPu:

Cyclic stress ratio, CSR = 20 6, #0 5, +04, £0.3, £0.2 and £0 ) z« { 9
( SIO1s dufined as the cvelic shear stress (g, /2) divided by . . where, age is the cyclic 3’)
devialor stess.

Test Set Up: The conventional (riaxial test set up was modified by replacing the top
cover which can accommodate a loading plunger having a diameter cqual to the sample
diumeter The test-set up is shown in Fig 1 and the modified top cover is shown in T'ig. 2. This
modification eliminates two problems during extension: separation between loading plunger
and the sample, and unequal stretching of rubber membrane and the sample. In addition to it,
the modification permits independent variation of axial stress and radial stress. The loading
plunger is made of nylon having sp.gr. 1.14 so that the seating load on the sample was
minimum. To [acilitate the top drainage, an opening was provided in the top plunger, and was
connecled 10 one of the outlets of the cell through a flexible rubber twbe. To minimize the
friction between the larger plunger and the top cover, lubricating grease was applied on the
contact surfaces. To prevent leakage around the larger plunger, a rubber *O’ ring was
provided as shown in Fig.2.

Sample Preparation: The sample was prepared by dry pluviation technique

suggested by Ladd (1974), where. oven dried sample was taken in five parls and each part

was compacted by vibrating. The weight of each part was predetermined depending on the

desired relative density. The final compacted sample was 38 mm in diameter and 80 mun in

height. A little vacuum was applied through the bottom drainage valve of the triaxial cell to

impart rigidity to the sample while placing the plunper and the top cover. The sample was

saturated with distilled water flowing under a small head of 400 mm. Whenever the .
----- Skempton’s parameler B was less than |, back pressure was applied through a pair of J,‘?
3 mercury pots till the parameter B=1 and the sample was kept in this condition for an hour. LK
' The saturated sample was then consolidated at k=1 condition (i.e. isotropic condition) for an
hour and the volume of water squeezed out during consolidation was noted 10 obiain the post
consolidated diameter and height of the sample. ,

Cyclic Load Application: Cyclic load was applicd to the sample by varying the
radial pressure only. From the isotropic state, the axial stress was increased to a value so that
the desired shear stress was achieved - this Is termed as ‘Initiation'. The radial pressure was
then varied gradually from the initial condition (= o) to a value double the deviator stress
achieved during “initiation’. The radial pressure was again brought back to a. and the cycles
were repeated till liquefaction occurred. Liquefaction is defined as a condition at which the
residual excess pore waler pressure becomnes equal to the initial effective confining pressure
o Fig.3 shows the stress path followed during this type of load application.

TEST RESULTS AND ANALYSIS

General Characteristics: The tests were carried out with a representative sample
obtained by mixing thoroughly equal volume of disturbed samples co]lected from f'our widely
spaced boreholes at one meter interval. The average properties are: ymg = 12.62 KN/m™, yyuin =
9,27 KN/, eqm = 0,34, eax = 1.10. G, = 1,985, permeability coefficient k 756 x 107 m/s.
¢ =0, ¢' = 41.4° The low specific gravity is due to oresence of hollow spherical particles
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y
known as cenosphores. A typical particle size distribution curve is shown in Fig.4. The g
+ average in-situ field density was obtained as yg = 10.69 kN/m’ (e e=082 and Ip=50%)

Undrained Cyclic Triaxial Tests: [ypical variation of applied cyclic shear stress,
-induced strain and increased pore pressure with time is shown in Fig.5. The time period, T for
"load application was kept as 10 sec. Typical variaticn of CSR with number of cycles far
liquefaction is shown in Fig.6. It can be seen that with increase in CSR the number of cycles
for liquefaction reduces From this figure it is possible 0 show the effact of confining
pressure and relative density on CSR to cause liquefaction as shown in Fig. 7 and 8
respectively. It can be seen that with increase {n confining pressure and relative density, CSR
. required for liquefaction also increases.

Evaluation of Liquefaction Potential of Ash Deposit : Out of many methods
available for evaluation of liquefaction potential, cyclic stress method proposed by Seed and
Idriss (1971) is used in this analysis. The earthquake-induced loading, expressed in terms of
cyclic shear stresses, is compared with the liquefaction resistance of the soil, also expressed
in terms of cyclic stresses. At locations where the earthquake loading exceeds the resistance,

liquefaction is expected 1o occur. The earthquake induced cyclic shear stress (tsy) is obtained
from the following equation:

= 0.65 Zmax o o (1)
g

The liquefaction resistance in terms of field shear strength 7 is obtained from the following
equation:

1
50 @

OV/ ZJC/ 50
where. amay is the maximum acceleration at the ground surface and is shown in Table 1 for
different earthquake zones in India, o, is the total vertical stress at the depth under
consideration, ry is a reduction factor, o, is the effective vertical stress, (c‘dc/?.crcl)m is the
CSR causing liquefaction in the laboratory for Ip = 50%, C, is a correction factor, Ip is the

field relative density and Cy is a correction factor for multidirectional shaking usually equal
10 0.9 (Seed et al., 1978).

f T4
L |=j-dc Cy

A comparison of 1,y and (1) at Ip=50% is shown in Fig9. It can be seen that ash
deposit can liquefy upto 4.0 m in earthquake zone I1I when water table (WT) is at the ground
level (GL). The resistance to liquefaction increases significantly with lowering of water table.
With WT at 1 m below surface, there is no chance of liquefaction in Zone [11 whereas, a
depth of 2.5 m is not adequare to prevent liquefaction in Zone TV,

Table | : Design Parameters for Earthquake Zoncs

Earthquake Zones in India 1 Al [1I v v
Magnitude, M 5 5.5 6.25 6.75
(IS: Seismic Zoning Map )
‘anmx/g (Calculated) .058 097 211 354 459
Eq ( after Seed, 1979) 3 5 7 10 12
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The extent of liquefaction in an ash deposit can also he evaluated by comparing the
equivalent number of cyeles. Neg, represcnting an earthquake with the number of cycles
causing liquefaction in the field The number of cycles causing liguefaction, N, varics with % }
CSR as per the following relationship. :

(CSR)=A(N)” ) i

where, A and P are experimental constants Putting this relation in equation (2) it is possible
to find N; for field condjtion, Neq for differcnt earthquake zonesf' is shown in Table |. Figure
10 shows a comparison of Nyqand N, in the field. It can be seen that the ash deposit does not
liquefy in zones | and IT even for a relatjve density as low as 50%. For zome 1] the minimum :
relative density for no-liquefaction condition is around 65% and for zone IV (he deposit gets f
liquefied even if the relative density is increased to 75%. Thus, ash ponds located in zone IV ;
should be carcfully handled and the W.T. should be always kept more than 3 m below the |
surface,

CONCLUSIONS

Following conclusions are drawn from the present study:

1. The modified triaxjal test set up is found to be satisfactory to apply cyclic loadings in the
laboratory

2. Theash deposit exhibits a risk of liquefaction in saturated condition {or Neq >7 unless the
water table is lowered by at least 1 m,

W
3
o
(43
o
5
o
a
(o}
=
o
s
o
j»}
aQ
[}
-
Q.
'y
(%]
-
Q
o
Q
fu)
X}
—
[¢]
B
=
o
=
)
.
o
1
3
Q.
=
(o]
o>
(73
=3
5
o
&
a
5
(@]
<
2
o
wy
fad
el
j )
8
i S
St

-7
o
o
Q
<
O
=
o
v
g
©
4
-y
s3]
=
o
o
=
=
=
o
S
o
k=,
o
=1
5
Q
=
g
I3
%
5
o
£
=
~
£
5
-
I,
0
=,
<
a
j=¥
c
=]
7]
==y
<
—

(M=6.25) is 65%. There is always a high risk of liquefaction for ash deposits locared in
zone [V (M=6.75) and zone V (M=7) unless the water table is lowered sufficiently below
surface.
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ATTACHMENT B
PROPOSED ACTION PLAN IN RESPONSE TO DOWNSTREAM EMBANKMENT
SLOUGHING, EROSION AND SURFACE IRREGULARITIES RECOMMENDATIONS
U.S. EPA DIRECTED DAM SAFETY ASSESSMENT
PHILIP SPORN PLANT — MASON COUNTY, WEST VIRGINIA

Introduction

Following is the an outline of the current status of ongoing activities and the proposed action plan for the proposed
construction activities related to the recommendations provided in the West Virginia Department of Environmental
Protection Division of Water and Waste Management Dam Safety Section inspection report and the draft Dam Safety
Assessment Report prepared by Dewberry & Davis, LLC (dated October 2009) as received from the U.S. Environmental
Protection Agency.

Downstream Embankment Surface Sloughing Stabilization Work
Current Permitting and Construction Plan

On March 11, 2009 the West Virginia Department of Environmental Protection Division of Water and Waste Management
Dam Safety Section performed an inspection of the Sporn Unit 5 Fly Ash Pond Dam. Their inspection report
recommended that an Application for a Certificate of Approval be submitted to stabilize the slips on the west exterior slope
and depressions on the east exterior slope below the haul road. The report also recommended that a scour analysis for a
100-year flood along the eastern exterior slope be performed to determine if slope armoring is warranted. The referenced
report was received on May 14, 2009 and the scour analysis was completed on August 24, 2009 and determined that
armoring isn’t necessary. The draft Dam Safety Assessment Report prepared by Dewberry & Davis, LLC (dated October
2009) as received from the U.S. Environmental Protection Agency also recommended remedial efforts to address
sloughing along the downstream slopes of the management unit.

Since receiving the WVDEP inspection report, American Electric Power Service Corporation on behalf of Appalachian
Power Company has taken the following steps to complete those recommended construction activities:

« Plans and an Application for a Certificate of Approval to make the repairs were prepared and submitted to Dam
Safety on September 22, 2009 and is currently being reviewed;

« A Stormwater Pollution Prevention Plan is being prepared is being prepared and is scheduled to be submitted during
the week of November 2, 2009. Due to the area involved, WVDEP approval of the plan will be at least 45 days;

« Tree clearing commenced on October 28, 2009;

« The grading and stabilization scope of work was reviewed on site with a selected Contractor and a Contract Release
was prepared. It is anticipated that the Contractor would be able to mobilize within 2 weeks after notice to proceed,
which will be granted upon final approval from the WVDEP.

Given the anticipated issue/approval dates for the Certificate of Approval and the Stormwater Pollution Prevention Plan,
construction is planned to commence in late 2009 or early 2010 with the stabilization of the western slope (along the
railroad). Given the nature of the grading work on the east exterior slope and the potential for severe erosion through the
winter and spring, it is preferable that this portion of the work be deferred until the spring of 2010.

Upstream and Downstream Embankment Surface Sloughing and Erosion Remediation Work
Current Construction Plan

On March 11, 2009 the West Virginia Department of Environmental Protection Division of Water and Waste Management
Dam Safety Section performed an inspection of the Bottom Ash Pond Complex. All of the items recommended in that
report have been implemented with the exception of the repairing the smaller erosion gullies along the exterior slope of the
east dike as a maintenance item. In addition to the WVDEP report, the draft Dam Safety Assessment Report prepared by
Dewberry & Davis, LLC (dated October 2009) as received from the U.S. Environmental Protection Agency also
recommended remedial efforts to address sloughing along the downstream slopes of the management unit. Additionally,
that report recommended erosion repairs along the upstream slopes adjacent to the paved roadway on the crest. It is
anticipated that further grading work will be completed by the end of the 2009 calendar year.

Page 1 of 1
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ATTACHMENT C
RESPONSE TO COMMENTS REGARDING POSSIBLE SLOPE STABILITY
ISSUES RELATED TO RAILROAD INDUCED GROUND VIBRATION
U.S. EPA DIRECTED DAM SAFETY ASSESSMENT
PHILIP SPORN PLANT — MASON COUNTY, WEST VIRGINIA

Introduction

Following is an analysis performed in support of the proposed slope improvement as related to the shallow slope stability
issues believed to be the result of the railroad traffic induced vibrations along the west dike. It is believed that the results of
the analysis indicate that the proposed stabilization work, when completed, as on Drawing 5-30075, will provide an
adequate long-term factor of safety against slope instability due to railroad induced vibrations.

In addition, AEP accepts the contractor’s recommendation and will measure railway induced vibrations at the site and
conduct analyses to evaluate the impact of the rail traffic on the dikes.

Page 1 of 1



Existing conditions at the dike of concern include approximately 2 ft thick topsoil placed
over silty sand. The dike has a maximum slope of 2.2H: 1V with maximum length along
the slope of 50 feet. A typical cross-section showing the existing conditions is presented

in Figure 1.

Elevation (ft)

] 5 10 15 20 2 0 3 40 45 50 55 B0 65
Distance (ft)

Figure 1. Modeled Existing Conditions.

Field observation indicates that topsoil slipping along the topsoil/silty sand interface is
occurring as a result of train induced vibrations. These conditions are simulated in a
model prepared using Geo/Slope program. Material properties used in the analysis are

presented in Table 1.

Table 1. Material Properties Used in the Analysis

Material Density, y Cohesion, ¢ Friction Angle, ¢
(pcf) (psf) (Degrees)
Topsoil 110.5 80 23.2
Silty Sand 100 0 35
Topsoil/Sand interface 100 0 30
Riprap 111 0 45

The analysis showed that factor of safety of less than 1 was reached for slipping along the
topsoil/silty sand interface under an equivalent acceleration load of approximately 0.12 g

induced by the trains. Figure 2 show the results of the analysis.
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Figure 2. Analysis Results for Existing Conditions

Stabilized scheme include replacing the topsoil at the lower portion of the slope with
riprap. The model for the stabilized section is presented in Figure 3. The material

property of the riprap is presented in Table 1.
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Figure 3. Modeled Stabilized Section.

The results of the analysis of the typical section utilizing the proposed
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stabilization scheme are shown in Figure 4.
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Figure 4. Analysis Results for Stabilized Conditions

Analysis of the stabilized section produced stable conditions with a factor of
safety of 1.268 under an acceleration load of approximately 0.12 g induced by the trains.

Factors of safety of this magnitude are commonly acceptable for seismic loading.
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ATTACHMENT D
RESPONSE TO EPA’S OCTOBER 29, 2009 PRESS RELEASE REGARDING
SIMILARITIES BETWEEN SPORN AND KINGSTON.
U.S. EPA DIRECTED DAM SAFETY ASSESSMENT
PHILIP SPORN PLANT — MASON COUNTY, WEST VIRGINIA

INTRODUCTION

AEP has thoroughly reviewed the Kingston root cause report and other information to understand
the Kingston failure. In addition, Mr. Pedro Amaya, PE and Manager AEP Geotechnical
Engineering, participated in informal peer reviews of the Kingston root cause report with
AECOM personnel and others. As a result of these reviews and considerable study of other
information available in the public domain, AEP has concluded that the unique conditions that led
to the failure at Kingston do not exist at the Philip Sporn facilities.

The attached draft “white paper” prepared by Mr. Barry Thacker, P.E. and Principal Engineer and
President of Geo/Environmental Associates, Inc summarizes his preliminary analysis of the
claims made in the October 29, 2009 EPA press release and provides an overview of the forensic
studies performed after the Kingston failure. In addition, it describes some of the critical factors
that differentiate the Sporn ash impoundments from the Kingston facility.
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1 November 2009

RE:  White Paper on Factors at AEP’s Sporn Ash Disposal Facilities as Compared to Those at
TVA'’s Kingston Facility

BY: Barry Thacker, P.E.

BACKGROUND

On 22 December 2008, TVA’s Kingston Ash Facility failed. Following the Kingston failure,
U.S. EPA conducted on-site evaluations of impoundments at electric utilities nationwide to
evaluate the structural integrity of those facilities.

According to a press release dated 29 October 2009, “EPA contractors identified factors at the
AEP Philip Sporn facility that are similar to the Kingston facility — specifically, both facilities
piled coal ash and bottom ash around the impoundment to raise the impoundment’s walls.”
EPA has alerted West Virginia public officials and first responders that additional safety testing
is required at both the Sporn Unit 5 Fly Ash Facility Dam and the Sporn Bottom Ash Facility
Dam.

I have reviewed the as-built drawings of the two dams at Sporn and performed a preliminary
analysis to evaluate the claims made by EPA contractors. Presented are the results of my
preliminary analysis. Furthermore, a summary of forensic studies performed after failure of the
Kingston facility is presented for comparison with my understanding of conditions at Sporn.

TVA KINGSTON FACILITY FAILURE AND ROOT-CAUSE ANALYSIS

Construction at Kingston began in 1958 when an earthen embankment, designated as Dike C,
was built within an inundated embayment of Watts Bar Lake. Dike C was raised in an upstream
direction over sluiced ash in the 1960s using compacted earthen fill and again in the 1970s using
compacted ash.

In 1984, construction of dredge cells began on the sluiced ash at Kingston approximately 200
feet upstream (i.e. setback) from Dike C when the sluiced ash had achieved a maximum depth of
approximately 45 feet. The outslopes of the dredge cells were constructed in stages using
compacted ash. Sluiced ash was then deposited within cells created by the multi-sided outslopes.

The northeastern outslope of the dredge cells, located directly upstream of Dike C, was founded
entirely on sluiced ash (i.e. splitter dike). The other outslopes of the dredge cells were founded
partially on previous embankments or they abut other dredge cells. No internal drainage
provisions were included in the construction of Dike C, whereas numerous internal drains were
installed at various levels within the northeastern outslope of the dredge cells.
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In 2003 and 2006, “blowouts” reportedly occurred at the downstream toe of the northwestern
outslope of the Kingston dredge cells. Internal drainage improvements were made and the
dredge cells continued to be raised. At the time of the Kingston failure, the sluiced ash was as
much as 90 feet deep beneath the dredge cells and additional raising was in process.

TVA retained AECOM to determine the root cause of the Kingston failure. AECOM concluded
that the primary failure occurred at the northeastern outslope of the Kingston dredge cells due to
static liquefaction as shown by the results on Figure 1. Furthermore, AECOM concluded that the
primary failure caused subsequent failure of Dike C and the northwestern outslope of the dredge
cells.

AECOM reported that silt and fine fly ash that deposited in that inundated area of Watts Bar
Lake from the Kingston plant prior to the construction of Dike C formed a laminate with water
content as high as 140% and other characteristics that make it susceptible to “creep” at a certain
loading. “Creep” tests showed failure at shear strength 85% of the peak shear strength. The
presence of this layer was the primary contributor to the failure, because without the presence of
the slimes layer, failure of the dredge cells would not have occurred.

As shown on Figure 2, AECOM determined that the failure was caused by four overlapping
factors as follows:

The presence of an unusually weak slimes foundation
The fill geometry and setbacks

Increased loads due to higher fill

Hydraulically placed loose wet ash

Mo

AECOM evaluated vibrations caused by train traffic on an active rail line adjacent to the
northwestern outslope of the dredge cells as a possible trigger to the failure, but determined that
no trains travelled the line at the time of the failure. Also, if vibrations from trains had triggered
the failure, then the primary failure would likely have occurred at the northwestern outslope of
the dredge cells adjacent to the rail line and not at the northeastern outslope of the dredge cells
located several hundred feet from the rail line.

AECOM concluded that triggering of the failure was due to either excess construction pore water
pressures in the sluiced ash due to rapid filling of the cells or to the undrained creep of the
unusually weak slimes foundation identified beneath the dredge cells.

INDEPENDENT ASSESSMENT OF KINGSTON FAILURE

I analyzed the Kingston Ash Facility based on steady-state seepage and effective stress
conditions as part of the due diligence evaluation of AEP’s ash disposal facilities in accordance
with the design manual Slope Stability of the U.S. Army Corps of Engineers. Based on the
results of independent modeling, I believe that Kingston’s Dike C failed violently due to high

2
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pore water seepage pressures in the underlying sluiced ash. The sluiced ash upstream of Dike C,
left unsupported by the Dike C rupture, would still have pore water under high seepage pressure
and could then have failed explosively. The loss of sluiced ash upstream of Dike C could have
then undermined the downstream toe of the dredge cells.

Although stable during normal operating conditions, | conclude that the rapid loss of its
foundation caused the catastrophic collapse of the Kingston dredge cells in a progressive slope
failure mode as documented in a white paper report dated 26 June 2009. Results of seepage
modeling from that white paper report are shown on the attached Figure 3 and results of stability
analysis are shown on Figure 4 for reference.

No piezometers were installed in Dike C at Kingston to validate the independent modeling
results, but piezometers were installed in the sluiced ash beneath the northeastern outslope of the
dredge cells at the locations shown on Figure 3. Monitoring results from piezometers MW-13 to
MW-15 are shown on Figure 5.

According to TVA records, artesian pore water pressure conditions were reached in MW-15 in
the fall of 2007. TVA then stopped sluicing to Cell 2 of the dredge cells and water levels in the
piezometers gradually decreased. When sluicing resumed on 16 October 2008, water levels in
MW-13 to MW-15 were increasing at a rate of 5 to 8 feet per month when artesian conditions
were again achieved in MW-15 on 19 November 2008. Sluicing continued to Cell 2 until the
artesian pore water pressures increased to the point where Dike C burst as predicted by my
modeling results shown on Figure 3 and 4.

Figure 6 shows the results of additional seepage modeling for an imaginary piezometer installed
on the bench at elevation 765 feet of Dike C and screened in the underlying sluiced ash. Based
on the modeling, increased levels of the sluiced ash in the dredge cells resulted in increased
water levels in the sluiced ash beneath Dike C. Although independent analysis based on Corps
of Engineers procedures shows the Kingston failure was caused by artesian pore water seepage
pressures beneath Dike C, continued raising of the dredge cells after the 2003 and 2006
“blowouts” caused the pore water seepage pressure beneath Dike C to increase to the critical
level.

ASSESSMENT OF FACTORS AT SPORN

Unit 5 Fly Ash Facility

The original earthen dikes at the Sporn Fly Ash Facility were built in 1959 using cohesive soil
borrow material on a natural brown clay foundation. Some of the borrow material for
construction of the dike was obtained from the area between the dikes. Unlike the original
construction at Kingston, which was built on a flooded embayment, the site at Sporn was at least

3
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10 feet in elevation above the normal pool level of the Ohio River.

The earthen dikes were then raised in 1965 and 1968 using a combination of cohesive soil and
cohesionless soil borrow materials. Unlike the raising of the earthen dike at Kingston, which
was done in an upstream direction with a foundation on sluiced ash, the raising of the earthen
dikes at Sporn were done primarily in a downstream direction with a foundation on natural clay
soil. The exception is at the southeastern corner (i.e.

Section K-K) where the raising in 1965 and 1968 was done by a combination of construction in
the upstream and downstream directions.

Expansion occurred again in 1972 when dikes were constructed using a combination of cohesive
soil and cohesionless borrow material over sluiced fly ash at the eastern and southeastern portion
of the dikes when the sluiced ash was a maximum of 35 feet thick. The maximum height of the
dike built in 1972 over sluiced ash was approximately 25 feet. In 1995, an observed line of
seepage was found at the downstream toe of the eastern dike. Remedial repairs were initiated,
consisting of internal drainage provisions and a buttress built at the downstream toe of the
eastern dike.

Furthermore, the maximum allowable level of the sluiced ash was lowered from its design
elevation of 620 feet to elevation 605 feet. Unlike the Kingston facility where the level of the
sluiced ash continued to increase after remedial repairs were made in 2003, alternative ash
disposal provisions were made at Sporn so that the level of sluiced ash has not increased since
2003 and no raising is proposed in the future.

Comparison of factors from the Kingston root-cause analysis in Figure 1 shows that the only
factor that applies at Sporn is the presence of hydraulically placed loose wet ash beneath the
foundation of the eastern and southeastern dikes. At Sporn, no increased loads have been
applied. To the contrary, the allowable sluiced ash level was set at an elevation that is 15 feet
below the original design level (i.e. from elevation 620 feet to elevation 605 feet) after seepage
was observed and remedial repair was done.

Furthermore, no soft weak foundation zones have been detected at Sporn as would be expected
considering that borrow material was excavated between the dikes during the initial construction
when the site was dry and not under water as in the case at Kingston. As stated previously,
AECOM concluded that failure at Kingston would not have occurred except for the presence of
the weak slimes layer and such conditions were not present at Sporn for a slimes layer to form.
Finally, unlike Kingston where a 200-foot wide setback was created between the dredge cells
and the original construction, no setback is present at the Sporn dikes.

A rail line is present adjacent to the western dike at Sporn, but the dikes within about 500 feet of
the rail line are founded on natural ground and not on hydraulically-placed ash fill.
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One of the early practitioners in design of ash disposal facilities was Professor Arthur
Casagrande of Harvard University who served as a consultant on many of the AEP ash disposal
facilities. A 1971 design report he co-authored states: “When fly ash is deposited from a slurry
in a pond, considerable segregation develops according to grain size and specific gravity. The
resulting stratification and loose structure produces relatively high horizontal permeability.”

To assess the potential similarities to Kingston with regard to high pore water seepage pressures,
finite element seepage analysis was performed for the Sporn Section K-K using a high ratio of
horizontal to vertical hydraulic conductivity as recommended by Professor Casagrande. The
seepage analysis uses what | consider to be a very conservative ratio of 100 for hydraulically-
placed fly ash. As shown by the results in Figure 7, the predicted phreatic level is well below
ground surface and is collected by a bottom ash blanket drain and rockfill toe. For the imaginary
piezometer shown in Figure 7, the predicted pore water seepage pressure is at a level that is 7
feet below ground surface.

Bottom Ash Facility

Borings drilled through the dikes of the Sporn Bottom Ash Facility show that fly ash was used as
structural fill at some locations. Areas where compacted fly ash is present within the original
dike core appear to have been buttressed with compacted bottom ash. Rip rap and internal drains
are present to provide internal seepage control. The boring data reveal relatively high blow
counts within the fly ash portions of the dikes indicating that it is dense.

Comparison of factors from the Kingston root-cause analysis in Figure 1 shows that none of
those factors are present at the Sporn Bottom Ash Facility. The only potential concern identified
by EPA’s contractors appears to be the use of fly ash as structural fill.

The previously referenced 1971 report by Professor Arthur Casagrande warns of the importance
of seepage control for dams and dikes retaining fly ash due to its “extreme sensitivity to erosion,
piping, and liquefaction when in a loose state. When fly ash is

well compacted... it has good strength characteristics and is safe against liquefaction failure.”

I concur with Professor Casagrande’s assessment. In my opinion, the use of dense, compacted
fly ash as structural material in the core of the Sporn Bottom Ash Facility dikes is prudent. In its
dense state, | assess that it is not subject to liquefaction or significant loss of strength either from
earthquake loading or vibrations such as those from trains.

CONCLUSIONS AND RECOMMENDATIONS

Only one of the four factors identified as causing the failure at Kingston is present at the Sporn
Unit 5 Fly Ash Facility. The only similar condition is the presence of hydraulically-placed ash
beneath some of the dikes. Unlike conditions at Kingston where loading continued even after
“blowouts” occurred in 2003 and 2006, loading ceased at the Sporn Fly Ash Facility after
seepage was encountered and remedial repair was done.

5
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None of the four factors identified as causing the failure at Kingston are present at the Sporn
Bottom Ash Facility. | assess that the dense, compacted fly ash present in the core of the dikes is
not subject to liquefaction or significant loss of strength either from earthquake loading or
vibrations such as those from trains.

I recommend that a piezometer be installed at the location shown on Figure 7 at Section K-K of
the Sporn Unit 5 Fly Ash Facility to supplement the existing monitoring and surveillance
program at the site.

Finally, I recommend that AEP continue its practice of design and performance monitoring on its
ash disposal facilities according to procedures recommended by the U.S. Army Corps of
Engineers.



Figure 1. Primary failure surface location at Kingston from AECOM study
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Figure 2. Overlapping causes of Kingston Ash Facility failure
according to root-cause analysis performed by AECOM




Figure 3. Results of finite element seepage analysis of Kingston Ash Facility from independent
study (Note: Actual piezometers MW-13 to MW-15 installed on outslope of dredge cells were
screened in the sluiced ash at the level where the sluiced ash underlies Dike C. Ground surface
at MW-15 is at elevation 771 feet).
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Figure 4. Results of stability analysis of Kingston Ash Facility from independent study
predicting factor of safety less 1.0 at Dike C for steady-state seepage condition
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Figure 5. Water level monitoring data from Kingston provided by AECOM showing artesian
conditions at piezometer MW-15 on 19 November 2008. Even after artesian conditions
developed in MW-15 on 19 November 2008, sluicing to dredge cells continued until failure
occurred on 22 December 2008.
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Note: Listed values are the modeled artesian head in feet of water above
Dike C hinge bench elevation 765 feet, as would be measured from an
imaginary piezometer screened at elevation 740 feet.
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Figure 6. Water levels predicted by independent study for imaginary piezometer MW-4C
installed through the clay-portion of Dike C at Kingston during raising of dredge cells
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Figure 7. Results of finite element seepage analysis for Sporn Fly Ash Facility Section K-K
predicting controlled internal drainage beneath dikes (Note: Imaginary piezometer predicts a water

level that is 7 feet below ground surface)



