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ABSTRACT  
 
Immediately following the December 2008 Coal Combustion Products (CCP) dredge 
cell failure at its Kingston fossil-power generating facility, the Tennessee Valley 
Authority (TVA) formed the Generation Construction organization to manage 
engineering assessments and perform construction improvements at all of its CCP 
impoundments and stacking facilities. Since then, significant geotechnical 
improvements have been achieved at CCP wet impoundments and stacking facilities at 
TVA’s 11 fossil plants, including the commissioning of new dry processing plants. The 
decision to gradually close wet impoundments while creating the dry stacking 
infrastructure has created the need to better understand the engineering properties of 
compacted CCPs. To that end, during 2012, TVA began an intensive and ambitious 
program to develop new Quality control/Quality Assurance (QC/QA) specification and 
techniques for the stacking of CCPs. To date, the “CCP Stacking Quality Control/ 
Quality Assurance (QC/QA) Program” has resulted in several detailed field and 
laboratory investigations of CCP materials generated from two of TVA’s 11 fossil plants. 
The investigations included the use of emerging technologies (e.g., intelligent 
compaction and in situ stiffness and strength based measurement devices) and a 
critical review of current field and laboratory test methods. One of the outcomes from 
this study was the development of an improved guide specification for CCP stacking 
operations. This paper describes the investigations’ findings with emphasis on 
significant issues in current practice that should be rectified. The advantages including 
cost benefits of implementing new technologies and improved construction methods 
demonstrated by the study will be advanced. 
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INTRODUCTION 

As part of the overall effort to ensure that all of TVA's Coal Combustion Products 
disposal facilities are stable and operated to appropriate standards of safety, 
functionality and environmental compliance, TVA’s CCP Projects & Engineering Group 

(CCPP&E) in cooperation with Routine Handling Operations & Management (RHO&M) 
undertook this study to evaluate the Quality Control (QC) and Quality Assurance (QA) 
process for dry stacks constructed of fly ash, bottom ash and/or gypsum.  The goal of 
this study was to establish consistent material placement compaction criteria (using best 
practices) to be used at the TVA fossil fuel plants.   
 
In order to identify potential improvements to the existing operations, a review of the 
current CCP handling process and existing QC/QA procedures was performed which 
included a review of records and visits to fossil fuel plants to directly observe the 
installation and compaction process.  On the basis of the findings with regards to the 
current CCP stacking operations and corresponding QC activities, a detailed field test 
program was developed and performed at the Widows Creek and Cumberland Fossil 
Fuel facilities.  The goal of the test program was to establish a production QC/QA 
program for placement of dry stack facilities by incorporating process control measures 
to: 
 

 Meet permit requirements for placement and compaction of stacked CCP 
materials. 

 Meet shear strength requirements to provide adequate factor of safety for stack 
slope and global stability. 

 Minimize handling and compaction requirements. 

 Maintain consistency between dry stack operations at different facilities. 

 Maximize air space utilization for material storage. 

 Optimize storage of potentially recoverable materials. 
 
Through the process of this study, we discovered that the CCP materials neither behave 
as soil, nor are they consistent between plants and even within the same plant, often 
varying with time (e.g., due to the type of coal, coal mixtures, and additives).  As a 
result, robust laboratory and field test method have been developed to measure and 
evaluate both the characteristic and performance properties of these materials.  
Through the use of these methods along with guidelines for the handling, placement 
and compaction, these materials can be used to construct safe and reliable stacks for 
long term storage of these materials.  A companion paper (Part II) describes the 
process and specification developed from the study.   
 
REVIEW OF CURRENT QUALITY CONTROL PROCEDURES 

The first phase of this study was to complete a review of the current CCP handling 
process and existing Quality Control (QC) and Quality Assurance (QA) procedures.  
The quality control requirements outlined in the regulatory permits and/or best 
management practices (BMPs) were review for several of the stacking operations along 



with the specific QA/QC programs for those facilities. The permits and BMPs are fairly 
similar in their testing requirements, basically requiring density tests to be performed on 
a periodic basis with the level of the density expressed as a percentage of ASTM D698 
and moisture requirements, which in some cases was modified for cold weather 
conditions.  The majority of stacks were required to meet a 95% minimum density 

requirement at  4% optimum moisture.  Quality control records from five sites were 
reviewed and the brief review of our findings follows. In brief, current placement of CCP 
materials requires achievement of the acceptable minimum density per the permit 
requirements.  However, borings taken at the time of closing and our research indicates 
that infrequent point based nuclear density gauge tests and limited measurement data 
typically being recorded does not assure satisfactory long-term stability and 
performance of the stacks.  The following provides examples of these issues. 
 
Density Results 

 
The maximum dry unit weight versus optimum moisture content of fly ash reported in 
the QC results from the 5 plants, presumably all obtained from standard Proctor tests 
(ASTM D698), are shown in Figure 1.  As can be seen, the maximum unit weight 
ranged from 64 pcf to 101 pcf and the optimum moisture content ranged from 15.8% to 
44.0%.  These values indicate a significant difference in the fly ash at each plant, which 
is likely primarily connected to the source of coal.  There is a good indication that a high 
variability in the maximum unit weight fly ash exist within the same plant.   
 
Figure 2 shows a representative example of the results from a series of tests performed 
at one of the plants, all assigned to the same proctor value.  In the review of test data 
from all plants over a two year period, the coefficient of variation (COV) of the dry 
density for fly ash (based on  tests results assigned to a specific proctor value) ranged 
from 3% to 7%, while the COV of the moisture content ranged from 5% to 34%.  

FIGURE 1: Maximum dry density versus  
optimum moisture contents from 

Proctor test results from 2009 to 2010 

FIGURE 2. Example of field density test 
results from a dry stack containment 

area 



The low variation in density is somewhat expected as the density is the target value to 
meet permit requirements; however, the data indicated that fly ash is being placed as 
low as 12 % below and as much as 12 % above optimum moisture. The Proctor test 
results shown in Figures 1 and 2 may not represent the extreme variability of fly ash at 
the same plant, which would also explain the extreme range of moisture contents.  
Another indication of the material variability, which would result in different characteristic 
maximum unit weights, is the variability in the gradation of the fly ash from a given plant 
as shown in Figure 3.  This figure was obtained from 10 separate samples of fly ash 
collected in relatively close proximity to each other (within 4 ft of elevation and within a 
40 ft by 80 ft area) from one of the storage facilities.   Each of these gradations would 
result in different fly ash particle packing arrangements and would thus produce 
different Proctor curves. 

 

 

FIGURE 3. Grain size curves for different samples of fly ash from an area of 40 ft 
by 80 ft  (GEI, 2011) 

 
Consistency in Existing Dry Stack Facilities 

Cone Penetration Test (CPT) data provide a very good indication of consistency.  
Figure 4 show representative cone results from one site and clearly shows variability 
with depth as indicated by the low tip resistant qT values (e.g., see results at 21 and 33 
ft).  The non-uniform qT values also provide an indication that lifts may not always be 
placed to a uniform thickness, with the spikes likely occurring at the top of each lift 
where the maximum compaction is achieved.  Where a significant drop occurs after a 
spike is an indication that the compaction effort is not adequate to provide uniform 
compaction over the full depth of the lift.   



 

FIGURE 4. Example CPT results indicating non-uniform conditions with depth 

 
Inconsistency in explorations conducted for the dry stack designs has in some cases led 
to the use of conservative strength parameters.  Consequently, this has in several 
cases resulted in construction of flatter outside slopes, filter blankets buttress 
stabilization or containment berms, and/or other expensive engineering control 
measures to ensure stable stacks, all of which add additional costs to the construction, 
remedial work, and maintenance of the dry stacks. Some of these measures could 
reduce the permitted capacity of the landfill or require an expanded landfill stack 
footprint to ensure stack slope stability. 
 
It is apparent from our initial site visits that significant improvement in the quality control 
of the placement and compaction process for the stacking operations are required to 
achieve the performance requirements and limit the variability of critical CCP properties 
over the entire site.  It is apparent from our initial site visits that significant improvement 
in the quality control of the placement and compaction process for the stacking 
operations are required to achieve the performance requirements and limit the variability 
of critical CCP properties over the entire site.  The next two sections outline the 
evaluation of methods that could be used to assess and achieve these improvements.  
 

PERFORMANCE MEASURES 

In preparing a QC/QA program, the purpose of the program in meeting design and 
performance requirements must always be considered.  The three most critical 
conditions that may cause performance issues with the dry stack embankment and 
containment dikes are: 
 

1. Differential settlement within the dry stack embankment or underlining materials, 
its foundation or, in some cases, sluiced ash or from a variation in dry stack 
embankment height. Differential settlement may, subsequently, cause the 



formation of cracks through the dry stack embankment which may create slip 
plains or concentrate seepage through the containment dikes and lead to failure 
by internal erosion.  

2. Seepage through the containment dike side slopes and foundation. This 
condition may cause piping within the containment dikes, the dry stack 
embankment and/or the foundation. Ponding water within the dry stack 
containment is especially an issue as it leads to softening of the fly ash or 
gypsum, erosion issues, and a higher potential for piping.   Piping of the fly ash is 
especially of concern at drainage features, in desiccation and settlement cracks, 
and in sections that require special compaction considerations to avoid loose fill 
(e.g., filled in erosion gullies and at the edge of slopes). 

3. Shearing stresses within the dry stack embankment, the containment dikes, and 
foundation due to the weight of the fill creating the potential for sliding failure if 
the shearing stress exceeds the strength of the dry stack material, foundation 
and/or containment dike materials. 

 
The character and distribution of the dry stacked material must therefore be considered 
for its shear strength/stability, compressibility/ductility, piping potential and permeability.  
The containment height and embankment cross-section are designed based on specific 
assumptions for each of these characteristics and the quality control/quality assurance 
program should be based on measuring properties and processes that control these 
characteristics.  While density is an important factor and is somewhat related to these 
characteristics, it does not provide a direct measure of any of these design property 
values.  Correlations are required, which in themselves are variable.  Our review did not 
find that such correlations have been developed. 
 
METHODS USED FOR DEVELOPMENT OF THE QC/QA PLAN 

Based on the records reviewed and visits to fossil fuel plants outlined in the previous 
section of this report, two sites were selected for further evaluation of the placement and 
compaction process and development of performance measures for the CCP materials 
at those sites. The initial task included pre-site visits for obtaining representative 
materials for performing laboratory testing to characterize the material including index 
tests, Standard Proctor tests and strength tests.  Following the lab tests, a detailed field 
test program was conducted to evaluate field compaction procedures and develop 
correlations between compaction efficiency and performance measures.  The 
investigations included the use of emerging technologies (e.g., intelligent compaction 
and in situ stiffness and strength based measurement devices) and a critical review of 
current field and laboratory test methods.  Following is a brief summary of the laboratory 
and field test performed, summary of the results of which are presented later.   

Field Tests 

 
The field tests included the construction of test pads with each different CCP material at 
each site to determine appropriate lift thickness, roller configuration, and required 
number of roller/dozer and/or truck passes.  The test pads were approximately 200 feet 
long by 60 feet wide and were constructed using varying moisture contents, lift 



thicknesses, compaction equipment and number of passes.  A Caterpillar CS74 smooth 
drum self-propelled vibratory roller equipped with machine drive power (MDP) and 
compaction meter value (CMV) roller-integrated compaction measurement (RICMs) 
technologies (aka. Intelligent Compaction) was used to evaluate test pads constructed 
with each CCP material at each site before, during and after construction with 
conventional compaction equipment normally used at each site.  A detailed description 
of the IC equipment is presented in the companion paper (Part II). 
 
Field tests were conducted on each lift of the test pads with a variety of tools to assess 
moisture content, in-place density, stiffness and strength. As discussed earlier in this 
paper, moisture content, a critical parameter for compaction control, was found to be 
highly variable during the review of existing CCP stacking operations.  To improve the 
control of the CCP material moisture within the required compaction range, a rapid 
means of measuring the moisture content at the time of transport and placement is 
required, so that proper moisture conditioning can be achieved by the contractor before 
compaction.  Therefore, a number of different moisture measuring devices were 
evaluated for comparison and correlation with conventional laboratory tests.  A 
summary of the equipment evaluated is provided in Table 1.  Conventional in-place 
density tests were performed including nuclear density, sand cone tests, and tube 
density measurements as detailed in Table 2.  Several push probes with measured 
force readout required for penetration were evaluated in this study as listed in Table 3.  
These probes provide a simple and rapid means of evaluating compaction and may 
provide an indication of corresponding strength. In addition to the push probes, several 
more sophisticated in-situ point tests were used to develop strength and stiffness 
correlations with moisture/ density results and RICM’s. These tests included a dynamic 
cone penetrometer, a falling weight deflectometer, a borehole shear test, two vane 
shear devices, a static cone penetrometer, and a plate load test device.  A description 
of each test device along with photos of the specific equipment used is provided in the 
following Table 4. 
 
Laboratory Methods 
 
The field test measurements were supported by laboratory tests on bulk and tube 
samples taken from each test pad.  The laboratory program included Proctor 
compaction testing and index testing on grab samples and samples from the compacted 
test sections and strength, consolidation, and hydraulic conductivity tests on specimens 
from undisturbed tubes samples and carved block sections from the test sections.   The 
laboratory tests performed for this study are listed in Table 5. Laboratory tests were 
performed by several consulting firms with accredited labs. 

 

 

 

 

 

 



TABLE 1. Moisture measurement devices. 

Device Description  Photo 
Oven (2)  Standard (ASTM D2216) forced air laboratory 

oven with one at 60C and one at 110 C (tests 
samples were also sent to outside laboratories for 
support testing) 

 
Nuclear Gage ASTM D6938 - The measurement of moisture 

Content is based on the thermalization (slowing 
down) of fast neutron radiation. It is a function of 
the hydrogen content of the materials and to a 
lesser degree, by other low atomic number 
elements e.g., carbon and oxygen.   

Lincoln Soil 
Moisture Meter 

Push probe with measurement based on scale of 
1 through 10 

 
General 
GLMM200 
Moisture Meter 

Push probe with measurement based on scale of 
1 through 4 

 
Speedy® 2000 
Moisture 
Device 

Sample placed in vessel - measures pressure with 
calcium carbide 

 
DMM600 Duff 
Moisture Meter 

Sample placed in vessel - measures pressure with 
calcium carbide 

 
Kelway 
Moisture Meter 

Push probe in loosened materials with 
measurement based on % saturation 

 
Decagon 
Devices GS3 
Moisture Probe 

Push probe with readout box measurement based 
on conductivity 

 
Hanna 
Instruments 
Soil Moisture 
Probe 

Push probe with readout box measurement based 
on soil activity 

 



TABLE 2. In-place density measurements. 

Method ASTM Standard Photo 
Nuclear 
Density  

D5195-08 Standard Test Method for Density 
of Soil and Rock In-Place at Depths Below 
Surface by Nuclear Methods 
 

 
Sand Cone 
Tests 

ASTM D1556-07 Standard Test Method for 
Density and Unit Weight of Soil in Place by 
the Sand-Cone Method 
 

 
Tube Density ASTM D1587-08 Standard Practice for Thin-

Walled Tube Sampling of Soils for 
Geotechnical Purposes 
And  ASTM D2937 Standard Test Method for 
Density of in Place by the Drive-Cylinder 
Method 

 

 

TABLE 3. Push probes with force penetration measurements. 

Device Description  Photo 

The Dickey-
John push 
probe,  
 

Conical tip with analog gauge for measuring 
penetration force.  Depth of penetration 
measured with ruler. 

 

Field Scout 
Push Probe 

Conical tip with digital gauge for measuring 
penetration force.  Automated depth 
measurement with memory for recording 
force required for full penetration. 

 

Ben Meadows 
manual push 
probe. 

Conical tip with no gauge and penetration 
force based on feel.  

  



TABLE 4. Strength and stiffness measurement devices. 

Device Description  Photo 

Dynamic Cone 
Penetrometer (DCP) 
 

ASTM D6951 – A 0.8 in. diameter, 60° 
cone attached to a rod that is driven into 
soil by means of a drop hammer that 
slides along the penetrometer shaft.   
Empirical correlations are used to assess 
in-situ strength of compacted materials. 

 

Light Weight 
Deflectometer (LWD) 

ASTM E2583 - Measures surface 
deflections that result from the 
application of an impulse load from a 
drop weight that slides along a shaft. 
Deflections can be used to determine in-
situ material stiffness (i.e., elastic 
modulus  ELWD)  

Field vane shear test   
(2 types  – a Pilcon ½ 
in. vane with 
calibrated torque 
plate & a 2 in. vane 
with calibrated torque 
wrench) 

ASTM D2573 - performed to assess the 
in-situ undrained shear strength. Field 
vane results for the peak undrained 
shear resistance can be corrected to 
determine the undrained shear strength 
(Su). 
  

Borehole Shear Test 
(BST) 

(Handy and Fox 1967, Handy et al., 
1985) Two curved serrated contact 
plates are expanded against the sides of 
a 3 in. diameter bore hole using a known 
pressure and the device is pulled vertical 
from the surface until a peak value is 
reached.  To determine drained shear 
strength parameters (i.e., cohesion c´ 

and friction angle ´).  

Cone Penetrometer 
(CPT) 

ASTM D-3441 - A cylindrical steel probe 
is pushed into the ground at a constant 
rate and the measured point or tip 
resistance to penetration qc and side or 
sleeve resistance fs is used in empirical 
relations to determine undrained shear 
strength and elastic modulus. 

 

Plate Load Test 
(PLT) 

ASTM D1196 Standard Test Method for 
Nonrepetitive Static Plate Load Tests of 
Soils and Flexible Pavement 
Components, for Use in Evaluation and 
Design of Airport and Highway 
Pavements 

 



TABLE 5. Summary of laboratory test methods. 

Test Standard Purpose 

Grain size analyses ASTM D422 determine the size and distribution of the particles in 
a soil. 

Moisture Content ASTM D2216 provide the moisture content of the material as-
sampled. 

Specific gravity – water 
pycnometer method 

ASTM D854 calculate the density of the soil solids. 

 

Specific gravity – gas 
pycnometer method 

ASTM D2395 calculate the density of the soil solids 

Standard Proctor Tests  ASTM D698, 
Method A 

determine the relationship between water content 
and dry unit weight of the material 

Pinhole Dispersion Tests ASTM D4647 evaluate the susceptibility of the materials to piping 

Consolidated-Undrained 
(CIU) triaxial tests 

ASTM D4767 performed on undisturbed samples of gypsum and a 
remolded sample of fly ash to evaluate drained and 
undrained strength properties 

Unconsolidated-
Undrained (UU) triaxial  

ASTM D2166 performed on remolded samples of fly ash to 
evaluate undrained strength properties 

Consolidation Tests ASTM D2435 performed on the gypsum to evaluate 
compressibility parameters 

Hydraulic conductivity 
tests 

ASTM D5084 performed on undisturbed samples of gypsum to 
evaluate permeability 

 
 
CCP MATERIAL CHARACTERISTIC PROPERTIES AND PERFORMANCE MEASURES   

This section provides an overview of the test results identified in the previous section 
including the index properties, mineralogy and microanalysis of the CCP materials, and 
the moisture-density and moisture-strength relationships developed from the study.   
 
Overview of Key Index Properties: Moisture Content, Gradation and Specific Gravity  
 

The primary index properties related to compaction include the moisture content, 
gradation and specific gravity. There is an optimum range of moisture to achieve 
compaction and, as discussed later, moisture is related to compaction density, strength 
and stiffness. The gradation of the material (i.e., the particle sizes and the distribution of 
particles of each size) directly determines characteristics of the compaction curves (e.g., 
well graded materials have a greater density under the same compaction effort than 
open graded materials). The gradation also has a significant influence on the strength, 
stiffness and hydraulic properties of the material. The third cornerstone of compaction 
density is the specific gravity, which is basically a measure of the particle density.  An 
essential part of the testing program was an assessment of these properties including 
an evaluation of the methods of measurement.  A summary of the material index 
properties for all of the materials included in test sections are provided in Table 6. 



 

TABLE 6. Summary of material index properties. 

Parameter Standard 

Site 1 Site 2 
Fly/Bottom 

Ash Gypsum Fly Ash 
Temple 
Gypsum 

Reject 
Gypsum 

Moisture Content (%)     

   pretest – Silo & stockpiles ASTM D2215** 22  - 25 27 – 36  13 - 18   

   test section ASTM D2215* 18 - 31 15 - 30 7 - 26 6 - 32 10 - 28 

   Optimum ASTM D698* 26.0 17.8  15.3 12.0 

Grain-Size Analysis Results 

ASTM D422 

 

  Gravel Content (% > 4.75 
mm) 

2 0 0 0 0 

  Sand Content (%  4.75mm - 

75m) 
32 6 30 1 4 

  Silt Content (% 75 to 2 m) 63 93 68 99 95 

  Clay Content (% < 2 m) 3 1 2 0 1 

  D85 (mm)  0.45 0.070 0.46 0.060 0.055 

  D60 (mm) 0.059 0.039 0 .057 0.0496 0.047 

  D30 (mm) 0.021 0.016  0.024 0.0373 0.032 

  D10 (mm) 0.0063 0.008 0.011 0.0273 0.019 

  Coefficient of Uniformity, Cu 9.4 4.8 5.4 1.81 2.5 

  Coefficient of Curvature, Cc 1.2 0.84 1.0 1.03 1.1 

Specific Gravity ASTM D854* 2.22 2.48 2.42 2.36 2.40 

ASTM D854** 2.29 2.96 2.32-2.42 3.36 3.37 

ASTM D5550* 2.29 2.45 2.39 2.33 2.35 

Atterberg Limits ASTM D4318 NP NP NP NP NP 

Pinhole Dispersion***  ND3  ND3 D1/D2  

* material oven dried at temperature = 60C 

** material oven dried at temperature = 110C 
***D1/D2 = dispersive; ND3 = moderately dispersive;  

 
Moisture Content 
 

A critical review of moisture content was made during the test program due to the high 
variability of the moisture content found during our review of quality control records at 
each site, as discussed earlier.  Part of the variability is clearly an absence in control of 
moisture during the handling process; however, it is well known that the CCP materials 
themselves may influence moisture measurements.  Fly ash materials often contain 
residual, unincinerated coal, which can burn off in the oven during standard moisture 
content test measurements.  In addition, the hydrogen in residual coal can have a 
significant influence on moisture determined from nuclear density measurements.  For 
gypsum, water is incorporated into the chemical structure and can dehydrate at high 
temperatures.  This bound water does not influence the mechanical characteristics of 
gypsum and therefore should not be considered as part of its natural moisture content.  

As a result of these issues, ASTM D2215 Test method for recommends the use of 60C 

for gypsum and the previous ASTM E2277 standard recommended the use of 60C for 

fly ash.  However, most of the laboratories are using an oven temperature of 110C for 
QC testing. 
 



Oven Moisture Measurements 
 
Moisture content was evaluated using the standard methods used at TVA sites 
including oven drying (i.e., ASTM D2215) and Nuclear Density Gauge (ASTM D6938).  
The oven tests were determined at both the standard temperature of 110° C and at a 
temperature of 60° C, which is often used for organic materials and recommended in 
ASTM D2215 for materials containing gypsum.  The initial tests at 60°C where oven 
dried for periods of  24 hr, 48 hr, and 72 hrs with no or relatively minor (< 0.1%) 
changes in weight, indicating that 24 hrs was adequate time period for obtaining the 
moisture content results; however, specimens were periodically left in the oven for 48 
hrs as a check on 24 hr results.  Comparative results from the tests performed at these 
two temperatures are shown in Figures 5 (a) and (b).  The results for the fly ash 
materials at both test sites indicated that the oven dried water contents for fly ash are 
similar, on average, whether the material is dried at 60°C or 110°C.  However, some 
samples appear to contain residual, unincinerated coal as indicated by slightly higher 
moisture contents (1 to 2% higher on average) measured at 110°C. The presents of un-
incinerated coal was confirmed by loss on ignition tests, which found organic contents 
up to 9% for the Widows creek fly and bottom ash mixture. Results obtained by oven 
drying at 60°C are therefore considered more accurate.   
 
The moisture content results for the gypsum material were significantly different at the 
oven temperature of 110°C versus 60°C.  On average, the water contents performed 
with the oven temperature at 110° were 15% to 26% higher than those performed with 
the oven temperature at 60°C (i.e., 15% to 17% higher for the Site 1 gypsums and 26 % 
higher for the gypsum at Site 2k).   
 
 

 
(a)      (b) 

FIGURE 5. Comparison of moisture content measurements from oven dry 

procedures at 60C versus 110C for (a) fly/bottom ash and (b) gypsum 



Thermogravimetric (TG/DTG) Analysis 
 

To evaluate the correct temperature for performing moisture content tests,    
Thermogravimetric (TG/DTG) Analysis of gypsum and fly ash materials was performed 
and coupled with X-Ray Diffraction (XRD) analysis.   The TG/DTG and XRD provide 
definitive information concerning proper oven drying temperature recommendations for 
the fly ash and gypsum materials.  By coupling the TG and XRD analysis, the drying 
signatures can be explained in terms of stoichiometric analysis.   
 
Sample heating was carried out in an air atmosphere at 5° C/min. TGA testing 
measures the mass loss of the sample during heating. Duplicate tests were conducted 
for each sample and the results were compared.  The mass – temperatures 
relationships for these materials for a range of moisture contents shown in Figure 6 
demonstrate that there is not one unique temperature for drying CCPs and further that 
temperature changes on the order of one degree C are likely resulting in measurement 
variation between labs. Heating gypsum to between 100 °C and 150 °C (302 °F) 
partially dehydrates the mineral by driving off approximately 75% of the water contained 
in its chemical structure.  The reaction for the partial dehydration is: 
 

CaSO4•2H2O + heat → CaSO4•0.5H2O + 1.5H2O    (4) 
 
On heating to 180 °C, the nearly water-free form, called γ-anhydrite (CaSO4•nH2O 
where n = 0 to 0.05) is produced.   Also, the replicate tests shown in the figure indicate 
excellent repeatability of the measurement given the small sample sizes (about 20 mg).    
 
On the basis of these results, it is apparent that the ASTM standards (e.g., D2216) 
using 110 ± 5°C developed for drying soil do not provide suitable measurements of 
moisture content for CCPs.  It would appear that 60 degrees is the appropriate 
temperature for the CCP’ evaluated in this study; however, samples of CCP’s from other 
fossil fuel plants and samples developed from any changes in the coal mix should be 
tested to confirm the appropriate oven drying temperature.    
 
 
RAPID MOISTURE MEASUREMENTS 

Nuclear Gauge 
 
A rapid moisture content method must be used in the field to assess the moisture 
content in the field, determine if it meets target values (either controlled by permits or 
best practices), and ideally to adjust to optimum conditions during placement.  
Conventionally Nuclear Density methods (ASTM D2216) are used with the gage 
providing both the wet density (using gamma rays) and water content (using neutron 
rays).  This is also common practice in geotechnical engineering.  However, as 
indicated earlier, there is some concern in obtaining an accurate water content using 
nuclear methods due to the potential residual carbon in fly ash and the bound water 
molecules in the gypsum.   
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FIGURE 6.  (top) Thermogravimetric (TG) curves for full temperature range and 
(bottom) highlighting TG curves up to 200°C  

 

One of the manufacturer’s manuals for the equipment state: “Hydrated minerals such as 
gypsum or crystals such as mica may cause the largest single error. In general, a 
material containing hydrogen, which is not removed during an oven dry procedure, as 
outlined in ASTM D2216 will cause an error in the measurement.”  Therefore as part of 
the test sections, nuclear density tests were performed along with oven moistures on 
each lift all test strips to evaluate correlations to accurate water content measurements.    



The nuclear gauge versus oven results on the fly/bottom ash mix from Site 1 and the fly 
ash from Site 2 is provided in Figure 7.  The nuclear density gauge measures water 
contents about 10% lower, on average, than oven dried results at 60°C.  These results 
clearly indicate that the presence of the residual coal affects the nuclear gauge 
readings.  Residual coal was identified by loss on ignition test in samples of fly ash 
material. 
 

 

FIGURE 7. Comparison of fly/bottom ash moisture contents from nuclear gauge 
readings versus oven drying. 

 
Oven dry moisture contents (at 110°C and 60°C oven drying) versus nuclear gauge 
moisture measurements for Site 2 gypsum materials in comparison with data obtained 
from Site 1 is provided in Figure 8.   Moisture content results from 60°C and 110°C oven 
drying are on average about 20.0% and 4.7% lower than determined from nuclear 
gauge.  The moisture comparison between nuclear gauge and oven-drying methods at 
Site 2 did not show a statistically significant trend. This finding is in contrast with the 
trends observed from Site 1 gypsum material. 
 
The nuclear density gauge measures water contents are somewhat consistent with 
oven dried water contents performed at 110°C. Oven dried water contents performed at 
110°C are not accurate (too high) due to chemical dehydration of the gypsum at that 
temperature. Therefore, the nuclear density gauge is reading a water content that is too 
high which results in a calculated dry density that is too low, compared to samples oven 
dried at 60°C. 
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FIGURE 8. Comparison between moisture content measurements obtained from 

nuclear gauge and laboratory oven dry procedures (at 60°C and 110°C)  
 

 
Moisture Probes 
 
Consistent correlations could not be developed between the nuclear density tests and 
the oven moistures.  Therefore, as noted in Table 1, a number of alternate, rapid 
moisture methods were evaluated.  During the field tests, field moisture contents were 
obtained on all test pads using the seven moisture meters listed in Table 1. Results 
obtained using the moisture meters were compared with moisture contents calculated 
from oven dried samples at 60°C, which were taken directly from the probe area.  
Although several of the moisture meters offered strong correlation with some materials 
at a given site, a strong correlation could not be determined for all materials tested, 
even for the same type of material at different sites (at least partly due to the dielectric 
properties of the materials.  Additional lab testing was performed to evaluate these 
issues; however, it was found that the correlations for gravimetric moisture content and 
oven dry moisture content could not be improved to a satisfactory level for field tests, 
especially for the conditions approaching air dry and saturated sample conditionings.  
Therefore additional effort was made to locate more suitable method(s) for obtaining 
rapid moisture measurements for this critical aspect of improving the quality of 
placement and compaction of CCP materials, including near infra-red (NIR) analysis 
and soil suction in conjunction with soil water characteristic curves (SWCC).  These 
methods appear very promising in laboratory tests, but field calibration is still ongoing 
and will be reported at in a future paper. 
 



GRADATION 

Grain size tests were performed on the all materials both in pretesting and during 
construction of the test pads.  A summary of the grain results are shown in Figure 9.  
Based on our initial review, the curves represent the range of materials that can be 
anticipated at the two different plant facilities.   
 

 
 

FIGURE 9. Range of gradation of CCP materials in test sections 

 
SPECIFIC GRAVITY   

Moisture also will influence specific gravity results.  A very high specific gravity (on the 
order of 3) was noted for the gypsum materials at several of the fossil fuel facilities in 
the review of existing data from both the current QC operations and a test program 
performed in the 1990’s by Law Engineering.  This high of a value is not reasonable for 
these materials, which are typically on the order of 2.3 for gypsum (Ismael et al., 2002).   
 
Using the standard ASTM D854 in the initial laboratory study resulted in an average 
specific gravity for the gypsum material of 3.08, again an extremely high value.  The fly 
ash has an average specific gravity of 2.35, as measured using the ASTM D854 
method.  This standard specific gravity test method uses a water pycnometer and 
requires the input of the dry unit weight of the materials.  As discussed, oven drying of 
materials results in artificially high moisture content and, thus a low dry unit weight due 
to the chemical composition of both the gypsum and fly ash, which will affect the 
accuracy of the results. ASTM D854 specifically states ”the specific gravity of soil solids 
containing extraneous matter, such as cement, lime, and the like, water-soluble matter, 
such as sodium chloride, and soils containing matter with a specific gravity less than 



one, typically require special treatment (see Note 1) or a qualified definition of their 
specific gravity.”  Note 1 references performing such test using ASTM D5550.  The tests 
were repeated during the field testing phase of this project using a reduced oven 

temperature of 60C and performed using both ASTM D854 and ASTM D5550, which 
uses a gas pycnometer and does not rely on dry weight.  The results from these tests 
are shown in Table 6. 
 
MINERALOGICAL AND MICROANALYSIS RESULTS  

Although CCPs have traditionally been treated as soil, there composition and behavior 
is uniquely complex as discovered as part of the field evaluation phase of this project.  
Where most geomaterials are described as three-phase system – air, water, and solid – 
CCPs are better characterized as four-phase systems – air, free water, mineral water, 
and solid.  Figure 10 shows a graphical representation of CCPs as a four phase system.  
X-ray diffraction (XRD) tests were used to identify and isolate the mineral phases 
containing bound water. The TG analysis discussed earlier confirms that moisture 
content loss is linked to bound mineral water.  Figure 11 shows an example of fly ash 
agglomeration using SEM imaging to show particle hydration of a class C fly ash. This 
particular ash showed ettringite like mineral formation due to C3A content during initial 
28 days. These chemical reactions influence various index, compaction, and 
engineering parameters as will be discussed in the next several sections.   
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FIGURE 10. Representation of CCPs as four-phase systems  



(a) (b) 

  
FIGURE 11.  SEM images of (a) unhydrated fly ash and (b) hydrated fly ash after 

28 days showing various reaction products and glassy fly ash particles   
(Image from David White, Iowa State University. Samples from Ottumwa Generating Station, Iowa) 

 
 
MOISTURE-DENSITY RELATIONS  
 

During the in-situ testing phase, three test locations from each test bed were identified 
for comparison testing between the drive core test method and the nuclear gauge 
method.  The nuclear gauge tests were performed first, immediately followed by drive 
core sampling within the footprint of the nuclear density gauge test.  Results indicate the 
drive core measurements and nuclear gauge measurements are strongly correlated   
(R2 > 0.9). The dry unit weight determined from drive core method with 60oC oven 
drying is on average about 13.5 pcf greater than the dry unit weight determined from 
nuclear gauge. Similarly, when compared to 110oC oven drying, the dry unit weight from 
drive core method is on average about 2 pcf greater than nuclear gauge method.  
Moisture content results from 60oC and 110oC oven drying are on average about 20.0% 
and 4.7% lower than from nuclear gauge.  Comparison of the wet unit weights between 
nuclear density gauge and drive core results indicate that values are similar.  This 
confirms that the deviation in the calculated dry unit weights is due to erroneous nuclear 
gauge moisture measurements.  While drive core showed good correlations with wet 
density, significant scatter in comparing wet unit weights measured with the nuclear 
gauge compared to both push tube samples and sand cone tests taken at the same 
locations in Site 2 gypsum and fly ash test sections indicating correlations with wet 
density may not be feasible.    
 
Figure 12 shows the standard and modified Proctor test curves in reference to the zero 
air voids curves for the range of methods used to determine moisture content. Figure 13 
shows the proctor’s curves in comparison to the field dry unit weights and moisture 
contents.  In this plot the field wet unit weights were based on the nuclear density gauge 
and the moisture contents based on oven dried samples from bag samples collected 



from each nuclear density gauge point were conducted on materials by varying the 
moisture content of the material and the results are presented in Figure 13.  Results 
show that the resulting moisture-density values are highly variable. Further, the process 
of nuclear density gauge testing to determine the wet unit weight and then collecting 
bag samples for oven drying it not desirable due to the time involved.  
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FIGURE 12. Standard and modified Proctor test results for Site 2, Temple and 
Reject gypsum materials  
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FIGURE 13. In situ moisture content (determined from 60°c oven drying) and dry 
unit weight measurements in comparison with laboratory proctor test results 

 

As discussed in the Mineralogy Section, timely testing could be a significant factor in 
evaluating properties of CCP materials.  Figure 14 shows the results of a Proctor test 
performed immediately after sampling from the silo and a second test on the same 
sample performed 30 days later.  The materials were stored in the lab during that period 
in a standard unsealed container.  The results show a significant variation in the 
maximum unity weight, decreasing from 91 pcf to 75 pcf.  The optimum moisture 
content did not significantly change and both materials had the same specific gravity.  



This is an indication that agglomerates are present in the older test material, otherwise 
the optimum moisture should have increased such that the curve is at the same 
proximity from the zero air voids curve as the first test.      
 
The much lower unit weight in the delayed tests could clearly lead to erroneous field 
density results and the possibility of under-compaction of material.  If materials are 
placed and compacted directly from the silo, but Proctor samples are taken from the 
field several days after placement and compaction, a lower maximum density obtained 
from that test would indicate materials meet the density requirements when in fact they 
may be well below the target value. This factor could also explain the weak zones found 
in stacks after placement as previously discussed.  This factor could also lead to issues 
with noncompliance of in place compacted materials when samples are collected from 
stock piles which are placed at a later date (i.e., the maximum density from the Proctor 
test may be much higher than the actual optimum density).  
 
 

 
 

FIGURE 14. Laboratory Proctor test performed on samples taken from the silo 
immediately after sampling and 6 months later 

 
Summary of key findings from results of data analysis on CC1 and CC2 nuclear gauge, 
drive core, and oven dry moisture content results: 
 

 Comparison results presented above indicate that the dry unit weight determined 
from drive core method with 60oC oven drying is on average about 13.5 pcf 
greater than the dry unit weight determined from nuclear gauge. Similarly, when 
compared to 110oC oven drying, the dry unit weight from drive core method is on 
average about 2 pcf greater than nuclear gauge method. Wet densities between 
nuclear gauge and drive core were similar. 



 Use of either the drive core method (ASTM D2937) or sand-cone method (ASTM 
D 1556) along with oven-drying at 60oC or the rapid moisture content methods 
discussed in the previous section are recommended for this material for accurate 
determination of moisture content and dry unit weight.  

 Comparison of field oven-dried moisture contents and dry unit weight 
measurements with laboratory Proctor moisture-dry unit weight relationships 
indicated that the Temple gypsum material was on average about 6.1% dry of 
standard Proctor wopt and the reject gypsum material was on average about 0.3% 
wet of standard Proctor wopt. 

 Based on the nuclear gauge results, the moisture content and dry density results 
should not be used without detailed correction analysis.  The data presented 
herein does not show that a suitable correction can be established.  Correlations 
with wet density may be possible with moisture content determined by alternate 
methods (e.g., oven drying at. 

 All Proctor moisture-dry unit weight relationships as well as field density tests, 
moisture content, as well as strength/modulus tests should be performed at the 
time of placement.  Additional tests should be performed to quantify the 
maximum allowable mellow time for testing CCP materials. 
 

 
MOISTURE-STRENGTH RELATIONS  

Field testing conducted during the field research program demonstrated that strength 
and stiffness are desirable field compaction quality parameters to control.  Strength and 
stiffness are linked to design values and are suitably correlated to intelligent compaction 
measurements. Unlike traditional density measures that might vary within the site by 5 
to 10 percent, the strength and stiffness measurements were shown to vary in situ to 
more than 100 percent.  In order to develop quality control guidance and field 
construction processes that are centered on strength and stiffness, a laboratory study 
was conducted by varying moisture and density and measuring the strength and 
stiffness responses.  All specimens were prepared at the target moisture content and 
density and mellowed for 1 hour or 48 hours prior to testing. Samples were tested in 
compression and various parameters calculated. 
 
Figure 15 show the relationships between strength and stiffness for the full range of 
moisture contents and density expected in the field for SITE 1 gypsum.  The significant 
finding form this analysis is that highly correlated models can be developed and it is 
possible to predict moisture content in situ from a stiffness/strength measurement and a 
wet density test.  Also it demonstrates that moisture control on the high end can be 
reflected in strength/stiffness measurements.  In other words, if the moisture content is 
too high, the minimum strength/stiffness target values will not be achieved, this greatly 
reducing the possibility of placing CCPs too wet. 
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FIGURE 15. Strength and stiffness models for SITE 1 gypsum after 48-hr curing 

 

Influence of Lab and Field Mellowing Time on Strength 

 
Additional strength test were performed in order to evaluate the longer term pozzolanic 
effect.  A series of unconfined strength tests were conducted on Site 2 fly ash taken 
directly from the Silo.  The test specimens were compacted to the same density stored 
in a moist environment at room temperature, and tested after 1, 4 and 10 days.  The 
results are presented in Figure 16, which shows a significant strength increase with time 
(up to an order of magnitude increase for the 10 day curing time).  Note that there 
appears to be acceleration in strength gain between the fourth and tenth day. 



A field testing consisted of testing the gypsum materials during the Site 2 field studies 
using the LWD device. Figure 17 shows LWD modulus results with time from testing at 
one test location. The results show a rapid increase in strength gain from 0 to 4 hours 
after compaction and a slight increase up to 23 hours.   
 

 

FIGURE 16. Comparison of unconfined compressive strength after 1 day, 4 days 
and 10 days of mellowing for re-constituted silo fly ash samples 
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FIGURE 17. ELWD measurements with time – CC2 lift 1 



SUMMARY  

Based on our findings from the investigation of dry stack placement and compaction of 
fly ash and gypsum at TVA fossil fuel plants as outlined in this paper, a number of 
problems with the current practice have been identified. The current practice issues 
include: Nuclear density testing is widely used as the method for the measurement of 
compaction levels (densities) attained as stacks are raised. 

 Geotechnical tests are being performed following standard procedures for soils; 
however, CCP materials do not behave as soils due to their mineralogy and 
chemical nature.  Soils are considered to have three phases consisting of solids, 
water and air, while CCP materials have a forth chemical phase. 

 Nuclear density testing is widely used as the method for the measurement of 
compaction levels (densities) attained as stacks are raised: however, nuclear 
density testing was shown to be an unreliable indicator of the compaction quality 
achieved and the resulting density measurements are only surrogates to 
performance (i.e. stability). 

 Moisture control is highly variable relying primarily on intermittent and often 
infrequent nuclear density gauge tests, which do not provide reliable moisture 
content measurements.  

 No direct in situ performance measurements of moisture contents are performed 
at the time of handling or placement.  The absence of prompt (in-situ) techniques 
for acquiring CCPs moisture-content measurement can greatly affect the in-situ 
densities achieved.   

 Density requirements based on a percentage of Standard proctor Maximum 
Density Values; however, as indicated above, the ASTM standards developed for 
drying soil do not appear to be suitable for CCPs. 

 Variable lift thickness control and compaction efforts (i.e., Compaction Energy 
used,) results in non-uniform stabilization of CCPs through variable compaction 
effort.  It is not possible to confirm the compaction energy at the time of 
placement due to the absence of daily documentation of the actual lift thickness, 
compaction equipment, moisture conditioning, or number of passes, which is 
normally a part of conventional geotechnical quality control practice. 

 Inconsistencies in frequency of QA point testing do not identify all possible areas 
of non-compliance.  

 
Potential solutions to the above issues were identified as part of this study and include: 

 Implementation of alternate density verification methods for density control and 
recording of measurements. 

 Implementation of practices to use direct in situ performance measurements as 
part of the QA program (strength and stiffness measurements) and calibrate IC 
systems to performance measures to provide performance proof maps. 

 The CCP Stacking QC/QA investigations tested a suite of hand-held moisture-
content measurement devices and those achieving the greatest accuracy with 
regards to oven-dried samples. 

 Identify and implement alternate methods for measuring moisture content and 
specific gravity in the laboratory as discussed in this report. 



 Integrate GPS-based compaction pass coverage and lift thickness monitoring. 

 Implement new intelligent compaction monitoring technologies and data sharing 
solutions that allow contractor to field control in real-time. 

 

KEY RECOMMENDATIONS 

Considering the critical issues and potential solutions identified in this report, a detailed 
specification has been developed that includes, among others, the following key 
recommendations: 

1. Implement QC/QA operations that make use of real-time data analysis to field 
control construction process around selected engineering parameters (density, 
shear strength, and stiffness) (see companion paper (Part II)). 

2. A QC plan that focuses on process control (including conditioning, placement 
and compaction) to provide consistency and improved uniformity of compacted 
CCPs. 

3. Carry out set-by-step processes to field calibrate machine integrated 
measurement systems to establish QC target values using direct in situ 
measurement of engineering properties. 

4. Follow action items to remediate areas of non-compliance as defined by the 
three quality factors listed above and provide field process control data for lift 
thickness and moisture content. 

5. Implement new laboratory methods and equipment to more effectively develop 
moisture-density-strength relationships including thermogravimetric analysis to 
precisely assess moisture contents, gas pycnometer method to determine 
specific gravity, and strength testing with specified mellowing criteria for 
strength/stiffness testing. 

6. Establish consistent data management plans and reporting criteria to collect, 
assess, and document compaction quality criteria for multiple CCP sites. 
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