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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

The construction of a hot-mix asphalt (HMA) overlay is the most common
method used by the Texas Department of Transportation (TxDOT) to rehabilitate existing
asphalt and concrete pavements. It is well known that the existing pavement condition
has a significant influence on selecting an HMA overlay strategy and on the eventual
long-term performance of the HMA overlay.

Different techniques including both nondestructive testing (NDT) and destructive
testing have been employed to evaluate the existing pavements before HMA overlay.
There are two major purposes for this evaluation: firstly to identify problem locations
where pretreatments will be required, and secondly to characterize the properties of the
existing pavement layer (e.g., thickness and modulus) and load transfer efficiency (LTE)
at joints or cracks for use in the HMA overlay thickness design. The commonly used
NDT devices in Texas for evaluating existing pavements include ground penetrating
radar (GPR), falling weight deflectometer (FWD), and rolling dynamic deflectometer
(RDD). Therefore, in this report the research team has developed guidelines for
collecting and interpreting NDT data for these three tools, with a focus on how this

information can be used in the HMA overlay design process.
1.2 OBJECTIVES

The two primary objectives of Project 0-5123 were to 1) develop an HMA
overlay mixture design balancing rutting and reflective cracking requirements, and 2)
develop an HMA overlay thickness design methodology focusing on reflective cracking
and rutting. The first objective has been reached and documented in the Year 1 report
entitled “Integrated Asphalt (Overlay) Mixture Design, Balancing Rutting and Cracking
Requirements.” Starting from the second fiscal year, the research team focused on the
second objective. Part of the second objective was to develop guidelines for evaluating
existing pavements focusing on identifying repair locations and collecting information
needed for the HMA overlay thickness design in which the primary concern is reflective

cracking.



1.3 REPORT ORGANIZATION

This report is organized into six chapters. A brief introduction is presented in
Chapter 1. Chapter 2 discusses the application of GPR to identify the layer thickness of
existing pavement, section breaks, and potential trapped moisture problems. Chapter 3
focuses on FWD backcalculation and determining load transfer efficiency from FWD
measurement. The use of RDD to continuously evaluate existing Portland cement
concrete (PCC) is specifically described in Chapter 4. Chapter 5 provides general
guidelines for evaluating existing pavements for HMA overlay thickness design. Finally,

Chapter 6 presents a brief summary of this report.



CHAPTER 2
APPLICATION OF GROUND PENETRATING RADAR ON
EVALUATION OF EXISTING PAVEMENTS

21 BACKGROUND

GPR is a well-established nondestructive method for investigating the internal
composition of many naturally occurring materials such as rocks, earth and gravel, and
man-made materials like concrete, brick, and asphalt. It can also be used to detect
metallic and non-metallic pipes, sewers, cables, cable ducts, voids, foundations,
reinforcing rods in concrete, and a whole host of other buried objects. GPR technology
was implemented by TxDOT in the mid 1990s. Currently, TXDOT has a fleet of three
units that are used routinely for forensic investigations and pavement rehabilitation

studies.

2.1.1 Operational Principles of Ground Penetrating Radar

Figure 1 shows one of TxDOT’s 1 GHz air-coupled GPR units. This system sends
discrete pulses of radar energy into the pavement system and captures the reflections
from each layer interface within the structure. Radar is an electro-magnetic (EM) wave
and, therefore, obeys the laws governing reflection and transmission of EM waves in
layered media. This particular GPR unit operates at highway speeds (70 mph), transmits
and receives 50 pulses per second, and can effectively penetrate to a depth of 24 inches.
A typical plot of captured reflected energy versus time for one pulse is shown in Figure 2
as a graph of amplitude in volts versus arrival time in nanoseconds. The reflection, Ai, is
the energy reflected from the surface of the pavement, and Azand As are reflections from
the top of the base and subgrade, respectively. These are all illustrated as positive
reflections, which indicate an interface with a transition from a low to a high dielectric
material. As described later, these amplitudes of reflection and the time delays between
reflections are used to calculate both layer dielectrics and thickness. The dielectric

constant of a material is an electrical property that is most influenced by moisture content



Figure 1. TXDOT’s Air-Coupled GPR Unit.
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and density. An increase in moisture will cause an increase in layer dielectric. In contrast,
an increase in air void content will cause a decrease in layer dielectric.
A range of typical dielectrics has been established for most paving materials.
HMA layers normally have a dielectric value between 4.5 and 6.5, depending on the
coarse aggregate type. Measured values significantly higher than this would indicate the
presence of excessive moisture. Lower values could indicate a density problem or
indicate that an unusual material, such as lightweight aggregate, has been used. The
examples below illustrate how changes in the pavement’s engineering properties would
influence the typical GPR trace shown in Figure 2:
o If'the thickness of the surface layer increases, then the time interval between
Arand A2would increase.
o If the base layer becomes wetter, then the amplitude of reflection from the top
of the base, A2, would increase.
e If'there is a significant defect within the surface layer, then an additional
reflection will be observed between Aiand A-.
e Large changes in the surface reflection, A1, would indicate changes in either

the density or moisture content along the section.

2.1.2 Layer Thickness Calculation
Using the amplitudes (volts) and time delays (ns) from Figure 2, it is possible to

calculate layer dielectrics and layer thickness. The equations used are summarized below:

‘.- [ﬂ} (1)
1-4,/ 4,
where:
€a = the dielectric of the surfacing layer;
A; = the amplitude of surface reflection; and
Am = the amplitude of reflection from a large metal plate in volts (this

represents the 100 percent reflection case).

cxX At
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where:

h; = the thickness of the top layer;
c = speed of EM wave in air (150 mm/ns two-way travel); and
At = the time delay between peaks, 4;and 4.

(] (%)
Ve =Nzg| —on 3)

(1))

where:
&p = the dielectric of base layer; and
A = the amplitude of reflection from the top of the base layer.
By, = cxAt, (4)
Ve
where:
hsase = thickness of base layer; and
At = time delay between Ajand As.

Using the above equations, one may calculate both layer thickness and dielectrics
along the pavement. The use of the thickness information for either quality control of
new construction or structural evaluation of existing structures is obvious to pavement
engineers. However, the layer dielectric values and their variation along a highway are
also of practical significance, as demonstrated by Saarenketo and Scullion (2) and by

Saarenketo (3).

2.1.3 COLOR-Coded Images of Subsurface Conditions

In most GPR projects, several thousand GPR traces are collected. In order to
conveniently display this information, color-coding schemes are used to convert the traces
into line scans and stack them side-by-side so that a subsurface image of the pavement
structure can be obtained (4). This approach is used extensively in Texas. A typical display
from the Texas system for a thick HMA pavement is shown in Figure 3. This display is taken
from a section of newly constructed thick asphalt pavement over a thin granular base. The

labels on this figure are as follows:



e A: Files containing data;

e B: Main pull down menu;

e C: Button to define the color-coding scheme;

e D: Distance scale (miles and feet);

e E: End location;

e F: Depth scale; and

e G: Default dielectric value used to convert the measure time scale into a depth

scale.

The important features of this figure are the lines marked H, I, and J; these are the
reflection from the surface, top, and bottom of base, respectively. The pavement is
homogeneous, and the layer interfaces are easy to detect. The variation in surface dielectric,
computed using Equation 1, is shown at the bottom of the figure. When processing GPR data,
the first step is to develop displays such as Figure 3. From these displays, it is possible to
identify any clear breaks in pavement structure and to identify any significant anomalies. The
intensity of the subsurface colors is related to the amplitude of reflection. Therefore, areas of

wet base would be observed as bright red reflections.
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Based on the above background information, the rest of this chapter discusses the
applications of GPR to determine layer thickness, potential moisture problem, and
potential void under PCC slab in Texas, which are demonstrated by a series of case
studies on existing asphalt pavement, PCC pavement, and composite pavement (asphalt

overlay over PCC pavement).

2.2 APPLICATION OF GPR ON EXISTING ASPHALT PAVEMENTS

By far the biggest use of GPR within TxDOT has been in the area of evaluating
existing asphalt pavements for pavement rehabilitation. GPR testing is often used to
determine layer thickness, detect changes in the pavement structure, and identify
subsurface defects, particularly moisture damage. This approach has proven to be highly
effective in Texas with its mature highway network and its focus on pavement
rehabilitation. When dealing with older road networks where numerous sections have
been widened and/or received partial rehabilitation, it is extremely difficult to maintain
reliable layer thickness information.

The data shown in Figure 4 is a short 2-mile section from a 14-mile project. The
highway was exhibiting some localized failures, and only limited thickness information
was available. The surface condition looked similar because the section had recently
received a thin resurfacing. From the data shown in Figure 4, this short section had three
distinctly different pavement structures. The interpreted structure information is at the
bottom of the figure. The highway had been widened, and the old roadway had been
buried beneath a flexible base overlay and a new thin surfacing. The widened sections
consisted of a stabilized subgrade, flexible base, and thin HMA surfacing. The GPR
rapidly identified the old pavement (section 3), the new pavement (section 1) as well as
areas of localized full-depth rehabilitation (section 2). With this information plus
necessary FWD data, the pavement engineer can make a clear decision on HMA overlay

strategy.
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Figure 4. Raw GPR Data with Interpretation from FM 2818, near College Station,
Texas (1).

2.3 APPLICATION OF GPR ON EXISTING PCC PAVEMENTS

GPR data have also been collected on several jointed PCC pavements. On an
investigation of the concrete pavements on IH45 in the Houston District, a wide variety
of GPR signatures were obtained. Figures 5, 6, and 7 show the typical COLORMAP
displays.

Figure 5 shows the ideal case. This figure is a GPR display of approximately 600
feet of IH45. The depth scale is on the right, and the distance scale in miles and feet is at



the bottom of the figure. The faint line at a depth of 4 inches below the surface is
reflections from wire mesh reinforcing. The additional faint line at a depth of 12 inches
is the reflection from the bottom of the concrete/top of the base. The intensity of
reflection at this location indicates the presence of moisture or the presence of air-filled
voids. Water will produce a strong reflection, and this would be shown as a strong red
reflection at a depth of 12 inches. There are no strong reflections in Figure 5. An air-
filled void would give a completely different reflection; with the color-coding scheme
used in COLORMAP (4), an air-filled void would be represented as a blue line. Again,
there are no indications of air-filled voids in Figure 5.

The graph at the bottom of the figure is a plot of surface dielectric from the joint
concrete pavement (JCP). The periodic increases in the plot coincide with the joints in
the pavement. The increase in surface dielectric is associated with increases in near
surface moisture content. These patterns occur in some JCPs but not all; they are either
associated with buildup in moisture in the joint itself or in the concrete immediately

surrounding the joint.
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Figure 5. GPR Data from a JCP with No Obvious Sub-Slab Problems.
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The COLORMAP display shown above (Figure 5) should be contrasted with that
shown below in Figure 6. In this case, there are stronger periodic reflections both at the
bottom of the slab and from within the slab itself at the depth of the reinforcing steel.
The red reflections beneath the slab indicate the presence of additional moisture. The
presence of free water beneath the slab could have a major impact on the selection of
rehabilitation options. For overlays, if the overlay sealed the concrete surface, the
concern would be that the trapped moisture may migrate up through the joints and cause
layer debonding or stripping of the HMA layer.

As with all other investigations using GPR, it is critical to verify the
interpretations. In this case, pilot holes were drilled through the concrete slab. The red
areas at the bottom of the slab were found to be areas of wet clay rather than water-filled
voids. The original base was sand material, which in these few locations now has
become contaminated by clay. Coring indicated that the stronger reflections at mid depth
were found to be associated with areas of corrosion of the reinforcing mesh used on this

slab.
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Figure 6. COLORMAP Display from a Section of JCP with Possible Problem Areas.
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The third case shown in Figure 7 displays a different portion of the same highway.
In this case, there is almost a continuous strong red reflection followed by a continuous
blue reflection. The one gap in the middle of the plot is where a full depth patch has been
placed. This location had already been undersealed; however, there was substantial
staining along the shoulder of the pavement. This section was cored, and it was found
that free water was present beneath the slab. In places, there was a localized 2 to 3 inch
thick void beneath the slabs. Clearly, the rehabilitation options for this highway are

limited because of the presence of the water.

@ o gprdata’.ihd 5ga~1nl-ol.dat--mktll.dat----mkl1.dak-

File Colormap Trace Process Display Options Compute REW  Help
PR LT EL A TN gl DB B i i) | e b B i B e R ik b i SR R R B AR R i el

e, i I..m.|,w.I..ﬂ"'*""“*""-.'lm'ﬂlIp‘lu.,-4u¢ﬂh,,1rl‘-il..h\l'~\ul*nh:d\|.|.,, g g, bl i, 4 i

Figure 7. COLORMAP Display from an Area Where Free
Water Exists beneath the Slab.

2.4 APPLICATION OF GPR ON COMPOSITE PAVEMENTS

On composite pavements where the jointed concrete is covered by an asphalt
overlay, the GPR can also be used to identify any problems within the HMA layers in
addition to identifying layer thickness and detecting water-filled voids. This is

demonstrated in the following case.
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Air-coupled GPR data were collected on the limits of the IH20 overlay project to
document existing conditions and to provide information to personnel who were
performing tests with RDD. GPR testing was performed first before the RDD test. The
limits of the data collection were Texas reference markers (TRM) 610 to 614. Data were
collected at 1-foot intervals in both inside and outside lanes in both directions. Figures
8 to 11 show examples of pre-construction GPR data. Color-coded representations of the
GPR data on all lanes surveyed are given in Appendix A.  Figures 8 to 11 show
representative data taken on both directions. These cases are discussed in the following

sections.

Eastbound Outside Lane — Outside Wheel Path

Figure 8 is a representative COLORMAP display from the eastbound lanes.
Similar data were obtained for much of the eastbound direction. At this location, the
surfacing consists of two 2-inch thick lifts of asphalt concrete. The dielectric of the upper
layer is relatively low at around 4.2 and 4.5. A strong reflection is observed at the top of
the second layer of asphalt concrete (AC). The dielectric of the lower asphalt layer
appears normal, in the range of 5.5 to 6. In several locations, full depth AC patches have
been placed on this lane. The dielectric values of these patches are close to 6, which is
normal for AC. It is also possible to identify the bottom of the PCC slab in Figure 8. A
faint reflection is observed from the middle of the PCC slab. The periodic, slightly

brighter reflections could be from tie bars in the joints.
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Figure 8. Typical COLORMAP Display from a Representative Area in the
Eastbound Direction.

Westbound Outside Lane — Outside Wheel Path

The GPR images from the westbound direction were similar to those obtained in
the eastbound direction. The total AC thickness is close to 4 inches. However, more
patches have been placed on this lane, and the pavement structure is more variable. This
observation is illustrated in Figure 9, which shows a section from TRM 611 — 0.3 to 611
—0.6. In section 1, the original AC layers have been removed and replaced with a single
homogeneous layer. Section 2 shows a different GPR display. In this section, periodic
low-density areas are found in the lower AC layer, denoted by the blue areas in Figure 9.
These could be areas of stripping in the lower AC layer, or they could be areas where the

dense AC layer has been replaced with a drainable layer.

14




d:A\wh_olowp.dat--ol_metal.dat----ol_melal. dal-

.HH 4 ottom las
nale HII‘W“" ol Y H"ﬂ :m:l'

i i gt LS o i
i il | e .III1

g e N A

Figure 9. Potential Defect Areas on Westbound Outside Lane.

Individual Traces from IH20 (Westbound)

Figures 10 and 11 show two individual traces from locations 100 feet apart in the
westbound outside lane of 120 (Figure 9). Figure 10 shows a strong negative reflection
from the lower AC layer. The negative reflections are associated with the transition from
a higher to a lower dielectric (density) area. In the past, this has been found to be
associated with stripping in the lower AC layer. Figure 11 is a trace from a normal area in
the westbound direction. No defects are apparent at this location. The reflection from

the top and bottom of the PCC are faint, but still clear in the data.
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Figure 10. Individual Trace from an Area on the Westbound Outside Lane Where

Lower AC Layer Gives a Strong Negative Reflection.
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Figure 11. Individual Trace from a Normal Location on the
Westbound Outside Lane.

In summary, the GPR data for the most part show that the AC thickness on the
project is fairly uniform. It is possible to see all the major layer interfaces from the data.
There are indications of potential buried defects such as stripping at various locations

along the westbound outside lane.

2.5 GUIDELINES FOR GPR TESTING, DATA INTERPRETATION, AND
REPORTING

Based on the information discussed above, some guidelines are briefly summarized
for evaluating existing pavements using the GPR:
e GPR testing: GPR data should be collected for the whole HMA overlay

project in the outside lane/outside wheel path with a data collection interval of
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1 foot per trace, since the current 1 GHz air-coupled GPR unit can operate at

highway speeds (20 mph).

GPR data interpretation: The COLORMAP program can be used to interpret

the collected GPR data. However, several important issues should be noted

for interpreting GPR data:

a.

The GPR data certainly provide useful thickness information for the upper
layers of flexible and composite pavements. However, it should be noted
that applications of air-coupled GPR on concrete pavements have had
limited success within TxDOT.

GPR can be used to locate major defects in either the asphalt covering of
JCPs or major defects such as water-filled voids beneath the slab. By
combining GPR data with the deflection data from either FWD or RDD,
the pavement engineer will have a comprehensive evaluation of pavement
conditions.

GPR will detect major defects, but it is doubtful if it will detect minor
defects such as thin air-filled voids. The current 1 GHz GPR units also
have restrictions on depth of penetration; little useful information will be
obtained from deeper than 20 inches. This is not usually a restriction on
old PCC; it could be a problem if the old concrete has a thick asphalt
overlay, or if the slab is sitting on a thick base and the problem is in the
subgrade layer.

COLORMAP cannot provide quantitative values (layer dielectric) for the
base layer beneath the slab. This is because concrete is a highly
attenuative medium for GPR waves (whereas asphalt has little or no
attenuation). The attenuation through a concrete slab is not adequately
addressed in the current version of COLORMAP. Based on signal
attenuation, if a strong positive reflection is observed beneath a concrete
slab, then the base must have a very high dielectric indicating possible
trapped moisture.

All GPR interpretations require validation. As with the case on [H45,

strong reflections beneath a slab do not automatically mean a water-filled
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void. As found in this project, it could be areas of saturated base or wet
clay, with no void. Note that GPR will never eliminate field coring, but it
can certainly reduce the number of cores required.
GPR data reporting: The expected data from GPR testing include 1) layer
thickness, which is required by the HMA overlay thickness design system;
and 2) major defects (such as stripping or water-filled voids beneath the slab),

which should be treated before HMA overlay.
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CHAPTER 3

APPLICATION OF FWD TESTING ON EVALUATING EXISTING
PAVEMENTS

3.1 BACKGROUND

The FWD is a trailer-mounted device that delivers a transient force impulse to the
pavement surface, as shown in Figure 12. By varying the mass or the drop height or both,
the impulse load can be varied between 2500 Ib to 27,000 Ib for regular types of FWD.
Generally, seven deflection sensors (Figure 12) measure the surface deflections caused by
the impulse load. The first deflection sensor is always mounted in the center of the
loading plate, while the rest are positioned at various spatial distances up to 6 feet from
the load center. From all deflections recorded, peak values are stored and displayed.
Load pulse base widths usually range from 20 to 60 ms for various equipment
manufacturers. Note that for the Dynatest unit, the load pulse is approximately 28 ms.

The FWD is the most commonly used tool for evaluating existing pavements for
asphalt overlay or rehabilitation in Texas. In most cases, the FWD is used to evaluate
structural capacity and then to backcalculate pavement layer moduli. For JCP, the FWD
has been used to determine load transfer across joints or cracks. Additionally, some
efforts have been made to detect voids below the slab based on FWD testing. In 1995,
the Texas Transportation Institute (TTI) conducted a comparative study on the
effectiveness of existing void detection procedures that utilized FWD measurements.

Based on the success rate of each

O Loading Plate Contact Area

@®  sensor

Figure 12. TXDOT’s Falling Weight Deflectometer and Sensors.
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method, two methods, the CTR (Center for Transportation Research) method (5) and the
NCHRP (National Cooperative Highway Research Program) method (6), were identified
as most promising procedures. However, the work done later under NCHRP 10-48: Void
Detection in PCC and Thin Asphalt Overlaid Composite Pavements (7), found that either
the existing CTR or NCHRP method could not effectively detect voids beneath
experimental slabs. Therefore, the application of the FWD for void detection is not
recommended at the current moment.

In contrast to the GPR and RDD, TxDOT pavement engineers in general are more
familiar with FWD testing and modulus backcalculation. Therefore, this chapter will
briefly discuss modulus backcalculation and then focus on determining LTE using the
FWD. Finally, some guidelines are provided for FWD testing, data interpretation, and

result reporting.

3.2 BACKCALCULATION OF PAVEMENT STRUCTURAL LAYER MODULUS

FWD backcalculation has been studied for a long time, and different software
have been developed to backcalculate pavement structural layer modulus. In Texas,
MODULUS 6.0 is commonly used for modulus backcalculation (8). An example is
presented below to demonstrate the modulus backcalculation for a potential HMA
overlay project over a section of JCP on US96 in the Beaumont District.

The section of the JCP on US96 is 10 inch concrete with a 10 inch treated base.
The MODULUS 6.0 program was used to backcalculate the layer modulus. Table 1
shows the FWD backcalculated moduli, which are required by the HMA overlay

thickness design program being developed, as discussed in Chapter 5.
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Table 1. FWD Results for US96.

TTI MODULUS ANALYSIS SYSTEM (SUMMARY REPORT) (version 6.0)
District:20 (Beaumont) MODULI RANGE(psi)
county :122 (JASPER) Thickness(in) M1nimum Max 1 mum Poisson Ratio values
Highway/Road: Us0036 Pavement: 10.00 340,000 5,500,000 Hl: v = 0.20
Base: 10.00 10,000 550,000 H2: v = 0.35
Subbase: 0.00 H3: v = 0.00
subgrade: 97.98(by DB) 5,000 H4: v = 0.35
Load Measured peflection (mils): calculated moduli values (ksi): absolute Dpth to
station ({1bs) rR1 R2 R3 R4 RS RG R7 SURF{ELl) BASE(EZ) sUBB(E3) SUBG(E4) ERR/Sens Bedrock
0.000 11,070 4.55 4.01 3.55 3.00 2.52 1.96 1.59 3457.9 315.2 0.0 10.8 1.20 147.5
0.197 11,098 3.63 3.18 2.80 2.27 1.87 1.46 1.17 5165.5 163.8 0.0 16.0 0.92 137.0
0.399 11,051 4.20 3.72 3.25 2.65 2.21 1.80 1.42 3383.0 340.2 0.0 12.4 0.75 130.4
0.595 11,035 7 .87 7.20 0.6l 3.60 4.69 3.57 2.70 3037.8 81.1 0.0 5.8 2.53 125.1
0.797 10,880 5.10 4.41 3.86 3.12 2.54 1.495 1.50 3324.7 114.5 0.0 11.9 1.01 123.3
0.994 10,943 4.64 4.18 3.78 3.16 2.68 2.01 1.45 5458.4 59.1 0.0 10.8 1.96 102.6
1.200 10,975 6.03 5.27 4.56 3.61 2.76 1.89 1.20 2825.1 13.6 0.0 13.6 2.77 81.5 *
1.393 11,154 2.85 2.35 1.94 1.52 1.20 0.86 0.67 3437.5 316.6 0.0 28.1 1.11 91.5
1.601 10,876 4.72 4.09 3.54 2.91 2.37 1.80 1.34 3609.0 125.2 0.0 12.8 0.97 104.2
1.798 11,074 4.40 4.11 3.96 3.35 2.B89 2.24 1.69 5500.0 71.7 0.0 10.4 5.29 108.7 *
1.9495 10,979 3.49 3.04 2.66 2.26 1.92 1.56 1.28 3816.0 550.0 0.0 13.5 0.532 145.0 *
2.197 10,864 4.88 4.12 3.60 2.68 2.11 1.59 1.09 2649.9 103.6 0.0 15.3 1.46 92.3
2.399 11,051 3.67 3.24 2.89 2.39 2.03 1.6l 1.24 4262 .8 401.1 0.0 13.3 1.04 111.1
2.588 10,721 4.50 4.02 3.60 3.04 2.40 1.91 1.43 5065.9 60.5 0.0 11.8 1.39 103.7
2.789 10,947 2.69 2.17 1.78 1.36 1.06 0.74 0.59 3183.2 318.3 0.0 32.0 1.47 g4.6
2.999 10,832 4,28 3.81 3.36 2.72 2.24 1.73 1.44 4323.0 131.4 0.0 13.0 1.04 149.4
3.200 10,947 2.44 2.03 1.64 1.22 0.93 0.66 0.52 4492 .1 149.8 0.0 37.8 0.83 88.9
3.401 11,066 2.41 2.00 1.69 1.29 0.98 0.83 0.68 5500.0 82.2 0.0 36.6 3.86 300.0 *
3.610 11,039 2.97 2.39 2.01 1.52 1.17 0.84 0.62 3135.3 267 .4 0.0 28.8 1.44 95.6
3.6012 10,900 3.16 2.43 1.78 1.31 0.98 0.70 0.50 1743.7 289.0 0.0 35.5 1.48 80.9
3.796 11,051 1.79 1.41 1.13 0.80 0.38 0.39 0.31 5304.9 148.2 0.0 6d.4 1.46 73.5
4000 10,939 3.06 2.66 2.30 1.72 1.42 1.01 0.81 53500.0 27.2 0.0 260.9 2.19 960.4 *
4,194 10,943 2.55 2.21 1.83 1.53 1.22 0.99 0.85 4423.2 547 .7 0.0 23.3 0.99 300.0
4,399 10,892 3.08 2.66 2.30 1.74 1.41 1.03 0.73 5500.0 31.5 0.0 26.1 1.84 89,1 *
4600 10,880 2.70 2.30 1.99 1.65 1.34 1.06 0.87 4273.2 550.0 0.0 21.1 0.50 138.1 *
4_801 10,983 3.08 2.61 2.30 1.90 1.56 1.30 1.10 4096.2 550.0 0.0 17.3 1.22 300.0 *
4_998 10,876 2.80 2.26 1.98 1.52 1.17 0.90 0.75 3419.0 363.8 0.0 26.5 1.48 130.8
5.1949 10,816 2.99 2.57 2.31 1.79 1.41 1.17 0.95 5500.0 103.0 0.0 22.4 2.83 149.6 *
5.400 10,896 3.28 2.91 2.48 1.95 1.64 1.30 1.08 4512.2 259.3 0.0 18.0 1.34 168.8
5.602 10,991 2.20 1.85 1.56 1.24 1.05 0.81 0.69 5500.0 144.2 0.0 36.5 6.64 118.9 *
5.799 10,717 2.87 2.49 2.15 1.79 1.62 1.11 0.85 4369.7 517.6 0.0 18.2 2.95 300.0
G6.000 10,689 3.24 2.89 2.49 2.01 1.59 1.29 0.99 5161.6 176.3 0.0 18.0 1.00 109.2
G6.204 10,705 3.24 2.69 2.35 1.90 1.51 1.16 0.96 3345.8 364.2 0.0 19.4 1.18 129.3
6.401 10,816 3.76 3.24 2.83 2.30 1.91 1.41 1.09 4500.3 152.8 0.0 1.1 1.62 109.5
Mean: 3.62 3.13 2.73 2.20 1.79 1.37 1.06 4199.3 232.1 0.0 21.3 1.77 118.0
std. Dev: 1.21 1.14 1.08 0.93 0.79 0.61 0.45 1017.8 168.7 0.0 11.6 1.31 36.3
wvar Coeff(%): 33.41 36.37 39.42 42 .28 44 .08 44,39 42 .60 24.2 73.1 0.0 54.2 73.72 30.7



3.3 APPLICATION OF FWD TESTING TO DETERMINE LOAD TRANSFER
EFFICIENCY

In addition to pavement layer thickness and modulus, LTE is another important
parameter that should be characterized for concrete pavement before HMA overlay.
Generally, FWD is used to evaluate the LTE of joints in concrete pavements. LTE testing
begins with the placement of the FWD load plate 6 inches from the joint, measured from
the center of the plate to the joint or crack. An FWD load is then imparted to the
pavement while the deflections across the joint or crack are recorded. The sensors for
measuring deflections are placed at the center of the plate and 12 inches from the center
of the load plate across the joint. LTE tests are usually performed in the outer wheelpath
of the outside lane. LTE calculations can be made by placing the FWD load plate on
either side of the joint, where the approach side is called upstream and the leave side is
called downstream. Downstream measurements require that a deflection sensor be placed
behind the load plate. Typically the sensor W4 (36 inches from center of load plate) is
placed on the back side of the load plate (-12 inches). Downstream measurements are
not typically done in Texas; the upstream measurements are more common.

Testing should be done at a minimum at one load level. It is preferable to test at
three load levels—=8 kips, 12 kips, and 16 kips. Also, it is recommended that testing
should be performed across joints (or cracks) at intervals of no greater than 0.1 mile. It is
also recommended that testing be conducted in the cooler part of the day, preferably early
morning when the LTE will be smallest.

Figure 13 illustrates the concept of deflection load transfer for two extreme cases:
a joint with full load transfer and a joint with no load transfer. Joint deflection LTE
values may range from 0 percent (no load transfer) to 100 percent (full load transfer). The
LTE described above is the deflection load transfer and is often defined as the ratio of the
deflection of the unloaded side to the deflection of the loaded side. The FWD deflection
data can be used in three different ways to determine LTE in terms of the measured
deflection, which are illustrated in Figure 14. The advantage and disadvantage of each
approach are discussed in Table 2. Clearly, Approach 3 is preferred, because both layer
moduli of pavement structure backcalculated from FWD testing at slab center and LTE at

joints are needed for asphalt overlay thickness design.
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Figure 13. Hlustration of Poor and Good Load Transfer across a Joint (9).
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Figure 14. FWD Based LTE Definitions.

25



Table 2. Advantage and Disadvantage of Each LTE Approach.

Approach Advantages Disadvantage(s)
1 Only FWD testing at joint is needed,; 100 % LTE may never be
FWD sensors are not required to reached.
change their arrangement.
2 Conceptually sound: 100 % LTE W4 sensor has to be placed on
becomes possible; the back side of the load plate.
Only FWD testing at joint is needed.
3 Conceptually sound: 100 % LTE Both FWD testing at the
becomes possible. center of the slab and joint are
FWD sensors are not required to required.
change their arrangement.
FWD testing at slab center can be
used to backcalculate layer moduli
of the pavement structure.

The load transfer rating as related to the LTE is shown in Table 3. For joints with
LTE rated below fair, joint replacement or improvement (dowel bar retrofit) is

recommended before placing HMA overlay.

Table 3. LTE Rating.

Load Transfer Rating LTE (%)
Good >80
Fair 60-80
Poor <60

For the purpose of demonstration, two examples are presented: one with good
LTE and the other with both good and poor LTE. For these two examples, the upstream
FWD testing was performed where the load plate is placed on one side of the joint and
the remaining six sensors are placed on the other side. Detailed information is presented
below:

e Example 1: A Section of JCP with Good LTE

The raw FWD data are shown in Figures 15a and 15b, and the calculated LTE for
each joint using Approach 3 is listed in Table 4. Note that LTEs at some joints may be
greater than 100 percent. In these cases, the 100 percent LTE is recommended. Clearly,

all joints are in good condition; this section appears to be a good candidate for an overlay.
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FWD TEST FILE WAME:E:% 3123 reportsh 2006 reporthTinal version'1l22U0096-good section.PwD
ROADWAY ID :20122 USO096

District 1 20 (Beaumont)
County 1 122 (JASPER)
Highway/Road: USO09E
Tatal Drops @ 1 and drop: 1 s selected
TESTED DATE : 050623 MUMBER OF SENSORS: 7 NUMBER OF STATIOM @ &5
START TIME : 13:42 FLATE RADIUS : 5.91 FWD OPERATOR 1 AcCil Diffey
END TIME 1 15:z28
SEMS0R SPACING : 0.0 1z.0 24.0 36.0 48.0 60.0 FZ.0 PVMT AIR SURF  TEST
No  STATION LMNE LOAD Wl W2 w3 W4 W3 we w7 TEMP TEMP TEMP TIME COMMENTS
1 0.000 L 11071 4.55 4.01 3.55 3.00 2.52 1.96 1.59 1] a7 0 13:42 First mid-5tream Drop.
3 0.197 L 11099 3.62 3.18 2.80 2.27 1.87 1.46 1.17 1} a5 0 13:52 Test at Mid-stream
5 0.3%3 L 11052 4.20 3.72 3.25 2.65 2.21 1.80 1.42 a a5 0 13:56 test 3 mid-stream
7 0.595 L 11036 T.87 7.20 6.61 5.60 4.69 3.57 z.70 a a5 0 14:00 test 4 mid-stream.
9 0.79%7 L 10881 5.10 4.41 3.86 3.12 2.54 1.95 1.50 a a5 0 14:03 test 5 mid-stream.
11 0.994 L 10944 4.64 4.18 3.78 3.16 2.68 2.01 1.49 1] a5 0 14:06 test & midstream.
1z 1.200 L 10976 6.05 5.27 4,56 3.61 2.76 1.89 1.20 [+} a5 0 14:09 +test 7 mid-stream.
15 1.3923 L 11155 2.85 2.35 1.94 1.52 1.20 0.86 0.67 1] 94 0 14:12 test & mid-stream.
17 1l.e01 L 10877 4.72 4.09 3.54 2.91 2.37 1.80 1.34 1} 94 0 14:15 test o mid-stream.
19 1.798 L 11075 4.40 4.11 3.96 3.35 2.89 2.24 1.69 a 96 0 14:18 Test 10 mid-stream.
21 1.995 L 10980 3.49 3.04 2.66 2.26 1.92 1.56 1.28 a 98 0 14:21 test 11 mid-stream.
23 2.197 L 10885 4.88 4.12 3.60 2.68 2.11 1.59 1.09 a 99 0 14:23 test 12 mid-stream.
25 2.393% L 11052 3.67 3.24 2.89 2.39 2.03 1.61 1.24 a 98 0 14:26 test 13 mid-stream.
28 2.78% L 10948 2.69 2.17 1.78 1.36 1.06 0.74 0.59 [+} L] 0 14:31 test 15 mid-stream.
30 2.993 L 10833 4.28 3.81 3.36 2.72 2.24 1.73 1.44 1] 59 0 14:35 test 16 mid-stream.
32 3.200 L 10948 2.44 2.03 1.64 1.22 0.93 0.66 0.52 [+} L] 0 14:38 +test 17 mid-stream.
34 3.401 L 11087 2.41 2.00 1.69 1.29 0.98 0.83 0.88 1} 99 0 14:42 test 18 mid-stream.
36 3.610 L 11040 2.97 2.39 2.01 1.52 1.17 0.84 0.62 1] 59 0 14:44 test 19 mid-stream.
38 3.796 L 11052 1.79 1.41 1.13 0.80 0.58 0.39 0.31 a 99 0 14:47 Test 20 mid-stream.
40 4,000 L 10940 3.06 2.66 2.30 1.72 1.42 1.01 0.81 a 99 0 14:50 test 21 nmid-stream.
42 4,124 L 10944 2.55 2.21 1.83 1.55 1.22 0.99 0.85 [+} 98 0 14:52 test 22 mid-stream.
44 4,393 L 10893 3.08 2.66 2.30 1.74 1.41 1.03 0.73 a 99 0 14:55 test 23 mid-stream.
46 4,600 L 10881 2.70 2.30 1.99 1.65 1.34 1.06 0.87 [+} 98 0 14:58 test 24 mid-stream.
48 4,801 L 10984 3.06 2.61 2.30 1.90 1.56 1.30 1.10 1} a7 0 15:02 test 25 mid-stream.
50 4,998 L 10877 2.80 2.26 1.98 1.52 1.17 0.90 0.75 1] 59 0 15:04 test 26 mid-stream.
5z 5.19% L 10817 2.99 2.57 2.31 1.79 1.41 1.17 0.95 1} 99 0 15:07 test 27 mid-stream.
54 5.400 L 10897 3.28 2.91 2.48 1.95 1.64 1.30 1.08 1] 59 0 15:0% test 28 mid-stream.
EE 5.e02 L 10992 z.20 1.85 1.56 1.24 1.05 0.81 0.89 [+} L] 0 15:12 test 29 mid-stream.
58 5.793 L 10718 2.87 2.49 2.15 1.79 1.62 1.11 0.85 a 99 0 15:15 +test 30 mid-stream
&0 £.000 L 106520 3.24 2.89 2.49 2.01 1.59 1.29 0.99 [+} 98 0 15:17 test 31 mid-stream.
62 £.204 L 10708 3.24 2.69 2.35 1.90 1.51 1.16 0.96 1} 99 0 15:24 test 32 mid-stream.
64 6.401 L 10817 3.76 3.24 2.83 2.30 1.91 1.41 1.09 1] 100 0 15:27 test 33 mid-stream

Figure 15a. Raw FWD Data at Slab Center for a Section of JCP with Good LTE.
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FWD TEST FILE MAME:C:“.E1Z23%report’12200006-good LTE.FWD
ROADWAY ID
District

County

Highway /Road
Total Drops

TESTED
START

DATE
TIME

END TIME

120122 USOD96

20 (Beaumont)
122 (JASPER)

u
1

[

30096

and drop:

0623
1322
L5:zZ8

SEMS0R SPACING
No  STATION LME

z
4
&
8

10

1z

14

16

18

20

2z

24

26

20

31

33

g

a7

3o

41

43

4E

47

40

£l

£

44

7

£

£1
£3

BE

0.002
0.139
0,200
0.537
0.739
0,935
1.z201
1.334
1.603
1.739
1.937
2,139
2,401
Z.,730
3.001
3.202
3.403
3.612
3.737
=.002
2,136
4.401
2.601
=.803
5,000
5.201
5,202
S.E03
5. 800
5,001
6,206

6,403

L
L

" - - ™

-

. - - - - - - - -

. - - - - - - - ™~ ™~ @ "

-

LOAD
11171

L0360
11111
L0303
10340
10913
L0344
1o3z4
LOET3
10738
10730
10EzY
L0360
LoE17
LOE7 o
10948
LOEFT
10301
1oEa7
10317
11064
10913
10793
10726
L0344
L03&E
LoE0L
Logz4
Lo7ay
L0E4S
10714

LoE0s

1

is selected

MUMBER OF SENZORS:

PLATE RADIUS

1z2.0
3.17
.84

3.62

2.43
z.,1%
2.40
z.,39
2,76
2,17
2,59
2,85
1.7L
Z.34
3.1%
2.81

3.2E

24.0
2.56
3.96

3.19

4.03
4,10
.24
2.56
2.7E
Z.02
3.21
1.20
1.6E5
1.76
1.02
2.11
1.81
1.98
1.96
2,39
1.79
Z.1E
2.36
1.4t
1.90
2.56
2,39

2.76

7
.91

36.0
w4

2.06
3.11
2.51
2.02
2.93
4.73
2.8E
2.22
3.15
2.70
4.56
1.3E
2.22
1.51
2.54
1.0E
1.29
1.31
0.71
1.53
1.43
1.56
1.53
1.32
1.39
1.73
1.87
1.14
1.39
1.589
1.31

2.14

NUMBER OF STATION

FWD OFERATOR

45.0
L1.67
Z2.46
2.11
1.51
2.33
3.61
Z2.16

L.68

L1.87
4.02
1.54
L.E50
1.14
.06
0.80
1.08
0.98
0.50
1.22
1.19
L.30
L1.30
1.63
1.1%
1.17
L1.57
0.93
1.13
1.54
L1.57

1.73

60.0
1.33
L.83

1.69

1.31
3.59
1.1%
L.40
0.86
L1.66
0.60
0.83
0.70
0.35
0.87
0.96
0.96
1.0=
1.33
0.85
1.09
L1.26
0.76
0.84
1.09
1.24

L.37

72.0
L.0%
1.39
1.38
0.78
1.36
L1.:59
L.09

0.86

0.99
3.31
0.90
L.15
0.63
1.33
0.49
0.69
0.50

0.25

PVMT
TEMP

2o oo o o o o 0 0 0 0 0 0 0 o 0 0 o 0 0 00000 00000 g 0

ALR
TEMP
94
9E
9E
94
9E
9E
94
9E

9E

£
99
99
£
100
o9
100
99
100
99
£
o9
a7
£
99
99
99
o9
99
99
99

101

65
A1l Ditfey

SURF
TEMP

=T = T = R = R = R = R = = = = = = = = = = = D = = = = = D = = D= = D = = D = = I = ]

TEST

TIME
13149
13154
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14:13
14:16
14:19
14:22
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14145
14:48
14:E1
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12:03
12105
12308
15:10
15113
12115
15322
15125

1E:28

Test
Test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
test
Test
test
test
test

test
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1
z
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20
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Fd
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28
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31
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33

joint
jiont
joint
joint.
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joint.
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joint.
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joint,
joint,
joint,
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joint,
joint.
joint,
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joint,
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joint,
joint.
joint,
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joint,
joint.
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Figure 15b. Raw FWD Data at Joint for a Section of JCP with Good LTE.
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Table 4. Joints with Good LTE on US96.

i FWD Test at Slab Center FWD Test at Joint LTE (%)- )
Joint - - - - Rating
Wi (mils) W (mils) Wi (mils) | Wa; (mils) Approach 3

1 4.55 4.01 4.08 3.17 88 Good
2 3.63 3.18 5.28 4.84 100 Good
3 4.20 3.72 3.97 3.62 100 Good
4 7.87 7.20 3.84 3.37 96 Good
5 5.10 4.41 5.03 4.66 100 Good
6 4.64 4.18 8.60 7.65 99 Good
7 6.05 5.27 5.12 4.75 100 Good
8 2.85 2.35 3.86 3.38 100 Good
9 4.72 4.09 5.61 491 100 Good
10 4.40 4.11 6.54 5.32 87 Good
11 3.49 3.04 6.17 5.89 100 Good
12 4.88 4.12 3.60 3.11 100 Good
13 3.67 3.24 3.83 3.28 97 Good
15 2.69 2.17 2.92 2.49 100 Good
16 4.28 3.81 4.29 3.86 100 Good
17 2.44 2.03 2.11 1.76 100 Good
18 2.41 2.00 2.45 2.02 99 Good
19 2.97 2.39 3.16 2.43 96 Good
20 1.79 1.41 1.78 1.36 97 Good
21 3.06 2.66 2.97 2.43 94 Good
22 2.55 2.21 2.52 2.19 100 Good
23 3.08 2.66 2.66 2.40 100 Good
24 2.70 2.30 2.78 2.39 100 Good
25 3.06 2.61 3.04 2.76 100 Good
26 2.80 2.26 2.65 2.17 100 Good
27 2.99 2.57 3.03 2.59 99 Good
28 3.28 2.91 3.23 2.85 99 Good
29 2.20 1.85 2.10 1.71 97 Good
30 2.87 2.49 2.82 2.34 96 Good
31 3.24 2.89 4.06 3.19 88 Good
32 3.24 2.69 3.26 2.81 100 Good
33 3.76 3.24 3.80 3.45 100 Good
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e Example 2: A Section of JCP with both Good and Poor LTE

The raw FWD data of Example 2 are shown in Figures 16a and 16b, and the
calculated LTE for each joint using Approach 3 is listed in Table 5. The LTE shown in
Table 5 indicates that the beginning section of this JCP has very poor load transfer, and
those joints are required to be replaced or improved prior to overlaying. The LTE in the
second half of the project are better, but some of the joints (e.g., joint 25) are classified as
poor.

FWD TEST FILE MAME:E:%5123\reports\2006 reportifinal version\ 12450136 poor LTE.FWD
ROADWAY ID :20124 SLOL13e

District : 20 (Beaumont)
County : 124 (JEFFERSON)
Highway /Road: SLO136
Total Drops : 1 and drop: 1 1is selected
TESTED DATE : 050624 NUMBER OF SEMSORS: 7 NUMBER OF STATION @ &9
START TIME : 09:09 PLATE RADIUS : .91 FWD OPERATOR T ACi] Diffey
END TIME ;o 11:41
SENSOR SPACING @ 0.0 1z.0 24.0 36.0 48.0 60.0 F2.0 PWMT ATIR SURF TEST
No  STATIONM LMNE LOAD Wi w2 LE] [/E W5 We W7 TEMP TEMP TEMP TIME COMMENTS
1 -8 K 11357 7.40 G6.85 6.46 5.49 4.87 4.12 3.68 1] 90 0 09:09 TEST 1 MID-STREAM.
3 208 K 11210 7.82 7.36 7.01 6.19 5.59 4.98 4.59 1] B89 0 09:12 TEST 2 MID-STREAM.
5 414 K 11222 7.07 G.51 e.11 5.17 4.60 3.91 3.49 [+} B9 0 09:15 TEST 2 MID-STREAM.
7 g0z K 11171 &.64 g.02 7.53 6.72 6.26 E.86 E.67 0 290 0 09:17 TEST 4 MID-STREAM.
9 20E K 11135 7.76 7.10 €.61 5.61 4,81 3.93 3.15 [+} al 0 10:06 TEST 5 MID-STREAM.
11 1015 K 11155 6.37 5.83 5.43 4,57 3.87 3.07 2.41 a 91 0 10:13 TEST & mid-stream.
13 1202 K 11032 7.61 7.17 €.62 5.67 4,85 3.87 3.06 [+} al 0 10:15 TEST 7 mid-stream
15 1408 K 11099 6.80 G6.24 5.74 4.91 4.23 3.57 3.01 a 93 0 10:18 TEST & mid-streaam.
17 1614 K 11151 6.44 5.93 5.59 4,85 4.28 3.59 3.03 a 93 0 10:20 TEST 9 mid-stream.
19 1800 K 11004 6.77 G.258 5.89 5.11 4.52 3.80 3.20 1] 94 0 10:22 TEST 10 mid-stream.
21 2007 K 10964 6.80 6.17 5.66 4.71 4.02 3.35 2.85 a 96 0 10:25 TEST 11 mid-stream.
23 2213 K 10920 7.17 G.44 5.99 5.07 4.29 3.44 2.70 1] 93 0 10:27 TEST 12 mid-stream.
25 2440 K 10984 7.79 7.27 €.91 €.01 .36 4.61 3.95 1] 92 0 10:31 TEST 13 mid-stream.
27 2605 K 10857 G.99 G.52 €.22 5.48 4.83 4.04 3.32 [+} 94 0 10:35 TEST 14 mid-stream.
29 3061 K 10956 7.59 7.10 6.76 5.93 .31 4.62 4,07 [+} a5 0 10:39 TEST 15 mid-stream.
31 3535 K 103905 7.88 7.44 7.07 .05 .18 4.19 3.30 [+} a5 0 10:41 TEST 16 mid-stream.
33 4011 K 10881 7.30 6.72 6.22 5.16 4.32 3.46 2.77 a a5 0 10:44 TEST 17 mid-stream.
35 4506 K 10865 6.74 6.17 5.68 4,78 4.04 3.24 2.57 [+} 96 0 10:46 TEST 18 mid-stream.
37 6053 K 10893 7.03 G6.56 6.18 5.21 4.43 3.53 2.76 a 94 0 10:57 TEST 19 mid-stream,
39 F79Y K 10821 6.47 .94 5.61 4.60 3.85 3.01 2.29 a 93 0 11:00 TEST 20 mid-stream.
41 O K 10909 5.76 5.21 4.85 3.83 3.09 2.37 1.95 1] a5 0 11:04 TEST 21 mid-stream.
43 559 K 1082k 7.52 G.79 &.17 4,94 4,00 3.08 z.44 [+} 94 0 11:07 TEST 22 MID-STREAM.
45 990 K 10837 7.04 G.44 6.05 5.05 4.33 3.44 2.67 a 93 0 11:09 TEST 23 mid-stream.
47 1404 K 10813 5.80 5.42 5.27  4.57  4.02 3.28 2.6l o a4 0 11:12 TEST 24 mid-stream.
50 1527 K 10750 8.689 6.81 5.80 4.36 3.53 2.72 2.13 a 94 0 11:18 TEST 25 mid-stream.
52 2015 K 10742 6.30 5.71 5.39 4.35 3.70 2.87 2.11 1] a5 0 11:21 TEST 26 mid-stream.
E4 2535 K 10837 6.35 .89 5.61 4.67 3.94 3.01 2.23 [+} a5 0 11:24 TEST 27 mid-stream
115 3029 K 1091z .19 4.79 4,48 3.69 3.08 Z.44 1.92 [+} a5 0 11:26 TEST 28 mid-stream.
e 3547 K 10646 8.02 G6.38 5.15 3.92 2.94 2.06 1.44 a a5 0 11:28 TEST 29 mid-stream.
&0 4022 K 10821 B.61 8.07 7.62 .37 .44 4.30 3.432 [+} a5 0 11:321 TEST 30 mid-stream.
62 4519 K 10797 7.79 6.78 5.93 4.92 4.04 3.06 2.24 a a5 0 11:33 TEST 31 mid-stream.
54 5016 K 10674 7.72 6.97 6.30 5.34 4,52 3.52 2.61 a 94 0 11:36 TEST 32 mid-stream.

Figure 16a. Raw FWD Data at Slab Center for a Section of JCP with Both Good
and Poor LTE.
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FWD TEST FILE NAME:C:“.E5123%reporth12430136 poor LTE.FWD

ROADWAY TD
District
County
Highway /Road
Total Drops

TESTED DATE
START TIME

END

Ho

G om e

10
12
14
16
18
20
22
24
26
28
3o
3z
34
36
38
40
4z
44
46
4B
51
53
55

3]
61
63

65

TIME

120124 SLOL36

20 (Bzaumont)

124 (JIEFFERSOND
()

SLOLE

1 and drop:

QL0624
09:09
11:41

SENSOR SPACING 3
STATIOM LME LOAD

a
217
224
610
G177

1oz
1209
1417
1622
1a07
2012
2221
2449
261+
I0E8
3543
4017
4514
GOEL
7806

7
ZE6
939

1412
1537
202
2542
3037
3EEE
4031
4528

E0zZs

K 11079
10309
10909
10750
11032
11028
10829

= = ®E ®E =®= B =

LOE0S
LOE3Y
107&8
10714
10E95
10619
e foe -]
LOEs4
10726
10845
LOBET

= ®x O E ®E ®E E ®E ®E ®E E =E

1lO0cag
10825
10722
Logz7
LoELly
10642
10708
10678
11167
LO0EGS
LOE74
10710

= = ®E ®E ® ®E ®E E®E E ®E E =R

LOE0S

=

Log9d

is selected

HUMEBER OF SENZ0ORS:

PLATE RADIUS

0.0
Wl
15.17
24,02
20.72
£3.64
1z.z26
9.67
13.90
14,70
14,45
14.47
1z2.94
14.E8
16.60
11.33
15.77
9.73
10,11
8.56
12.60
9.71
8.26
11.41
§.02
8.00
10.76
8.96
8.25
6.90
8.77
8.81
7.0L

G.87

1.0
w2

S.6L1
Z.11
.43
2.38
8.48
T 37
7.00
.74
5.73
G.18

G5.159

7.80
6.5
7.39
7.67
5.2L1
£.36
6.30
Tu22
6.22
7.03
7.44
T.8B

.89

24.0
5.0L
4.7E
4.93
2437
7.36
6.25
C.91
4.29
5.03
.39
4.90

4.81

.96
.33
E.74
6.23
4.87

4,95

¥
E.91

36.0
4.12
4.00
4.02
1.93
6.06
4.94
4.71

3.58

4.E6
3.9¢C
4.63
E.18
3.64
3.4

4.21

HUMEER OF STATION

FwWD OFERATOR

48.0
3.56
I.48
3.63
1.93
.07
4.01
3.85
3.13
3.41
3.56
2.E88
3.1=
3.25
4.35
4.08
4.L53
4.55
4.38
3.84
3.E80
3.32
3.74
4.23
3.06
2.8BE
3.40
3.70
3.37
3.E81
4.28
3.05

3.21

1.78
4.13
3.15

3.03

L.65
3.34
2.E55

2.45

PyMT
TEMP
[+

2 o2 o o o 0 0 0 0 0 0 00 0000000000000 00000 a

AIR
TEMP
&a
&
&
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9z
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oz
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94
o4
oz
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o4
oz
o7
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o4
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D4
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o4
o7
96
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o5
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Acil Diffey

SURF
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Q

0 0 0 9 9 0 0 O O 9 O 0 0 0 0 0 0 0 0 0 0 0 o 0 0 0 o 0 0 a0
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09:16
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1o:12
1014
10:16
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103zl
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1o0:ze
10: 28
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10337
ks bRl
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10347
10358
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11:08&
L1:08
11:10
11:14
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11:22
11325
11:27
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11:34

11:37
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TEST 1 JOINT.

TEST 2 JOINT.
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Figure 16b. Raw FWD Data at Joints for a Section of JCP with Both Good ar-ld
Poor LTE.
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Table 5. Joints with Both Good and Poor LTE.

) FWD Test at Slab Center FWD Test at Joint LTE (%)- )
Joint - - - - Rating
Wi (mils) W (mils) Wi (mils) | Wo; (mils) Approach 3
1 7.40 6.85 15.17 5.61 40 Poor
2 7.82 7.36 24.02 5.11 23 Poor
3 7.07 6.51 20.72 5.43 28 Poor
4 8.64 8.02 23.64 2.38 11 Poor
5 7.76 7.10 12.26 8.48 76 Fair
6 6.37 5.83 9.67 7.37 83 Good
7 7.61 7.17 13.90 7.00 53 Poor
8 6.80 6.24 14.70 4.74 35 Poor
9 6.44 5.93 14.45 5.73 43 Poor
10 6.77 6.28 14.47 6.18 46 Poor
11 6.80 6.17 12.94 6.19 53 Poor
12 7.17 6.44 14.58 5.50 42 Poor
13 7.79 7.27 16.60 5.00 32 Poor
14 6.99 6.52 11.33 7.04 67 Fair
15 7.59 7.10 16.77 6.28 40 Poor
16 7.88 7.44 9.73 8.07 88 Good
17 7.30 6.72 10.11 8.23 88 Good
18 6.74 6.17 8.56 8.03 100 Good
19 7.03 6.56 12.60 6.76 57 Poor
20 6.47 5.94 9.71 7.89 89 Good
21 5.76 5.21 8.26 6.58 88 Good
22 7.52 6.79 11.41 7.39 72 Fair
23 7.04 6.44 8.02 7.67 100 Good
24 5.80 5.42 8.00 5.21 70 Fair
25 8.69 6.81 10.76 5.36 64 Fair
26 6.30 5.71 8.96 6.39 79 Fair
27 6.35 5.89 8.25 7.22 94 Good
28 5.19 4.79 6.90 6.22 98 Good
29 8.02 6.38 8.77 7.03 100 Good
30 8.61 8.07 8.81 7.44 90 Good
31 7.79 6.78 7.01 5.88 96 Good
32 7.72 6.97 6.87 5.89 95 Good
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3.4 GENERAL GUIDELINES FOR FWD TESTING, DATA INTERPRETATION,
AND REPORTING

Generally, an FWD survey is proposed for projects where a structural overlay is

to be designed. Note that functional HMA overlays applied to improve surface friction

(such as HMA overlays over Continuously Reinforced Concrete Pavements [CRCP]) are

not included in this discussion. Based on the information presented above, some general

guidelines for FWD testing, data interpretation, and data reporting are recommended as

follows:

FWD testing: For JCP (including JCP pavements with thin AC overlays), an
FWD test is performed initially at the center of the slab and then move
forward to the next joint location. At a joint (or crack), perform an upstream
test where the load plate is placed on one side of the joint, and the remaining
six sensors are placed on the other side, as shown in Figure 14 (Approach 3).
Test at a minimum of 30 locations along the project, but do not collect data at
intervals of greater than 0.1 mile. For very long projects, for example greater
than 10 miles, at the engineer’s discretion, the data collection interval can be
extended to every 0.2 miles.

For structural overlays of CRCP, in general, the same testing process
proposed above for JCP evaluation is applicable for deteriorated CRCP. The
only difference is that structurally deteriorated CRCP can have severe cracks
instead of joints. In reality, the LTE on most CRCP pavements is not typically
a problem; in the testing conducted to date, the LTEs are typically greater than
90 percent. However, as being described later on the IH20 project, low LTE
values can be obtained on deteriorated CRCP. In addition, to ensure that the
computed LTE reflects the actual LTE at joints and/or cracks, FWD testing
temperature should be considered during testing. Testing should be avoided
during hot portions of the day (after 11 am, typically) to avoid joint lockup.
On cool, overcast days, deflection testing may be performed throughout the
day.

For flexible pavements dominated by transverse cracking, the similar

FWD testing procedure proposed for JCP can be followed. However, it
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should be noted that cracks in flexible pavements may be random, and
consequently, it may be difficult to determine LTE based on FWD testing. If
this is the case, it is proposed to simply classify the LTE as the following three
classifications based on severity of cracks:

=  Good: crack width is less than 3/8 inch;

= Fair: crack width is between 3/8 inch and 3/4 inch or filled crack

surrounded by random cracking; and
= Poor: crack width is over 3/4 inch or filled crack surrounded by
medium or high severity random cracking.

Note that for all FWD testing, the temperatures at mid-depth slab for concrete
pavements or at mid-depth of the HMA layer should be measured at the start
and end of the test.
FWD data interpretation: The MODULUS 6.0 program should be used to
backcalculate layer moduli of existing pavements, and the average value of
backcalculated modulus for each layer is also provided by the MODULUS 6.0
program. Regarding the LTE at joints and/or cracks, Approach 3, shown in
Figure 14, is recommended to determine the LTE (= (W2/W1;)/ (W2e/Wie)).
Then an average value of the LTE should be calculated for the whole project.
The next step is to rate the LTE as good, fair, or poor based on the
recommendation in Table 3. Note that for those joints and/or cracks rated
below fair (Table 3), joint (or crack) replacement or improvement is
recommended before placing the HMA overlay.
FWD data reporting: The expected data from FWD testing are 1) average
modulus for each pavement layer, 2) rating of average LTE, and 3) number of

joints or cracks needed to replace or improve.

Additionally, it should be noted that FWD testing is only at discrete points, and it is time

consuming and sometimes difficult to use the FWD to determine the load transfer at

joints and/or cracks. The best the FWD can do is to provide a sample of LTEs along a

project. For a long project (e.g., >10 miles), this limitation is more significant. In order

to better evaluate existing PCC pavements, continuous measurements of pavement

surface deflections are desired and discussed in the next chapter.
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CHAPTER 4
APPLICATION OF ROLLING DYNAMIC DEFLECTOMETER
ON EVALUATING EXISTING PCC PAVEMENTS

41 BACKGROUND

The RDD shown in Figure 17 was developed in the 1990s at the Center for
Transportation Research in Austin under the direction of Drs. Ken Stokoe and Jim Bay
(10). The RDD places a cyclic load on the pavement as it rolls along at 1.5 mph; for
pavement testing, the load is usually fixed at 10,000 Ib with a frequency of 30 Hz. One
innovative feature of the RDD is the four rolling geophones, which continuously measure
the movement of the pavement surface at different offsets from the load wheels shown in

Figure 18.

Diesel Engine
Loading Driving Hydraulic Pump

Er . 5k
) T iy (OXO-

Rolling Deﬂectlon ensors Loadmg Rollers
at Multiple Measurement Points

Figure 17. TxDOT’s Rolling Dynamic Deflectometer (10).
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Figure 18. RDD Loading and Sensor Locations (11).
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The RDD is the only known operational rolling deflection system that provides
sufficient data to make project-level decisions on a JCP. The current data-acquisition
system collects continuous pavement deflections at a frequency of 30 Hz. The operator
typically summarizes the data into a 2-second window and calculates an average
pavement deflection for that time interval. Under normal operating speed, this
calculation corresponds to an average deflection measurement for every 2 to 3 feet of
pavement. The data are supplied for analysis in a spreadsheet form, and a typical data set
(for three channels) with the distance offsets is shown in Table 6 (72).

Table 6. Raw RDD Data (12).
Distance (ft) Deflection (mils / 10-Kips)

Sensor #1 | Sensor #3 | Sensor #4 | Sensor #1 | Sensor #3 | Sensor #4

0 2.9037 4.4067 1.7649 1.3903 1.1012
2.2775 5.4545 6.9575 1.9229 1.3593 1.1347
5.3749 8.5519 10.0549 2.1639 2.0186 0.5949
9.5655 12.7425 14.2455 1.9461 1.8017 1.1240
12.0252 15.2022 16.7052 1.7440 1.8722 1.5215
14.6671 17.8441 19.3471 1.6259 1.7863 1.3603
17.4912 20.6682 22.1712 1.9699 1.8906 1.1890
21.4085 24.5855 26.0885 1.8131 1.2739 0.8443
24.2326 27.4096 28.9126 2.0740 1.5786 1.0307
27.4211 30.5981 32.1011 1.8679 1.8578 1.2118

The operator also provides a log of distances and markers along the roadway, as
shown in Table 7 (/2). This information permits the engineer to locate areas of interest
in the field. More details on the RDD operation can be found in a paper by Lee et al. (/1).
Table 7. Event Log Produced by RDD Operators (12).

File Start End Length (ft)
TC4 | Sign: 200 ft South of Milepost 9 Sign: End Road Work 199.6
TC6 Sign: End Road Work Sign: EXIT 7 Off-Ramp 4114
TC7 Sign: EXIT 7 Off-Ramp Sign: EXIT 6 Off-Ramp 6450.8
TC8 Sign: EXIT 6 Off-Ramp Sign: EXIT 5 Frontage Road 1/4 mile 4469.2
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Since the RDD was first developed, RDD continuous deflection profiles have
primarily been used to identify “critical” sections and joints or cracks, which are required
to replace or improve. This chapter discusses interpretation of RDD data and the
approaches to identifying critical joints or cracks. In contrast to GPR and FWD, no RDD
data analysis and interpretation software is available right now. Therefore, some basics
of interpreting RDD data are first discussed. Then, the RDD deflection and the observed
reflective cracking performance on IH20 are presented, and the relationship between
RDD deflection and reflective cracking rate is further investigated. Finally, guidelines

for evaluating PCC pavements using RDD are proposed.

4.2 INTERPRETATION OF RDD DEFLECTION DATA

The RDD is ideal for testing JCP or cracked CRCP, with a purpose of HMA
overlay, where it is important to assess load transfer efficiency and identify the joints
and/or cracks requested for replacement or improvement. Thousands of joints have been
tested with the RDD on more than 10 projects in Texas. As an example, Figure 19 shows
a typical RDD data set collected from a short section of JCP on IH 45 in Houston under
TxDOT research project 0-4517 (/2). However, as noted above, the RDD data
interpretation criterion is under development, and no specific software is available to
interpret the RDD data. After reviewing large amounts of RDD data collected on both
JCP and CRCP, several common patterns have been identified, and associated
interpretations have been proposed. The findings from these investigations are presented
in the following sections. Note that although the RDD has the capabilities of monitoring
four rolling sensors, in all studies described in this report only Sensors—1 (between
loading wheels) and 3 (38 inches from Sensor 1) were used. Sensor 2 was not collected
in most runs because of mounting problems, and Sensor 4 is judged to be too far away

from the loading plate. Therefore, the RDD data interpretation focused on Sensors 1 and

3.
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Figure 19. Typical RDD Three-Channel Deflection Plot for a Section of JCP (12).

4.2.1 Periodic Increase in Sensor 1 Deflection/Location and Number of Joints and/or
Cracks

In Figure 19, the blue line indicates the deflections measured between the load
wheels, and the pink and yellow lines are deflections measured at offsets of 38 and 56
inches from the center of the load wheels (sensors 1, 3, and 4 from Figure 18),
respectively. The large periodic increases in Sensor 1 (blue line) are the deflections
measured as the load wheels pass over a joint or crack. The difference between Sensors 1
and 3 is related to the LTE of the joint; the higher the difference, the worse the LTE.
This observation is very important and useful for a long project (e.g. > 5 miles) to
estimate the number of joints and/or cracks in JCP and/or CRCP where counting the
number of joints and/or cracks is tedious and sometimes impossible. This interpretation

will be demonstrated later in analyzing HMA overlay performance on IH20.
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4.2.2 Complexity of Sensors 1 and 3 Deflections at Joints or Cracks/ Load Transfer

Efficiency

It has been proposed that the difference between the Sensor 1 maximum
deflection over the joint (or crack) and the deflection measured at Sensor 3 is an
indication of the LTE at the joint (or crack). This concept is simple, easy to understand,
and theoretically sound. However, in some cases, it is a mistake to only simply interpret
the differential deflection between Sensors 1 and 3 as the LTE, because the real RDD
deflection data are much more complicated than what has been normally imagined.
Several examples are presented below to demonstrate the complexity and illustrate the
patterns of RDD deflections.

e Harmonized deflection pattern of Sensors 1 and 3/variable LTE

As shown in Figures 20, 21, and 22, there are large increases in both RDD sensors
as the load wheels pass over the joint and both deflections peak at the same time. For this
deflection pattern, where Sensor 1 peaks, it is assumed that this is equivalent to the
upstream FWD tests location, with the FWD plate on one side of the joint and the other
sensors on the other. With the current level of understanding, researchers propose that the
instantaneous difference in deflection (between Sensors 1 and 3) when Sensor 1 peaks is
a good measure of the load transfer efficiency of the joint. Furthermore, the different
magnitude of the Sensor 1 deflection over the joint is an indication of subgrade quality or
of potential broken slab. Based on the data reviewed to date, the interpretation for Figure
20 would be low overall deflection at the joint, very good load transfer, and strong
subgrade support. Similar RDD deflection data have also been observed on other
highways. For example, Figure 23 shows the RDD deflection data collected from a
section of JCP on US82 under TxDOT research project 0-4517 (12). To further validate
the interpretation of this type of deflection pattern, field testing was conducted with both
FWD and dynamic cone penetrometer (DCP) on US82. In the location shown in Figure
23, the LTE determined based on FWD testing were all 95 percent and above, and the
rate of penetration of the DCP through the subgrade ranged from 0.5 to 0.8 inches/blow
(12). This type of deflection pattern is an ideal case for HMA overlay.

In contrast to Figure 20, Figure 21 indicates that the joint has a good load transfer

but potentially weak support. Furthermore, the supports beneath the slab at locations of
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113,725 and 113,804 feet on [H20 are worse, as shown in Figure 22. These observations
indicate that a harmonized deflection pattern does not always mean a good LTE.
Generally, the higher Sensor 1 deflection, the poorer the support is, and consequently the

poorer the LTE.
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Figure 20. RDD Deflection Plot for a JCP Section on 1H45.
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Figure 21. RDD Deflection Plot for a JCP Section on SH12.
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Figure 22. RDD Deflection Plot for a CRCP Section on 1HZ20.
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Figure 23. RDD Deflection Plot for a JCP Section on US82.

e Non-harmonized deflection pattern of Sensors 1 and 3/poor LTE

This type of deflection pattern is shown in Figure 24. Different from the
harmonized deflection pattern where Sensors 1 and 3 both increase when approaching a
joint (or crack) and peaks instantaneously, Sensor 3 deflection, for the non-harmonized
deflection pattern, does not continuously increase but decreases first and then reaches its
peak (“V” shape). The Sensor 1 deflection, however, becomes larger and larger when
approaching the joint (or crack). The key to interpreting this non-harmonized deflection
pattern is to understand the locations of Sensors 1 and 3 and the joint (or crack), when
Sensor 3 reaches its valley and peak.

Figure 25 shows a sketch of the moving process of Sensors 1 and 3 when
approaching a joint. It is clear that only the differential deflection between Sensors 1 and
3 at Stage B can be used to evaluate the LTE at the joint, where Sensor 1 is at the loading
side, while Sensor 3 locates at the other side of the joint. In general, Sensor 3 at Stage B
should have the smallest deflection because of the joint. Sensor 3 deflection normally is
larger at either Stage A or C, because Sensor 3 is at the same side of the joint at either

Stage A or C. Furthermore, this non-harmonized deflection pattern generally indicates
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poor LTE, because Sensor 3 deflection should not show “V” shape but “A” shape when

crossing a joint with good LTE. The poor LTE is further verified by the larger

differential deflection between Sensors 1 and 3, as shown in Figure 24 as well. Note that

the “V” shape of the Sensor 3 deflection is also observed in other highways such as IH45,

as shown in Figures 26. For the joints with the non-harmonized deflection pattern,

necessary improvement is generally needed.

uS82-JCP

9 ——{—o—Sensor 1 —=—Sensor 3 }

PR

/\

7 Stage A
PR R WA R S -
s 5 M4.9 | 50 130 N
5 4 | | 1 |
§ 3 BN S A : . A\\_
1
1 ] Stage B
O T T T T
32280 32295 32310 32325 32340

Distance (feet)

32355

Figure 24. Non-harmonized Deflection Pattern from a Section of JCP on US82.
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Figure 25. Sketch of Moving Process of Sensors 1 and 3.
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Figure 26. Non-harmonized Deflection Pattern: Scenario 1 on 1H45.

4.2.3 Reversal deflections between Sensors 1 and 3/rocking slab

In general, the deflection in Sensor 1 should be larger than that of Sensor 3, as
shown above, because Sensor 1 is between the load wheels, and Sensor 3 is 38 inches
away. However, some RDD data collected on US82 under TxDOT research project
0-4517 (12) show reversal phenomena that the deflections in Sensor 3 are larger than that
measured at Sensor 1, as indicated in Figure 27. Similar phenomena have also been
observed on IH45, which is plotted in Figure 28. In these sections, there is no visual
distress on the surface of slabs, as shown in Figure 29. It is not difficult to imagine that
these slabs are rocking under the RDD dynamic loading, as demonstrated in Figure 30.
This type of deflection pattern also indicates poor support beneath the slab. To further
validate this interpretation, DCP testing was conducted at this section on US82. It was
found that the top of the subgrade penetrations ranged from 2.2 to 3.2 inches/blow, which
is much higher than that at section under strong subgrade support (shown in Figure 23).
If this is the case, slab undersealing or other treatments must be performed before HMA

overlay; otherwise, no HMA overlay will work for these active and rocking slabs.
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Figure 29. In-situ Conditions of Reversal Deflection Site on US82 (12).
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Figure 30. Sketch for Demonstration of Rocking Slab under RDD Dynamic Loading.
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4.2.4 Brief Summary

Based on the above discussion, the following information related to HMA overlay
can be interpreted from RDD deflection data (Sensors 1 and 3):

e number of joints and/or cracks;

e LTE atjoints, including both harmonized deflection pattern and non-

harmonized deflection pattern; and

e number of active slabs.
The information above provides pavement engineers an overview of existing concrete
pavement, such as LTE at joints. However, the information about LTE at joints
represented by differential deflection between Sensors 1 and 3 is qualitative rather than
quantitative. The RDD provides a wealth of information about the condition of each joint
in the pavement. However, our ability to interpret this information must be improved.
Future studies should consist of testing on controlled slabs where the LTE and support
condition under the slab are known. These slabs should contain upstream and
downstream voids of known dimensions. This field evaluation should be supported by a
finite element modeling of the observed deflection profile. In addition, a quantitative
relationship between RDD deflections of Sensors 1 and 3 and field performance
(reflective cracking rate) of HMA overlay is still needed for better selecting the HMA

overlay strategy, which is discussed in the next section.

4.3 RELATIONSHIP BETWEEN RDD DEFLECTION AND REFLECTIVE
CRACKING RATE

To establish a quantitative relationship between RDD deflection data and
reflective cracking rate, both RDD deflection data collected on existing pavements before
HMA overlay and reflective cracking conditions after HMA overlay must be available.
Up to now, the only HMA overlay project in which both RDD deflection data and
reflective cracking rate are available is the HMA overlay project on IH20. Therefore,
researchers will establish the quantitative relationship based on the data from [H20,
which can be verified and/or refined when data from other HMA overlay projects are

available. Detailed information is presented next.
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4.3.1 RDD Deflection Data Collected from an HMA Overlay Project on 1H20

The original pavement on IH20 was a composite pavement, and its typical section
consisted of: (1) 4 inch HMA overlay, (2) 8 inch CRCP, (3) 7 inch cement-stabilized base,
(4) 6 inch of cement-treated base, and (5) subgrade. The rehabilitation scheme was first
to mill off the 4 inch existing HMA overlay; then full-depth repairs to the CRCP were
made at selected locations, followed by placement of a new 4 inch HMA overlay. The
rehabilitation was completed in November 2001. Detailed construction information of the
HMA overlay project has been well documented by Chowdhury et al. (/3). RDD
deflection data were collected after milling the existing 4 inch HMA overlay. As an
example, Figure 31 shows part of the RDD deflections measured after milling the 4 inch
HMA overlay on westbound IH20. These values are high, indicating that at this location
the CRCP pavement is badly deteriorated. Detailed RDD deflection data on both
westbound and eastbound IH20 are presented in Appendix B.
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Figure 31. Example of RDD Deflection Data and Observed Distresses on
Westbound 1H20.

4.3.2 Reflective Cracking Observed from the HMA Overlay Project on IH20
The distresses including reflected cracks, potholes, and patches on this HMA
overlay project on IH20 have been continuously monitored by Yildirim and Kennedy (/4)

and personnel from the TxDOT pavement section (/5) for 25 months. Any visible cracks,
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potholes, and patches that were observed during the 25 month monitoring are considered
as reflective cracking-related distresses in the following analysis, because the potholes
and patches were initiated by reflective cracking. Specifically, locations of these
observed distresses are also recorded and identified in the plot of the RDD deflection
profile, as indicated in Figure 31. Detailed reflective cracking data are presented in
Appendix B, as well. In view of Figure 31, it is difficult to determine that either Sensor 1
deflection or the differential deflection between Sensors 1 and 3 or both control(s)
reflective cracking rate. Therefore, in the following analysis, both Sensor 1 deflection
and the differential deflection between Sensors 1 and 3 are considered as controlling

factors for potential reflective cracking.

4.3.3 Relationships between the RDD Deflections of Sensors 1 and 3 and the
Observed Reflective Cracking Rate
Two relationships are discussed below. One is the relationship between Sensor 1
deflection and the reflective cracking rate. The other is the relationship between the
differential deflection between Sensors 1 and 3, which cross the joint (or crack) and

reflective cracking rate. These two relationships are discussed below.

4.3.3.1 Relationship between Sensor 1 deflection and reflective cracking rate

The approach used to develop the relationship is outlined as follows.
1. Determine the number of existing cracks (NEC) on existing CRCP before the
HMA overlay.

This is a difficult task, because existing cracks were not counted before the HMA
overlay. In this case, an alternative approach was used. As discussed previously,
each deflection peak of Sensor 1 generally corresponds to one joint (or crack).
Using this approach, the NEC on both eastbound and westbound IH20 are
determined and presented in Table 8. Note that the NEC is counted and
accumulated when the Sensor 1 deflection goes down. For example, the NEC (=
8) corresponding to the Sensor 1 deflection being larger than 23 mils is included
in the NEC (= 11) corresponding to the Sensor 1 deflection being larger than 21
mils, which is detailed in Table 9.
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2. Determine the number of reflected cracks (NRC) based on the 25 months

condition survey.

After counting the NRC shown in Figure 31 and those presented in Appendix B,
the NRC are determined and listed in Table 8, as well.

3. For a selected minimum deflection (e.g., 21 mils), calculate the reflected cracking

rate (RCR):

RCR(%)= ]]zgg x100% Q)

Table 8. Sensor 1 Deflection vs. Reflective Cracking Rate Data on IH20 Including
both Eastbound and Westbound.

Sensor 1 Deflection Data Observed Reflective Cracking Data
D;condition | Dj4e (mils) | Djgy (mils) NRC NEC RCR (%)

D;>23 26.5 2.6 6 8 75.0
D,;>21 25.2 3.2 8 11 72.7
D;>20 23.9 3.5 10 15 66.7
D;>19 23.0 3.6 12 19 63.2
D;> 138 21.4 3.6 19 29 65.5
D;>17 20.5 3.6 24 38 63.2
D;> 16 19.9 3.6 27 45 60.0
D;>15 18.8 3.7 35 60 58.3
D;> 14 17.8 3.7 42 77 54.5
D;> 13 16.7 3.7 52 103 50.5
D> 12 15.6 3.7 61 141 433
D;> 11 14.4 3.6 70 196 35.7
D;> 10 13.0 3.5 85 301 28.2
D;>9 12.1 3.4 102 412 24.8

D;>8 11.1 3.3 116 566 20.5

D> 10.1 32 130 790 16.5
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Table 9. Detailed Example of Demonstrating the Process of Calculation.

NRC=8, NEC=11, and RCR= 8/11*100%=72.7 %

Sensor 1
Deflection 30.51289(27.7127.2127.1(23.8123.7(23.4|22.1121.5(21.3]20.9
(mils)
Reﬂec?we No [ Yes | Yes | Yes| Yes| Yes | Yes| No [ Yes| No | Yes | Yes
Cracking
D >23 Dlave = 265> Dlstd:2-6;
! NRC=6, NEC=8, and RCR= 6/8*100%=75 %
D1>21 Dlave:25-2; Dlstd:3-2;

4. For each determined RCR, determine the average and associated standard

deviation of Sensor 1 deflection, as shown in Table 9.

5. For a specified reflective cracking rate, calculate the RDD Sensor 1 deflection

value at a given reliability using the following relationship:

D]R = Dlave_ Zr* DIstd

where:

Dir

D;,, = Average of Dy;

= Sensor 1 deflection with a specified reliability (Z,) (mils);

D,y = Standard deviation of D;; and

Z,

= Reliability coefficient, as given in Table 10.

Table 10. Z, Values for Various Reliability Levels (16).

Reliability (%)

50

80

85

90

95

Z, value

0

0.842

1.036

1.282

1.645

(6)

Take the results shown in Table 9 as an example. For the case of D;> 23 and RCR =75

percent, the corresponding D, and Dy, are 26.5 and 2.6 mils, respectively. Using

Equation 6, the RDD Sensor 1 deflection with 95 percent reliability should be 22.2 mils
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(=26.5 — 1.645 * 2.6), which means that when Sensor 1 deflections at joints (or cracks)
are larger than 22.2 mils, the probability of reflective cracking rate at these joints (or
cracks) being less than 75 percent is 5 percent.

Following the above procedure, the relationships between the reflective cracking
rate and Sensor 1 deflection have been established for different levels of confidence (or
reliabilities). Figure 32 shows the established relationships at three levels of reliability:
50, 90, and 95 percent. Note that TXDOT generally uses a reliability of 90 to 95 percent
(16). If the reflective cracking rate of 50 percent is chosen, the corresponding minimum
Sensor 1 deflections are 11.9 and 10.6 mils for reliabilities of 90 and 95 percent,
respectively. For practical applications, the recommended threshold value for Sensor 1
deflection is 11.0 mils. The joints and/or cracks having deflections of higher than 11.0
mils need to be treated in order to reduce the probability of premature reflective cracking
within a short period. Note that this threshold value of Sensor 1 deflection is
recommended based on the HMA overlay project on IH20 with a short performance

period of 25 months.
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Figure 32. Relationships between Sensor 1 Deflection and Reflective Cracking Rate
at Three Levels of Reliabilities.
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4.3.3.2 Relationship between differential deflection between Sensors 1 and 3 and

reflective cracking rate

The same approach used above is used to develop the relationships between
differential deflection between Sensors 1 and 3 and the reflective cracking rate. Table 11
presents the results, and Figure 33 shows the relationships at different levels of
reliabilities. Again, if the reflective cracking rate of 50 percent is chosen, the
corresponding minimum differential deflections between Sensors 1 and 3 are 7.5 and 8.3
mils for reliabilities of 90 and 95 percent, respectively. For practical application, the
recommended threshold value for differential deflection between Sensors 1 and 3 is
8.0 mils. Furthermore, the joints and/or cracks having differential deflections of higher
than 8.0 mils are proposed to have poor LTE and need to be treated in order to reduce
premature reflective cracking within a short period. Additionally, the differential
deflection of 5.0 mils is proposed for rating the LTE of the joints (or cracks) as either
good (< 5.0 mils) or fair (5.0 — 8.0 mils). Currently, researchers are collecting more data

from other highways (e.g., SH12, US82, and US96) to verify these recommendations.

Table 11. Differential Deflection vs. Reflective Cracking Rate Data on 1H20
Including both Eastbound and Westbound.

Differential Deflection between Sensors 1 and 3 | Observed Reflective Cracking Data
DD condition | DDj4e (mils) | DDjgq (mils) NEC NRC RCR (%)
DD;> 11 13.0 1.9 17 27 63.0
DD;> 10 12.1 2.0 26 43 60.5
DD;>9 11.3 2.1 33 62 53.2
DD;>8 10.3 2.1 41 95 43.2
DD;>7 9.3 22 52 150 34.7
DD;> 6 8.2 22 73 236 30.9
DD;>5 7.3 2.2 84 363 23.1
DD;>4 6.4 23 105 531 19.8
DD;>3 5.7 2.3 116 708 16.4
DD;>2 5.4 2.4 119 765 15.6
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Figure 33. Relationships between Differential Deflection between Sensors 1 and 3

and Reflective Cracking Rate at Three Levels of Reliabilities.

44  GENERAL GUIDELINES FOR RDD TESTING, DATA
INTERPRETATION, AND REPORTING

In general, the RDD testing is proposed to evaluate the LTE at joints and/or
cracks and the support condition beneath the slabs. The major advantage the RDD has
over other discrete NDT devices is that it measures continuous deflection profiles along
the pavement. Based on the information presented above, some general guidelines for
RDD testing, data interpretation, and data reporting are recommended as follows.

e RDD testing on PCC pavements: Conduct the RDD testing in the outside lane
of the entire project. However, the slow-moving speed of the current RDD
testing should be noted. The current data collection speed of 1 to 1.5 mph can
be dangerous in urban situations, especially at on-ramps and off-ramps.

e RDD data interpretation: Currently, there is no software available to
automatically interpret the RDD data. After reviewing thousands of RDD
data collected on different PCC pavements including both JCP and CRCP, the

55



researchers make several important recommendations on the RDD data
interpretation, which include determination of the number of joints and/or
cracks, LTE, and active slab. Furthermore, researchers establish relationships
between RDD deflections and field reflective cracking performance on IH20.
They further recommend a threshold value for RDD Sensor 1 deflection and
the differential deflection between Sensors 1 and 3:

= Maximum Sensor 1 deflection: 11 mils and

»= Maximum differential deflection between Sensors 1 and 3: 8 mils.
If either Sensor 1 deflection or the differential deflection between Sensors 1
and 3 is larger than the proposed thresholds, the corresponding joints and/or
cracks are recommended to repair before placing a new HMA overlay.
Potential problematic areas, joints, and cracks can be identified with the above
preliminary threshold values.
RDD data reporting: The main expectation from the RDD testing is the
locations of potential problematic areas such as rocking slabs, poor support

beneath the slabs, and joints and cracks with poor LTE.

In addition, several limitations of the current RDD operation and data-processing

system should be also discussed. The limitations identified and some recommendations

are listed below:

Traveling speed: One of the main limitations of the current RDD system is the
speed of travel. The data collection speed of 1 to 1.5 mph can be dangerous in
urban situations, especially at on-ramps and off-ramps. The current system is
built on a 30-year-old vibrosies frame, which frequently breaks down.

Data interpretation software: Thousands of RDD data have been collected;
however, no software is available to interpret these data. A user-friendly
RDD data interpretation software is urgently needed in order to efficiently use
the RDD testing tool on evaluating existing PCC pavements.

Data acquisition and processing system: The current RDD data-acquisition
system urgently needs to be upgraded. Currently, it collects data in a time

mode and reports data as average deflections in 2 to 3 feet intervals, which
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significantly increases the difficulty to identify the exact locations between
Sensors 1 and 3 and the joints (or cracks). More work is required here,
especially in the area of reporting deflections over joints.

Combined video system: Another limitation of the RDD on long runs is that it
is very difficult to locate individual problematic joints in the field just after
data collection. This problem could best be solved by incorporating a video
system as part of the data-acquisition unit.

Temperature correction: The impact of temperature on RDD joint deflections
should be studied.

RDD field calibration and verification: As described earlier, an RDD field
calibration verification site should be established where the LTE and support
conditions are known. This site should include areas of known upstream and
downstream voids. RDD data should be collected and interpreted with the use

of advanced mechanistic response models.
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CHAPTER 5
GUIDELINES FOR EVALUATION OF EXISTING PAVEMENTS
FOR ASPHALT OVERLAYS

Based on previous discussion of different NDT tools for evaluating existing
pavements for asphalt overlay, guidelines for the most often used NDT tools including
GPR, FWD, and RDD have been provided in previous chapters. General guidelines for
using these NDT tools to evaluate existing pavements and others are provided below.

1. Assemble all existing project information. This information includes
typical sections and recent maintenance history. For PCC pavements, it is
important to know if the slab is reinforced, the type of joint, type of shoulders,
and the type of base beneath the slab.

2. Conduct GPR survey and visual inspection. The GPR data should be
collected in the outside lane/outside wheel path of the project with a data
collection interval of 1 foot per trace. Basically, the GPR data can be used to
determine existing pavement layer thickness and check section uniformity.
Additionally, the GPR data can also identify areas of high reflection,
indicating possible trapped moisture. For composite pavement, the GPR can
measure the thickness of the overlay and determine if there is any
deterioration (such as stripping) in the overlay. Note that the layer thickness
information is required by the HMA overlay thickness design being developed,
as indicated later in this chapter. Also, the information generated from the
GPR will be used to assist in interpreting the FWD and RDD data.

During the GPR survey, collect a video of the pavement surface
(especially existing cracks), and use it to make a log of pavement conditions,
which is extremely important to monitor reflective cracking performance after
the HMA overlay. For existing flexible pavements, the pavement surface
cracking conditions can be used to classify the overall LTE, if the cracks are
random. Consequently, it may be difficult to determine LTE based on FWD
testing. The proposed three levels of LTE classifications shown below are

based on the severity of cracks:
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=  Good: crack width is less than 3/8 inch;

= Fair: crack width is between 3/8 inch and 3/4 inch or sealed crack
surrounded by random cracking; and

= Poor: crack width is over 3/4 inch or filled crack surrounded by

medium or high severity random cracking.

For existing PCC pavements, conduct an RDD survey. Conduct RDD
testing in the outside lane on the entire project to evaluate every joint or crack.
Then, identify the potential problematic joints, cracks, and rocking slabs based
on the threshold values of both RDD Sensor 1 deflection and the differential
deflection between Sensors 1 and 3 proposed in Chapter 4. These potential
problematic joints, cracks, and rocking slabs should be treated before a new
HMA overlay. Additionally, the differential deflection between Sensors 1 and
3 can also be used to evaluate the LTE at joints and/or cracks based on the
proposed criteria:

0 LTE = Good: differential deflection < 5 mils;

0 LTE = Fair: differential deflection 5 — 8 mils; and

0 LTE = Poor: differential deflection > 8 mils.
Note that the LTE has significant influence on load-induced reflective

cracking and is an important parameter for HMA overlay designs.

Conduct an FWD survey. Conduct an FWD survey of the entire project
regardless of existing flexible, PCC, and composite pavements. Test at a
minimum of 30 locations along the project (< 10 miles), but do not collect
data at intervals of greater than 0.1 mile. For very long projects, for example
greater than 10 miles, at the engineer’s discretion, the data collection interval
may be extended to every 0.2 miles. Specifically, for existing JCP pavements,
perform an FWD test initially at the center of the slab at each location, and
then move forward to the next joint location. At the joint, perform an
upstream test where the load plate is placed on one side of the joint and the
remaining six sensors are placed on the other side. Note that all FWD data
should be collected in the outside lane and outside wheel path. Mid-depth

slab temperatures should be measured at the start and end of the test.
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The FWD data can be used to backcalculate pavement layer moduli, which
are definitely required by the HMA overlay thickness design being developed,
as indicated later in this chapter. Also, if the FWD testing is conducted across
joints and/or cracks, the ratio of unloaded deflection to loaded deflection can
be used to evaluate the LTE at the joints and/or cracks. As noted previously,
for existing flexible pavements, FWD testing may not be applicable for
random cracks to determine the LTE. If this is the case, the overall LTE can

be classified based on the severity level of cracks.

Conduct validation testing. All projects require additional testing to
validate both the GPR and RDD interpretations. It is normal to select at least
one location in each project segment to validate that the correct interpretations
have been made. For example, if the GPR also indicated possible voiding,

access holes should be drilled through the concrete to validate what is beneath

the slab.

All above information will assist pavement engineers to make decisions on

choosing HMA overlay strategies including pretreatments, and part of the information

collected by these NDT tools is required by the HMA overlay thickness design program

being developed. For the purpose of demonstration, Figure 34 shows the framework of

the HMA overlay thickness design in which the existing pavement evaluation plays an

important role in predicting potential reflective cracking and thickness design. As shown

in Figure 34, four major inputs required to make an HMA overlay thickness design in

Step I are as follows:

HMA overlay information: This information includes trial overlay thickness
and associated material properties (dynamic modulus, fracture properties: 4
and n). As noted below, dynamic modulus will affect the stress intensify
factor and fracture properties, A and n, have influence on crack propagation.
Note that default values for material properties will be provided in the overlay
thickness system. However, if laboratory tests are preferred, these properties
can be determined by the dynamic modulus test and overlay tester. Detailed

information will be provided in the final report of this research project.
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e Existing pavement structural information: This information includes layer
thickness, layer modulus, joint (or crack) space, and LTE, which, as noted below,
has influence on the stress intensity factor. Note that one of the purposes of
developing evaluation guidelines, as presented above, is to obtain the existing
pavement structural information.

e Environmental information: This information is used for predicting daily and
monthly temperature profiles and variations in depth direction. Based on the
predicted temperature profiles, monthly HMA overlays stiffness can be
determined. Additionally, the temperature variations have an effect on the
thermal stress intensity factor. Note that environmental information for each
district will be provided in the HMA overlay thickness design program being
developed.

e Traffic information: An equivalent standard single axle load, 18 kips, is used in
the HMA overlay thickness design program.

With these four types of information, HMA overlay “responses” at the crack tip can be
calculated in Step II. Note that HMA overlay “responses” refer to stress intensity factors. For
further illustration, an HMA overlay on an existing JCP shown in Figure 35 is taken as an
example to demonstrate the calculation of these stress intensity factors. When the wheels are
right on top of the crack (or joint), the traffic load will induce a stress intensity factor in the
bending mode (K}) at the tip of the crack; when the wheels are at either side of the crack (or
joint), the traffic load will induce a stress intensity factor in the shearing mode (K) at the tip
of the crack. Additionally, daily temperature variations also induce a stress intensity factor in
the tension mode (K7). For easy implementation in the design program, regression equations

are developed for each stress intensity factor and presented below.

18 kips @q

HMA OVerlayi Eoverlava Hoverlav
JCP: Epec, Hpee Lgiab (slab length)

Base layer: Epase, Hpase

Subgrade layer: Egyporade
Figure 35. An Example of an HMA Overlay on a JCP.
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= K} Stress intensity factor due to bending load

= For this case (Figure 35), K}, is negative and the bending load will not induce
crack propagation, because the HMA overlay stiffness is far smaller than that
of the PCC slab so that the HMA overlay is always in the compression zone.

= K, Stress intensity factor due to shearing load
It is well known that LTE has a significant influence on the shear stress
intensity factor; the better the LTE, the less the shear stress intensity factor is.
In case of poor LTE, the follow equation has been developed to predict the
shear stress intensity factor. It can be seen that both the HMA overlay and the
existing pavement structural thickness and layer moduli, in addition to crack
length, are required to calculate the shear stress intensity factor.

K, =2.0%(70.97+C** -8.619*InH +4.842*%InE, ;. —3212*InH , —2314*InE, . ~1.108*InH,,,

overlay pee pee

¢ —0.0515*(L)2+0.158*(7

overlay overlay overlay

overlay

~2.439InEy, —0.22310E, e

)*(0.0918—0.0249* )

where, C = crack length in HMA overlay.

= Ky Stress intensity factor due to temperature variation
In addition, a regression equation, as presented below, has also been
developed for the thermal stress intensity factor. Two additional factors are
included in this equation: thermal stress, oy and Ly,,. Note that o7 is a
function of the temperature variation and relaxation modulus of the HMA

overlay. As illustrated in Figure 35, Ly, 1s the length of the PCC slab.

Ky _ (—14.342 + C"* —5.091n H 10, +3.333InE , +1.432L ) * (1795 -
O'T i
1105 *—C 70.113*(L)2+1.9z7*(L)3)

Overlay Overlay Overlay

Then, as shown in Figure 34, crack propagation (AC) will be predicted by Paris’ law
(AC = [A (K )”]* AN ) in Step III (/7). Note that crack propagation is composed of bending
crack propagation, shearing crack propagation, and thermal crack propagation. Furthermore,
the damage caused by crack propagation is defined as the ratio of accumulated crack
propagation to the HMA overlay thickness. Finally, the relationship between the damage and
observed field reflective cracking rate will be established by field calibration. More detailed

information will be documented in the final report at the end of this research project.
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CHAPTER 6
SUMMARY

This report discussed the application of NDT tools for evaluating existing
pavements for asphalt overlays. The NDT tools covered in this report include GPR,
FWD, and RDD. The GPR is generally used for identifying the layer thickness of
existing pavement layers, section break, and potential trapped moisture problems. The
FWD is often used to evaluate the structural capacity of existing pavements, and layer
modulus can also be backcalculated from FWD data. The FWD can also be used to
evaluate the LTE at joints and/or cracks. However, it is tedious and sometimes difficult
to determine the LTE using the FWD.

Additionally, this report describes applications of RDD on evaluating existing
PCC pavements. The major advantage the RDD has over other discrete NDT devices
(e.g., FWD) is that it measures continuous deflection profiles along the pavement.
However, no software is available to automatically interpret the RDD data. After
reviewing thousands of RDD data collected on different concrete pavements, researchers
developed some basics of interpreting RDD data. Furthermore, based on RDD deflection
data and field reflective cracking performance on IH20, the threshold values for RDD
Sensor 1 deflection and the differential deflection between Sensors 1 and 3 are
recommended. If either the Sensor 1 deflection or differential deflection between
Sensors 1 and 3 is larger than the proposed thresholds, the corresponding joints and/or
cracks are recommended for pretreatment before placing a new HMA overlay. Finally,
general guidelines for evaluating existing pavements for HMA overlays are proposed in
this report. Note that the criteria and/or threshold values established in the report are

based on limited data; further validation and verification are definitely needed.
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APPENDIX A
GPR TEST DATA ON 1H20
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This appendix presents color-coded representations of the GPR data collected by
TTI researchers along the IH20 overlay project near Marshall, Texas. The reflections
from the layer interfaces detected from GPR are labeled in the figures. Note that the
surface reflection has been removed, and only the interfaces appearing below the surface
are shown.

The color bar at the left side of each figure shows the color coding of the
reflection amplitudes. These amplitudes are expressed in volts and range from +1 volt.
Voltages around 1 volt are coded red, while voltages around -1 volt are coded blue.
Amplitudes between these limits are assigned the color shown on the bar. The depth
scale at the right side of each figure gives the predicted depth of each interface detected
by GPR. From this scale, one can determine the thickness of each layer.

At the bottom of each figure is the distance scale expressed in miles and feet. The
distance corresponding to each GPR trace is recorded during the measurement. The
upper number on the distance scale shows the miles traversed, while the lower number is
the distance traveled in feet since the last mile. For example, 6287 feet corresponds to
1 mile and 1007 feet. Also shown above the distance scale is the predicted dielectric
profile of the existing AC surface mix on the lane surveyed. This profile may be used to
locate possible changes in the surface mix along the length surveyed.

The figures included in this appendix, therefore, provide all relevant information
from the GPR testing. Each figure shows:

e the variation of the pavement layering along the length surveyed, as

determined from radar;

e the amplitudes of the reflections from the layer interfaces;

e the thickness of each layer; and

e the computed dielectric values of the surface material.
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Figure A3. GPR Data Collected along Eastbound Inside Lane of IH20 Project (3/4).
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Figure A9. GPR Data Collected along Westbound Inside Lane of IH20 Project (1/4).
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Figure A12. GPR Data Collected along Westbound Inside Lane of IH20 Project
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Figure A13. GPR Data Collected along Westbound Outside Lane of IH20 Project
(1/4).
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Figure A14. GPR Data Collected along Westbound Outside Lane of IH20 Project
(2/14).
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Figure A16. GPR Data Collected along Westbound Outside Lane of IH20 Project
(4/4).
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APPENDIX B
RDD DATA AND OBSERVED DISTRESS ON I1H20
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Figure B1. RDD Deflection Data and Observed Distresses on Westbound 1H20 (1/4).
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Figure B2. RDD Deflection Data and Observed Distresses on Westbound 1H20 (2/4).
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Figure B3. RDD Deflection Data and Observed Distresses on Westbound 1H20 (3/4).

119350



v6

Deflection (mils)

Westbound IH20-CRCP

25

—e—Sensor 1

—=— Sensor 3 A Cracks, Potholes, and Patches

20 A

118400

117900 117400 116900 116400 115900 115400 114900 114400

Stations

Figure B4. RDD Deflection Data and Observed Distresses on Westbound 1H20 (4/4).

113900

113400



S6

Deflection (mils)

30

25 A

20

15

10 -

5,

0

Eastbound IH20-CRCP

——Sensor1l —=—Sensor 3 A Cracks, Potholes, and Patches

Y
il
i

|

I,

U .
n(’l.n 195 "|=; t
e )

A AAA M A A A

113500 114000 114500 115000 115500 116000 116500 117000 117500 118000 118500 119000 119500 120000 120500

Stations

Figure B5. RDD Deflection Data and Observed Distresses on Eastbound 1H20 (1/4).
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Figure B6. RDD Deflection Data and Observed Distresses on Eastbound 1H20 (2/4).
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Figure B7. RDD Deflection Data and Observed Distresses on Eastbound 1H20 (3/4).
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Figure B8. RDD Deflection Data and Observed Distresses on Eastbound 1H20 (4/4).
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