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INTRODUCTION 
 
This paper discusses some of the work completed to date on a comprehensive 
geotechnical laboratory testing program Virginia Tech (VT) is performing as part of a 
research & development activity for the Tennessee Valley Authority (TVA). The purpose 
of the program is to investigate dynamic properties of coal combustion products (CCP), 
with a primary focus on coal fly ash and commingled ash waste containing a 
predominance of fly ash. The testing program will assist TVA in improving the state of 
practice in the geotechnical design and analysis of CCP disposal facilities. This includes 
assessing risks currently posed by CCP facilities in TVA's inventory. The program will 
improve understanding of geotechnical aspects of CCP, which until relatively recently 
have been studied infrequently and hence, are poorly understood. 
 
We identify both static liquefaction and seismically induced failures as the key areas of 
focus in this study, because of both the frequency of static failures of sluiced ash 
impoundments (e.g. the 2008 Kingston failure1) and the historically under-appreciated 
risk from earthquakes in the central and Eastern United States (CEUS), where TVA 
operates many CCP disposal facilities. 
 
Advanced study of the dynamic aspects of CCP is important because many parts of the 
central & Eastern United States are characterized by moderate seismic hazard. This 
fact has been largely overlooked because of the CEUS' relatively low seismicity in 
recent decades, as compared with more seismically active regions (e.g. California). 
Despite the fact that earthquakes are not an everyday occurrence in the CEUS, the 
region has experienced several major earthquakes in recent history such as the New 
Madrid earthquake sequence of 1811-181210 and the Great Charleston Earthquake of 
18867,19. The former comprised earthquakes of magnitudes estimated between 7 and 8; 
the latter had an estimated magnitude of 7.3 and caused substantial damage and loss 
of life in Charleston, South Carolina. 
 
CCP from Appalachian coal power plants, sluiced ash ponds, and dry stacks were 
collected. Standard geotechnical characterization tests, scanning electron microscopy 



and energy dispersive X-ray spectroscopy were performed. Sample preparation 
techniques were investigated. Dynamic testing is underway, and is comprised of both 
cyclic triaxial testing for liquefaction resistance and fixed-free resonant column tests for 
shear modulus reduction and damping functions. The cyclic triaxial testing program is 
discussed in detail herein. 
 
Special attention is given in this study to the effects of soil fabric, which is known to be 
an important factor affecting liquefaction susceptibility3,16. Given the unconventional 
nature of CCP (as compared to natural soils) an understanding of fabric is especially 
important, as certain assumptions of conventional geotechnical analysis do not 
necessarily apply to CCP. Accordingly, we devoted substantial effort to evaluating 
sample preparation technique and checking for uniform specimens. 
  
In the dynamic testing program, 10 cyclic triaxial tests have been performed to date on 
an ash samples procured from a CEUS CCP disposal facility. Some technical problems 
with the automated test apparatus are discussed. We emphasize that the results 
presented in this progress paper are preliminary and should not be used for engineering 
design, research or meta-analysis. 
 
SAMPLING 
 
CCP samples were collected from ash disposal sites operated by TVA and others. We 
made site visits to three facilities operated by the TVA and collected disturbed CCP 
samples at each site by shoveling. These samples included bottom ash, commingled 
ash from dry stacks, and material from the banks of ash ponds. These samples are 
identified with the prefix “TVA”. We collected fly ash obtained directly from the 
electrostatic precipitators at a small coal burning power plant located on VT campus; 
these samples are identified with the prefix “VT”. Finally, we obtained bulk CCP 
samples in the form of drill cuttings, obtained from two non-TVA CCP disposal sites 
located in the eastern United States, where geotechnical subsurface investigations were 
being performed on abandoned ash ponds. These are identified with the prefix “EUS.” 
 
MATERIAL PROPERTIES 
 
Standard geotechnical characterization tasks were performed on some of the bulk CCP 
samples. This included grain size distribution by sieve and hydrometer testing, specific 
gravity, minimum and maximum density, modified Proctor compaction tests, imaging by 
scanning electron microscopy (SEM), and elemental characterization by energy-
dispersive X-ray spectroscopy (EDS). 
 
Grain size distributions (ASTM D-422) are summarized in Figure 1, where particle sizes 
of our samples are plotted along with some curves reported by others. Samples 
collected from electrostatic precipitators and ash ponds are shown in plots (a) and (b), 
respectively. EUS pond samples are drill cuttings obtained from an abandoned pond, 
while TVA-1 was obtained by shoveling near an active pond. The “untested” curve for 
TVA-1 represents material as collected, while the “tested” curve represents material 



after completion of index testing. It is likely that most of the transition in grain size 
analysis occurred during modified Proctor testing. Some chunks of gypsum, which are 
friable compared to other particles in the mixture, were observed during index testing 
and would have been broken up by the Proctor hammer. Cyclic triaxial tests were 
performed after completion of index testing; therefore the “tested” curve in Figure 1 is 
representative of the soil’s state during the cyclic testing phase. 
 

 
Figure 1. Grain size distributions for (a) ash sampled directly from electrostatic precipitators at power 
plants and (b) pond ash sampled at disposal facilities. Tsuchida’s (1970) curves are shown for reference, 
indicating approximate particle size ranges for “potentially liquefiable” and “most liquefiable” soils. 

 
The specific gravities of several samples were determined according to ASTM D-854, 
using a soils pycnometer and distilled water. The results are presented in Table 1. No 
special notes are in order for these data, other than that hollow inclusions in glassy ash 
particles (i.e. cenospheres) are likely to affect the apparent specific gravity. This is a 
well-known issue that is discussed further by others, e.g. Pandian17 who suggested this 
explanation for an increase in measured Gs for CCP when the materials underwent 
thorough particle crushing. 
 
Table 1. Summary of specific gravity measurements 

Sample ID Ash type Gs 

EUS-A-1 Pond ash 2.16 
EUS-A-2 Pond ash 2.19 
EUS-A-3 Pond ash 2.23 
EUS-A-4 Pond ash 2.19 

TVA-1 Stacked ash 2.18 
TVA-3 Stacked ash 2.41 
TVA-4 Stacked ash 2.19 

 
Maximum and minimum density tests (ASTM D-4253 and 4254, respectively) were also 
performed on several CCP samples. The VT samples were significantly lighter than 
other ash samples. In minimum density tests, ASTM’s method “A” was followed. Test 



results indicated a minimum density of about 33 pcf (0.54 Mg/m3) for the VT samples 
and 57 to 64 pcf (0.91 to 1.0 Mg/m3) for the other samples. 
 
For maximum density determinations, both “wet” and “dry” methods (ASTM section 11.1 
and 11.2 respectively) were performed on several samples. For the tests performed, 
maximum density was about 46 pounds per cubic foot (pcf) (0.737 Mg/m3) for the VT 
samples. It varied from 70 to 85 pcf for the remaining samples tested. 
 
The migration of some finer particles above the surcharge plate occurred in both the 
“wet” and “dry” methods for maximum density may have influenced the measured 
densities to some degree. When maximum density was measured for the same soil 
using different methods (wet versus dry), the discrepancy was on the order of 1 to 3 pcf. 
Loss of airborne fines was a concern in tests performed using dry soil. In light of these 
observations, we proceeded by following Polito18 and using the optimum dry density 
from a modified Proctor test as an index of maximum density. This eliminated concerns 
of particle migration and may be more suitable for most of the ash tested in light of its 
relatively high fines content.  Minimum density was measured by allowing a soil slurry to 
settle in a graduated cylinder.3 Maximum density values obtained from Proctor tests 
were typically about 4 pcf (0.06 Mg/m3) higher than those obtained by the ASTM 
methods. Minimum density values obtained from slurry settlement were in good 
agreement with those obtained by ASTM methods. 
 
As discussed above, we used the optimum dry density from the modified Proctor test 
(ASTM D-1557) to determine the maximum density of the CCP. The values of optimum 
moisture and dry density for the tests performed are presented in Table 2. 
 
Table 2. Optimum moisture contents and dry densities from ASTM D-1557. 

Sample ID 

 
 

Ash type 

Optimum water 
content 

% 

Maximum dry 
density 

pcf (Mg/m
3
) 

EUS-A-1 Pond ash 31.1% 72.9 (1.17) 
EUS-A-2 Pond ash 21.8% 84.0 (1.35) 
EUS-A-3 Pond ash 25.0% 82.5 (1.32) 
EUS-A-4 Pond ash 24.1% 81.3 (1.30) 
EUS-B-1 Pond ash 20.8% 87.2 (1.40) 
EUS-B-2 Pond ash 24.0% 81.4 (1.30) 
EUS-B-3 Pond ash 22.3% 82.8 (1.33) 
EUS-B-4 Pond ash 20.8% 89.0 (1.43) 

TVA-1 Pond ash 45.0% 65.9 (1.06) 

 
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
were used for additional qualitative characterization of some CCP samples. Figure 2 
shows a same-scale comparison of (a) sample EUS-1 and (b) the fines fraction of a 
natural soil obtained from liquefaction ejecta following the 2011 Louisa County, Virginia 
earthquake. This image contains a visibly broken cenosphere (circled) and illustrates 
the predominantly spherical particle shape typical of fly ash. 
 
SEM images shown herein were acquired using the FEI Quanta 600 FEG 
environmental SEM system. The images show shape and size characteristics of the 



CCP on the microscale. They are not representative of the full spectrum of grain sizes 
contained in the CCP owing to the inherent limitations on the particle sizes that can be 
analyzed by SEM imaging. 
 

 
Figure 2. Scanning electron micrographs (SEM) showing (a) coal ash from abandoned ash pond in 
Eastern US. Sample ID: EUS-1. (b) silt & clay fraction (passing the #200 sieve, diameter < 74 µm) of 
liquefaction ejecta from Louisa County, Virginia. Shown at same scale (horizontal field width = 512 µm) 
for comparison. 

 
Several other types of ash particles (from sample VT-2) can be seen in Figure 3: (a) a 
gypsum particle;4 (b) non-spherical aluminosilicate glass; (c) agglomerated fly ash 
particles;9 (d) possibly an iron-rich sphere.13 This image suggests that VT-2 might 
contain a greater number of nonspherical, amorphous particle shapes than others, e.g. 
as compared with EUS-1 shown in Figure 2a above. This might be the reason for the 
relatively low values of Dmin and Dmax for the VT samples compared to other ash 
samples. However given the limited sample size of SEM imaging, this possibility would 
need further imaging to verify. 
 



 
Figure 3. SEM of ash from VT coal plant (VT-2). 

 
Characterization of particle elemental composition was carried out using EDS. In this 
analysis technique, performed using the same equipment as SEM, the sample is 
bombarded with electrons and emits X-rays as a result. The distribution of X-ray 
energies can then be used to identify elements present in the sample from the unique 
signatures associated with the atomic structure of constituent elements. For example, 
the spectrum containing a sulfur peak (approximately 2.3 kilo-electron volts, keV on the 
horizontal axis) corresponds to the gypsum particle (a) in Figure 3. 
 

 
Figure 4. EDS spectra for some particles contained in ash sample VT-2. The spectrum containing a sulfur 
peak corresponds to the particle identified as (a) in Figure 3. 

 



The spectra generated from EDS, such as the one shown in Figure 4, yield the relative 
proportion of elements at a single point. The total energy per unit time of X-rays striking 
the detector will vary from point to point, however, based on distance from detector and 
the tendency of larger particles to “block” certain areas of the sample. These issues can 
be mostly eliminated by preparing polished epoxy samples so that the sample area is a 
flat cross-section through a collection of particles. Quantitative comparisons can then be 
made of the elemental composition of entire samples.11 Such an approach may be used 
in future testing, as mineralogy affects soil fabric and thus may influence dynamic 
properties as well. 
  
SAMPLE PREPARATION 
 
The dynamic testing program began with an investigation of sample preparation 
methods. Since fabric plays an important role in determining liquefaction susceptibility, 
methods mimicking the in-situ state of ash ponds were preferred. Lacour14 investigated 
the use of Kuerbis & Vaid’s Slurry Deposition (SD) method12 for forming CCP samples. 
The method entails thoroughly mixing a soil-water slurry in a closed mixing tube, 
inverting the tube, attaching the triaxial split mold and sample membrane, and removing 
the mixing tube, allowing the soil slurry to fall into the mold. Kuerbis and Vaid found the 
method to be effective for well-graded sands and blended silty sands, and Carraro5 was 
able to produce homogeneous samples of clayey sands (5% fines). Lacour assembled 
trial SD samples using the Kuerbis & Vaid procedure and measured local average 
densities. This was done by permeating the pore spaces with gelatin, then obtaining 
volume and mass of slices along the axis of the sample.6 Lacour was unable to form a 
sample without significant variation of local density with height. 
 
Extending Lacour’s work, we modified the sample preparation method to include a 
consolidation step. (Lacour’s samples had been formed without applying any confining 
stress, and we hypothesized that applying a consolidation stress might improve 
uniformity). We also used a different CCP than Lacour. Our SD samples did not exhibit 
uniform density either, however. It bears mentioning that Kuerbis and Vaid12 applied a 
relatively low confining pressure of 20kPa when forming their samples, while our trials 
used 10 psi (70kPa). Like Lacour’s samples, density ranged from significantly denser 
than target near the bottom of the sample to significantly looser than target at the top. 
 
It is likely that CCP’s heterogeneous mixture of particle types, which contains multiple 
phases with unique specific gravity, may be more susceptible to particle segregation 
during the slurry deposition process than the soils tested by Kuerbis and Vaid, and 
Carraro. For example, uncombusted coal particles appear to be larger than other (ash) 
particles, and also possess a lower specific gravity. An uncombusted coal particle is 
visible on the surface of a “gelled” sample slice in Figure 5, below. The particle size 
distributions of slices we analyzed (Figure 6) also support this possibility. Additionally, 
the fines content of our material is significantly higher than samples tested by others.5,12 
 



 
Figure 5. Top slice of a gelled SD specimen, prior to measuring density. A large uncombusted coal 
particle is visible. 

 

 
Figure 6. Particle size distributions obtained for each of six slices analyzed for homogeneity. Slice 1 is the 
top slice; slice 6 is the bottom. Particle segregation may have been due in part to size-dependent particle 
density (specific gravity) resulting from the multi-phase mineralogy of CCP.  
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When the SD method failed to yield uniformly dense CCP samples, we investigated the 
Modified Moist Tamping (MMT) method.3 This method yields moist tamped samples 
whose density is determined by two factors: as-tamped moisture content and 
compactive energy per unit volume imparted by a sliding drop hammer on the tamper. 
Eight sample lifts are portioned into containers, and each lift is placed loosely in the split 
mold and compacted with 25 blows by a tamper fitted with a falling weight. 
 
Like the standard and modified Proctor tests, the MMT utilizes compaction theory. A 
proposed benefit of MMT is that the degree of saturation influences soil fabric. 
Researchers can take advantage of this by using preparation moisture content to target 
a desired soil fabric—for example, a fabric that yields reconstituted samples with similar 
cyclic triaxial behavior to undisturbed samples.3 Taylor et al.20 proposed a new density 

parameter, normalized density (ρN), for MMT samples that incorporates moisture content 

for this reason. By including the effect of moisture during sample preparation, the new 
parameter can be used as a normalizing parameter by researchers examining 
differences in cyclic triaxial testing results among different soils. The new normalizing 
parameter accounts for the shortcomings in the use of relative density, which does not 
incorporate any measure of soil fabric, as a normalizing parameter. Taylor et al.’s 
preliminary results indicated that the new method allows for better comparison of cyclic 
triaxial data among different soils.  
 
We began forming samples for the evaluation of MMT using TVA-1. The MMT method 
requires a “calibration” to determine the range of sample densities that can be obtained 
for various combinations of moisture content and drop height. Bradshaw & Baxter 
(2_007) recommend plotting sample density as a function of the logarithm of tamper 
energy. For a given soil, at a given moisture content, this type of plot generally 
approximates a log-linear curve and can therefore be described by two constants, C1 
and C2. Some moisture-energy-density data are presented in Figure 7. The contour 
representing 44% moisture content is more heavily populated than others since this was 
the water content we used to form the samples in the first cyclic triaxial test series. Note 
that the horizontal axis in Figure 7 shows a normalized measure of energy, expressed 
as a fraction of modified Proctor effort. The comparison is for convenience only: factors 
such as hammer efficiency and mold size preclude a direct comparison between Proctor 
test effort and the effort imparted by the comparatively small sample tamper used for 
these tests. 
 



 
Figure 7. Sample densities obtained for several combinations of compactive effort (i.e. drop height of 
falling weight) and moisture content. 

 
To account for the problem of lower lifts receiving additional compactive energy from 
successively higher lifts, and therefore of samples being too dense at the bottom, 
Bradshaw and Baxter proposed using a technique similar to Ladd’s undercompaction 
method15 to adjust target lift densities and compensate for the effect. For convenience 
we modified their method, in which hammer drop height is adjusted, and instead varied 
the mass of lifts gradually from sample bottom to top. The value µ is used to define a 
function describing the change in “target” density for successive lifts. After evaluating 
local average density changes with height,6 we found that the MMT method yielded 
relatively uniform samples with a value of µ = 1% to compensate for undercompaction. 
Figure 8 shows the density measured for six slices along with their approximate heights. 
 



 
Figure 8. Variation of relative density with height measured from slices of an MMT sample, indicating 
good uniformity. 

 
When forming samples by the MMT method, before the split mold was removed, the top 
platen was “set” against the top porous stone by resting a 5 kilogram weight on the 
piston, above the top cap of the triaxial cell. The piston was locked and height 
determined by measuring the position of the piston relative to the top cap of the cell. A 
net effective stress was applied in the form of a small (2.5 psi) vacuum drawn on the top 
and bottom drain lines. After removing the split mold, diameter measurements were 
taken using a Pi Tape at three locations. 
 
After initial sample dimensions were obtained, the triaxial cell was filled with water and 
the vacuum being applied on the drain lines was replaced with a positive confining 
stress applied by the cell water via an automated flow pump. Carbon dioxide gas was 
then permeated through the pore spaces of the sample for about 20 minutes, from the 
bottom to the top of the sample. Following CO2, water was flowed through the sample 
by the sample pressure flow pump and drain lines were flushed. During CO2 and H2O 
inundation, change in sample volume was inferred by measuring the change in flow 
pump volume while maintaining a constant cell (confining) pressure of 2.5 psi. This was 
necessary since we found our samples tended to be susceptible to some degree of 
collapse during water inundation. 
 
Following inundation with water, samples were backpressure saturated to a minimum B 
value of 0.95. Samples prepared for gelatin density evaluation6 were consolidated to 10 
psi isotropic confinement, following which gelatin was permeated through the pore 
spaces. In the case of production cyclic triaxial tests, 14.5 psi isotropic consolidation 



(100 kPa) was applied. The consolidation stress was held for at least 30 minutes, long 
enough for primary consolidation to be completed.  
 
CYCLIC TRIAXIAL TESTS 
 
A series of cyclic triaxial tests were conducted using the MMT sample preparation 
technique, as described in the previous section. The tests were performed using a 
consolidation stress of 100 kPa (~= 1 atm). Summary test data are provided in Table 3 
and Figure 9. The plot in Figure 9 also contains cyclic triaxial data obtained by other 
researchers. 
  
Due to equipment-related problems, the data presented in Table 3 and Figure 9 are 
preliminary only. Problematic datapoints will be superseded in future testing. At present 
the expected trend of increasing liquefaction resistance with density can be observed. 
Cyclic strength of this material appears generally higher than other CCP. The points 
identified as “Jea” represent Jakka et al.’s cyclic testing program on Indian pond ash.8 
Our cyclic resistance curves fall in roughly the same zone as theirs with the exception of 
series BP-F-loose, which are markedly lower. In Jakka et al.’s data series, “C” and “F” 
indicate coarse and fine ash mixes, obtained from pond inflow and outflow areas 
respectively. 
 
 
Table 3. Summary data from cyclic triaxial testing. 

ID CSR Nru=1               eo ei ec Dr,o Dr,i Dr,c 

   
 

(g/cc) 
 

(%) 
 

- 
  

(%) 
 

A 0.2 2 0.855 0.916 0.945 3.1% 1.549 1.380 1.307 44.9% 63.9% 72.2% 

B 0.1 202 0.907 0.912 0.943 3.2% 1.404 1.390 1.312 61.2% 62.9% 71.6% 

C 0.2 35 0.931 0.936 0.948 1.3% 1.341 1.330 1.300 68.4% 69.6% 73.0% 

D 0.4 3 0.936 0.940 0.957 1.8% 1.329 1.320 1.279 69.7% 70.7% 75.3% 

E 0.2 904 1.022 1.024 1.034 1.0% 1.132 1.129 1.109 91.9% 92.3% 94.6% 

F 0.4 23 1.020 1.020 1.028 0.7% 1.138 1.137 1.121 91.3% 91.4% 93.2% 

G 0.25 47 1.008 1.015 1.024 0.9% 1.163 1.147 1.128 88.5% 90.3% 92.4% 

H 0.2 86 0.977 0.977 0.988 1.1% 1.231 1.231 1.206 80.7% 80.8% 83.6% 

I 0.4 5 0.977 0.977 0.990 1.3% 1.232 1.231 1.202 80.7% 80.7% 84.0% 

J 0.3 9 0.968 0.969 0.981 1.2% 1.251 1.250 1.223 78.5% 78.7% 81.7% 

 



 
Figure 9. Summarized results of cyclic triaxial testing. Data are preliminary and will be superseded 
because of testing errors. 

 
 
CONCLUSIONS AND FUTURE WORK 
 
More cyclic triaxial test data will be added to the data collected in the coming months. 
Bender elements manufactured by GDS will be installed in the cyclic triaxial setup, 
which will allow the shear wave velocity of the samples to be measured. Shear wave 
velocity has been identified2 as a promising indicator of soil fabric and may be of use in 
comparing cyclic resistance across multiple soils and sample densities. VT recently 
acquired a resonant column apparatus (RCA) also manufactured by GDS. We will be 
performing resonant column tests on CCP to obtain strain-dependent shear modulus 
and soil damping functions. The ultimate purpose of the research program will be to 
identify potential improvements on seismic liquefaction procedures currently in use for 
CCP, and to develop new procedures if needed. 
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