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ABSTRACT 
 
Geotechnical characterization of coal combustion products/residuals (CCP) placed by 
wet methods and construction of permanent caps or landfills over former impoundments 
present unique geotechnical design challenges.  Of particular concern is the need to 
estimate the settlement of the wet-placed CCP in former impoundments under the load 
of the planned cap system or landfill mass such that long- term positive liner system and 
surface drainage are maintained.  
 
Historically, settlement parameters for wet-placed CCPs have been developed through 
a combination of in-situ testing such as Standard Penetration Testing (SPT), Cone 
Penetration Testing (CPT), Marchetti Dilatometer Testing (DMT), and laboratory testing 
such as one-dimensional consolidation testing.  In support of the design of a new CCP 
landfill overlying a former sluiced-ash impoundment, an extensive field and laboratory 
testing program was carried out, and expected settlements were estimated using 
several methods.  Subsequently, an instrumented test fill was completed at the site that 
allowed the field performance of the wet-placed CCP material to be observed, and also 
allowed for review and calibration of the settlement prediction methodologies used. 
 
The in-situ and laboratory test data, test fill construction process, and instrumentation 
data are discussed.  Comparisons are made between various methods of estimating 
settlement of the sluiced CCP materials from this project, along with comparisons with 
published data from similar projects.  Recommendations are provided for settlement 
prediction methods for use on other similar future projects. 
 
 
INSTRUMENTED TEST FILL OVER A SLUICED CCP BASIN 
 
The project site consists of a 62-acre retired ash basin that received sluiced fly ash and 
bottom ash from the 1950s to 1970s.  The site is located in the Southeastern U.S. in the 
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Piedmont Physiographic Province and features as much as 55 feet of sluiced CCP 
materials.  In support of the design of a new dry ash landfill, which is currently under 
construction, an extensive subsurface exploration program was carried out to estimate 
the settlement of the sluiced ash under the weight of the landfill.  To refine the 
settlement estimates, as well as to evaluate the pore pressure response in the CCP 
materials, an instrumented test fill was designed and monitored.  The placement of the 
test fill occurred over an approximately 3 month period.  Settlement and pore pressure 
data were recorded during construction and for a period of approximately 2 to 6 months 
after construction.  
  
GEOTECHNICAL SUBSURFACE EXPLORATION 
 
The retired ash basin was characterized using a series of Cone Penetration Test (CPT) 
soundings, Flat Plate Dilatometer Tests (DMT), soil test borings with Standard 
Penetration Tests (SPT), fixed-piston and Shelby tube sampling, and laboratory testing.    
Open standpipe piezometers were installed adjacent to the CPT and soil test boring 
locations to measure the piezometric elevations at discrete locations.  At the time of the 
subsurface exploration, the surface of the basin was dry as it had been out of service for 
a number of years. 
 

CPT SOUNDINGS 
 

As shown in Figure 1, a series of CPT and DMT tests were performed as part of the 
subsurface exploration including five (5) CPT soundings (CPT-1 through CPT-5) 
performed within the footprint of the test fill area.   
 
Representative data obtained by CPT are shown on Figures 2 and 2A.  The corrected 
tip resistance qt, friction ratio Rf, and pore pressure are measured values, while the 
equivalent N60-value, estimated constrained modulus M, and Soil Behavior Type, were 
computed using published correlations. 
 



 
   Figure 1 - Site 1 Field Exploration Location Plan 

  
             Figure 2 – Site 1 CPT-2 Sounding 



 
                  Figure 2A – CPT-2 Sounding (Continued) 
 
FLAT PLATE DILATOMETER TESTING 
 
A series of twelve (12) Flat Plate Dilatometer (DMT) tests were performed adjacent to 
the CPT soundings at various locations within the retired ash basin as shown on Figure 
1.  The DMT tests were generally performed at 2-ft vertical intervals.  Correlations for 
estimating dilatometer modulus, ED and one-dimensional constrained modulus, M are 
described by Marchetti5 and Mayne et. al6.  Representative ED and M results along with 

material index, ID, undrained shear strength, Su, effective friction angle,  ’, and 
overconsolidation ratio, OCR computed using published correlations are shown on 
Figure 3. 
 
LABORATORY TESTING 
 
Laboratory testing was performed on selected retired ash samples consisting of natural 
moisture content, grain-size with hydrometer analysis, Atterberg Limits, specific gravity, 
and one-dimensional consolidation testing on thin-walled soil samples.   
 
 



 
Figure 3 – Site 1 DMT-10 Dilatometer Test Results and Correlated CCP Properties 
 
 
GEOTECHNICAL INSTRUMENTATION 
 
MAGNET EXTENSOMETERS 
 
Magnet Extensometers (Geokon Model 1900) were installed to monitor total and 
differential settlement within the retired ash basin materials as shown on Figure 4.  The 
magnet extensometer installations included the placement of 1-inch diameter PVC 
casing installed from top to bottom in the boreholes with a plate magnet, five spider 
magnets, and two datum magnets located at selected depths along the casing as 
shown on Figures 5 and 6. 
 
The plate magnet was located on top of the retired ash basin (Photo 1), while the spider 
magnets were located at increasing depths along the casing. The spider magnets had 
compressed legs during installation, which were released into the surrounding materials 
following installation (Photo 2).  Each of these magnets was capable of moving with the 
surrounding materials up and down the casing to monitor settlement or heave.  A 
collapsible casing section was installed from approximately 18 to 22 feet to allow the 
casing to move vertically as settlement occurred and reduce the potential for damage to 
the casing (Photo 3).  The datum magnets were located below the sluiced CCP stratum 
in the denser residuum or partially weathered rock (PWR), which was not expected to 
compress under the weight of the test fill.   
 



 
                 Figure 4 – Site 1 Test Fill Instrumentation Locations 
 
 

 
Figure 5 - Site 1 Cross-Section A-A’ with Magnet Extensometer and Piezometer 
Locations 
 
 
 
 



 
         Photo 1 – Site 1 Magnet Extensometer Plate Magnet 

 

 
                    Photo 2 – Site 1 Compressed Spider Magnet 
 

 



 
                    Photo 3 – Site 1 Magnet Extensometer Collapsible Joint 
 

 
     Figure 6 - Site 1 Typical Magnet Extensometer Configuration 

 
 
OPEN STANDPIPE PIEZOMETERS 
 
Three open standpipe piezometers (PZ-1 through PZ-3) were installed within the test fill 
footprint at the approximate locations shown on Figure 4.  The open standpipe 
piezometers were installed at depths of approximately 25 feet (7.62 meters) below the 



surface of the retired ash basin.  Each initially consisted of an approximately 5-ft long, 2-
inch diameter PVC riser pipe attached to a 2-in. diameter 20-foot section of 0.010 
slotted screen section.  No. 2 sand was used to fill the annular space between the 
casing or screen and the outside of the borehole.  A 1.5-foot thick layer of bentonite was 
placed above the sand to within approximately 1 foot below the RAB surface. Additional 
riser sections were added during fill placement to keep the top of the casing above the 
fill surface during construction.  Continuous monitoring was performed in Piezometer 
PZ-2 during and after construction using a down-hole pressure transducer and 
datalogger.  Elevations were periodically obtained on the top of casing, since settlement 
of the casing was occurring. 
 
TEST FILL CONSTRUCTION 
 
The test fill had a footprint of approximately 370 ft by 370 ft (113 m by 113 m), side 
slopes of 3H:1V, a total height of approximately 20 ft (6.1 m), and top dimensions of 
approximately 250 ft by 250 ft (76 m by 76 m). Fill placement occurred over an 
approximately 3 month period at a relatively uniform pace.  As-built dimensions are 
illustrated in Figure 3 and a portion of the test fill is shown on Photo 4.  The fill consisted 
of on-site CCP materials excavated from an active ash basin.  The fill was generally 
placed in lifts and compacted to a minimum of 95 percent standard Proctor (ASTM D 
698) maximum dry density.  Field density testing performed on the compacted CCP 
materials during construction yielded dry unit weights ranging from 62.5 to 71.9 pcf 
(9.82 to 11.29 kN/m3), moisture contents ranging from 33.3 to 39.4 percent, and an 
average moist unit weight of 90.2 pcf (14.17 kN/m3). 
 
INSTRUMENTATION MONITORING 
 
The results of the various instrumentation data are summarized in subsequent sections 
of this paper.  Periodic settlement monitoring was performed throughout and after fill 
placement to monitor the settlement of the test fill foundation soils.  All instruments were 
monitored at frequent intervals during construction and for at least 2 months after fill 
placement was complete.     
 
MAGNET EXTENSOMETERS 
 
The magnet extensometers were used to measure settlements occurring at the retired 
ash basin surface and at the depth intervals previously described.  Settlement readings 
were measured at five vertical magnet locations up to depths of 35 feet below the 
existing ground surface (Figures 5 and 6).  
 
Initially, settlement was calculated by measuring the position of each plate magnet or 
spider magnet relative to the datum magnet, which was anchored in the dense 
residuum or PWR and assumed to be stationary.  However, at each location, the casing 
eventually became blocked at some depth preventing access to the datum magnets and 
lower spider magnets.  The blockage is suspected to have resulted from buckling of the 
1-inch diameter PVC casing.  Following blockage of the casing, settlement was 



measured by referencing the top of the casing, which was surveyed at the time of each 
reading.  The difference in elevation between readings was used to compute the 
settlement.   
 
Time-history plots for magnet extensometer ME-2 located near the center of the test fill 
are presented graphically on Figure 7.  The settlements were obtained over an 
approximately 5 month period, including the 3 month long fill placement period. The 
time-history plots illustrate that the plate magnet at the top of the retired ash basin 
(bottom of fill) exhibited the most settlement, while the relative magnitude of settlement 
decreases with depth.  A total settlement of 18.4 inches (0.47 meter) was measured for 
the plate magnet for ME-2.  Figure 8 shows the plate magnet settlements experienced 
at magnet extensometers ME-1 through ME-3. The total settlements ranged from 18.1 
to 19.1 inches (0.46 to 0.48 meter) with very little to no settlement observed after the 
conclusion of fill placement. 
 
 

 
              Photo 4 – Site 1 Completed Test Fill 
 
 
 



 
 Figure 7 – Site 1 Magnet Extensometer ME-2 Settlement Versus Time 
 

 
 Figure 8 – Site 1 Summary of Magnet Extensometer Plate Magnet Settlements 

The overall vertical pressure increase on the retired ash basin materials was estimated 
to be approximately 1,800 psf (86.2 kpa) based on an average moist unit weight of 90 



pcf (14.1 kN/m3) and 20 feet (6.1 meters) of fill placement.  A total vertical strain of 
approximately 3 percent was measured at the magnet extensometer locations. 

 

Rauch et. al4 reported total vertical compression of 0.64 feet (0.19 meter) for a 23-ft (7.0 
m) test fill constructed over 35 feet (10.7 meters) of sluiced CCP materials.  This was 
equivalent to an average vertical strain of about 2 percent. 

OPEN STANDPIPE PIEZOMETERS 

 

The open standpipe piezometers were used to monitor the piezometric elevations in the 
vicinity of the test fill area during and after fill placement.  The time-history plot of data 
from piezometer PZ-2 and the corresponding test fill height versus time are shown on 
Figure 9. Approximately 20 feet of fill was placed over a period of approximately 3.3 
months for an average filling rate of approximately 6 feet per month. 
 
Continuous piezometric elevation data were measured at PZ-2.  These continuous 
piezometric elevation data were corrected for settlement during fill placement based on 
available top of casing survey data.   
 
As illustrated in Figure 9, the piezometric elevation increased during fill placement and 
decreased after fill placement ceased.  At PZ-2, the piezometric elevation increased by 
4.7 feet (1.4 meters) during fill placement relative to the initial level prior at the start of 
construction.  Approximately 2 months after fill placement was complete, the 
piezometric elevation had almost returned to the initial value, and was only about 0.3 ft 
(0.1 m) higher than before.   
 
Seymour and Houlihan1 and Rauch et. al4 reported similar pore pressure behavior for 
sluiced CCP materials under loading.  Seymour and Houlihan 2 noted maximum excess 
pore pressures within the CCP of approximately 500 psf (8 feet) above initial hydrostatic 
conditions.  Rauch et. al4 reported results in terms of the excess pore pressure ratio, ru.  
Their maximum ru value was 0.36.  Both studies concluded that relatively rapid 
dissipation of pore pressures occurred within the CCP materials within a few days and 
was attributed primarily due to the permeability of the sluiced CCP materials and 
horizontal layering. 
 
As noted above PZ-2 yielded a maximum pore pressure increase of 4.7 feet (1.43 
meters).  The piezometric elevation was initially approximately 11.4 feet (3.47 meters) 
below ground surface prior to fill placement.  The average moist unit weight of the 
sluiced CCP materials was approximately 102 pcf (16.0 kN/m3).  Therefore, the 
maximum ru value observed for PZ-2 was 0.25, which is only slightly less than that 
reported by Rauch et. al4.   
 
 



 
Figure 9 – Site 1 Piezometer PZ-2 Water Level Response During Retired Ash 
Basin Loading 
 

 
SETTLEMENT ANALYSIS 
 
Three settlement prediction methods for the CCP material were used for comparison 
with the magnet extensometer data from ME-2.  These methods included one-
dimensional consolidation, DMT-based constrained modulus, and CPT-based 
constrained modulus approaches.  Since settlement at various depths along the CCP 
profile were monitored using the magnet extensometer reference, spider, and plate 
magnets, the estimated cumulative settlement for the three methods with depth were 
also compared.  The comparison considered both total settlement and the profile of 
settlement versus depth. 
 
ONE-DIMENSIONAL CONSOLIDATION METHOD 
 
One-dimensional consolidation testing is commonly used to predict settlement of CCP 
materials.  A series of incremental load one-dimensional consolidation tests were 
performed on CCP samples obtained using fixed-piston and Shelby tube samplers.  
Representative results are shown in Figure 10.  Due to the nature of the sluiced CCP 
(i.e., very soft, low plasticity), obtaining high-quality undisturbed samples is difficult.  In 
consideration of the problems created by sample disturbance, others such as Tu et. al3 

have performed constant rate of strain (CSR) testing on re-constituted samples of CCP 
materials formed from a CCP slurry and consolidated to a pre-determined consolidation 
stress.  CSR testing was not performed as part of this study. 
 



Based on the incremental load consolidation testing, the moist unit weight of the sluiced 
CCP materials ranged from 89.8 pcf (14.1 kN/m3) to 120 pcf (18.8 kN/m3) and the 

modified compression index, Cc ranged from 0.042 to 0.116, with an average of 0.076 
for incremental load consolidation testing performed on fixed piston samples. 
 
The settlement of the CCP was estimated using an average modified compression 

index, Cc of 0.076 and assuming that the CCP material is normally consolidated.  A 
simplifying assumption was made to use of a constant vertical stress influence factor of 
1.0 due to the large width (370 ft) of the test fill and the limited thickness (53 ft) of the 
ash.  The settlement of the underlying dense residuum and partially weathered rock was 
assumed to be negligible.   
 
The consolidation settlement of the sluiced CCP was estimated using traditional one-
dimensional consolidation theory expressed in terms of strain versus void ratio as 
outlined by Holtz and Kovacs8. 

 
The CCP material was divided into 5-foot vertical analysis intervals assuming a vertical 
increase in pressure of 1,800 psf.  The calculation was coded into an electronic 
spreadsheet.  A total settlement of 17.6 inches (0.45 meter) was estimated, which 
compares favorably with the magnitude of settlement observed at ME-2 of 18.1 inches 
(0.46 meter). 
 
DILATOMETER BASED CONSTRAINED MODULUS METHOD 
 
Dilatometer test results for DMT-10 were used to predict settlements near magnet 
extensometer ME-2.  The Schmertmann (1986) dilatometer constrained modulus 
correlations for soft clays and silts was used as outlined by Mayne et. al6.   
 
The constrained modulus, M can be used to estimate the linear portion of a 
consolidation or oedometer curve as outlined by Mayne6, since the constrained modulus 
is equal to the inverse of coefficient of compressibility, mv. The settlement of the CCP 
can be estimated using the following relationship: 
 

   ∑
      

 
 

 
Where: 
 
S = estimated settlement 

v = increase in vertical stress 

z = initial incremental layer height 
M = constrained modulus of layer 
 
As before, a stress influence factor of 1.0 was assumed.  Using the constrained 
modulus, M values as presented in Figure 3 for DMT-10, a settlement of 17.4 inches or 



1.45 feet (0.44 meter) was estimated compared to 18.1 inches (0.47 meter) measured 
at ME-2. 
 
It should be noted that some engineering judgment is required for reducing the 
dilatometer data.  For example, as shown on Figure 3, unreasonably low M values were 
calculated at depths of 8 and 24 feet compared to the surrounding M values within the 
vertical profile.  These values were disregarded and replaced in the analyses with the 
lower of the vertically adjacent calculated M values for the respective analysis layers. 
 
CPT BASED CONSTRAINED MODULUS METHOD 
 
Similar to the DMT based procedure described earlier, Mayne7 outlined a method to 
estimate constrained modulus, M for soils based on CPT test data.  In particular, the 
dilatometer modulus, ED is estimated from CPT tip stress, qt , and the dilatometer 
material index, ID is correlated to the CPT friction ratio, Rf.  
 
The correlations were developed based on dilatometer testing for residual soils, but 
based on the cases analyzed for this study, the relationships appear to provide a 
reasonable estimate of constrained modulus, M of the CCP materials based on 
comparison with measured settlements.  The remainder of the relationships are similar 
to those previous developed by Marchetti and Schmertmann and are applicable to 
clays, sands, silts and silty sands. 
 
The benefits of using the M relationships proposed by Mayne7 are that they consider the 
material type as characterized by the estimated dilatometer material index, ID for 
estimating the modulus ratio, RM,  as well as the tip stress, qt in the M correlations.   
 
Other CPT based methods have been used to estimate the constrained modulus of 

CCP materials such as the “-method” described by Stewart et. al9.  In that method, a 

constant, is multiplied by the corrected CPT tip stress, qc to estimate M.  The method 
has the disadvantage that it does not consider variations in material type for non-
homogeneous CCP materials (e.g. sites where fly ash and bottom ash were sluiced to 
basins) and must be correlated based on site specific data.  
 
The constrained modulus correlations based on CPT data by Mayne7 and one-
dimensional settlement equation based on M were coded into a spreadsheet.  A 
constant vertical stress influence factor of 1.0 was assumed due to the width of the test 
fill versus the depth of the ash.  A cumulative ground settlement of 19.1 inches (0.48 
meter) was estimated using this method using data from the CPT-2 sounding, which 
compares well with the ME-2 settlement of 18.4 inches (0.47 meter). 
 
SETTLEMENT ESTIMATE DISCUSSION 
 
As shown in Figure 10, the predicted settlement estimates for the one-dimensional 
consolidation method, DMT based constrained modulus, and CPT based constrained 



modulus methods are compared with the settlements measured at magnet 
extensometer ME-2 located near the center of the test fill. 
 
The three methods appear to predict the overall magnitude of settlement very well (17.6 
inches, 17.4 inches, and 19.1 inches (0.45, 0.44, and 0.48 meter)), respectively versus 
an observed settlement of 18.4 inches (0.47 meter).  However, the one-dimensional 

consolidation method assuming a constant modified compression index of Ccof 0.076 
under-predicted the cumulative settlement of the sluiced CCP at deeper depths and 
over-predicated the settlement at shallower depths as shown on Figure 10.   
 

 
                          Figure 10 –Summary of Predicted Versus  
                          Actual Settlement at Magnet Extensometer ME-2 
 
The DMT-based constrained modulus method under-predicted the cumulative 
settlement of the sluiced CCP material with depth and predicted the stiffer behavior of 
the upper sluiced CCP profile well.  It should be noted that DMT-10 was located slightly 
outside the test fill area, and this may have affected the settlement estimate. 
 
The CPT-based constrained modulus method using data from CPT-2 sounding 
appeared to provide the best overall prediction of the cumulative settlement profile of 
the sluiced CCP material with depth, particularly at lower depths. The method slightly 
over-predicted the overall magnitude of settlement.  
 
 
 



COMPARISON WITH SIMILAR PUBLISHED CASE STUDIES 
 
Cardinal Fly Ash Reservoir (FAR 1) 
 
Seymour and Houlihan1  and Haydar et. al2 described a monitored preload fill project 
constructed at the Cardinal Fly Ash Reservoir (FAR 1).  A 760 ft (232 m) long by 500 ft 
(152 m) wide monitored preload fill was constructed over sluiced CCP materials.  A total 
height of fill placement of approximately 34 feet was reported to have been placed in the 
instrumented fill area with an estimated vertical stress reported of 3,815 psf (182.7 kPa).  
A series of settlement plates, a Sondex tube, and a horizontal settlement profiler were 
installed prior to test fill construction.  Vibrating wire pore pressure transducers were 
also installed within the sluiced CCP material to monitor pore pressures. 
 
The locations of the preload fill and instrument locations are shown Figure 11 after 
Figure 1 of Haydar et. al2.  Generally good agreement was observed between the 
settlement data for the settlement plates and Sondex tube.   
 
Settlement Plate SP-6 located near the northern center of the preload fill was located 
within approximately 100 feet of the CPT-14 sounding performed prior to the test fill 
construction based on information from Ohio EPA10.  The settlement plate data reported 
by Haydar et. al2 is presented on Figure 12. 
 

 

                           
Figure 11 -  Cardinal FAR1 Preload Fill Instrument Locations 
(After Haydar et. al 2 Figure 1)        

 



 
Figure 12 – Cardinal FAR 1 Settlement Plate Data (After Haydar et al.2 Figure 2) 

 
Settlement prediction was performed using data from the CPT-14 sounding performed 
within approximately 100 feet (30.5 meters) from settlement plate SP-6 to compare with 
the measured settlement plate data.  The CPT based constrained modulus approach 
was used with an assumed vertical stress increase of 3,815 psf (182.7 kPa) and an 
assumed vertical influence factor of 1.0 due to the width of the fill.  CPT-9 indicated the 
presence of approximately 90 feet (27.4 meters) of CCP material judged based on the 
lower tip resistances, qt.   
 
As shown in Figure 12, the settlement estimated at SP-6 (located approximately 560 
feet (170 meters) to the northeast of the reference point) was approximately 1.6 feet 
(0.49 meters).  Settlement analysis based on CPT-14 as shown on Figure 13 indicates 
a predicted settlement of 1.65 feet (0.50 meter) which is in good agreement with the 
reported settlement at settlement plate SP-6.  
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Test fill construction can be used to calibrate the settlement prediction models for 
sluiced CCP basins under new dry ash landfills or cap system construction for CCP 
basin closures.  Various settlement prediction methods were used to compare 
measured settlements and predicted settlements.  The three methods provided good 
estimates of the overall magnitude of settlement.  However, of the methods evaluated, 
the CPT- based constrained modulus approach appeared to provide the best overall 
prediction of the measured cumulative settlement profile with depth. 
 



This method was also used to estimate the settlement of sluiced CCP materials at the 
Cardinal Fly Ash Reservoir 1 (FAR1).  The estimated magnitude of settlement showed 
good agreement with reported settlement plate data.   
 

 
                       Figure 13 – Estimated Settlement at SP-6 Based on  
                       CPT-14 CPT Based Constrained Modulus Approach 
 
Since landfill construction results in grades that are significantly higher than typical test 
fills (the 3 test fill cases reviewed ranged from 20 feet to 34 feet in height (6.1 meter to 
10.4 meters)), it is important to choose settlement models that represent the overall 
settlement behavior of the sluiced CCP materials.  Based on cases evaluated, it 
appears that the CPT-based constrained modulus method provided good overall 
estimates of the both the magnitude and overall settlement profiles of the sluiced CCP 
under test fill loading conditions at the two sites.   
 
Due to the increasing availability of CPT equipment, ability to perform several CPT 
soundings in a single day, and wide range of engineering correlations developed for 
CPT data, this method can be an effective tool in predicting the settlement of sluiced 
CCP materials over entire CCP basin areas.   
 
Due to the variability of the CCP materials and current limited state of knowledge 
regarding the behavior of CCP materials, it is recommended that a combination of 
laboratory testing and various in situ tests continue to be used to understand and 
predict the settlement behavior and stability of CCP materials.  Several settlement 
prediction methods may be compared, and engineering judgment should be used in 



designing liner system and final pond closure grades to account for the variability of 
these materials. 
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