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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. To that end, during 2012, TVA began an intensive
and ambitious program to develop new Quality Control/Quality Assurance (QC/QA)
specifications and assessment techniques for the stacking of CCPs. To date, the “CCP
Stacking Quality Control/Quality Assurance (QC/QA) Program” has resulted in 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. The goal of the specification is to ensure the construction and
QC/QA processes more effectively verify that the stacked materials are satisfactorily
placed to meet both regulatory and long-term safe performance requirements of CCP
stacks and landfills. This paper provides a summary of the key elements in the
proposed QC/QA specifications developed from this study including an example of
recommended performance measures.

INTRODUCTION
During FY12, TVA’s CCP Projects & Engineering Group commissioned the CCP
Stacking Quality Control/Quality Assurance (QC/QA) Program that, to date has resulted
in detailed field investigations at two of TVA’s 11 fossil plants. The investigations were
performed at the WCF and CUF CCPs stacking facilities. The investigations included
the use of emerging technologies (e.g., intelligent compaction) and a critical review of
current field and laboratory test methods. The results of the field and laboratory
investigations are discussed in the companion paper (Part I). One of the outcomes from
the research program was the development of an improved guide specification for CCP
stacking operations (discussed herein, Part II). The goal of the specification is to ensure
the QC/QA processes more effectively verify that the stacked materials are satisfactorily
placed to meet both regulatory and long-term safe performance requirements.
Critical to the development of this specification were the inconsistencies in CCP stack
compaction quality identified by the investigators. During development of this
specification, other TVA consultants recognized some of these deficiencies and have
advocated the expansion of traditional geotechnical earthworks type QC/QA testing that
would consist of more frequent moisture-density testing by a 3rd party QC agent.
However, this approach does not recognize the measurement error in the test methods
they are using, inherent variability of the materials being placed, and, most importantly,
it does not directly measure the values of critical engineering parameters that affect
stack performance. In addition, TVA’s present approach does not involve the
contractor’s participation in changing and improving their control of field process
operations such as to positively affect placement costs. One of the many benefits of the
proposed guide specification describe herein will be to achieve, the following risk and
investment reduction outcomes:
•
•
•
•
•
•

Improve intelligent field processes controls during stacking of CCP materials;
Achieve greater knowledge and confidence levels of the constructed stacks;
Increase capabilities to plan for air-space reductions of future stack lifts;
Enhance engineering performance and reliability of CCP stacks;
Provide capabilities for real-time integrated quality assessment for on-site and
remote monitoring of operations (e.g., Advanced Geotechnical Geospatial
Information Management - AGGIM Systems and hand-held devices); and,
Supplement effectiveness of investments in overall QC/QA operations.

Since CCP stacking facilities are located far away from TVA’s engineering centers, it is
imperative for material control engineers, designers, and other decision makers to
obtain timely access to field-control processes. To that end, it is proposed herein that
advancements in QC/QA operations for CCP stacks be made possible by implementing
advanced monitoring and analysis capabilities of the type of data that can be acquired
at the CCP stacks. The advanced monitoring will be made possible via TVA’s recently
established pilot program at TVA’s Geotechnical Engineering Monitoring (GEM) center.
The center will support remote gathering of information via its advanced technological
infrastructure and, thus, allow decision-makers to remotely and in a timely manner
obtain access critical quality assessment information. Described in the following is the

recommended guide specification. The key quality assessment targets of the
specification are as follows:
(1) Improve upon critical engineering parameter values over the entire site achieve

at least the specified minimum value based on the design requirements;
(2) Limit variability of critical engineering parameter values over the entire site such

that they do not exceed more than the specified allowable maximum;
(3) Restrict spatial areas of non-compliances such that they are no larger than the
specified maximum value for specific stack areas; and,
(4) Control moisture contents to ensure post placement volumetric stability.
Achieving these key objectives will be a significantly advantageous departure from
present practices that is now made possible with recently developed intelligent
compaction (IC) technologies and the new tools available for the direct in-situ
measurement of critical engineering parameter values. In line with remote decisionmaking goals, the specification approach and data management guidelines described
herein were developed to provide real-time data transfer such that placement
techniques and compaction processes can be field controlled around the desired
engineering performance standard goals for the placed CCP materials. By using realtime quality assessment data that provides virtually 100% coverage of material
placement zones being added to the stack, those areas resulting in non-compliance of
engineering design quality standards can be corrected before the next material lift (i.e.,
layer) or final or temporary materials cover is placed. Figure 1 highlights some of the
key features of the CCP Stacking QC/QA Compaction Monitoring Guide Specification.
The current approach being used by TVA’S ash handling contractors is different from
the one proposed herein in that it relies on infrequent point based nuclear density gauge
tests and very limited measurement data. Another advantage of the proposed process
is that, when materials, moisture, and compaction efforts are properly calibrate to the IC
technologies used, it will help ensure that the quality of CCPs compaction efforts are
satisfactory regardless of the sparse or poor quality being achieved by present QA
measurement techniques. In short, the proper application of IC technologies alone
would improve engineering properties of the compacted CCPs. This advantage alone
would be a significant departure from QC/QA controls implemented at some TVA
facilities over the past fifty years and a leap forward toward reducing the risk of future
stability problems with CCP stacks that can now be attributed to inconsistent
compaction and control operations.
REVIEW OF CURRENT QC/QA PROCEDURES
The quality control requirements outlined in the regulatory permits and/or best
management practices (BMPs) were reviewed 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 testing to be
performed on a periodic basis; however, the level of the density (as expressed as a
percentage of ASTM D698)1, the moisture requirements and the frequency of testing
varied, primarily between stacks in different states.

CCP Stacking QC/QA Guide Specification Flowchart
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FIGURE 1. Flowchart for Proposed CCP QC/QA Compaction Monitoring Guide
Specification
CURRENT METHODS USED FOR PLACEMENT AND COMPACTION
The process for placing fill was also evaluated. This process includes the following
items.
• Obtaining, conditioning (e.g., adding or reducing moisture) and transporting the
materials (fly ash and gypsum) to the stack.
• Hauling, placement and spreading of the material in consistent loose lift
thicknesses.

•
•
•
•

Compaction of the material within the stack (when, equipment, how many
passes, trafficking over the compacted section, and observation of traffic over the
compacted section).
Compaction of the material at the edge of the stack on side slopes.
Proof rolling after compaction.
Construction of ancillary features (e.g., placement of temporary and permanent
cover, drainage, etc.).

These items are very important as each of them relate to the quality of the end product.
In preparation of a proposed QC/QA program, four of the fossil plant facilities were
visited in order to observe the dry stack operations. As part of that process, direct
discussions were held with personnel responsible for placing the materials and in some
cases with equipment operators who are involved with the process. Figure 2 highlights
some of the field observations.

(a)

(b)

(c)

(d)

FIGURE 2. Examples of (a) moisture conditioning fly ash, (b) hauling and
spreading of fly ash, (c) compaction for fly ash, and (d) proof rolling surface of
gypsum.

ESTABLISHING NEW QC/QA CRITERIA
The investigations described in the companion paper (Part I) provided new and detailed
documentation of CCP stack compaction quality information and CCP material
engineering characterization at two sites. Key discoveries show that new testing
methods are required to provide reliable characterizations of engineering parameter
values (e.g., moisture content), and that the 100 percent coverage offered by machine
integrated compaction monitoring technologies have the potential to bring significant
value to the quality assessment process. In order to benefit from the proposed test
methods and technologies, procedures were developed for carrying out field calibrations
and setting the compaction quality criteria. The quality criteria drive the quality process.
Traditionally the field quality assessment process has involved infrequent nuclear
density gauge measurements of density and moisture content, which proved unreliable
in this research. The newly proposed approach incorporates strength and stiffness
based measurements into the process and makes use of calibrated intelligent
compaction measurement values (IC-MVs) to provide information for construction
process control and selection of in situ test measurement locations. This process is
referred to as the CCP Stacking QC/QA Program.
ASSESSING COMPACTION QUALITY CRITERIA
It is proposed that the CCP stack quality compaction criteria be derived from
measurements of the critical engineering parameters values for a given project. To the
extent possible the critical engineering parameter values should be linked to design
values for the materials and CCP stack conditions. Listed in Table 1 are possible CCP
stack design assessments with links to critical engineering parameter values for QC/QA.
For example, based on simple limit equilibrium slope stability analysis, it could be
determined that a minimum factor of safety against slope instability is set at 1.3. Given
geometry and water conditions, minimum shear strength parameter values can be set
(i.e.,  ≥ 32 degrees). Achievement of the target friction angle as a result of the stacking
and compaction process would ensure the design criterion is met. In this case, the ICMVs could be calibrated to in situ Borehole Shear Tests (BSTs). Other design criteria
such as settlement control, stiffness, bearing capability, etc. can be linked to IC-MV
target values and various other in situ testing methods. With this approach, a more
direct link is established between design and field construction control.
Once the critical engineering parameter values are set for quality compaction
assessment, suitable in situ testing methods and sampling frequency for RICM
calibration are set based on the guidelines discussed later in the proposed specification.
The details for selection of the various test methods are discussed in the CCP guide
specification. Key to the process of establishing target values for compaction control are
that the in situ measurement values correlate to the IC-MVs and are meaningful to the
design parameter verification. Machine-ground interaction and measurement influence
depth are better linked to plate load testing and cone penetration testing than to
shallower test measurements. Measurement influence depth is highlighted in Figure 3
for various in situ tests. Correlations between IC-MVs and various in situ tests are
described in several recent papers 2,3,4,5.

TABLE 1. Example factors to consider for establishing critical engineering
parameter values for CCP field compaction control.
Material
Component

CCP Stack
(e.g., gypsum)

1

Design
Assessment
 Limit equilibrium
slope instability
analysis at F.S. ≥
1.3
 Total settlement
criteria ≤ 2% of fill
height
 Differential
settlement criteria ≤
1 inch









Critical Engineering Parameter
Values for Measurement
Effective cohesion, c ≥ 500 psf
Effective friction angle,  ≥ 32 degrees
Modulus of subgrade reaction,
k-value ≥ 300 pci
Bearing capacity, qult ≥ 8000 psf
w% ≥ strain softening condition for postsaturation and ≤ required to achieve
strength/stiffness criteria
Shear wave velocity, Vs ≥ 1200 ft/s
Volumetrics/gravimetrics, d

Note: Parameters and values provided as examples only. Actual values are project-specific based on the project
design requirements.

In addition to selection of suitable test methods, minimum required testing frequency for
QC/QA assessment was considered during the research phase of this project. It was
discovered that CCP materials are variable (see Figure 4) with spatially contiguous
areas of low strength/stiffness. This variability should be used to calculate minimum
sampling frequencies to ensure reliable assessment of compaction quality. Basic
principles of statistical analysis are used to determine the sampling frequency. In short,
this exercise demonstrates that high sampling rates are needed, which creates
challenges with costs and field personnel. Traditional point-based in situ testing
frequencies are ultimately too expensive to provide sufficient coverage of the test areas
to characterize variability. Machine integrated monitoring systems; however, provide
geospatially reference measurements of compaction conditions for 100% of the test
area. The challenge with machine integrated measurement, however, is that the
measurement values need to be properly correlated to independent in situ
measurements.
With sufficient data coverage and proper correlation analysis, the field process and in
situ testing program can be linked to geospatial and reliability analysis. Approaches for
tying reliability to design assessment are discussed in the literature. Vennapusa et al.5
describe a detailed process for geospatial analysis of IC-MVs. Describing the analysis
approaches of reliability and geospatial analysis is not discussed further herein. It is
worth noting however, that with the geospatially referenced and calibrated IC-MVs the
reliability analysis could be linked geospatially across the stack area to identify regions
requiring in situ testing for verification. Linking geospatial data to reliability design
assessment is a relatively new concept and should be pursued on future CCP stacking
projects where IC-MV data is generated.
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FIGURE 3. Comparison of the Measurement Influence Depth for IC-MVs and
Various in Situ Test Methods.

FIGURE 4. IC-MV Plots in Comparison with LWD and CBR Measurements
Showing Highly Variable CCP Material Properties within Short Range.
Figure 5 shows an example of geospatially referenced IC-MVs as part of a site wide
calibration analysis at Site 1 in fly ash. The IC-MV data is provided along with the point
locations for the in situ tests. The process for correlation analysis was field tested
during the research phase of this project. Similar work was conducted at the Site 2
project site. All results are discussed in the detailed data reports. The analysis of the

results demonstrated that CCP material type, moisture content, and roller compaction
vibration setting are statistically significant in the correlations. This is an important
finding and the practical implication is that separate correlations and target values must
be developed for both point measurements and IC-MVs for different materials.
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FIGURE 5. IC-MVs with In Situ Point Locations on All Test Beds at WCFP
Figures 6 and 7 show results of correlation analysis for Sites 1 and 2. The results
demonstrate that various factors can be incorporated into a calibration models and the
target values can be set to ensure statistical certainty that the critical engineering
parameter value is achieved. Details for how to conduct the correlation analysis are
described in the literature4.
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FIGURE 6. Multivariate Regression Analysis Results to Predict CMV– Site 1 (fly
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INTELLIGENT COMPACTION TECHNOLOGY
The research studies made use of a Caterpillar CS74 vibratory smooth drum roller
equipped with compaction meter value (CMV), resonant meter value (RMV), and MDP
measurement systems integrated with GPS measurements (Figure 8). Brief descriptions
of these measurement systems follow.

FIGURE 8. Caterpillar CS74 smooth drum roller used for compaction and mapping
at Site 2 (bottom ash/fly ash mixture)
Caterpillar’s MDP technology relates mechanical performance of the roller during
compaction to the properties of the compacted soil. Detailed background information on
the MDP system is provided by White et al.2. Controlled field studies3,7,8 have verified
that MDP values are empirically related to soil compaction characteristics (e.g., density,
stiffness, and strength). MDP is calculated using Eq. 1:

A' 
MDP  Pg  Wv  Sin    mv  b 
g


(1)

where MDP = machine drive power (kJ/s), Pg = gross power needed to move the machine
(kJ/s), W = roller weight (kN), A’ = machine acceleration (m/s2), g = acceleration of gravity
(m/s2), α = slope angle (roller pitch from a sensor), v = roller velocity (m/s), and m (kJ/m)
and b (kJ/s) = machine internal loss coefficients specific to a particular machine (White et
al. 2005). MDP is a relative value referencing the material properties of the calibration
surface, which is generally a hard compacted surface (MDP = 0 kJ/s). Positive MDP
values therefore indicate material that is less compact than the calibration surface, while
negative MDP values indicate material that is more compacted than the calibration
surface (i.e., less roller drum sinkage). The MDP values obtained from the machine used
in this study were recalculated to range between 1 and 150 and these re-scaled values
are referred to as MDP* in this report. While the original MDP values decrease in
increasing compaction, MDP* values increase with increasing compaction.
A recent study5 indicated that the MDP* values were influenced by the direction of
travel. This is because the MDP* measurements represent the mechanical performance
of the whole roller, which are affected by the roller-soil interaction at the front drum and
the rear tires, and the results are only reported at the center of the drum. The offset
distance for MDP* measurements was observed to be about 2.60 m behind the drum
center. Data analysis in this report includes MDP* data obtained from the drum center
and also at the offset distance, for correlations with in situ point measurements.
CMV is a dimensionless compaction parameter developed by Geodynamik that
depends on roller dimensions, (i.e., drum diameter and weight) and roller operation

parameters (e.g., frequency, amplitude, speed), and is determined using the dynamic
roller response9. It is calculated using Eq. 2, where C is a constant (300), A2 = the
acceleration of the first harmonic component of the vibration, A = the acceleration of
the fundamental component of the vibration11. Correlation studies relating CMV to soil
dry unit weight, strength, and stiffness are documented in the literature3,7,10,12.
A 2
(2)
A
RMV provides an indication of the drum behavior (e.g. continuous contact, partial uplift,
double jump, rocking motion, and chaotic motion) and is calculated using Eq. 3, where
A0.5 = subharmonic acceleration amplitude caused by jumping (the drum skips every
other cycle). It is important to note that the drum behavior affects the CMV
measurements12 and therefore must be interpreted in conjunction with the RMV
measurements6.
CMV  C 

RMV  C 

A 0.5
A

(3)

As discussed above for the MDP* measurements, CMV measurements are also
influenced by the direction of travel. The offsetting occurs because the CMV at a given
point indicates an average value over a roller travel length corresponding to a
measurement interval of about 0.5 sec. Data analysis in this report includes CMV data
obtained from the drum center and also at the calibrated offset distance.
PROPOSED CCP STACKING QC/QA COMPACTION MONITORING GUIDE
SPECIFICATION
CCP material placement in stacking operations requires assurance that resulting
engineering properties are satisfactory to provide long-term stability. Generally, sound
geotechnical engineering practices demand that placement and compaction process
result in the following achievements: (1) the overall level of critical engineering
parameter (e.g., strength and stiffness) over the entire site, improvements to, at least,
some analytically based and specified minimal threshold values, and (2) the variability
of critical engineering parameter values, over the entire site, be no more than the
specified maximal amount and, thus, leading to the so-called “over-designed structure”
or, in this case, “CCP stack”. Current point based test methods do not provide adequate
information to statistically assess these two conditions. To improve upon current
materials densification practice, machine-integrated continuous monitoring (e.g.,
intelligent compaction) and more direct measurements of critical engineering parameter
values (e.g., plate load testing, cone penetration testing) are recommended. These
tools would provide acceptable range of site-wide QC/QA threshold values. This
specification along with implementation of emerging compaction technologies will drive
the most significant changes in CCP compaction assessment since this program
originated. The key details of the newly proposed QC/QA guide specification are
described in the following paragraphs.

KEY TERMS AND DEFINITIONS
Since the various disciplines and professions that are in one way or another involved in
the process of producing, permitting, managing, and supervising the actual stacking
CCP materials do not always use the same terminology, the following technical-term
definitions are offered below:














Quality Assurance (QA) is the formal site-wide certification process meant to
constitute the standard by which the overall quality of site preparation is
established. QA requires periodic measurements and observations by TVA’s
representative to provide assurance to the owner that the facility is being
constructed in accordance with plans and specifications.
Quality Control (QC) is the activity meant to guide operations during site
preparation, or to determine sub-regions within which rework is needed. QC
requires the ash handling contractor to continuously monitor and control the
construction procedures with measurements and observations such that all
applicable construction quality requirements are satisfied (a.k.a. Contractor’s
Quality Control (CQC))
Point measurement data are in situ measurements such as plate load tests at a
given location.
Continuous monitoring data are data generated from machine-integrated
compaction monitoring sensor system with a relatively high sampling rate (≤ 12
in.) with geospatial position information.
Machine-integrated compaction monitoring is the recording and color coded realtime display of integrated measurement parameter values on rollers or haul
equipment including, but not limited to, roller operation parameters (speed and
direction), real-time kinematic (RTK) global positioning system (GPS) based
position, machine-ground interaction parameter values (e.g., ground stiffness),
temperature, and imagery.
Intelligent compaction (IC) is a specific type of machine-integrated compaction
monitoring that makes use of the drum vibratory response or an assessment of
the machine drive power during operation.
Intelligent compaction measurement value (IC-MV) is defined as the rollerground interaction parameter values being reported from the IC system.
Intelligent compaction target value (IC-TV) is defined as the minimum acceptable
IC-MV. IC-TVs are based on site specific and machine specific calibration.
Intelligent compaction proof map (IC-PM) is defined as one complete coverage of
the area being assessed for acceptance.
Critical engineering parameter values are measurements and values used to
assess quality and may include in situ shear strength, stiffness, and moisture
content.

QUALITY CONTROL MANAGEMENT PLAN (QCMP)
The QCMP describes the processes for supporting continuous monitoring QC testing,
furnishing IC equipped roller(s), calibration strip operations, project acceptance testing,

and transmitting data The QCMP submittal shall include a detailed plan for quality
control of the CCP materials including the following items:
1. Organizational structure of contractor’s QC including how it interfaces with

the production side of the contractor’s operation. The QC shall be internal to
the contractor’s production activities and shall not be a third party. QC testing
may be independent of the contractor and hired out to a third party. Report the
names, qualifications and job duties of QC inspectors and technicians
Contractor shall submit a CCP-Stacking Organizational Chart showing the
organizational structure for processes and control, along with communication and
reporting relationship to TVA oversight and its consultants.
2. Name, qualifications and job duties of the Quality Control Manager (QCM).

The responsibility for the QCMP will be assigned to a designated Quality Control
Manager (QCM). The QCM will be responsible for all of the construction QC
activities. The QCM shall be independent of production decisions and must be
vested with the authority and responsibility to stop work not being performed in
accordance with the QC requirements. The QCM shall be on-site 100% of the
time during construction related activities. At a minimum the QCM shall be
responsible for the implementation of the QCMP and shall oversee all QCPM
activities.
3. A procedure describing rework and corrective actions in areas of non-

compliance. Areas of non-compliance work are defined as completed work that
does not meet the quality assessment criteria. This procedure will address the
identification, monitoring, remedy and timeframe for addressing areas of noncompliance.
4. A list of work items that QC personnel will be responsible for including

inspection, testing, and documentation.
5. A procedure for revisions to the QCPM.
6. Procedures describing all QC inspections, testing, documentation,

reporting, and record control. A check list shall be included in the QCPM for
documentation of day to day activities. QC will be based on assessment of the
IC-MVs. Primarily this will consist of IC “proof mapping”, which requires a
minimum of one complete pass over the proof area. Proof mapping shall be
performed after placement of each lift prior to placement of the next lift. Proof
mapping can be performed on periodic basis (e.g., end of each day) but is not
required until the completion of the lift. The contractors observations and testing
may indicate the need for proof testing and the Engineer may also require proof
testing of any area on the project where unstable CCPs are observed (e.g.,
excessive rutting and areas where standing water has been previously
observed). The specific assessment requirements of the IC-MVs are detailed in
the Quality Assessment Requirements section of this specification.

The IC-MV results will also be used as a guide to conduct QA. As part of the
QCMP, the QCM will submit specific work plan details. The QCMP will include
the following specific to IC continuous monitoring:






Description of the IC measurement system(s),
IC data collection methods including sampling rates and intervals,
RTK GPS capabilities,
Documentation system and data file types, and
Machine operations guidelines to ensure integrity of the data

The QCM will ensure that the IC onboard display provides a RTK-GPS based
map showing IC-MV information on a computer screen in the operator’s cab. The
IC-MV results should be available for remote observation and analysis with data
transmission via a local area network Wi-Fi system or equivalent. Provide
displayed results to the QA Engineer for review upon request.
Transfer of data to the QA Engineer and the AGGIM system including the
method, timing, and personnel responsible shall be described in the QCMP. Data
transfer shall occur within 2 hours after proof mapping any portion of the lift, but
may be monitored in real-time via a local area network (LAN) wireless network.
The following is a listing of the data to be exported:
•
•
•
•
•
•
•

Machine Model/Type/Serial/ Number
Date and time Stamp
RTK based GPS measurements showing Northing, Easting, and Elevation
Machine travel direction (e.g., forward or reverse)
Roller speed
Vibration Settings (i.e., amplitude and frequency)
IC-MV

7. The QCMP will describe the Quality Compaction Report (QCR) deliverable.

The QCR shall include daily weather and workforce/equipment usage, a
summary of the work that took place including location, materials, work element
identifiers, etc. Each QCR shall be specific to a work element or related work
elements. The comment portion of the QCR shall contain any notes referring to
complete or incomplete work, non-conforming or deficient work, and references
to associated test reports, etc. The IC continuous monitoring results will be
presented to include elevation information for proof maps, IC-MVs for proof
maps, and quality assessment analysis described in the Quality Assessment
Evaluation section of this specification. The QCR test reports shall be submitted
electronically the morning following the inspection. In addition, the Contractor is
responsible for maintaining quality files. The Contractor will provide electronic
versions of all quality records.

IC EQUIPMENT AND TEST CAPABILITIES
The IC equipped machine(s) shall have the capability to near continuously measure and
record an IC-MV that correlates to the selected in situ critical engineering parameter
value. The IC system requirement of “near continuous measurement” is intended to
provide a requirement for reporting the IC measurement value. Reporting an IC-MV in
distance increments ≤ 12 inches is desirable, but is not a set requirement at this point.
The IC system shall have the capability to immediately display and provide a permanent
electronic record of the proof mapping results and data as follows:



Integrated real-time computer display viewable by machine operator showing IC
measurement value (MV), IC-MV with reference to the IC target value (TV), and
machine pass coverage; and
Electronic data file in ASCII (American Standard Code for Information
Interchange) format with time stamp, RTK-GPS position in the site specific
coordinate system, machine speed and travel direction, the IC-MV and IC-TV.

Note that when more than one IC machine is used, the IC-MV results should be
viewable on all IC machines to optimize process control operations.
QC/QA TESTING AND ANALYSIS REQUIREMENTS
The proposed QC/QA operations will require use of new compaction monitoring and
testing methods to supplement the exiting process. As described in the QC section,
CCPs handling contractor QC operations will require the use of machine-integrated
continuous monitoring measurements (e.g., intelligent compaction) to assess
compaction quality in real-time. Pass count, lift thickness, and intelligent compaction
measurement values produced from the real-time compaction monitoring will be
provided to TVA’s QA operations as part of the QA process. Intelligent compaction
target values (IC-TVs) for the critical engineering parameter values will be established
through machine, material and site specific calibration to in situ tests. Independent
calibration will be conducted through QA operations in order to establish quality
acceptance requirements.
CALIBRATION TESTING AND ANALYSIS
Establishment of the IC-TV requires machine and material specific verification testing
and correlation analysis of the IC-MVs to the in situ critical engineering parameter value.
Calibration will be performed in a test area. Table 2 lists in situ point tests that relate to
critical engineering property values and the associated number of tests required to be
performed in the test area as part of the IC calibration process. Calibration requires that
paired samples of collocated point measurement and continuous monitoring data pairs
be collected. Regression analysis is performed on the spatially paired values of the ICMVs and in situ point measurements.

QUALITY ACCEPTANCE REQUIREMENTS
This specification requires calibration of IC-MVs to QA point measurements from a
representative calibration test strip prior to performing production QA testing (see Figure
9). The IC-TV is established from project QA criteria through regression analysis and
applying prediction intervals. For modulus/strength measurements simple linear
regression analysis is generally suitable, while for correlation to dry unit weight/relative
compaction measurements, multiple regression analysis including moisture content as a
variable will be needed. If underlying layer support conditions are heterogeneous,
relationships are likely improved by performing multiple regression analysis with IC-MV
or point measurement data from underlying layers. Acceptance of the production area
is based on achievement of IC-TV at the selected prediction interval (e.g., 80%) and
achievement of target QA point measurement values in the areas with IC-MVs < IC-TV.
If quality criteria are not met, additional compaction passes should be performed and/or
construction operations should be adjusted (e.g., moisture, lift thickness, etc.) and
retested for QA.
Acceptance of the compaction area is based on achievement of all the following
conditions:
(1) Acceptance requires that 90 percent of the IC-MVs ≥ 0.80*IC-TV, where IC-TV is

the site specific machine and material calibrated value; and
(2) The standard deviation of the IC-MV ≤ 0.35*IC-TV; and
(3) The IC-MV proof mapping area has no contiguous, isolated areas that are larger
than 80 ft2.
(4) Moisture content ≥ the hydro-collapse/strain softening value determined from
laboratory testing.
As previously indicated, IC proof mapping shall include one complete pass over the
proof area. Each pass shall be performed in a manner so that zero to not more than
10% overlap occurs between passes in the coverage area. The IC machine shall be
operated to provide reliable results in accordance with the manufacturer’s guidelines.
The machine coverage rolling patterns shall be proposed by the Contractor, and is
subject to approval by the Engineer. When proof mapping identifies areas of noncompliance the Contractor shall rework the area by scarifying and moisture conditioning
the materials as necessary. The disturbed areas shall be reshaped and compacted.
Retesting of that area by IC proof mapping may not be required if the QA engineer is
satisfied that the corrective actions taken have eliminated the cause of the instability as
evidenced by testing and/or visual inspection.
The Contractor is responsible for protection of competed work prior to placement of the
subsequent layers and until final acceptance of the project. As indicated in the QCMP
section, the Engineer may require the Contractor to perform RICM proof mapping
according to this specification in any areas on the project where unstable CCP is
observed. The Contractor shall make corrections to the subgrade even though the
Engineer may have accepted the areas before they become unstable.

The results of RICM proof mapping shall be provided in printed and electronic form
upon request or within at least 2 hours of measurement. Upon approval of the IC-PM,
the next layer of CCP shall be placed within 24 hours. If the Contractor fails to place the
CCP material within 24 hours or the condition of the material changes due to weather,
trafficking or other conditions, proof mapping and correction shall be performed again at
discretion of the QA Engineer. An example of the type of information to be included in
the Quality Compaction Report is presented later.
IC machine operations for verification testing shall be performed in the presence of the
QA manager. All results will be evaluated by the QA Engineer to set the IC-TV. Test
reports containing the point measurement test results and assessment of the IC-TV
determination will be submitted with 24 hours of completing the testing. The test report
shall include:










Test identification number
Dates of testing
Names of QC/QA field personnel conducting tests
Description of tests
Tables presenting all data
Plots of plate bearing test results
Summary of calculated engineering values
Plot of RICM MV versus independent measurements
Plots of RICM proof maps

IC operations shall be conducted according to the manufacturer’s recommendations to
provide reliable and repeatable ICM measurement values. Check and validate IC
equipment at the beginning of each workday. Document the measurement variability of
the IC system based on measurement repeatability and reproducibility. Repeatability
refers to variation observed in the measurement values obtained over a test area from
consecutive passes under identical operating conditions (i.e., using same operator,
amplitude, speed, direction of travel, etc.). Reproducibility refers to the variation in
measurements obtained from consecutive passes under changing conditions including
machines used, operators, or speed and amplitude settings.

Table 2. Summary of in situ point measurement for QA assessment of critical
engineering parameter values.
Test Method
Static Plate Load Test
(PLT) – 30 inch
diameter (ASTM
2
D1196)

1

N ≥

Critical Engineering
Parameter Values
Modulus of subgrade
reaction (ks), bearing
capacity (q)

12

Cyclic Plate Load Test
(PLT) – 30 inch
2
diameter

Resilient modulus (Mr),
modulus of subgrade
reaction (ks), bearing
capacity (q)

Cone Penetration Test
(CPT) (ASTM D5778)

24

Friction angle (),
material behavior type,
elastic modulus (E),
GWT location and pore
water pressure(u)

36

California bearing ratio
(CBR)

36

Dynamic elastic
modulus (Ed)

Dynamic Cone
Penetrometer (DCP)
(ASTM D6951and
D7380)
Light Weight
Deflectomter (ASMT
3
D2385 and D2835)
Vane Shear Test (VST)
(ASTM D2573-08)
Borehole Shear Test
(BST) (method per
4
manufacturer)

36

36

Shear Strength ()
Effective stress shear
strength parameter
values (c’), shear
modulus (G)

Measurement
Notes

Measurements at
minimum 12 IC-MV
locations at the
center of the drum

Measurements at
minimum 12 IC-MV
locations at 3
location across width
of the drum to a
depth of 5 ft.

IC-MV
Correlation
High

High

TBD
Medium to
High

Medium

Measurements at
minimum 12 IC-MV
locations at 3
location across width
of the drum

Typical
6
Values
ks = 400 to
600 pci, q =
2500 to
10,000 psf
Mr = 10,000
to 30,000 psi

Medium

CBR = 2 to
50

Ed = 20 to
100 MPa
TBD

Low to Medium

Low to Medium

’ = 28 to 45
degrees, c =
+
0 to 1000
psf
variable
> 95%
wc = -4 to
+2%

Measurements at
minimum 12 IC-MV
Density of Soil in Place
locations at 3
Wet density (t), and
by the Drive-Cylinder
72
location across width Low to Medium
sample for moisture
Method (ASTM
of the drum and at 2
content determination
5
D2937)
depths (1 ft and 2.5
ft)
Note 1: Number of tests required as part of the IC calibration process
Note 2: Plate load test with smaller diameters are possible, but not less than 18 inches. Smaller diameters require
plate size correction. For cyclic plate test, the cyclic stress values will be at set at 40 psi to simulate roller cyclic
stresses. Bearing capacity will be determined as the plate contact stress at 2 inches of deformation unless otherwise
noted.
Note 3: LWD devices should be 12 inches in diameter. Assumptions are required for stress factor and Poisson’s ratio
to determine the dynamic modulus. Use stress factor = 2 and u = 0.35 unless otherwise noted.
Note 4: Determination of the shear modulus from the BST requires the Automated version of the test device. Shear
strength parameter values will be determined from 5 normal stresses selected as 5, 10, 15, 20, and 25 psi, unless
otherwise noted.
Note 5: Moisture content should be included with density measurements and multiple regression analysis to establish
correlations for IC-TVs. Moisture content information is not required for correlation analysis with the other point
measurements listed.
Note 6: Based on the QC/QA research program.

Calibration: Assess Low, Medium, and High Values

Perform calibration to
determine IC-TV

x

x
x

x

≥ 20 ft

x

x

x

x

x

Use IC-MVs to Proof Map
Production Area

x

x
x

≥ 200 ft

High

Assess Quality Compaction:
Prediction limits
associated with
80% confidence

Medium
Low

x In-situ QA
IC -TV

Roller operation
settings (a, f, and v) are
constant during
calibration

IC-MV

(1) 90% of IC-MVs ≥ 0.80*IC-TV,
(2) Standard deviation of the
IC-MV ≤ 0.35*IC-TV,
(3) ICM-MV proof mapping area
has no contiguous, isolated
areas that larger than 80ft2, and
(4) w% ≥ the hydro-collapse
values

Minimum
QA-TV

Determination of all quality
assessment criteria achieved

N ≥ 12 (PLT)

In Situ QA Test

YES

NO

QA ≥ QA-TV
IC-MV ≥ IC-TV

In situ QA test in noncompliance areas ≥ QA-TV
YES

x

In-situ QA

IC-MV < 0.8 IC-TV
Fail due to are ≥ 80ft2

x

NO

Perform additional compaction
and/or adjust process control
operations : moisture, lift
thickness, etc. and remap areas
of non-compliance.

Reworked until in compliance via IC-MV
IC-MV < 0.8 IC-TV

Pass

Production Area
Accepted

Figure 9. QA.QC process flowchart incorporating point measurement and IC
continuous monitoring calibration

EXAMPLE IC-MV AND CALIBRATION OUTPUT AND QCR FROM SITE 2
Current CCP monitoring methods result in infrequent point measurement data. These
measurements are taken independently from the compaction process, and each
measurement results in a value reflecting a CCP compaction parameter value at a
single location in the site. Infrequent measurements, such as nuclear density gauge
test, represent a small volume of the placed materials (on the order of 1: 1,000,000).
The expense associated with these measurements is such that, in most cases, fewer
can be collected across the site than might be desired. But this measurement method
has been regarded as relatively “mature” by TVA consultants in that their relationship to
the soil properties of interest is fairly well-accepted. The discovery from the recent field
investigation, however, is that traditional methods of nuclear density testing, laboratory
Proctor compaction testing, specific gravity determination, and oven drying for CCP
materials require special considerations, without which large measurement errors are
possible. Alternative in situ point measurements that directly measure strength and
stiffness do not suffer from these challenges. Further, continuous monitoring data are
more useful for local QC than point measurements because they effectively represent
the entire spatial extent (1:1) of the critical engineering values within the site. Figure 10
shows an intelligent compaction map from the Site 2 gypsum. Results show the
intelligent compaction measurement value, elevation, and pass count information. QA
point measurements were spatially paired to the IV-MVs at several locations to assess
the site specific correlation.
For the proposed QC/QA Plan, upon completion of a given lift of placed CCP material or
immediately prior to placement of the next lift, an IC proof map (PM) will be generated
via one complete coverage of the IC machine. The results of the IC-PM will be analyzed
using statistical equations that assess compaction quality. The IC target values (TV) will
be used to assess areas of non-compliance. Areas identified in the proof map as being
non-compliant will require rework that could involve moisture conditioning, additional
compaction operations, and removable and replacement. IC-TVs for proof mapping are
established through on-site RICM verification testing. Figure 10 shows example results
from Site 2. Figure 11 shows a typical operator display. Figure 12 shows results to
demonstrate the QCR calculations and presentation.
Central to CCP quality compaction operations is achieving the minimum IC criteria for
stability of the placement materials and a minimum moisture content to prevent collapse
upon wetting. Target engineering parameter values for stiffness and moisture content
will be determined through the field calibration process and periodic in situ testing. The
IC-MV results will be used as a guide to select additional quality control (QC) testing by
the contractor and quality assurance (QA) testing
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Figure 10. Example IC continuous monitoring information and calibration to point
measurement from Site 2.

Figure 11. Example of operator display.
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Material Type: Gypsum
Quality Assessment
Criteria

Requirement Meet?

Action Requirement

(1) 90% of IC-MVs ≥
0.80*IC-TV

NO. 79%

Recompact areas of
low IC-MV and remap
area.

(2) Standard deviation
of the IC-MV ≤ 0.35*ICTV

YES.
18.9 <20.1

None required

(3) ICM-MV proof
mapping area has no
contiguous, isolated
areas that larger than
80ft2

NO. one isolated are as
noted

Reduce moisture
content by scarifying
and drying. Will be recompacted and IC-MV
map generated.

(4) w% ≥ the hydrocollapse values

YES

None required

Figure 12. Example of information to be included with quality compaction report.

SUMMARY
Based on our findings from the investigation of dry stack placement and compaction of
fly ash and gypsum at TVA fossil fuel plants, a number of problems with the current
practice have been identified (see companion paper Part I). 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.
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 report1, 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).
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.

IMPLEMENTATION OF THE QC/QA PLAN
Implementation of the CCP stacking QC/QA Specification at each TVA facility will
require an assessment of the in-situ performance and reliability of the various proposed
tools and to training of selected employees and contractors on the use of the new
criteria and methods for field and laboratory assessments of quality control and quality
assurance procedures. Implementation is being planned for 2013 and will be performed
in a two-phase nearly sequential approach lasting for two weeks and three-months,
respectively (i.e., one-time events each, with short readjustment interval between the
phases).
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