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I
PAVEMENT PERFORMANCE
- Je E. Simonsen

This is a follow-up to a June 23, 1980 memo to K. A. Allemeier from
T. A. Coleman and J. E. Simonsen which reported ona cursory inspection
of the subject pavement and recommended additional work in an attempt to
find the causes of the performance problems (cracking and faulting of the
slabs). These problems are confined to the outside (traffic) lane which was
added four to seven years ago to the 25-year old two-lane pavement.

This portion of the report deals with the results of surveys conducted
to establish the extent of the cracking and todetermine if tying the new lane
to an existing one and using concrete shoulders, have influenced the forma-
tion of the cracking. Also, concrete cores were taken tocheck the concrete
strength and to examine the condition of the steel reinforcement.

Work to determine the performance of the pavement foundation was
assigned to the Soils and Pavement Layer Analysis Group, and is included
in the second portion of the report entitled, "Foundation Investigation.’

The portion of I 75 involved is 24.9 miles long and consists of the fol-
lowing seven construction projects:

Code No. Project No. Lel}gth, Construction

miles Year
1 I 58151, 09678A 1.6 1976
2 I 58151, 08413A 1.6 1974
3 I 58151, 0386TA 4.9 1975
4 I 58151, 03869A - - 5.2 1975
5 £8151, 07685A 2.6 1976
6 I 58152, 00797A 3.0 1976
7 I 58152, 04472A 6.0 1973

Code numbers are a.s'signed from south to north and Project No. 1 be-
gins at the Ohio Line.

The original two-lane 10-in. reinforced concrete pavement was placed
on a 16-in, sand subbase and the shoulders consisted of aggregate material
with a bituminous surface. A review of the condition surveys indicate that
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after five years' service the formation of transverse cracks had progressed
at a normal pace, except for Project 4, where the number of transverse
cracks was in the range for that of 15-year old pavements. Although this
spread in performance is now less discernible the unusually large number
of cracks that occurred on Project 4 so socn after construction indicates
that futire problems could develop. In this respect, our records of repairs
with fast-set concrete show that more tban four times as many sq yd/mile
of freeway pavement have been replaced on Project 4 than on any of the
other projects.

The added 10-in. reinforced lane was designed to be placed on a 12-in.
sand subbase and a 4-in. aggregate base. The joints arespaced %9 ft apart
to match the joints in the two inner lanes. The lane is tied to the old slab
using hookbolt sleeves which were cast into the existing slab when it was
built. The shoulders on Projects 1 through 6 consist of non-reinforced
concretell ft wide. The shoulder thickness tapers from 10 in. at the pave-
ment edge to 6 in. in 3 ft, with the remaining 8 ff being of 6 in. uniform
thickness. Four different shoulder construction methods were used:

1) Cast integrally with lane, no intermediate joints, longitudinal joint
sawed at normal pavement-shoulder joint interface.

2) Cast integrallywith lane, nointermediate joints, longitudinal pave-
ment-shoulder joint sawed at the end point of the shoulder taper.

3) Cast integrally with lane, four intermediate joints per 99-ft slab,
longitudinal pavement-shoulder joint sawed at normal location.

4) Cast separately from lane, four intermediate joints per 99-ft slab,
bulkhead type longitudinal joint.

On Project 7 the shoulders are full-depth bituminous.

On September 11, seven concrete cores were removed from the pave-
ment lane on the northbound roadway in the vicinity of Station 522 (Project
4) where county maintenance forces were repairing distressed areas.
Three 6-in. cores were taken through cracks faulted from 1/4 to 3/8 in.
for the purpose of examining the reinforcement and four 4-in. cores were
taken for determining the concrete strength.

The compressive strength of each of the four cores was 5,600, 6,000,
6,700, and 5, 800 psi, respectively. This is well above the 3,500 psi com-
pressive strength for which the mix was designed and indicates that con-
crete strenpth was not a factor in the crack formation.




The reinforcement in the cores takenthrough the cracks had fractured.
Although the steel wires showed some sign of corrosion it appears the fail-
ures are caused by bending stresses induced by traffic load. Examination
of the cores shows that aggregate interlock to transfer the load across the -
cracks was lost, which had resulted in concrete bearing failures under the
wires. Once the concrete fails in this manner, the wires are flexed every
time a load passes over the crack, which induces bending stresses in the
wires, ultimately causing them to fracture.

A pavement condition survey was conducted in the summer of 1980 on
the new lane for Projects 1 through 6. Information for Project 7 was ob-
tained from a condition survey made in 1978, The surveys recorded all
transverse cracks and, for Projects 1 through 6, the estimated amount of
faulting on cracks with this deficiency was also noted.

The distribution of the average number of transverse cracks per slab
in the added lane for the seven projects is illustrated in Figure 1. The
average varied from 3.3 to 8.3 ¢racks per slab on the northbound lane and
from 3.7 to 7.3 on the southbound lane. The range in cracks per slab was
0 to 11 on the southbound lane and 0 to 13 on the northbound lane. In Re-
search Report R-711, "Performance of Michigan's Postwar Concrete Pave-
ments, " it is reported that for 82 two-lane projects the average number of
transverse cracks per slab varied from 0.03 to 5.17 after 10 years' ser-
vice. Figure 1 showsthat on five of the seven projects the average nuniber
of cracks per slab was more than the highest average (5.17) found on 10-
year old projects, even though these projects are only about five years old.
On the basis of this comparison, it is evident that more cracks than are
normally expected have occurred in the added lane.

Generally, transverse cracks do not have any serious effect on pave-
ment performance unless the steel fractures and faulting develops. Once
the steel fails the cracks act as a joint and incompressible materials enter
the cracks during contraction cycles which increasethe compressive forces
in the slab during expansion periods. Faulting can occur when aggregate
interlock is lost at the cracks but this normally does not affect the pexrfor-
mance before the pavements are 10 to 15 years old.

On the added lane of I 75, the number of cracks with visible faulting
was recorded. A distribution of the average number of faulted cracks per
slab is shown in Figure 2 for both roadways. The fauiting problem, as can
be seen, is most severe on the northbound rocadway. Among the projects,
No. 4 on the northbound readway is the most severely faulted, with an aver-
age of slightly more than four faulted cracks per slab.
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As previously discussed, it was found that the steel had fracturedin
cores taken through cracks faulted 1/4 to 3/8 in. From the survey data,
the number of cracks with an estimated 1/4 to 1/2 in. of faulting has been
tabulated for Projects 1 through 6 as follows:

Faulted Cracks,

Project No. 1/4 to 1/2 in. *

1
19
196
384
63
27

= N W S

* A total of 33 cracks were estimated to have
faulted 1/2 to 1 in. and are included in the
totals.

A special survey was conducted to study the relationshipof cracking in
the old and new lane and in the concrete shoulder. An equal number of 99-it
slaba (16) ineach section with a different shoulder type were inspected. A
systematic sampling plan with a random starting point was used. The
cracks in the old and new lane and in the shoulder were drawn on a plan
view of each selected location.

The averagenumber of transverse cracks per 99-ft slab in the old and
added lane and in the shoulder was tabulated and are shown in Table 1. As
can be seen in all but one case, the average number of cracks in the old
lane slabs is less thanin the added lane and in the shoulder slabs. It should
be noted that the inspected slabs for which the above condition is reversed
are located on Project 1. This project also exhibits the least amount of
faulting among the projects under study (Fig. 2). This should indicate that
a better foundation support condition exists on Project 1, which may be the
reason for less cracking in the added lane and shoulder. The section with
the most c¢racking in the added lane is the one having bituminous shoulders.
This may be because the lane was added two to three years earlier than on
the other sections, but it indicates that the concrete shoulder on the subject
portionof T 75 is not the major factor in the formation of cracks in the added
lane.

A tabulation of the cracks inthe old lane in line with cracks in the added
lane revealed that about 60 percent of the cracks have a corresponding crack
in the added lane. For the purpose of this tabulation, a crack was counted




TABLE 1
SUMMARY OF TRANSVERSE CRACK SURVEY

Average Number of Transverse
Shoulder Type Cracks Per 99-ft Slab

Old Lane| Added Lane |Shoulder

Cast integrally with lane

(no intermediate joints)’ 6.1 6.4 6.3
Zisinﬁtﬁiﬁfﬂ 32111‘;3 6.3 7.4 7.4
our mtoemedate pintey? 5 8 s
Coot poporaloy oM 50 69 1.3
Bituminous shoulder 48 5.5 N

(full depth)

1 Longitudinal shoulder-pavement joint sawed at normal
location,

2 Longitudinal shoulder-pavement joint sawed at begin-
ning point of shoulder-thickness taper.

% Sawed intermediate joints are included in the total
number of cracks in shoulder.

as being in line with ancther one if they were less than one hookbolt spacing
(40 in.) apart at the longitudinal joirt. With respect to the formation of the
remaining eracks in the added lane it is theorized that hookbolt restraint
“and traffic loading were the causes. :

Past studies of transverse slab cracks have shown that more cracks
occur in the traffic lane than in the passing lane. This is attributed to the
fact that the traffic lane carries most of the heavy traffic. Since the new
lane was added on the outside edge of the existing two~-lane roadway, it be-
came the traffic lane and carries some of the largest truck volumes in the
state.

Observation of a repair on the added lane revealed that the eracks in
the new concrete had formed between the hookbolts. Since these bolts re-
strain independent movement of the added lane it is possible that shrinkage




eracks could have formed between bolt locations during the early stage of
concrete curing. In time, such cracks could have been extended across
the slab by subsequent traffic loading.

On the basis of the results of the pavement condition surveys and test-
ing of concrete cores removed froma distressed area on the added lane, it
is concluded:

1) The concrete compressive strength is well above the design strength;
thus, it does not appear to be a factor in the cause of the transverse crack-
ing problem.

2) About 60 percent of the cracks in the added lane were continuations
of existing cracks in the old lane. The remaining cracks are thought to be
caused by hookbolt restraint and heavy load application.

3) Core and faulting data indicate that currently there are about 700
cracks on the subject pavement with fractured or yielded steel reinforce-
ment.

4) Based on the average number of transverse cracks per slab and
number of faulted cracks per slab, the northbound rcadway exhibits more
distress than the southbound roadway. The poorest performing section is
Project 4, northbound roadway, located from milepost 8 to 13.

The amount of faulting experienced and fracturing of the steel indicate
base support problems, which are addressed in Part II of this repoxrt.

o
FOUNDATION INVESTIGATION
E. C. Novak, Jr.

The followingare the results ofa foundation study conducted in Monroe
County on the northbound lanes of I 75 between exits 2 and 15. The purpose
of this study was todetermine if the foundation has detrimental character-
istics that contribute to, or are responsible for, premature pavement fail-
ure and if so, what measures may be necessary to attenuate furtherde-
terioration.

Pavement Description

The section of I 75 studied has the typical cross-section shown in Fig-
ure 3. The subgrade and subbase materials are the same under 2ll three




lanes. The only differences between lanes is that the outside or add-on
lane has an approximately 3-in. thick crushed limestone aggregate base
and a subbase which is thinner by 3 in. Theoriginal lanes are constructed
directly on the subbase. Therefore, the total thickmess of original subbase
and new subbase plus base is the same.

NEW SUBBASE
{CLPR)

EXISTING
CONCRETE PAVEMENT-
10" UNIFORM

10" CONCRETE
REINFORCED CPNCRETE
PAVEMENT EMBANHMENT

MATERIAL

4% EXATING SUBGRADE
SUBBASE CRowlS FOINT

AGREGATE BASE - CONCRETE
EXISTING 8" EDGE DRAIN (4" IN PLACE }

STRE® TOPAOIL. FROM
EXISTING GROUND SUAFACE

Figure 3. 1 75 pavement cross-section, as designed.

The distress occurring in the add-on lane is illustrated in Figures 4
through 11 for the section under investigation (Project 4). Transverse
cracking varied froma maximum of about 13 cracks per slab to a minimum
of around 5. At some locations, broken slabs are being punched into the
foundation; whereas, in other cases the broken slabs, although faulted, have
the same general surface elevation as the original pavement.

Investigation

During repair of two distressed areas, base and subbase samples were
obtained for laboratory analysis. When the damaged concrete slabs were
removed, it could be seen that pumpingof fines from the base material was
causing the pavement slabg to fault. When the pavement is distressed suf-
ficiently to warrant slab replacement, typicallyonly 15 to 20 ft of pavement
are replaced. In sawing the distressed pavement for slab removal, the cut
slabs move more freely causing truck traffic to bounce and impact-load the
pavement in the direction of traffic. This accelerates the deterioration of
adjacent down-traffic pavement. It was observed that the long time period
between identifying distressed areas, sawing, and replacement caused the
distress to extend beyond its original limits. A more timely identification
replacement procedure should help to prevent enlargement of distressed
areas.
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Figure 6. Severelydistressed section of add-on pavement sawed and ready
for repairs. Note pumping of base fines and that the surface of the add-on
lane is depressed next to the original pavement but is approximately flush
with the shoulder.

Figure 7. Faulting of joint repair slab in the original pavement while ad-
jacent add-on lane is free of distress., Indicates a tendency for the sand
subbase to cause faulting.
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Figure 11. Moderate transverse crackingand faulting. Add-onlane
is depressed compared to original pavement indicating there is no
bond between them.

The as-built cross-sections from the outside lane to the ditch line of
two sites selected for more detailed study are shown in Figures 12 and 13,
Generally, the side slope area is covered with a thick layer of relatively
impervious clayey soil. Thus, gravity water drainage is restricted at the
side slope. It was beyond the scope of this study to classify foundation
drainage conditions over all of the 13 miles of pavement investigated; how-
ever, differences do appear to exist in various sections of the project.

Base and subbase samples were tested for gradation, drainability and
frost susceptibility, the results of which are summarized in Table 2 and
Figure 14. Because the clayey subgrade soil was relatively dry and stiff,
therefore in good condition, no samples were retained for laboratory analy-
sis.

Investigation Results

Base - The aggregate bases at the sites tested do not meet gradation
specifications, havinga loss-by-washing content of roughly 20 percent which
is considerably higher than the 4 to 6 percentat placement indicated by the
construction records. On the basis of these data, it is concluded that the

-13 -
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limestone base is, at the sites tested, subject to a high rate of degradation
and should be highly susceptible to pumping because of its high fines con-
tent. Drainability analysis of the base indicates that its permeability may
be optimal for pumping and that its high water-holding capacity might fur-
ther enhance pumping characteristics. In addition, frost susceptibility
testsindicate thebase material tobe moderately to highly frost susceptible.
The frost susceptibility of the base, in the areas tested, is roughly equiva-
lent to that of silt soils.

As stated in the pavement performance phase of this report, the gener-
al absence of faulting in the northern and southern ends of the pavement
investigated, indicates that degradation of the base in these areas is not as
rapid as it is in the central section. However, there appears to be no de-
finite relationship between degradation and source of base material since
all base material came from either France Stone (Pit 58-1)or France Stone
(Monroe) (Fig. 15). While more data would be necessary in order to more
accurately predict future pavement performance characteristics, indica-
tlons are that all of the add-on lane between northbound exits 2 and. 15 will
be subject to premature failure of the type shown in PFigures 10 and 11.

Subbase - The subbase gradation, at the sites tested, doesnot meet the
porous Granular Material Class II specification requirement for percent
passing the No. 100 sieve being composed principally of fine and very fine
sands. Frost susceptibility of the subbase is low, that is, the subbase
should frost heave to a limited extent in addition to the volume change that
takes place when the subbase freezes at over 90 percent saturation. There-
fore, the combination of thesetwo forms of volume change on freezing could
cause the pavement surface to heave as much as 1 in. or more at Station
320+25 where the subbase ig 10 in. thick, to as much or more than 2 in, at
Station 512+15 where the subbase is over 20 in. thick.

The drainability data consist of in situor field test results.and remold-
ed (laboratory) test results. In general, these data indicaie that the sub-
base, in the areas tested, has a very high water-holding capacity and an
extremely low permeability. In combination, these properties will increase
the time required for consolidation of the subbase layer on thawing. This
means the pavement should experience a prolonged spring period of poor
foundation support. It should be noted that the subbase at Station 320+25
was, on the basis of in situ tests, adequately drainable before the third lane
was added but now drains too slowly to be acceptable because, due to the
added width, drainage time now exceeds the suggested 10 day maximum
allowable. Since drainage is restricted at the side slope, the actual drain-
age time should be even longer than that listed in Table 2.

-17 -
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These data indicate that the installation of subbase underdrains may
be beneficial in removing gravity drainable water from subbase and side
slope areas in those casea where the subbase materials contain gravity
drainable water. Such drains could also serve to reduce the time required
for subbase consolidation. ‘However, these benefits may not significantly
improve the pavement's performance for two reasons: 1) the add-on lane
is already heavily transverse cracked; 2) faulting, which for the most part
leads to theneed for repairs, is caused by pumping of the base which should
be largely unaffected by the presence of a subbase underdrain.

Cause of Premature Failure

Transverse cracking of the add~on lane is believed to result from a
combination of poor drainability and frost heaving properties of the base
and subbase layers. When these layers thaw, the pavement provides a fluid
support rather than an elastic support. When the support passes from an
elastic to a fluid condition, it has been computed that the bending moment
sustained by the pavement as a result of an applied axle load can increase
by 30 times or more. That is, the stress sustained by the pavement during
thawing can be 30 times or more greater than that which occurs later in the
spring when the foundation has been reconsolidated by the traffic load and,
where applicable, by gravity drainage.

Traffic load induces faulting, the magnitude of which is dependent upon
base properties. Faulting has, in some areas, reached a magnitude suffi-
cient for heavy trucks to create an impact load condition on the slab in the
direction of traffic flow. This impact loading significantly magnifies the
distress condition by increasing the number of transverse cracks and ac~
celerating the rate of faulting and vertical displacement of the pavement
surface. Where the subbase is subject to volume change, or its drainability
does not permit rapid consolidation, the free slabs are vertically displaced
or punched down below the surface elevation of the original pavement.
Where the subbase is not subject to volume change or its drainability per-
mits rapid consolidation, little differential surface movement appears to
occur; however, additional investigation is needed to confirm this.

The original two lanes contain alarge number of transverse cracks that
are the result of poor support during springtime conditions that occur when
the thawed subbase is reconsolidating. However, the subbase is apparently
not as suscepiible to pumping as is the limestone base under the add-on
lane; therefore, the steel reinforcing mesh has been able to overcome any
tendency for faulting.

-19 -




In general, the add-on Iane is more heavily transverse cracked than
are the original lanes because not only did the addition of the third lane re-
duce subbase drainability for all lanes but it was constructed with an ag-
gregate base that has degraded to the point of being highly susceptible to
detrimental frost actionand pumping. Faulting of transverse. cracksin the
add-on laneis the resultof pumping properties of the limestone base which
exceed the ability of the concrete reinforcement to prevent faulting. In this
respect, the better performance of the northern and southern ends of the
pavement studied is attributed to base material that is less susceptible to
degradation and attendant detrimental performance characteristics. Down-
ward displacement of broken pavement slabs appears to occur wherever
faulting is severe enough to induce high-impact loads and subbase support
is periodically reduced because of poor drainability.

Conclusions

Rigid pavements have traditionally been designed with the assumption
that the base and subbase layersare free draining., The results of this in-
vestigation adds to growing evidence that rizid pavement foundations are
not free draining. The foundation of I 75 was found to be deficient in two
critical respects: the base permeability and frost susceptibility is similar
to that of silts; and, the subbase has a high water-holding capacity. In the
cage of rigid pavements, such foundation deficiencies can be minimized by
using a greater thickness of concrete than would beused for a non-deficient
foundation and by using reinforcing steel and load transfer devices. The
two original lanes of pavements, included in this study, have no base layer
and the subbase is subject to volume change on freezing; hence, on thawing
is in a very unstable, fluid condition until reconsolidation is completed.
Although this subbase deficiency has caused a high degree of transverse
crackingin the concrete surface, reinforcement steel has held the pavement
together in such a way that it has given good serviceability for the past 25
years or so.

The add-on lane includes a base that rests on the same subbase ma-~
terial as does the original two lanes. Addition of the third lane required
extending the subbase which reduced subbase drainability and increased the
detrimental performance characteristics of the subbase. In addition, the
limestone aggregate base material is, in selected areas, subject to exces-
sive degradation so that the base is now subject to a high degree of frost
and pumping actions. The combined detrimental frost effect on both base
and subbase has increased the intensity of transverse cracking inthe add-on
lane compared to the original two lanes, and the pumping action of the base
has decreased pavement support to a point beyond the ability of the rein-
forcement steel to resist faulting of the cracked slabs. Faulting in the
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add-on lane causes heavy vehicles to apply impact loads to the pavement
surface, the intensity of which is a function of the degree of faulting., In
those cases where the subbase is seasonally weakened for prolonged periods
of time by frost action and where faulting develops severe impact loading,
the cracked slabs are punched down, necessitating repairs and the intensity
of transverse cracks increases. That is, once punching of slabs occurs
and repairs are not quickly made the severely distressed area rapidly
i.ncreases in size.

Two primary pavement deficiencies are causing premature pavement
failures: 1) the subbase is subject to volume change on freezing thereby
losing support capacity when thawing; 2) the limestone aggregate base, used
for the-add-on lane only is, in localized areas, subject to rapid degradation
causing the base to be subject to highly detrimental frost and pumping ac-
tion.

The opportunities for corrective action are very limited because no
means exist for correcting foundation deficiencies. However, the addition
of a subbase underdrain at the edge of the outside shoulder should reduce
 the time required for the subbase toreconsolidate after thawing, This may
help reduce the frequency with which slab punching failures occur but should
not entirely prevent the occurrence of such failures. In addition, subbase
underdrains should have no influence on base degradation and its concomi-
tant detrimental actions.

Recommendations

It is recommended that a 'plowed in' retrofit subbase underdrain be
Installed to improve foundation drainage conditions. A recommended retro-
fit underdrain designand designnotes are shown in Figure 16. Such a drain
should allow for positive drainage of gravity drainable subbase water, en-
able consolidation of the base and subbase to take place more quickly, and
have the lowest possible unit cost-estimated at around $2. 00 per foot plus
the cost of delineator replacement. A more traditional retrofit underdrain
could be designed and constructed but would cost significantly more without
improving effectiveness.

If retrofit underdrains are to be installed, it is recommended theybe
added to Control Sections I 58151-03867A and I 58151-03869A only. If as a
result, punching failuresare attenuated by retrofit underdrains and if other
sections of pavement begin to significantly fault, additional retrofit under-
drains could then be installed where needed. Prior to design of retrofit
underdrains, it is recommended that a survey be conducted to establish the
depth to subgrade. By placing the bottom of the drains at or slightly above
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the subgrade, the cost of installation could be reduced, since the underdrain
may be 'plowed in,' and no granular materials will have to be purchased
for drain backfill. The suggeated depth of placement should enhance per-
formance since drains so placed work as soonas the subbase thaws, which
is when drainage is most needed.

The repair of distressed areas should be made after placement of
retrofit underdraina and within two weeks after the pavement has been sawed
into removable slabs. This should prevent heavy truck traffic from in-
creasing the size of the distressed area before repairs are made.

With respect to repair of the concrete slab, it is recommended that our
standard procedures be followed except all slab replacements should be
reinforced. Moreover, where several cracks in a row within a slab have
faulted, consideration should be given to replacing the entire affected area.
It should be emphasized, however, the performance of undowelled repair
slab replacements under the extremely high truck traffic volume and pre-
vailing foundation characteristics will undoubtedly be less than desired.
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