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ABSTRACT  

 

Pending Coal Combustion Residuals (CCR) regulation may lead to closure of existing wet fly 

ash storage reservoirs. Methodologies used to evaluate the potential for saturated 

fly ash to liquefy as a result of either seismic events (dynamic liquefaction) or the magnitude 

and rate of loading (static liquefaction) necessary to complete the closure or alternate 

development at the site of American Electric Power (AEP) facilities are presented in this paper. 

The work reported includes brief descriptions of the pertinent features of the sites affecting 

liquefaction potential as well as field and laboratory testing programs to specifically address 

liquefaction issues. Determinations of cyclic stress ratio demand associated with the 

regulatory-defined design earthquake event and of the associated number of equivalent loading 

cycles are evaluated for each reported site. To establish static liquefaction potential of the 

saturated fly ash at each site, results of field and laboratory testing were used to establish 

critical parameter thresholds to be compared to the maximum loading and the overall rate of 

loading planned for the site.  To establish dynamic liquefaction potential of the saturated fly 

ash, cyclic stress ratio demands are compared to the cyclic stress ratios at cycles known to 

induce liquefaction determined during cyclic triaxial testing of fly ash from each site 

considered. Reviews of test results and analyses performed indicated that static liquefaction is 

unlikely to be induced as a result of the proposed rates of construction and that dynamic 

liquefaction is also unlikely for the design earthquake event for the sites considered. 
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INTRODUCTION 

 

In December of 2008, a slope stability failure of a coal combustion residual (CCR) 

dredge cell at the Tennessee Valley Authority (TVA) Kingston Power Plant resulted in the 

release of fly ash and bottom ash into adjacent properties, streams and the Emory River. The 

Kingston incident raised concerns within the electric power industry and the general public 

regarding the geotechnical behavior of CCRs and their engineering properties. Therefore, it has 

become of great interest amongst members of the geotechnical engineering community serving 

the utility industry to establish whether or not there is a potential for CCRs to liquefy at a 

certain site under certain credible loading conditions.  

“Liquefaction” has been associated with a phenomenon that occurs in the field during 

and after loading events that cause sand boils, flow slides, lateral spreads, loss of strength and 

pore water pressure build up. In laboratory tests, liquefaction may be defined in several ways 

relating to pore-pressure buildup under undrained cyclic straining or loading, or the 

development of a specified amount of shear strain in a fixed number of cycles.  

 To illustrate a methodology to assess the potential for Fly ash to statically and/or 

dynamically liquefy, applicable observations are discussed herein within the context of 

proposed closures of fly ash ponds at four coal burning power plants.  

 

POPOSED CLOSURES 

 

 The fly ash reservoirs being planned for closure are as follows; 

 

Little Scary Creek Fly Ash Reservoir 

 

Existing Facility 

 

The fly ash reservoir is located approximately 1.5 miles southwest of the power plant; 

north of Interstate-64 in the headwaters of Little Scary Creek, a tributary of the Kanawha River 

near St. Albans, West Virginia. The current 220-foot high dam impounds a surface area of 

approximately 160 acres at a normal pool elevation of 858 feet and a total permitted storage 

capacity of approximately 11,160 acre-feet. The overall drainage area into the reservoir is 

approximately 300 acres. The dam was originally constructed in the 1970’s using conventional 

construction methods to a crest elevation of 810 feet. The dam was subsequently raised using 

conventional downstream construction techniques to a crest elevation of 845 feet, and finally 

raised to the current crest elevation of 875 feet.  The dam was constructed as a zoned 

embankment with an inclined upstream impervious zone and downstream zones of earth and 

rock fills. (Stantec, 2012) An aerial photograph of the fly ash reservoir and its surroundings is 

presented in Figure 1. 

 

Proposed Closure 

 The closure of the reservoir is to be accomplished through the re-grading of the in-situ 

fly ash within the impoundment, the placement of a cover soil and vegetative cover, and the 

excavation of a new outlet channel to the west of the existing facility. 
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Figure 1. Little Scary Creek Fly Ash Reservoir. 

 

The final grade is defined by a drainage network with post-settlement 1-percent channel slopes 

and 2-percent cross slopes draining towards the channels. Final grades vary from 45 feet below 

to 15 feet above the existing dam crest. The proposed outlet channel, positioned at the base of 

the drainage network, conveys runoff away from the closed surface and will prevent the 

impounding of water. (Stantec, 2012) The proposed final grading of the fly ash reservoir is 

presented in Figure 2.  

 

 
Figure 2. Proposed Final Grading Plan of Little Scary Creek Fly Ash Reservoir. 
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Horseford Creek Fly Ash Reservoir 

 

Existing Facility 

 

The fly ash reservoir is located approximately 1.3 miles south of the power plant; south 

of State Route 23 in the headwaters of Horseford Creek, a tributary of the Big Sandy River via 

Blaine Creek near Louisa, Kentucky. The current 171-foot high dam impounds a surface area 

of approximately 180 acres at a normal pool elevation of 858 feet and a total permitted storage 

capacity of approximately 8,302 acres-feet. The overall drainage area into the reservoir is 

approximately 320 acres. The dam was originally constructed in the mid 1960’s using 

conventional construction methods to a crest elevation of 625 feet. The dam was subsequently 

raised using conventional downstream construction techniques to a crest elevation of 675 feet, 

and finally raised to the current crest elevation of 711 feet.  The dam was constructed as a 

zoned embankment with a central impervious core to elevation 675 and subsequently with an 

inclined upstream impervious zone. The downstream zones up to elevation 675 were 

constructed of earth and rock fills, whereas the final raising to elevation 711 was constructed 

with a downstream embankment of bottom ash. (URS, 2013) An aerial photograph of the fly 

ash reservoir and its surroundings is presented in Figure 3. 

 

 

 
Figure 3. Horseford Creek Fly Ash Reservoir. 
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Proposed Closure 

 

 The closure of the reservoir is to be accomplished through the re-grading of the in-situ 

fly ash within the impoundment, placement of a layer of contouring fill (generally less than 10 

ft. thick) to establish grading that promotes surface water drainage from upstream to 

downstream,  the placement of a soil and/or geomembrane cap and vegetative cover, the 

excavation of a new outlet through the saddle dam on the eastern edge of the existing facility 

and the construction of a new let-down spillway through the main dam at the northern end of 

the facility. (URS, 2013)  

The proposed final grading of the fly ash reservoir is presented in Figure 4. 

 

 
Figure 4. Proposed Final Grading Plan of Horseford Creek Fly Ash Reservoir. 

  

Stingy Run Fly Ash Reservoir 

  

Existing Facility 

 

The fly ash reservoir is located approximately 2.5 miles northwest of the power plant; 

north of Interstate-35 in the headwaters of Stingy Run, a tributary of the Ohio River via Kyger 

Creek near Cheshire, Ohio. The current 145-foot high dam impounds a surface area of 

approximately 290 acres at the permitted normal pool elevation of 695 feet and a total 

permitted storage capacity of approximately 27,822 acres-feet. The overall drainage area into 

the reservoir is approximately 950 acres. The dam was originally constructed in the mid 1970’s 

using conventional construction methods to a crest elevation of 695 feet. In 1986, the dam was 

raised using conventional downstream construction techniques 40 feet resulting in the current 
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crest elevation of 735 feet.  The dam was constructed as a zoned embankment with an inclined 

upstream impervious zone and downstream zones of earth and rock fills. (Geosyntec, 2013) An 

aerial photograph of the fly ash reservoir and its surroundings is presented in Figure 5. 

 

 
Figure 5. Stingy Run Fly Ash Reservoir. 

 

Proposed Closure 

 

 The closure of the reservoir is to be accomplished through the re-grading of the in-situ 

fly ash within the impoundment, the placement of a cover soil and vegetative cover, and the 

excavation of a new outlet through the center of the existing dam facility. The design includes 

a long term final cover slope of 2% and central drainage way slope of 0.5%.  To meet these 

slopes, the design required the cover to be constructed with a 3% cover slope and a 0.75% 

central drainage way slope to accommodate for some post construction differential settlement.  

These slopes are relatively flat and consequently, it would not take much differential settlement 

to not meet the slope criteria after construction.   

The cover system will be a two-foot thick soil layer placed over the contouring fill.  

Therefore, there will be negligible differential settlement caused by the cover system.  

However, the amount of contouring fill will range from zero to approximately 15 feet in 

thickness over the fly ash and significant differential settlement is possible. 

The proposed final grading of the fly ash reservoir is presented in Figure 6. 
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Figure 6. Proposed Grading Plan of Stingy Run Reservoir. 

 

Muskingum River Middle Fly Ash Reservoir 

 

Existing Facility 

 

The fly ash reservoir is located approximately ½ miles south of the power plant; south 

of State Route 60 about ½ a mile south of the Muskingum River near Beverly, Ohio. The 

current 100-foot high dam impounds a surface area of approximately 35 acres at a normal pool 

elevation of 794 feet and a total permitted storage capacity of approximately 1,000 acres-feet. 

The overall drainage area into the reservoir is approximately 50 acres. The dam was originally 

constructed in the late 1960’s using conventional construction methods to a crest elevation of 

800 feet. The dam was constructed as a zoned embankment with a central impervious zone and 

downstream zone of boiler slag generated at the power plant. (H&A, 2013) An aerial 

photograph of the fly ash reservoir and its surroundings is presented in Figure 7. 

 

Proposed Closure 

 

 The closure of the reservoir is to be accomplished through the re-grading of the 

in-situ fly ash within the impoundment, the placement of a cover soil and vegetative cover, and 

the excavation of a new outlet through the center of the existing saddle dam of the facility. The 

design includes a long term final cover slope of 3% and central drainage way slope of 1%.  To 

meet these slopes, the design required the cover and drainage channels to be shaped to final 

grade after excess pore pressures are dissipated to accommodate for some post construction 

differential settlement.  These slopes are relatively flat and consequently, it would not take 

much differential settlement to not meet the slope criteria after construction.   

The cover system will be a two-foot thick soil layer placed over the contouring fill.   
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Therefore, there will be negligible differential settlement caused by the cover system.  

However, the amount of contouring fill will range from zero to approximately 10 feet in 

thickness over the fly ash and differential settlement is possible. The proposed final grading of 

the fly ash reservoir is presented in Figure 8. 

 

 
 

Figure 7. Muskingum River Middle Fly Ash Reservoir. 

 

 

 
Figure 8. Proposed Final Closure Grading For the Muskingum River Middle Fly Ash 

Reservoir. 
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ASSESSMENT OF POTENTIAL FOR STATIC LIQUEFACTION 

 

 Static liquefaction is a phenomenon that occurs when a soil experiences significant 

strain softening (i.e. strength loss after the peak strength is reached) due to static loading often 

resulting in a flow failure. Strongly contractive materials, such as some hydraulic fills, can be 

particularly susceptible to static liquefaction during undrained shearing. The potential for static 

liquefaction is therefore associated with two material properties: (1) the strain level at peak 

strength; and (2) the significant decrease in strength from peak to residual as strain increases. If 

the strength associated with peak strain is realized at very small strains, there exists a greater 

probability that static loads and/or creep could lead to strains beyond the peak strength.  

Under the sponsorship of the Electric Power Research Institute (EPRI), in 2011 and 

2012, Bachus and Santamarina (2012) conducted a comprehensive evaluation of the 

geotechnical properties of fly ash and their relation to the potential for static liquefaction of 

ponded fly ash. In the context of the work presented herein, the primary conclusions of the 

Bachus-Santamarina study are reviewed and preliminarily addressed as part of the engineering 

work associated with the proposed closure of four fly ash impoundments. 

 

Assessment of Deviatoric Load-Deformation Response:  

 

 Void ratio is a key indicator of the tendency of a soil to undergo volume change during 

drained shear and this volume change can be either contractive or dilative. The degree of 

saturation determines whether excess pore pressures will be generated during undrained 

loading. Thus, the accurate and consistent determination of these two fundamental parameters 

is necessary to assess the static liquefaction potential of soils. Bachus-Santamarina (2012) 

reported that fly ash contains occluded and intra-particle voids that result in low specific 

gravity which leads to the inconsistent determination of specific gravity and other fundamental 

geotechnical parameters  such as void ratio, porosity and degree of saturation. Therefore, 

correlations to traditional measurements of the void ratio of soils do not provide an accurate 

and consistent way to assess static liquefaction potential of ponded fly ash. 

 To assess whether a given ponded fly ash may exhibit contractive or dilative behavior 

during undrained shear we need to turn to observing the behavior of specimens in triaxial tests. 

As part of the Bachus-Santamarina study, triaxial specimens were obtained either from 

undisturbed samples collected at a site or samples created in the laboratory by the water 

pluviation method. These samples were tested at the so-called lowest realizable density
1
 

consistent with the actual depositional conditions in ash ponds. 

 

 

 

 

 

 

 

_________ 
1 
A low in-situ realizable density is a strong indicator of potential sediment collapse upon normal or 

shearing load. Results of the Bachus-Santamarina study (2012) showed that water pluviation was the preferable 

method to create samples of deposited fly ash at low realizable densities for performance tests to most accurately 

model actual depositional conditions in ash ponds.  
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Little Scary Creek Fly Ash Reservoir 

 

Five sets (i.e., three points per set) of triaxial tests were conducted on undisturbed fly 

ash specimens obtained during the field investigation for the closure. One set of triaxial tests 

was conducted on fly ash specimens created in the laboratory using the water pluviated 

method. Triaxial test results corresponding to undisturbed fly ash specimens obtained at depths 

of 100’ to 102’ are presented in Figure 9. and, typical triaxial test results on water pluviated 

specimens are presented in Figure 10. 

 

Figure 9. Typical Triaxial Test Results on Undisturbed Fly Ash Specimens. 



11 

 

 
 

 
 

 

Figure 10. Typical Triaxial Test Results on Water Pluviated Fly Ash Specimens. 
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Horseford Creek Fly Ash Reservoir 

 

One set of triaxial tests was conducted on fly ash specimens created in the laboratory 

using the water pluviated method. Triaxial test results corresponding to water pluviated 

specimens are presented in Figure 11. It should be noted that these particular tests contained an 

unloading and reloading sequence. 

 

 

 
Figure 11. Triaxial Test Results on Water Pluviated Fly Ash Specimens. 

 

 

Stingy Run Fly Ash Reservoir 

 

Seven sets of triaxial tests were conducted on undisturbed fly ash specimens obtained during 

the field investigation for the closure. Typical triaxial test results are presented in Figure 12. 

Results shown in the figure correspond to the set of tests performed on undisturbed fly ash 

specimens obtained at depths of 40’ to 42’.  
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(a) 

       (b)

 
(c) 

 

Figure 12. (a), (b) and (c) Typical Triaxial Test Results on Undisturbed Fly Ash Specimens 
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Muskingum River Middle Fly Ash Reservoir 

 

Two sets of triaxial test were conducted on undisturbed fly ash specimens obtained 

during the field investigation for the closure. Triaxial test results corresponding to undisturbed 

fly ash specimens obtained at depths of 17’ to 23’ are presented in Figure 13. 

 

 
           

Figure 13. Typical Triaxial Test Results on Undisturbed Fly Ash Specimens. 

 

Summary of observations 

 

Sixteen sets of Consolidated Undrained Triaxial Tests were performed for the four fly ash 

impoundment facilities proposed to be closed.  Triaxial test results on fly ash samples performed 

on both undisturbed specimens and specimens prepared using the pluviated method indicate that, 

in general, the material behavior was dilative, indicated by a lack of a significant reduction in 

shear strength after the peak strength is reached. 

 As confining pressures increased, however, the behavior of the fly ash specimen started 

to exhibit contractive characteristics. In some of the tests performed, particularly those at the 

highest confining pressures (representative of the ash near the bottom of the deepest portions of 

the reservoir), a transition to a contractive behavior could be observed in terms of pore pressure 

response during shearing. However, the tests revealed that, even at high confining pressures, fly 

ash does not exhibit a “brittle” response – i.e., there is no substantial difference in the peak and 

post-peak undrained shear strengths – during triaxial testing. Bachus and Santamarina (2012) 

noted that static liquefaction tends to occur in strongly contractive sediments subject to 

undrained shearing. In summary, none of the tested specimens tested during this program 

exhibited the strongly contractive and the significant post-peak loss of shear strength response 

characteristic of materials prone to static liquefaction. 
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Assessment of Diagenesis  

 

 Bachus and Santamarina (2012) reported that some fly ash types subjected to “first 

wetting” experienced stiffness increase over time. Bachus and Santamarina pointed out that 

while extensive diagenesis (cementation) may stiffen the mechanical response of ponded ash, it 

may hinder consolidation and preserve an open structure that could collapse under normal or 

shearing load. This observation may indicate that some types of ash (perhaps those with high pH) 

may experience diagenesis through geo-chemical reactions that are ash-specific. Ponded ash that 

has experienced early diagenesis develops a stiff matrix skeleton that results in low 

compressibility for small stress changes, but it locks in a high porosity skeleton that would favor 

a more contractive tendency during loading. 

Bachus and Santamarina (2012) provide some guidance for the assessment of early 

diagenesis using field shear wave velocity measurements and laboratory testing. Oedometer test 

results that exhibit the presence of a significant change in the slope of the load-deformation 

curve would suggest that the development of diagenetic cementation may have affected normal 

self-weight consolidation. Thus, it is believed that diagenesis can be detected and confirmed in 

conventional oedometer cells using controlled loading and wetting sequences as specimens 

would show abrupt changes in vertical strain. 

To assess whether a given ponded fly ash may exhibit wide spread early diagenesis, field 

measurements of fly ash shear wave velocity are compared to threshold boundaries proposed by 

Bachus and Santamarina (2012) and to observations of the behavior of fly ash specimens in 

oedometer tests. 

 

Little Scary Creek Fly Ash Reservoir 

 

Shear wave measurements were conducted at five different locations within the Little 

Scary Creek Fly Ash reservoir. The measurements were averaged at each depth to establish an 

overall characteristic shear wave velocity profile for the reservoir to facilitate the assessment of 

early diagenesis as a wide spread phenomena that could affect the mechanical response of the fly 

ash to load. All shear wave velocity measurements and their averages at each depth are presented 

in Figure 14 in relation to the threshold boundaries proposed by Bachus and Santamarina (2012). 

A review of chemical testing on fly ash specimens from this facility reveals that pH values as 

high as 6.2 to 7.0 have been measured, and that Calcium Oxide (CaO) content in the range of 

1.8 % to 2.0 % may be present in the ash. In addition to shear wave velocity measurements, eight 

oedometer tests were conducted on undisturbed samples of ponded fly ash and two oedometer 

tests were conducted on water pluviated specimens of both the fine and coarse fraction of ponded 

ash recovered from the site. Results of the oedometer tests are presented on Figure 15. 
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Figure 14. Shear Wave Velocity. 

 

 
 

Figure 15. Results of Oedometer Tests. 
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A review of the characteristic shear wave velocity profile of the fly ash in Little Scary 

Creek Fly Ash reservoir reveals that the values determined for the fly ash deposits are lower than 

the lowest boundary threshold suggesting that no diagenic cementation is present in these 

sediments. A review of the results of the oedometer tests reveals that no specimen showed an 

abrupt vertical strain upon loading confirming the absence of diagenetic bonding in these 

specimens. Furthermore, the range of pH for the ash at this facility, 6.5 to 7.0, is well below the 

level of pH, 9.5, which Bachus and Santamarina (2012) encountered in fly ash specimens that 

can experience diagenetic cementation. On this basis, it is believed that the potential for the fly 

ash within this reservoir to have experienced early diagenesis is unlikely.  

 

Horseford Creek Fly Ash Reservoir 

  

Shear wave measurements were conducted at six different locations within the reservoir. 

The measurements were averaged at each depth to establish an overall characteristic shear wave 

velocity profile for the reservoir to facilitate the assessment of early diagenesis as a wide spread 

phenomena that could affect the mechanical response of the fly ash to load. All measurements 

and their average at each depth are presented in Figure 16 in relation to the threshold boundaries 

proposed by Bachus and Santamarina (2012). A review of chemical testing on fly ash specimens 

from this facility reveals that pH values as high as 9.8 have been measured, and that Calcium 

Oxide (CaO) content in the range of 1.0 % to 1.1 % may be present in the ash. In addition to 

shear wave velocity measurements, two oedometer tests were conducted on water pluviated 

specimens of both the fine and the coarse fraction of ponded ash recovered from the site. A 

representative result of the oedometer tests is presented on Figure 17. 

 

 
 

Figure 16. Shear Wave Velocity 
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Figure 17. Representative Results of Oedometer Tests 

 

A review of the characteristic shear wave velocity profile of the fly ash in Horseford 

Creek Fly Ash reservoir reveals that the values determined for the fly ash deposits are in general  

lower than the lowest boundary threshold suggesting that no wide spread diagenic cementation is 

present in these sediments. The shear wave velocity measurements revealed however that 

relatively thin layers of fly ash, near the ash surface and, at depths of 45 and 75 feet, may have 

experienced early diagenic cementation.  Furthermore, pH values for ash at this facility has been 

measured as high as 9.8 which is near the level of pH, 9.5, that Bachus and Santamarina (2012) 

encountered in fly ash specimens that can experience diagenetic cementation. A review of the 

results of the oedometer tests reveals that no specimen showed any abrupt vertical strain upon 

loading confirming the wide spread absence of diagenetic bonding at this facility. 
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In regard to the isolated layers identified as potentially having experienced diagenetic 

cementation on the basis of shear wave velocity measurements, it is believed that the proposed 

construction will certainly modify the existing skeletal structure of the fly ash layer near the 

surface making it stable as a matter of the course of construction. However, there should be an 

element of caution about the behavior of the deeper layers under load. On this basis, there is a 

need to carefully assess the anticipated changes, rate and magnitude, on effective stress as a 

result of the proposed additional loading in the layers identified and for monitoring of pore water 

pressures and deformations during construction activities.  

 

Stingy Run Fly Ash Reservoir 

 

 Shear wave velocity measurements were conducted at two different locations 

within the reservoir. The measurements were averaged at each depth to establish an overall 

characteristic shear wave velocity profile for the reservoir to facilitate the assessment of early 

diagenesis. All measurements and their average at each depth are presented in Figure 18 in 

relation to the threshold boundaries proposed by Bachus and Santamarina (2012).  A review of 

chemical testing on fly ash specimens from this facility indicates pH values in the range of 8.6 to 

10.3 and CaO content in the range of 2.4 % to 3.0 %.  Multiple oedometer tests were conducted 

on undisturbed and remolded specimens of ponded ash (see Figure 19) 

 

 
 

Figure 18. Shear Wave Velocity 
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Figure 19. Representative Results of Oedometer Tests 

 

A review of the characteristic shear wave velocity profile of the fly ash in the Stingy 

Creek Fly Ash reservoir reveals that the values measured for the fly ash deposits are generally 

above the boundary thresholds proposed by Bachus and Santamarina (2012).  Also, pH values 

for ash at this facility have been measured in the range of 8.6 to 10.3,  which is above the level of 

pH= 9.5 (the value suggested by Bachus and Santamarina (2012) as corresponding to a fly ash 

specimen that may experience diagenetic cementation). 

The oedometer data shown in Figure 19 indicates that fly ash specimens from this facility 

have a relatively wide range in compressibility.  The samples from borings designated “FA” 

indicate a slight break in response around 700 psf, whereas other samples exhibit a break at 

higher stresses.  While it is difficult to discern a very distinct break, there is evidence of some 

amount of pre-consolidation (and therefore diagenesis).  

On the basis of the above discussion, it is believed that the sediments within this facility 

have potentially experienced diagenetic cementation upon deposition. This could be further 

examined by comparing laboratory-measured shear wave velocity and density on undisturbed 

specimens to remolded specimens.  If undisturbed specimens have higher shear wave velocity 

and lower densities, this provides evidence of diagenetic cementation. 

For this project, while it is believed that the proposed construction will certainly modify 

the existing skeletal structure of the fly ash layer near the surface making it stable as a matter of 

the course of construction, it will be important to carefully assess anticipated changes in rate and 

magnitude of effective stress within the fly ash profile of the reservoir as a result of the proposed 

additional loading associated with filling for the closure.  For example, if incremental stresses 
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will reach or exceed a loading of around 1,000 psf (based on Figure 19 results), it may be 

prudent to delay construction activities (before this value is reached) to allow for complete 

dissipation of excess pore water pressure and to monitor the pore pressure dissipation and the 

deformation behavior of the fly ash. 

 

Muskingum River Middle Fly Ash Reservoir 

 

Shear wave measurements were conducted at three different locations within the Fly Ash 

reservoir. The measurements were averaged at each depth to establish an overall characteristic 

shear wave velocity profile for the reservoir to facilitate the assessment of early diagenesis as a 

wide spread phenomena that could affect the mechanical response of the fly ash to load. All 

measurements and their average at each depth are presented in Figure 20 in relation to the 

threshold boundaries proposed by Bachus and Santamarina (2012).  A review of chemical testing 

on fly ash specimens from this facility reveals that pH values as high as 3.1 to 4.3 have been 

measured, and that Calcium Oxide (CaO) content in the range of 1.0 % to 1.4 % may be present 

in the ash. In addition to shear wave velocity measurements, two oedometer tests were conducted 

on undisturbed samples of ponded fly ash recovered from the site. Representative results of the 

odometer tests are presented on Figure 21. 

 

 
 

Figure 20. Shear Wave Velocity 
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Figure 21. Representative Results of Odometer Tests 

 

A review of the characteristic shear wave velocity profile of the fly ash in the Middle  

Reservoir reveals that the values determined for the fly ash deposits are in general slightly above 

the boundary thresholds  proposed by Bachus and Santamarina (2012) suggesting a slight 

potential that  digenetic cementation is present in these sediments.  However, pH values for ash 

at this facility have been measured in the range of 3.1 to 4.3, which is far below the level of pH, 

9.5, which Bachus and Santamarina (2012) encountered in fly ash specimens that can experience 

diagenetic cementation. A review of the results of the oedometer tests reveals that no specimen 

showed an abrupt vertical strain upon loading confirming the absence of diagenetic bonding in 

these specimens.  Even though diagenetic bonding of the fly ash particles is expected not to 

occur at the Middle Reservoir site, monitoring for the buildup of excess pore water pressure 

during construction will be conducted.  These are common monitoring practices for construction 

over soft, saturated and fine-grained materials and will be implemented as part of the site specific 

closure plan.   

 

 

Assessment of Rate of Loading: 

 

 The deposition of wet fly ash into an ash reservoir setting results in significant 

stratigrafication taking place during sedimentation. The resulting layered structure will exhibit 

anisotropic properties.  This stratification-induced heterogeneity will impact permeability of the 

material as well as the rate of pore pressure dissipation.  
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The ability to load under undrained conditions in the field is related to the rate of load 

application compared to the rate of pore pressure dissipation. 

 The rate of pore pressure dissipation is governed by the coefficient of consolidation, a 

function of hydraulic conductivity and matrix compressibility, and the rate of load application. 

The time for pore pressure dissipation (t) can be estimated as t = H
2
/Cv and it depends on the 

coefficient of consolidation (Cv) for the particular fly ash material and the largest distance from 

the center of the compressible material to a drainage boundary (H) assuming that the areal extent 

of the load (L) is much greater than the distance H. Therefore, the time for pore pressure 

dissipation is specific to the fly ash material, the degree of stratification that took place during 

sedimentation, the type of natural soils lining the boundaries of the reservoir and the overall 

geometry of the reservoir. Bozok, et al. (2013) indicated that an average degree of consolidation 

of 82 percent was achieved in 60 days for an impoundment with a thickness of fly ash from 100 

to 120 ft. 

 The rate of loading of the reservoir depends on the proposed closure sequence and the 

magnitude of the fill necessary to achieve desired grade elevations. Bozok, el al. (2013) reported 

that a rate of loading of 0.5ft/day would be suffiently slow to allow significant pore pressure 

dissipation in fly ash. Ajlouni (2013), based on his work on the monitoring of a preload fill at a 

fly ash reservoir has indicated that an average rate of loading of 1.5ft/day was  used successfully 

in the construction of  the preload fill without inducing static liquefaction. 

 

Little Scary Creek Fly Ash Reservoir 

  

  The proposed closure is to take placed over a period of six years. The overall rate of 

loading is a function of the material necessary to fill the total area of the reservoir to achieve the 

desired grade elevations: 

 

 Average rate of loading = total volume of fill/area to be loaded 

     time to achieve desired grade 

   

Due to the construction sequencing of the planned closure, there will be smaller subsections of 

each phase that would be filled instead of entire phases being filled at a predetermined average 

rate. This will mean that the rate in localized areas will exceed the average rate of filling that 

particular phase. In general, it is expected to limit the contractor to a maximum loading rate (for 

any area, regardless of size) to no more than 1 foot/day. This would be well above the average 

rate of loading for an entire phase (which might be as low as 0.10 feet/day) but still well below a 

rate that would be concerning for an undrained failure at this facility, and below the rate of  

1.5 ft. /day reported by Ajlouni (2013) to not cause static liquefaction in ponded fly ash. 

 

Horseford Creek Fly Ash Reservoir 

  

  The proposed closure is to take placed over a period of approximately 4 to 5 years and 

will occur in four phases. Filling activities for each phase are currently planned to be completed 

within a single construction season, which is anticipated to be about 7 months long given the 

climate conditions at the site.  The average height of fill to be placed over the reservoir as a 

whole is relatively small, at approximately 8 ft.  A portion of the area within Phase I will see a 

maximum height of fill of approximately 20 ft. over existing grade. The overall rate of loading is 
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a function of the material necessary to fill the total area of the reservoir to achieve the desired 

grade elevations: 

 

 

 Average rate of loading = total volume of fill/area to be loaded 

     time to achieve desired grade 

   

Phase I – Average rate of loading = 0.12 ft. /day 

 Phase II – Average rate of loading = 0.03 ft. /day 

 Phase III – Average rate of loading = 0.03 ft. /day 

 Phase IV – Average rate of loading = 0.07 ft. /day 

 

Stingy Creek Fly Ash Reservoir 

  

  The proposed closure is to take place over a period of at least four years. It is expected 

that average rates of loading will be slower than those reported by Bozok et al. (2013) or Ajlouni 

(2013). 

 

Muskingum River Middle Fly Ash Reservoir 

  

   The proposed closure of the Middle Reservoir expected is to take placed over a period of 

2 years and over 2 construction seasons.   The first construction season will include removal of 

the surface design water and placement of the initial layer of contouring fill material.  The 

second construction session will include some final grading and placement of the low 

permeability final cover system (soil or geomembrane) during Phase II. The overall rate of 

loading is a function of the material necessary to fill the total area of the reservoir to achieve the 

desired grade elevations: 

 

 Average rate of loading = total volume of fill/area to be loaded 

     Time to achieve desired grade 

  Phase I – 0.016 ft. /day 

 Phase II – 0.006 ft. /day 

 

 

Summary of observations 

 

 A review of the planned construction sequences and grades suggests that wide spread 

excess pore pressures are unlikely to build up in these fly ash reservoirs to lead to static 

liquefaction as a result of the proposed loading, except for a temporary loading condition related 

to a significant buildup of pore pressure under some critical load. However, given the fact that 

construction equipment spreading material at the surface of fly ash impoundments can induce 

localized high water pressures and that excessive strains can lead to localize instability, it is 

prudent to monitor pore water pressure and deformation during field events until sufficient field 

data are obtained to validate the analytical conclusions made during design. 
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ASSESSMENT OF POTENTIAL FOR DYNAMIC LIQUEFACTION 

 

 Liquefaction potential of soils subject to seismic loads is commonly evaluated using a 

“Simplified Procedure” originally developed by Seed and Idriss (1982). In this procedure, the 

cyclic stress ratio necessary to induce liquefaction in a cohesionless soil at a given depth, the 

Cyclic Resistance Ratio, (CRR), is compared to the earthquake-induced Cyclic Stress Ratio, 

(CSR), at the same depth from a design earthquake, defined by a peak ground surface 

acceleration and earthquake magnitude. 

 Fly ash in the reservoirs considered in the present work is typically loose, saturated, non-

plastic, and silt-sized. Therefore, it is possible that under the imposed cyclic stress ratio of a 

credible earthquake for the specific location of the reservoir, a significant area of fly ash could 

liquefy. On the basis of fly ash specific testing conducted by Wolfe (2005) (2010) (2012) to 

evaluate the CRR of fly ash at selected sites, several engineering teams, working on the closures 

considered herein, evaluated the potential for the specific fly ash at each site to liquefy under the 

CSR imposed by the credible earthquake event at the site’s location. 

  

The CSR is a measure of the earthquake induced stresses on the soil mass and is 

calculated as:  

CSR =  τav / σ’vo =  0.65 (PGA) (σvo) rd 

                                σ’vo 

Where PGA is the peak ground acceleration at the top of the soil column, rd is a shear 

mass participation factor, σ’vo and σvo are the geostatic vertical effective and total 

stresses, respectively.  

 

 The design earthquake event was defined probabilistically on the basis of site specific 

hazard evaluations for each site. Consistent with AEP’s seismic design criteria, the design 

earthquake event corresponds to a 2% probability of exceedance in 50 years, a recurrence 

interval of approximately 2,500 years. The peak rock acceleration thus determined was adjusted 

to estimate the PGA in consideration of the specific soil types including the fly ash in the 

reservoir at selected profiles concurrent with the locations where shear wave velocities had been 

measured. The time histories and the soil profiles were input into the computer program 

SHAKE2000 or PROSHAKE for the determination of the CSR in the soil profile.   

 

Little Scary Creek Fly Ash Reservoir 

 

Determination of the Cyclic Stress Ratio (CSR) 

 

 The design ground motions, which were derived from historic acceleration records, were 

spectrally matched to the deterministic design spectra in accordance with the standard of 

practice. The peak acceleration and duration of shaking at the top of bedrock for each earthquake 

scenario is presented in Figure 22. 
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Figure 22. Bedrock Ground Motion Parameters for Seismic Evaluation of Little Scary Creek Fly 

Ash Reservoir. 

  

 To assess the dynamic liquefaction potential of the site under the two design earthquake 

scenarios, three different soil columns were selected for input into PROSHAKE computer 

software. Based on shear wave velocity availability and depth of fly ash sediments, Profile A 

was selected to represent the thinnest fly ash deposition; Profile B was selected where there were 

70 feet of fly ash deposition; and, Profile C was selected where there were 145 feet of fly ash 

deposition. 

 Results of   PROSHAKE analysis revealed that the highest CSR values ranged from: 

0.076 to 0.083 for Profile A; 0.049 to 0.068 for Profile B; and 0.046 to 0.076 for Profile C. Based 

on the CSR values obtained a characteristic CSR of 0.066 was selected for the site. The primary 

contribution to the design ground motions developed for this analysis corresponds to events with 

moment magnitude of 7.5 and 5.5. The correlation between moment magnitude and the number 

of equivalent stress cycles provided by Seed and Idriss (1982) and Idriss (1999) is presented in 

Figure 23.   For events with a moment magnitude of 7.5, the estimated number of equivalent 

uniform cycles is approximately 15. 

 

Determination of the Cyclic Resistance Ratio (CRR) 

 

 CRR were determined on the basis of cyclic triaxial tests performed on fly ash specimens 

reconstituted by means of the water pluviated method from material obtained at the site. All 

pluviated samples were subjected to a confining stress of 20 psi. Multiple CSR values were 

selected during testing to develop an understanding of the CRR variation with the number of 

cycles to liquefaction. The results of the laboratory cyclic triaxial testing are presented in Figure 

24. (Wolfe, 2012) 
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Figure 23. Mean Number of Equivalent Uniform Cycles at reference Stress of 65% of the Peak 

Stress versus Earthquake Magnitude. (Seed and Idriss (1982) and Idriss (1999))  

 

 
 

Figure 24. Cyclic Resistance Ratio v. Cycles to Liquefaction 
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Considering that the design earthquake would impose a CSR loading consisting with 

approximately 15 Equivalent Uniform Cycles, the laboratory CRR  value for the fly ash at this 

facility is estimated to be approximately 0.196. This CRR value corresponds to cyclic triaxial 

tests with unidirectional shaking. To account for multidirectional shaking that may occur in the 

field, and for differences between field and laboratory effective overburden stress and static 

shear stress, the CRR is modified based on the work of Idriss and Boulanger (2008). Thus, a 

characteristic CRR for the site was determined as 0.114. 

  

Determination of the Factor of Safety 

 

To assess the potential for dynamic liquefaction of the fly ash under the seismic loading 

imposed by the design earthquake, a factor of safety was computed. 

 

 FSliq. =  CRR  

                CSR 

Thus, the minimum factor of safety against dynamic liquefaction at this facility is, 

 

  FSliq. = 0.114 = 1.7 

    0.066 

 

 

Horseford Creek Fly Ash Reservoir 

 

Determination of the Cyclic Stress Ratio (CSR) 

 

The design ground motions were developed using a target design spectrum corresponding 

to the response spectrum available from the USGS National Seismic Hazard Mapping 

corresponding to the NEHRP Class B/C boundary and for a return period of 2,500 years.  The 

site was estimated to have a period in the range of 0.8 – 1.4 second, so the deaggregation of the 

seismic hazard at a period of 1 second at a return period of 2,500 years (available from the USGS 

National Seismic Hazards website) was reviewed.  It was established that the hazard is clearly 

dominated by large earthquakes (M=7.5) on the New Madrid Seismic Zone, at a closest distance 

of about 575 km to the site.  As there are no recordings of large earthquakes in the central United 

States, ground motion time histories for the site were developed based on time histories of large 

earthquakes that had been simulated in previous work using physics-based strong ground motion 

simulation procedures. These time histories were then spectrally matched to the target USGS 

design spectrum in accordance with the standard of the practice, to obtain input time histories for 

design purposes.  An example of the spectral matching is given in Figure 25.    
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Figure 25. Time History 1 Spectrally Matched to the 2500 year ARP for the site. 

 

Three separate pairs of bedrock (NEHRP Class B/C) histories representing the design 

earthquake were developed for the site. Each pair consisted of an acceleration time history in 

each of the two orthogonal horizontal directions, for a total of six time histories. All six time 

histories were analyzed separately in SHAKE2000.  

The B/C boundary at which the input ground motions were applied was taken at the top 

of the bedrock layer in the soil profile selected for the reservoir, which included a 25 ft. thick 

layer of alluvium (interbedded loose sands and medium stiff to stiff clays), overlain by a 100-

foot thick layer of saturated fly ash.  The shear wave velocities for the various layers were 

selected based on the results of geophysical down-hole testing performed within the fly ash 

reservoir. Modulus reduction and damping curves were selected based on the results of resonant 

column testing performed as a part of the subsurface exploration program performed at the site.  

A set of representative results of the SHAKE2000 analyses is illustrated in Figure 26 for 

input motion 1, one of the three pairs analyzed. 
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b) Motion 1 – Direction 2 Input 

 

Figure 26. Representative Results from SHAKE2000 Analyses  

 

The parameter of interest from the SHAKE2000 analysis for the liquefaction potential 

assessment is the CSR. The Maximum CSR calculated using SHAKE2000 was approximately 

0.15, with the range of maximum CSR among the six analyses being 0.1 to 0.15. The range is 

relatively low, indicating that variations in the representative time histories selected for the 

analyses did not significantly affect the results. The maximum CSR consistently occurred in the 

uppermost portion of the soil column, between 0 and 7 feet. 

 

Determination of the Cyclic Resistance Ratio (CRR) 

 

 CRR was determined on the basis of cyclic triaxial tests performed on fly ash material 

obtained from the site during the subsurface exploration using piston tube sampling techniques. 

A total of five specimens were tested in the laboratory. Four of the specimens were prepared by 

reconstituting in the laboratory using the water pluviation method whereas the fifth specimen 

was tested undisturbed, directly upon extrusion from the piston tube. All pluviated samples were 

subjected to a consistent confining stress of 20 psi, and test stress ratios varied from 

approximately 0.1 to 0.3.  In addition, AEP provided cyclic triaxial tests results for seven 

additional samples previously from the site, reconstituted using the water pluviation method, and 

tested as part of the separate study conducted in conjunction with the Ohio State University. 

(Wolfe 2012) A total of twelve data points were thus available to establish a distribution of CRR 

as a function of the number of cycles to liquefaction, with eleven of the twelve points 

representing pluviated samples.  The combined CRR data is presented in Figure 27. 
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Figure 27. Cyclic Resistance Ratio v. Cycles to Liquefaction 

 

It is worth noting that the one undisturbed sample that was tested plots well above the 

values determined from the pluviated samples indicating the pluviated samples result in 

conservative assessment of CRR relative to the undisturbed sample. 

The primary contribution to the design ground motions developed for this assessment 

corresponds to events with moment magnitude of 7.5. For events with moment magnitude of 7.5, 

the estimated number of equivalent uniform cycles is approximately 15 based on Figure 23. 

Therefore, the CRR value obtained for the fly ash in this reservoir is 0.213. This CRR value 

corresponds to cyclic triaxial tests with unidirectional shaking. To account for multidirectional 

shaking that may occur in the field, The CRR value used for design analyses was reduced by 

10%.  Thus, 

 

 CRRfield = 0.9 CRRlab  

 

  CRRfield = 0.192 

 

Determination of the Factor of Safety 

 

To assess the potential for dynamic liquefaction of the fly ash under the seismic loading 

imposed by the design earthquake a factor of safety was computed. 

 

 FSliq. =  CRRfield  

                CSR 

 

The factor of safety against dynamic liquefaction was computed as a function of depth within the 

selected representative profile under each of the input motions considered at this facility.  Results 

are presented in Figure 28. 
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Figure 28. Calculated Factors of Safety as a Function of Depth 

 

The minimum calculated factors of safety for the input motions considered are in the 

range of 1.3 to 1.8, and the minimum values correspond to the near surface (< 7.5 ft.) of the 

profile. Factors of safety increase substantially below a depth of 7.5 ft. to minimum factors of 

safety in the range of 1.4 to 3.5 across all the different input motions considered. It is anticipated 

that during the course of the proposed construction, the near surface fly ash will be densified as a 

result of stabilizing the material for the access of construction equipment for the placement of the 

fill necessary to attain desired closure grades.  This densification is anticipated to improve the 

factor of safety against dynamic liquefaction in the critical zone of interest close to the ground 

surface.   

 

Stingy Run Fly Ash Reservoir 

 

Determination of the Cyclic Stress Ratio (CSR) 

 

 The design ground motions, which were derived from historic acceleration records, were 

spectrally matched to the deterministic design spectra in accordance with the standard of 

practice. The peak acceleration and duration of shaking at the top of bedrock for each earthquake 

scenario is presented in Figure 29. The criteria for the selection of the synthetic ground motions 

were magnitude and distance.  
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Figure 29. Summary of Parameters of the Time Histories Selected for Site Response Analysis 

 

 The site conditions for all of the time-histories correspond to class A (Vs30 > 5000 ft/s) 

whereas the rock at the bottom of the profiles at Stingy Run Fly Ash reservoir are more likely 

Class B (2500 ft/s < Vs30 < 5000 ft/s) The time histories were scaled to a maximum PGA of 

0.059g at the rock surface. The response spectra are plotted in Figure 30 together with the 2475-

year return period UHS, where the UHS is enveloped by the input motions. 

 

 
 

Figure 30. 5% Damping Response Spectra of Input ground Motions Compared with UHS 

 

 Two different soil columns were selected for input into the SHAKE2000 computer 

software. Based on shear wave velocity availability and depth of fly ash sediments, Profile 1 was 

selected to represent a fly ash deposition of approximately 50 feet underlying approximately 15 

feet of miscellaneous fill currently at the site; and, Profile 2 was selected where there were 

approximately 100 feet of fly ash deposition below approximately 5 feet of fill. The CSR 

response of the site to all the input motions considered in this analysis is presented in Figure 31. 
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Figure 31. CSR v. Depth Calculated from the Results of the Site Response Analysis 

 

The results of the analysis showed that the CSR typically ranges between 0.03 and 0.07 

in Profile 1 and Profile 2, with the exception of the results using the A11-HHN time history, for 

which the peak CSR is about 0.11 in Profile 1 and 0.105 in profile 2. A conservative estimate of 

the factor of safety may be made on the basis of a CSR value of 0.11; however, it is believed that 

a more representative value of the liquefaction factor of safety for the site may be computed by 

using the geometric mean of the calculated CSR for all the input motions considered. Thus, a 

design CSR equal to 0.07 for Profile 1 and 0.06 for Profile 2, is considered appropriate for 

computing the factor of safety against dynamic liquefaction.  

 

Determination of CRR 

 

The CRR was evaluated using the results of cyclic triaxial tests performed on fly ash 

material obtained from the site and tested in the laboratory by reconstituting specimens using the 

water pluviation method. AEP provided the cyclic triaxial tests results for the site, which were 

tested as part of the separate study conducted in conjunction with the Ohio State University. 

(Wolfe 2012) A total of nine data points were available to establish a distribution of CCR as a 

function of the number of cycles to liquefaction, with all of the points representing pluviated 

samples.  The CRR data is presented in Figure 32. 
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Figure 32. Cyclic Resistance Ratio v. Cycles to Liquefaction 

 

The primary contribution to the design ground motions developed for this assessment 

corresponds to events with moment magnitude of 6.2. For events with moment magnitude of 6.2, 

the estimated number of equivalent uniform cycles is approximately 6 based on Figure 23
1
. 

Therefore, the CRR value obtained for the fly ash in this reservoir is 0.24. This CRR value 

corresponds to cyclic triaxial tests with unidirectional shaking. To account for multidirectional 

shaking that may occur in the field, the CRR value is reduced by 10%.  Thus, 

 

 CRRfield = 0.9 CRRlab  

CRRfield = 0.216 

 

Determination of the Factor of Safety 

 

The target factor of safety against liquefaction, FSliq, is commonly taken as 1.0 (e.g., 

Ohio EPA, 2004).  For this project, FSliq is computed as: 

 

 FSliq. =  CRRfield  

                CSR 

Thus, the minimum factor of safety against dynamic liquefaction at this facility is, 

 

  FSliq. = 0.216 = 3.1 

    0.07 

                                                 
1
 Other methods are available to estimate N including Liu et al. (2000).  For this Site, the Lui method (which 

considers site-to-source distance and earthquake magnitude) would result in N = 23; therefore CRRlab = 0.15.  Using 

this value still results in a factor of safety against liquefaction greater than 1.0. 
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Muskingum River Middle Fly Ash Reservoir 

 

Determination of the Cyclic Stress Ratio (CSR) 

 

 The design ground motions, which were derived from historic acceleration records, were 

spectrally matched to the deterministic design spectra in accordance with the standard of 

practice. The peak acceleration and duration of shaking at the top of bedrock for each earthquake 

scenario is presented in Figure 33. 

 

 
 

Figure 33. Bedrock Ground Motion Parameters for Seismic Evaluation of Muskingum River 

Middle Reservoir. 

  

 To assess the dynamic liquefaction potential of the site under the two design earthquake 

scenarios, three different soil columns were selected for input into the SHAKE2000 computer 

software. Based on shear wave velocity availability and depth of fly ash sediments, CPT -1 was 

selected to represent 70 feet of fly ash deposition; and, CPT-3 was selected where there were 37 

feet of fly ash deposition. 

 

 
Figure 34. Summary of Parameters of the Time Histories Selected for Site Response Analysis 

and the Corresponding range of CSR Value Calculated. 

 

 Results of   SHAKE2000 analysis revealed that the CSR values ranged from: 0.10 to 0.15 

for CPT - 1; and 0.08 to 0.14 for CPT - 3.  

 

Determination of the Cyclic Resistance Ratio (CRR) 

 

CRR was determined on the basis of cyclic triaxial tests performed on fly ash material 

obtained from the site and tested in the laboratory by reconstituting specimens using the water 

pluviation method. Cyclic triaxial tests results for the site were conducted at the Ohio State 

University. (Wolfe 2012) Two additional cyclic triaxial tests were also performed on water 

pluviated specimens at a commercial laboratory. Thus, a total of ten data points were available to 
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establish a distribution of CCR as a function of the number of cycles to liquefaction, with all of 

the points representing pluviated samples.  The CRR data is presented in Figure 35. 

 

 
 

Figure 35. Cyclic Resistance Ratio v. Cycles to Liquefaction 

 

The primary contribution to the design ground motions developed for this analysis 

corresponds to events with moment magnitude of 6.5 and 6.6. The correlation between moment 

magnitude and the number of equivalent stress cycles provided by Seed and Idriss (1982) and 

Idriss (1999) is presented in Figure 23.   For events with a moment magnitude of 6.6, the 

estimated number of equivalent uniform cycles is approximately 8. 

Therefore, the CRR value obtained for the fly ash in this reservoir is 0.24. This CRR 

value corresponds to cyclic triaxial tests with unidirectional shaking. To account for 

multidirectional shaking that may occur in the field, The CRR value is reduced by 10%.  Thus, 

 

 CRRfield = 0.9 CRRlab  

CRRfield = 0.216 

 

Determination of the Factor of Safety 

 

To assess the potential for dynamic liquefaction of the fly ash under the seismic loading 

imposed by the design earthquake a factor of safety was computed. 

 

 FSliq. =  CRRfield  

                CSR 

Thus, the minimum factor of safety against dynamic liquefaction at this facility is, 

 

  FSliq. = 0.216 = 1.4 

    0.15 
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Summary of observations 

 

 The factors of safety against dynamic liquefaction of the fly ash calculated for the 

reservoirs highlighted in this work support the conclusion that liquefaction is unlikely to occur 

under the dynamic loading imposed during the design earthquakes established for each of the 

sites. Site specific cyclic resistance ratios of fly ash materials were determined through 

laboratory testing.  

The cyclic stress ratios were the result of events defined probabilistically on the basis of 

site specific hazard evaluations for each site. Consistent with AEP’s seismic design criteria, the 

design earthquake event corresponds to a 2% probability of exceedance in 50 years, a recurrence 

interval of approximately 2,500 years. The rock acceleration thus determined was adjusted to 

estimate PGA in consideration of the specific soil types including the fly ash in the reservoir at 

selected profiles concurrent with the locations where shear wave velocities had been determined. 

The time histories and the soil profiles were input into the computer program SHAKE2000 or 

PROSHAKE for the determination of site specific CSR through the entire soil profile. 

 Cyclic Resistance Ratios were determined on the basis of cyclic triaxial tests performed 

on fly ash material obtained from each of the sites and tested in the laboratory by reconstituting 

specimens using the water pluviation method. Results of the Bachus-Santamarina (2012) study 

showed that water pluviation was the preferable method to create samples of deposited fly ash at 

low realizable densities for performance tests to most accurately model actual depositional 

conditions in ash ponds. 

 A review of guidance documents (USAEPA, 1995; Ohio EPA, 2004) provides that 

factors of safety against dynamic liquefaction greater than or equal to 1.00 are appropriate if the 

design assumptions are prudent, site specific, higher quality data are used, and the calculation 

methods chosen are valid and appropriate for the facility being evaluated. The methodologies 

and results presented herein are believed to meet the requirements of this guidance. Furthermore, 

it is generally accepted practice that liquefaction should not be anticipated for materials that 

exhibit factors of safety grater or equal to 1.4 under credible seismic activity. 

 

 

CONCLUSIONS 

 

Important findings of the work by Bachus and Santamaria (2012) were applied to the 

closure design of four fly ash impoundments with different fly ash materials and depositional 

environments. The work herein suggests that while some material performance properties of fly 

ash can be generalized, site specific sampling and testing is often required for the assessment of 

static and seismic liquefaction potential.     

The work presented herein also supports the observations made by Bachus and 

Santamarina (2012), Wolfe (2012) and others in that the response of ponded fly ash to loading is 

a function of several unique and individual characteristics of the material and its containment 

facility. The design of engineered works proposed in connection with the development of these 

facilities need to account for the specific fly ash response to static and dynamic loadings, both 

the magnitude and the rate of loading. 

The present work points out that  fly ash does not exhibit a “brittle” response – i.e., there 

is no substantial difference in the peak and post-peak undrained shear strengths – during triaxial 
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testing, and  that fly ash specimens do not generally exhibit the strong contractive response to 

loading necessary for static liquefaction to be considered an expected occurrence. However, fly 

ash materials may exhibit diagenetic cementation, and as a result, there may be a critical load 

that could lead to a sudden collapse of its existing structure, that if ignore during design or 

construction efforts could lead to localized or wide spread instability. Likewise, uncontrolled 

construction or development activities may lead to rapid buildup of pore water pressure in the fly 

ash which in turn can also result in instability. 

The use of site specific and fly ash specific engineering characteristics is preferred to 

assess both static and dynamic liquefaction potential of fly ash. Bachus and Santamarina (2012) 

pointed out limitations of current soil behavior indicators when applied to the understanding and 

prediction of the response of fly ash to loading.  
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