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ABSTRACT 
 
Significant variability in geotechnical material properties of Coal Combustion Products 
(CCP) have been identified in previous studies (e.g., Christopher et al., 2013). This 
variability apparently results from  an array of factors such as the source of coal, 
handling once at power-plant stock piles, internal burning and emission control 
processes within electricity generating facilities,  the method of transporting CCPs to 
stacks or ponds, the type and percent mix of fly ash and gypsum,  volume of “unburned” 
residual coal present in the CCP, final gradation, and stack placing methods, including 
the degree of pre-compaction moisture conditioning, curing time before compaction, and 
associated aging effects that occur after moisture is added and even after placement.  
Correspondingly, these factors lead to inconsistencies in the results of both laboratory 
and field density- tests that are typically used to control placement and ultimately 
engineering performance properties of a rising stack.  Giving due recognition to these 
variable factors and conditions and as part of a continuing effort by Tennessee Valley 
Authority (TVA) which began in 2010 (reference: Christopher et al., 2013 and White et 
al., 2013)   with the goal of assessing and improving techniques and specifications to 
control the quality of CCP stacking processes, this paper discusses  the results of 
several highly controlled, large scale test sections that were constructed in an enclosed 
box. This experimental setup was designed and built to replicate field conditions as 
closely as practical, but yet in a highly controlled environment, with CCP material being 
placed at known densities and consistencies for the intended objective of calibrating in 
situ test devices and instrumentation. To that end, fresh batches of CCP materials with 
little or no moisture added were obtained directly from the production facility.  These 
materials were subsequently placed in lifts immediately after receiving them, with little or 
no delay, to avoid aging issues.  This allowed a direct comparison with tests on the same 
materials being hauled by trucks and placed in the field (i.e., on the stacks) and providing 
 the means for an assessing the variability of the materials subsequently undergoing in-
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situ placement and compaction efforts.  Both aging studies and saturation effects were 
also evaluated on these large box samples. In situ density, strength and modulus tests 
performed on these materials as presented in this paper proved very valuable and were 
directly comparable to field results.  
 
INTRODUCTION 
   
In order to control the significant variability identified in the early phases of the CCP 
compaction evaluation program (Christopher et al., 2013 and White, et al., 2013), highly 
controlled, large scale test sections were constructed in an enclosed box, which allowed 
us to better control density and consistency of the as placed materials.  This 
experimental setup was devised to replicate field conditions as closely as practical in a 
highly controlled environment and is often used in geotechnical practice for calibration 
of in situ test devices and instrumentation (e.g., Tanyu et al., 2003).  It has also been 
used for roadway studies where it is critical to control subgrade conditions (e.g., Gabr et 
al. 2001, Christopher and Perkins, 2008, and Christopher et al, 2009) including the use 
of fly ash for stabilization (e.g., Edil and Benson, 2005).   
 
For our study, full scale test sections were constructed in the large 6 ft by 6 ft by 5 ft 
high box that TVA obtained from Geotesting Express in Roswell, Georgia (see Figure 1 
and 2).  This size of box allowed for sample construction using standard construction 
equipment while providing a sufficiently large sample to avoid boundary conditions 
under static and dynamic plate load testing.  The box was moved from Georgia to TVA’s 
Shawnee Fossil Generating facility near the City of Paducah, KY and used as part of 
the validation program to provide very consistent test section(s) for calibration of the 
QC/QA test procedures.  One engineering technical level person, with an occasional 
laborer for assistance in placing material, was able to build the box sample  and run the 
tests. Filling the box’s test volume required approximately four (4) cubic yards of 
material, which was either obtained directly from dump trucks after moistening at the 
silo for placement in the stack or from dry ash collected from the silo and moisturized at 
the box test site. Aging studies and saturation effects were evaluated on these large box 
samples. In situ density, strength and modulus tests were performed on all box 
sections.  A description of the test program, details on the preparation of the box test 
samples, and the test results are included in the following sections followed by a 
discussion of the results.  
 
THE TEST PROGRAM  
 
The key variables to be evaluated include moisture conditioning and curing time, with 
the goal of testing:  

1) A sample at the same moisture content that would be received at the dry stack for 
compaction in order to evaluate moisture consistency (designated as BIG BOX 1).  

2) A sample compacted wet of optimum moisture based on standard Proctor tests – 
ASTM D698 (designated as BIG BOX 2).  

3) A sample compacted dry of optimum moisture, near the lower extreme of 
material received in for compaction in the field (designated as BIG BOX 3).  



 

 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Schematic diagram of the box test facility. 

 

 
 
 

 
 
 
 
 

 
 

For each BIG BOX sample, tests were performed at three different time intervals : 

1) Each sample was tested the day after completion. 

2) Each sample was allowed to cure at least one week and retested to evaluate the 
influence of curing. 

3) Each sample was then saturated by flooding to simulate a rain event (a number of 
which occurred during the demonstration project) and then retested. 
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Figure 2.  Box test set-up for full 
scale dynamic plate load testing. 



 

 

Post construction tests included: 

1. Dynamic plate bearing tests (in all cases) 

2. Dynamic cone penetration, DCP,  tests - ASTM D6951 (on all samples) 

3. Iowa borehole shear tests, BST (Handy and Fox 1967, Handy et al., 1985)   
(after saturation on the first two samples)  

 
Each of these tests could be compared directly to tests performed in the dry stack 
containment facility.   
 
CONSTRUCTION OF BOX TEST SAMPLES 

The box was set up in an unused bay of the Shawnee plant’s fly ash silo to reduce 
exposure of the fly ash to the surrounding environment.  A small excavator and large 
one-ton storage bags were used to move the material from the truck to a mixing pad 
and then into the box.  The mixing pad, which was constructed adjacent to the box, 
was used for moisture conditioning of the CCP material. Once the materials were 
placed inside the pad, then moisture conditioning and mixing was performed using a 
tiller.  A moisture atomizer was used for mixing in the water and maintaining moisture 
of the mixed material during placement in the box-test device.  Once a lift was placed 
inside the box-test device, the loose CCP material was compacted using a jumping 
jack type compactor followed by the use of a vibratory compactor to obtain a leveled 
finish of each lift.  Compaction control measures were developed during placement of 
initial lifts in order to consistently achieve the greatest density possible with the type of 
compaction equipment being used.  The density test results were then compared to 
those obtained by using standard Proctor tests (ASTM D698).    
  
Control for construction of the CCP materials in the box followed a strict protocol for fly 
ash placement, compaction, lift thickness control, moisture control and quality control 
testing of each lift after placement before placing the next lift.  Moisture content (ASTM 
D2216), unit weight (ASTM D2937 Drive-Cylinder Method), and vane shear tests 
(ASTM D2573) were performed to monitor the consistency of each lift during 
construction. Non-conforming materials were removed and replaced during 
construction.  This protocol resulted in construction of sections with low coefficients of 
variation for both density and strength where moisture conditioning was used to control 
the test samples.   
 
To replicate field conditions and minimize curing before testing, each lift was placed the 
same day it was received.  If the fly ash material sat for more than one day before 
compaction, it was discarded and replaced with fresh material on the day of placement. 
Most of the samples were constructed with one lift placed per day and with at least the 
last three lifts placed sequentially within the last three days (i.e., the most influential on 
plate load test results performed on the completed sample). 

 
 
 



 

 

Fly Ash Sample Preparation 
For BIG BOX 1, the fly ash used for construction was taken from separate trucks as 
they left the silo on the way to the stack, with one to two lifts taken from each truck.  
This allowed a direct comparison with tests on the same material being hauled to the 
stacks and provided for an assessment of the variability of the material being placed 
and compacted to raise the stack.  The box was constructed following the standard 
protocol and took approximately one week to complete.   
 
For BIG BOX 2, samples were again taken directly from the trucks being loaded at the 
silo, however, each sample was mixed with additional water using a rotor tiller and, in a 
few cases, dried out by mixing in air to obtain consistent samples wet of optimum.  Very 
uniform sample conditions were obtained with this method (much more so than dry 
stack field results) with very low coefficients of variation obtained for moisture content, 
density and vane shear strength for the overall sample based on multiple tests 
performed on each lift.     
 
For BIG BOX 3, dry fly ash was collected from the silo using a vacuum truck and the 
samples for each lift were stored in one-ton dust bags.  Moisture was only added to the 
quantity of material to be placed in a lift.  The sample for the lift was initially added using 
an atomizer to moisten it in the bag for handling and to control dust.  Water was then 
mixed in the fly ash with a tiller to obtain the required moisture content before 
compaction. Target moisture was 22 to 24 %, but extreme wet weather with blowing rain 
coming into the bay and test area created slightly wetter conditions during placement of 
two of the lifts.   
 
Post construction testing as described in the next section was performed one day after 
the completion of each box sample. The box test sample was then allowed to age for a 
specific curing period and retested. Immediately following the test on the cured materials, 
the sample was saturated by flooding with a sprinkler type soaker hose.  The sample was 
typically soaked for about 5 days.  A piezometer installed to the base of the sample was 
used to indicate the water level and confirm complete inundation of the fly ash.   
 

A)             B)  

Figure 3.  Saturation of sample showing: A) using soaker hose, and 
B) complete flooding 



 

 

Post Construction Testing 
Cyclic plate load test was the primary test performed on each sample, after 
construction, after the curing time, and after saturation.  This test allowed a comparative 
evaluation of stiffness and permanent deformation response (i.e., rutting).  For the plate 
load test, a cyclic load was provided to the test section with a pneumatic load actuator 
supported by I-beams connected to the top of the box. The actuator has a stroke of 3 in. 
 A 2 in. diameter steel rod extends from the actuator to a load plate, which rests on the 
upper fly ash surface. The load plate is a 12 in. diameter plate with a thickness of 1 in.  
A ¼ in. thick waffled butyl rubber pad is placed beneath the load plate in order to 
provide a uniform pressure and avoid stress concentrations along the plate’s perimeter.  

A binary solenoid regulator, attached to a computer, controlled the load-time history 
applied to the plate.  The software controlling the solenoid is the same software used to 
collect data from LVDT displacement transducers mounted on the plate and at several 
points on the surface of the fly ash to evaluate displacement. The software is set up to 
provide a linear load increase from zero to peak load over a 0.3 second rise time, 
followed by a 0.2 second period where the load is held constant, followed by a load 
decrease to zero over a 0.3 second period and finally followed by a 0.5 second period of 
zero load before the load cycle is repeated, resulting in a load pulse frequency of 0.67 
Hz. The load frequency is selected to allow the data acquisition system time to store 
data before the next load pulse is applied.  

The peak load was selected to provide a target plate pressure of 40 psi for the first 
number of cycles (i.e., 500 cycles for initial tests and later increased to 1000 cycles) to 
simulate light weight dozers and other construction equipment.  The plate pressure was 
then increased to approximately 85 psi for the remaining cycles to simulate heavy 
loaded truck traffic (typically 500 to 1000 cycles). The actual peak plate pressure was 
either slightly lower or higher than the target depending on the rate of deformation.  
 
Following the cyclic plate load test, DCP tests were performed in accordance with 
ASTM 6957.  As previously indicated, an Iowa bore hole shear test was also performed 
on BOX SAMPLE 1 and 2 after saturation. Density tests and moisture content tests 
were also performed during dismantling of each sample.  
 
TEST RESULTS 

The primary characterization for the fly ash used in the box study is the moisture 
density relationship.  Figure 4 shows the Proctor curves obtained for each material.  
Note that the maximum density and optimum moisture content varied considerably 
between samples and, thus, simulating the representative changing nature of the fly 
ash from the power plant facility.  For example, in BIG BOX 1 the density was reduced 
by 20% from the material used in the first two lifts to that used in the remainder of the 
lifts.  A 6 in. diameter mold was used for many of the Proctor test points in order to 
measure the vane shear strength on the density specimen before removing it from the 
mold.  The vane shear / moisture content relation provides a baseline for 
measurements performed for quality control during construction of each of the box 
test sample. 



 

 

The primary quality control measures for consistency of the sample were the moisture 
content and vane shear measurements performed across the sample in each lift.  
Periodic density measurements were also made, at least on every other lift. Figure 5 
shows these results for each box test sample. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Moisture density relations 
for the fly ash used in constructing 

each box test sample. 



 

 

 

 

 

 

 

 

 
A) BIG BOX 1 
 
 

 

 

 

 

 

 

B) BIG BOX 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B) BIG BOX 3 

Figure 5. Moisture Content, Vane Shear and Unit Weight obtained for  
 A) BIG BOX 1, B) BIG BOX 2, and C) BIG BOX 3 



 

 

An important benefit of using the box test was the ability to control moisture. A rapid 
assessment of moisture was necessary to obtain timely moisture measurements for 
placement and compaction in the box.  Limited data in the initial phase of this study 
indicated that accurate moisture contents could be determined using an Ohaus MB45 
moisture analyzer (Figure 6), which allowed fairly accurate moisture contents to be 
determined in 5 to 10 minutes as compared to 24 hours required for ASTM D2216 
oven dry moisture measurements.   Based on these results the MB45 moisture 
analyzer was used extensively throughout the box tests to determine target moisture 
contents, and subsequently compared to oven moisture measurements for final 
moisture determinations.  As an added benefit, these data also allowed the team to 
perform an evaluation of the accuracy of the MB45 in determining field moistures at 
the SHF fly ash stack.  Figure 7 provides a summary of these results and indicates an 
R-square value of 98%, indicating that the use of the MB45 Moisture Analyzer could 
be a very useful tool  to obtain field control measurements at CCP stacks.  Oven 
moisture samples should still be performed to support the moisture content values for 
final certification of field results.    
 
 
  
 

 
 
 
 
Figure 6.  Halogen Moisture 
Analyzer (MB45 by Ohaus) 

Figure 7. Moisture content determined by the 
MB45 moisture analyzer vs ASTM D2216 oven 

dried moisture content 
 

 



 

 

Post Construction Test Results 

 Since the primary performance test on each sample was the cyclic plate load test, the 
results obtained using the technique were further evaluated.  The following Figures 8 – 
10 are representative results from the plate load test in terms of deformation of the plate 
under the maximum load for each cycle and the corresponding modulus of subgrade 
reaction base on the difference in the maximum and minimum load divided by the 
difference in the resulting deformation for those loads. The results also include 
deformation measurements outside the plate for evaluating the mode of deformation 
(i.e., dilatancy behavior under load), but are not included in this paper due to brevity). 
 

 
Figure 8A.  BOX TEST 1: Maximum deformation response for each test sequence  
 

 
Figure 8B.  BOX TEST 1: Coefficient of subgrade reaction for each test sequence 



 

 

 
Figure 9A.  BOX TEST 2: Deformation response for each test sequence 
 
 

 

Figure 9B.  BOX TEST 2: Coefficient of subgrade reaction for each test 
sequence 



 

 

 
Figure 10A.  BOX TEST 3: Deformation response for each test sequence 
 

 
Figure 10B.  BOX TEST 3: Coefficient of subgrade reaction for each test sequence 
 
 
DCP tests were also performed on all box test samples after each event. The 
following Figures 11 - 13 provide a comparison of these results for each event and 
each sample.  These results are also directly comparable to tests performed in the 
field during compaction mapping, but extended the field results by allowing for 
curing/aging evaluation as well as significant precipitation events. 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  BOX TEST 1: DCP test results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 

Figure 12.  BOX TEST 2: DCP test results 
 



 

 

 
Figure 13.  BOX TEST 3: DCP test results 

 

DISCUSSION OF RESULTS 

The box results demonstrated the improved uniformity and consistency of compacted 
fly ash material that can be achieved when more extensive quality control measures 
are added to the handling process.  It is known that there can be significant variability 
in the amount of moisture applied to CCP materials at a silo, for conditioning or 
environmentally driven dust-control measures, while filling haul trucks that are 
destined to transport materials to a CCP stack or landfill.  Moreover, this 
inconsistency  in moisture-content  amongst various loaded haul trucks and the 
moisture-content measurements obtained from Proctor density tests  are likely to 
significantly vary over very short periods of time due to changes in the fly ash from the 
plant.  In the case of box test, moisture variability resulted in a considerable variation 
in strength of material, even though the compaction of the material was well 
controlled.  These results are similar to the range of moisture and density observed in 
the field stacking operations during this same period of time.  Box 2 and 3 had much 
better control over moisture and therefore more consistent density and shear strength 
in the box test sample. Curing of the samples resulted in a large increase in stiffness 
and strength as observed from the plate load and DCP test results (e.g., the materials 
were even too stiff to allow vane shear tests to be performed).  Similarly, saturation of 



 

 

samples also resulted in sizeable increases in the deformation response from plate 
loading (i.e., by a factor of about five), indicating that a significant level of rutting 
potential occurred after saturation.  The deformation can also be attributed to the loss 
in strength and stiffness of the upper two lifts, as suggested by review of DCP results. 
It should be noted that visual swell of the box sample occurred during saturation, 
indicating that there could be a loosening and weakening of the material in lifts that 
are soaked in the field, even after if the materials dry out.  To avoid such loose zones, 
it is recommended that due consideration be given to standardizing the practice of 
reworking and re-compacting the materials in the upper-most lift of a stack soon after 
each substantial precipitation event has passed.   

CONCLUSIONS 

The box test proved to indispensable tool in identifying the variability of fly ash 
materials coming from the power plant and controlling the characteristics of these 
materials such that more consistent materials could be tested and evaluated for 
comparison with field results.  The resulting information from tests performed on these 
full scale samples indicates the critical importance of controlling both moisture at a 
silo and density during stacking operations, in order to achieve consistent engineering 
properties (e.g., strength, stiffness) in fly ash stacks and, hence, their structural 
integrity as these stacks rise above the horizon.  The ability to better control of 
moisture at the Silo’s control room, when water is applied to dry materials as these 
are released into haul trucks, (or at the stack when water is added or wet fly ash 
drying operations), would be an important step in improving quality control.  Proctor 
tests should be performed whenever any change is detected in fly ash materials 
coming from the plant (i.e., due to any changes in coal or blends).  Additionally, one-
point Proctor tests should be performed on materials at the time of placement to 
confirm that the correct proctor curve is being used.  The HBM 45 Moisture Analyzer 
proved to be a quick and viable method of obtaining timely moisture content results 
for moisture control, as its results correlated well with those obtained by applying the 
slower and traditional  ASTM oven-drying method.        

REFERENCES 

ASTM (2012).  Annual Books of ASTM Standards, Volume 4.08 (I), Soil and Rock, and 
Volume 4.09 (II), Soil and Rock, American Society for Testing and Materials, West 
Conshohocken, PA. 
 
Christopher, B.R., White, D.J., and Sanchez, R.L. 2013. “Proposed Compaction QC/QA 
Specifications for TVA’s CCP Stacking Facilities Part I. Evaluation of Performance 
Requirements”. Proceedings of the World of Coal Ash Conference, Lexington, Kentucky. 
 
Christopher, B.R. and Perkins, S.W. 2008. “Full Scale Testing of Geogrids to Evaluate 
Junction Strength Requirements for Reinforced Roadway Base Design”, Proceedings of the 



 

 

Fourth European Geosynthetics Conference, Edinburgh, United Kingdom, International 
Geosynthetics Society. 
 
Christopher, B.R., Perkins, S.W., Lacina, B.A. and Marr, W.A. 2009. “Pore Water Pressure 
Influence on Geosynthetic Stabilized Subgrade Performance”, Proceedings of the 
Conference Geosynthetics 2009, Salt Lake City, Utah, USA. 
 
Gabr, M., Leng, J. & Ju, T.J. 2001. Response and Characteristics of Geogrid-Reinforced 
Aggregate Under Cyclic Plate Load, Research Report Submitted to Tensar Earth 
Technologies, NC State University, 40 pp. 
 
Handy, R.L., Fox, N.S. 1967. “A soil bore-hole direct-shear test device.” Highway 
Research News, Vol. 27, Highway Research Board, Washington, D.C., 42-51. 
 
Handy, R.L., Schmertmann, J.H, and Lutenegger, A.J. 1985. “Borehole shear tests in a 
shallow marine environment.” ASTM  Special Publication, No. 883, ASTM International, 
West Conshohocken, PA. 
 

Tanyu, B., W. H. Kim, T. B. Edil, and C. H. Benson. 2003. Comparison of Laboratory 
Resilient Modulus with Back-Calculated Elastic Moduli from Large-Scale Model 
Experiments and FWD Tests on Granular Materials. Resilient Modulus Testing for 
Pavement Components, ASTM STP 1437, G. Durham, A. Marr, and W. De Groff, eds., 
ASTM, West Conshohocken, PA, 2003, pp. 191-208. 

 
White, D.J., Christopher, B.R., and Sanchez, R.L. 2013. “Performance Based QC/QA 
Specifications for TVA’s CCP Stacking Facilities: Part II. Proposed Specifications”. 
Proceedings of the World of Coal Ash Conference, Lexington, Kentucky. 
 


