

















Table 2: Test Program for HVS Test 597FD
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Table 3: Summary of Visual Crack Observations on Section 597FD

Load

. Crack Description Instruments in Close Proximity
Repetitions

54,815 :raelglme cracks confined to the trafficked )

Corner cracks at the transverse joint on
the cabin-end of the test section (Figure
2). The crack on the MDD 1/JDMD1
side of the transverse joint only MDD 1 and 2
762,044 e’éte”tdr?dlfaom.”;e qansvers jgi”t o | JDMD 1and 2

about halfway into the trafficked area. :
The crack on the MDD2/JDMD2 side of | HoriZontal JDMDs 13 and 15(a)
the transverse joint was fully developed
and extended form the transverse joint
to the shoulder joint.

Corner cracks at the transverse joint on
D oo s sy 21 [ MDD 1 a2
844,648 : g JDMD 1 and 2

transverse joint fully developed and Horizontal JDMDs 13 and 15(a)
extending from the transverse joint to
the shoulder joint.

Initially, only hairline cracks appeared in the trafficked area of the test section.
These cracks may have been caused by the high contact stresses under the single
aircraft tire as it was inflated to a pressure of 1,440 kPa or, more likely, the cracks are
shrinkage cracks caused during the curing of the slabs that became exposed by the
abrasive action of the trafficking loads. The main structural corner cracks were first
observed at 762,044 repetitions and were fully developed at 844,648 load repetitions.
The corner cracks did, however, only develop at the transverse joint closest to the cabin-
end of the test section during Test 597FD. The influence of the corner cracks on the
deflection response of the pre-cast pavement is investigated in Section 2.6. Figure 4
shows a photograph of the initial hairline cracks and Figure 5 shows photographs of the

fully developed corner cracks.
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Figure 4: Hairline initial cracks confined to the trafficked area of Section 597FD.

TesT £970

B Rerr vegur
pave : orfarfor
o # CRAER

(a) Crner crack on JDMD1 side of the cabin- (b) Coner crack on JDMD?2 side of the cabin-
end transverse joint end transverse joint

Figure 5: Fully developed corner cracks at the transverse joint close to the cabin-end of
Section 597FD.

2.3 MDD Data for Test 597FD

MDD data were collected according to the schedule shown in Table 2. The number
of MDD channels available on the data acquisition system limited the number of MDD
modules that could be installed to those shown in Figure 2. The in situ material at the test
site seemed to consist mostly of sandy material containing many large stones (2), which
caused problems during the installation of the MDDs by making it difficult to drill the holes
for the MDDs and to properly fix their modules at the predetermined depths. At times,
data from certain of the MDD modules were therefore questionable, and these data were

removed from the data set and not incorporated in any analysis. Table 4 provides a
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summary of the periods of testing during which valid data were obtained from each of the

MDDs.

Table 4: Periods of Valid MDD Data for Test 597FD

Period of Valid Data

MDD Sensor Depths [mm] o
[repetitions]
1 0, 230, 380, 680 0 to 527,465
2 0, 230 0 to 527,465
0 to 922,246
3 0, 230, 380 1,025,012 to 1,239,262
4 0, 230, 380 0 to 922,246

1,025,012 to 1,239,2262

An example of the depth deflection bowls obtained from the MDD system is shown

in Figure 6 for the 74th, 76th and 78th load repetitions which were recorded with the wheel

running in the same direction under a 60kN load. Except for the MDD module at a depth

of 380 mm, there is very little noise in the data and the deflection results of the three load

cycles are highly repeatable. Similar results were also obtained for the other MDD stacks.

The peak deflections were extracted from the depth deflection bowls and the peak

deflection from the surface deflection bowl was used in the subsequent analysis of the

LTE.
Distance (m)
3 4 5 7 8

-0.050

0.000

0.050 |-
£
— 0.100 —— MDD 1-0
S —— MDD 1-230
= —— MDD 1-380
2 0150 f MDD 1-680
[0
a)

0.200

0.250

0.300

Figure 6: Typical MDD data obtained from MDD 1 for Test 597FD.
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Figure 7 shows a summary of the peak deflections for MDD 3 for the duration of
Test 597FD. The peak deflections are shown for all the deflection loads from 60 to
150 kN and the trafficking load is shown at the top of the chart. The variability in Figure 7
for each sensor indicates the presence of daily cycles, with three factors affecting the

peak deflection: These are:

e The magnitude of the deflection load, with a higher deflection load causing

a higher deflection;
e Temperature changes causing a daily change in the peak deflections; and

e Increased depth reduces the daily temperature effects.

3.000

| |
60kN [ 80kN I 120kN |
| |

2.500 ~

N
o
S
IS

I
|
|
|
|
|
|
|
1.500 :
|
|

Deflection (mm)

1.000

0.500

0.000 =
0.0E+00 2.0E+05 4.0E+05 6.0E+05 8.0E+05 1.0E+06 1.2E+06 1.4E+06

Repetitions

| =~ MDD 3-0 —o— MDD 3-230 —a— MDD 3-380 |

Figure 7: Peak deflection summary for MDD 3 for the duration of Test 597FD.

The first step in eliminating the effect of the deflection load on the data shown in
Figure 7 is to extract only the deflections recorded at a 60 kN deflection load from the data
set. Figure 8 shows only the 60 kN deflections for the duration of Test 597FD. The
effects of daily temperature changes and damage on the deflection are apparent from
Figure 8, with the 60 kN deflection showing a general increasing trend with increasing

number of load repetitions because of increasing damage inflicted on the pavement.
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Figure 8: 60 kN peak deflection summary for MDD 3 for the duration of Test 597FD.

The temperature data recorded at depths of 10 mm and 210 mm at thermocouple
T1 for the duration of Test 597FD were used to calculate the temperature gradient
throughout the slab in an attempt to isolate the effect of daily temperature changes from
the 60 kN deflection response of the pavement. The results from this process are shown
in Figure 9 for the 60, 80, 120, and 150 kN trafficking loads. It is clear that the magnitude
of the trafficking load has an effect on the deflection recorded at a 60 kN deflection load,
and the 60 kN deflections recorded during the 150 kN trafficking portion of the test is
much higher than those recorded during the 60 kN trafficking portion of the test (note the
increasing trend of MDD 3 Level 0 in Figure 8). This is a result of the increasing amount
of damage caused by the higher trafficking loads. The data from the initial 60 kN
trafficking portion of the test were extracted and plotted in Figure 10 to investigate the

effect of the temperature gradient on the 60 kN deflection.
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Figure 9: 60 kN peak deflection for MDD 3 plotted against the temperature gradient in

the pre-cast PCC slab for different trafficking loads.
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Figure 10: 60 kN peak deflection for MDD 3 plotted against the temperature gradient in

the pre-cast PCC slab for the 60 kN trafficking load.

The assumed approximate geometry of the pre-cast PCC slabs is shown at the top
of Figure 9 and Figure 10. The slab lay flat when the temperature differential (top to

bottom) is equal to that at the time of concrete setting. Since the slabs were not cured on
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site but at a local pre-casting plant, it can be assumed that there was no temperature
differential at time of setting. If the slab is colder at the surface than at the bottom, a
negative temperature gradient is calculated and the corner and edges of the slab curl
upwards and could separate from the CTB. If the slab becomes warmer at the top a
positive temperature gradient is calculated and the edges of the slab curl downward and
rest on the CTB. The deflections at a temperature gradient equal to and higher than zero
therefore represents the condition of the slab’s edges in contact with the underlayer. As is
shown by the trend-line drawn to the data in Figure 10, deflections at MDD3 remain
relatively constant at positive temperature gradients. At negative gradients, the thermal
curl of the slab causes the edge of the slab to curl upwards, resulting in a longer cantilever
effect and higher deflections recorded at the edge of the slab, as is shown by the data on
the left-hand side of the chart in Figure 10.

231 Deflections and Load Transfer Efficiency from MDDs

The process of extracting only the 60 kN deflections and plotting the deflection
against the temperature gradient is repeated for the analysis of the LTE in the subsequent

paragraphs.

The formulation of the LTE is shown in Figure 11 and is the ratio of the deflection on
the leave slab at the time of the peak deflection on the approach slab to the peak
deflection on the leave slab. This formulation is based on the assumption that the amount
of deflection transferred from the approach to the leave slab when the approach slab is
loaded, is proportional to the amount of load transferred from the approach to the leave

slab.
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Figure 11: Formulation of the Load Transfer Efficiency.

Figure 12 and Figure 13 show the initial and final 60 kN approach and leave slab

deflection used in the calculation of the LTE (initial refers to the beginning of accelerated

loading, and final refers to responses after 1.24 million repetitions). The effect of the

change in structural condition caused by the HVS trafficking is again apparent when the

results from these two figures are compared. Figure 14 and Figure 15 show the LTE

calculated for the doweled transverse joints at MDDs 1 and 2 and MDD 3 and 4

respectively for the duration of Test 597FD.
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Figure 12: Initial 60 kN approach and leave slab deflection for the transverse joint
between MDDs 3 and 4.

N N
o e
[ ]

-
~

N
N

-

mda
¢ db

Deflection (mm)
o
oo

o
o

0.4 Thermal curl of
the pre-cast
02 | | PCC slabs

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Temperature gradient (°C/mm)

Figure 13: Final 60 kN approach and leave slab deflection for the transverse joint
between MDDs 3 and 4.
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Figure 14: 60 kN LTE at the transverse joint between MDDs 1 and 2 for the duration of
Test 597FD.
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Figure 15: 60 kN LTE at the transverse joint between MDDs 3 and 4 for the duration of
Test 597FD.

Although the peak 60 kN MDD deflection plotted in Figure 9, Figure 10, Figure 12,
and Figure 13 show an increase in deflection as the test progressed and with decreasing

temperature gradient, the LTE does not show any deterioration during Test 597FD. In
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terms of LTE there was no damage caused by the HVS test. The LTE does, however,

show a decreasing trend with increasing temperature gradient.

23.2

Conclusions Drawn from MDD Data

The following conclusions are drawn from the MDD deflection data:

The magnitude of the MDD deflection depends on the magnitude of the

deflection load, with a higher load causing a higher deflection.

Daily temperature changes in the pre-cast PCC slab cause a temperature
gradient in the slab that affects the peak MDD deflection, with the peak

MDD deflection increasing at negative temperature gradients.

The peak MDD deflection from MDD 3 shows that the test section suffered
some structural damage during the HVS test, with the MDD deflection
increasing from about 0.5 mm to 1.5 mm at a temperature gradient of
-0.02°C/mm and increasing from about 0.25 to 1 mm at a temperature

gradient of +0.02°C/mm.

The LTE did not show any deterioration for the duration of Test 597FD
(values did not drop significantly) but seems to be affected by the
temperature gradient, with the LTE falling from values between 80 and 100
percent at negative temperature gradients to values between 40 and 60

percent at the extreme of the positive temperature gradient range.

2.4 Vertical JDMD Data for Test 597FD

JDMD data were collected according to the schedule shown in Table 2 at the

vertical JDMD locations shown in Figure 2. The JDMD instruments are robust and data

were obtained from the JDMDs for the full duration of Test 597FD. An example of typical

JDMD deflection bowls from the corners of the slabs at the cabin-end transverse joint of
Section 597FD is shown in Figure 16 for JDMDs 1 and 2 for the 74th, 76th, and 78th load

repetitions. Similar results were also obtained for the other two JDMDs at the tow-end

transverse joint on Section 597FD. The peak deflections on the approach slabs and the
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simultaneous deflection on the leave slabs were extracted from the JDMD deflection
bowls to calculate the LTE based on JDMD data.

Deflection (mm)

-0.200

-0.150

-0.100
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0.050 [
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0.150

0.200

0.250 [

0.300

Distance (m)
1 2 3 4 5 6

—JDMD 1
—JDMD 2

Figure 16: Typical JDMD data obtained from JDMDs 1 and 2 for Test 597FD.

The vertical mid-slab deflection was recorded by JDMD 3, and a typical example of

the mid-slab deflection bowl is shown in Figure 17.
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Figure 17: Typical JDMD data obtained from JDMD 3 for Test 597FD.
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Figure 18 shows a summary of the peak approach slab deflection, simultaneous
leave slab deflection, and LTE from JDMDs 1 and 2 for the duration of Test 597FD for all
deflection load levels (the traffic load levels are indicated at the top of the chart). As was
the case with the MDD data, the JDMD data clearly exhibits a daily cycle, as shown by
scatter around the trend, and there are three factors possibly affecting the deflection and

LTE shown in Figure 18. These are:

e The magnitude of the deflection load, with a higher deflection load causing

a higher deflection;

e The daily temperature changes causing a daily change in the peak

deflections; and

e The amount of damage caused to the pavement, which depends on the
magnitude of the trafficking wheel-load and the number of repetitions

applied at each particular trafficking load level.
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Figure 18: JDMD deflection and LTE summary for JDMDs 1 and 2 at all deflection load
levels for the duration of Test 597FD.
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241

Deflections and Load Transfer Efficiency from JDMDs

The JDMD data was therefore processed in the same way as the MDD data by first

extracting only the 60 kN data to eliminate the effect of the deflection load. The JDMD
deflection and LTE data for JDMDs 1 and 2 at the 60 kN deflection load are shown in
Figure 19 for the duration of Test 597FD. Similar results were obtained from JDMDs 3

and 4 at the tow-end transverse joint of Section 597FD.
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Figure 19: JDMD deflection and LTE summary for JDMDs 1 and 2 at the 60 kN deflection
load for the duration of Test 597FD.

The 60 kN deflection data still exhibits an increase in deflection with increasing load

repetitions (increasing damage) and a temperature-associated daily cyclic change. The

60 kN JDMD deflection and LTE were therefore plotted against the temperature gradient

of the slab as it was with the MDD data. The initial deflection and LTE results for less

than 100,000 load repetitions are shown in Figure 20, and the final deflection and LTE

results from the 150 kN trafficking portion of the test are shown in Figure 21.
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Figure 20: Initial JDMD deflection and LTE data for JDMDs 1 and 2 at the 60 kN

deflection load plotted against the slab temperature gradient.
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Figure 21: Final JDMD deflection and LTE data for JDMDs 1 and 2 at the 60 kN

deflection load plotted against the slab temperature gradient.

The JDMD deflection data indicates substantial change in the structural condition of
the pavement, with the deflection increasing from about 0.5 mm to 2.0 mm at a
temperature gradient of -0.02°C/mm and increasing from about 0.25 mm to 0.8 mm at a

temperature gradient of +0.02°C/mm. This agrees well with the observations from the
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MDD data. The JDMD LTE data do not show the same temperature gradient dependency
as the MDD LTE data and remained in a range between 80 and 100 percent for the
duration of Test 597FD. However, the JDMD LTE data again show no deterioration in the
LTE for the duration of Test 597FD as was the case with the MDD LTE data.

2.4.2 Conclusions Drawn from JDMD Data

The following conclusions are drawn from the vertical JDMD deflection data at the

transverse joints of Section 597FD:

e The magnitude of the JDMD deflection depends on the magnitude of the
deflection load, with a higher deflection load causing a higher deflection.
The peak deflection at the cabin-end transverse joint increased at about
850,000 load repetitions without any increase in the deflection or traffic
loads. This coincides with the full development of the corner cracks at the
cabin-end transverse joint at 844,000 repetitions (refer to Table 3 and
Figure 5). This increase in deflection did not occur at the tow-end

transverse joint where no corner crack developed.

e Daily temperature changes in the pre-cast PCC slab cause a temperature
gradient in the slab that affects the peak JDMD deflection, with the peak

JDMD deflection increasing at negative temperature gradients.

e Section 597FD exhibits some structural change evidenced by a substantial

increase in the peak 60 kN deflection from the start to the end of the test.

e The JDMD-based LTE at the transverse joints did not deteriorate at all
during the HVS test on Section 597FD.

2.5 Horizontal JDMD data for Test 597FD

Horizontal JDMD data were collected according to the schedule shown in Table 2 at
the horizontal JDMD locations shown in Figure 2. The horizontal JDMDs of main concern
are JDMDs 13 and 14 mounted across the cabin- and tow-end transverse joints
respectively. Figure 22 shows a typical example of the transverse joint activity recorded
by JDMDs 13 and 14. Joint activity is term used to describe chances in horizontal

displacement measured across the joint, i.e opening and closing of the joint.
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Figure 22: Typical transverse joint activity result from JDMDs 13 and 14.

A summary of the opening, closing, and total joint activity for the cabin- and tow-end
transverse joints are shown in Figure 23 and Figure 24 respectively for the 60 kN

deflection load.
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Figure 23: 60 kN joint activity of the cabin-end transverse joint recorded by JDMD 13.
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Figure 24: 60 kN joint activity of the tow-end transverse joint recorded by JDMD 14.

There is a gradual increase in the 60 kN joint activity at both JDMDs with increasing

load repetitions but a substantial increase in the joint activity occurred at JDMD 13 where

the corner crack developed beyond 800,000 repetitions. The joint activity was therefore

plotted against the temperature gradient of the slab for the initial conditions (<100,000

repetitions), the pre-cracked phase of the 150 kN trafficking portion of the test (300,000 to

800,000 repetitions) and the post-cracked portions of the 150 kN trafficking portion of the

test (800,000 repetitions to the end of the test). The results from this process are shown

in Figure 25 for JDMD 13 at the cabin-end transverse joint where the crack occurred and

in Figure 26 for JDMD 14 at the tow-end transverse joint where no crack occurred.
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Figure 25: Joint activity of the cabin-end transverse joint recorded by JDMD 13 plotted

against the temperature gradient of the slab.
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Figure 26: Joint activity of the tow-end transverse joint recorded by JDMD 14 plotted

against the temperature gradient of the slab.

There is a substantial difference in the joint activity of the two transverse joints with

the joint activity increasing significantly at the transverse joint where the corner crack

developed.
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The following conclusions are drawn from the horizontal JDMD joint activity data at

the transverse joints of Section 597FD:

e The joint activity at the cabin-end transverse joint increased at about
800,000 load repetitions without any increase in the deflection or traffic
loads. This coincides with the full development of the corner cracks at the
cabin-end transverse joint at 844,000 repetitions (refer to Table 3 and
Figure 5). This increase in joint activity did not occur at the tow-end

transverse joint where no corner crack developed.

e Daily temperature changes in the pre-cast PCC slab cause a temperature
gradient in the slab that affects the joint activity, with the joint activity
increasing at negative temperature gradients. This temperature
dependency of the joint activity becomes more evident than at the

beginning of the test.

2.6 Structural Capacity of Section 597FD

A number of factors need to be noted in terms of the assessment of the structural
capacity of the pre-cast PCC pavement at the San Bernardino test site based on the HVS
test data. As stated in the Introduction, the support conditions of the test pavement were
probably better than would be expected on normal rehabilitation projects; the
environmental conditions were optimal during the test, with no water applied to the test

section; and the construction was well controlled.

In addition to this, the initial HVS test was not run until full structural failure occurred.
The slab corners on either side of the cabin-end transverse joint developed full corner
cracks. Some structural damage did occur, with the peak MDD and JDMD deflection
increasing from about 0.5 mm to between 1.5 and 2 mm at negative slab temperature
gradients. At a positive slab temperature gradient the deflection increased from about
0.25 mm to values between 0.8 and 1.0 mm. The LTE of the grouted dowel joints, which
was anticipated to reduce rapidly under the HVS test, held up exceptionally well and

showed no deterioration throughout the test.

The only tangible distress that occurred was the development of the corner crack at
the cabin-end transverse joint which was first observed at 762,044 repetitions of mixed
traffic. This condition, representing a case where 50 percent of the transverse joints have

corner cracks (one transverse joint on the HVS section cracked, the other did not) is an
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indicator of the structural capacity of the pavement. It is, however necessary to convert

the mixed traffic to its equivalent standard axle (ESAL) value to interpret the result.

The conversion of the 80, 120, and 150 kN load repetitions to an ESAL value is
done with the AAHSTO damage law but because of uncertainty regarding the AASHTO
damage power, a Monte Carlo type of simulation was done by randomly generating 1000
AASHTO damage power values according to a normal distribution with a minimum value
of 3.8, an average of 4.2, and a maximum value of 4.6. These AASHTO damage power
values were then used to convert the mixed traffic at the time when the corner crack was
first observed to its ESAL value. The result from this process is shown in Figure 27. The
mode of the distribution (the bin of values with the highest frequency) was between 80
and 90 million ESALs. In a design case of an important highway it is advisable to use the
10" percentile of the distribution to ensure that 90% of all observations actually exceed
the design target. The 10" percentile value of the distribution in Figure 27 falls between
70 and 80 million ESALs. This value exceeds the design traffic target of 40 million
ESALs, but it must be emphasized again that the test was performed under favorable

conditions.

The test pavement was also simulated with cncPave3.19, a rigid pavement design
software package used in South Africa. This analysis indicated a distribution of ESALs
from 40 to 100 million for a condition where 50 percent of the slabs were cracked. The
distribution from this analysis therefore lies slightly offset to the left of the distribution
shown in Figure 27, but also indicates that given the favorable conditions under which the
HVS test was done, the structural capacity to a condition where 50 percent of the
transverse joints exhibits corner cracks would be expected to exceed the design traffic
target of 40 million ESALSs.
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Figure 27: Distribution of ESALS for a condition of corner crack initiation at 50 percent

of the transverse joints.
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3. INTERIM CONCLUSIONS

The following interim conclusions are made subject to the provisions that the support
conditions of the test pavement are probably better than would be expected on normal
rehabilitation projects; the environmental conditions were optimal during the HVS test,

with no water applied to the test section; and the construction was well controlled:

. Deterioration of the pre-cast PCC pavement system did occur during the HVS test in
terms of a significant increase in the deflection of the pavement. However, this
increase in deflection did not result in any terminal failures of the pavement during
the HVS test.

. The process of grouting the dowel bars seems to be effective based on high load
transfer between slabs that was maintained under fairly aggressive loading
conditions during the HVS test.

° Although corner cracking occurred on both sides of one of the transverse joints on
the HVS section, the pavement was not yet in a terminal condition at the time when
the initial HVS test was stopped. It is strongly recommended that future HVS testing
should be conducted by adding water to the test section to investigate the possible
erosion and pumping of the grouted bedding material at the PCC/CTB interface that

may result in step-faulting of the pavement.

Therefore, the main conclusion of this tech memo is that — given the design of the pre-
cast PCC pavement tested at the San Bernardino test site, the tight control over the
construction process, and the favorable HVS test conditions — premature failure is not
anticipated with the use of the pre-cast PCC pavement on actual rehabilitation projects. It
is understood that the ultimate structural capacity of the system will be influenced by many
factors excluded from the initial HVS tests. The structural capacity of the system will have
to be determined for a range of support and environmental conditions before it can be
used with higher confidence. However, based on the conditions and performance of Test
597FD, it is expected that the pre-cast panels will meet and probably will exceed the
design traffic of 40 million ESALSs.
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