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ABSTRACT

The southbound screener lane of the Heidelberg Traffic Control Centre received structural
improvements by means of an ultra thin continuously reinforced concrete pavement
(UTCRCP) overlay. This experimental overlay forms part of the South African National
Roads Agency Limited’s innovative highway repair strategy on existing pavements that have
exceeded design life. The primary objective of this study was to characterize the UTCRCP
overlay with regard to crack spacing formation under accelerated pavement testing (APT).

Characterization comprised of empirical modelling techniques, statistical analysis, non
destructive testing and software simulations. Pavement deflection responses were
empirically and linear elastically converted to input parameters. These parameters were
used in the mean crack spacing prediction model of the Mechanistic-Empirical Pavement
Design Guide (M-E PDG). Observed cracking under APT was recorded and analyzed by
means of descriptive statistics. The outcome of the M-E PDG’s mean crack spacing and the
statistics of the observed cracking were evaluated against cncPave simulations.

Initial shrinkage crack formations ranged from 500 mm to 900 mm, with a mean spacing of
695 mm. Subsequent secondary cracking reduced the segments, delineated by initial
cracking, to intervals consisting of 100 mm to 350 mm. A statistical analysis of the observed
cracking indicated that traffic had little effect on the transverse crack spacing formation. The
observed cracks yielded a mean spacing of 296 mm, compared to the 186 mm of the M-E
PDG mean crack spacing calculation. cncPave simulations indicated that the expected
range of cracking would fall between 237 mm and 350 mm with a probability of 50% that
crack spacing would exceed 265 mm. The 50" percentile of the observed cracks resulted in
a spacing of 233 mm. The APT project was limited to a single test section. No pavement
failures occurred during the APT project. A total of 2.8 million 80 kN load repetitions were
applied to the UTCRCP. However circular crack formations regarded as a punchout
development have formed on the UTCRCP test section.

Circular cracks formed around weaknesses in the pavement system. The prediction of these
punchout formations incorporates the mean crack spacing result. Occurrence of mean crack
spacing forms part of a crack spacing distribution defined by a range. Therefore designing a
punchout prediction model for UTCRCP should include the characteristics and range of the
crack pattern and not merely the mean crack spacing value.

Key Words: UTCRCP, APT, Mean Crack Spacing, Punchout, Descriptive Statistics,
cncPave, M-E PDG, Transverse Cracks, Dense Liquid Foundation, Elastic Solid Foundation.



SAMEVATTING

Die suidwaartse moniteerings laan van die Heidelberg Verkeersbeheer Sentrum, het
strukturele verbetering ondergaan deur die konstruksie van ‘n ultradun aaneen-gewapende
betonplaveisel (UDAGBP) wat dien as ‘n deklaag. Hierdie eksperimentele deklaag is deel
van die Suid-Afrikaanse Nasionale Paaie Aggentskap Beperk (SANRAL) se vernuftige
deurpadherstelstrategie vir bestaande deurpaaie waarvan die ontwerplewe verstryk het. Die
primére doel van hierdie studie is om die UDAGBP te karakteriseer, met betrekking tot
kraakspasiéring, deur middel van Versnelde Plaveisel Toetsing (VPT).

Die karakteriseringsproses het bestaan uit empiriese moduleringstegnieke, statistiese
ontleding, nie-destruktiewe toetsmetodologieé en sagtewaresimulasies. Die plaveisel-
defleksiegedrag is empiries en linieér elasties ontleed en omgeskakel na invoerparameters.
Hierdie parameters is gebruik in die peilingsmodel vir gemiddelde kraakspasiéring van die
Meganisties-Empiries Plaveisel Ontwerpsgids (M-E POG). Waargenome kraakspasiéring na
die afloop van VPT is opgeteken en deur middel van beskrywende statistiek ontleed. Die
resultate van die M-E POG se gemiddelde kraakspasiéring en die statistiese ontleding van

die waargenome krake is geévalueer teenoor cncPave simulasies.

Aanvanklike krimpingskrake het gevorm met wisselende kraakspasiéring tussen 500 mm en
900 mm met ‘n gemiddelde spasiéring van 695 mm. Daaropvolgende krake het die
aanvanklike segmente, wat gevorm het tydens die aanvanklike krimpingskrake, verkort na
intervalle van 100 mm tot 350 mm. ‘n Statistiese ontleding van die waargeneemde krake het
aangedui dat verkeer weinig ‘n aandeel het in die dwarskraak-vormingsproses. Die
waargenome krake het ‘n gemiddelde spasiéring van 296 mm in vergelyking met 186 mm
van die M-E POG se gemiddelde kraakspasiéring berekening. cncPave simulasies het
aangedui dat die verwagte kraakspasiéringsgrense tussen 237 mm en 350 mm is en ‘n 50%
waarskynlikheid dat die kraakspasiéring meer as 265 mm is. Die VPT projek is beperk tot ‘n
enkele toetsseksie. Geen plaveiselfalings is waargeneem gedurende die VPT projek nie. In
totaal was 2.8 miljoen as-lasherhalings aangewend op die UDAGBP. Daar het egeter
sirkelvormige kraakformasies, wat beskou word as ponsswigting, ontwikkel op die UDAGBP
toetsseksie.

Sirkelvormige kraakpatrone het gevorm rondom swak plekke in die plaveisel. Die
peilingsmodelle van hierdie ponsswigting maak gebruik van die gimiddelde
kraakspasiéringsresultaat. Die verskynsel van gemiddelde kraakspasiéring in hierdie studie
is deel van ‘n kraakspasiéringsverdeling, gedefinieerd deur ‘n spasiéringsgrens. Daarom
moet die kraakspasiéringskarakteristieke en spasiéringsgrense in ag geneem word in die



ontwerpsproses van ‘n UDAGBP ponsswigting-peilings-model, nie slegs die waarde van die
gemiddelde kraakspasiéring nie.

Sleutel woorde: UDAGBP, VPT, Gemiddelde Kraakspasiéring, Ponsswigting, Beskrywende
Statistiek, cncPave, M-E POG, Transversale Krake, Digte Vloeistof Fondasie, Elasties-
Soliede Fondasie.
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1 INTRODUCTION

1.1 Development of the UTCRCP Concept

With approximately 70 percent of the South African road network surpassing its 20-year
design life a need for cost effective structural improvement exists (Kannemeyer, et al. 2007).
An ultra thin continuously reinforced concrete pavement (UTCRCP) or sometimes referred to
as ultra thin heavy reinforced high performance concrete (UTHRHPC) is an innovative
highway repair strategy proposed by the South African National Roads Agency Ltd.
(SANRAL). UTHRHPC is a composite material that consists of ultra high performance
concrete, fibres, steel reinforcement and additional materials. The UTHRHPC mix achieved
good fatigue resistance under continuous high loads and research findings were presented
at the 5" International CROW workshop in Istanbul (Buitelaar 2004). UTHRHPC had
successfully been accepted into practice in European countries as a rehabilitation measure
on steel bridge decks (Kannemeyer, et al. 2008).

The UTHRHPC concept was further explored in South Africa. SANRAL constructed two
experimental short term performance phase (STPP) test sections in 2007 at the Heidelberg
Traffic Control Centre (TCC). The two experimental test sections were constructed directly
on top of natural gravel, cement treated materials and asphalt. The objective was to evaluate
the performance of UTCRCP as a pavement layer under accelerated pavement testing
(APT) (Kannemeyer, et al. 2007).

Two long term performance phase (LTPP) UTCRCP sections were also constructed at the
Heidelberg TCC. These two LTPP sections were constructed as overlays on the existing
asphalt (AC) layers that formed part of the exiting screener lanes (on ramps) onto the N3 at
the Heidelberg TCC. The Heidelberg TCC, being a weigh bridge facility, could provide
accurate measurements for the number of heavy vehicle axle passes and corresponding

loads exerted on the LTPP sections.

UTCRCP being a state of the practice overlay methodology and the first of its kind in the
world; implies that there is limited knowledge upon the characteristics of this rigid layer. The
data assembled at the Heidelberg TCC STPP and LTPP sections were incorporated in the
Cement and Concrete Institute of South Africa’s rigid pavement design program cncPave.
However to increase accuracy of the cncPave predictions regarding UTCRCP the theory
must agree with reality. Therefore continuous updates are made to cncPave as new
characteristics of UTCRCP are exposed and validated.



Currently the South African Pavement Design Method (SAPDM) is being revised. The
majority of the South African road network consists of flexible pavements; accordingly
concrete pavements are not included in the current research and development. As a result
the South African industry has to rely on software such as cncPave for rigid pavement
design.

1.2 Description of the Problem

After the construction of the UTCRCP layer, two different types of transverse cracking
formations develop. The first type is environmentally associated transverse cracking which is
primarily assigned to various thermal related activities in the pavement. Traffic induced
cracking is the second type of transverse cracking to form. Initially the transverse cracks are
held together by the high amount of steel reinforcement and fibres in the concrete mix.
Absence of transverse contraction joints and a well defined pattern of transverse cracks are
the major attributes that identify CRCPs (Selezneva, et al. 2002).

A failure phenomenon that occurs between closely spaced transverse cracks on CRCP is
typically identified as structural punchout or punchout distress. The efficiency by which traffic
loads are transferred across the closely spaced transverse cracks, reduces as the aggregate
interlock in the cracks deteriorate due to a repetition of traffic loads. Loss of support along
the pavement edge, due to base erosion and negative temperature gradients through the
slab thickness, further magnify bending stresses. Passages of heavy axles causing repetitive
cycles of excessive tensile bending stresses, leads to longitudinal fatigue cracking. The
longitudinal crack isolates a part of the pavement to form a segment which defines the
punchout (ARA, Inc., ERES Division 2003).This results in a loss of riding quality and
potential hazardous driving conditions. Therefore accurate prediction of punchout distress is
desirable not only for safety reasons, but also from a design perspective. The punchout
distress phenomenon influences the estimated life of the pavement and the period prior to
necessary maintenance. These factors are integrated with financial implications thus defying
the purpose of cost effective structural improvement.

The problem that needs to be addressed is the identification of the characteristics pertaining
to the spatial formation of UTCRCP transverse cracks. Transverse cracking characteristics is
an important design parameter that influences load transfer efficiency, crack width, and
crack spacing predictions. Proper characterization lends itself towards more accurate
modelling procedures with regard to punchout distress. The facets included in the



characterization process vary, but the more important aspects are geometric and material
properties of the UTCRCP, modelling techniques and observed UTCRCP cracking.

Previously a study was carried out on the characterization of spatial variability of transverse
cracking on CRCP by Selezneva, et al. 2002. Good validation of methods used in the
analysis process was presented in this study. The study concluded that the characteristics of
transverse crack spacing contributed to the process of pavement deterioration and should be
included in the prediction models of CRCP punchout distress. Consequently CRCPs are
much thicker pavements than UTCRCPs and differ in mix composition, therefore CRCPs
respond differently, hence having different cracking characteristics.

A more recent study conducted by Kohler and Roesler in 2006, focused on the development
of crack widths under APT of CRCP. Kohler identified various surface crack formations and
stated in a sub conclusion that the fundamental cause of punchout distress in the related
study was due to a loss of base (USA — subbase) support enhanced by a reduction in
pavement bending stiffness. The CRCP test section in the Kohler and Roesler study was
constructed on bituminous aggregate materials (BAM); aggregate subbase (ASB), and
compacted subgrade. The UTCRCP under current investigation was constructed on an
existing flexible pavement as an overlay. Due to this variation in base and substructure
support, feasible conclusions regarding fundamental causes of punchout distress remains to
be investigated.

According to Kannemeyer, et al. 2008, finite element results of the two STPP UTCRCP
sections (constructed on AC layers) indicated high tensile stresses at the bottom of the
UTCRCP layer, approximately 450 mm from an existing crack. Expected cracking at this
position was not as prominent as the observed surface cracking.

1.3 Objectives of the Study

The primary objective of this study is to characterize the spatial formation of transverse
cracking on UTCRCP under accelerated pavement testing. Knowledge of the mean crack
spacing excluding the characteristics of the crack pattern is not sufficient for punchout
prediction. Punchout prediction models use the mean crack spacing parameter in the
calculation process, but do not take account of the spacing characteristics. To achieve this
objective the following secondary objectives, acting as building blocks, form the bases of this
study:



1.3.1 Computation of in situ pavement parameters

Empirical and linear elastic modelling techniques for rigid pavement design and evaluation,
emanating from accepted theories, will be used to determine critical pavement parameters.
These parameters are used in the calculation process of the mean crack spacing. This study
will evaluate the applicability of these (empirical and linear elastic) modelling techniques to
UTCRCP. Empirical and linear elastic modelling techniques are usually simple to execute
and give rough, but acceptable estimations of expected pavement parameters.

1.3.2 Mean crack spacing calculation

The revised American Mechanistic-Empirical Pavement Design Guide’s (M-E PDG, 2004)
mean crack spacing prediction model for CRCP will be used to predict the mean crack
spacing on the UTCRCP. The inclusion of this prediction model in this study sets a dual
objective. Firstly the study evaluates the applicability of this method for the determination of
mean crack spacing on UTCRCP. Secondly this method (being empirical) will provide good
insight to the sensitivity of the various factors pertaining to transverse crack spacing
calculations.

1.3.3 Descriptive statistics

Crack spacing formation on UTCRCP is an uncontrollable event. To account for the spatial
variation of the transverse cracking formation, descriptive statistical measures will be applied
on the field observed crack spacing patterns. The aim is to characterize the spatial formation
of the transverse cracks that contributes to structural punchouts, in accordance with the
statistical results.

The above stated sub objectives conclude the basis from which to achieve the primary
objective, however this study aims to include one more sub objective which does not form
part of achieving the main objective. This sub objective is presented in Section 1.3.4.

1.3.4 cncPave evaluation

The ground for the inclusion of a cncPave evaluation is based on the scarcity of recorded
data on UTCRCP crack spacing formations. cncPve is a software package that supersedes
the old M10 design manual and is used in the industry for various rigid pavement designs
and predictions. The objective of a cncPave evaluation would firstly be to understand the
mechanisms and underlying principles of crack spacing determination, then to test the
accuracy of its UTCRCP crack spacing predictions, with actual UTCRCP crack spacing data.
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1.4 Scope of Works

The scope of works for this study consists of traffic simulation, data capturing, pavement
modelling and the data analysis process. This section mainly outlines the limitations
regarding this study. Factors contributing to the methodological limitations are delineated
and discussed in the method chapter.

1.4.1 Traffic Simulation

This study is limited to a single APT field test on one test section comprising of 2.8 million
applied axle load repetitions. Two available APT devices will be used to perform the number
of load applications. Both devices are of the same model. The clients agreed that research
may be done with their APT devices if the research project will serve the interests of the
clients as being a field acceptance test (FAT) for the devices. Therefore apart from the
research many other tests were also performed to satisfy the clients’ requests. These tests
do not form part of the study.

1.4.2 Rigid pavement modelling

UTCRCP being an ultra thin CRCP will be limited to empirical and linear elastic modelling
techniques used in CRCP design processes (if applicable). This study will not deal with the
structural analysis of the pavement, although the structural properties of the pavement will
be briefly covered and included in relevant calculation procedures. Properties with regard to
the UTCRCP layer (as reported by the contractor), are assumed to be accurate. This study
will not include a laboratory testing phase to characterize the relationships that exists
between the various concrete parameters of the UTCRCP mix. In the case where computer
software will be used for pavement modelling or pavement response modelling, only
software and free-ware available at the academic institution where this study is conducted
will be considered.

1.4.3 Research equipment and data

The data collected for this study will be limited to the equipment used. Hence the methods
used to characterize transverse cracking will be limited to the obtained data. In the case
where more data is needed, than originally collected during the study, the source of that data
will be made known explicitly. This study does not consider the methods by which data from
foreign sources, outside of this study, were obtained. Conclusions regarding this study will
primarily be made with regard to the data obtained by the participants in this study.
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1.4.4 Data analysis and methods

Generally this aspect of research is quite broad. Due to relative recent application of
UTCRCP technology, no unique methods exist to analyze the data. The study is thus limited
to methods that have been proved to be applicable on CRCPs.

1.5 Content of Chapters

Chapter two is a literature study that takes the form of a funnel structure. It introduces the
broad concept of CRCP then reduces it to the research objectives. The main discussions
include punchout distress, rigid pavement modelling, factors that influence CRCP cracking,
statistic and theoretical crack spacing evaluation methods and the development of cncPave.

Chapter three comprises of the research methodology. The research design elaborates on
the project’s scope of works. Elements pertaining to transverse crack spacing such as the
test section, research instrumentation and data analysis procedures are introduced and
discussed. Limitation factors regarding the methodology are also delineated and discussed
in this chapter.

Chapter four presents the determination of mean crack spacing. This chapter presents
deflection responses of the pavement that are used in a mechanistic-empirical and linear
elastic modelling process. The two modelling processes, presented in this chapter, were
performed to calculate specific pavement parameters that are included in the calculation
procedure of the M-E PDG’s prediction model of mean crack spacing.

In Chapter five the observed crack spacing distribution is discussed and presented.
Descriptive statistical measures were taken to characterize the distribution. Finally a
theoretical probability distribution was added to the characterized distribution.

A diagnostic investigation was launched in Chapter six centering on the performance of the
UTCRCP with mean crack spacing. The cause and effect relationships of various factors
contributing to crack spacing were evaluated. The effect of pavement loading to crack
formation was also investigated and discussed.

Chapter seven concludes this study by summarizing all the relative points, observations,
findings, suggestions and recommendations.



2 LITERATURE REVIEW

2.1 Introduction

This chapter introduces a brief structural overview of continuously reinforced concrete
pavements (CRCP). The failure mechanism known as punchout distress will be probed and
discussed, followed by the different modelling principles of rigid pavement design. Factors
that influence transverse crack spacing will be addressed as well as methods to analyze
crack spacing distributions. Theoretical modelling approaches of crack spacing distribution in
combination with insights into mechanistic-empirical design procedures will be explored.
Finally the Cement & Concrete Institute’s (C&Cl) new risk based design method for concrete
roads, cncPave is presented and discussed.

The scope of the literature study was limited to relevant information pertaining to CRCP or
UTCRCP. UTCRCP is a relatively new technology with limited available literature. Due to
this limitation, literature regarding CRCP was reviewed and formed a suitable base from
which insight into UTCRCP could be gained.

2.2 Punchout Distress in CRCP

A continuously reinforced concrete pavement (CRCP) is a type of concrete pavement that is
constructed without regular transverse joints. It includes longitudinal steel bars for
reinforcement that are placed continuously and sections are typically some kilometers in
length. In the case of the ultra thin CRCP a steel mesh is used for reinforcement. The steel
meshes are joined at the ends, providing continuous longitudinal reinforcement and as a

result transverse reinforcement.

Environmentally induced transverse cracks form in CRCP after the placement of the
concrete paste. This is due to concrete drying and temperature related shrinkage. These
transverse cracks are retained by the longitudinal steel reinforcement and slab-base friction.
The longitudinal steel also holds the formed transverse cracks tightly together so that in
theory; surface water is unable to penetrate the CRCP layer.

Punchout distress is one the most severe performance problems of CRCP. A punchout
(Figure 2.1) is a depression that occurs at the edge of the pavement as a result of structural
failure caused by the action of heavy wheel loads after transverse cracks have suffered loss
of load transfer efficiency (LTE) (Kohler and Roesler 2006).
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Figure 2.1. Punchout in CRCP (Kohler and Roesler 2006)

The Mechanistic-Empirical Pavement Design Guide (M-E PDG) defines a punchout as a fine
longitudinal crack which forms between two transverse cracks that are closely spaced with
less than 3 inches (76 mm) of spalling or 0.25 inches (6.4 mm) of faulting (ARA Inc. ERES
Consultants Division 2004). Deterioration factors, such as a loss of bond at the
concrete/steel interface and the forming of voids between the concrete slabs and supporting
foundation both coincide with the punchout phenomenon. The supporting foundation or
substructure can be divided into two classic mechanistic theories for rigid pavement design
and rehabilitation procedures namely, the dense liquid (DL) foundation and elastic solid (ES)

foundation.

2.3 Rigid Pavement Modelling

Mechanistic modelling of rigid pavement foundations is an important step in the design or
rehabilitation process. Input parameters are generally inexpensive and easy to calculate,
however development of such a model is more complex. Real soil exhibits nonlinear and in
some cases visco-elasto-plastic characteristics. Experience in rigid pavement analysis and
design has shown that subgrade may be modelled as linear elastic (ARA Inc. ERES Division
2003).

2.3.1 Dense liquid foundation

The most widely adopted modelling approach is the Westergaards-theory of a plate on a
dense liquid (DL). The DL foundation, also known as the Winkler foundation, is the simplest
foundation model and requires only one modelling parameter, the modulus of substructure
reaction, k (Figure 2.2), which is the proportionality constant between the applied pressure
and the load plate deflection (ARA Inc. ERES Division 2003).
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Figure 2.2 Dense liquid foundation

k="P/, (2.1)
Where;

k = the modulus of substructure reaction (N/'mm?)

P = applied pressure (N/mm?)

w = vertical deflection (mm)

The DL foundation works on the principle that deformation is local i.e. only beneath the
loaded plate and assumes zero deflection beyond the edge of the loaded plate. The
substructure is elastic recoverable upon load removal and there exist no shear in between
the adjacent springs. The springs have a spring stiffness equal to modulus of substructure
reaction, k. In plate theory it is assumed that the plate is incompressible thus the vertical
deflection, w, contributes only in the substructure deformation.

2.3.2 Elastic solid foundation

The elastic solid (ES) half space or Boussinesq subgrade idealization is often considered a
more realistic representation of real soils. Deformations are global in character, that is,
deformation develops not only under the loaded plate but also beyond it.

Figure 2.3 Elastic solid model (ARA Inc. ERES Division 2003)



The ES model depicted in Figure 2.3 is treated as a slab-on-grade problem. This type of
model can also be considered single parametric since the only parameter required is the
coefficient C (de Vos 2009).

C=1- e (2.2)
Where;

C = coefficient of elastic subgrade (N/mm?)

E, = elastic modulus of subgrade (N/mm?)

U = Poisson’s ratio

The ES model is to some extent computationally demanding. It ascribes a higher degree of
shear interaction to the subgrade than that in real soils. This model also assumes gradual
decrease in deflection beyond the edges of the loaded plate.

2.3.3 Backcalculation of the Dense Liquid model

Deflection responses of real pavements are used in the ES model and DL model to estimate
different parameters of the pavement structure.

Back calculation of the DL model yields a radius of relative stiffness Ik and a modulus of
substructure reaction k. These parameters are ultimately used in calculating the concrete
slab elastic modulus. The procedure is explained in the following steps.

Step 1: Determining the AREA parameter (A,) of the deflection basin.

Two approaches are available for determining the pavement parameters in DL model, the
AREA algorithm and the Best Fit method (FHWA-RD-00-086 2001). The Best Fit method
solves for a combination of the radius of relative stiffness and coefficient of subgrade
reaction the best possible agreement between the predicted and measured deflections at
each sensor. Both methods are based on Westergaard’s solution for interior loading on a
plate. The Best Fit method yields a lower coefficient of variation in backcalculated k-values
than the AREA algorithm (FHWA-RD-00-086 2001). Therefore the Best Fit method is
considered the preferred backcalculation procedure. The AREA algorithm yields a
parameter, A,. The subscript number “n”, defines the spacing configuration of the sensors in
the Area algorithm. The AREA parameter, A, is not truly an area, but rather has a
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dimension of length, since it is normalised with respect to one of the measured deflections in
order to remove the effects of load magnitude. This parameter (A,) combines the effect of
several measured deflections in a basin (FHWA-RD-00-086 2001). The AREA parameter
has a unique relationship with the radius of relative stiffness and thus presents an effective
method in calculating the radius of relative stiffness.

Different sensor configurations exist for the AREA algorithm. AREA algorithm number four,
yielding a parameter, A, is traditionally used for the evaluation of concrete pavements
(FHWA-RD-00-086 2001). Sensor configuration is set to 0, 300, 600 and 900 mm, thus a
falling weight deflectometer (FWD) deflection bowl can be used to determine the A,

parameter.

d d
A4_6+12[ﬂ +12[ﬂ +6[

d900]
do do

Step 2: Determine the radius of relative stiffness I

For each of the AREA algorithms the following empirical equation is used to estimate the
radius of relative stiffness /;

x3

I = (FHWA-RD-00-086 2001) (2.4)

The advantage of the empirical Equation 2.4 is that it does not require the elastic modulus of
the concrete as an input parameter to estimate the radius of relative stiffness.

Table 2.1 Coefficients for the AREA algorithm vs. radius of relative stiffness, Ix
(FHWA-RD-96-198 1997)

AREA X4 Xo X3 X4
A4 36 1812.279 -2.559 4.387

According to the M-E PDG the resulting radius of relative stiffness for a Portland cement
concrete (PCC) slab should be between 22.5 in (570 mm) and 80 in (2032 mm) (ARA Inc.
ERES Consultants Division 2004). The lower limit was selected based on the consideration
that response of pavement systems with too low radii of relative stiffness cannot be
adequately described using a slab-on-grade model. A layer elastic model is a more
appropriate analytical tool and a layer elastic backcalculation procedure should be used for
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backcalculation. The upper limit was assigned to recognise that backcalculation cannot also
be reliable for every rigid system (FHWA-RD-00-086 2001).

Step 3: Determine the modulus of substructure k.

Westergaard’s theory of an incompressible plate on a dense liquid is represented in the
following equation. Equation 2.5 is valid for circular loading at the slab interior (Houben
2006).

k=g |1+ 5 i () + - 128} ()| 5)
Where;

k = modulus of substructure reaction (psi/in)

P = single wheel load (Ib)

w = vertical deflection = FWD maximum deflection d, (in)

l = radius of relative stiffness of concrete layer, calculated with eq.2.4 (in)

Y = Euler's constant ( = 0.5772156649)

a = radius of circular loading area (in)

In a rigid pavement study done by the Federal Highway Administration (FHWA) on LTPP
data, backcalculations of k-values were compared using the Best Fit method number four (
Best Fit4 or B,) and AREA algorithm number four (AREA4 or A,). The following relationship
was established between the Best Fit4 and AREA4 approaches, depicted in Figure 2.4
(FHWA-RD-00-086 2001).

ks = 1.148kp, R?> = 0.976 (2.6)

The R? value exceed 0.97 thus this linear relationship explain approximately 97 percent of
the variability in the results.
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Figure 2.4 Backcalculated dynamic k-value for LTPP concrete pavement sections,
AREAA4 versus Best Fit 4 (FHWA-RD-00-086 2001)

Step 4: Compute the elastic modulus of the concrete

Appendix QQ from the Guide for Mechanistic-Empirical Design suggests the following
equation to calculate the elastic modulus of the concrete slab (ARA Inc. ERES Division
2003).

_ 120 k(1 — ppec)

pce hpcc3 (2.7)
Where;
Epee = elastic modulus of concrete (psi)
I = radius of relative stiffness of a DL model (in)
Hpee = Portland cement concrete Poisson’s ratio
k = modulus of substructure reaction (psi/in)
hpee = Portland cement concrete thickness (in)

2.3.4 Backcalculation of the Elastic Solid model

Back calculation of the ES model yields a radius of relative stiffness /, and the elastic
modulus (Es) of the pavement subgrade (substructure). These parameters are ultimately
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used in calculating the elastic modulus of the concrete slab. The procedure is explained in
the following steps.

Step 1: Determining the AREA parameter (A,) of the deflection basin.

The ES model has become more widely applied since the advent of FWD backcalculation
technology (Galal, et al. 1998). Prior to rehabilitation of a rubblizing contract for a portion of
the US-41 in Benton Country, the Galal, et al. 1998 study used Equation 2.3 on FWD
deflection bowls to estimate AREA parameter (A,).

Step 2: Determine the radius of relative stiffness I,

The AREA parameter, A,, has been analytically identified as having a relationship to the
radius of relative stiffness /, of the pavement system (Galal, et al. 1998).

1
0.187
4521.676
—3.654

(Galal, et al. 1998) (2.8)

36 — AREA
L - lln [—]

The same limits criterion and conditions apply to the ES radius of relative stiffness, I, as that
of the DL radius of relative stiffness /.

Step 3: Calculate the elastic modulus of the subgrade by using Losberg’s deflection

Equation 2.9.

B, = [PUZ 2] [0.19245 + 0.0272 [ + 0.0199 2] [ 29
Where;

E, = elastic modulus of subgrade (psi)

l. = radius of relative stiffness of an ES model, Equation 2.8 (in)

U = subgrade Poisson’s ratio (estimated value)

P = applied load (lb)

dy = maximum deflection at the centre of the load (in)

a = load radius (in)
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Step 4: Calculate the elastic modulus of the concrete

The elastic modulus of the concrete slab (E,.;) can be computed from Equation 2.10.

_ 6Esle3(1 - Mpccz)
pee hpccs(l - ﬂsz)

(2.10)

Where;
Hpee = concrete slab Poisson’s ratio
hyee = concrete slab thickness (in)

It should be noted that neither the DL foundation nor the ES model is entirely adequate,
when these philosophies are applied to real soils. There are a number of influencing factors
that will affect these backcalculation procedures. Some of the more significant factors
include: the effect of the base layer, size of the slab and the effect of plate theory relative to
elastic theory.

2.3.5 Effect of the base layer

According to Huang 1993, when a rigid pavement is constructed on an existing flexible
pavement, the flexible pavement can be viewed as a composite foundation for the newly
constructed rigid pavement.

Concrete pavements are generally analyzed as slab-on-grade structures with no structural
contributions attributed to the underlying base or subbase layers. However it is known that
these underlying layers can have a significant effect on the structural performance of the
pavement, particularly if bonding between the slab and the base occurs. If such bonding is
present between the layers, the effective pavement structure is now greater and the manner
in which the pavement reacts to loading is altered (FHWA-RD-00-086 2001).

Khazanovich had addressed this issue with a concept of transformed sections. Thus the
multi-layered pavement (slab and underlying layer(s)) is transformed to a fictitious,
composite, homogeneous plate, that would exhibit the same deflection profile as the in situ
system (Khazanovich 1994). For a case of two bonded plates, the flexural stiffness of the
fictitious plate can be derived by using the parallel axis theorem as presented in Equation
2.11.
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E;};f = E11’;13 +Eq hy [x - h71 2 + E21’;23 +E, h, [hl —x+ %]2 (2.11)
Where;
. %2“”12 ["1+%] (2.12)
hy + Bh;
Therefore;
3
Ey =— 5 :112 hzz[Ee] (2.13)
hy3 + Bh,? + 12k, [x Ml 12pm, [h1 _x +7]

Where;
E, = equivalent modulus of the fictitious plate (psi)
E, = modulus of the upper plate (psi)
E, = modulus of the lower plate (psi)
h, = thickness of the fictitious plate = h; (assumption)
hq = thickness of the upper plate (in)
h, = thickness of the lower plate (in)

. . Epcc
B = moduli ratio = E, (FHWA-RD-00-086 2001)
Assumption;
U = fictitious plate Poisson’s ratio = pq = up

A study conducted by Murison, et al. 2002 on ultra thin whitetopping indicated that by using
a three-layer model which incorporates a degree of bond between the upper and supporting
layer, better estimates critical stresses than a two-layer setup that disregards a bond
between the respective layers.
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As depicted in Figure 2.5, stresses are nearly reduced to a factor two by incorporating a
bond in the three-layer system. The bond allows the concrete and asphalt to perform in
composite action that essentially causes the layers to share loads. Bonding shifts the neutral
axis in the concrete downward, reducing the tensile stress at the bottom of the concrete
layer (Murison, et al. 2002).

Corner stresses will however increase at the top of the whitetopping layer and if the neutral
axis shifts low enough in the concrete layer, the critical stress position will move from the
edges of the slab to the corners of the slab.

2-laver analysis 3-laver analysis
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Figure 2.5 Stress distribution under a 2-layer and 3-layer analyses (Murison, et al.
2002).

2.3.6 Slab size effect

The backcalculation procedures mentioned in this section of the study are based on
Westergaard’s and Losberg’s solutions for interior loading of an infinite plate, but concrete
pavements have finite dimensions. Corvetti developed a slab size correction for square slabs
that was verified (FHWA-RD-00-086 2001).

Slab size correction is a simple method to perform if the slab length is assigned properly.
Due to the nature of CRCP cracking which in some cases are stated to be random, it might
be better to assign slab size correction on the average mean crack spacing, if necessary.
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2.3.7 Effect of plate theory relative to elastic theory

An assumption associated with plate theory is that the upper layer is incompressible. This
assumption accounts primarily for the discrepancies found when the Best Fit method is
evaluated against the AREA algorithm. At the location of maximum deflection i.e. under the
load centre, higher inconsistencies are observed between the discussed methods. At this
location the plate theory predictions of deflections deviates most from elastic theory
predictions due to the compressibility of the concrete layer.

2.4 CRCP Crack Spacing

A continuously concrete pavement is effectively fully restrained in the longitudinal direction.
Due to the thermal contraction and shrinkage properties of concrete, pavement cracking is
inevitable. The conventional solution to counter pavement cracking is to induce transverse
joints to relieve the tension of the accumulating restrained stresses. This action prevents
cracks, but reduces riding quality and many failures of jointed concrete pavements are
associated with the joints. An alternative is to accept that the concrete will crack and provide
reinforcement to control the width of the cracks by spreading the contraction over many
narrow cracks. This is the basic concept of CRCP (Jackson 1988).

Two categories of crack development are associated with CRCPs that is, environmentally
related cracking and traffic induced cracks.

2.4.1 Environmentally related cracks

Environmental related cracks are associated with concrete shrinkage and concrete thermal
contraction. The tendency of concrete to shrink produces longitudinal tension in the concrete
and compression in the reinforcing steel. Since both materials (concrete and steel) are
strong in compression, no damages normally come from expansion. However due to
exothermic hydration reactions in the concrete, shrinkage takes place which induces tensile
stresses in the concrete layer (Gutzwiller and Waling 1960). Eventually the resulting tensile
stress exceeds the strength of the concrete and a crack forms at the weakest point (Figure
2.6).

Crack developments in CRCP due to environmentally related stresses are thought of to
occur in two phases (Zollinger 2007). The initial phase consist of the formation of shrinkage
cracks after construction (Figure 2.6) and are strongly associated with a cracking interval of
4.4 times the radius of relative stiffness of the pavement surface layer.
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Concrete Layer with < ( Shr'"kEEE Crack

Reinforcing Steel

Figure 2.6 Shrinkage crack, caused by the exothermic hydration reaction. No variation
in temperature i.e. bottom temperature is equal to surface temperature.

The secondary phase or secondary cracking include temperature related cracks and form on
a segment delineated by the initial shrinkage cracks. Secondary cracks comprise of
differential shrinkage and pavement curling induced cracks, which further relieve the
pavement of existing tensile stress.

Differential shrinkage (Figure 2.7), commonly known as pavement warping occurs when the
rate of shrinkage at the bottom of the concrete layer is different to the rate of shrinkage on
the pavement surface (top). Thus a gradient can be ascribed to the moisture content and
temperature profile in the concrete layer, which are of the characteristics of pavement

warping. Warping is a permanent geometrical deformation i.e. it is a non-recoverable strain.

Exaggerated Warping of the Concrete Differential Shrinkage Crack
Layer with Reinforcing Steel

Figure 2.7 Secondary crack caused by differential shrinkage (warping). Variation in
temperature i.e. bottom temperature is not equal to surface temperature.

Pavement curling occurs due to a variation of temperature gradients in the concrete layer.
This pavement characteristic is associated with day and night temperature changes. The
stresses induced by this variation in temperature are recoverable and not permanent as with
pavement warping. Figure 2.8 depicts the curling formation of the pavement at night time
and during the day. A cooler slab surface during the night induces a negative temperature
gradient in the concrete slab. This results in the edges of the slab curling upward. A warmer
slab surface during day time induces a positive temperature gradient in the concrete slab.
Under the second condition (day time) the interior part of the pavement tend to bulge.
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Exaggerated Curling of the Concrete Cracking due to Curling
Layer with Reinforcing Steeland a at Night
Negative Temperature Gradient

Layer with Reinforcing Steeland a
Positive Temperature Gradient

Cracking due to Curling

Exaggerated Curling of the Concrete
during the Day-time

Figure 2.8 Depictions of slab curling during the day and at night with positive and
negative temperature gradients respectively.

2.4.2 Traffic related cracks

Traffic related cracks are due to the flexural action of the concrete layer caused by vertical
wheel loads that super impose longitudinal compressive and tensile stresses on the upper
and lower positions of the concrete slab (Gutzwiller and Waling 1960). In the case where the
wheel load travels across an existing deteriorating crack (Figure 2.9), tensile stresses are
generated some distance away from the initial crack.

Existing
deteriorating
cracks

Tyre footprint

Traffic induced crack
(tensile stress due to
bending moment)

Figure 2.9 Traffic induced fatigue cracking
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Finite element modelling done by Kannemeyer, et al. 2008 suggests that this distance for
UTCRCP is approximately 450 mm. Laboratory studies have shown that cracking of
concrete beams can also occur as a result of multiple applications of stresses smaller than
the tensile strength of the concrete. This type of cracking is referred to as fatigue cracking
(Manual M10 1995). According to Jackson 1988, the wheel load stress effects for CRCP
does not become really significant until the crack spacing is less than is considered
desirable. All authorities on CRCP seem to agree that the maximum desirable crack spacing
is around 2.5 m (Jackson 1988).

The formation of the complete crack pattern in a given CRCP slab, results from the
superposition of concrete shrinkage, temperature changes and traffic (Gutzwiller and Waling
1960). The various cracks that contribute to the complete crack pattern are depicted in
Figure 2.10.

I L

Pavement
Widthj
—— L. —— — — e —
Cluster cracks Y-cracks Meandering Divided cracks

crack

Figure 2.10 Crack shapes and patterns associated with defective passive cracks
(Kohler and Roesler 2006)

Kohler and Roesler 2006 reported that divided cracks and Y-cracks have a greater tendency

to deteriorate and spall more rapidly under traffic loading.

2.4.3 Factors affecting crack spacing

Several factors influence crack spacing ranging from geometrical properties to material
properties. The following five factors (2.4.1.1 to 2.4.1.5) are considered to be of significant

importance.

2.4.3.1 State of pavement temperature

The concrete setting temperature and the coefficient thermal expansion (CTE) have been
identified as two of the most sensitive variables determining CRCP behaviour (Kohler and
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Roesler 2006). The CTE describes how the size of the material changes with a change in
temperature. Due to the exothermic reaction of concrete setting, construction on hot days
prohibit to a degree the dissipation of the hydration energy into the atmosphere and
influences the cracking patterns.

Temperature variations lead to stresses in the concrete layer as discussed in Section 2.4.1.
The temperature profiles responsible for these stresses are depicted in Figure 2.11.

Surface
il S ZA
A
¥+ + |-
- — A3
Bottom AT h.At irregular
“+> i 4

Figure 2.11 Stress inducing temperature variations in the concrete layer

Stress due to a temperature change AT, which is constant over the thickness of the layer is
associated with concrete shrinkage. Stresses related to differential shrinkage (warping) as
discussed in Section 2.4.1 are coupled with a temperature gradient h. At, which is constant
over the thickness of the concrete layer. The variation of this temperature gradient (h. Af),
due to day and night temperature differences, contributes to the curling action of the
concrete layer.

The irregular temperature profile, results in internal concrete stresses, which are only
relevant for very thick concrete slabs (Houben 2006). A combination of these temperature
effects contributes to the deterioration of cracks under traffic loading.

2.4.3.2 Concrete drying and shrinkage

Drying and shrinkage causes cracking in reinforced concrete, especially in the early age
when the concrete tensile strength had not yet fully developed. Since drying and shrinkage
have a faster development at the surface, there is a non-uniform shrinkage distribution. The
pavement has the tendency to curl upward at existing cracks under such a non-uniform
distribution (Kohler and Roesler 2006). This effect is commonly known as pavement

warping.
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2.4.3.3 Bond between the concrete and reinforced steel

Due to a variation in concrete temperature and shrinkage, stresses and strains also vary
along individual pavement segments according to the distance between neighbouring
cracks. The bond stress is defined by Kohler and Roesler 2006 as the interfacial shear that
takes place at the boundary between the reinforcing steel surface and the concrete. The
difficulty in modelling the bond stress distribution influences the accuracy of CRCP
behaviour predictions.

2.4.3.4 Characteristics of reinforcing steel

Longitudinal steel reinforcement limits the degree of crack width. Tightly closed cracks allow
shear transmission due to traffic across them by aggregate interlock (Jackson 1988). The
latter is true for CRCPs in the absence of significant longitudinal reinforcement. In the case
of the 50 mm heavily reinforced UTCRCP; the transmission of shear across the cracks are
dependent on a much smaller crack width (approximately 0.02 mm) than expected CRCP
crack widths. To obtain such a crack width the percentage of the reinforcing steel is

increased.

The percentage of longitudinal reinforcing steel, steel diameter and the position of the steel
in the concrete slab have an effect on the crack spacing of the CRCP. A higher percentage
of reinforcing steel reduces the intervals of cracking and as a result a reduction in crack
width. The current UTCRCP design consists of approximately 1% longitudinal steel
reinforcement. Kannemeyer, et al. 2008 has reported that reinforcing steel with a diameter of
6 mm has a four to five times greater bond (concrete to steel) to the UTCRCP mix than a
normal concrete mix. Field experience indicated that reinforcing steel of 5.6 mm in diameter

is the optimum diameter for a 50 mm UTCRCP (Kannemeyer, et al. 2008).

2.4.3.5 Interface friction between slab and supporting base

A concrete slab sliding along the base develops friction forces which are an import factor in
the early development of CRCP cracks. The most common base types for CRCP are asphalt
(AC) and cement-aggregate, followed by granular bases. AC and cement-aggregate bases
provide a higher degree of friction due to adhesion interlock. Prior to concrete placing
Kannemeyer, et al. 2008 reported that in some sections of the Heidelberg screener lanes the
reinforcing steel mesh structure used in UTCRCP was anchored to the AC base using 150
mm steel rods. It was anticipated that the anchors will restrict vertical debonding of the
concrete slab to the AC base and restrict warping and curling effects along the pavement’s
longitudinal edge.
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During the National Cooperative Highway Research Program (NCHRP), Project No. 1-37, it
was found that a substantial loss of support led to an increase of slab cracking (ARA Inc.
ERES Consultants Division 2004).

2.4.4 Statistical analysis of CRCP crack spacing

Descriptive statistical measures such as, mean, standard deviation, coefficient of variation
(COV), kurtosis, skewness and crack spacing frequency per trail section can be computed to

evaluate characteristics of crack spacing distributions.

By means of descriptive statistics a LTPP study (experiment GPS-5) conducted by
Selezneva, et al. 2002 indicated that CRCP trail sections with larger crack spacing usually
have a higher standard deviation of crack spacing. The coefficient of variation (COV) for the
trial sections was an average value of 56%. This means that the standard deviation of the
crack spacing is roughly half of the mean crack spacing. Thus, for sections with narrow
mean crack spacing, the probability of the narrow crack spacing intervals being positioned
next to the wide crack spacing intervals is lower compared to the sections with large mean
crack spacing (Selezneva, et al. 2002).

With consideration to punchout potential, descriptive statistics of the above experiment
resulted in the following. No correlation exists between mean crack spacing and the size of
the segment that would develop a punchout. Therefore, the mechanistic procedure for
punchout prediction cannot be based on mean crack spacing alone, but should take into
account the fact that punchouts are likely to develop on narrow individual concrete
segments. High variability of transverse crack spacing has a higher probability of punchout
development (Selezneva, et al. 2002).

2.4.5 Theoretical modelling of CRCP transverse crack spacing

The reliability of CRCP design rests significantly on accurate characterization of the
variability of transverse crack spacing. Research has indicated that contrary to the
commonly held assumption of normally distributed transverse crack spacing, a Weibull
distribution of transverse crack spacing is a better theoretical description of recorded
transverse crack spacing results (Selezneva, et al. 2002).

To determine the probability that transverse crack spacing would occur between two crack
spacing intervals Selezneva, et al. 2002 suggests the following Weibull based model.
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_(Ll_Lmin)ﬁ _(Lu_Lmin)lg
Prob(L, > L > L;) =100 [e a —e a (2.14)
Where;
Z - Lmin
a=—-7:
r (1 N 1) (Selezneva, et al. 2002) (2.15)
B
1 1 fd
r (1 + _) = _e]“{lf} (Selezneva, et al. 2002) (2.16)
B/ B
Prob(L,>2L>L;) = probability of crack spacing in the interval L, > L > L; (%)
L, = upper limit of crack interval (mm)
L, = lower limit of crack interval (mm)
Lpin = minimum crack spacing (mm)
L = mean crack spacing (mm)
a = alpha from Equation 2.15
B = shape parameter beta, form Equation 2.16
r = gamma function

Calculation of the mean crack spacing can be done with the expression (Equation 2.17)
presented in the M-E PDG. This expression contains variables with subscripts, i, that

indicate seasonal variation.

' 2
[t28 — Ciog [1 - (]

h
L= pee 2.17
[ UnPs (2.17)
2 cl,idb
Where;
flizg = concrete tensile strength in 28 days (psi)

o
I

the Bradbury coefficient
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Op;i = Westergaard’s nominal stress factor (psi)

{ = depth to steel (in)

hpee = the concrete slab thickness (in)

f = friction coefficient

Un = the peak bond stress (psi)

Py = percentage of steel as a fraction

C1i = the first bond stress coefficient

Py = reinforcing longitudinal steel bar diameter (in)

The variables of mean crack spacing are discussed in greater detail in Appendix A.

2.5 The Development of cncPave

The existing South African concrete pavement design method of the Department of
Transportation as stipulated in the M10 manual, “Concrete Pavement Design and
Construction” (Manual M10 1995), essentially followed a recipe-type approach to design
and used a series of nomograms. The M10 manual contained some aspects of mechanistic
design, but was predominantly empirical i.e. based on experience alone (Advertorial VOL6
No1 Feb 2003). The document (M10) was not intended to cover all concrete pavement
options such as inlays, overlays, and varying design periods.

2.5.1 cncRisk

The traditional approach, using single values for input parameters, was not ideal as
uncertainty in the input was not translated into uncertainty in the output and therefore into
the inherent risk of the design (Slavik, et al. 2004). A new design method was needed that

utilized a mechanistic approach and would result in more cost effective pavements.

In support of this goal a new mechanistic risk based design method, cncRisk, was developed
by the Cement & Concrete Institute (C&CI). This approach was fuelled by the fact that
concrete pavements are increasingly utilized as overlays on old flexible pavements where
characteristics are determined through linear elastic theory and software packages (Strauss,
Slavik, et al. 2007).
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Based on the requirements that the design procedure should be user friendly and that
cncRisk needed to run on relatively inexpensive and readily available hardware, the use of
sophisticated methods in calculating pavement response were precluded (Cement &
Concrete Institute 2001). An effective but simple approach was adopted to evaluate the
quality of the design and thus facilitate competent decision making. The approach used is
based on the evaluation of consequences. The consequences of a certain pavement design
are expressed in terms of premature failure that has to be repaired. In practice this occurs
when the number of load repetitions “n” a pavement is expected to carry over the design
period, exceeds the number of load repetitions “N”, the pavement can carry at an acceptable
level of structural and/or functional integrity (Strauss, Slavik, et al. 2007).

The ratio nto N is called the cumulative damage (CD). By definition CD = n/N. The risk of
premature failure is defined as the probability of n being greater than N. R is thus the
probability (P) of the cumulative damage (CD) being greater than unity (Strauss, Slavik, et al.
2007).

R = P{CD > 1} (Strauss, Slavik, et al. 2007) (2.18)

It should be mentioned that the complement of risk, i.e. 1-R, is often called the reliability.

Structural performance of cncRisk was based on the assumption that a crack in a concrete
pavement does not signify failure. Failure is only occurring when shattered slabs develop as
a result of loss of slab support and secondary cracking on the slab showing the tendency to
develop punchouts (Slavik, et al. 2004).

The basic Westergaard’s empirical relationship for calculating the maximum tensile stress in
a concrete slab (Equation 2.19) was revised and calibrated for South African conditions.

P +|D

Stress=f Ch—z\/; (Cement & Concrete Institute 2001) (2.19)
1

Where;

Stress = maximum tensile stress close to a joint or crack in the pavement

C = coefficient depending on load/slab configuration and load transfer at a

crack or joint
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D = slab stiffness

k = slab support

P = magnitude of the load
D = slab stiffness

hq = slab thickness

The equation for maximum tensile stress at a joint or crack under dynamic truck loading for
South African conditions (Equation 2.20.) was achieved through regression analyses in
combination with finite element modelling and actual measurements of strain on concrete

loads under dynamic loading.

(Void + 1)2(C—0.16) 011 E1°'6

Stress = k e (T D) g 08 (Slavik, et al. 2004) (2.20)

Where;

Stress = maximum tensile stress close to a joint or crack in the pavement

k = depends on wheel load and surface pressure as well as the bond between
subbase and slab

Void = length of void below slab

c = load transfer coefficient

E, = slab stiffness

hq = slab thickness

E, = subbase stiffness

h, = subbase thickness

E, = equivalent subgrade support stiffness

a = 1.95/(n°Ep)* %
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v = speed of heavy vehicles

The expected life (N) of the pavement is calculated as presented in Equation 2.21.

b

Expected lifeN = a (%Z;Sht) (Cement & Concrete Institute 2001) (2.21)
Where;

stress = Equation 2.20

strenght = strength of the concrete

a = damage constant

b = damage factor

Many designers realize the uncertainty of concrete input parameters and consequently try to
avoid the use of a single point estimates. Reasonable practical values are preferred instead.
cncRisk incorporates a triangular probability distribution to express the stochastic nature
(governed by the laws of probability) of the input variables (Cement & Concrete Institute
2001). According to Brian Perrie, managing director of C&CI, this stochastic approach to
design, is unique in pavement design (Advertorial VOL6 No1 Feb 2003).

A triangular distribution is defined by three parameters namely a minimum practical value,
the best estimate and a maximum practical value (Figure 2.12).

mean = (a+bh)/3

variance = (a*-ab+b?)/18

Figure 2.12 Triangle distribution of cncRisk input variables
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cncRisk determines the risk (R, Equation 2.18) of pavement failure by calculating the

stress/strength ratios of the maximum surface tensile stress near a joint or crack.

2.5.2 cncPave

An upgrade of cncRisk resulted in cncPave. The same approach was taken in cncPave,
except that the risk of pavement failure was not being calculated, but rather the area of
pavement failure (Strauss, Slavik, et al. 2007). cncPave has been used since 2004, but the
capacity was increased in 2006 to accommodate the inclusion of UTCRCP. Experience in
Europe and testing under the Heavy Vehicle Simulator (HVS) has indicated that the use of
high strength concrete, steel fibres and a high percentage of steel reinforcement allow the
designers to reduce the thickness of the concrete overlay to as little as 50 mm (Strauss,
Slavik, et al. 2007).

Although a computer program can never replace designers’ intelligence, cncPave can
quickly pre-try the design, evaluate its quality, and thus facilitate competent decision making.
The consequences of a certain pavement design are express in terms of decision variable,

viz.

P cncPAYE4, v0.4, ©2009 CEMENT AND CONCRETE INSTITUTE (gu22e) p -|ol =]
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Figure 2.13 Control screen of cncPave showing input variable and outputs
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e % shattered concrete surface (SH %)

e % pumping concrete surface (PU %)

e % faulting in the concrete (plain & dowel concrete) (FA %)
e Crack spacing (CRCP & UTCRCP) (X, m)

e Life cost of the pavement (LC, R/m2)

Pumping (Figure 2.13) is a function of: area of the pavement where the deflection exceeds a
limiting value (this is a function of expected number of load applications), annual rainfall,
permeability of the pavement to the surface water and erodibility of the slab support. The
area of shattered slabs is a function of the area of the pavement that shows cracking as well
as pumping (Slavik, et al. 2004).

In addition, probabilities of the decision variables exceeding certain limits (the confidence
intervals) can be determined from the respective graphs (Figure 2.14).
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Figure 2.14 Graphs screen from cncPave showing probability distributions of the
decision variables (Slavik, et al. 2004)

The current cncPave version 4.04 inludes 29 constants and 18 variables as input
parameters. Of the 18 input variables, 17 have triangular distributions, while one, the
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dynamic axle load, follows an empirical distribution. The dynamic axle load distribution was
obtained by means of weigh in motion (WIM) measurements (Cement & Concrete Institute
2001)

The basic equation by which cncPave calculates crack spacing was derived from the revised
American M-E PDG’s approach for CRCP crack spacing developed by D.G. Zollinger,
professor at Texas A&M University (Zollinger 2007). The equation as presented below was
tweaked for South African conditions and included in the current version of cncPave
(Strauss, Personal Communiation between P.J. Strauss and J.A.K. Gerber 2010).

. 2
_ fas—Cioy; [1 “h zc]
L= P [Formerly Equation 2.17] (2.22)
2 cydp

According to Slavik, et al. 2004 cracks and changes in crack patterns are still being
monitored and measured for the validation and calibration of the design system.

2.6 Closure

Presented in the literature review is the most relevant information found about CRCP crack
spacing. Due to the limited access to UTCRCP literature, the CRCP method of failure was
explored. Punchouts occur when a thin longitudinal crack forms between two narrowly

spaced transverse cracks.

The primary factors that influence transverse crack spacing are pavement temperature
conditions, shrinkage due to concrete drying, the bond between the concrete and reinforcing
steel, characteristics of the reinforcing steel and the interface friction between the slab and
supporting substructure.

The supporting substructure can be modelled either as a dense liquid or an elastic solid
structure. These two ideologies yield important pavement parameters such as the radius of
relative stiffness and concrete elastic modulus which are input parameters in the
Mechanistic-Empirical Pavement Design Guide’s mean crack spacing formula.

Descriptive statistical measures are used to characterize transverse crack spacing
distributions. Mean transverse crack spacing without the characterization thereof is not
sufficient in predicting CRCP punchouts.
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3 RESEARCH METHODOLOGY

3.1 Introduction

The research methodology for the characterization of transverse crack spacing distributions
comprises of three sub-chapters. The first sub-chapter is the research design and comments
on the scope of works. The second sub-chapter is the elements that pertain to the UTCRCP
crack spacing distribution. This sub-chapter discusses the research instruments, the method
of data acquisitioning, and the data analysis procedures. The third sub-chapter is the
limitations chapter. In it the limitations that have affected this study are discussed.

3.2 Research Design

The Heidelberg Traffic Control Centre (TCC) APT research project was an experimental
study on UTCRCP. A typical Engineering Method to transverse crack spacing
characterization was adopted (Figure 3.1). This approach included a combination of
simulations, data acquisitioning, modelling procedures and analysis methodologies. Each
criterion of the project scope contributed uniquely to the research process and will be
discussed below.

3.2.1 Traffic simulation

Traffic simulation was desired to induce pavement deterioration. The opted means of traffic
simulation was a full-scale APT device, namely Mobile Load Simulator 66 (MLS 66). This
type of technology gives sort after insight on pavement response, structural capacity and
accurate load repetitions count under controlled circumstances in a fraction of the time of

genuine (real) traffic.

The rare availability and the costs of APT projects are of the difficulties concerning the use of
this technology.

3.2.2 Field data acquisition

Field data was used to validate and calibrate existing pavement modelling techniques.
Pavement deflection and seismic response parameters were obtained to achieve the above
stated. Varying pavement temperatures affect the deflection and seismic responses, thus

pavement temperatures were monitored.
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Pavement deflection response measurements are relative easy to conduct and cost
effective. The quality of the data is device dependent hence a functional calibrated device
was requested. As stated, deflection analysis procedures should be validated prior to

pavement modelling.

Pavement seismic response testing is a type of non destructive testing (NDT) technique.
Equipment is expensive and rarely available. Best results are obtained when the upper (top)
pavement layer exhibits uniform, isotropic, homogeneous characteristics (FHWA-CFL/TD-
09-002 2009).

Visual surveys of the pavement surface were conducted for record and reference purposes.

3.2.3 Pavement modelling techniques

Mechanistic-Empirical (M-E), linear elastic, probability distribution models and cncPave were
used to derive results for transverse crack spacing analyses.

The M-E model used was not originally calibrated for UTCRCP, but for CRCP. The model
considers a number of input constants and variables ranging from material and geometric
properties to climatic data. The inclusion of linear elastic modelling was specifically to bridge
the gaps that occurred due to the various differences between CRCP and UTCRCP. The
strengths of the software used are that it can account for a loss of bond between layers in a
pavement structure and that it has a relatively short analysis period.

The final modelling procedure opted for was the cncPave probability distribution program,
based on the Monte Carlo simulation. This program gave insight into various calculation
results especially the confidence intervals for the transverse crack spacing distribution. Due
to the relevant recent development of UTCRCP, this model is based on CRCP algorithms
calibrated for UTCRCP. Current research is continuously evaluated and annually
incorporated in cncPave to better represent UTCRCP characteristics.

3.2.4 Transverse crack spacing analysis

Diagnostic investigations in combination with descriptive statistics lead to the conclusions of
this study. Descriptive statistics were used to evaluate the characteristics of transverse crack
spacing distributions (Selezneva, et al. 2002).
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3.3 Elements Pertaining to UTCRCP Crack Spacing Distribution

Characterization

By following the Engineering Method to characterize transverse crack spacing distributions,

this section discusses in greater detail the steps enclosed by the dashed lines depicted in

Figure 3.1.
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The properties of the UTCRCP field test section are briefly discussed, followed by the

equipment used to obtain the necessary data. The quality of the data is examined and the

methodology of interpretation and analysis is presented.

3.3.1 UTCRCP test section

Two experimental STPP UTCRCP test sections were constructed at the Heidelberg TCC in

Gauteng. The results of these test sections lead to the construction of UTCRCP LTPP

sections as overlays on the screener lane onramps (exits) at the TCC. The southbound

screener lane is referred to as the East Bound (E) in the Africon construction report (Africon

2008). By referring to the southbound screener lane as the eastbound the actual reference is




made to the eastern side of the N3, which travels from North to South at the Heidelberg
TCC. The southbound screener lane construction phase was subdivided into four sections:
E1, E2, E3 & E4 (Africon 2008). This study was conducted on the southbound LTPP
screener lane onramp (E4) as depicted in Figure 3.2. The test section had an average cross
slope of 3.3 percent towards the V-Drain and an average longitudinal slope of 0.8 percent. A
longitudinal joint separated the 2.16 m wide UTCRCP shoulder with the 5.5 m continuously
casted UTCRCP traffic lane. No longitudinal joint existed between the UTCRCP traffic lane
and the extension of the UTCRCP traffic lane (Figure 3.2).

Due to space constraints, traffic simulation with the APT device was applied on the right
edge line (white line). Enough clearance was allowed for heavy vehicles exiting the TCC to
safely pass by the test section. The position of simulated traffic met Westergaard’s criterion

for interior loading.

| Longitudinal Construction Jeint
eft Edge Line (Yellow Line)::

150 mm

iiiiiil: Giiiniiiniiiniiil Screener Lane Edge (Mo Drain) Dliliiiiiiiiiiiiiiiiialiiiaiaiaiilalalaniiiiiilly

Surface Gravel

Figure 3.2 APT test section layout

Layer Name Thickness (mm}
UTCRCP 50
AC Continuously Graded Medium Grade 40
1 Crushed Stone Base 150
C4 Stabilized Subbase 150
C4 Stabilized Subbase 150
C6 Stabilized Subbase 150

GT Selected Subgrade 150

Subgrade 150

Roadbed Semi Infinite

Figure 3.3 Screener lane pavement structure
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The UTCRCP overlay was constructed on the existing asphalt (AC) surface. Figure 3.3
depicts the complete pavement structure as it was recorded in the pavement’'s AS-BUILT
drawings. Various concrete mix designs were tested in STPP test sections. The adopted
concrete mix design of the southbound UTCRCP screener lane overlay is presented in Table

3.1.

Table 3.1 Concrete mix design (Africon 2008)

Material Component Unit Qty
Cementitious Material Cement kg/m: 481
PFA (pulverised fly ash) kg/m 86.6
CSF (condensed silica fume) kg/m3 72.2
Water (maximum) - I/m® 175
Water/Cementitious Material Ratio - - 0.325
6.75 mm kg/m® 972
Aggregate Silica Sand kg/m® 683
Steel Fibres kg/m® 100
Polypropylene Fibres kg/m3 2
Cement Aggregate Ratio - - 0.39
Admixture per 100g of Cementitious Chryso Optima 100 ml 442
Material Chryso Premia 100 ml 626
Slump (Steel Fibres added) - mm 150

The average hardened concrete properties obtained by the mix design in Table 3.1 are

presented in Table 3.2.

Table 3.2 Concrete mix properties (Africon 2008)

Properties Days | Minimum Maximum | Average
1 34 66 50
Compressive 3 49 84 66
Strength (MPa)
7 72 92 83
28 72 127 103
1 5.5 10.0 7.7
Flexural 3 7.2 11.4 9.1
Strength (MPa)
7 10.2 11.6 10.8
28 10.2 13.8 12.2
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Additional information upon the construction and properties of the UTCRCP layer is
presented in Appendix B.

3.3.2 Research instrumentation

Various instruments were used in this study. Traffic simulation was done by means of an
APT device, namely Mobile Load Simulator 66 (MLS 66). A Falling Weight Deflectometer
(FWD) and Multi Depth Deflectometer (MDD) were used to acquire deflection data. Seismic
response data was obtained by using a Portable Seismic Property Analyzer (PSPA) and
temperature data was monitored with a MicroDAQ data acquisition temperature logger.

In this section each instrument is discussed.

3.3.2.1 Mobile Load Simulator 66

The MLS 66 (Figure 3.4) is full scale APT device produced by MLS Test Systems (Pty) Ltd in
Stellenbosch, South Africa. It is based on the design of the MLS 10 which was used in the
study (de Vos 2007) for the development of the Mozambique Mechanistic Pavement Design
Method (MMPDM).

Traffic is simulated on the principle of six sets of wheels connected to a rotating chain. A
wheel set, also better known as a bogie, consists of a dual set of 305/70R22.5 tyres and
each bogie is spaced at an offset of 3.6 m from each other. Thus one complete revolution of
the chain yields six applied load repetitions. The force that drives the chain is induced by
sets of linear induction motors (LIMs). The load capacities of the bogies are generated by a
hydraulic system. The load of each bogie is independently adjustable. A summary of the
main characteristics of the MLS66 is presented in Table 3.3.

= = =

Figure 3.4 Schematic side view of the MLS 66
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Table 3.3 Main MLS 66 characteristics

Overall Dimensions (m) 15x3.8x2.6

s Minimum Maximum
Trafficking Wheel Speed (km/h)

5.4 (1.5 m/s) 21.6 (6 m/s)
Loading Capacity (kN) 80 (adjustable)
Load Repetition Frequency (Load Minimum Maximum
Applications per Hour)
1500 6000

Load Directions Uni-directional
Effective Trafficked Length (m) 6.6

Channelized or Transverse Wander

Traffic Mode Distributions

Maneuverability Remote Controlled

Traffic simulation was done following a specific sequence of events which included wet
testing, dry testing, channelized simulation and transverse wander simulation. The
alternation between wet and dry testing as well as the traffic mode and axle count at
occurrence is summarized in Table 3.4. Wet testing comprises of water that is sprayed on
the surface of the pavement to simulate rain or moisten conditions. The duration of a typical
wet test in this study, as agreed with the South African National Road Agency Ltd
(SANRAL), consisted of 40 000 axle load repetitions (approximately seven hours of
continuously trafficking). Wet tests were followed by 120 000 axle load repetitions of normal
trafficking (dry surface, no water added).

Pavement response was monitored under channelized and transverse wandering scenarios.
Due to the tight space restrictions on the test section, transverse wandering was only applied
over a distance of 200 mm to the one side of the right edge line depicted in Figure 3.2.

A total of 2.8 million axle load repetitions were applied on the UTCRCP surface at 80 kN per
load application with the exception of the first 200 000 repetitions, which were conducted at
75 KN. With a damage factor of 4.5 the total equivalent number of axles adds to
approximately 63 million. Traffic simulation started in March 2009 and ended in September
2009. During this autumn and winter period, traffic simulation was not done continuously, but
at appointed intervals.
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Table 3.4 MLS 66 test setup and load application plan

TOtI.?::aAcIXIe Axle I.'?ad Surf'a(':e Load (kN) Pr:‘;:re Traffic Mode Trafficking
Repetitions Repetitions | Condition (kPa@25°C) Speed (m/s)

0 200000 Dry 75 800 Channalized 6
200000 100000 Dry 80 800 Channalized 6
300000 60000 Wet 80 800 Channalized 6
360000 120000 Dry 80 800 Channalized 6
480000 40000 Wet 80 800 Channalized 6
520000 120000 Dry 80 800 Channalized 6
640000 40000 Wet 80 800 Channalized 6
680000 120000 Dry 80 800 Channalized 6
800000 40000 Wet 80 800 Channalized 6
840000 120000 Dry 80 800 Channalized 6
960000 40000 Wet 80 800 Channalized 6
1000000 40000 Wet 80 800 Wander 6
1040000 120000 Dry 80 800 Wander 6
1160000 40000 Wet 80 800 Wander 6
1200000 120000 Dry 80 800 Channalized 6
1320000 40000 Wet 80 800 Channalized 6
1360000 120000 Dry 80 800 Channalized 6
1480000 40000 Wet 80 800 Channalized 6
1520000 120000 Dry 80 800 Channalized 6
1640000 40000 Wet 80 800 Wander 6
1680000 120000 Dry 80 800 Wander 6
1800000 40000 Wet 80 800 Wander 6
1840000 120000 Dry 80 800 Wander 6
1960000 40000 Wet 80 800 Wander 6
2000000 120000 Dry 80 800 Wander 6
2120000 40000 Wet 80 800 Wander 6
2160000 120000 Dry 80 800 Wander 6
2280000 40000 Wet 80 800 Wander 6
2320000 120000 Dry 80 800 Wander 6
2440000 40000 Wet 80 800 Wander 6
2480000 120000 Dry 80 800 Wander 6
2600000 40000 Wet 80 800 Wander 6
2640000 120000 Dry 80 800 Wander 6
2760000 40000 Wet 80 800 Wander 6
2800000

3.3.2.2 Falling Weight Deflectometer

The FWD is a well known device that is used to obtain deflection data on pavement
surfaces. A branch from Specialised Road Technologies (Pty) Ltd (SRT), situated in
Boksburg Gauteng, was contracted to conduct the deflection tests with their machines.
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The test section enclosed by the dashed lines in Figure 3.2 is enlarged and depicted in
Figure 3.5.

-8 -7 -6 -5 4 -3 -2 -1 0 i+l i+2 i+3 i+4 i+5 i+6 i+? i+8

Existing Wheel Path (Righti

0 m (CL = right edge line)

ection

1m

15m

1m

1.5m
Edge

Surface Gravel (no drain)

MLS 66 trafficked area (-3 m to +3 m)

Figure 3.5 APT test section detailed layout for FWD measurements (from Figure 3.2)

A grid (blue lines Figure 3.5) was marked out on the test section to indicate where the load
plate of the FWD should be positioned whilst deflection measurements were done. High
density FWD tests were conducted on the test section at the various stations as follows.
Station 1 to 17 was situated on the centre line (CL) of the test section, thus deflection
measurement were done in the simulated wheel path. Stations 18 to 34 were at an offset of
1 m from the CL and stations 35 to 51 were at an offset of 1.5 m from the CL on the edge of
the pavement. All stations were at an offset of 1 m from each other in the longitudinal
direction (see top of Figure 3.5, -8 m to +8 m).

Deflection data was collected twice at all 51 stations. Once at 1.2 million applied axle load
repetitions and the second time a year after the completion of the APT project. Hence no
FWD data was collected at zero axle load repetitions i.e. no base line deflections. To
represent interior pavement base line deflection response, stations 1 t0 5, 1310 17, 18 to 22
and 30 to 34 were selected. These stations lay outside of the trafficked section (Figure 3.5)
thus it was assumed that these stations would exhibit base line deflection responses.

Deflection measurements were done in the longitudinal direction at 40kN, 60kN and 80kN
falling weights for each station. The load plate radius was 150 mm and the FWD sensors
conformed to the following spacing setup; 0, 200, 300, 450, 600, 900, 1200, 1500, 1800 mm
from the centre of the load plate.

3.3.2.3 Multi Depth Deflectometer

A MDD measures in-situ elastic deflections or permanent deformation at various depths or
layers in a pavement system. A single MDD was installed and calibrated in the centre of the
test section, by the Council for Scientific and Industrial Research (CSIR) in South Africa.

41



The trafficked section enclosed by the yellow rectangle in Figure 3.5 is enlarged and
depicted in Figure 3.6. The JDMD anchor rod holes will be discussed in Chapter five.

-3 -2 -1 0 1+1 1+2 1+3

Existing Wheel Path (Right)

0 m (CL =right edge line)

Trafficked Section

Figure 3.6 MDD position on the test section (from Figure 3.5)

The basis of the patented MDD system is a series of linear variable differential transducer
(LVDT) modules that are mounted on a rod in a 39 mm diameter hole in the test section.
Up to six LVDT modules can be mounted at various depths in the hole. The LVDT module
measures the displacement of the soil relative to the rod to an accuracy of 10 microns.

In this study only two LVDT modules were installed. A LVDT module was installed at a depth
of 20 mm in the UTCRCP layer. Another was installed at a depth of 170 mm from the
UTCRCP surface i.e. approximately in the middle of the G1 granular layer. This was done to
monitor in-situ pavement deflection response whilst the MLS 66 was applying axle loads to
the pavement in the channelized or transverse wander mode. Deflection measurements

were taken at regular intervals through the duration of the APT experimental project.

3.3.2.4 Portable Seismic Property Analyzer

Seismic stiffness response of the UTCRCP layer was conducted with the PSPA (Figure 3.7).
The device consists of a source (S) and two receivers (Ra, Rg), packaged into a hand
portable system. The PSPA is connected via USB to a laptop computer, which makes for
instantaneous viewing of acquired data. The operating principle of the PSPA is based on the
following. The source generates stress waves in a medium whereas the receivers detect the
stress waves in the medium. The Ultrasonic Surface Wave (USW) interpretation method is
then used to determine the modulus of the medium (material). This method utilizes the

surface wave energy to determine the variation in surface wave velocity with wavelength.
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The variability of test results with the PSPA is less than three percent without moving the
device and around seven percent when the device is moved in a small area (de Vos 2007).

s

. .-,;:.a.' {-.;-“___._ 4

Figure 3.7 Portable Seismic Property Analyzer (PSPA)

The test section’s seismic stiffness response was monitored four times consisting of the
following intervals; 0, 750 000, 1200 000 and 2 800 000 applied axle load repetitions.
Measurements were taken at each station (Figure 3.8) in the longitudinal and transverse
direction. This was done to monitor the deterioration of the UTCRCP layer and to evaluate if
there existed a difference in the direction of deterioration due to the effects of channelized
traffic loading.

0m (CL=right edge line)

@PsPA station

MLS 66 trafficked area (-3

Figure 3.8 PSPA station layout on the test section

Station offsets were positioned in the channelized longitudinal wheel path i.e. on the centre
line, 200 mm above and below the centre line and 450 mm below the centre line as depicted
in Figure 3.8. The source-senor-spacing configuration was as follows. The distance between
the S and Rywas 50.5 mm and the distance between S and Rgwas 127 mm.
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3.3.2.5 MicroDAQ Data Acquisition

A USB-73T8 MicroDAQ Data Acquisition device was used to monitor the temperature of the
concrete slab. Thermocouples were installed in the pavement on the 1 m offset line (Figure
3.5) at the following depths; at the surface, depth of steel (25 mm) and at 50 mm. These

temperature measurements were requirements in the M-E calculations.

3.3.3 Data

To discuss the data used in the analysis procedure it is divided into four categories
consisting of deflection data, seismic response data, temperature data and visual surveys.

3.3.3.1 Deflection Data

Transverse cracks, a reduction or loss of bond between layers, moisture content and a
number of other factors affect the shape of a deflection bowl. The high density of FWD
measurements was used in statistical analyses, thus reducing the uncertainty of the quality
of the deflection bowls. Maximum deflections varied along the test section as was expected.
Similar maximum deflections were grouped as depicted in Figure 3.9 to account for the

variations.

Existing Wheel Path

0 m (CL = right edge

raffick E rafficked Section raffick

Surface Gravel [no drain)

Figure 3.9 FWD maximum deflection groupings to account for variation

The sections where no applied traffic had been induced yielded the lowest maximum
deflections. FWDs taken on the edge yielded the highest maximum deflections.

MDD data was captured consistently as the APT project progressed. A transverse crack
formed on the 0 m transverse offset line (Figure 3.6) and grew towards the weak spot in the
pavement which was the 39 mm diameter hole in which the LVDTs of the MDD were
installed.
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Big amounts of spalling at this crack interface lead to the termination of data capturing with
the MDD at approximately 2.3 million applied axle load repetitions.

3.3.3.2 Seismic Response Data

The measured seismic response (waveform) undergoes transformation known as the Fourier
transformation. This transformation step makes the determination of velocity with wavelength
much easier. Coinciding with this transformation is the phase spectrum (Figure 3.10), which
can be considered as an intermediate step between the time records of the waveforms and
the final product i.e. the displayed data on the laptop computer.
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Figure 3.10 Typical phase spectra obtained from a time record

The phase spectrum consists of the measured profile and a predicted (estimated) profile.
The predicted profile is used to compute the displayed data. Thus a good waveform yields a
better fit between the measured and predicted phase spectrum and more precise data.
Factors that influence the waveform and thus the phase spectra are the uniformity,
thickness, isotropic and homogeneous characteristic of the layer under consideration.

The UTCRCP properties have not entirely conformed to the requirements for best results,
mentioned in Section 3.2.2. This was evident in the phase spectra results of the obtained
data. In general the PSPA measurements gave insight to the reduction characteristics of
UTCRCP stiffness. A function of the PSPA known as Echo-Impact (El) calculates layer
thickness. The Echo-Impact function indicated that the layer thickness of the UTCRCP
conforms to approximately 50 mm.

45



3.3.3.3 Temperature Data

The pavement temperatures were monitored in 24 hour cycles at 5 minute intervals. This
was done during the winter period to get an indication of pavement response to ambient
winter conditions at the various depths. The obtained data revealed this response in detail.
Temperature data acquisitioning occurred only for a short period during the APT project and
not throughout the project. This was due to an arrangement regarding the equipment. The
collected data however outlined what response to expect and created the frame of reference
for winter temperatures in this study.

Additional climate data comprising of the monthly precipitation records of the last ten years
and the maximum ambient temperatures for the period of the UTCRCP construction phase
were obtained from the South African Weather Service (SAWS).

3.3.3.4 Visual Surveys

A crack map was constructed by visually inspecting the test section and recording the cracks
on scale. The distances between the cracks were measured and served as a comparison for
the models and techniques used to analyze the data.

3.3.4 Data analysis strategy

The main goal of the data analyses was to characterize the transverse crack spacing
distributions. The procedure consisted out of five parts; Mechanistic-Empirical Analysis
Phase |, Linear Elastic Analysis, Mechanistic-Empirical Analysis Phase Il, Statistical Analysis
and Diagnostic Investigation. Each procedure is explained and discussed.

3.3.4.1 Mechanistic-Empirical Analysis Phase |

The objectives of this analysis were to obtain two UTCRCP variables, the radius of relative
stiffness (I or l) and the concrete’s modulus of elasticity (Epc). The following steps explain
the procedure.

Step 1: The FWD deflection measurements were categorized as discussed in Section
3.3.3.1. The ‘Not Trafficked’ sections (Figure 3.9) were merged into the same group and the
‘Edge Loading’ FWD deflection measurements were not considered in this analysis.

Step 2: The AREA parameter (A,) was calculated for each individual accepted deflection
bowl in the categorized sections (Trafficked and Not Trafficked, Figure 3.9) using Equation
2.3.
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Consider the DL-Model:

Step 3: The radius of relative stiffness (/) for each A, parameter was determined by using
Equation 2.4.

Step 4: The modulus of substructure ks, was calculated for each I, using Equation 2.5.
Step 5: The modulus of substructures ks, were adjusted to kg,with Equation 2.6.

Step 6: The fictitious concrete elastic modulus (E,) of each deflection bowl was determined
with Equation 2.7. It was assumed that the Poisson’s ratio of concrete was 0.15.

Step 7: The concrete elastic modulus (E,.) of each deflection bowl was determined with
Equation 2.13.

Consider the ES-Model:
Step 8: Steps 1 and 2 were repeated.

Step 9: The radius of relative stiffness (/) for each A, parameter was determined by using
Equation 2.8.

Step 10: The elastic modulus of the subgrade (Es) was calculated for each /, with Equation
2.9.

Step 11: The fictitious concrete elastic modulus (E,) of each deflection bowl was determined
with Equation 2.10. It was assumed that the Poisson’s ratio of concrete and the subgrade
was 0.15 and 0.35 respectively.

Step 12: The concrete elastic modulus (Eyc) of each deflection bowl was determined with
Equation 2.13.

This concludes the first phase of the M-E analysis. Two sets (DL & ES) of the desired
variables, radius of relative stiffness and the elastic modulus of concrete, were calculated.

3.3.4.2 Linear Elastic Analysis

As with the first phase of the M-E analysis the objectives of this analysis were also to obtain
two UTCRCP variables, the radius of relative stiffness (l.sic) and the concrete modulus of
elasticity (Epce)-
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The categorized FWD results (Figure 3.9) were statistically analyzed by means of maximum
deflections and ranked from the 10™ percentile to the 90" percentile. The linear elastic
software programe BISAR 3.0 was used to simulate the 10", 50" and 90" percentile FWD
deflection bowel with a 40, 60 and 80 kN falling weight.

In each case the deflection bowl was iteratively calculated until the simulated deflection bowl
was as close as possible to the measured deflection bowl without unrealistic stiffness
attributed to any layers. A guide for various realistic pavement stiffness ranges were taken
from the “Over view of the South African Mechnistic Pavement Design Analysis Method”
(Theyse, de Beer and Rust 1996). The initial pavement structure is depicted in Figure 3.3.

With the resulting E,., Equation 3.1 was substituted into Equation 3.2 to iteratively compute
the radius of relative stiffness (leastic)-

k = % [1 + i{ln (55) +¥ - 1.25) (5)2] [Formerly 2.5] (3.1)
wl 2n 21 l

letastic = 4\/ EpCChpccs (3.2)

12(1 — pye )k

Where;

Epee = elastic modulus of concrete (psi)

lotastic = radius of relative stiffness calculated for the elastic model (in)

Hpee = Portland concrete cement Poisson’s ratio

k = modulus of substructure reaction (psi/in)

hpee = Portland concrete cement thickness (in)

Edge loading FWD results were discarded for this analysis. Only categorized FWD results
that conformed to interior slab loading conditions were used.

3.3.4.3 Mechanistic-Empirical Analysis Phase Il

The objective of the second phase of the M-E analysis was to calculate the mean crack

spacing parameter (L).
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The variables that were successfully analyzed in the M-E Phase | and in the Linear Elastic
Analysis were used in this second phase M-E analysis.

Mean crack spacing was calculated with Equation 2.17. This equation required some
pavement temperature variables therefore the temperature data was analyzed and
presented as a temperature profile plot along the depth of the UTCRCP.

The results of M-E phase Il are various mean crack spacing lengths.

3.3.4.4 Statistical Analysis

The actual crack spacing lengths as recorded in the visuals surveys were analyzed.
Descriptive statistical measures such as, mean, median, standard deviation, coefficient of
variation (COV) and crack spacing frequency per trail section were computed.

The probability of transverse crack occurrence was calculated by means of Equation 2.14.

3.3.4.5 Diagnostic Investigation

In this investigation, cncPave404 simulations were evaluated with the results of the statistical
analysis, M-E PDG crack spacing calculation, MDD data and the PSPA findings. Visual
surveys were also considered in this chapter. Thus this investigation collectively analyzes
the spectrum of data acquired in the UTCRCP APT project.

3.4 Limitations

This study is limited to a single test section. The test section as depicted in Figure 3.2
formed part of a fully functional screener lane. Thus prior to the APT project no crack growth

monitoring was conducted.

Data was primarily captured during the winter season. Therefore the conclusions and
assumptions based on the data were made for winter conditions. Whether warmer conditions
would yield similar results remains to be investigated.

Maneuverability was restricted on the test section due to space limitations. Concrete barriers
were placed between the MLS 66 and the passing traffic on the screener lane. Passing
traffic had to use part of the shoulder (Figure 3.2). Under these conditions transverse
wandering of the MLS 66 was limited to only 200 mm to the right (in direction of traffic) of the
white edge line (Figure 3.2).
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The high amount of longitudinal steel (approximately 1%) and steel fibres in the UTCRCP
composition influenced the waveform quality of the PSPA device. The PSPA device as it
was setup for testing had an upper limit 25 mm and a lower limit of 140 mm in terms of
seismic wave penetration depth. Hence it only computed the properties of the material that

were in this limit range.

3.5 Closure

The methodology in completing the required steps enclosed by the dashed lines in the
Engineering Method (Figure 3.1) had been explained and discussed. The procedures as
defined in the research methodology and depicted in Figure 3.11 will be presented in the
chapters to follow.
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Figure 3.11 Layout of the methodology for transverse cracking characterization
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4 DETERMINATION OF MEAN CRACK SPACING

4.1 Introduction

The outcome of this chapter is the calculated mean crack spacing for UTCRCP. Preceding
the mean crack spacing calculation the radius of relative stiffness and elastic modulus of
concrete should first be determined. Hence a mechanistic-empirical method was adopted
followed by a linear elastic modelling procedure. Finally mean crack spacing was calculated
by means of the M-E PDG'’s prediction model.

4.2 Mechanistic-Empirical Analysis Phase |

The FWD data results are presented in this section, followed by depictions of the calculated
radii of relative stiffness and concrete elastic moduli.

4.2.1 FWD deflection results

The distribution of the FWD analysis procedure is depicted in Figure 4.1. Due to the
repetition of procedures the 40 kN FWD results (pink route, Figure 4.1) will primarily be
presented and discussed in this chapter. Important summaries will include the 60 and 80 kN
FWD results. The complete exposition of the FWD results is presented in Appendix C.

FWD Measurements FWD
Selected Model DL or ES

Applied Load Repetitions*
Loading Criterion |[Edge| | nterior | |Edge] | Interior | |Edge| | Interior |

oo egrvc o 4] ) (33 R ) [ [ o))l ) ) o o ) ) ] 8

*k =x 1000 load repetitions

Figure 4.1 Distribution of FWD analysis procedure

Figure 4.2 depicts the longitudinal distribution of the 40 kKN FWD maximum deflections. The
magnitudes of the obtained deflections were fairly similar for stations situated on the centre
line at the positions -8 m to -4 m. Deflection magnitudes rapidly increased for stations at
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-3 m to 0 m and increased again for stations situated at 0 m to 3 m. The magnitudes of the
deflections for stations situated at position 4 m to 8 m were similar.
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Figure 4.2 Maximum 40 kN FWD deflections along longitudinal centre line (interior)

Traffic simulation was applied between the -3 m and +3 m offsets and included seven FWD
stations (Figure 3.9). Out of the seven FWD measurements conducted at 2800k load
repetitions, only two (-1 m & 0 m) increased in deflection when compared to the deflections
obtained at 1200k load repetitions (Figure 4.2). The increased in deflection of the two points
at the -1 m and 0 m offsets, can be attributed to accumulation of pavement damage under
loading, due to initial artificially induced damage. When referred to artificial induced damage,
reference is made to the installation of the multi depth deflectometer (MDD) at the 0 m offset.

At both stages (1200k & 2800k) the maximum deflection was obtained at the 0 m offset. In
general Figure 4.2 depicts a decrease in pavement deflection under APT. This is contrary to

expectation and a possible reason for this occurrence is the compaction of the soil under
APT.

Figure 4.3 presents the longitudinal distribution of the 60 kN FWD maximum deflections. The
60 kN deflections and the 80 kN deflections revealed the same trend as the 40 kN
deflections. However the 40 kN case displays a greater difference between the deflections
obtained at the 0 m offset during the 1200k and 2800k intervals. This phenomenon was not
further investigated and falls outside the scope of this study.
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Figure 4.3 Maximum 60 kN FWD deflections along longitudinal centre line (interior)

The initial assumption that the Non-Trafficked interior sections (Figure 3.9 & Figure 4.3)

could be used as an indication to the pavement’s base line deflection response, yielded

favourable results.
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Figure 4.4 Maximum 40 kN FWD deflections at the various interior offsets
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Figure 4.4 depicts the 40 kN FWD measurements at the offsets -3 m, -2 m, -1 m and 0 m.
The measurements at offsets -3 m and -2 m clearly show, what was discussed as contrary to
expectation, the initial increase in deflection followed by a decrease.

4.2.2 Radius of relative stiffness

The radii of relative stiffness for a DL-model and an ES-model were calculated from each
deflection bowl. Depicted in Figure 4.5 are the radii of relative stiffness for a DL-model (l)
calculated from the 40 kN FWD deflection bowls at 1200k load repetitions and 2800 load
repetitions. The magnitudes of the radius of relative stiffness along the centre line of the test
section were generally slightly greater at 2800k load repetitions than at 1200k load

repetitions.
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| 1
] ]
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RADIUS OF RELATIVE STIFFNESS I, [ mm]
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TEST SECTION LONGITUDINAL CENTRE LINE OFFSETS [m]

——1k (1200k load repetitions) —f— 1k (2800k load repetitions)

Figure 4.5 Radius of relative stiffness I, for the DL-model along the longitudinal centre
line (40 kN FWD)

The difference in magnitude between the -1 m and 0 m offsets is accounted to a loss of
substructure support. According to the theory of the radius of relative stiffness (Equation 4.1)

3
lk _ 4 Epcchpcc - (Formerly Equation 32) (41)
12(1 - ﬂpcc )k
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the radius of relative stiffness (/) will increase if all parameters in Equation 4.1 remains
constant except for a reduction in the substructure support, k. A reduction in k would result in
an increase in pavement deflection. These increases in deflection are presented in Figure
4.2 at the respected offsets. It should also be mentioned that the deflection bowls at the
respected offsets, decreased slowly from Dy to Dgoo and then rapidly from Dggo 10 Diggo.
Station 8 at the offset of -1 m neighbours the centre position of the test section where
spalling and pumping was observed.
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RADIUS OF RELATIVE STIFFNESS I, [mm]

APPLIED AXLE LOAD REPETITIONS X 1000

—&— |k 40kN —fli—lk 60kN Ik 80kN

Figure 4.6 Average radius of relative stiffness for the DL-model at the indicated
applied axle load repetition interval and specified FWD loading

The average radius of relative stiffness at the various intervals is depicted in Figure 4.6. A
reduction in the radius of relative stiffness coincides with a reduction in pavement stiffness,
according to the theory presented in Equation 4.1. However an increase in the radius of
relative stiffness from the 1200k stage onwards (Figure 4.6), is attributed to an average
decrease in FWD measurements at 2800k load repetitions as discussed in Section 4.2.1.

Both models indicated similar pavement responses although the magnitudes of the radii of
relative stiffness for the ES-model (Figure 4.7) were slightly lower than the results of the DL-
model (Figure 4.8). A similar difference in the ES and DL radius of relative stiffness was
observed in FWD backcalculations done by the FHWA on LTPP test sections (FHWA-RD-
00-086 2001). Figure 4.8 depicts the variation of the radii of relative stiffness with the AREA
parameter A,for both models.
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A greater AREA parameter yields a larger radius of relative stiffness. The magnitude of the

AREA parameter is determined by the shape of the FWD deflection bowl. The lower limit for
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4.2.3 Elastic modulus of concrete

The backcalculated elastic modulus of the concrete layer (E,.), was done as discussed and
explained in Section 2.3.3 and Section 2.3.4. The E,, for the DL-model (Figure 4.9)
indicates a general increase in layer stiffness along the trafficked area for the measurements
conducted at 2800k load applications in comparison with the measurements of the 1200k
stage between the offsets -3 m and 3 m.
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Figure 4.9 Backcalculated concrete elastic modulus for the DL-model (40 kN FWD
deflection bowls)

The average E,. over the length of the tests section reduced as pavement distress was
applied and increased again towards the end of the test. This phenomenon is depicted in
Figure 4.10 and it replicates the trends of the radius of relative stiffness (Figure 4.6 & Figure
4.7). Figure 4.10 also indicates a difference in the magnitude of the backcalculated E, for
the three different FWD load configurations. Hence the pavement response indicates visco-
elastic characteristics. A greater FWD load results in stiffer pavement response at the same
applied axle load repetition interval.
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Figure 4.10 Average backcalculated concrete elastic modulus for the DL-model at the
indicated applied axle load repetition interval and specified FWD loading
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Figure 4.11 Backcalculated concrete elastic modulus E,.. of the DL-model versus the
ES-model (40 kN FWD deflection bowls)

According to Kannemeyer, et al. 2008 a finite element model indicated that the expected

elastic modulus of the concrete should be in the interval 50 GPa to 80 GPa. The magnitudes

of the various backcalculated concrete elastic moduli exceed expected values and are

unrealistic.

This is the case for both the DL and ES-model. The low radius of relative

stiffness calculated with the AREA parameter is one of the major contributors to these
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unrealistic backcalculated values. The ES-model yielded slightly lower values than the DL-
model (Figure 4.11).

4.2.4 Interim conclusions

The initial assumption that the Non-Trafficked interior sections (Figure 3.9) could be used as
an indication to the pavement’s base line deflection response, yielded favourable results.
Deflection magnitudes in these areas remained similar throughout the application of

simulated traffic (Figure 4.3).

Neither the DL-model nor the ES-model yielded radii of relative stiffness between 22.5 in
(570 mm) and 80 in (2032 mm). In this case the radii of relative stiffness were below 570 mm
thus a linear elastic approach can be used in calculating these parameters.

The results of the low radii of relative stiffness lead to unrealistic backcalculated concrete
elastic moduli.

The pavement structure displayed visco-elastic characteristics. A greater FWD load resulted
in a stiffer pavement response at the same applied axle load repetition interval (Figure 4.10).
Asphalt is known to have this characteristic and the UTCRCP layer was constructed on top
of a 40 mm asphalt layer.

In general the M-E Analysis Phase |, yielded unfavorable radii of relative stiffness and
concrete elastic modulus parameters. The radius of relative stiffness was outside of the
required interval (570 mm to 2032 mm) and the backcalculated elastic modulus of the
concrete greatly exceeded the expected interval of 50 GPa to 80 GPa. Therefore these
parameters will not directly be used as input parameters for further investigation.

4.3 Linear Elastic Analysis

The nature of the UTCRCP system, due to its severe upper layer stiffness, requires a linear
elastic modelling procedure to calculate the radius of relative stiffness and concrete elastic
modulus. Since concrete overlays of flexible pavements are becoming more popular; the use
of multi-layer linear elastic software programs to calculate not only residual life of the old
pavement, but also its stiffness as an input into the design of overlay, is essential (Cement &
Concrete Institute 2001).
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4.3.1 Linear elastic modelling setup

The software that was used in the modelling procedure was BISAR 3.0 (Shell International
Oil Products B.V. 1998). BISAR 3.0 calculates the stresses, strains and displacements in an
elastic multi-layer system. The system consists of horizontal layers of uniform thickness
resting on a semi-infinite base. The different layers extend infinitely in the horizontal
directions and the material of each layer is homogeneous and isotropic. Materials are elastic
and have linear stress-strain relationships. The program also accounts for partial slip
between layers

Based on maximum deflection the field FWD deflection bowls representing the 10", 50" and
90™ percentile were simulated at the various stages as depicted in Figure 4.12.

Desired Parameter (MPa)

Applied Load Repetitions 2800k

Load Magnitude (kN)  |Load case 40,60 & 80kN|  |Load case 40, 60 & 80kN|  |Load case 40, 60 & 80kN]|

Simulated percentile
of representing FWD 10™ 50™ go™ 10™" s0™" 9o™ 10™ 50" go™"
deflection bowl

* K =x 1000 load repetitions

Figure 4.12 Modelling procedure representing the 10", 50" and 90" percentile FWD
deflection bowl, based on maximum deflection

A circular load was used representing the FWD load plate and full friction between the layers
was assumed. Each simulated deflection bowl was iteratively adjusted to obtain the closest
fit to the real measured profile.

*——P FWD load plate (@ 300 mm)

UTCRCP
AC (40mm)
G1(150mm)

C4 (150mm)

C4 (150mm)

C6 (Semi Infinite)

Full friction between all layers

Figure 4.13 BISAR 3.0 modelling setup
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4.3.2 BISAR 3.0 modelling results

The 50™ percentile 40 kN FWD simulated profiles at the various stages are presented in
following three Figures (Figure 4.14, Figure 4.15 & Figure 4.16). The complete exposition of
the BISAR 3.0 results is presented in Appendix C.
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Figure 4.14 BISAR 3.0 simulated FWD deflection profile versus the measured 50"
percentile FWD profile for a 40 kN deflection bowl at Ok applied axle load repetitions

The 10", 50" and 90" simulated FWD deflection profiles displayed a close fit to the
measured profiles thus supporting the decision to use a linear elastic modelling technique.
However in some cases the measured deflection bowl could not be simulated with the
software. Although no non-decreasing deflection bowls were used as percentile
representative bowls, BISAR 3.0 was unable to simulate an obtuse angle (between 90° and
180°) that had formed between three consecutive measuring positions with reference to the
pavement surface of the real FWD deflection bowl. The phenomenon (Figure 4.17) was
observed at some of the 90" percentile deflection bowls, where great magnitudes of the

deflection measurements were obtained.
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Figure 4.15 BISAR 3.0 simulated FWD deflection profile versus the measured 50"
percentile FWD profile for a 40 kN deflection bowl at 1200k applied axle load
repetitions
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FWD SENSOR SPACING CONFIGURATION [mm]
do d200 d300 das0 deoo dooo d1200  d1500  d1800

50

100

150

200

250

FWD DEFLECTION [pum]

300

350

400

=——90th percentile representative

Figure 4.17 Obtuse angle formation between three consecutive deflection points on
an actual (not simulated) FWD deflection profile

Deflection bowl descriptors or parameters are often used to indicate the relative structural
strength contribution of the various pavement layers. A measured deflection bowl can be
described in terms of three distinct zones as depicted in Figure 4.18.

Zone 3:
Reverse
curvature

Zone 2:
Curvature
inflection

Zone 1:
Positive
curvature

Figure 4.18 Curvature zones of a deflection bowl (Horak 2007).

Zone 1 includes the base layer index (BLI). The BLI gives on indication of the base layer
structural condition (Guiama, Horak and Visser 2010). The BLI is calculated by subtracting
the deflection measurement D39 from Dy. Zone 2 includes the middle layer index (MLI). The
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MLI gives an indication of the subbase and selected layers’ structural condition. The MLI is
calculated by subtracting the deflection measurement Dggo from Dage. ZOne 3 includes the
lower layer index (LLI). The LLI gives an indication of the condition of the lower structural
layers, such as the selected and subgrade layers. The LLI is calculated by subtracting the
deflection measurement Dggo from Dego. Horak 2007 compiled a “Deflection bowl parameter
structural condition rating criteria”for various pavement types (Table 4.1).

Table 4.1 Deflection bowl parameter structural condition rating criteria for various
pavement types (Horak 2007)

Structural Deflection bowl parameters
condition | D, RoC | BLI MLl | LLI (um)
rating (um) (m) (um) (um)
Sound <500 | =100 <200 <100 <50
g;as';”'“' Warning | 500- | 50-100 | 200- | 100-200 | 50-100
750 400
| XD 750 | <50 | >400 | >200 | >100
Sound <200 | >150 | <100 | <50 <40
Cementi- | warning 200- |80-150 | 100- | 50-100 | 40-80
tious Base 400 300
L BB 400 | <80 | >300 | >100 >80
- Sound <400 | >250 | <150 | <100 <50
g:::“m”s Warning | 400- | 100- | 150- | 100-150 | 50-80
600 | 250 | 300
L EEES 600 | <100 | =300 | =150 >80

According to the above rating criteria, the FWD influenced the UTCRCP pavement system
exceeding a depth of 900 mm. This observation is made by the change in condition of the
lower selected layer as depicted in under APT (Figure 4.19). The extrapolated LLI base line
condition changed from a perfect sound condition to a general warning state (1200k) and
then back to a general sound condition (2800k).

150

Servere > 80

40 < Warning < 80
100

Sound < 40

50 1 b

¢ =—LLI - zero load repetitions
! [average]
i == LLI - 1200k load repetitions

i

i

i i

A A
- -

1 T

LOWER LAYER INDEX, LLI [um]

-4 -3 -2 -1 0 1 2 3 4 —@—LLI- 2800k load repetitions
TEST SECTION LONGITUDINAL CENTRE LINE OFFSETS [m]

Figure 4.19 LLI of the 40 kN FWD measurements at the various load count intervals
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The results of the BISAR 3.0 linear elastic analysis for the 50" percentile 40 kN FWD
simulations are presented in Table 4.2. The layer moduli of the overlaid asphalt pavement
compares favourably with the suggested moduli according to Theyse, et al. 1996 in the
“Overview of the South African Mechanistic Pavement Design Analysis Method.” The
UTCRCP modulus is in the range (50 to 80 GPa) as presented in the report of Kannemeyer,
et al. 2008.

Table 4.2 Layer elastic modulus of the 50" percentile 40kN FWD simulation results at
the various applied axle load repetitions

Layer Elastic Modulus (MPa) at the Different Stages
Layer Hame

Ok 1200k 2800k
UTCRCP 55000 55000 75000
AC {40mm} 1900 1200 3500
G1 (150mm} 780 500 200
C4 (150mm} 950 150 210
C4 (150mm} a50 150 210
C6 (Semi Infinite) M2 360 270

A very apparent occurrence in the linear elastic analysis was the stiffness reduction of the
C4 cement stabilised layers. The modelled cement stabilised layers had undergone a
stiffness reduction from 950 MPa to 150 MPa at 1200k load applications. Measurements at
2800k load repetitions yielded a C4 stiffness of 210 MPa, following the trend observed in
Figure 4.19. The MLI supports this trend (Figure 4.20), but after 2.8 million load repetitions
only two positions indicate measures of distress; the other five are similar to the extrapolated
MLI base line conditions. The findings therefore cannot prove with absolute certainty that
pavement substructure distress was obtained under APT. MDD data presented in Section
6.3.1, indicated that no real changes were recorded to the substructure condition.

== MLI - 1200k load repetitions
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Figure 4.20 MLI of the 40 kN FWD measurements at the various load count intervals
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Another structural phenomenon that was not further investigated due to project scope
limitations was the increase of the UTCRCP and AC layer stiffness towards the end of the
APT project. It is possible that the asphalt layer in the pavement had undergone “healing”,
but this would need to be verified by further investigation.

4.3.3 Elastic radius of relative stiffness

The BISAR 3.0 elastic modelling procedure yielded results of the concrete’s elastic modulus,
E,cc. These results were used to iteratively calculate the radius of relative stiffness (/easiic) for
the elastic model as discussed in Section 3.3.4. A summary of the results are presented in
the following Tables (Table 4.3, Table 4.4 & Table 4.5).

Table 4.3 The 40 kN FWD linear elastic modelling results for the concrete’s elastic
modulus (E,.c) and radius of relative stiffness (l.asiic) at the various stages

Ok 1200k 2800k
40 kN Results Epcc Ielastic Epcc Ielastic Epcc Ielastic
MPa mm MPa mm MPa mm

90" percentile 36000 135 36000 180 - -
50" percentile 55000 142 55000 180 75000 185
10™ percentile 78000 143 75000 193 85000 168

Table 4.4 The 60 kN FWD linear elastic modelling results for the concrete’s elastic
modulus (E,.c) and radius of relative stiffness (le.sic) at the various stages

Ok 1200k 2800k
60 kN Results Epcc Ielastic Epcc Ielastic Epcc Ielastic
MPa mm MPa mm MPa mm

90" percentile | 36000 135 40000 180 - -
50" percentile | 60000 145 60000 197 70000 170
10" percentile | 80000 144 76000 191 86000 172
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Table 4.5 The 80 kN FWD linear elastic modelling results for the concrete’s elastic
modulus (E,.c) and radius of relative stiffness (l.iasiic) at the various stages

Ok 1200k 2800k
80 kN Results Epcc Ielastic Epcc Ielastic Epcc Ielastic
MPa mm MPa mm MPa mm

90" percentile | 37000 126 40000 175 50000 174
50" percentile | 65000 143 60000 179 70000 177
10" percentile | 80000 137 76000 189 86000 168

Generally the three different load cases yielded similar responses. The 90" percentile of the
40 kN and 60 kN load case could not be simulated due to the obtuse angle effect. The
elastic radius of relative stiffness increased over the duration of traffic simulation. It was
expected that the elastic modulus of the concrete would reduce as the radius of relative
stiffness increased, yet the E,.either remained at fairly constant value or increased slightly

as pavement distress increased.

4.3.4 Summary of results

From the linear elastic modelling results Table 4.6 was created that could be used in the
calculation procedure of UTCRCP mean crack spacing. Three scenarios were created; a
lower limit, best estimate and an upper limit to represent the test section properties.

Table 4.6 Results of the linear elastic modelling procedure at the various stages that
will be used in the mean crack spacing calculation procedure

UTCRCP 0k 1200k 2800k
Elastic Epce letastic Epce letastic Epce letastic
Properties MPa mm MPa mm MPa mm
Lower Limit 36000 135 40000 175 50000 174
Best Estimate 55000 142 60000 179 75000 185
Upper limit 80000 144 76000 189 85000 168

The lower limit was created from the 90" percentile analyses, the best estimate from the 50™
percentile analyses and the upper limit from the 10" percentile analyses. In all scenarios the
radius of relative stiffness is fairly low, thus indicating the severe upper stiffness of the
pavement system.

68



4.3.5 Interim conclusions

The formation of an obtuse angle in some of the conducted field FWD measurements
indicates non-linear pavement response at the respected positions. These bowls cannot be
simulated with BISAR 3.0 to obtain a close fit with the real measured bowl.

The linear elastic procedure indicated subbase distress. The stiffness of the modelled
cement stabilized layers reduced notably yet the results of the MLI, LLI and MDD data
contradicts this statement. This argument is thus inconclusive and if only the recorded data
is considered the argument leans towards no change in the subbase conditions under APT.

An element of visco-elastic response was again observed. The magnitude of the applied
FWD load does slightly influence the pavement’s modulus response.

4.4 Mechanistic-Empirical Analysis Phase Il

The major pavement variables that are used as input parameters for the calculation of mean
crack spacing are presented in this section, followed by a summary of the calculated mean
crack spacing for the different limit cases.

4.4.1 Pavement temperatures

One of the input variables for the calculation of mean crack spacing is the minimum or
lowest seasonal temperature of the pavement at the depth of steel. Figure 4.21 depicts a
typical temperature profile in the UTCRCP on a dry winter’s day.
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Figure 4.21 Typical temperature profiles in the UTCRCP on a winter’s day
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The lowest temperatures in the pavement were monitored a few hours before sunrise and

the warmest temperatures were monitored three hours past midday (noon). The depth of

steel in the UTCRCP is set at approximately 25 mm below the surface.

4.4.2 Calculation variables

By using Equation 4.1 to calculate the mean crack spacing a wide range of variables are

included in the process. The more influential concrete, base and environmental properties

are summarized in Table 4.7. These properties were extracted from the various sources as

indicated in Table 4.7.

Table 4.7 Summary of the major variables used in the mean crack spacing calculation

Concrete Properties

Epce Concrete's Elastic Modulus 36 t0 80 GPa  Bisar 3.0 Analysis
Vopee Poisson's ratio of Concrete 0.15 Assumed
QOlpcc The concrete coefficient of thermal expansion (quartzite) 12.5x10°/°C Fulton, 1977
feos 28 day concrete compressive strength 103 MPa Africon 2008
MORyg 28 Day modulus of rupture (flexural strength) 12.8 MPa Africon 2008
€e Ultimate shrinkage Equation A.9 Kohler and Roesler 2006
Ypcc Concrete thermal diffusivity (quartzite) 1.39 ft’/day FHWA-ICT-09-040 2009
cC Cement content 480 kg/m® Africon 2008
UTCRCP Geometric Properties
Ppce UTCRCP layer thickness 50 mm Africon 2008
L Length of slab 3.7m (144in) FHWA-ICT-09-040 2009
Py The percentage steel as a fraction 0.0094 Calculated
dp Reinforcing steel diameter 5.6 mm Africon 2008
C Depth to reinforcing steel (top of steel) 22.2 mm Africon 2008
Base Properties
f The base friction coefficient 7.5-15 FHWA-ICT-09-040 2009
Environmental Properties
Ro Effective range in temperature for seasonal increment 234 °F FHWA-ICT-09-040 2009
Tair Average ambient temperature for season of construction 24 °C (75°F) SA Weather Services
Tsteel Lowest average temperature at the depth of steel 8 °C (46 °F) Figure 4.21
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4.4.3 Calculated mean crack spacing

f't28 — Cioy; [1 -

L=

2(]

hpcc

u.prP
+ mi b
c1,idp

[Formerly 2.17]

(4.2)

Equation 4.2 was used to calculate the mean crack spacing for the three cases as presented

in Table 4.6. Table 4.8 presents the mean crack spacing for each limit state. The calculated

mean crack spacing varies between 161 mm and 151 mm. The mean crack spacing of

neither limit cases varied with more than 4 mm over the duration of the APT test.

Table 4.8 Summary of the calculated mean crack spacing from Equation 4.2

Mean Tensile Strength | Curling Stress Friction Steel
Spacing Coefficient | Restrain
Limit Cases . o ol 2¢ ; U,P,
iv0, hpcc Cl,idb
mm psi MPa psi MPa - -

Lower Ok 161 1299 8.96 52 0.357 10 192
Limit 1200k 160 1299 8.96 57 0.395 10 192
2800k 158 1299 8.96 72 0.494 10 192

Best Ok 157 1299 8.96 79 0.545 10 192
Estimate | 1200k 156 1299 8.96 86 0.593 10 193
2800k 153 1299 8.96 107 0.741 10 193

Upper Ok 152 1299 8.96 115 0.792 10 193
Limit 1200k 153 1299 8.96 109 0.750 10 193
2800k 151 1299 8.96 122 0.841 10 193

For comparative purposes Table 4.8 indicates that UTCRCP have a greater tensile strength

capacity than recently studied CRCP sections by Erwin and Roesler 2006 (8.96 MPa versus
3.5 MPa). This is expected due to the composition of the UTCRCP mix. The UTCRCP
curling stresses are greater (thinner layer) and the steel restrain is approximately 30 times
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greater than studied CRCP sections. In general the results indicate that the UTCRCP layer
is a harder compound than a CRCP layer yet more ductile.

4.4.4 Interim conclusions

The parameters; depth of steel, suggested slab length, concrete compressive strength and
the flexural tensile strength are of the variables that directly influence the outcome of the

mean crack spacing calculation.

Bradbury’s coefficient to correct curling stresses for a finite slab was approximately a factor 1
indicating that the suggested slab length of 144 in (3.7 m) by M-E PDG should be adjusted
for UTCRCP.

The effect of simulated traffic did not significantly affect the calculated results for mean
transverse crack spacing.

4.5 Closure

More insight with regard to mean crack spacing is necessary to adjudicate the validity of the
calculated mean crack spacing. Accordingly the characteristics of the observed crack
spacing distributions will be discussed in the chapter to follow.
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5 CHARACTERISTICS OF CRACK SPACING DISTRIBUTIONS

5.1 Introduction

This section presents the observed crack patterns of the APT UTCRCP field test, a
descriptive statistical analysis thereof and a theoretical probability distribution of crack

spacing occurrence.

5.2 Observed Crack Patterns

A combination of Cluster cracks, Y-cracks, Meandering cracks, Divided cracks and
Longitudinal cracks, as discussed in Section 2.4.2, formed across the length of the test
section. These cracks formed due to environmental related damage (non-load associated
damage) and load associated damage. Transverse cracks that displayed large easy
observable crack widths were labelled ‘major’ cracks. Some of these major cracks indicated
signs of spalling and the majority of these cracks were full length cracks i.e. cracks formed
across the full width of the test section, including the edge.

A series of Figures (Figure 5.1, Figure 5.2 & Figure 5.3) depicts the plan view of the entire
10 m test section after the termination of the APT test at 2.8 million load applications.
Fractured cracking (Figure 5.2) consisting of the various cracks, especially fine Cluster
cracks, Meandering cracks and longitudinal cracks were recorded around the centre of the
test section in the vicinity of the MDD. Closely formed Meandering cracking coupled with
major Y-cracks, Hair cracks (very fine cracks) and Divided Longitudinal cracks formed what
could be an oval, almost circular crack pattern (Figure 5.2). A similar crack pattern which led
to UTCRCP fatigue failure was observed by Kannemeyer, et al. 2008 on the UTCRCP STPP

trail sections.

A continuous longitudinal crack pattern (Figure 5.1, Figure 5.2 & Figure 5.3) formed
approximately 600 mm from the test section centre line (300 mm from the simulated traffic
wheel-path edge) in the existing screener lane wheel path. The longitudinal cracks
intersected the Joint Deflection Measurement Device’s (JDMD) anchor rod holes (Figure 3.6
& Figure 5.2) which were drilled through the UTCRCP at this exact offset (600 mm from test
section centre line). Short longitudinal cracks contributing to the shape of the oval crack
pattern formed approximately 250 mm to 300 mm from the simulated transverse wander
wheel path. According to Kannemeyer, et al. 2008 longitudinal cracks formed approximately
300 mm from the loaded area in the STPP UTCRCP trail sections.
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5.3 Descriptive Statistical Measures

The general aim with the descriptive statistical measures is to establish whether the induced
traffic affected the crack formation and if so, to what extent. Initial cracking in concrete
pavements is accredited to concrete shrinkage. Thereafter secondary cracking is caused by
differential shrinkage and temperature related curling effects. The latter mentioned effects, in
combination with traffic, results in the formation of load associated cracks.

5.3.1 Major cracks

An assumption is made that the major cracks as discussed in Section 5.2 represent the
initial shrinkage cracks. These cracks display large crack widths thus is assumed to be older
and have formed prior to any traffic. A statistical summary of the major crack spacing as was
observed in the simulated wheel path is presented in Table 5.1.

Table 5.1 Statistical summary of the major crack spacing (initial shrinkage cracks)
after 2.8 million load applications

Description of the observed cracks Minimum | Maximum | Mean | Median | Standard cov
and offsets as depicted in Figure 5.1, [mm] [mm] [mm] [mm] Deviation [%]

Figure 5.2 & Figure 5.3 [mm]

Offsets -5 m to -3 m (No Traffic) 300 650 488 500 145 30

Offsets -3 m to +3 m (Trafficked) 525 900 703 688 142 20

Offsets +3 m to +5 m (No Traffic) 850 1300 1075 1075 318 30

Offsets -5 m to +5 m (All) 300 1300 695 663 243 35

Traffic was only simulated between the offsets -3 m to +3 m (Table 5.1), therefore offsets -5
m to -3 m and +3 m to +5 m carried no simulated traffic. However due to the above
assumption the results of the offsets -5 m to +5 m for the major crack spacing is of primary
interest. Table 5.1 indicates that the major cracks are expected to occur at an arithmetic
mean distance of 695 mm having a median (middle number for a set of values arranged in
order of magnitude) of 663 mm. The two parameters (mean & median) indicate a measure of
location for the major crack spacing data set. The standard deviation, which indicates the
measure of crack spacing spread, is 243 mm. Thus in the case of normally distributed crack
spacing, the major cracks are expected to occur roughly between 452 mm and 938 mm, 68
percent of the time i.e. the intercepts of the first standard deviation is 452 mm and 938 mm.
The measure of crack spacing dispersion or better described as the coefficient of variation
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(COV) for the major crack spacing is 35%. This means that the standard deviation is 35% of
the mean crack spacing. The real value of the COV lies in its ability to fairly compare sets of
crack spacing data with different means. Figure 5.4 depicts the cumulative frequency of

major crack spacing occurrence.
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Figure 5.4 Cumulative frequency of major crack spacing after 2.8 million load
applications

Half (50%) of the observed major cracks have a spacing of less than 650 mm and
approximately 64% of the major cracks have a spacing of less than 700 mm. The median
and the mean lies between 50% and 64% of the cumulative occurrence of crack spacing.
The standard deviation of Table 5.1 indicates that if a normal distribution is assumed,
approximately 10% of the Major cracks at a spacing of less than 452 mm and approximately
5% (100% - 95%, Figure 5.4) of the major cracks at a spacing greater than 938 mm would
fall outside the first standard deviation. Applicability of distribution types is discussed further
in Section 5.4.

Based on the shape of Figure 5.4, its slope of inclination and the statistical parameters of
Table 5.1 an estimated interval of 500 mm to 900 mm is regarded as a representative

interval for major crack spacing occurrence.
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5.3.2 Secondary cracks

The development of secondary cracking due to differential shrinkage and environmental
conditions follows the initial shrinkage (major) cracks. These cracks are much smaller in
width when compared to the major crack widths. Secondary crack spacing evaluations were
done at the offsets -5 m to -3 m and +3 m to +5 m where no traffic was simulated. At these
offsets the cracks are solely environmentally related. A statistical summary of the secondary

cracks is presented in Table 5.2.

Table 5.2 Statistical summary of the secondary crack spacing (differential shrinkage
and environmental associated cracks) after 2.8 million load applications

Description of the observed cracks Minimum | Maximum | Mean | Median | Standard cov
and offsets as depicted in Figure 5.1, [mm] [mm] [mm] [mm] Deviation [%]
Figure 5.2 & Figure 5.3 [mm]
Secondary Cracks (-5 m to -3 m) 100 600 325 275 182 56
Secondary Cracks (+3 m to +5 m) 150 350 217 175 68 32
All (-3mto-5m &+3 mto +5 m) 100 600 260 250 132 51

The statistical parameters are more meaningful when compared to the results of the major
crack spacing from Table 5.1. Figure 5.5 depicts the results of the offsets -5 m to -3 m for the

major and secondary cracks.
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Figure 5.5 Statistical parameters of the major and secondary crack spacing after 2.8
million load applications for the offsets -5 m to -3 m
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Figure 5.5 indicates, as expected, a reduction in the crack spacing for this offset. The mean
major crack spacing reduced from 488 mm to 325 mm (33.4% reduction). The standard
deviation of the secondary cracks increased as did the COV (Table 5.1 & Table 5.2). This
means that the secondary cracking at the respected offsets resulted in an increase in the
spread of the crack spacing distribution. When a similar analysis is done for the offsets +3 m
to +5 m (Figure 5.6), a reduction in the standard deviation is obtained with a slight increase
in the COV. This means that crack spacing dispersion for the offset +3 m to +5 m remained

similar.
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Figure 5.6 Statistical parameters of the major and secondary crack spacing after 2.8
million load applications for the offsets +3 m to +5 m

Figure 5.6 indicates a reduction in all statistical parameters. The major mean crack spacing
reduced from 1075 mm to 217 mm (80% reduction). When Figure 5.6 is compared to Figure
5.5, it should be noted that secondary cracking is more prone to occur on segments
(delineated by initial shrinkage cracks) of greater distance.

To evaluate the general change in crack spacing due to environmental effects, a comparison
is made between the major crack spacing recorded along the offsets -5 m to +5 m (Table
5.1) and the combined secondary crack spacing offsets of -5 mto -3 m and +3 mto +5 m
(Table 5.2). Figure 5.7 depicts the difference in statistical parameters, while Figure 5.8

depicts the differences in the cumulative frequencies.
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Figure 5.7 Statistical parameters of the major crack spacing (-5 m to +5 m) and the
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Figure 5.8 Cumulative frequency of major crack spacing and the combined secondary
crack spacing after 2.8 million load applications

Although the standard deviation of the secondary cracks is less than the standard deviation
of the major cracks (Figure 5.7), the measure of secondary crack spacing dispersion is
higher i.e. the COV of the secondary cracking is greater than the COV of the major cracks
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(Table 5.1 & Table 5.2). This means that the occurrence of secondary mean crack spacing in

comparison with major mean crack spacing is less reliable.

The arithmetic mean spacing of the combined secondary cracks is 260 mm and the median
is 250 mm (Figure 5.7). Figure 5.8 indicates that 50% of the observed combined secondary
cracks have a spacing of less than 219 mm. Approximately 67% of the combined secondary
cracks have a spacing of less than 250 mm and 80% of the combined secondary cracks are
of a spacing less than 300 mm. If a normal distribution is assumed the intercepts of the
secondary cracks for the first standard deviation is 128 mm and 392 mm respectively. If
roughly similar percentages are used which delineated the major crack spacing
representative interval of occurrence (10% & 95%) then a representative interval for
secondary cracking would be 115 mm (10%, Figure 5.8) to 580 mm (95%). However due to
scarceness of cracks beyond 350 mm, an adjustment to the delineation percentages is

necessary.

Based on the cumulative frequency plot (Figure 5.8), the statistical data as presented in
Figure 5.7 and the above discussions, an estimated interval of 150 mm to 350 mm is
regarded as a representative interval for secondary crack spacing occurrence.

5.3.3 Load associated cracks

Traffic or load associated cracking, as discussed in Section 2.4.2, was recorded between the
offsets of -3 m to +3 m. The latter offsets were exposed to initial shrinkage cracking,
secondary cracking and load associated cracking. The statistical parameters of the recorded
cracks after 2.8 million applied load repetitions are presented in Table 5.3.

Table 5.3 Statistical summary of the major, secondary and load associated crack
spacing after 2.8 million load applications

Description of the observed cracks and | Minimum | Maximum | Mean | Median | Standard | COV
offsets as depicted in Figure 5.1, Figure [mm] [mm] [mm] [mm] Deviation | [%)]

5.2 & Figure 5.3 [mm]

Major Cracks (-5 m to +5 m) 300 1300 695 663 243 35

Major Cracks (-3 m to +3 m) 525 900 703 688 142 20

Secondary Cracks (Combined) 100 600 260 250 132 51

Load Associated Cracks (-3 m to +3 m) 125 725 325 275 182 56
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The standard deviation and the measure of major crack spacing dispersion is lower along
the -8 m to +3 m offsets than the respected major cracks statistical parameters of the -5 m to
+5 m offsets (Table 5.3). However due to the assumption of Section 5.3.1, the results for the
major crack offsets of -5 m to +5 m will be used for comparison purposes.

It is clear from Table 5.3 that the load associated cracks have the highest measure of
dispersion (56%), yet when the COV is compared to the COV of the secondary cracks it
exceeds only with 4%. With an assumed normal distribution and ‘n mean of 325 mm the load
associated cracks have intercepts of 143 mm and 507 mm at the first standard deviation.
The latter intercept (first standard deviation to the right) is greater than what was obtained
with the secondary cracking (no traffic) evaluation. Half (50%) of the load associated crack
spacing is less than 262 mm (Figure 5.9).
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Figure 5.9 Cumulative frequency of major crack spacing, the combined secondary
crack spacing and the load associated crack spacing after 2.8 million load
applications

Approximately 36% of the load associated cracks have a spacing of less than 195 mm. This
is similar to the secondary crack spacing evaluation. If the upper limit of the representative
secondary crack interval (350 mm) is used to establish a boundary condition for the load
associated cracks, an estimated 63% of the observed load associated crack spacing will be
less than 350 mm (Figure 5.9).
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An important factor that should be considered with the load associated cracks is the contact
length of the loading wheel(s). A popular method to determine the contact area of a single
wheel load is presented in Equation 5.1.

a= P (Houben 2006) (5.1)
np

Where;

a = radius (mm) of circular loading

P = single wheel load (N)

p = contact pressure (N/mm?)

Assuming that the tyre (wheel) pressure is equal to the contact pressure the radius of an 80
kN dual wheel is 126 mm. Hence the contact length is 252 mm. Therefore if the load
associated cracking mechanism of Section 2.4.2 is considered, it is expected that the
loading wheel would not affect transverse crack spacing less than the length of the wheel
contact. A length of 300 mm is a commonly assumed wheel contact distance (Strauss,
Personal Communiation between P.J. Strauss and J.A.K. Gerber 2010).

Based on the above discussion, Figure 5.9 and Table 5.3 the simulated traffic is regarded as
having little effect on the transverse crack spacing formation. Assuming that the transverse
cracks of the entire test section are environmentally related cracking; then the reduction of
the major crack spacing is as presented in Table 5.4.

Table 5.4 Statistical summary of the major and the secondary crack spacing after 2.8
million load applications

Description of the observed cracks and | Minimum | Maximum | Mean | Median | Standard | COV
offsets as depicted in Figure 5.1, Figure [mm] [mm] [mm] [mm] Deviation | [%)]

5.2 & Figure 5.3 [mm]

Major Cracks (-5 m to +5 m) 300 1300 695 663 243 35

Secondary Cracks (-5 m to +5 m) 100 725 296 250 163 55

84




The major mean crack spacing reduced from 695 mm to 296 mm (57% reduction). If a
normal distribution is assumed for the secondary cracks (Table 5.4) then the intercepts of
the first standard deviation would be 133 mm and 459 mm respectively.
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Figure 5.10 Cumulative frequency of major crack spacing and the secondary crack
spacing (-5 m to +5 m) after 2.8 million load applications

Approximately 27% of the secondary crack spacing is less than 150 mm and approximately
26% is greater than 350 mm (Figure 5.10). Considering Section 5.3.2, Table 5.4, Figure 5.10
and the above discussions, an interval ranging from 150 mm to 350 mm is finally regarded
as a representative interval for secondary cracking that includes the contribution of load
associated transverse cracks.

It should be noted that the simulated traffic affected the longitudinal crack formation. This is
deduced from Figure 5.2 and Figure 5.3. A Divided longitudinal crack formation formed along
the length of the test section between the offsets -3 m to +3 m.

5.3.4 Interim conclusions

The assumption that the initial shrinkage cracks, labelled as major cracks, formed prior to
any applied traffic yielded an estimated crack spacing interval of 500 mm to 900 mm.
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Subsequently secondary cracking in combination with load associated cracking reduced the
major crack spacing interval to approximately 150 mm to 350 mm.

It was observed in a comparison between the secondary cracks and load associated cracks
that the simulated traffic had little effect on the transverse crack spacing formation (Figure
5.9). A schematic representation of the transverse crack formation for the UTCRCP layer is
depicted in Figure 5.11.
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Figure 5.11 Schematic representation of the major and secondary crack spacing
intervals

5.4 Probability Distributions

In Section 5.3 assumed normal distributions were used in the estimation process of the
major and secondary representative crack spacing intervals. A study conducted by
Selezneva, at al. 2002 indicated that a model based on the Weibull distribution can be used
to represent a transverse crack spacing distribution. The parameters of the Weibull
distribution provide a great deal of flexibility to model systems in which the number of failures
increase with time, decrease with time or remain constant with time (Montgomery and

Runger 2003). For the Weibull distribution a crack can be viewed as a failure.

5.4.1 Major crack spacing distribution

Figure 5.12 depicts a histogram of the major crack spacing and Selezvena’s Weibull

probability density function (PDF) as discussed in Section 2.4.5. The estimated major crack

spacing representative interval is regarded as 500 mm to 900 mm (Section 5.3.1). According

to the Weibull PDF of Figure 5.12, the representative interval includes 58% of the major

cracks and based on the histogram, it is clear that the majority of the major cracks have
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formed between 500 mm and 900 mm. The cumulative frequency plot (Figure 5.4) indicates

that approximately 77% of the major cracks have formed between 500 mm and 900 mm.

Therefore according to the above results, the interval 500 mm to 900 mm is confirmed to be

an appropriate representative interval of major crack spacing.
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Figure 5.12 Histogram and Weibull distribution of the major crack spacing after 2.8

million load applications

The Kolmogorov-Smirnov goodness-of-fit test, as suggested by Selezneva, et al. 2002 was

done to evaluate how close the Weibull distribution followed the measured crack spacing.

The advantage of the Kolmogorov-Smirnov test is that unlike the chi-square test, it does not

have strict rules on the required number of data groups and minimum theoretical frequencies

If the

discrepancy between the observed crack spacing distribution (S,(x)) and theoretically

that have to be satisfied for the test to be meaningful (Selezneva, et al. 2002).

calculated distribution (F(x)) is large compared to what is normally expected from a given

D,) > D,"the model is rejected.

sample size, the model is rejected i.e. if (F(x) - Sy(x)

The magnitudes of the observed crack spacing were sorted in an ascending order and the

cumulative frequency (S,(x)) of the crack spacing was calculated. Likewise the theoretical

cumulative frequency (F(x)) was calculated with the Weibull PDF of which the necessary

parameters were determined from the observed crack spacing distribution. The cumulative

frequencies for the major crack spacing distribution are depicted in Figure 5.13.
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Table 5.5 Results of the Kolmogorov-Smirnov goodness-of-fit test for the Weibull

distribution of the major crack spacing

Weibull

YES

a=99

0.452

Dmax

0.130

F(x)

0.273

Sn(x)

0.143

Beta (B)

1.681

Alpha (a)

442.673
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Figure 5.13 Kolmogorov-Smirnov goodness-of-fit test of the major crack spacing

distribution

The observed maximum discrepancy, D, is the maximum difference between the

observed cumulative frequency value S,(x) and the theoretical predicted cumulative

frequency F(x). For a level of significance where a = 99% (not to be confused with the alpha

% was determined as follows.

a
n

parameter from Table 5.5) the critical discrepancy,

(Selezneva, et al. 2002) (5.2)
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Where;



D,% is defined as P(D,<D,)=1-a (5.3)

The Kolmogorov-Smirnov (KS) test evaluates at the specified level of significance if the
proposed distribution is an acceptable representation of the actual field data. If D, < D,” then

the proposed theoretical distribution is accepted, as presented in Table 5.5.

5.4.2 Secondary crack spacing distribution

Figure 5.14 depicts a histogram of the secondary crack spacing, including load associated
cracks as concluded in Section 5.3.3 (Table 5.4), and the Weibull distribution.
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Figure 5.14 Histogram and Weibull distribution of the secondary crack spacing after
2.8 million load applications

The estimated secondary crack spacing representative interval is regarded as 150 mm to
350 mm. According to the Weibull distribution of Figure 5.14, the representative interval
includes 51% of the secondary cracks and excluded the 125 mm to 150 mm interval, which
includes the joint highest occurrence of secondary cracking for the test section. Based on
the histogram (Figure 5.14) the majority of the secondary cracks formed between 75 mm
and 375 mm. The cumulative frequency plot (Figure 5.10) indicates that approximately
70.6% of the secondary cracks spacing are between the 75 mm to 375 mm interval and
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according to the Weibull distribution (Figure 5.14) 81% of the secondary cracks formed

between the above interval. However due to single occurrences of crack spacing formations

at the 75 mm to 100 mm and 350 mm to 375 mm intervals, the interval 100 mm to 350 mm is

regarded as a better estimated interval of secondary and load associated cracking.

The Weibull distribution of the secondary cracks passed the Kolmogorov-Smirnov goodness-

of-fit test and the results of this test is presented and depicted in Table 5.6 and Figure 5.15

respectively.

Table 5.6 Results of the Kolmogorov-Smirnov goodness-of-fit test for the Weibull
distribution of the secondary crack spacing

Alpha (a) Beta (B) Sn(x) F(x) Dyax D, > Weibull
214.05 1.216 0.417 0.343 0.073 0.272 YES
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Figure 5.15 Kolmogorov-Smirnov goodness-of-fit test of the secondary crack spacing

distribution

5.4.3 Interim conclusion

The initial representative intervals of the major and secondary cracks spacing, with assumed

normal distributions, were 500 mm to 900 mm and 150 mm to 350 mm respectively.
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Selezneva’s crack spacing model based on the Weibull distribution in combination with

histograms indicated that the initial estimated crack spacing intervals were correctly

estimated for the major cracks and too conservative for the secondary cracks. Major crack

spacing forms at a distance 500 mm to 900 mm. Subsequently secondary cracks will reduce

the initial major crack spacing by forming at offsets of 100 mm to 350 mm as depicted in

Figure 5.16.
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Figure 5.16 A comparison of the major and secondary Weibull crack distributions

Finally, Figure 5.17 schematically depicts the formation of major cracks and the subsequent

reduction due to secondary and load associated cracks.
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to major cracking
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Figure 5.17 Schematic representation of crack formation on UTCRCP
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5.5 Closure

Initial shrinkage cracks, labelled as major cracks, formed on the test section at intervals
between 500 mm and 900 mm. Subsequently these crack spacing were reduce by the
formation of secondary cracks. The majority of secondary cracks formed at a spacing
ranging from 100 mm to 350 mm.

The simulated traffic had little effect on the transverse crack spacing formation. The contact
length of a typical heavy vehicle wheel is between 250 mm to 300 mm. Due to the nature of
load induced cracks, the loading wheel has little effect on a crack spacing that is of smaller
magnitude than the contact length of the load wheel. However the simulated traffic had an
effect on the longitudinal cracking formation and the formation of a circular crack pattern at
the centre of the test section. The APT project yielded no punchouts.

The observed crack spacing characteristics will diagnostically be investigated with regard to
the mean crack spacing calculated with the M-E PDG procedure and a cncPave analysis in
the chapter that follows.
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6 PERFORMANCE OF UTCRCP: CRACKING CHARACTERISTICS

6.1 Introduction

This section introduces diagnostic investigations done with modelled