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DETAILED INVESTIGATION OF SPECIFIC TYPES OF PAVEMENT DISTRESS
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- The fifth objective of this study, to investigate in detail the causes of
certain specific types of pavement distress, was less thoroughly covered
than the previous objectives, primarily due to the fact that experienced
engineers required to make such investigations were not available to make
extensive field surveys of the bestand poorestperforming projects because
of other parallel research efforts. The 10 best and 10 poorest performing
projects for each type of pavement deterioration as noted in condition sur-
veys were tabulated, However, for clarity only the three best and three
poorest performing projects are shown in Figure 71. For some pavement
deterioration categories the three best projects are not shown on the map
since there were more thanthree which had none of the pavement deteriora-
tion under study. A detailed study of the location throughout the state of
the poorest projects in terms of individual performance variables, such
as transverse cracking, longitudinal cracking, etc., did not elicit any un-
usual distribution of poor projects.

Field investigation for each very poor and very good performing pro-
jects for each condition survey variable may have disclosed some casual
reasons for performance differences. However it is apparent from pre-
vious investigations thatonly certain causes for poor performance are dis-
closed by these, so called, 'post-mortem' examinations. For example,
on a project where there is extensive longitudinal cracking, the depth of
the saw-cut which forms the longitudinal plane-of-weakness can be meas-
ured and a comparison can be made between depths of saw-cuts inpavement
areas, with and without longitudinal cracking. If there is a marked reduc-
tion in depth of saw-cuts.in the area where longitudinal cracking occurred,
it may be concluded that this deficiency resulted inthe increased longitud-
inal cracking. However, if the contractor's equipment inadvertently passed
over the pavement prior to the forming of the longltudmal saw~cut, and
established a fine crack--perhaps invisible at that time--andthis erack
thus funetioned in place.of the subsequent saw-cutas a plane-of-weakness
for relieving transverse warping of the pavement due to temperature and
moisture changes,’ then this cause for excessive longitudinal cracklngwould
never be disclosed by later field inspections. From the possible spectrum
of causes for poor pavement performance, only a small percentage can be
obtained by examination of routine material and construction records and
subsequent field inspections after the poor performance is noted.

The Research Lahoratory has had the responsibility, upon request of
other Department Divisions, to investigate and attempt to determine the
cause of certain specific weakness in performance of some individual con~
struction projects. As a result of these special investigations, certain
cause and effect relationships on individual projects have been established.,
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Figure 71, Locationof best and poorest
ment deterioration (10 years of service)

performing projects for 9 types of pave-




- It is difficult, however, to generalize from these specific investigations;
therefore the causes for a specific type of poor performance for an inten-

-sively studied project may or may not be the cause of poor performance for
a number of other projects exhibiting similar types of poor performance.

Since it was not possible to make a broad and extensive--and at the
same time Intensive--study of each type of pavement distress, some of the
intensive investigations on specific projects will be summarized toindicate
the causes for poor performance in specific instances.

Joint F'aillures

Early in 1951 serious concrete joint failures were observed on four
joints on a construction project built in 1947 on M 59, Nothing conclusive
concerning the cause of this joint problem could be obtained by the usual
observational inspection and a condition survey of the construction project.
In 1952 an expansion joint was opened in an attempt to determine the cause.

The examination of the joint disclosed the following conditions:

1. The metal expansion caps, installed on the end of dowels to permit
pavement expansion, were never installed. Therefore, the compressive
force onthe end of the dowel shattered the concrete and bent the bar (Fig. 72).

2. Some of the dowels werebadly misaligned both horizontally and ver-
tically.,

3. Theload transfer assembly onthe westbound lane was placed higher
thanthe assembly onthe eastbound Iane. Consequently thetop of the dowels
to the pavement surface averaged 2-1/4 in. in the westhound lane and 3 in.
in the eastbound lane. When properly positioned the dowel should be cen-
tered vertically inthe 8-in, pavement. Thus, this distance for 1-in, diam-
eter dowels should be 3~-1/2 inches.

4, The dowels were badly rusted and pitted in the vicinity of the ex-
pansion joint filler. The reduction in dowel diameter due to rusting was
approximately nine percent for the five-year life on this pavement joint.

There were also contraction joints on this same project that showed
distress but it was not possible to examine them since maintenance forces
had repaired them before wewere notified of the problem. Of the four ob-
servations noted for the expansion joint, the second and third (dowel mis~
alignment and the dowel assembly too high) could cause similar distress
for contraction joints.
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<. Physical condition of two dowels; note
bending due to compressive force.

Condition prior to opening

Horizontal misalignment of two dowels
next to longitudinal center joint.

Vertical misalignment due to dow—

el slipping out of dowel assem-
bly clip.

Figure 72.  Joint failure
and condition of dowels
after exposure of joint.




In addition, a review of pavement core data indicated that the pavement
thickness averaged approximately 1/4 in. thinner than the 8 in. thickness
specified.

The somewhat thinner pavement, together with a large volume of com-~
mercial trucks hauling gravel from local pits to Detroit by this route, a
combination of possible high positioning of the dowel bars, and possible
dowel misalignment at some transverse joints appear to have caused these
premature joint failures, '

In July 21, 1955 a blowup occurred on M 47 on 8-in. uniform thickness
pavement built in 1949, Subsequent condition surveys indicated the pave-
ment to be in excellent physical condition with an unusually low percentage
of transverse cracks and spalls, This blowup was the first major physical
defect to appear inthis project after six years of service. After extensive
investigation, the cause of thig blowup was not definitely determined but it
was strongly suspected that low quality concrete in that particular area
might have been a primary factor in the incident. This observation was
based primarily on the fact that in the spalled areas of the joint the sep~-
arationwas almost entirely between coarse aggregate and mortar with very
little fracture of coarse aggregate, indicating that the binding properties
of the mortar was the weakest link in the aggregate-mortar system. Again,
dowel bar corrosion resulted in a net reduction in bar diameter after six
years of service of between 3 and 10 percent for these 1-in. dowels.

In 1959 the Research Laboratory summarized joint problems that had
developed over thepast few years. These included: 1) longitudinal crack-
ing at the joint, 2) joint spalling, 3) joint blowups, 4) inadequate load-
transfer assemblies, 5) dowel bar corrosion, 6) concrete failure atcon-
struction joints, and 7) inadequate joint sealing (Figs. 73 and T4).

The causes for these problems were outlined in this report. Some of
the reasons foridongitudinal cracking were:

1, Heavy loads during early life of the structure, such as earth-moving
machinery or other heavy contractor's equipment. (This is especially true
for sawed longitudinal joints in comparison with the previous practice of a
premoldedbituminous strip to form the longitudinal plane-of-weakness joint,
since any heavy equipment on the slab, particularly when ina temperature-
warped condition prior to forming the longitudinal joint by sawing isa very
effective means of causing a longitudinal crack.}

2. Uneven subgrade support, particularly loss of pavement edge sup-
port which may lead to longitudinal cracking,
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Dowel misalignment during concrete Corroded dowels in place in 9 year old
placement due to inability of assembly to hold pavement.
dowels in place.

Misalignment of dowels at constructionor

= Difference inappearance and performance
of concrete at each side of construction joint. night joint. .

Figure 74. Joint problems--dowel misalignment, dowel corrosion, and inferior
concrete at night joint.




3. Infiltration of inertsoil particles from the shoulder causing unusual
transverse joint facial pressure.

4. Misalignment of dowels in the pavement joint.

5. Localized pressure at slab ends caused by unequal volume changes
due to moisture variations in the slab width.

6. Frozen dowel bars at joints caused by rusting and lack of proper
lubrication for expansion joints.

Two types of joint spalling were considered, 1) spalling of the joint
groove; generally this type of spall extends only the 2 in, depth of the joint
groove, and the crack is quite cloge tothe joint (within 1 in.), and 2) spall-
ing of the joint face, which is most prevalent at the exterior or interior
corners of the slab and is illustrated in Figure 73, The joint groove spall-
ing problem in current construction hasheen greatly attenuated by several
factors. Rather than forming the joint groove by means of a removable
mandrel or by placing styrofoam to form the groove and subsequently re-
moving it, the present joint grooves are formed by sawing. Secondly, since
preformed neoprene joint seals are being used inplace of hot-poured rubber-
asphalt joint seal, any spalling of the joint groove at the time of construction
must be repaired to obtain aproper joint groove face for the neoprene seal,
Epoxy mortar has been used to effect these spall repairs.

We feel that the primary cause of joint spalling is the infiltration of
foreign material into the joint groove and the plane-of-weakness crack below
the joint groove. Current observations on preformed neoprene joint seal
indicate that the joint groove and the crack arebeing kept free of thig infil~
tration and this should be 2 much less serious problem for current con~ .
struction projects,

The third joint problem considered in the 1959 report was joint blow-
ups. It was stated that these generally occur after about eight years for
post-war pavements, The postponement of this problem in prewar con-
struction for a longer period is ascribed to the use of expansion joints. How-
ever, it has definitely been established that the use of expansion joints ex-
clusively, does not eliminate the problem but only postpones it. If infil-
tration of foreign material into the joint is not controlled, since we feel
this is a primary cause of blowups, then the use of expansion joints simply
means it takes longer to use up the storage space provided. As discussed
previously, reducing joint blowup problems can be accomplished by reduc-
tion in the soft, non-durable content of the coarse aggregate in the concrete




and by improving joint seal performance., In this respect we feel that the
use of preformed neoprene joint seal will greatly reduce joint infiltration
and thus reduce the frequency of joint blowups in the future.

The examination of many joint blowups has shown that in most cases
some construction factor has triggered the failure of this particular ]omt

These factors include misalignment of dowels, faulty dowel baskets, infe- ..

rior concrete--particularly at construction joints~-faulty placement of re-
inforcing steel, or frozen dowels.

In examining joints that have failed it hasbeen obvious that inadequate
dowel bar assemblies played their part in the poorer performance. Early
assemblies did not securely restrict the end of the dowel from displace-
ment since they held the dowels by means of a harp-shaped clipbox inwhich
the dowel was snapped down intoposition. Figure 74 indicates how the force
of concrete, or placing operations, have dislodged the end of the dowels
from the c11p and then forced one end up and out of position.

In 1953 the Department specified 1-1/4-~in, dowels rather than 1-in,
_specified previously, and also required rigid load-transfer assemblies for
holding the dowels in alignment within the assembly. Unfortunately, the
number of construction projects with ten years of service with the upgraded
type of load-transfer assemblies were insufficient for this study to deter-
mine if this'would result in a reduction in pavement joint blowups. Since
blowups rarely occur in less than ten years of service any conclusions in
this respect must be delayed for a few more years.

The extent to which dowel bar corrosion may influence joint failures
is difficult to determine; however, such corrosion can be expected to re-
strict slab movement and at least be a contrlbutlng cause for poor joint
performanoe. P

Quite often when a pavement joint is investigated due to its poor per'—

formance it is found to be a construction joint used at the end of a day's

pour. Invariably the pavement surface which has deteriorated is on the
side of the construction joint poured at the end of the day. This is appar-
ently due to the fact that this concrete is inferior in quality to that placed
at the beginning of the day or during regular operations throughout the day.
Also, misalignment of dowels placed through a joint bulkhead is another
source of trouble (Fig. 74). A more recent method of correcting this sit-
uation has been to use a complete expansion dowel-bar assembly and place
the bulkhead in place of the expansion filler. By this method both sides of
the dowel bars are properly supported and do not get displaced or bent.
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In the 1959 report it was stated that the performance of specification
rubber-asphalt joint sealers was not up to expectations. Prior to this (in
1956) an experimental project was undertaken with the cooperation of the
newly formed Joint Seal Manufacturers Agsociation (JSMA) and with all six
member-companies participating. The purpose of this study was to evaluate
the best sealing products of the manufacturers without regard to specifica-
tions or price. A 10-mile long concrete roadway was sealed with six dif-
ferent makes of each of two types of hot-poured rubber-asphalt sealer (reg-
ular type meeting Federal Specification SS-S~164 and g slightly softer grade)
and fivebrands of cold-applied materials, aswell as several products devel--
oped especially for this project by the various manufacturers. These spe-
cial products included hoth hot-pour and two-component cold-applied mate-
rials of the jet-fuel-resistant type. In all, 24 different Jjoint sealing mate-
rials were used. In summary, after two years of service it was apreed,
after an inspection of the project by JSMA and laboratory representatives,
that none of the joints in the project now appeared to be well sealed. This
experiment, on the basis of 99-ft joint spacing, was rather convineing ev-
idence that joints could not be properly sealed with liquid-type joint geals
and present joint construction practices.

However, one further experimental project in joint sealing was at-
tempted to determine if the shape factor of the joint groove, as presented
by Professor Egon Tons in 1959, and somewhat shorter slah lengths would
Tesult in satisfactory joint seal performance, On the project, five groove
sizeswere tried, 1/2 by 1/2 in., 3/4 by 3/4 in., 1by 1 in., 1/2 by 2 in.,
and 3/8 by 1/2 in. The joint grooves were formed by sawing without a filler
strip to form the plane-of-weakness and with a 1/4- by 2-in. premolded
bituminous fiber filler strip to establish the plane-of-weakness. In addi-
tion, three slab lengths were used, 57 ft-3 in., 71 ft-2in., and the then
conventional, 99-ft slah length. AIIl joint grooves and immediate pavement
surfaces were cleaned. by sand-blasting and, just prior to sealing, any
loose material accumulated in the grooves was removed by a jet of com-
pressed air. A hot-poured rubber-asphalt joint sealing compound meeting
Department specifications was used to seal all transverse joints, For ap-
proximately two years sealing performance wag reasonably satisfactory,
but none of the combination of factors attempted pbrovided a joint seal that -
could be expected toperform satisfactorily for longer than about two years.,
The joint seals failed by adhesion or cohesion, or lack of ductility, and
foreign material could be seen infiltrating the joint seal materials,

As aresult of the Depariment's experience over more than ten years,
namely that liquid-type joint seals were incapable of properly sealing trans-
- verse joints for longer slabs, it was very receptive to the use of preformed’




neoprene when this material was developed several years ago. It was first
experimentally installed in Michigan in the Fall of 1962, In the 1964 con-
struction season neoprene was installed on elght construction projects. In
1965 itwas installed on almostall construction projects. In 1966 neoprene
was used exclusively for transverse joints. While considerable develop-
ment may yet be required to obtain optimum dimensional shapes and mate-
rial requirements for this type of joint seal, to date it has considerably
out-performed liquid-type joint sealers of the hot-poured or cold-applied
type. If this type of joint seal continues toperform as it has inits first few
~vears of application, it would appear that a considerable reduction in the
previously discussed joint problems could be expected.

In 1960 joint spalling on an urban expressway in the western side of the
State was called to our attentionby maintenance personnel. The three most
severely spalled joints were exposed and examined prior torepair to deter-
mine the cause of the deterioration. The first joint evidenced extensive
surface spalling extending downward into the pavement no more than 2 in,
at the joint face, and back from the joint face about 15 in. where the spall
depth was about 1/2 in. Since the spalling was not deep, the transfer sys-
tem was not exposed and its influence on this spalling could not be deter-
mined. It was noted, however, that near the surface the spalled concrete
was chiefly mortar with very little coarse aggregate. In addition, over a
considerable area, the plane-of-cleavage between sound pavement and the
spall showed no evidence of broken aggregate, but rather of bond failures
between coarse aggregate below and the mortar inthe upper surface. Gen-

erally thisindicates that the mortar isweak, because bond strengthbetween

mortar and coarse agpgregate is proportional to mortar strength,

The second joint was a construction joint. Where the concrete was
spalled most severely down to the levels of the dowels it was noted that all
four dowels exposed tilted up 1/4 to 1/2 in, This misalignment is suffi-
cient to the cause concrete-to~-dowel binding and appears to have caused
the spalling at this joint.

The third joint was another construction joint where, at the south side
of the joint, the pour ended against month-old concrete on the north side
(Fig. 75). The slab reinforcement was found to be only 7/8 to 1 in. from
the surface onthe spalled side of the joint. The jointwas not moving prop-
_erlv, but was opening 6 in. further south where a crack had opened suf-
ficiently to rupture the steel. The fact that the movement took place 6 in,
south. of the joint meant thatonly a few inches of the dowel extended across
one side of the opening, resulting in absence of proper load transfer. Un-
doubtedly this condition was partially responsible for the pavement break-
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age at this point. In addition, after more of the reinforcing steel was ex-
posed in the slab south of the joint it could be seen that the mat was not
correctly oriented, being crosswise with the transverse and longitudinal
axis of the mat and the pavement opposed. The No. 00-gage wires at 6-in.
spacing were oriented transversely, giving 0.688 sq in. to the lin ft, the
No, 4-gage wires at 12-in. spacing were oriented longitudinally, giving
only 0.159 sq in. to thelin ft, or less than a fourth of the proper steelarea.
This incorrect orientation of the steel mat undoubtedly caused the opening
of the crack south of the joint and the early failure of the steel at this point.
The load transfer system, however, must have caused considerable binding
and freezing at the joint, and resulted in the slab movement taking place
6 in. away from the joint.

In 1962 a construction project on M 37 relocation was studied asa re-
sult of extensive transverse cracking noted in October. The pavement was
poured between July 9 and August 11 of the same year. For the 20 days
of concrete placement in the 9. 95 miles of pavement the average transverse
cracks per pour varied in number from zeroc to a maximum of 10,5 per
1,000 ft of pavement. However, some of this cracking was concentrated in
local areas so that some 99-ft slabs had 3, 4, 5, and even 6 cracks per
slab. The following analysis of various factors which may have contributed
to this transverse cracking was made: 1) Temperature variation during
paving operations and the following 24 hours was investigated for each of
the 20 pours. This included variations between maximum and minimum
temperatures. 2) The early strength of the concrete as reflected in com-
pressive strength of cores and modulus of rupture of beams was studied.
'3) Grading operations in relation to eventual paving failure, areas of cut,
fill, and muck were established and transverse cracking was compared
without significant difference in cracking for these three subgrade condi-
tions. 4) Located cracks within a particular slab, and 5} Relative posi-
tion or sequence of placement of the slabs that later showed most cracking
within a partiqiﬂar pour was noted.

In the first four types of analysis noexplanation for the unusual amount
of cracking was found; however, the location of the cracking in relation to
the particular pour did show significant results. The badly cracked slabs
1in almostall cases were those constructed during the first part of the day's
operations. Since the cores did not show any significant difference in
strength for the cracked sections, it appears that the concrete mix was
satisfactory, and that conditions encountered during the setting period must
have been responsible for the subsequent excessive shrinkage leading to
transverse cracking, Climatic conditions contributiﬁg torapid evaporation
and consequent plastic shrinkage cracking include low humidity, heat from
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continuous sunshine, and wind. Prompt application of the curing treatment
to the freshly placed concrete is particularly critical on sunny and windy
days and days with low humidity. Constructionrecords were not sufficiently
detailed to establish beyond a doubt that delay in placing the membhrane
curing compound, in combinationwith climatic conditions which would cause
rapid evaporation of moisture from the concrete, led to the excessive
shrinkage and early cracking of this pavement in certain locations. This
is, however, the most likely cause for this cracking. Previous records
Indicate that cracking caused by improper curing of morning-poured slabs
has often been experienced on numerous older projects. -

In 1965 an investigationwas made of the joint failures ona project con-
structed in 1953 on 194, A total of 10 previous blowups had occurred and
two additional ones occurred the day prior to obhservation and one on the day
of observation, Observations on one of these joints during repair indicated
that the dowel bars were out of alignment both laterally and vertically, and
that the joint groove was not constructed symmetrically over the base plate
parting strip (Fig. 76). Concrete below the dowel bars was saturated with
moisture and completely deteriorated. The cause of blowups onthis project
were ascribed as follows:

"Blowups and other evidence of poor joint performance onthis project
may result from one or more of several causes. Over several years, dirt
has infiltrated progressively into the joints, preventing joint closure during
pavement expansion cycles. In addition to this normal- infiltration, water
and chloride solution resulting from ice and snow removal has seeped into
the joints and could have beentrapped by the baseplate, Alternate freezing
and thawing, coupled with the detrimental effect of chloride solution on con-
crete, may have accelerated deterioration of the concrete below the dowel
bars. As a result, compressive forces--caused by restraint to concrete
expansion resulting from moisture and temperature--are greatly increased,
at the same time the concrete area resisting these forces is decreased
about 60 percen ."T"" This particular project not only showed poor perform-
ance with respect to blowups but was also one of the worst with respect to
transverse cracks.

In September 1965, two adjacent construction projects on US 127 were
investigated intensively. The first project was constructed in 1947 and the
second in 1949, Almost every joint in the 1947 project showed distress to
some degree, with about 50 percent of the joints in very bad condition. A
typical joint is shown in Figure 77. The concrete at the joint had disinte-
grated in awedge shape, tapering up to the dowel bars from the plasticbase
plate. The concrete above the dowels was fractured into small pieces, as
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though subjected to severe compression. The joints onthe second project,
constructed in 1949, were in excellent condition for approximately 3.1 miles.
with almostno distress (Fig. 78). On the remaining 1.6 miles of this pro~

ject the joints had serious spalls where maintenance was required. A study
of the design and materials factors aswell as a study.of the subbase mate-
rial indicated that the only apparent-difference. in the performance of the

pavement joints could be associated with the sources of coarse agpregate

used in the concrete., The area of the second project where the perform-
ance was excellent after 16 years of .service had a limestone coarse ag-
gregate din the concrete. As shown.earlier, however, this-good perform-
ance on a larger statistical sample correlates with the generally lower
amount.of soft, non~durable material found in limestone sources."

~In 1966 a reappraisal of transverse joint baseplates was made, The
baseplate used in Michigan construction practices since 1946 had two pur-
poses: 1) It was intended toprevent infiltration of fine inertparticles from

base course and shoulder construction into the joint opening, and 2) the-

base plate was to serve as a support for the dowel assembly in place of 6-
by 6-in. sand plates or 2-in. wide continuous bearing plates attached to
wire supports of the dowel—bar assembly. The base plate also furnished
support for a 1- 1n. h1gh partmg strip placed d1rect1y under the surface
groove to ‘control the cracklng at the Jomt

Over the years smce 1946 Severa.l changes were made in the design

and material of baseplates,. In the 1950's rubber and plastic were approved

as subst1tutes for galvamzed steel but for various reasons were discarded
as be1ng unsatlsfactory. Also, durmg this period, changes in base course
construct1on were made to upgrade the physmal characteristics of the sub-
base. Current spec1f1cat1ons require two layers of granular material for
a total of 15 1nches. A porous material is permitted for the bottom 11 in,
followed by a selected sibbase on the top 4 in. which was designed to pre-
vent loss of density due to drying and rutting and to provide a stable surface
for paving forms and to prevent infiltration of fine uniform sands into the
pavement joint, '

. Tn connectionwith field investigations of pavement joint problems many
joints had been examined during repair. Many of the contraction joints
showed various degrees of spalling and. concrete deterioration at the bottom
of the joint. It was quite obvious that failure of the joint seal allowed the
joint space to fill with soil- materials. In addition, water and maintenance
chemicals. had also entered the joint and resulted in a triangular zone of
concrete deterioration with the triangle's base about the width of the base-
plate and it's apex centered at the joint at the height of the dowel bars. It
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appeared that the baseplate was trapping water and maintenance chemicals
in this triangular zone, resulting in a much reduced joint face area which
could result in later blowup problems when compressive forces from pave-
ment expansion due to moisture and temperature changes were exerted on
this reduced effective area, As a result the Department decided to eliminate
badseplates from pavement construction.,

In 1957, three damaged joints on T 94 were called to our attention by
county maintenance personnel. This pavement was six years old at the time.
of the examination. The reason for the failures of the first two joints shown
in Figures 79 and 80 was the misplaced joint groove, approximately 6 in.
too far west. This resulted in reinforcement extending through the joint
and dowel bars embedded 13-1/2 in. into one slab and only 1-1/2 in, or
less into the adjacent slab, The reason for the concrete spalling at the
corner of the third joint wasno doubt due to the twisting and misplaced re~
inforcement at this point which resulted in only 3/4 in. of concrete cover
(Fig, 81),

Th 1954 unusual c‘racking at joints was investigated ona projecton US 2
inthe Upper Peninsula, Thig pavement was placed between July 16and 30,
1954, It'was firstnoted by excavating the shoulder alongside the pavement

~ joint that thebaseplate assembly was notin the proper locationwith respect
to the joint groove in the pavement. A survey of 17 contraction joints was
made on this project by means of a Research Laboratory designed elec-
tronic instrument which would indicate the position of steel embedded in
the concrete pavement. As shown in Figure 82, it was determined that the
sealed joint groove had been skewed tothe location of thedowel bar assem-
bly from approximately 3 to 10 in,, thus the formed plane-of-weakness in
some cases completely missed the dowel bars at one end of the pavement,
and in other cases only a small portion of the dowel bar ‘extended into the
adjacent slab, - -

It should be noted that all of the performance problems previously dis-
cussed under Objective V were caused by inadequate inspection and control
of load transfer assemblies or pavement reinforcement. The design of load
transfer assemblies has improved since this early postwar period and thus
the frequency of some -of these problems should also be reduced in later
pavements. However, closer inspection of the proper placement of load
transfer assemblies and alignment of the dowel bars, together with correct
positioning of reinforcing steel in relation to transverse joints and to depth

_Wwithin the slab, would remedy the poor performance problems illustrated
. “here.
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Condition of pavement joint on
October 30, 1957.

Broken concrete removed to level
of reinforecing steel. Reinforcing
steel was twisted and tilted up-
-ward at joint.

Detailed view at pavement edge showing reinfore-  ;
ing steel passing through joint and dowel extending
1-1/2 inches across joint. :

4 o

Detailed view showing two edge dowels exposed. Load
transfer assembly was 6 inches too far east of pave-
ment joint.

Figure 79. Condition and cause of joint
problems.
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A Con

dition of pavement joint on October 30,
1957,

Two edge dowels exposed showing improper loca-
tion of load transfer assembly,

Edge dowel exposed showing 1-1/2 inches of lap
across joint, Reinforcing steel passes through
joint and‘although "necked down'" was not broken.

Figure 80. Condition and cause of joint problems.
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Condition of pavement joint, Oct- ‘
ober 30, 1957, .

Broken concrete removed to level
of reinforcing steel.

Reinforcing steel shown to be within 374 inch of
pavemant surface ai fransverse ioint,

FAge dowel exposed showing 5-1/2 inch rather than
7-1 9 inch extension into adjacent slab.

Figure 81. Condition and cause of joint
problems.
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Special Studies

Ag a part of this research study, Michigan tock part in the Purdue
University National Cooperative Highway Research Project to compare dif-
ferent methods of measuring pavement condition. 7This study, conducted
in 1963, involved 45 pavement sections of three types (rigid, flexible, and
overlay)., These sections were rated by a lay panel, the AASHO Road Test
panel, and the Highway Research Board Committee on Pavement Condition
Evaluation, The extent of cracking and patching was determined for each
section. Roughness, and profilometer measurements were made using
roughometers of eight different types, the BPR-type roughometer, the
AASHO Slope Profilometer, CHLOE Profilometer, Kentucky acceleration
device, Texas Texture Meter, University of Michigan Truck Mounted Pro-
filometer, General Motors Corporation Rapid Travel Profilometer and the
Purdue University tire pressure instrument.

Michigan's roughometer, a BPR type, was used in this study. This
instrument has two means of measuring roughness. The first or conven-
tional means which involves the use of a mechanical integrator consists
of a cable-drivendrum with a clutch arrangement that permits drum move-
ment to be measured inone direction only. Values from the integrator are
expressed interms of inchesper mile, The second method involves a five-
channel limit-set indicator which records impulses from a 2g accelerom-
eter mounted on the roughometer frame. Values from the accelerometer
are expressed in g's per mile (g = unit of force equal to the force of gravity).

Limit switches for separating g levels were adjusted for five different con-

ditions depending on the roughness of the pavement.

The correlation study indicated that the coefficients to be used for the
AASHO Model Equation for the Michigan roughometer were as follows:

For rigid pavements:
Present Serviceability Index =5.39 - 0.0076 F - 0.006 Vv C+ P

of
PSI=5.72 -~ 0.0018 G - 0,006 \/E_+—P
where:
F = roughness in inches per mile (mechanical integrator)
G = roughness in g's per mile (acceleration measurerﬁent)
C =  major cracking in ft per 1,000 sq ft of area
P = bituminous patching in sq ft per 1,000 sq ft of area
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Inthis correlation study the Michiganroughometer (mechanical integra-
tor) had the highest correlation with the AASHO model equations and the
smallest standard error of estimate of all roughness measuring instru-
ments when used on rigid pavement,

Pertinent findings (13) which have a bearing on this study are as fol-
lows: '

1, The lay rating panel, on the average, rated pavements higher than
the professional people.

2. Serviceability equations using the AASHO mathematical modelwere
developed for each piece of equipment.

3. Equations were developed that permit prediction of serviceability
using only equipment measurements, These equations showed, in general,
very slightly lower correlation coefficients and higher errors ofestimate
than the AASHO model equations,

4., The field test results indicated that from the standpoint of precision
inpredicting serviceability little difference existed inroughness measuring
equipment. -

Another special study on initial roughness and serviceability indices
was conducted in cooperation with the Division of Highways, Department of
Public Works and Buildings of the State of Illinois. This study was pro~
posedina letter from W, E, Chastain, Sr., Assistant Engineer of Research
and Planning of Illinois to John C. Mackie, Highway Commissioner of Mich-
igan, With the approval of Howard E. Hill, Mapaging Director and under
this HPR project, the initial roughness and the initial Present Serviceability
for all newly constructed rigid pavements from 1951 through 1962 were
computed (358 construction projects). The objective of this study as pro-
posed by Chastain was to compare the riding quality that is being obtained
by various states since Indiana, Iowa, Michigan, Missouri, and Illinois
each had a BPR-type roughometer and measurements are mutually cor-
relatable because of prior correlations with AASHO Road Testprofilometer.
Some of the dataproposed for this study have interest within the objectives
of this project and are therefore reported here.

Figure 83 shows the frequency distribution and ¥Figure 84 the cumula-
tive frequency distribution of initial roughness values for these 358 pave-
ment projects. The frequency distribution is quite skewed, with a majority
of projects in the good or upper average categories. The mean unweighted
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initial roughness is approximately 139 inches per mile and the median ap-
proximately 136 inches per mile. "Good, " ”average and "poor" catego-
ries as shown in Figures 83 and 84 for r1d1ng quality of newly constructed
pavement have been established arbltranly on the basis of roughness dis-
tributions in Michigan studies and are shown in relation to the roughness
distribution.

In Figures- 85 and 86 the frequency distribution and the cumulative fre-
quency distribution of the initial servmeab1l1ty indices for the same pro-
jects are shown. The median index value is approx1mately 4, 0 but the en-
tire distribution encompasses values from 4.85 to 2.45. With these data
normalized it canbe anticipated that 10 percent of the projects will have an
initial PSTI of 4.46 or.higher, 67 percent of the projects will bebetween 3,59
and 4.38, and 10 percent of the projects will have a PSI of 3.44 or below.

Performance Ranking Study

One reason for taking condition surveys or roughness measurements
is their value not only in measuring current performance but also predicting
future performance. As previously discussed under roughness, the wide
variation in initial roughness makes predicting future performance based
on roughness measurements of little practical value. Between the ten- and
fifteen-year service period the increase in roughness measurement will
have slight correlation with structural deterioration but by this time the
pavement distress may be obvious by casual inspection. It would be of
interest, however, if atany earlier period, say after five years of service,
the performance at fifteen years could be predicted.

In Table 3 two methods of predicting future performance are indicated.
For the first case the statistical correlation coefficient for five~year sur-
veys is compared to fifteen-year surveys for the same condition survey
variable. For the'second case the correlation between dissimilar condition

survey variables is shown. . The intercorrelation’ ‘between external corner

breaks and internal corner breaks and between internal and external spalls
with blowups are particularly significant. Other survey variables at five
years correlate to a less significant degree with other survey variables at
fifteen years, but in general the predicting power to fifteen years for five~
year surveys is quite good. ; :

Another method of indicating the ability to "predict” performance from
condition surveys is shown in Figure 87 where the project performance at
the end of five years is divided into five groups and then the individual group
performance is observed at the end of ten and fifteen years of service, A
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TABIE 3
INTERCORRE LATIONS OF VARIOUS
CONDITION SURVEY VARIABLES BETWEEN SURVEY PERIODS

. R Correlation
S—Yrear Survey Variable 15-Year Survey Variahle Coefficient (r)
% External Corner Breaks % Externa! Corner Breaks 0. 89
Longitudinal Cracking ft. per mile Longitudinal Cracking ft, per mile 0,83
Transverse Cracks per slab Transverse Cracks per glab 0.61
% Internal Corner Breaks % Internal Coyner Breaks 0,49
% External Corner Breaks % Internal Corner Breaks 0. 87
% Internal Spalls - Blowups per 100 Joints 0.81
% External Spalls Blowups per 100 Joints 0.72
Spalls in Slab Surface/Mile 7. External Corner Breaks 0.72
% Internal Corner Breaks Blowups per 100 Joints 0.63
Spalis in Slab Surface/Mile - ‘Y Internal Corner Breaks 0.59
Infiltration Cracks/Tane Joint ‘i External Spalls 0.55°
Infiltration Cracks/Iane Joint Corner Breaks at Cracks/Mile 0.51 |
Spalls Along Centerline/Mile Corner Breaks at Cracks/Mile 0.47
Spalls at Cracks/Mile Corner Breaks at Cracks/Mile 0.46
Transverse Cracks/Slab Blowups per 100 Joints 0.43
Transverse Cracks/Slab . Deterioration in 8q. ft. /mile 0.42

Note: Correlation Coefficient of 0. 84 - highly significant, 0,45 - significant.

Methods of Performance Evaluation

of evaluating pavements. The largest and overriding factor inthis index is
bavement roughness and while certain condition survey factors are incor-
porated into the index, their effect on the index is almost negligible. Thigs




is apparent that the use of this Index to measure the performance of pave-
ments after years of serviceisinappropriate. It can be readily shown that
pavements with ten, fifteen, or twenty years of service exhibiting numer-
ous cracks, spalls, corner breaks, etc. will still result in a higher PSI
value 'than new construction which has been built with poor riding quality.
Also, the early signs of pavement distress such as transverse cracking
and spalling are not reflected in the PSI measurement. As an extreme il-
lustration of this we note that the tail of the distribution of PSI extends to
2,45 for new pavements, However, a study of Michigan Pavements recom-
mended for resurfacing or replacing were measured and it was found that
their average PSI was approximately 2.5. The use of condition survey var-
iables to develop a subjective rating model (Performance Rating Factor)or
anobjective rating model (Structural Deterioration Index) does not have this
limitation. In addition it hasbeen shown that both of these condition survey
indices are better predictors of future values than PSI,

]

GROUP I :lo BEST PROJECTS
GROUP II : 2 ND 10 BEST PROJECTS
GROUPII: 3 RD IQ BEST PROJECTS
GROUP T¥: 4 TH |0 BEST PROJECTS
GROUP X : |3 WORST PROJECTS

AVERAGE RANK CORRELATION :0.82
(HIGHLY SIGNIFICANT)}
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Figure 87, Five-year structural dete-
rioration index as a predictor of future
performance.
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CONCLUSIONS'_"

The following general conclusions may be drawn from the performance
evaluatlon of postwar concrete pavements 1, 880 m1les) in M1ch1gan.

1. Condition surveys indicate an extreme “Va‘riabil'i'ty in performance
between projects with respect totransverse or longitudinal cracking, cor-
ner breaks, spalls, blowips, mud-jacking, and patching. For most all of
these types of deterioration the bulk of the constructlon pr0]eots performed
rather well with no serious distress after ten'or fifteen years. However,
a small number of projects exhibited extremely poor performance 1n some
of these types of deterioration.

2.: Bince most projects performed satisfactorily, and the same basic
design was used for all projects, it-is apparent that causal factors for the
- poor performance .of a few projects dre much more’ likely to be related to
materials, construction factors, or the environmental factors of climate
and traffic loading.

3. Statistical and graphical analysis indicated a gignificant correlation
betweentraffic and coarse agpgregate quality (as measured by Heterogeneity
Index or soft, non~durable content) with pavement structural performance.

4, All condition survey indicators of performance (transverse crack-
ing, longitudinal cracking, external or internal corner spalls, deteriora=-
tion, and patching) showed that ‘traffic had a marked effect ontraffic ~ pass-
ing lane performance differences. General structural performance as
measured by the Depreciation Index showed that the performance was 65
percent poorer for traffic lanes as compared to their associated passing
lanes.

5. Performance indices (of either the subjective or objective type)
based on condition surveys are much more valuable in indicating. structural
deterioration than the Present Serviceability Index based primarily on
roughness. Moreover performance indices based on condition surveys
serve to measure the ""remaining useful life" of pavement while the Present
Serviceability Index is nearly useless in this respect. The PSI fails to
measure early signs of pavement distress and may be used to predict
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"remaining useful life" only when pavement deterioration has reached »
stage where prediction is no longer required,

6. An objective performance model based on commercial traffic and
soft, non~durable content of the coarse agpregate was developed, which for
service periods up to fifteen years explained 65 percent of the general
structural performance variance. The remaining 35 percent of the var-
iance remaing unexplained and is due to lIocal environmental and construc-
tion conditions, performance variables not available to us, and errors in

estimating of traffic and soft, non-durable content,

7. Signs of shortservice life appearin the five-year condition surveys,
These early signs are significantly correlated with later structural per-
formance as measured at the ten- and fifteen—year Surveys. Thus, after
five years of service, itshould be possible to determine which projects will

fail Prematurely,

8. Blowup frequency is considerably higher for Pavements constructed
with coarse aggregate containing greater amountsg of soft, non-durables and
it is assumed that blowups are causally related to thig type of deleterious
material,
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RECOMMENDATIONS RARELES

1. Michigan's postwar pavements have generally performed quite well.
Thus, itis recommended that no major changes inconcrete design practice
be made. This includes pavement thickness, joint spacing, and joint load
transfer. Minor changes already made should improve pavementperform-
ance over that reported here, .Pa___l_:'tiqularly, significant is the change to neo~

‘

prene joint seals in place of hot-pour rubber-asphalt seals. Periodic win~.

ter surveys have indicated a lack of infiltration of foreign material into the
joint groove for seals placed as early as 1962, It is expected that blowups
and joint spalling should be markedly reduced as a result of this more re-
cent design change.

2. On the basis of the early postwar pavements (1946-1954) where
joint blowups and spalling are most prevalent after ten to fifteen years of
service, the most feasible way of improving pavement would be a more
restrictive specification on the soft, non~durable content of the coarse ag-
gregate. From 1946 to 1954, the maximum allowable soft, non-durable
content was 3.0 percent. In the 1963 specifications for 4A and 6A aggre-
gate for concrete this maximum was reduced to 2.5 percent, while for 6AA
aggregate, a premium aggregate for structures, the maximum is 2, 0 per-
cent. From this study an economic investigation appears warranted to
determine if specifying a premium aggregate such as 6AA witha maximum
soft, non-durable content of 2, 0 percent should be required for pavements
as well. This could be done by specifying aggregate for some projects
throughout the state with a maximum of 2, 0 percent soft, non-durable con-
tent and compating bid prices to determine if this premium price would not
be justified inline with the demonstrated reduction in pavement deteriora-
tion noted in this report, (One recent specification change, a reduction in
the size of the coarse aggregate from 95 to 100 percent passing the 2 in,
sieve to 95 to 100 percent passing the 1 in. sieve, should have a marked

improvement in the surface performance of the concrete pavement. By.

reducing the size of the coarse aggregate, the size and seriousness of sur-
face pop-outs from the permissible deleterious content of the coarse ag-
gregate should be greatly decreased.)

3. Continue the present condition survey program of taking initial and
five-year surveys on all projects, and taking ten- and fifteen-year surveys
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when possible, since condition surveys are the only reliable way of gaging
structural performance. Continue roughness surveys on new projects, and
at five-year intervals thereafter when time permits, as a measure of pave-
ment performance with respect to riding quality, with the realization that
roughness or PSI ig an unreliable indication of the pavements ‘structural .
performance.

NOTE

The opinions, findings,, and conclusions expressed in this publication are
those of the authors and not necessarily those of the Bureau of Public Roads,
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APPENDIX I

DEFINITION OF PAVEMENT SURVEY TERMS
AND ILLUSTRATIONS OF THESE TERMS
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Cracks: Approx1mate1y vertical cleavage due tonatural causes or traf-
fic action. ' A crack across one lane is taken.as.one crack,-a.crack across
two lanes as two cracks. Any crack across less than one lane isafractional
crack

1. Transverse Cracks - Cracks which follow a course approx1mately
at right angles to the center line. s Ce e

2. Longitudinal Cracks - Crackswhich follow a course approximately
parallel to the centerline.

D1agonal Cracks - Cracks which follow a-course approx1mate1y
d1agona1 to the ceriterline. ' This cracking should not be confused with cor-
ner breaks whichare local failures at the corner and generally do not extend
more than 18 in, along the joint.

Ee L

4, Corner Breaks - D1agona1 Cracks forming an approximate isos-
celés triangle with a’ longltudmal or transverse 301nt crack, or edge of
slab, and has legs not more than 18 in. along the transverse jointor crack.

5. Spalllng - The breaklng or chlpplng of the pavement at ]01nts,
cracks, or edges, due to excessive shear stresses, usually resulting in
fragments with feather edges.

6 Hair Checkmg or Crackmg Small cracks not conforming to areg-
ular pattern, not extending to the full depth of the pavement course, and
occurring before the concrete takes its final set.

7. Popout - Total dislodgement of broken or chipped areas caused
by expansion of aggregate whichresults in craters approximately 1l to 3 in.
across.

8. Surface Scaling - Peeling away of the surface of portland cement
concrete, exposing sound concrete even though the scale extends into the
mortar surrounding the coarse aggregate.

9, Progressive Scale - The condition of portland cement where the
scaling extends below the surface stratum. Tapping or drawing a hammer

over such areas generally produces a hollow or "plunky' sound.

10. Bituminous Resurfacing - Small areas of pavement resurfaced with
bituminocus material but at least full width or full lane.
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11. Settlement ~ The reduction in elevation of sﬁoft sections of pave-
ment or structures due to their own weight, or the loads Imposed upon them,

12. Concrete Patch - Where concrete hag been replaced to itg .'full
depth.

i3, Disintegration - Deterioration into small fragments or par'ti'clés,

usually due togsome inherent fault in design, composition, construction, or
maintenance. '

14, Pumping ~ Displacement and ejéction of water and suspended fine
particles at pavement joints, cracks, and edges, due to accumulation of

water under the pavement and movement of pavement under heavyaxle loads.

15, Bitum’inoué Patch ~ Smaller areas than bituminoug resurfacing,
Or patch less than lane width,

16, Tar and Chip Patch -~ A gmal] area repaired with tar and chips..




Figure Al., Transverse crack. In this case the
’ crack is quite wide indicating that the longitudinal
- reinforcing steel has probably broken.

~<g Figure A2. Typical diagonal crack. V i

Figure A3. Longitudinal crack.

Figure A4. Infiltration crack. A
short crack following a course approx-
imately parallel to the centerline and
starting from either a transverse
joint or a transverse crack. Some-
times known also as a 'restraint
crack' or "crowfoot crack."




) N

Figure A5. Map cracking. A
form of disintegration in which
surface cracking develops in a
random  pattern resembling
political subdivisions on a map;
may develop over the entire sur-
face or only in localized areas;
may or may not be associated
with abnormal growth of the
concrete,

Figure A6, Hair cracks. Small
cracks occurring before the concrete
takes its final set; not conforming to
a regular pattern, and not extending
to the full depth of the pavement slab.
Sometimes termed '"hair cracking"
. or "hairline cracking. "

Figure A7, Faulting, The differential ver-

tical displacement of the slabs adjacent to a
joint or crack,

Figure A8, Joint blowup. The local- \
ized buckling or shattering of a rigid

pavement at a joint caused by exces- .,
sive longitudinal bressure.




Figure A9,
ment. Reduction in elevation
of short sections of pavement
or structures due to their own
weight, to the loads imposed
onthem, orto shrinkage of the
supporting soil,

Figure All. Blowing. The
ejection of sand or dust along
transverse or longitudinal
joints or cracks or along pave-
ment edges; the results of air
pressure caused by downward
slab movement activated by
the passage of heavy axles over
the pavement,

Figure Al10, Pumping. The ejection
of water or mixtures of water and clay or silt
along transverse joints and cracks and along
pavement edges caused by downward slab move-
ment activated by the passage of heavy axles
over the pavement, after the accumulation of
free water in the subgrade or subbase. Some-
times termed "mud pumping' or "water pump-
ing,"

Figure Al2. Patch. Inan area less
thana full lane in width, (a) the covering over

with or without removal of the existing pave-

ment, or (b) removal and replacement of all
the existing pavement, with portland cement
concrete, bituminous concrete, tar and chip
mix, or other materials.




’
'

Figure A13. Cornerbreak, A vertical fracture
partially or completely through the slab, form-~
ing an approximate isosceles triangle with a
transverse joint or crack and the outer or lon~
gitudinal joint; involves not more than half a
lane width, Various types of corner breaksare
as follows: corner break at joint, external or
internal; corner break at crack, external or

internal. The one shown is at a joint and is
external,

N Figure A14. Edge break,

Figure A15. Slab corner spalling, ex-
terior, '

Figure Al6. Slab corner spalling, in-
terior,

N Figure A17. Joint spalling, in-
terior,
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Figure A25. Resurfacing. In
"an area at least a full lane in
width, (a) the covering-over ‘
with or without the removal of !
the existing pavement, or (b)
removal and replacement of
all existing pavement with
portland cement concrete,
bituminous concrete, tar and
chip mix, or other materials.

Figure A26, Disintegration. Deteriora-
tion into small fragments or particles,
usually due tosome inherent fault in de-
sign, composition, construction, or
maintenance.

Figure A27. Frost heave, The dif-
ferential upward displacement . of
pavement due to action of frost which
. has caused localized swelling of the
subgrade.




Figure A28, Surface scal__é. Thé"p_e_elih'g
away of surface mortar exposing sound
concrete, even though the scale extends

into the mortar surrounding the coarse
aggregate,

Figure A29. Progressive scale. A con-
dition of concrete disintegration which in
its initial stages appears as surface
scale, but gradually pbrogresses deeper
below the surface stratum. Tapping or
drawing a hammer over such areas gen-

erally produces a hollow or "plunky"’
sound,

| Figure A30, Pitting. The dis-
placement of individual aggre-—
{ gate particles from the pave-
ment surface, due to the action
of traffic or-disintegration of
the particles, without major
_displacement of the cementing
material or mortar.
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{Figure A 31, Flecking. Dislodging of
the thin mortar film over coarse ag-
gregate particles near the pavement
surface, resulting in exposure of the
particles; generally attributed to a lack
of bond between the mortar and aggre-
gate. This is generally an early stage !
of pitting and although limited in extent )
resembles surface scaling,

| , Figure A32, Pop-out. A crater-like

‘ depression generally 1 to 3 inches in
diameter caused by the breaking away §
or forcing up of a portion of the slab
surface, due to expansion of a piece
of underlying coarse aggregate; asso-
ciated with soft, light-weight, porous

~ aggregate such as chert,

Figure A33. Clay pocket. A hole in

the pavement resembling a pop-out, ‘
caused by a lump of clay in the aggre- ,
gate used in construction; the result of
disintegration under freeze-thaw con-

ditions and traffic.
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APPENDIX II

FULL STATISTICAL ANALYSIS OF VARIANCE FOR PRF AND PSI DATA
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TABLE B-1

ANA LYSIS OF VARIANCE FOR'5-, 10~-, & 15-YR

~ (Divided Expressway). .. . °

303

' ’ Pive Years | Ten Years .| Fifteen Years
Comparison Source of DF Expected Mean i—
mparis Variation Square - Mean | F -Mean F Mean F
o . Square Square <:Sguare
Between Re plicate, )
+ .08, . 1,
Error R (Roadway) 1 o° GBR 0.08 0. 08 1,18
Within Replicate, 8 (b soft) L P4 +88 0.0 0.0 4.27 6.4 15780  12.4%
Between Contract 5 ’
R 1 #+6° 0.5 1. 0.8
5 Be 9 24 3
T (Traffic) 1 o+ O%C‘+ se; 0.34 0.8 17.16 25.6*% 5,36 4.2
<R 1 + R 0. 65 0.0 . 86
T x o se 2 2
1 : + 402 - 0. y . . .
SxT 03+02BC 4eST 0.69 1.5 0.23 0.3 4,58 3.6
1 24 ' 0.11 0. 0,11
SxTxR o oBBc 74
J}yg. Error 3 o+ G‘EC'
Between Lane, L (lane) 1 P~ +0° - +88 BL 0.06 0.8 5.14 17,7* 8,07 161.4%*
Within Contract ]
B 1 + 0,00 . 0.
LxR o oEBL , 0.45 00
Lx8 & 1 #F+d® +48°3 0.13 1.6 ©0.00 0.0 0,93  18,8%
. ' BL LS
LxSxR 1 &F+& 0.01 0.26 0., 07
‘ BL 4
1 P+P_+492 0,08 1.0 1 . 00 40,0%
LxT O%L 3] LT 2.15 7.4 2 4
1 + 0. . .0
LxTxR ca %1, | 23 0.35 0.03
1 + + 28 2 ; .
LxSxT o OEBL zeLST 0.03 .04 0.45 1.8 0.31 6.2
LxSxTxR 1 G‘a+o‘%L" 0.07 0,08 0,11
. +
Avg. Error .4 oF OEBL

* Apterisk is used if effects are statistically significant at the 0. 05 level.

-189-




Between Replicate, Error

Within Replicate, Between
Contraet

Between Lane, within

Contract

Comparison

ANALYSIS OF

Source of
Variation

R (Roadway)

S (% soft)
SxR

T {Traffic)
TxR

5 x T.

SxTxR

Avg. Error

L{Eane)
LxR
Lxs
-LxSxB_
LxT
LxTxR
LxsxT
LxSxTxn

Avg. Error

TABLE B-2

VARIANCE rop 10~
~ (Divided Expressway)

Expected Mean
Square

Mean
Square

1 02+0; . 0002
1 03+o‘;‘30+882 . 1425
1 02+g»;30 . 0005
1 02+02BC+892 .011¢
1 oﬁ+oﬁBC . 0281
1 oﬂ+n§3C+4ezs’ L1785
1 024-0%0 . 0248
3 °2+°§3c .0178
1 P +m1 . 0008
1 R4 . 0005
1 4+ +4e§3 . 0003
I o4 . 0028
1 oﬁ+oﬁL+4eiT . 0086
1 R . 0003
1 o‘a+a‘;‘3L+263 . 0005
1 03+02BL .6008
ol

» & 15-YR

Ten Yearg

IIHiI'

0.7

10.0

0.3

7.7

Fifteen Years

.021g

<2377

. 0189

. 0452

. 0014

. 0743

L0023

. 0075

. 0060

. 0218

. 0046

. 0005

. 0023

. 0060

. 0005

.0014

31.6*

9.9

0.8

0.3

0.1
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