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1. Quality Assurance Concepts

INTRODUCTION

The intent of this field reference for ensuring the quality of concrete pavements is to provide the practitioner in
the field with a clear and concise document that will give them guidance on steps that they can take to construct
a smooth and durable concrete pavement. In keeping with this objective, the recommendations provided in this
document are brief in nature. There are four key references from which this document was developed; these
should be consulted whenever greater detail is needed to resolve an issue or question. These four references
listed here are provided on a CD contained in a pocket of the front cover of this document:

e Integrated Materials and Construction Practices for Concrete Pavement: A State-of-the-Practice Manual,

FHWA

e Testing Guide for Implementing Concrete Paving Quality Control Procedures, National Concrete
Pavement Technology Center
Concrete Pavement Field Reference Pre-Paving, American Concrete Pavement Association
Concrete Pavement Field Reference Paving, American Concrete Pavement Association /

(&

References to Quality Assurance (QA) in the construction of transportation facilities can be
found as far back as the 1960s.” The accepted definition of QA related to transportation
infrastructure construction found in TRB Circular E-137 (May 2009) is as follows:

Quality Assurance - "All those planned and systematic actions necessary to
provide confidence that a product or facility will perform satisfactorily in service.”

A comprehensive QA training resource developed by the Federal Highway Administration (NHI
Course No. 134064, Transportation Construction Quality Assurance), defines QA in simpler
terms:)

“Making sure the quality of a product is what it should be.”

Publicly funded construction of transportation facilities in the U.S. is a multi-billion dollar
industry; which entrusts taxpayer funds to state transportation agencies (STAs) and private
contractors to provide a safe and long lasting network of surface transportation facilities.
Federal regulations require STAs to have an approved QA program.

A note of clarification:

In the past, the term Quality Control/Quality Assurance (QC/QA) has
incorrectly been used synonymously with QA. Early implementation of QA
concepts in the transportation arena viewed quality control as a contractor
responsibility and quality assurance as an agency responsibility. A more
comprehensive approach is to consider QC as an element of QA. Figure 1
illustrates this approach where QA is the umbrella which covers all of the
core elements for the construction of safe and long lasting transportation
facilities. Thus, the term QC/QA should no longer be used.
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Quality Assurance
> sl

Agency
Acceptance

Independent Assurance
Dispute Resolution
Qualified Labs
Qualified Personnel

Figure 1 — Core Elements of a Quality Assurance Program

For an in-depth discussion of the items presented in this introduction to
quality assurance concepts, refer to: Publication No. FHWA-NHI-08-067,
June 2008, U.S. Department of Transportation, Federal Highway
Administration, NHI Course No. 134064, Transportation Construction
Quality Assurance.

The primary purpose of this field reference is to provide STA and contractor personnel with
guidance aimed at improving and ensuring the quality of concrete pavements that are
constructed. Another good source of information is ACPA’s online application library which
includes several applications to assist in the design, construction, and analysis of concrete
pavements (http://apps.acpa.org/apps/).

WHY SHOULD | CARE?

Regardless of one's role (agency or contractor) in the construction of transportation facilities, a
safe surface transportation system appeals to the universal motivation for self-preservation.
Also, as taxpayers we expect our investment to yield a long lasting transportation system. More
specifically, improved quality reduces the costs associated with re-work. These cost savings
from improved quality have benefits for contractors and agencies as shown in Figure 2.

pg. 2


http://wwwcf.fhwa.dot.gov/exit.cfm?link=http://apps.acpa.org/apps/

Improved Quality

Reduced Costs for Agency

Improved Working &
Atmosphere Safe Competitive Advantage
& for Contractor
Long
Lasting
Concrete
Pavements
%/)
Fewer Quality Disputes Improved Public Image

Figure 2 — Benefits of Improved Quality for Transportation Facilities

A comprehensive QA approach is the path to improved construction quality which benefits all
parties. This makes for a true win-win proposition.

Roles, Responsibilities and Communication

Quality is enhanced when the agency and contractor can agree that the common objective of
constructing a safe and long lasting concrete pavement will at the same time satisfy each
entity’s individual objectives. It is important to understand each other’s perspectives, roles and
responsibilities as they relate to quality assurance and the construction of a concrete
pavement.

Contractor
Although QC functions are commonly contractually delegated to subcontractors, producers,
fabricators and manufacturers, the prime contractor must take the lead role in monitoring the
effectiveness of quality control at all levels during the construction process. Quality control
must be integrated throughout the contractor’s operation. Both management and production
personnel must be focused on quality to achieve the desired results. Quality control consists of
more than a skeleton staff performing tests and submitting forms to the STA. True quality can
only be achieved by a trained labor force utilizing materials that conform to specifications, and
which are supported by a QC staff and program that provide timely feedback. This document
and the associated workshop materials present contractor QC functions for specific steps in the
concrete paving process in the following manner:

e Details of successful practices as a means to understand how quality impacts

performance.

e Pre-production checklists to ensure that critical items have been reviewed.

e Key inspection items that should be observed during construction.

e Testing and measurements.
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e Appropriate actions when quality deficiencies are observed.

Continuous process improvement and prevention of defects should be the aim of the entire
contractor organization and material supply chain. It is far better to prevent defects rather than
become proficient at finding the cause of defects after the fact. Open and timely
communication between all parties is vital to an effective QC program.

Agency
The agency’'s primary responsibility under a QA program is acceptance. The agency should
respect the contractor's QC function. This means that production and placement activities
should not be controlled by the agency, but by the contractor. That is not to say that the
agency should take a "hands-off” approach, rather the agency should be proactive in
monitoring the contractor’'s QC activities and insisting on conformance to the contractor's QC
plan. Acceptance therefore consists of the following:

e Monitoring contractor QC activities.

e Measure and evaluate the quality of the final product.

e Determine the final payment value of the completed work.

Perhaps one of the most important concepts to understand regarding QA is the
distinction between contractor QC testing and acceptance testing performed by the
agency or agency's representative. The agency should encourage the contractor to
perform QC testing, and the agency should also expect that the contractor’s QC testing
will identify some materials that are not in conformity to specifications. Contractor QC
test results are necessary to help the contractor adjust their process. These test results
are not acceptance tests nor should they lead to punitive measures. Punishing a
contractor who identifies and corrects quality deficiencies discourages QC testing,
because the contractor ultimately concludes that they would be better off avoiding the
punishment by not knowing about quality deficiencies. Quality control testing allows
for timely corrections which will minimize quality deficiencies. Acceptance testing
based on random samples will accurately reflect the overall quality of the product.

Sampling

Acceptance testing should be based upon samples which have been obtained in a random
manner to remove any potential bias. Random sampling is also applicable to contractor testing
which will be evaluated using statistical process control (SPC) techniques. Random samples
should be obtained in accordance with ASTM D 3665 or other state approved procedures such
as a spreadsheet, software, calculator or random number tables. Another sampling method
which has been commonly used in the past is selective sampling.

Selective sampling may be used in certain circumstances.”) When a contractor makes process
adjustments or is starting production, it is desirable to take samples at non-random intervals.
For example, when random testing reveals that the air content of the concrete mixture is
trending lower, a process adjustment is made to increase the air content. At this time, it is
advisable to intentionally test the next two or more batches of concrete to monitor and
validate the effectiveness of the process change. Selective sampling may also be appropriate to
identify the limits of out of specification materials and/or workmanship. However, these
samples should not be included in an acceptance pay factor calculation. Rather, additional
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random samples should be obtained within the limits of the “out of specification” area to
evaluate the quality of that discrete population.

Appendix C provides a detailed field inspection checklist for concrete pavement construction
used by the lowa Department of Transportation.

Communication and Meetings
The impact of communication between the contractor and the agency on quality cannot be
over emphasized. An effective QA program promotes communication and information flow
that is:

1. Open,

2. Two-way,

3. Transparent, and

4. Timely.

Project meetings can be an effective means of communicating expectations, identifying
potential conflicts and clarifying plan and specification details. Appendix D includes concrete
pavement specific checklists that can be used as a guideline for conducting effective pre-bid,
pre-work and pre-placement meetings.

Variability
The variability observed in concrete paving projects is attributable to four sources: material,

process, sampling, and testing (Figure 3).” It is important to note that every test result we
examine includes these sources of variability.

Material Process Sampling Testing

C Composite ; ,

Variability

Figure 3 — Sources of Construction Variability

Understanding the materials and the precision and bias of each test procedure is critical to
proper interpretation of QC testing and acceptance testing (Figure 4). For example, two
technicians may test the air content of a sample of concrete using properly calibrated test
equipment. It is likely that their test results will be “different”. Some of this “difference” is
attributable solely to the inherent variability in the test procedure. Because of this, test results
which are very near or outside of specification limits should be interpreted with care and
repeated whenever possible. Some concrete tests are simply too imprecise to be used as
acceptance tests.
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Figure 4 — Test Results Must Be Interpreted Properly
The term process control is often used synonymously with quality control. Reducing variability
in our materials and our processes is a focus of quality control efforts. Reduced variability
indicates a higher level of control. The same is true in our sampling and testing activities. We
should strive to reduce the variability of our QC testing activities. Some recommendations for
doing so are:

¢ Utilizing the same technician, especially within payment lots.

e All technicians should be properly trained and certified.

e Follow strict adherence to testing procedures.

e Testing equipment should be calibrated and certified as necessary.

Statistical Process Control

Control charts (Figure 5) are useful tools which when combined with some well proven rules
can assist contractors in identifying changes in their materials and processes. The primary
purpose of using Statistical Process Control (SPC), specifically control charts, is to identify
change. Their function is not to indicate whether a test result passes or fails acceptance
criteria, but rather to indicate if a test result was unusual.””
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Air Content (Target = 6.5%)
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paver
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Figure 5 — Example Control Chart

Control charts are an effective means for identifying the impact of assignable causes on the
materials and/or construction processes. Some agencies/contractors use moving average
instead of individual test results as a tool for trend evaluation. Once identified, the materials
and/or processes can be adjusted to account for the influence of the assignable cause. For
example, a sharp reduction in air content may indicate that the carbon content of the fly ash
has changed, requiring an increased dosage of air entraining admixture. Simply put, a control
chart provides a visual indication of whether a process is in control.

Detailed guidance regarding the implementation of control charts and SPC for contractor QC
organizations can be found in the Testing Guide for Implementing Concrete Paving Quality
Control Procedures, which is included on the data CD provided during the workshops
associated with this document.®) It is also available for free at:
http://www.cptechcenter.org/technical-library/documents/mco/testing guide.pdf.

Quality Control Plan

A quality control plan is a document prepared by the prime contractor and subcontractors
which serves as the roadmap for constructing the project within specification requirements. A
QC plan is formally defined as “A project-specific document prepared by the contractor which
identifies all QC personnel and procedures that will be used to maintain all production and
placement processes “in control” and meet the agency specification requirements."""

A proper QC plan should identify the personnel, procedures and materials that will be used on
the project. Additionally, the plan should address the following for each item of work covered
by the QC plan:
1. Reference the applicable specifications for each item of work.
2. Provide action limits (not specification limits) that dictate when the process should be
adjusted.
3. Provide suspension limits that define when the process should be stopped and adjusted
before resuming production.
4. Describe what corrective actions will be taken when the process is deemed to be out of
control.

A template QC plan for concrete paving is provided in Appendix A of this document.
Additional guidance can also be found in 7ransportation Construction Quality Assurance™
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2. Factors Influencing Long-Life Concrete Pavements

INTRODUCTION

This section discusses the decisions made in the design office and at the construction site that
can affect the life of concrete pavements. By knowing these, we can better keep an eye on
what is going on and make better decisions leading to improved longevity of the pavement.

There are a number of important parameters discussed; some of them are only relevant at
specific times. For instance, selection of pavement type occurs at the design stage, and is not
considered again during construction or testing. On the other hand, smoothness may be
specified during design, but activities that affect the final product are only relevant during
construction and testing.

STRUCTURAL DESIGN

The DARWIN M-E™ mechanistic empirical pavement design method was developed in an effort
to improve the basic pavement design process. M-E design combines mechanistic principles
(stress/strain/deflection analysis and resulting damage accumulation) with local field
verification and calibration. The M-E procedure is considered to be a more scientifically based
approach than the 1993 AASHTO procedure, incorporating new aspects of pavement design
and performance prediction, and generally resulting in less conservative designs.

A benefit of M-E analysis is that it predicts specific distress types as a function of time or traffic.
Cracking, faulting, and changes in smoothness (based on the International Roughness Index)
are predicted based on calibrated distress models.

The M-E procedure is based on the accumulation of incremental damage, in which a load is
placed on the pavement at a critical location, the resulting stresses, strains and deflections are
calculated to estimate the damage resulting from the load. The distresses that accumulate in
the pavement as a function of time or traffic are then summed over the life of the pavement.
The main questions addressed in the process are discussed below.

What do we want?
All of the following are modeled to predict their state at the end of the selected design life. If
the results are unacceptable, then the variables that can be changed are adjusted and the
analysis is repeated until acceptable outputs in the following are achieved:

e Surface roughness, IRI.

e Cracking.

e Faulting.
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What do we have to accommodate?
There are parameters that vary from location to location and cannot be changed due to their
nature, but must be addressed in the modeling:
e Expected traffic loading.
o Type of traffic (classes).
o Growth of traffic density with time.
e The climate in which the pavement is built.
e Water table depth.

What can we adjust?
These are some of the parameters that can be adjusted in the design process in order to
achieve the properties and performance required:
e Pavement type (JPCP or CRCP).
Joint details (load transfer, spacing, sealant).
Edge support (if any).
Drainage.
Layer properties.
o Concrete.
o Base layers.
o Subgrade.

The following sections discuss how each of these parameters will affect longevity and how they
can be addressed at the design, construction and testing stages, where relevant.
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PAVEMENT TYPE

Two different concrete pavement design types are commonly used: jointed plain concrete
pavements (JPCP) or jointed reinforced concrete pavements (JRCP), and continuously
reinforced concrete pavements (CRCP).

Each of these design types can provide long-lasting pavements that meet or exceed specific
project requirements. Each type is suitable for new construction, reconstruction, and overlays
(resurfacing) of existing roads. The selection of which type is to be used is made at the design
stage.

JPCP

Because of their cost-effectiveness and reliability, the vast majority of concrete pavements
constructed today are JPCP designs (Figure 6). They do not contain reinforcement. They have
transverse joints spaced less than 15 to 20 ft apart. They may contain dowel bars across the
transverse joints to transfer traffic loads across slabs and may contain tiebars across
longitudinal contraction joints to promote aggregate interlock between slabs.

Figure 6 — Jointed Plain Concrete Pavement Before Paving

CRCP

CRCP designs have no transverse joints, but contain a significant amount of longitudinal
reinforcement, typically 0.6 to 0.8 percent of the cross-sectional area. Transverse reinforcement
is often used. The high content of reinforcement both influences the development of
transverse cracks within an acceptable spacing (3 to 8 ft apart) and serves to hold cracks tightly
together. Some agencies use CRCP designs for high-traffic, urban routes because of their
suitability for high-traffic loads.
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FOUNDATION SYSTEM

Subgrade

The subgrade is the natural ground, graded and compacted, on which the pavement is built.
The quality of the subgrade will influence some of the design decisions, and if it is to be
modified by some treatment approach, then it is important that the modifications achieve the
intended purpose.

Due to its rigid nature, a concrete pavement distributes the pressure from applied loads over a
larger area of the supporting material. As a result, deflections are small and pressures on the
subgrade are low. Concrete pavements, therefore, do not require especially strong foundation
support. However, subgrade uniformity and stability affect both the long-term performance of
the pavement and the construction process. The subgrade should have a uniform condition,
with no abrupt changes in the degree of support and there should be no hard or soft spots.
Non-uniform support increases localized deflections and causes stress concentrations in the
pavement. Localized deflections and concentrated stresses can lead to premature failures,
fatigue cracking, faulting, pumping, rutting, and other types of pavement distress.

Requirements for subgrade preparation may vary considerably, depending on soil type,
environmental conditions, and amount of heavy traffic. Providing reasonably uniform support
conditions beneath the concrete slab requires controlling three major causes of subgrade non-
uniformity:

e Expansive soils,

e Frost action, and

e Pumping.

Preparation of the subgrade includes the following activities:

e Compacting soils at moisture contents and densities that will ensure uniform and stable
pavement support.

e Whenever possible, setting grade lines high enough and making side ditches deep
enough to increase the distance between the water table and the pavement. This will
include providing sufficient drainage to the system so that the concrete slab does not
become saturated.

e Cross-hauling and mixing soils to achieve uniform conditions in areas where there are
abrupt horizontal changes in soil types.

e Using selective grading in cut and fill areas to place the better soils nearer to the top of
the final subgrade elevation.

e Improving extremely poor soils by treating them with lime, cement, cement kiln dust, or
fly ash, or by importing better soils, whichever is more economical.

Base

A base layer may be needed on top of the prepared subgrade and immediately below the
concrete pavement to accommodate heavy traffic or poor-quality subgrades. The material
quality requirements for a base under concrete pavement are not as strict as those for a base
under asphalt pavement because the pressures imposed on a base under concrete are much
lower than those under asphalt.
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For light traffic pavements, such as residential streets, secondary roads, parking lots, and light-
duty airports, the use of a base layer may not be required, and the desired results can be
obtained with proper subgrade preparation. Bases may be constructed of granular materials,
cement-treated materials, lean concrete, hot-mixed asphalt, or open-graded, highly-permeable
materials, which may be stabilized or unstabilized.

When the use of a base is considered appropriate, the best results are obtained by following
these guidelines:®
e Selecting base materials that meet minimum requirements for preventing pumping of
subgrade soils.
e Specifying grading controls that will ensure a reasonably constant base grading for
individual projects.
e Specifying a minimum base depth of 100 mm (4 in.).
e Specifying a minimum density for untreated bases of 105 percent of ASTM D 698 /
AASHTO T 99 for heavily traveled projects.

A cement-treated or lean concrete base provides a strong and uniform support for the
pavement and joints, provides an all-weather working platform, and contributes to smoother
pavements by giving firm support to the forms or paver during construction. However, this
system imposes added restraint to the concrete thus increasing the stresses due to thermal
and drying shrinkage, meaning that greater care has to be taken to prevent early age cracking.
Highly permeable bases may be unstable, but some ability to drain water penetrating the
joints is desirable.

P P

Figure 7 — Load Distribution of Unstabilized and Stabilized Bases
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JOINTING

Concrete shrinks with decreasing temperature and moisture loss as it ages, stresses set up by
restraint of this movement will cause random cracking unless joints are cut in the concrete at
the appropriate time and spacing. Such cracking can lead to faulting and reduced durability of
the system.

In addition, curling and warping are vertical deflections in the slab due to differential
temperatures and moisture contents. The combination of traffic loading and slab weight on
curled and warped pavements will result in cracking, faulting, and reduced smoothness. The
magnitude of deflections and stresses are decreased with reduced panel size (e.g. joint
spacing).

Detailing joint layout is important in reducing the risk of random cracking. Mismatched joints,
slabs with a width / length ratio greater than 1.5, and embedded objects (manholes, inlets,
utility service accesses, etc.) without isolation joints should be avoided.®

Figure 8 — Example of Poor Joint Detailing

Joint Spacing

When transverse joints are too far apart, the concrete may still crack randomly at locations
other than the joints. The M-E design indicates that shorter joint spacing increases the
predicted life of a pavement, however there are increased costs associated with constructing
and maintaining more joints. An optimal joint spacing therefore exists for each specific project,
depending on the slab thickness, base stiffness, and concrete strength. Most state agencies
specify transverse contraction joints in plain (unreinforced) pavement at intervals between 15
and 20 ft.

Joint Depth

The design depth of saw cuts is the minimum depth required to create a properly functioning
joint to control cracking.® Cuts that are too shallow may not create an adequately weakened
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plane, thereby allowing random cracks to occur. Cuts that are unnecessarily deep require
additional time and cost and reduce aggregate interlock.

In general, the depth of conventional saw cuts is one third to one quarter of the pavement
thickness. However, unless a State specifies otherwise, early-entry cuts can generally be
approximately 25 mm (1 in.) deep, regardless of pavement thickness. Because early-entry saw
cuts are made before the concrete has developed significant strength or stresses, this
shallower cut will generally create an effective plane of weakness where a crack should form.

Saw Timing

There is an optimum time to saw contraction joints in new concrete pavements. That time
occurs within the sawing window. The window is a short period after placement when the
concrete pavement can be cut to successfully control crack formation. The window begins
when concrete strength is sufficient for sawing without excessive raveling along the cut. The
sawing window ends just before random cracking starts to occur.

Sawing too early causes the saw blade to break or pull aggregate particles free from the
pavement surfaces along the cut. The resulting jagged, rough edges are termed raveling
(Figure 9). Some raveling is acceptable where a second saw cut would be made for a joint
sealant. If the raveling is too severe, it will affect the appearance and/or the ability to maintain
the joint.

i Y e
o R v
v B

b %Y
Y et

>,

Figure 9 — Excessive Joint Raveling

HIPERPAV® is a free software tool that can be used to assess the early age behavior of

concrete pavement. The software models early stress and early strength of the concrete
pavement, making it useful to evaluate the potential for uncontrolled cracking.
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SMOOTHNESS

The smoothness of a concrete pavement is impacted by design, construction practice, concrete
materials, and environment. Pavement smoothness is the users’ primary measure of a
pavement's performance, and it is therefore an important aspect in terms of quality. M-E
analysis estimates changes in smoothness as a function of time and traffic.

Several factors influence the smoothness of a pavement:"”
e Specification

@)
@)

O O O

O

e Construction®?

O

O O O O O O O O

©)

Base should be wider (6') than the pavement to allow for a stable paver trackline.
Horizontal alignment, cross-slope and super-elevated curves can add to
roughness.

Accurate grade and staking calculations are essential.

Embedded reinforcement and fixtures negatively impact smoothness.

Concrete mixture should slipform easily.

Block-ou)ts or leave-outs will add to roughness.

Base and trackline need to be stable and constructed to a tolerance (1/2" in 10).
Concrete uniformity from batch to batch.

Keep the paver moving to minimize bumps.

Set up fixed forms accurately (where relevant).

Set and maintain the stringline so that it is taut and accurate.

Keep a proper amount of concrete consistently in front of paver.

Monitor vibrators.

Adjust the paver's profile pan and adjust staking interval for grades and curves.
Securely anchor and place concrete on dowel assemblies in front of the paver or
use properly maintained and adjusted automatic dowel bar inserters (DBI).

Check the surface behind the paver with the longest straightedge possible.

Use cut-back headers.

Educate and motivate the crew.
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MIXTURE
Decisions regarding the mixture are made at all stages.

Mixture components

At its simplest, concrete is a mixture of glue (cement, water, and air) binding together fillers
(aggregate). However other materials, like supplementary cementitious materials (SCMs) and
chemical admixtures, are added to the mixture. All these materials affect the way concrete
behaves in both its fresh and hardened states.

Cementitious Materials

Cementitious materials include portland cement and supplementary cementitious materials
such as fly ash and slag cement. SCMs contribute to the fresh and hardened properties of
concrete. Blended cements are a manufactured blend of portland cement and one or more
supplementary cementitious materials (SCMs).

It s important to test mixtures containing SCMs to ensure they are achieving the desired
results, to verify the correct dosage, and to detect any unintended effects. Changing an SCM
source, type, or even dosage will require new trial batches.

Aggregates
In general it is desirable that the aggregates have the following qualities:
e Well-graded mixtures require less water than mixtures with gap-graded aggregates,
have less shrinkage, are easier to handle and finish, and are usually more economical.
e Rough surface texture (for bond and interlock).
e Low absorption (reduces water requirement variability).
o Low alkali-aggregate reactivity (for reduced risk of deleterious alkali-silica reactivity and
alkali-carbonate reactivity).
e Frost resistant (for durability associated with D-cracking and popouts).
e Low coefficient of thermal expansion (for reduced cracking from volume change due to
changing temperatures).
e Abrasion resistant (for durability and skid resistance).
e Free of dust and clay contaminants.

Water

Mixing water can consist of batch water, ice, free moisture on aggregates, water in admixtures,
and water added after initial mixing. Some water recycled from returned concrete and plant
washing may be allowed by specification.

Potable water is generally acceptable for use in concrete but questionable mixing water from
untreated sources should be tested for its effect on concrete strength and setting time.

Chemical Admixtures

Admixtures are materials added to concrete mixtures to modify concrete properties such as air
content, water requirement, workability and setting time. Admixtures should complement, not
substitute for, good concrete proportioning and practice. Admixtures may have unintended
side effects. Therefore, run trial batches with job materials and under job conditions to verify
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admixture compatibility. Dosages of admixture will likely have to be varied through the day as
moisture content of the aggregates varies and the weather changes.

Properties

There are a number of critical properties of concrete that impact pavement longevity. Some
properties, like workability, are manifested only in the fresh or plastic stage of concrete. Others,
like frost resistance, are most important in the hardened concrete. Still others, like strength
gain, begin early in the hydration process, remain critical during the first few days, and play a
role in concrete for many months or even years. In general, the contractor is concerned about
the fresh properties (how easy it is to get the concrete in place), and the owner is concerned
about the long-term hardened properties (how long it will last).

Uniformity

The goal is to make uniform concrete, in order to prevent problems at the paver (Figure 10)
and in the final pavement, this is necessary even though the materials used to make the
concrete may be variable. Material properties must be monitored regularly and proportions
adjusted accordingly. A non-uniform concrete mixture causes frequent adjustments in the
construction process and leads to variable pavement performance. Providing a uniform
concrete mixture is critical to constructing a quality concrete pavement.

Figure 10 — Non-uniform Concrete Leads to Paving Issues

Workability

Workability is an indication of the ease with which concrete can be constructed. Good
workability means that the concrete mixture can be readily consolidated and finished.
Workability requirements vary by placement method (e.g. machine or hand). Therefore the
concrete mixture should be proportioned and produced with workability properties that
accommodate the method of placement.

Changes in workability indicate that the raw materials, proportions, or the environment are
changing. If workability changes, the causes should be investigated early, as it is likely that this
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is a symptom of a significant change in the mixture that will affect other properties directly
related to pavement longevity.

Water should not be added to a concrete mixture to adjust workability or finishing properties
unless this can be done without exceeding the water-cementitious materials ratio of the
mixture design.

Strength development

Concrete strength is often used to measure concrete quality, although this can be a false
assumption as other properties such as: low air content, poor consolidation, random cracking,
high permeability, etc. may not be directly related to strength.

Sufficient concrete strength is needed to carry the loads and many specifications will limit the
minimum strength required based on the design. The primary factor controlling strength is the
w/cm ratio, although strength increases with a decreasing w/cm ratio. Strength gain is
accelerated at higher temperatures and decelerated at lower temperatures, and strength
decreases as air content increases.

Strength is measured in compression or in flexure (bending). Early strength can also be
assessed in the field using maturity (time and temperature) measurements. For more
information on implementing maturity measurements for concrete paving, consult the
following FHWA Tech Brief - Maturity Testing for Concrete Pavement Applications, November
2005; available for download at:
http://www.fhwa.dot.gov/pavement/pccp/pubs/06004/06004.pdf

Shrinkage

Concrete shrinkage occurs due mainly to cooling and drying, although three other shrinkage
mechanisms also play a role. It starts soon after mixing and continues for a number of days
and can contribute to random cracking in slabs. Shrinkage primarily increases with increasing
water (paste) content in the concrete, meaning that increasing amounts of cementitious
materials and water in the mixture may increase cracking risk.

Shrinkage cracking is also tied to the weather at the time of placement:

e Placing concrete in the morning so that the temperature at time of setting is high,
increases the potential stresses due to large reductions in ambient temperature at night.

e Cooling the concrete at the time of placement will reduce the peak temperature.

e Covering the concrete when cold fronts are approaching will protect the concrete from
large differentials.

e Providing adequate curing early on will reduce the effects of drying shrinkage.

e Use of an evaporation retarder may help in reducing the risk of plastic shrinkage
cracking (NOTE:, evaporation retarders are not to be used as finishing aids).

e Use of SCMs in hot weather to both reduce and delay the early age peak temperature.

Permeability

Concrete durability is enhanced by improving concrete’s ability to prevent aggressive fluids
from penetrating the concrete, that is, by reducing concrete permeability as discussed below.
Permeability is reduced by:
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e Reducing cracking.

e Reducing the number of connected pores in the paste system by:
o Reducing the w/cm.
o Use of appropriate amounts of supplementary cementitious materials.
o Allowing hydration to continue for as long as possible, i.e. curing.

Permeability and strength are not synonymous.

Potential Durability
Durability is the ability of the concrete to survive the environment to which it is exposed, which
will vary from region to region depending on weather and soils, among other things. Potential
durability of the concrete is implicit in the DARWIN M-E™ design method, but few details are
provided on how to achieve it. Some decisions that will impact durability have to be made at
the design stage such as requiring measures to address local materials or weather related
factors. Likewise the quality of the concrete mixture in terms of the ingredients, proportions
and workmanship will have a strong influence on the lifetime of the pavement. The most
common issues to be addressed are:

e Cold weather.

o Alkali silica reaction.

Cold Weather

Frost resistance is a concrete’s ability to resist damage during winter weather conditions.
Concrete that is exposed to cold weather can experience several kinds of damage including:
Freeze-thaw damage,

Salt scaling,

D-cracking, and

Popouts.

Freeze-thaw damage is due to the expansion of water in the capillaries as it freezes, causing
cracking that can be as deep as several inches into the concrete. Cycles of freezing and
thawing can eventually cause severe surface loss. Deicing salts can aggravate freeze-thaw
damage and cause cracking, scaling, and disintegration.

Concrete’s ability to resist freeze-thaw damage may be enhanced by entraining a number of
small, closely spaced air bubbles in the paste. The air voids provide space for freezing,
expanding water in the pores to move into, thus relieving the pressure. It is generally accepted
that a spacing factor of 0.008 in. or less will be adequate to protect concrete. Increasing the
total air content will reduce the spacing factor, which is why many specifications place a limit
on the minimum amount of air in a mixture. For a given air content, small, closely spaced air
voids provide better protection than larger, more distant voids. For equal protection, larger
bubbles would require a larger volume of air. This is undesirable, since an increase in air
content can result in a decrease in strength.

Over-finishing should be avoided because it may cause loss of air at the surface. In addition,
working bleed water or evaporation retarders (which contain a high amount of water) into
concrete weakens the top surface and can cause a crust to form with water accumulation
underneath, which could easily scale off.
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When aggregates with a critical pore size are saturated, they expand and fracture when the
water freezes, causing D-cracking and/or popouts. In areas where D-cracking in pavements is
known to be a problem, a smaller maximum size aggregate may help mitigate the problem.
Testing at the reduced maximum size is advisable.

Alkali-Silica Reaction

Alkali-silica reaction (ASR) is a harmful condition in concrete resulting from a chemical reaction
between some aggregate minerals and the high alkaline (pH) pore solutions found in concrete.
Over time, the product of these chemical reactions, ASR gel, can absorb water and expand,
leading to concrete cracking and reduced service life. The amount of gel formed in the
concrete depends on the amount and type of silica in the aggregate and the alkali hydroxide
concentration in the concrete pore solution.

For ASR to occur, three conditions must be present:
e Reactive forms of silica in the aggregate,
e High-alkali (pH) pore solution (water in the paste pores), and
e Sufficlent moisture.

If any one of these conditions is absent, ASR gel cannot form and deleterious expansion from
ASR cannot occur. Therefore, the best way to avoid ASR is through good mixture design and
materials selection.

It is important to design mixtures specifically to control ASR, preferably using locally available
materials. Use nonreactive aggregates, if possible, or a combination of nonreactive and
reactive aggregate. If reactive aggregate is unavoidable, use supplementary cementitious
materials or blended cements proven by testing to control ASR or limit the alkali content of
the concrete. When applicable, different amounts of pozzolan or slag should be tested to
determine the optimum dosage. Too low a dosage of fly ash may exacerbate the problem.
Low-calcium (typically Class F) fly ashes are generally better at mitigating ASR than high-
calcium (typically Class C) fly ashes. Ground, granulated blast-furnace slag and natural
pozzolans are also effective in mitigating ASR when used in the proper dosages.

Lithium compounds may also be useful in reducing or preventing expansion. Typically, a

solution of lithium-bearing compound (usually lithium nitrate) is added when batching
concrete.
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Mixture Design and Proportioning

Mixture design is the process of determining required and specifiable properties of a concrete
mixture, normally conducted by the designer / specifier to allow for local conditions. Factors
considered will include the intended use, geometry, and exposure conditions. The following
are three factors to be addressed in concrete mixture design:

e Strength,

e Durability, and

e Economy.

Some aspects of the design may belong with the contractor, such as choosing workability for
the placing equipment to be used, and the placement conditions.

Mixture proportioning considers how the desired and specified properties of the concrete
can be achieved by optimized selection of concrete ingredients. Proportioning may be initially
determined using numerical approaches, but it is critical that trial batches be made using job-
specific materials. It is advisable that trials also be conducted at the likely placement
temperatures to ensure that the mixture is likely to perform satisfactorily at construction stage,
and that potential problems are flagged early on. At this stage, the mixture can be assessed for
compliance with all requirements of the specification. It is also advisable that alternate
mixtures be assessed, such as with alternate supplies of materials, so that delays are not
incurred if problems arise during construction requiring a change in proportions.

Critical parameters to observe in mixture proportions are:
e w/cm should be between 0.38 and 0.42 for slipform pavements as this is the primary
parameter that controls hardened mixture performance.
e Combined aggregate gradation should fall within Zone 2 of the Coarseness Factor and
Workability Chart (Refer to ACI 302.1R-04 for detailed guidance)(Figure 11 from
COMPASS Software).

Coarseness (%) 6313 Workability (%) 839 (Based on ACI 302.1-R-04)

48

46

juss
Optimal for
1/2" (12.5 mm) Stone
or smaller

Workability (%)

22
100 90 80 70 60 50 40 30 20 10 0

Figure 11 — Example Coarseness and Workability Factor Chart
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e SCM dosage should be high enough to address durability concerns but not so high to
cause setting and cracking problems.

e Paste content should be sufficient to fill all the voids between the aggregate particles
and to provide adequate workability to the mixture.

Trials using the full-scale batch and handling plant are recommended because mixtures will
perform differently depending on the size and type of mixing in the batch. However some
contractors use a small trial batcher (9 ft*) to perform mix trials (especially for mobile projects).
If done properly they can be an effective way to perform trials. If trials are performed with
small trial mixers a trial run of the plant prior to the start of operations should be performed to
make sure the plant is operating properly.

Mixture Verification

Just before paving, the mixture designs should be verified in the field (unless there is
experience with a similar mixture). This process is necessary to ensure that the materials and
the final mixture are substantially the same as those that were used during the laboratory trials.

The following questions should be considered when verifying laboratory mixtures in the field:
e Are the fresh properties acceptable for the type of equipment and systems being used?
e Are there signs of incompatibilities?
e Are the flexural or compressive strengths from the field mixture comparable to those
from the laboratory mixture (+250 lb/in?)?

Field trials are also a preferred practice when portable plants are used. The batching process,
including mix time, should be the same as that to be used during paving operations.

Workability of the field trial batches should be tested immediately after batching and at a later
time to simulate the transportation time. Field trial batches should be repeated until the
desired workability after the estimated time in transport is achieved and then tested.

Workability and air content can be manipulated during the batching process in the field by
varying chemical admixture dosages.
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ACCEPTANCE TESTING
Acceptance is based on testing. When any result is reported, the following need to be

considered:

¢ |Is the right method being used?

TEST METHODS

Was the test conducted properly?
Are specification tolerances realistic with respect to inherent testing variability?
What are the consequences of failure?
What is the potential error in the test?
What actions are required?

Not every parameter can be examined by a standardized test. For instance timing of saw
cutting is as much of an art as anything else — it depends on the weather, the mixture and the
experience of the saw operator. However, failure is readily observed in random cracking.

Following is a listing of appropriate test methods and suggested acceptance limits.

Foundations - Subgrade/Subbase Construction

Subgrade Soils

e Procedures such as ASTM D 1883, ASTM D 3152, ASTM D 4546, ASTM D 4829, and
CALTRANS Test 354 are suitable for evaluating the volume change of subgrade soils
(Figure 12).9

Data from Index Tests *

Estimate of
Probable

Colloid Expansion **
Content (% (% total vol.
Plasticity Shrinkage finer than change)
Degree of Index (%) Limit (%) 0.001 mm) (dry to sat.
Expansion (ASTM D 4318) | (ASTM D 427) | (ASTM D 422) condition)
Very High >35 <11 >28 >30
High 25to 41 7to12 20 to 31 20 to 30
Medium 15 to 28 10to 16 13 to 23 10 to 20
Low <18 >15 <15 <10

* All three index tests should be considered in estimating expansive properties

** Based on a vertical loading of 1 lb/in?, for higher loadings the amount of expansion is
reduced, depending on the load and the clay characteristics

Figure 12 — Tests for Expansive Soils
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Unstabilized Bases

e Limit the amount of fines passing a 75-um (#200) sieve.

e Aggregates having less than 50 percent loss in the Los Angeles abrasion test (ASTM C
131 / AASHTO T 96) are satisfactory.

e Minimum of 100 percent of ASTM D 698 / AASHTO T 99 density. For projects that will
carry large volumes of heavy traffic, the specified density should not be less than 105
percent of standard density or 98 to 100 percent of ASTM D 1557 / AASHTO T 180
density.

e To permit accurate grading of the base, the maximum size of material is usually limited
to 1" and preferably to 34".

Stabilized Bases

e Granular materials in AASHTO Soil Classification Groups A-1, A-2-4, A-2-5, and A-3 are
used for cement-treated bases. They should:

o Contain no more than 35 percent passing the 75-um (#200) sieve.
o Have a Pl of 10 or less.
o May be either pit-run or manufactured.

o Cement-treated bases have been built with A-4 and A-5 soils in some non-frost areas
and are performing satisfactorily. Generally such soils are not recommended for bases in
frost areas or where large volumes of heavy truck traffic are expected.

e Use of A-6 and A-7 soils is not recommended.

Concrete Materials

Cementitious Materials
e Cements should comply with ASTM C 150 / AASHTO M 85 Type |, Il or V, ASTM C 595 /
AASHTO M 240, or ASTM C 1157 Type GU, HE, MS or MH.
e Fly ash and slag cement are specified in ASTM C 618 / AASHTO M 295 and ASTM C 989 /
AASHTO M 302 respectively.

Aggregates
e Individual aggregate gradation should comply with ASTM C 33/ AASHTO M 6 at a
mintmum.

e Combined gradation of the system should be in Zone Il of the coarseness factor and
workability chart.

e Aggregate moisture content should be regularly tested in accordance with ASTM C 566.
Mixture proportions should be adjusted at the plant for the actual aggregate moisture
content.

e Other requirements of the aggregate are addressed in ASTM C 33/ AASHTO M 6

e ASR reactivity is addressed in AASHTO PP 65.

e Abrasion resistance is usually measured using the Los Angeles (LA) abrasion test
method (ASTM C 535 and ASTM C 131).

e D-Cracking potential can be assessed by conducting the procedure in ASTM C 1646.
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Water

If the quality of water is a concern, it can be assessed by evaluating it using the method
in ASTM C 1602.

Chemical Admixtures

Air entraining admixtures must comply with the requirements of ASTM C 260.
All other admixtures are specified by ASTM C 494 / AASHTO M 194.

Mixture

Uniformity

ASTM C 94 / AASHTO M 157 set out the requirements for monitoring and accepting the
uniformity of concrete.

Unit weight testing (ASTM C 138) is likely the best method for monitoring batch-to-
batch uniformity.

Microwave water content testing (AASHTO T 318) is also an excellent indicator of batch-
to-batch uniformity.

Workability

Slump: ASTM C 143 / AASHTO T 119 is the most commonly specified measure of
workability. Typically, a range between 1 and 2 inches is satisfactory for slipform paving.
Consideration may be given to allowing the contractor to select the slump required for
their equipment, then using the test as a uniformity measure. This may be preferable to
specifying a fixed range that may not be appropriate for the circumstances.

Strength

Strength is normally specified in terms of flexural or compressive requirements.
The value specified will depend on the design, but typical minimum values are about
650 psi flexural and 4000 psi compressive.
Statistical approaches are often used for acceptance and PWL calculations.
Before the pavement is opened to traffic, a minimum flexural strength of 450 psi is
recommended.
Testing should be in accordance with the following specifications:
o ASTM C 39/ AASHTO T 22 for compressive strength.
o ASTM C 78 /AASHTO T 97 for flexural strength using third-point loading.
o ASTM C 293 / AASHTO T 177 for flexural strength using center-point loading.
o ASTM C496 / AASHTO T 198 for splitting tensile strength.
Maturity approaches may be used in accordance with ASTM C 918 or 1074.

Shrinkage

ASTM C 157 / AASHTO T 160 are commonly used to determine length change in
unrestrained concrete due to drying shrinkage.

Any specification based on ASTM C 157 must include the specimen size.

The standard procedure is to take an initial length measurement at 24 hours. The
specimens are then stored in lime-saturated water for 27 days, when another length
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measurement is taken. All specimens are then stored in air at a constant temperature
until 64 weeks.

Since most projects cannot wait 64 weeks, an alternative set of initial reading, drying
age, and final reading age are sometimes specified.

This test should only be applied at the mixture design stage and not used as a regular
acceptance tool.

Permeability

The so-called “rapid chloride” test (ASTM C 1202 / AASHTO T 277) is currently the most
commonly used “permeability” measurement. The test does not measure permeability
directly but measures conductivity, which is a surrogate test for permeability. It is
primarily intended for use in reinforced elements. The data can be used for comparison
purposes between concrete mixtures.

o While intended for use at the design stage, numerous authorities are using the
test for acceptance purposes.

o A minimum value of 1500 coulombs at 56 days is considered an indicator of
more than adequate performance for pavements.

o The Wenner resistivity device (Figure 13) is rapidly growing in acceptance as an
alternative to ASTM C 1202/AASHTO T 277 for quality control and acceptance
purposes.

ASTM C 1585 determines the capillary absorption of concrete and offers a useful tool for
assessing the relative performance of different concrete systems.

Figure 13 — Wenner Probe for Testing Surface Resistivity

Frost Resistance

Air content is measured using:
o ASTM C 231/ AASHTO T 152 pressure method in fresh concrete (Figure 14).
o ASTM C 173 / AASHTO T 196 volumetric method in fresh concrete used for
absorptive aggregates.

pg. 27



Figure 14 — Pressure Air Content Testing Device

e Air-void system can be assessed using:
o ASTM C 457 for hardened concrete.
o A minimum of 5% air behind the paver, or a spacing factor less than 0.008 in. is
strongly recommended.
e Freeze-thaw resistance is assessed using ASTM C 666 during design stage.
o Acceptance values typically range between a minimum relative dynamic modulus
of elasticity of 70% and 90%.
e Salt scaling is assessed using ASTM C 672 at design stage.
o A minimum visual rating of 3 or 4 is recommended.
o Some states also monitor the mass loss of the samples and require a value of less
than 0.3 lb/ft* after 50 cycles.

Thickness
Pavement thickness can be assessed using the following techniques:

e Probing behind the paver is a useful means of quality control (Figure 15).

e Coring the hardened concrete is often used for acceptance purposes. It is recommended
that close attention be paid to ensuring that the pavement is not too thin because this
will significantly reduce the life of the concrete.

¢ Non-destructive approaches are available. One such device requires that a steel plate be
anchored on the base in front of the paver leading to good a correlation with core data.
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Figure 15 - Thickness Probing Behind the Paver
Smoothness

The hardened pavement surface should be tested with a lightweight profiler (Figure 16), high
speed inertial profiler, California Profilograph, or a straightedge for hand placements.

Figure 16 - Lig Ht\)\}elghf In‘.e'.r"t"la.l. Profiler for Smoothness Testing
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Tolerances and Action Limits

All test methods have some variability, meaning that the probability of accepting bad
pavement and rejecting good pavement is unavoidable. This risk can be reduced if the testing
is conducted by trained and certified staff (ASTM C 1077) operating calibrated equipment in
compliance with the method.

Interpretation of the data may take engineering judgment. If a failure is reported, decisions
need to be made regarding:

e Should a truck be rejected?

e Should the job be stopped until the cause is determined?

e Should there be a financial penalty imposed?

e Should the pavement be removed?

Answers to these will depend on:
e The reliability of the data,
e The consequences of the failure, and
e The amount of pavement affected.

Many states impose “Action” and “Stop” limits. If a result crosses an action limit, work is
allowed to proceed but the cause of the variation must be determined and corrected. If the
trend continues and the “Stop” limit is crossed, then the pavement is rejected and work must
stop until corrective actions are implemented.

Incentives / Disincentives

Many specifications use incentives and disincentives to reward good work and to provide a
financial edge to quality contractors. The subtlety behind this approach is that with any
incentive scheme, there is a high probability that there will be unintended consequences. It is
important that when this approach is adopted, the parameters that are indeed critical to the
owner are those that are incentivized.

PUTTING IT ALL TOGETHER
Critical parameters for concrete longevity are:
e Thickness.

e Durability.
e Smoothness.
e Strength.

These apply at every point on the pavement, and this is what we are trying to achieve. No one
factor is more important than another.

Inspection involves a thorough understanding of the system, what really affects it and how

much. This must be combined with a large dose of common sense and engineering judgment,
gained through training and experience.
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3. Quality Assurance for Concrete Pavements

The recommendations given in this document regarding the construction of a high quality
concrete pavement are based on the premise that quality assurance is the umbrella covering
all aspects of the construction process. Therefore, the steps (processes) involved in the
construction of a concrete pavement are presented in a uniform format that provides both
contractor and agency guidelines for constructing, inspecting and measuring (testing) the
construction process. The construction steps are presented in temporal order and include the
following information:

e Description,

e Key inspection items to encourage successful practices and to identify deficiencies,

e Quali