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4

ANALYSIS AND MODELLING

4.1

INTRODUCTION

Following on Chapter 3 in which the laboratory and the field data were discussed in detail, this chapter
further summarises the results and points the way to specific applications of the results from this
research project.

The application of the aggregate interlock equation developed as the primary

objective of this thesis is described in Chapter 5.

4.2

DISCUSSION OF LABORATORY RESULTS

4.2.1

Deflection

An increase in crack width caused an increase in deflection. For Experiments 1 and 2, the repeated

dynamic loads caused the slab to stay in a deflected state with deflections higher than under static
loading at small crack widths. The dynamic loading line crossed the static loading line at a crack width
of between 1,0 and 1,1 mm. At this crack width the two slabs started to react independent of each other,
resulting in higher deflections under static loading than dynamic loading (see also Figures 3.5 and
3.13). The larger 37,5 mm aggregate had lower deflections than the smaller 19 mm aggregate at the
same crack widths during dynamic and static loading at crack widths larger than 1, I mm.

This

confirmed the greater resistance to deflection movement of the larger aggregate.
The deflections measured during Experiments 3 and 4 were lower than for Experiments I and 2.
Furthermore, contrary to the situation where the dynamic and static loading lines crossed at a crack
width of between 1,0 and 1,1 mm during Experiments 1 and 2, the dynamic loading line was constantly
higher than the static loading line during Experiments 3 and 4.

The deflection results of Experiments 1 and 2 (see Figures 3.5 and 3.13) on the C rubber subbase were
approximately 3 times higher than the comparative results of Experiments 3 and 4 (see Figures 3.17
and 3.25). This difference in deflection results was primarily due to the C rubber subbase that allowed
larger shear forces to be transferred from the leave slab to the approach slab than the DC rubber
subbase.

The results from Experiments 3 and 4 corresponded better with published results (Jensen, 2001).
Jensen (200 I) compared the response of 25 mm limestone, 25 mm glacial gravel, and a 50 mm glacial
gravel blend under 40 k:N static loading. The deflections obtained by Jensen (2001), especially for
25 mm limestone, corresponded well with the 40 kN results obtained for 19 mm dolomite in
Experiment 3 (see Figure 3.22).
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It is the opinion of the author that the response of the plastic joint was that measured up to a crack

width of 1,5 mm, and that specifically the results under dynamic loading thereafter were influenced by
the subbase stiffness. This would imply that the smoother the texture of the crack face, the sooner the
system would rely on the support of the subbase to transfer stresses and strains from one slab to
another. This study has already indicated three such transition zones, namely: 1,5 mm for the smooth
joint, 2,5 mm for the 19 mm aggregate interlock joint, and between 3,5 mm and 4,0 mm for the
37,5 mm aggregate interlock joint.

EverFE (Davids et al., 1998a) was used to perform theoretical analyses. Up to a crack width of 0,5 mm
EverFE predicted initial deflection values similar to what was measured in the laboratory. However, at
crack widths larger than 0,5 mm there was a smaller increase in deflection with increasing crack width.
The results seemed to reach an asymptote and were eventually far less than those measured during
execution of Experiments I and 2, but slightly higher than the results of Experiments 3 and 4. The
main reason for the difference in results could be attributed to the foundation model used in the EverFE
software, as described in paragraph 3.2.1 in Chapter 3.

4.2.2

Horizontal crack displacement

The main function of the clip gauges at the top and bottom ofboth sides of the crack was to control the
crack width during opening and closing of the two parts of the slab for deflection testing at different
crack widths. Analysis of the data rendered interesting information regarding the opening-closing
movements across the crack.

The magnitude of the horizontal crack displacement measurements were both influenced by the
methods applied to open and close the slab, as well as by the type of subbase beneath the slab. The C
rubber subbase allowed far greater movement than the DC rubber subbase.

At small crack widths

«

0,5 mm) the bottom crack displacement measurements tended to be higher

than the top crack displacement measurements (Figures 3.18,3.19,3.44 and 3.45). In other words, the
slab tended to bend through with the top of the crack closing, and the bottom of the crack opening
during loading at narrow crack widths.

At crack widths greater than 0,5 mm this was reversed with the top crack displacement becoming larger
than the bottom crack displacement, indicating that the crack was being pushed open during loading.
The movement at the top of the crack under dynamic loading was approximately twice as much as the
movement under static loading, which could be attributed to the effects of momentum.

This

demonstrated why large crack widths are so detrimental to pavement performance, as the opening up of
the crack at the top during loading, makes it easier for debris and loose particles to be driven into the
cracks, which in tum cause spalling of the concrete at the crack face.
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4.2.3

Load transfer efficiency

The deflection LTE obtained for both dynamic and static loading for the first four experiments at
different crack widths was presented graphically on Figures 3.7,3.14,3.20, and 3.28.

Firstly, the deflection LTE was greater during dynamic than static loading in all instances. Larger
maximum sized aggregates had greater deflection load transfer efficiencies than smaller maximum
sized aggregates. For the same maximum aggregate size concrete mixes, the LTE was larger where
there was a C subbase support (rubber not cut through) than where there was a crack simulated into the
subbase (top rubber layer cut through). The LTE on the C subbase was on average 105% that of the
DC subbase, for both dynamic and static loading.
Due to the effect of greater momentum forces acting across the crack, the LTE under 40 kN static
loading was slightly higher than under 20 kN static loading.
Demonstration of the contribution of the high quality crushed stone used in manufacturing concrete
pavements in Southern Africa is of great importance. The formulae used in the software package,
EverFE, are mostly based on experimental results obtained from tests conducted on concrete pavements
constructed with the lesser quality aggregates found in the USA. To quantify this statement, the
relevant properties of the granite and dolomite used for this research study were compared with those
of the limestone and glacial gravel used by Jensen (2001) (see Table 4.1).

The physical properties of the South African aggregates were obtained from the suppliers of the
materials, and the properties of the USA aggregates not reported by Jensen (2001) were obtained from
the Nordberg Process Machinery Reference Manual (1983).

Table 4.1: Comparison between South African and USA aggregate properties

48,0

0,61

34

22,0

24,0
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The crushing value of the limestone was similar to that of the dolomite, and that of the glacial gravel
slightly higher than the granite aggregate. The relative densities of the USA aggregates were slightly
less than the South African granite, with the water absorption of the limestone twice as high as that of
the granite aggregate.

The Los Angeles abrasion value of the South African granite aggregate

compared well with that of the USA limestone, and the South African dolomite and USA glacial gravel
had similar results. The important difference in physical properties lay in the lower stiffness moduli of
the USA aggregates, where both the limestone and glacial gravel had lower stiffnesses than the South
African granite. As mentioned before, the granite was chosen as representative of the weaker of the
concrete construction aggregates crushed in South Africa, and that the stiffuess of the aggregate largely
contributes to the stiffness of the concrete. This would imply that the concrete constructed with low
stiffness aggregates would be less resistant to cracking and abrasion than the concrete constructed with
stronger aggregates.

When comparing the results published by Jensen (2001) during a similar study using typical aggregates
found in the USA with the results obtained in this study, it was obvious that even though the deflections
were similar, the LTE achieved using South African crushed stone were significantly higher. The
50 mm glacial gravel blend, the largest aggregate size used by Jensen (2001), rendered load transfer
efficiencies ofless than 80% at a crack width of2,5 mm. On the other hand for the comparatively small
19 mm dolomite aggregate used in this study a LTE of84% was calculated for the same crack width.

The fact that little abrasion occurred at the crack face during testing inside the laboratory was
confirmed by Will Hansen (2003) through follow-up testing cunducted on the experimental slabs used
in the study of which preliminary results were published during 2001 (Jensen,2001). This was despite
the fact that they used softer aggregates with lower relative densities and stiffness moduli, and also had
lower concrete strengths than what was achieved in this study (see Table 4.1).

Another tool that was used to quantify that the South African crushed aggregates are more angular and
have a greater aggregate interlock potential than the USA aggregates, was through VST testing
(Vandenbossche, 1999) as described in Appendix F. The VSTR results obtained for the 19 mm and
37,5 mm coarse aggregate concrete were 37% and 44%, respectively, higher then the USA results (see
Photo G.25). VST has however not been included in the modelling effort, as no South African field
data was available to calibrate the laboratory results. Obtaining such field data from the road sections
investigated was also not considered viable, as it would have been a too costly exercise.

4.2.4

Relative movement

Some researchers are of the opinion that the generally accepted method of determining the efficiency of
a joint in terms of deflection LTE is not necessarily the correct method, as it gives results based on the
efficiency of the whole system. In other words, measuring efficiency in terms of LTE not only takes
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crack width, and shear displacement are all involved. On the other hand, concrete strength, aggregate
size, and subbase support also influenced the results.

Tests on cracks subjected to earthquake loading Walraven (1981) showed that there is a considerable
difference between the ftrst and the subsequent loading cycles. Irreversible damage to the cement
matrix takes place when the hard aggregate particles are pushed into this softer cement matrix. Any
new cycle of loading leads to further damage of the crack faces, resulting into steadily increasing
values of the shear displacement and the crack width at peak loading. In effect this was also proven
during this study. The load applied to induce the crack in the less than 24-hour old concrete can be
described as the ftrst loading cycle, during which irreversible damage took place, in other words,
during which the crack was formed. Subsequent loading and opening and closing of the crack caused
further damage and the dislodging of ftne particles in some instances that prevented the closing of the
crack back to 0,1 mm once it has been pulled open.

Yet, despite this "damage" to the crack faces, the results obtained using the high quality crushed stone
found in South Africa were superior to results obtained using USA aggregates. The common practice
in South Africa of constructing jointed concrete pavements without dowels at the joints relying on
aggregate interlock load transfer only has therefore been vindicated by this study.

The main contribution to the current state of knowledge was the development of a mechanistic equation
quantifYing the effect of aggregate interlock at a joint/crack in a concrete pavement This equation has
already been included and tested in the CncRisk software package, developed as part of the upgrading
of the new mechanistic concrete pavement design manual for Southern Africa.

The structural performance of four different road sections was analysed in this chapter. The pavements
were analysed by comparing the existing pavement designs, results of fteld investigations, and the
structural RM of each.

At the time of investigation, the ages of Road Sections 1 to 4 were 32, 14, 23, and 13 years,
respectively. Road Section 1 had a RM of only 4 years maximum, which could be expected, as it was
older than 30 years. Road Section I also had the highest average mid-slab and joint deflection values,
with the lowest LTE at the joints.

Road Sections 2 and 4 were constructed at approximately the same time, and carried the same amount
of trafftc, and it could have been expected that their remaining lives would be the same. But, the
concrete pavement on Road Section 2 was an overlay on an existing asphalt pavement. The subbase
beneath the concrete of Road Section 2 was therefore more elastic than the cement stabilised subbase
beneath the concrete pavement of Road Section 4. The result of this was lower deflections and RMs
for the former than for the latter at the joints, but higher mid-slab deflections. Other factors that
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contributed to the lower RM of Road Section 2 were poorer subgrade conditions, and a wetter climate
subjecting the pavement to chemical weathering processes.

The aggregate interlock joint shear stiffuess was determined for each road section through the process
developed by Ioannides and Korovesis (1990).

The joint stiffuess, calculated from the structural

characteristics of the individual road sections, indicated that the road section with the highest RM
(Road Section 4), also had the highest joint stiffuess for a specific LTE. Simultaneously Road Section
3 had the lowest AGG, with Road Section 2 plotting in between. This was similar to the RM results
presented in Table 4.4, above.
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6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1

SUMMARY

6.1.1

Aggregate interlock

The primary objective of this study was to investigate existing methods for modelling aggregate
interlock shear transfer across a joint in a concrete pavement, and to develop a model that reflects
variations in joint load transfer with joint opening, load magnitude and concrete properties. It was
envisaged that this model/equation could replace an existing equation as part of the upgrading of the
south African concrete pavement design manual to a manual based on mechanistic design principles.
During a process of investigating the background of concrete pavements constructed in South Africa,
defining the rigid pavement system, investigating historical developments in concrete pavement design,
and a thorough literature review, this objective has been explored.
The software package EverFE (Davids et ai, 1999) was used to do theoretical modelling, and to
determine the accuracy of equipment required for experimental modelling. Part-slab studies were
conducted inside a laboratory to reduce the effect of temperature variations on the test set-up, as well as
eliminate exposure of the slab to environmental influences such as direct sunlight, and/or rain.
Instrumentation included thermocouples to collect slow responses due to environmental influences.
Linear variable displacement transducers (LVDT's) and strain displacement transducers collected fast
responses induced by dynamic and static loads. The testing also included determining the relevant
engineering properties for South African concrete aggregates.

The experimental programme was set up according to a 2-level, 2-parameter design. The aggregate
types chosen were Granite with an E-modulus of 27 GPa (Aggregate crushing value (ACV)
and Dolomite with an E-modulus of 40 GPa (ACV

=

27%),

15%), representing the range in modulus of

crushed aggregates used in the construction industry in South Africa. To cover the spectrum of
aggregate sizes used in the construction of concrete, 19 mm as well as 37,5 mm coarse aggregates were
used. Four concrete slabs were cast to determine the effects of aggregate interlock, as follows:

a)

Experiment 1 - 19 mm granite aggregate.

b)

Experiment 2 37,5 mm granite aggregate.

c)

Experiment 3 - 19 mm dolomite aggregate.

d)

Experiment 4 - 37,5 mm dolomite aggregate.

A fifth concrete slab with a pre-deformed plastic joint fomler was cast to investigate the performance
of a different type of joint under both dynamic and static loading. This slab was used to quantify the
difference between a continuous and a discontinuous Winkler subbase and also to complete the data in
the relative movement (RM) and LTE analysis ..
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The response of the experimental slabs was captured under moving impulse or dynamic loading
(equivalent to traffic loading) as well as under static loading to be able to capture real-life conditions
and to compare the results. An impulse force that simulates the impact of one wheel (20 kN) of a
standard 80 kN dual wheel axle load, crossing a joint/crack at 80 kmIh was developed. The impulse
force was applied across the crack formed in the slab (within 24 hours after casting) by means of two
actuators at a frequency of 3 Hz for 2 million load cycles each on the slabs cast for Experiments I and
2. During Experiment 1 it became apparent that even the weaker of the two aggregate types, namely
granite, experienced no significant deterioration inside the crack face at the initial crack width up to
2 million dynamic load cycles. This could be attributed to the fact that both the cement paste and
aggregate particles were so tightly knit together at the initial crack width that little vertical sliding could
occur. This indicated that little abrasion of the aggregates at the joint face took place at the initial crack
width, as the narrow crack restricted vertical shear movement, and that the shear stress developed
within the crack face was too low for fatigue to take place.

Therefore no loose particles were

dislodged, or got trapped in a different position when the crack opened and closed. This could also be
attributed to the high quality of crushed stone used in South Africa. This was confirmed by subjecting
Experiment 2 to 2 million dynamic load cycles as well, and confirming that the deflections measured,
as well as the LTE calculated stayed constant during the full loading cycle.

Experiments 1 and 2 were constructed on continuous rubber support layers, whereas for Experiments 3
and 4, the top rubber layer was cut through right beneath the crack, to simulate a crack propagating into
the subbase.

Both of these subbases represented a liquid (Winkler) foundation, for the first two

experiments it was continuous, and for the latter two, discontinuous.

The RM data calculated from tlle deflections was used to obtain an equation to replace a previous,
inaccurate equation in the source code of the software package CncRisk (written as part of the
development of a new South African mechanistic concrete pavement design method). A Weibull
probability density function was generated, as follows:

y(x)

= 0,118(1

e - «v + Udll)X)I.881)
agg

(6.1)

Where:
y(.:'()

Relative vertical movement at joint/crack (rum);

v

0,136 for static loading (speed

°kmlh);

0,035 for dynamic loading (speed

80 knllh);

x

Crack/joint width (mm); and

agg

Nominal size of 20% biggest particles in concrete mix (mm).

The sensitivity of the model developed in this thesis can be summarised as follows:

a)

The larger the crack width, the greater the RM.
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6.1.2

b)

The greater the vehicle speed, the smaller the RM.

c)

The larger the aggregate size, the smaller the RM.

d)

The higher the elastic modulus of the concrete the smaller the RM for the same LTE.

e)

The higher the elastic modulus of the subbase, the smaller the RM, also for the same LTE.

Dowel modelling

A thorough literature review was conducted to investigate existing methods for modelling steel
dowel/concrete interaction at joints in jointed concrete. It was concluded that the main function of
dowels is to prevent faulting, reduce pumping, and reduce comer breaks. From the literature review, as
well as the theoretical dowel modelling, it is obvious that even relatively small gaps around the dowels
has a significant effect on joint displacements, and the ability of the dowel to transfer shear load from
the loaded to the unloaded slab (Davids et ai, 1998a, 1998b). These gaps are already in existence at the
time of construction over at least half the length of the dowel, because of de-bonding agents, or sleeves
around the dowels. It is therefore just a matter of time before the other half of the dowel also develops
a gap around it, and that the shear force transferred through the dowel reduces to such an extent that it
approximates the shear force transferred across the joint through aggregate interlock only. This was
plainly presented in Appendix D where the combined affect of aggregate interlock and dowel
modelling with both an increase in crack width and an increase in the gap width around the dowel was
investigated theoretically. In effect these facts imply that eventually the main function of dowels revert
back to that which has been stated at the beginning of this paragraph, that of preventing faulting,
reducing pumping, and reducing comer breaks. Dowel bars can therefore be expected to act as load
transfer devices, but it should not be expected of a dowel bar to transfer shear forces across the joint,
once dowel looseness has developed.

Research done by Hammons and loannides (1996) emphasised the fact that accurate theoretical
equations for dowel modelling have been in place since the 1930's. It was pointed out that the so
called Friberg (1940) equations, based on the original Westergaard (1926) theory, are still applicable.
The Friberg (1940) equations also form the basis of the dowel load transfer coefficient determined for
the new mechanistic MIO design method (Strauss et ai, 2001). It was therefore not deemed necessary
to concentrate on dowel modelling experiments at this stage, but focus on the aspects involved with
aggregate interlock modelling.

6.1.3

Field investigation

When addressing the first secondary objective stated in Chapter 1, field measurements of crack widths,
LTE, and the RM at joints of four existing jointed concrete pavements in South Africa were obtained.

At the time of investigation, the ages of the four pavements were 32, 14,23, and 13 years, respectively.
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According to the reports from which the data was taken, the predicted remaining lives of each road
section was 4, 14, 6, and 20 years, respectively. CncRisk analyses gave more pessimistic remaining
life results, especially for Road Section 4. Road Section 4 had comparatively high RM measurements
at the joints, which were not only due to the test load on the pavement, but also due to temperature
effects, as well as the probability of voids beneath the concrete. This emphasised the importance of
proper maintenance of concrete pavement joints. Properly sealed and maintained joints prevent the
ingress of water and debris into the pavement structure, which in turn cause poor LTE or high RMs at
joints relying on aggregate interlock.

The field data was also used to calibrate the laboratory results. The shift factor to adjust the laboratory
RM versus LTE data to the field data was a function of the sub grade modulus (k), radius of relative
stiffness (l) and the subbase stiffness (Esubbase). For the equation LTE

eF*RM, the combination that

gave the closest results for the shift factor (F) was:

F

=

(6.2)

II(k*Esubbas.)

In effect this calibration of the data has also shown that one of the main objectives of the particular test
set-up used for the aggregate interlock experiments has been achieved. Through the specific test set
up, an attempt has been made to test the effects of aggregate interlock, and although the load transfer
efficiencies were optimistic when compared to the field data, the range of RMs over which load
transfer takes place through aggregate interlock has been established.

This range varies from

approximately 0 mm to 0,12 mm, especially for the smaller 19 mm coarse aggregate. Indications are
however, that for larger 37,5 mm coarse aggregates this range extends past the values tested. At larger
RMs the subbase influenced the results to a great extent, which is clearly shown by the RM of the
smooth plastic joint.

The main contribution of the plastic joint results in combination with the

aggregate interlock results therefore, was that the same range of RM measurements as the field
measurements was obtained. This therefore clearly indicated where the LTE measured in the field,
relies mainly on the subbase stiffness, due to either crack widths larger than 2,5 mm, or an aggregate
crack face that has been abraded under traffic movement to such an extent that it gives the same RM
results as a smooth joint.

6.2

CONCLUSIONS

TIle main conclusions reached after interpretation of experimental results were as follows:

a)

An increase in crack width caused an increase in deflection, a decrease in deflection L TE, and

an increase in RM.
b)

The larger 37,5 mm aggregate had lower deflections than the smaller 19 mm aggregate at the
same crack widths during dynamic and static loading.
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c)

Beyond a crack width of 2,5 mm the data for the 19 mm coarse aggregate tended to remain
constant, and it was therefore not considered necessary to test at 'crack widths greater than
2,5 mm. It was specifically stated in previous research studies (Davids et ai, 1998b; Jensen,
2001) that at crack widths greater than 2,5 mm the stiffness of the subbase starts to playa role
in levelling out the measured response of the slabs. However, this study has shown that the
smoother the texture of the crack face, the sooner the system would rely on the support of the
subbase to transfer stresses and strains from one slab to another. This study has indicated
three such transition zones, namely: 1,5 mm for the smooth joint, 2,5 mm for the 19 mm
aggregate interlock joint, and between 3,5 mm and 4,0 mm for the 37,5 mm aggregate
interlock joint.

d)

At small crack widths

«

0,5 mm) the bottom crack displacement measurements tended to be

higher than the top crack displacement measurements. The slab tended to bend through with
the top of the crack closing, and the bottom of the crack opening during loading. This was
more evident during dynamic loading than during static loading, due to the effects of
momentum.
e)

At crack widths greater than 0,5 mm the top crack displacement became larger than the
bottom crack displacement, indicating that the crack was being pushed open during loading.
This demonstrated why large crack widths are so detrimental to pavement performance, as the
opening up of the crack at the top during loading, makes it easier for debris and loose particles
to be driven into the cracks, which in tum cause spalling of the concrete at the crack face.
Once again the effect was greater during dynamic than static loading.

f)

The deflection LTE was greater during dynamic than static loading in all instances. Larger
sized coarse aggregates had greater deflection load transfer efficiencies than smaller sized
coarse aggregates.

g)

For the same coarse aggregate size concrete mixes, the LTE was larger where there was a
continuous subbase support (rubber not cut through) than where there was a crack simulated
into the subbase (top rubber layer cut through).

h)

Due to the effects of momentum forces acting across the crack, the LTE under 40 kN static
loading was higher than under 20 kN static loading.

i)

Due to the effects of momentum acting across the joint, the LTE under dynamic loading of a
bubble plastic joint on the non-continuous subbase remained remarkably high (92% at a crack
width of2,5 mm), compared to the gradual decrease in LTE with increasing crack width under
static loading (18% at a crack width of2,5 mm).

j)

Although the deflections were in the same order of magnitude, the load transfer efficiencies
achieved using South African crushed stone were significantly higher when compared to
published results. The 19 mm dolomite aggregate rendered greater load transfer efficiencies
than a 50 mm glacial gravel blend commonly used in the USA.

k)

The joint shear stiffness (AGG) under dynamic loading was approximately 1,5 times that of
the AGG under static loading on the continuous rubber subbase, and approximately 3 times
higher on the discontinuous rubber subbase.
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1)

The range of shear stiffness per unit length of crack face that could typically be expected from
South African aggregates (for crack widths of 0, I mm to 2,5 mm) under static loading has
been established.

During the experiments conducted for this research project, an attempt has been made to reach a better
understanding of the intricacies involved in defining the mechanism of aggregate interlock.

This

mechanism can only be understood adequately if it is borne in mind that normal stress, shear stress,
crack width, and shear displacement are all involved. On the other hand, concrete strength, aggregate
size, and subbase support also influenced the results.

Tests on cracks subjected to earthquake loading Walraven (1981) showed that there is a considerable
difference between the first and the subsequent loading cycles. Irreversible damage to the cement
matrix takes place when the hard aggregate particles are pushed into this softer cement matrix. Any
new cycle of loading leads to further damage of the crack faces, resulting into steadily increasing
values of the shear displacement and the crack width at peak loading. In effect this was also proven
during this study. The load applied to induce the crack in the less than 24-hour old concrete can be
described as the first loading cycle, during which irreversible damage took place, in other words,
during which the crack was formed. Subsequent loading and opening and closing of the crack caused
further damage and the dislodging of fine particles that prevented the closing of the crack back to
0,1 mm once it has been pulled open.

Yet, despite this "damage" to the crack faces, the results obtained using the high quality crushed stone
found in South Africa were superior to results obtained using USA aggregates. The common practice
in South Africa of constructing jointed concrete pavements without dowels at the joints relying on
aggregate interlock load transfer only has therefore been vindicated by this study.

The main contribution to the current state of knowledge was the development of a mechanistic equation
quantifying the effect of aggregate interlock at a joint/crack in a concrete pavement. This equation has
already been included and tested in the CncRisk software package, developed as part of the upgrading
of the new mechanistic concrete pavement design manual for Southern Africa.

6.3

RECOMMENDATIONS

Further research is required to confirm up till which crack width aggregate interlock is still active for
the larger 37,5 mm coarse aggregate, as the deflection results did not reach an asymptote at a crack
width of 2,5 mm.

An aspect that has not been specifically addressed during the present study, was the effect of abrasion
or aggregate wear out within the aggregate interlock joint, as little abrasion took place during
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application of the 2 million dynamic load cycles at the initial crack width. As mentioned, this was
partly due to the little relative vertical movement that could take place in the still "locked-up" state of
the crack. Abrasion within the aggregate interlock joint should be established by applying up to

2 million dynamic loads across the crack at different crack widths, and measuring the deterioration in
LTE.

The equation developed for the aggregate interlock factor, using data from this research study has
already been included and tested in the CncRisk software package, as part of the upgrading of the new
mechanistic concrete pavement design manual for Southern Africa, and can be used with confidence.
The literature review on dowel modelling has also shown that the theory applied in the software does
not need revision. Equation (6.1) does not include slab thickness as a variable, due to the fact that all
the experimental slabs were 230 mm thick. It is logical that the shear stress developed at the crack face
of a thin concrete slab will be less than the shear stress developed at the crack face of a thick concrete
slab. Exactly how slab thickness forms part of the equation will have to be determined through follow
up testing. Another aspect that has been identified is that the erosion model used in the software needs
revision. This can also be determined through further research projects.

6.3.1

Follow-up testing

The success of this study has laid the foundation for further testing involving dowel bars, as well as
different subbase types to study the effect of erosion.

It is proposed that a test method similar to that used by Snyder (1989) be developed for testing dowel

looseness in concrete. Instead of inserting the dowel bars into the concrete afterwards (as was done in
the concrete repair study by Snyder (1989», it should however be cast into the concrete from the start.
The dowel should be instrumented with strain gauges on at least three positions inside the embedment
length, as well as close to the edge of the concrete, in order to measure the bending moment on the
dowel bar.

The dowel should be subjected to cyclic loading with complete stress reversal at a

frequency of 3 Hz. A method should be devised for measuring the movement in the dowel, and
determine after how many load cycles dowel looseness started to develop, as well as the size of the gap
created during loading.

The method used by Snyder (1989) with a linear variable displacement

transducer (LVDT) mounted on an aluminium bracket attached to the face of each specimen and
connected to the load collar using a small threaded nylon rod, seems to have been quite successful.
This device was used to measure electronically the movement of the load collar and dowel relative to
the concrete. In this manner different dowel diameters, as well as specimens with different aggregate
types, can be tested.

Erosion of the subbase can be deternlined by constructing various types of subbases inside a timber
box. It is proposed that the same dimensions, nanlely 230 mm thick, 600 mm wide, and 1 800 mm long
concrete beanls be cast. The mould for the concrete can be fastened onto the timber, and the concrete
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beam with crack inducer and flat bar can be cast on top of it as has been done in the study described in
this document. The crack should be induced within 24 hours after casting the concrete. During testing,
deflections should be measured with LVDT's on top of the concrete, and at the top and bottom of the
subbase. The timber box containing the subbase should be constructed in such a manner that the
section beneath the joint/crack in the concrete is visible/accessible from both sides with for example,
removable panels. The concrete slab can then be subjected to dynamic loading, as was done during the
initial stages of this study. The development of erosion as well as a reflection crack, if any, can then be
monitored.

In a test set-up similar to the one used in the research done for this thesis, an eroded subbase can also
be simulated by cutting away specific lengths of rubber beneath the leave slab. The effect of "erosion"
on aggregate interlock LTE under static and dynamic loading can then be determined.

