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ABSTRACT  
 
Fossil plant owner/operators are currently anticipating that EPA will more strictly 
regulate disposal of coal combustion residuals (CCRs) in the near future. Many facilities 
that operated wet disposal ponds are in the process of converting to dry disposal 
practices and facing new operational challenges. Dry fly ash has highly variable and 
time-dependent compaction characteristics due to pozzolanic and cementitious 
properties and the source of coal. Therefore establishing a compaction criterion, based 
on conventional soil mechanics using target relative compaction and moisture content, 
becomes challenging and often impractical from a construction perspective and 
increases the level of uncertainties in the construction quality assurance procedure.  
This paper presents a summary of field observations from actual dry fly ash placement 
operations at a fossil power plant, along with laboratory and field-scale testing of 
representative fly ash materials from the same fossil plant. Physical and engineering 
properties of dry fly ash relevant to construction quality control during disposal 
operations are discussed. The result of this study provides insight into the in situ 
density, stiffness, and strength properties of compacted dry fly ash with the ultimate 
goal of developing an alternative criterion and/or a method-based specification for fly 
ash placement. The findings of this study can lead into streamlining field operations, 
including placement, testing, and quality control, which could result in significant 
operational cost savings over the life of a fly ash disposal facility. 
 
INTRODUCTION 
 
About 130 million tons of coal combustion residuals (CCRs) are produced annually by 
fossil power plants in the United States, and the majority of which are disposed of in 
landfills and pond impoundments based on the survey by American Coal Ash 
Association1. Fly ash is one of the CCRs which its quantity and physical and chemical 
properties are known to differ based on coal sources2, coal blends, firing/cooling time 
and temperature, type of burners, scrubber systems, and fly ash moisture conditions3.  
Fly ash is a well-known pozzolan (i.e., it reacts in the presence of water over time) 
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which their short-term strength is related to carbon, silica and alumina content and their 
long-term strength is related closely to the SiO2 contents4. As a result of the pozzolanic 
and cementitious properties, compaction and strength behavior of “dry” fly ash may 
significantly differ from those typically observed in soil materials. For clarification, in this 
paper, “dry” terminology is used for fly ash that is pneumatically transported from the 
point of origination to a dry storage area, while “wet” terminology is used for fly ash that 
is hydraulically transported and/or stored at a wet storage area (e.g., a pond). 
 
The traditional soil mechanics approach typically designates a moisture content window 
within a few percentage of an optimum moisture content, w, (e.g., ±2 to 4%) and a 
minimum relative compaction, RC, (e.g., greater than 90 to 95% of standard Proctor 
maximum dry density)  as target compaction criteria. Achieving these targets generally 
results in material behavior that meets or exceeds the geotechnical design requirements 
for strength and permeability. Some previous studies suggest that the optimum moisture 
content for maximum dry density may not necessarily provide a higher shear strength 
for compacted fly ash stabilized soils. Optimum moisture content for maximum strength 
of fly ash can be one to eight percent lower than the optimum moisture content for 
maximum density, as observed for fly ash stabilized soils5,6. Therefore, specifying 
moisture content window for compaction solely based on the compaction properties of 
fly ash can reduce the strength properties more than 50%, as reported for fly ash 
stabilized soils5,6.  
 
Figure 1 illustrates variation of fly ash produced in a fossil power plant and also changes 
of fly ash compaction properties at this plant.  The 93% relative compaction lines (target 
RC criteria for this facility) for each fly ash compaction curve are plotted for comparison.  
This plot implies that construction quality assurance (CQA) procedures for fly ash 
placement only based on compaction properties can be very difficult, particularly while 
there are significant uncertainties to match the material being tested during field CQA 
with the materials used for developing compaction curves.  One-point standard Proctor 
test are typically used to identify which compaction curve corresponds to a given 
material. The results of one-point standard Proctor field tests for one type of fly ash with 
1-day and 3-day compaction delay after moisture conditioning are shown in Figure 1. 
The results of the one-point standard Proctor field tests did not show a good correlation 
with the compaction curves developed through a conventional testing procedure where 
bulk samples were shipped to an off-site laboratory after “dry” fly ash was moisture 
adjusted in the field. One-point field tests also indicated that, the dry density of fly ash 
reduces about 10 to 12 pcf (10 to 13% decrease in RC), if compaction is conducted 
three days after moisture adjustment for the same source material. This behavior is 
unusual for soil materials, however is similar to observations in fly ash stabilized soil 5,3. 
Additionally, the recently developed ASTM D7762 standard for soil stabilization6 reports 
that self-cementing fly ash can hydrate at a higher rate than Portland cement, and a 
delay of two hours in compaction may decrease the maximum dry unit weight. ASTM 
D7762 recommends a 1 or 2 hour conditioning period after adding moisture and prior to 
compaction, to standardize the compaction testing procedure. The level of variability 
observed in compaction properties of fly ash adds significant complications to CQA 
procedures and increases reliance on personal judgment in selection of the most 



applicable criteria to represent field conditions. For example operational variability 
associated with field activities (e.g., lapsed time between the initial moisture 
conditioning of “dry” fly ash and the completion of compaction) can lead to a high level 
of uncertainty with evaluation of field compaction results as some the of the field 
variables in compaction properties are not likely be captured through conventional 
laboratory testing.  As a result of highly variable and time-dependent compaction 
characteristics of “dry” fly ash, establishing target compaction criteria for “dry” fly ash 
becomes very challenging and quite often impractical from a construction perspective.   
 
To minimize the complication during CQA induced by change in fly ash properties and 
to become less reliant on personal judgment during CQA effort, alternative placement 
criteria including method based placement techniques and performance-based quality 
control methods are evaluated. This paper presents a summary of laboratory and field-
scale testing of two blends of fly ash (at three conditions) and summarizes the in situ 
density, stiffness, and strength of compacted dry fly ash under varying compaction effort 
and construction delays. The testing program is intended to provide data to ultimately 
develop a strength-based criteria and/or a method-based specification for dry fly ash 
disposal.   
 
MATERIALS 
 
The fly ash tested in this study is from a fossil power plant located east of the 
Mississippi River. The Plant removed the wet fly ash handling system (i.e., water-driven 
hydroevacuators) and the dry collection system was commissioned in December 2011. 
This change required construction of dry ash silos and supporting infrastructure.  The 
new system pneumatically conveys dry ash from the precipitators, selective catalytic 
reduction systems, and economizers to one of two dry ash storage silos using a 
negative pressure air system. Dry fly ash collected in the storage silos is loaded into 
trucks for transportation to the on-site disposal facility. Immediately prior to loading for 
transport and disposal, water is introduced as a dust control measure and to improve 
workability for final placement, generally increasing the moisture content from less than 
0.5% to approximately 11% to 15% (measured in accordance with ASTM D 2216–
110oC procedure).  For the specific fossil power plant referenced in this study, coal is 
sourced from the Powder River Basin (PRB) and Illinois Basin (ILB). It should be noted 
that the cementitious nature of fly ash increases with the PRB content of the coal mix2. 
During the period of this study, the coal blends burned typically varied between the two 
extremes of 75%(PRB)/25%(ILB) and 50%(PRB)/50%(ILB), referred herein to 75/25 
and 50/50 blends.  
 

The study presented here consists of three test pads in which three conditions of fly ash 

(for two types of fly ash) are studied.  Each test pad is briefly described below: 

 

Test Pad 1: “Fresh” fly ash (Ash-03) represents an operational condition with a 75/25 

blend where fly ash received initial moisture conditioning at the silos, then 

hauled, placed, and compacted within a few hours.   



Test Pad 2: “Aged” fly ash (Ash-04) represents an operational condition with a 75/25 

blend, where fly ash (i.e., “Fresh” Ash-03) received initial moisture conditioning at 

the silos, then hauled to the field and staged under tarps for approximately seven 

days prior to placement and compaction.  

Test Pad 3: “Fresh” fly ash (Ash-05) represents an operational condition with a 50/50 

blend where fly ash received initial moisture conditioning at the silos, then 

hauled, placed, and compacted within a few hours.   

 
TEST PAD CONSTRUCTION 

 

Each test pad consisted of two to three lanes. The lanes for each test pad were 

designed to study the impact of moisture on density and strength.  Test Pads 1 and 2 

were built approximately 50-foot long with lane widths of 20 feet.  Due to the 

consistency of the measurements obtained in Test Pads 1 and 2, the length of Test Pad 

3 was shortened to 25 feet.   

 

Prior to placing the material in each lane, the subbase (i.e., previously placed fly ash 

surface) was prepared by a minimum of 10 passes using a Caterpillar smooth drum 

vibrating roller (CAT CS-563C). After preparing the subbase, fly ash was hauled to the 

location of the test pad.  The test pad was graded in an approximate 14-inch thick loose 

layer of fly ash using a bulldozer (CAT D6N). Moisture was added, if necessary, using a 

water truck, and a dozer was used to mix until relatively homogeneous and uniform 

color material was observed.  Figure 2 shows the test pad general construction process. 

Moisture condition of each test pad is summarized below: 

 

Test Pad 1 (Ash-03): (i) Lane 1 moisture content was as-received after initial 

moisture conditioning at the silos and had an average moisture content of 11%. 

Moisture contents of Lanes 2 and 3 were adjusted; (ii) average moisture content 

of Lane 2 was 18.5%; and (iii) average moisture content of Lane 3 was 22.7%. 

Test Pad 2 (Ash-04): (i) Lane 1 moisture content was as-received from the 

stockpiled “aged” ash, and average moisture content of Lane 1 was 13.2%; (ii) 

Moisture content of Lane 2 was adjusted to 24.6%.   

Test Pad 3 (Ash-05): (i) Lane 1 moisture content was as-received after initial 

moisture conditioning at the silos and had average moisture content of 14.5%; (ii) 

Moisture content of Lane 2 was adjusted to 21.7%. 

 

After the moisture adjustment, each test pad was compacted using CAT CS-563C.  

Four or five levels of compaction effort (i.e., 0, 2, 5, and 8 passes or 0, 2, 4, 6 and 8 

passes) were applied.  The test pads were generally constructed as single lifts, if there 

was no interruption due to weather condition. Once construction of a test pad was 

completed, half of the pad was covered with a tarp to evaluate the impact of time and 



environmental factors (i.e., precipitation, wet and dry cycles, etc.) on strength properties 

of the compacted fly ash.     

 

PILOT STUDY TESTING PROGRAM 

 

The testing program included both field and laboratory testing. Routine field CQA testing 

[i.e., in situ density and moisture measurements using the Drive Cylinder (DC) method 

in accordance with ASTM D2937] was conducted in conjunction with Dynamic Cone 

Penetrometer (DCP) and Light Falling Weight Deflectometer (LWD).   

 

DCP and LWD were used as an alternative CQA method for estimating the 

strength/stiffness properties of in situ compacted fly ash.  The collected LWD data 

appeared to be inconsistent and not very sensitive to the changing conditions, and are 

not presented in this paper. It is observed that as fly ash cures and gains stiffness and 

strength, the compacted smooth surface becomes irregular and establishing full contact 

between the irregular fly ash surface and the LWD plate becomes more difficult, 

possibly contributing to data inconsistencies.   

 

The DCP testing was conducted in accordance with ASTM D695 during and after test 

pad construction.  Number of blows to achieve total penetration [recorded as DCP 

Penetration Index (DPI) in blows per inch (bpi)] provides an indication of the in situ 

material strength.  Increased resistance to cone penetration results in higher DPI, which 

is indicative of higher strength/stiffness. DCP testing began by seating the cone tip 

approximately one (1) inch into the surface. The number of blows required for two (2) 

inches of penetration was recorded at five (5) intervals totaling 11 inches of lift 

thickness.  Testing was terminated if a DPI greater than 15 bpi was required.  The DCP 

and DC tests were conducted for selected levels of compactions on each lane. 

 

Bulk samples and Shelby tubes (ST) of fly ash were also collected to conduct the 

laboratory index, physical, and strength property tests.  Bulk samples for Ash-03 and 

Ash-05 were collected directly from silo dry spout prior to any moisture adjustment (i.e., 

“virgin” fly ash).  The bulk sample for Ash-04 was taken from the stockpiled Ash-03 

aged in the field for approximately seven days after initial moisture adjustment at the 

silos during load out. The following laboratory tests were conducted on bulk and ST 

samples: (i) index tests including moisture content (ASTM D2216 with 110oC 

procedure), particle size analysis (ASTM D422), and loss on ignition (ASTM D2974- 

Method D using 750oC oven); (ii) standard Proctor test (ASTM D698); (iii) volumetric 

expansion/swelling (laboratory procedure); (iv) consolidated-undrained (CU) triaxial test 

(ASTM D4767); (v) scanning electron microscope (SEM); (vi) one-dimensional 

consolidation test (ASTM D2435); and (vii) x-ray diffraction (XRD). The results of 

consolidation tests and XRD are not included in this paper. 

 



It is noted that the standard Proctor tests, as well as, remolded triaxial, consolidation, 

and swell tests on Ash-03 and Ash-05 were conducted on specimens prepared from 

“virgin” fly ash bulk samples. Aging and hydration of specimens prior to testing varied as 

discussed in the results section. 

 

PILOT STUDY TEST RESULTS 

 
Laboratory Index Test Results 
 

Basic Index Properties 

 

Particle size distribution and loss on ignition (LOI) test results are summarized in Table 

1. All fly ash samples consisted of mostly fine particles [93% or higher fines content with 

predominately silt-size particles (67 to 77%)], and they were all non-plastic based on 

visual observations. Loss on Ignition (LOI) test results indicated that approximately 3 to 

4% of unburned coal may be remaining in the fly ash.   

 

Compaction Properties 

 

To capture the time effect on compaction properties fly ash, specimens of ash were 

prepared in advance to a target moisture content and allowed to “age or cure” over 

different time intervals prior to compaction under standard Proctor energy. A minimum 

of three time intervals were tested between 30 minutes and 10 days with some testing 

up to 35 days and the compaction curves are presented in Figure 3 and summarized in 

Table 1. The time intervals were selected to understand the effects of compaction 

delays that are likely to occur during routine operations. The compaction test on Ash-03 

and Ash-05, both fresh fly ash, shows that the maximum dry unit weight (dmax) drops 

whereas the optimum moisture content (wopt) increases with the delay time between 

initial moisture conditioning and completion of compaction. The compaction properties 

of Ash-04 (aged ash) appear to be relatively independent of time. The compaction 

properties of fly ash are summarized below.  

 

The dmax and wopt of Ash-03 (fresh 75/25 ash) were 94.1 pcf and 22.4%, 

respectively, after 1-hour curing period. The dmax and wopt of Ash-03 changed to 

84.4 pcf (10% decrease) and 29.3% (30% increase), respectively, after a 21-day 

curing period, and remained relatively unchanged after 35 days.  

The dmax and wopt of Ash-04 (aged 75/25 ash) were generally stable and remained in 

the range of 87 to 89 pcf and 25 to 27%, respectively over a 3-day curing period. 

It should be noted that curing time for Ash-04 is the time after laboratory moisture 

conditioning of the already-field-aged ash sample. 

The dmax and wopt of Ash-05 (fresh 50/50 ash) were 98.0 pcf and 20.6%, 

respectively, after 1 hour of curing time. The dmax and wopt of Ash-03 changed to 



90.3 pcf (8% decrease) and 24.8% (20% increase), respectively, after a 10-day 

curing period.   

 

Figure 4 shows the change in dmax with curing time. The dmax of fresh fly ash (i.e., Ash-

03 and Ash-05) decreases relatively rapidly in first three days after initial moisture 

conditioning and reaching steady-state conditions in approximately three weeks. 

Whereas, aged fly ash (i.e., Ash-04) did not exhibit any significant changes in dmax with 

curing time, suggesting that secondary moisture adjustment did not result in any 

significant additional reactions. It is surmised that most of the hydration/cementation 

reaction occurred during the 7-day curing period in the field. 

 

Swelling Properties 

 

During the test pad construction, indications of potential swelling were observed at the 

surface of compacted fresh fly ash. Volume change of fly ash in presence of water is 

expected due to hydration of sulfur trioxide during the pozzolanic reactions of fly ash.  

Ferguson and Levenson7 stated that dry scrubber ash might have more than 10% sulfur 

trioxide content and expansion in fly ash results from the formation and subsequent 

hydration of the ettringite crystals. A laboratory procedure was developed to study the 

swelling properties of fly ash. Test specimens were prepared using the “virgin” fly ash 

bulk samples by adjusting the moisture content to approximately 20% and compacting 

the fly ash within 1 hour of moisture adjustment to achieve a dry density that is 

consistent with the compaction curve established based on the standard Proctor tests.  

Volumetric changes over time were recorded and presented in Table 1. Volumetric 

expansions for Ash-03 and Ash-05 (both fresh ash) were reported as 5.7% and 3.4%, 

respectively, 24 hours after initial moisture adjustment.  The data also suggest that the 

most of the volumetric expansion occurs within the first 12 hours and after 24 hours 

changes become insignificant, indicating the majority of expansive reactions occurred 

rapidly. Ash-04 (aged ash) experienced less than 0.5% volumetric expansion, indicating 

that most of the expansive reactions had already occurred during the 7-day field 

stockpiling (aging) period.  

 

Scanning Electron Microscope (SEM) 

 

During the field study, aged fly ash (Ash-04) compared to the fresh fly ash (Ash-03) 

appeared to be more granular at the time of compaction and exhibited significantly less 

post-compaction strength gain over time. Additionally, in situ dry densities recorded at 

Ash-03 and Ash-04 test pads were significantly different (Ash-04 test pad exhibited 

significantly lower dry densities than Ash-03 test pad) although they were constructed 

under similar compaction energy and at similar moisture contents. SEM analyses were 

performed to better understand the changes that occur in fly ash microfabric after the 

moisture is introduced to “virgin” fly ash, and how these changes may be influencing the 



physical characteristics of the compacted fly ash.  In the first set, the SEM analyses 

were performed on Ash-04 (field aged ash) and virgin samples of Ash-03 and Ash-05 

(fresh dry ash). In the second set, Ash-03 and Ash-05 were hydrated with 25% moisture 

and cured for three days prior to SEM analyzes.  SEM images are presented in Figure 

5. Fresh fly ash comprises smooth spherical particles; however, the hydrated/cured fly 

ash and Ash-04 (field aged ash) show cementing agglomerates with irregular shapes 

and secondary minerals due to pozzolanic reactions. Similar observations were also 

noted by Yehleyis et al.8. These observations are consistent with the results of particle 

size distribution and compaction tests on fly ash. As presented in Table 1, Ash-04 is 

coarser than Ash-03, most likely due to the formation of cementing agglomerates. The 

change in fly ash agglomerates and their shapes during curing period can change the 

compaction properties of fly ash with time. Fly ash agglomerates with irregular shapes 

and internal voids would be contributing factors to the observed decrease in the 

maximum achieved dry density as discussed in compaction properties.  

 

Field Test Results 
 

In-Situ Compaction Data 

 

The average measured field dry density (d) and moisture content (w) from drive 

cylinder tests for different fly ashes and compaction efforts are shown in Figure 3 and 

Figure 6. Figure 3 also includes the laboratory standard Proctor compaction curves and 

the line of RC of 93% based on 1-hour laboratory compaction data for the comparison 

purposes. The summary of field observation for the achieved dry density and moisture 

contents is discussed below. 

 

Ash-03: The d of fly ash at as-received moisture (11% avg., Lane 1) increased from 

84.1 pcf when placed (i.e. zero pass) to 92.9 pcf after four passes; but then 

decreased to 85.1 pcf as additional compaction effort is applied (up to eight 

passes).  It is noted that this lane was constructed in two lifts due to a weather 

delay. The first one-foot lift was used for zero and two-pass measurements. The 

second one-foot lift was constructed after a day of weather delay and used for 

four to eight-pass measurements. The significant decrease observed in d with 

increased compaction effort (approximately 8% decrease from four passes to 

eight passes) could not be fully explained with the available data, and therefore, 

was considered a potential anomaly. 

 

  The two moisture conditioned lanes (wave of 18.5% and 22.7%) generally showed 

negligible changes in density with increasing compaction effort (d-ave values were 

generally in the range of 93 to 96 pcf).  Increasing moisture content of Ash-03 

from 11% to 18.5% and 22.7% resulted in higher dry unit weights closer to a 

relative compaction of 100% based on the 1-hour compaction curve.  



 

Ash-04: The d of fly ash at 13.2% moisture content (Lane 1) at all levels of 

compaction effort was less than RC of 93% established based on the 1-hour 

laboratory compaction curve. Increasing moisture content at the time of 

placement from 13.2% to 24.6% (Lane 2) increases the RC to above 93% RC 

line.  Generally negligible to slight increase (i.e., less than 5%) in d values were 

observed with increasing compaction  effort (i.e., d-ave of 75 to78 pcf for Lane 1 

and d-ave of 84 to 88 pcf for Lane 2, with inconsistent trends). 

 

Ash-05: Generally negligible to slight increase (i.e., less than 5%) in d values were 

observed with increasing compaction effort and there were no consistent trends 

(i.e., d-ave of 87 to 90 pcf for Lane 1 with wave of 14.5% and d-ave of 86 to 90 pcf 

for Lane 2 with wave of 21.7%). Increasing the moisture content from 14.5% to 

21.7% had negligible effect on dry unit weights. The field-achieved densities 

were all less than 93% RC established based on the laboratory 1-hour 

compaction curve. However, an increase in time of only a few hours prior to 

compaction may have a significant reduction in maximum dry unit weight. As 

shown on Figure 4, d-max corresponding to 4-hour compaction curve is 

significantly lower compared to the 1-hour compaction curve.  

 

The time dependency and changes in compaction properties observed in dry fly ash 

makes the relative compaction approach highly subjective. It is likely that the time 

variability in the field with respect to initial moisture conditioning and completion of 

compaction has significant influence on the material compaction behavior and the 

selection of the “right” standard Proctor curve at any given time. 

 

Dynamic Cone Penetrometer Data 

 

The results of DCP testing are presented in Figure 3 and Figure 6 in terms of DPI (bpi) 

for average dry unit weight and moisture contents at each lane and with applied 

compaction efforts.  Figure 6 also includes the line of RC of 93% and 100% based on 1-

hour laboratory compaction curves for comparison purposes. Variations of DPI with 

curing time for each test plot (Ash-03, Ash-04, and Ash-05 with multiple test lanes 

representative of different moisture conditions) are presented in Figure 7.  The DCP test 

results are summarized below. 

 

Ash-03: DPI generally ranged from approximately 1 bpi to nearly 6 bpi.  DPI 

appeared to increase with compaction efforts and moisture content. Increasing 

average moisture content from 18.5% to 22.7% resulted in higher DPIs after two 

(2) passes and lower DPIs after five (5) and eight (8) passes.  This anomaly is 

likely because this lane was compacted in two lifts and the 5-pass and 8-pass 

data are from the second lift compacted in the following day due to weather 



delay. The 2-pass data collected from the first lift in day one versus 8-pass data 

collected from the second lift in day two corresponds to two different time 

durations (from initial moisture conditioning to data collection).  As shown on 

Figure 7, DPI readings are strongly influenced by strength gain over time 

associated with pozzolanic and cementitious properties of fly ash.  It should be 

noted that the increase in DPI with number of passes shown on Figures 3 and 6 

are more likely due to ash cementation over the course of several hours as 

opposed to compaction energy (e.g., the data obtained from higher number of 

passes corresponds to longer durations between the initial moisture adjustment 

to data collection and longer curing time). No direct correlation is found between 

d and DPI. While d remained almost constant, higher DPI was measured with 

increasing the number of passes and more likely with time due to the strength 

gain of fly ash.  

 

Ash-04: DPI remained relatively constant between 1 to 3 bpi with compaction efforts; 

coupled with density observations discussed earlier. It appeared that adequate 

compaction was achieved even at lower compaction energy (e.g., two passes).  

Increasing average moisture content from 13.2% to 24.6% resulted in DPI 

increases from 1.4 to 2.8 after eight passes. An apparent trend was observed 

between DPI and dry unit weight (i.e., higher dry unit weight corresponded to 

higher DPI values).  The reason for the observed correlation between dry unit 

weight and DPI in Ash-04 is attributed to less cementitious properties and less 

time dependency of Ash-04 strength. As shown in Figure 7, DPI increased during 

the first seven (7) days and remained relatively constant afterwards. Increasing 

average moisture content from 13.2% to 24.6% increased DPI; however, the 

strength gain of Ash-04 by time was significantly smaller than Ash-03.  

Especially, the Ash-04 with 13.2% moisture content showed almost no strength 

gain in time, suggesting that most of the cementation reactions occurred while 

Ash-04 was aged in the stockpile.  Ash-04 with 24.6% showed signs of some 

residual cementation with the addition of more moisture prior to compaction. Ash-

04 appears to behave similar to silty soil with only slight cementing properties.  

Therefore, during compaction efforts, increasing density would be captured by 

the cone resistance or DPI values.   

 

Ash-05: DPI appeared to slightly increase with compaction efforts but remained 

relatively constant in the range of 2 to 3 bpi for five and eight passes. Increasing 

moisture content from 14.5% to 21.7% resulted in a slight increase in DPI as 

observed in five and eight-pass results. No apparent trend was observed 

between the density and DPI values. As shown in Figure 7, generally increasing 

DPI values with time suggest that Ash-05 also exhibits cementitious behavior; 

however, the strength gain (as indicated by DPI values) was observed to be less 



than Ash-03.  This observation is consistent with the other conducted tests 

indicating that 50/50 fly ash is less cementitious than the 75/25 fly ash.   

 

In general, higher moisture contents at the time of placement resulted in higher DPIs 

over time.  The increase in cone resistance (or DPI) with moisture over time appears to 

be related to availability of moisture for cementing reactions. DPI readings were 

significantly influenced by pozzolanic and cementitious properties of ash (i.e., strength 

gain) and less influenced by the compaction efforts. EPRI2 reports that the pozzolanic 

reactions in fly ash continue as long as free lime and sources of silica and alumina 

remain. 

 

Observed increase in DPI with number of passes for Ash-03 and Ash-05 was likely due 

to fly ash cementation over the course of several hours as opposed to compaction 

energy (higher number of passes corresponded to longer durations between the initial 

moisture adjustment and DCP testing, while no significant changes in density values 

were observed).   

 

Laboratory Strength Test Results 
 

To evaluate the strength properties of fly ash under conditions similar to those obtained 

during the field study, series of consolidated undrained (CU) triaxial tests were 

performed under effective consolidation pressures of 5 psi (720 psf) and 30 psi (4,320 

psf). Remolded samples of Ash-03, Ash-04, and Ash-05 were prepared in the laboratory 

and used for triaxial testing. A limited number of undisturbed Shelby tube (ST) samples 

collected during the pilot study were also used for triaxial testing. Undisturbed ST 

samples of Ash-03 and Ash-05 could not be extruded in the laboratory. These samples 

were fully hardened, and volumetric expansion was noted. Two undisturbed ST samples 

of Ash-04 were successfully extruded in the laboratory for triaxial testing.  Remolded 

samples were prepared at the lowest average d and moisture content observed during 

the field study. This conservative approach represents those conditions where 

compaction efforts were minimal (e.g., only two passes of compaction) and the moisture 

conditions were at as-received conditions. It should be noted that as-received moisture 

conditions are based on initial moisture conditioning at the silos immediately prior to 

loading for transport and disposal as a dust control and workability measure. For 

optimum operational effectiveness at the subject facility, this initial moisture conditioning 

of dry fly ash is conducted in a controlled manner with resulting moisture content 

typically being in the range of 11% to 15%. As noted earlier, DCP field measurements 

indicated that additional moisture adjustments (e.g., up to 25%) generally improve 

strength properties of the compacted fly ash by optimizing hydration/cementation 

process. Therefore, conservatively as-received moisture contents were simulated in 

remolded samples. To minimize the impact of strength gain and time-dependent 

variables associated with cementitious properties of ash, a lab protocol was developed 



and followed for triaxial testing of all remolded samples. In summary, this protocol 

consisted of: (i) remolded fly ash samples were prepared from the virgin ash at target 

moisture and density conditions; (ii) samples were cured only for 1 day; and (iii) 

samples were saturated and consolidated for 2 days prior to shearing (total curing time 

of 3 days).  

 

The CU triaxial test results are presented in Figure 8 and Table 2.  The triaxial tests 

performed on remolded ash samples were analyzed and interpreted based on the 

dimensions of samples after one day of curing to consider the impact of volumetric 

changes on the calculated stress on the specimen. Using the stresses at 15 percent 

axial strain, Mohr-Coulomb failure envelopes are plotted, and drained and undrained 

shear strength parameters are calculated, as presented in Table 2. The undrained 

shear strength is presented in undrained shear strength ratio (Su/'v), which were 

generally in the range of 0.35 to 0.64. Minimum undrained shear strength values (Su,min) 

ranged from 300 psf to 1,950 psf. The calculated effective friction angles (’) for fly ash 

samples tested were in the range of 36 to 38 degrees. Fly ash specimens show mainly 

a contractive behavior (Table 1 and Figure 8). Only Ash-04-ST and Ash-05 at lower 

confining pressure (5-psi) show a dilative behavior.  The stress-strain curves for Ash-03, 

Ash-04 and Ash-05 specimens shown in Figure 8 indicate that the fly ash tested in this 

study did not exhibit significant strain softening (or ‘brittle’ behavior) during triaxial 

testing. 

 

The remolded specimens used in this CU triaxial testing program were prepared at 

relatively low densities representative of those conditions observed in the field with 

minimum compaction effort (e.g., only two passes of compaction). These densities 

corresponded to relative compaction values of 82 to 87% (based on the standard 

Proctor compaction curves developed for a 1-hour curing period). The result of CU 

testing indicated that the relative compaction of fly ash is not necessarily a controlling 

factor in shear strength of a compacted dry fly ash because of its pozzolanic and 

cementitious properties. The calculated effective friction angle (’) of fly ash between 36 

and 38 degrees appears to be independent of type of dry fly ash samples tested in this 

study and not directly correlated with the relative compaction. 

SUMMARY AND CONCLUSIONS 

 

The site-specific study, including laboratory and field testing, was conducted to primarily 

evaluate the commercially available practical methodologies, such as dynamic cone 

penetrometer (DCP), and assess the placement criteria for dry fly ash.  A summary of 

findings from this study are listed below. 

 

Compaction characteristics of fly ash are highly variable and influenced by moisture 

conditions and curing time (i.e., aging).  The compaction properties of fly ash 



vary significantly due to pozzolanic and cementitious properties.  The volumetric 

expansion potential associated with early age reactivity of fly ash may have some 

influence in density measurements. 

 

 Establishing a compaction criterion, based on conventional soil mechanics using 

target relative compaction and moisture content, becomes challenging and often 

impractical from a construction perspective and increases the level of 

uncertainties in the construction quality assurance procedure. The basis for 

relative compaction varies significantly depending on which time-dependent 

Proctor curve is used. The actual delay time between the time of initial moisture 

adjustment, the time of compaction, and the time of CQA testing needs to be 

considered in developing time-dependent Proctor compaction curves.  

 

Strength properties of fly ash appear to be independent of type of dry fly ash used in 

this study and not directly correlated with the relative compaction and moisture 

content. It can be suggested that, during the compaction operations, moisture 

content of ash being placed can generally be in the range of 10 to 30 percent, 

with lower bound defined by dust control measures and upper bound defined by 

material workability (e.g., no water bleeding during compaction).   

 

A significant scatter in DCP data with density is observed, introducing difficulties to 

correlate DCP with density.  This scatter is mainly related to the strength gain of 

fly ash with time due to pozzolanic and cementitious properties, which increased 

the strength and stiffness measured by DCP while density stays constant.  

 

Use of DCP as part of CQA efforts can be considered to confirm that compaction 

efforts are in compliance with a method-specific procedure (e.g., minimum 2 

passes for compaction to achieve firm ground). The DCP can be used to 

document achievement of proper compaction as defined by stiffness/strength of 

the compacted ash.   

 

Periodic standard Proctor compaction tests should be conducted to evaluate any 

potential significant changes in fly ash compaction characteristics during fossil 

plant operation. It is recommended that standard Proctor compaction tests be 

performed on “virgin” fly ash samples collected directly from silo pneumatic spout 

prior to any moisture adjustment. To capture the time dependent nature of ash, 

laboratory test specimens should be prepared using the “virgin” fly ash samples 

adjusted to a target moisture content and allowed to ‘cure’ prior to compaction 

tests. At a minimum, two time intervals (representative field conditions that would 

likely occur) should be tested (e.g., within an hour of moisture conditioning and 

approximately three days following the moisture conditioning). 
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Figure 1. Variation of Fly Ash Compaction Curves and Field Measurement of Fly Ash 
Dry Density and Moisture Contents with Time after Moisture Adjustment 
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Figure 7. Change of Dynamic Cone Penetrometer Index (DPI) with Curing Time of Fly 
Ash after Compaction  

 
 



 
 

Figure 8. Stress-Strain Curve from Consolidated Undrained (CU) Triaxial Testing on Fly 
Ash 


