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SUMMARY 

On October 7 ,  1985 , a Caterpillar Model 992C front-end loader was 

operated over paved portion s ,  including two bridges ,  of the Jefferson 

Freeway in Jefferson County . This section of the freeway had been 

opened recently to traffi c .  The empty gross weight of that vehicle is  

207 , 5 7 8  pounds -- 120 , 395 pounds front axleload and 87 , 1 8 3  pounds rear 

axleload . Section 105 . 13 of the Standard Specifications for Road and 

Bridge Construction designates that hauling in conjunction with 

construction of a project be performed so as not to violate limitations 

provided by law or regulation. Axleloads allowed by statute are limited 

to 20 , 000 pounds; gros s vehicular weights are limited to 80 , 000 pounds .  

The axleloads and gross weight of the Model 992C exceed those permi tted 

by law. The front-end loader traveled on steel clea t s ,  also not allowed 

under the s tatutes .  No permit to move the loader over the highway was 

obtained; and the manner in which it was moved ( on clea t s )  was no t 

permi ssible even under permi t .  

The Kentucky Transportation Reseach Program (KTRP ) was retained to 

perform an investigation for the Kentucky Department of Highways to 

assess damage that may be attributed to passage of  the Model 992C over 

portions of the Jefferson Freeway . KTRP invest igators conducted visual 

survey s ,  performed Road Rater deflection tests , did in-place California 

Bearing Ratio (CBR) testing on subgrade material s ,  obtained pavement 

cores , and conducted laboratory tests and analyses . 

I t  appeared the pavement was damaged by the front-end loader.  No 

evidence of  damage to the bridges attributable to the front-end loader 

was detected . Damage to the pavement attributable to passage of the 

front-end loader was assessed in the amount of $322 , 0 74 . 5 0 .  
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I t  is important to note that compressive s trengths of  the portland 

cement concre t e ,  as determined from core specimens ,  were considerably 

higher than would normally be expected for two-year old concrete that 

was specified to meet a 28-day compress ive strength of 3 , 500 pounds per 

square inch (psi ) . Division of Materials' records for the project 

indicate the average 28-day compress ive s t rength was 6 , 130 p s i .  It i s  

almos t  certain that damage caused by the front-end loader would have 

been considerably more extensive if the portland c ement concrete placed 

on the project only met or slightly exceeded specification requirements .  

Visual observations of the relevant sections of the Jefferson 

Freeway did reveal physical damage to j oints in the pavement . This 

damage could be associated with the passage of the front-end loader 

because of markings of the pavement surface by the cleats of the 

vehicl e .  This damage should be repaired to restore the joints t o  a n  as

constructed condition so as not to accelerate and aggravate damage under 

future traffic loadings and environmental conditions . 

Both field and laboratory testing of  the subgrade and cores from the 

portland cement concrete slabs indicate s imilar characteristics of the 

materials . Properties back-calculated from surface deflections 

( obtained with a Road Rater)  also verify results of field and laboratory 

testing and evaluations . 

Analyses do show that the loading due to the passage of the front

end loader "'consumed"' only about one percent of the fat igue ( service) 

life of  the ma inline slabs . Even though this seems t o  be only a nominal 

amount ,  i t  is much more than can be attributed to a single pass of any 

"'normal"" vehicle allowed on highways . To illustrate ,  one pass of the 
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35 million automobiles or 

approximately 53,000 legally loaded f ive-axle semi-trailer trucks. The 

single pass of the front-end loader did utilize all of the service life 

of  the shoulder slabs . I t  was not possible to attribute conclusively 

the initiation of horizontal cracking at approximately middepth in the 

portland cement concrete slabs near load-transfer assemblies.  However ,  

the analysis o f  load-transfer efficiencies a t  j oints did suggest the 

likelihood that the cracking was aggravated and propagated by this 

unusual loading event . 

I t  should be noted that the cost of  restoration is not based on the 

most expensive strategie s .  The recommended s trategies o f  rehabilitation 

were selected on the basis of what was considered to be the most 

effective and practical . 
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INTRODUCTION 

The mainline pavement on the Jefferson Freeway was constructed as 1 0  

inches of nonreinforced portland cement concrete having slab lengths of 

12, 13, 1 7 ,  and 1 8  feet and transverse joints were sawed on a skew. 

Load transfer assemblies were placed at locations of sawed transverse 

joints. The mainline pavement was tied to 6-inch portland cement 

concrete shoulders using a keyed joint and tie bars. No load transfer 

assemblies were used between slabs on the shoulders. 

On October 7 ,  1985, a Model 992C front-end loader, manufactured by 

Caterpillar, traveled directly over three sections of pavement (see 

Appendix A), according to District 5 engineering personnel who observed 

the event. The first section was the exit ramp off Pres ton Highway to 

the eastbound ramp onto the unpaved portion of the Jefferson Freeway. 

From there, the loader t raveled west on the subgrade of the Jefferson 

Freeway to the beginning of the 10-inch portland cement concrete 

pavement between the Preston Street and I-65 interchanges. The loader 

proceeded across the lanes of the Jefferson Freeway to the right side of 

the roadway where the typical path placed the right wheels on the 

shoulder and the left wheels on the outside lane. While traveling on 

the Jefferson Freeway, the loader crossed two bridges. The loader 

exited the Jefferson Freeway at the northbound exit ramp to I-65 where 

i t  eventually had all four wheels on the 10-inch portland cement 

concrete pavement. The loader traveled north on I-65, having the right 

s ide on the subgrade and the left side on the temporary asp hal tic 

concrete pavement. The loader exited I-65 on the eastbound exit ramp to 

the Outer Loop with the right wheels on an asphaltic concrete shoulder 
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and the left wheels on the 10-inch portland cement concrete pavement 

until eventually all wheels contacted the concrete pavement .  The loader 

proceeded to the Outer Loop where it crossed to the subgrade on the 

north side,  then onto the subgrade to the railroad property where i t  

crossed beneath I-65 and then traveled to a quarry . 

A visual survey to determine surface defects was performed on 

October 1 7 ,  1 8 ,  2 1 ,  23 , and November 1 2 ,  1985 . Road Rater deflection 

tests were performed on October 1 7 , 1 8 ,  and 2 1 , 1 9 8 5 .  Concrete pavement 

cores were obtained and in-place CBR tests were performed on the 

subgrade on October 17 , 1 8 ,  and 2 1  and November 13 , 14 , 1 5 ,  1985 . Two 

bridges were inspected on October 2 3 , 1985 . 

The Model 992C is  currently the large s t  front-end loader 

manufactured by Caterpillar.  Steering is  accomplished by a hinged joint 

in the middle of the frame in lieu of pivoting wheels . The bucket has a 

rated capacity of  12 . 5  cubic yards.  The loader is  mounted on four 

tires , each of which is surrounded by a series of connecting me tal 

plates having a cleat on each longi tudinal side of the plate as shown in 

Figure 1 .  Such s teel cleats are not permi tted on highways . These 

cleats provide a gripping action s imilar to that of tracks used on 

bulldozers , e t c .  According to Caterpillar, this configuration has an 

empty gross we ight of 207 , 578 pounds.  Allowable gross vehicular weights 

under the s tatues is  8 0 , 000 pounds . Fi fty-eight percent of  the load is 

carried by the front axle for an axleload of 120 , 39 5  pounds,  or  6 0 , 198 

pounds per tire . According to the statute s ,  axleloads are limi ted to 

2 0 , 000 pounds . The rear axle carries 87 , 183 pounds , or  4 3 , 5 9 1  pounds 

per t i re . Inspection of the loader indicated that no more than six of  
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the l-inch wide cleats may be in contact with a flat pavement at any 

instan t .  Scar ma'ks on the surface of the concrete pavement typically 

measured 29  inches in length. The cleats are 43 inches in length. 

Thu s ,  scar marks indicate that the entire length of  the cleats 

apparently were not in contact with the pavement . Under such a loading 

configuration, the calculated bearing pressure for the front axle is 345 

psi.  The calculated bearing pressure for the rear axle is  2 5 1  p s i .  

Typical tire inflation pressures o f  trucks are o n  the order of  70 t o  80 

p s i .  Unusually high pressures being observed recently range from 1 10 t o  

1 5 0  p s i .  Damage to pavements i s  directly related t o  the tire pressures 

-- the greater the pressur e ,  the more damaging the load . 

INSPECTIONS OF WESTBOUND BRIDGES 

Two bridges (over Blue Lick Road and Freedom Way Road) were 

inspected on Wednesday , October 23 , 1 9 8 5 .  The inspection consisted of 

1 )  vi sual observations of the bridge deck s ,  2 )  visual observations of  

the bridge superstructures ,  3)  visual observations of  the bridge 

substructures , and 4) eddy-current nondestructive testing on portions of 

the Freedom Way overpa s s .  Since the front-end loader wheel paths were 

evident in the right traffic and curb lanes of both bridges , the 

inspections focused on those portions of the bridges .  

For clarity , the following notation i s  used : 1 )  the direction of 

traffic is  east to west on each bridge; 2 )  the westernmos t  abutment is 

referred to as Bent 1 ,  the adjacent pier is  Pier 2 e t c . ;  and 3 )  facing 

eas t ,  the lef tmost girder is termed Gl , the girder adjacent to the right 

of Gl is termed G2 , e t c .  
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The decks were the first elements of the bridges inspected . The 

cleats on the vehicle had scored the decks in a manner s imilar to 

scoring on the pavement . The loader's wheel paths were clearly 

identifiable .  No damage other than surficial chalkiness ( c leat marks) 

was o bserved . 

Cracks in the top side of the deck of the Blue Lick bridge are 

diagrammed in Figure 2 .  This pattern of cracking has been observed 

recently to be typical of this style bridge . I t  has not been determined 

whether the cracks are directly over the beams or whether they occur in 

the maximum shear zone alongside the beams.  The cra cks were not visible 

on the underside of  the deck . Inasmuch as the cracks are typical of  the 

s tyle of bridge ( o bserved e lsewhere ) , they are not considered to be 

associated with the single-load occurrence under inves tigation and 

reported herein.  

The crack pattern in the deck of Freedom Way bridge is diagrammed in 

Figure 3 .  The cracks on the topside are the same as the cracks 

underneath. On the bottom ,  they have effloresced and are most obvious . 

No evidences of new cracks were observed ( cracks without efflorescence ) .  

The cracks are considered as being unrelated to the loading in question 

but are suspected as being caused by the difference in thermal 

expansion of the steel and concret e .  

S ince both bridges were of deck-girder configuration, the 

substructures and superstructures were inspected concurrently . Close 

access to elevated portions of  the bridges were facilitated by a lift-

bucket t ruck provided by KYDOH District 5 .  Inspection of both bridges 

centered on s t ructural elements on the right side of the s t ructure . 
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The Blue Lick Road westbound overpass was inspected first.  The two

lane s t ructure is a three-span, continuou s ,  prestressed girder bridge.  

Inspection of Bents 1 and 4 (abu tments) revealed no signs of settlement 

or load-induced cracking .  The neoprene bearing pads between the 

abu tments and girders showed no evidence of crushing or undue 

compression.  There were no signs of uneven compression between the 

ou ter bearing pads on the left and right sides of the bridge. The berm 

headwalls showed no signs of displacement or �racking . 

Inspections of the piers revealed no signs of  settlement or 

cracking .  The exposed portions of the pier-cap faces on the r ight side 

of the bridge showed no signs of cracking . 

The neoprene bearings between the girders and the pier caps 

exhibited no signs of  distres s .  There were no signs o f  uneven 

c ompression be tween the ou ter bearing pads on the left and right sides 

of the bridge . 

U sing the lift-truck , the center span superstructure was inspected 

from the underlying roadway. Seven prestressed,  precast concrete 

girders supported the deck . The three girders on the right portion of 

the brid ge ( G5 , G6 , and G7 ) were closely inspected on both web faces and 

on the lower flange faces . No signs of cracking were evident . The 

joints between the precast upper flanges of the girders and the bridge 

deck appeared as being tigh t .  

Three transverse cas t-in-place diaphragms interconnected the 

girde r s .  Those were located at mid-span and over Piers 2 and 3 .  The 

d iaphragms showed no signs of  cracking. The joints between the 

diaphragms and most of the girders appeared tigh t ,  except at the outer 
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( fascia) Girder Gl . There a gap was observed in the web area of G7 

ranging from 3 / 1 6  inch near the upper flange to 1 / 32 inch near the lower 

flange . Inspection of the joint between the mid-span diaphragm and the 

left outer girder ,  Gl , revealed the same type separation. A brief 

inspection of a similar location ( G7 to mid-span joint) on the eas tbound 

bridge revealed a s imilar type gap had been sealed . I t  is  presumed 

those separations were cons truction-related and maybe the sealing had 

been omitted from the westbound bridge.  

No vi sible cracks were detected on the undersides of  the deck on the 

center span between the pie r s .  A fence between the piers and the 

roadways prevented close access to the side spans , except near the 

abutment s .  No cracking was observed on the underside of the bridge deck 

at those locations . Cracks observed on the deck may have occurred at 

the edges of the girde r s .  

The wes tbound overpass f o r  Freedom Way Road i s  a two-lane, simple-

span steel girder bridge.  The st ructure has eight rolled , 36-inch, I-

beam girders having six horizontal stiffeners fillet-welded to the 

beams. The girders are interconnected with 14-inch channels bolted to 

the horizontal stiffeners . 

Inspection of Bents 1 and 2 (abutments) and concrete retaining walls 

revealed no s igns of disturbance or cracking . There were no signs of  

cracking on the bearing caps supporting the three rightmos t  girders (G6 , 

G7 , and G8 ) .  The lead sheet under the bearing pads showed some s igns of 

possible slippag e .  However, inspection of bearing locations o n  t h e  left 

s ide of  the bridge revealed a s imilar disturbance. This observation is 

believed to be unrelated to the overload under investigation. 
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The three rightmost girders ( G6 , G7 , and GB ) were visually inspected 

at the abu tment s .  The webs showed no s igns of buckling at those 

location s .  The stiffener-to-web fillet welds were visually inspected in 

the tension area s .  N o  s igns o f  weld fracture were evident . 

Inspection of the underside of the bridge deck revealed transverse 

cracks in the concrete at approximately 6- to 8-foot interva l s .  The 

cracks had effloresced , indicating their occurrence prior t o  the loading 

under investigation. Close inspection revealed no cracks within the 

efflorescent deposits or between the deposits and the concrete. No 

cracks without effloresence were detected.  Joints between the bridge 

deck and Girders G6 , G7 , and GB were tigh t .  

The tension areas of the stiffener-to-girder f illet welds i n  four 

locations (near Bent 1 )  on Girders G7 and G8 were nondestructively 

inspected using the eddy-current metho d .  A Hocking Model AV-10 eddy

current tester was used with a special 1 00 kHz cross-axis coil probe . 

The f illet welds were inspected along the lowest 12 inches to the 

termination of the fillet welds (at  the stiffener cope s ) . No flaws were 

detected . However ,  the testing had to be based on differential signals 

due to lack of a fillet-weld crack s tandard . 

It does not appear the two bridges suffered s ignifican t ,  detectable 

damage due to the overload . Als o ,  the bridges appear to be in good 

condition. 
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PAVEMENT 

FIELD TESTING 

Prior to field testing , three sites were chosen and designated as 

Sites A, B ,  and c. These sites were selected representing typical 

pavement conditions and considering safety of traffic and work crews . 

Site A began a t  Slab 7 2 ,  Site B began a t  Slab 2 1 6 ,  and Site C began a t  

Slab 304 a s  shown i n  Appendix A .  Rows were marked at each s i t e .  Row A 

was on the shoulder 2 feet from the outer edge . Row B was on the 

shoulder, 2 feet from the longitudinal joint between the shoulder and 

mainline . Row C was on the outer lane of the mainline , 2 feet from the 

longi tudinal joint with the shoulder. Row D was on the centerline of  

the outer lane of the mainline. Row E was on the outer lane of  the 

mainline, 2 feet f rom the longitudinal joint between that lane and the 

adjacent mainline lane . Field sampling and tes ting for materials 

charac terization performed on October 1 7 ,  18 , and 2 1 ,  1985 , included 

coring the rigid pavement in the outer lane and shoulder and performing 

in-place California Bearing Ratio (CBR) tests on the subgrade at 

selected locations .  The field testing program is described and results 

are summarized in Table 1 .  

S eventeen cores were obtained using a portable core drill . 

Locations of sites cored ( for compressive strength, elast ic moduli ,  and 

subgrade CBR's)  are illustrated on the visual survey forms in Appendix 

A. Cores were marked for the purpose of identification for laboratory 

t esting .  Seven cores were obtained from Site A ,  with cores taken i n  Row 

A at Slabs 72 and 7 3 ,  and cores were obtained from all r ows a t  Slab 83 . 

Five cores were obtained at Site B ,  wi th cores obtained in each row at 
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Slab 225 . When the core i n  Row A a t  Slab 225 was removed ,  a void about 

3 inches in depth was noted between the bottom of the pavement slab and 

the top of the aggregate base .  Five cores were obtained a t  Site C ,  with 

cores taken in each row at Slab 307 . The water table appeared to be 

high at this location. When the cores were removed ,  water rose in the 

core holes to a level within 6 to 9 inches of the pavement surface.  The 

holes were pumped dry and the water level returned to within 6 to 9 

inches of the pavement surface within 4 to 5 minute s .  

I n  conjunction with the coring , five in-place CBR tests were 

attempted,  and three were completed. The penetrations and calculations 

for in-place CBR tests were performed in accordance wi th ASTM D 1883-73 , 

except tests were performed on the soil in its actual in s i tu condition. 

The f irst in-place CBR test was attempted in Row A at Slab 7 2 .  Af ter 

removal of the pavement cor e ,  the aggregate base was removed to expose 

the subgrade soil for testing. A large rock at the subgrade surface 

prevented completion of the tes t .  An in-place CBR test was then 

completed in Row A of Slab 7 3 .  At this location , the subgrade material 

was composed of a high percentage of large gravel ( diameter about 3 

inches) in a soil matrix . To insure that the in-place CBR test was 

representat ive of the underlying material, about 12 inches of the soil

rock subgrade was remove d .  The resistance to penetration ( in-place CBR 

5 6) indicated a very strong supporting layer at this location. 

Another in-place CBR test was performed in Row C at Slab 8 3 .  As with 

the previ ous tes t ,  large gravel particles were encountered , and about 1 2  

inches of  material were removed. The resistance to penetration ( in-

place CBR = 4 3 )  indicated a very strong supporting laye r .  An in-place 
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CBR test was completed in Row B at Slab 225 . The subgrade at this 

location appeared to be a s ilty clay. The large gravel previously noted 

was not detected at this location. The resis tance to penetration ( in

place CBR = 7 )  was much l ower than at the locations previously noted . 

An in-place CBR test was attempted in Row B at Slab 307 . Water that 

rose in the hole ( as previously noted) caused problems in preparing a 

representative surface for the tes ting , and the test was abandoned. 

LABORATORY TESTING 

Four soil samples placed in containers , which were then sealed , were 

returned to the laboratory for moisture content determinations in 

accordance with ASTM D 2 2 16-80 . The soil samples were obtained from in

place CBR location s .  Results of the moisture content determinations are 

included in Table l. 

S eventeen pavement cores were returned to the laboratory for further 

testing. The locations of these cores were described previously. All 

cores were measured for length in accordance with ASTM C 42-84a, which 

requires that cores used for length determination have a nominal 

diameter of 4 inche s .  Additional testing of  the cores included 

determinations for unit weigh t ,  compress ive strength, and modulus of 

elas t i cit y .  Sonic and static moduli o f  the concrete represent 

approximate upper and l ower bounds, respect ively, of the concrete 

modulus of  elasticity . To bes t  simulate field conditions , the cores 

were tested in the dry condition, which is  permit ted by ASTM C 42-84a. 

Three cores were sawed into rectangular prisms and tested for modulus of 

elasticity by fundamental transverse frequency ( sonic modulus) in 

accordance with ASTM C 2 15-83 . The prisms were cored to a nominal 
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diame ter o f  2 inches for further testing . The 4-inch cores obtained 

from the shoulder also were cored to a nominal diameter of 2 inches t o  

achieve a length-to-diameter ratio o f  2 .  The remaining mainline cores 

were tested at a diameter of 4 inche s.  All cores were sawed to a 

length-to-diame ter ratio of 2 and tested for unit weigh t ,  compressive 

strength,  and static-chord modulus of elasticity ( static modulus) in 

accordance with ASTM C 469-8 3 .  Compressive s trength tests under this 

standard also must comply with the requirements of ASTM C 39-84 and ASTM 

C 42-84a . ASTM C 42-84a requires that the diameter of cores tes ted for 

compressive strength be at least twice the maximum nominal size of the 

coarse aggregate used in the concrete.  The design nominal maximum size 

was 1 inch. Although the nominal diameter of all cores was 2 or 4 

inches , the actual diameter of the nominal 2-inch diameter cores was 

slightly less than 2 inches {about 1 . 9  inche s ) . This was not considered 

a major deviation from the standard, since a visual inspection of the 

cores before and after breaking did not reveal any aggregate particles 

greater than 3/4 inch. To further verify the validity of the 

compressive s t rength resul t s ,  a comparison was made be tween the average 

compressive strength of the 2-inch diameter cores from the mainline and 

the 4-inch diameter cores from the mainline. There was a difference of 

approximately five percent , with a lower standard deviation for the 

2-inch diameter core s .  All results from the laboratory testing of cores 

are summarized in Table 1 .  

The urgency of the problem required concurrent analyses for 

determining in-place conditions and evaluating the load induced stresses 

by several methods . A " rul e of thumb" empirical method t o  determine the 

modulus of elasticity for normal-weight concrete is  
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Modulus of Elastici ty= 57 , 000 ( f'c ) 0 . 5  l 

where f' c compress ive strength in psi.  

The average compressive st rength from laboratory tests  was 7 , 210 p s i .  

Using Equation l ,  this yields a modulus o f  elasticity of  4 .  8 million 

p s i .  Equation l ( l-3) (numbers in parenthesis refer to those in the 

Reference s )  was derived from 

Modulus of Elasticity 2 

where 1 = weight in pounds per cubic foot ( pcf ) . 

As suming a unit weight of  144  pcf in Equation 2 ( 2 ,  3)  yields the 

constant " 5 7 , 000" in Equation 1 .  The minimum unit we ight of cores 

obtained from the Jefferson Freeway was 145 pcf . 

A review of available literature ( 4 )  provided the relationship 

between compressive s trength and modulus of ruptur e :  

Modulus of  Rupture = k ( f' )0 . 5  
c 

where k = a constant varying from 8 to 1 0 .  

3 

Data published by the Portland Cement Association ( 4 )  provide the 

following relationship: 

log (E) 6 . 2340368 + 0 . 0005634989 X MR 4 

where E = modulus of elasticity for portland c ement concrete and 

MR = modulus of  rupture for portland cement concrete.  

Figure 4 illustrates the relationships described by Equations 3 and 4 .  

Figure 5 combines Equations 3 and 4 t o  indicate that , for a unit weight 
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o f  1 4 4  pcf and compressive s t rength o f  7 , 200 psi ,  k would be 

approxima tely 9 .  6 .  Equation 1 was used to estimate the modulus of 

elasticity as a function of the compressive s t rength. The mean of the 

compressive strengths yielded a modulus of elasticity of  4 . 8  million 

p s i .  The relationship in Equation 2 provided a modulus of 5 . 1  million 

ps i .  The difference of 0 .  3 million psi produces insignificant changes 

in the response data. 

The modulus of  rupture and modulus of elasticity were calculated as 

a function of compress ive strength and unit weigh t .  Unit weights varied 

from 145 to 150 pounds per cubic foot and the mean was 147 . Compressive 

strength data in Table 1 were divided into two groups -- those from the 

wheel tracks of the loader and those from outside the wheel track s .  The 

mean associated with the loader's wheel tracks was 6 ,968 psi while the 

mean outs ide the wheel track was 8 , 070 p s i .  The mean of the compressive 

s trengths in the wheel track was 86 percent of the mean outside the 

wheel track . 

Sorting the compressive strength data by slab thickness indicated 

that the mean of the 6-inch shoulder slabs in the wheel track was 81 

percent of the mean of the compressive strengths outside the wheel 

track . For 10-inch mainline slabs , the mean of the c ompress ive 

s t rengths from the wheel track was 88 percent of the compressive 

s trengths outside the wheel track . 

I t  is  important to note that compressive s trengths of the portland 

c ement concret e ,  as  determined from core specimens , were considerably 

higher than normally would be expected for two-year old concret e ,  which 

was specified to meet a 28-day compressive strength o f  3 , 500 ps i .  
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Divi sion of Material s' records for the project indicate the average 

28-day compress ive s t rength was 6 , 130 ps i .  I t  is  almost certain that 

damage caused by passage of the front-end loader would have been 

considerably more extensive in the event portland cement concrete placed 

on the project only met or slightly exceeded specification requirements .  

DEFLECTION TESTING FOR VERIFICATION OF ELASTIC MODULI 

Dynami c deflection measurements were used to determine in-place 

st ructural conditions of the rigid pavement s.  Additionally , deflection 

measurements we re used for comparison of conditions for one s i te 

relative to another .  Comparisons of one site versus another may involve 

comparisons of relative magnitudes of  measured deflections . More 

sophisticated evaluations involve comparisons of conditions expressed as 

the .. back-calcul ated.. effective layer modul i or as load-trans fer 

efficiencie s .  

Data and information previously presented describe methods for 

testing pavement cores and the subgrade to determine strength and load

carrying capacities of  the various components of the pavement structure.  

The .. static chord method .. of ASTM C 469 is a destructive test wherein 

s tress and strain measurements are determined for a wide range of 

loadings until the pavement core or laboratory sample is failed in 

compression. The compressive strength of the sample also is  determined 

from this tes t .  Typically, the resulting elastic modulus determined 

from this procedure is representative of the weakest expected modulus of 

elasticity or stiffness for the material . Moduli of elasticity also may 

be estimated using resul ts of nondestructive measurements. Analyses 

involving the determination of the fundamental frequency ( transverse or 
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longitudinal) for a concrete prism or core and the use of  these 

measurements to est imate the elastic modulus are presented in ASTM C 

2 1 5 .  Wave propagation analyses described in ASTM C 2 1 5  are typically 

representative of the s t rongest or stiffest expected elast ic modulus for 

the material . Deflection measurements also have been used to ""back 

calculat e"" the effect ive elastic modulus for the various component 

layers of a pavement structure. Procedures developed in Kentucky 

relating to the use of dynamic deflections for back calculation of 

effective pavement cond i tions are described in Reference 5 .  

Finally, empirical relationships have been developed relating more 

easily and commonly determined factors with material stiffness or 

modulus of elasticity. Two relationships that may be used to select 

design parameters are 1 )  for concrete , Equation 2 may be used; and 2 )  

for subgrade soil ( 6 ) , 

E
Subgrade = 1500 x CBR 

elastic modulus for subgrade soil ( psi ) and 

California Bearing Rat i o  of the subgrade material. 

5 

where Esubgrade 

CBR 

Deflection measurements were obtained at the three sites.  

Deflection testing at Site A consisted of  measurements (using the Road 

Rater) for twelve consecut ive slabs in the outside shoulder and the 

three adjacent lane s .  Deflection measurements were obtained on a grid 

pattern involving the joint,  third points ,  and midpoints of the slabs; 

centerline and wheel paths for each lane; and the wheel paths for the 

shoulder.  Deflection testing of eleven slabs at Site B was conducted on 

a similar grid pattern, except third-point testing was eliminated . 
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Deflection testing at Site C was conducted on a similar grid pattern, 

bu t consisted of deflection testing only in the shoulder and ou tside 

lanes and only at joints and midslab locations . Test locations at all 

sites are shown on the data forms in Append ix A. 

Deflection measurements at midslab and third-point locations were 

used to ""back calculat e"" the effect ive condition of the portland cement 

concrete and subgrade material. Deflection measurements at joints and 

midslab locations were used to estimate the load-transfer efficiency for 

each joint . Generally , the procedure ( 5 )  for estimation of effective 

pavement condition involves the theoretical s imulation of deflection 

measurements ( for the Road Rater loading configuration) for a matrix of 

c ombinations of layer thi cknesses and elastic: layer moduli for the 

portland cement concrete pavement , crushed stone bas e ,  and subgrade 

soil.  

The elastic: modulus for the crushed stone base is  expressed in terms 

of the elastic: moduli of the supporting and overlying layers ( subgrade 

and portland cement concrete) . The effective pavement and subgrade 

conditions are expressed in terms of a combination of layer thi cknesses 

and elastic: modu l i  for the portland · cement concrete and subgrade 

resulting in a theoretical deflection bowl that matches the measured 

deflection bowl . There are a number of combinations of elastic: moduli 

for the subgrade and portland c ement concrete pavement that potentially 

result in a theoretical deflection bowl matching the measured deflec tion 

bowl . The design layer thicknesses for the mainline and ramp pavements 

( 1 0  inches portland cement concrete and 6 inches dense-graded limestone 

aggregate) and for the shoulder pavement ( 6 inches portland cement 
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concrete and 1 0  inches dense-graded limestone aggregate) were used for 

back-calculation of the effect ive subgrade moduli ,  assuming an elastic 

modulus of  the portland cement concrete as discussed previously . Actual 

layer thicknesses varied by a small degree relat ive to the nomimal or 

design layer thicknesses used for the analysis .  However, these 

variations were not considered a significant influencing facto r .  

Three specific elastic moduli were assumed i n  a n  attempt to 

"bracke t" the effect ive subgrade condition s .  These analyses provide 

additional information describing in-place material properties for use 

in determining damage associated with one pass of the front-end loader.  

The three assumptions for the elastic moduli of the portland cement 

concrete were 2 . 0  million ps i ,  4 . 8  million p s i ,  and 6 . 0  million p s i .  

A preliminary review o f  data i n  Table 1 indicated a representative 

elastic modulus by the static chord method (ASTM C 469)  of 2 . 0  million 

psi.  Similarly , a representative elastic modulus of  6 . 0 million psi was 

determined by the fundamental ( transverse) frequency method (ASTM C 

2 1 5 ) . Using the compressive strength data and assuming a unit weight of 

144 pcf in Equation 2 indicated a representative elastic modulus of  4 . 8  

million psi.  I t  was necessary t o  make these assump tions on the basis of  

preliminary reviews of partial data samples in order to proceed with 

data analyses in an efficient manner and at the same time meet a 

d emanding schedul e .  

A more detailed summary of compressive strengths and measured 

de flections is presented in Table 2 .  Back-cal culated e lastic moduli 

associated with deflection measurements and core sites only and the 

three assumptions for the elastic modulus of the portland cement 
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concrete are presented in Table 3 .  Table 4 summarizes the resul t s  of 

analyses for adjus tment of back-calculated subgrade moduli on the basis 

of compressive s trength analyses of cores . A review of data presented 

in Tables 2 and 3 indicates typical ranges of minimum subgrade elastic 

moduli of  8 ,  344 psi to 1 2 , 007 psi for mainline and ramp pavements and 

7 , 8 7 1  psi t o  10 , 695 psi for shoulder pavements based upon the three 

assumed elastic moduli for the portland cement concrete pavement . 

Adjustment of  those same data on the basis of actual elastic moduli 

determined by ASTM C 469 , ASTM C 215 , and Equation 2 indicates only a 

small change in the effect ive back-calculated elastic moduli (9 , 000 psi 

to 1 2 , 750 psi) for the mainline pavement section. Similar variations 

were observed for the other comparisons of back-calculated elastic 

moduli values for the assumed elastic moduli for the portland cement 

concrete and the elastic moduli determined by field and laboratory 

t es t s .  

Data presented i n  Tables 5 through 9 summarize average back

calculated elas tic moduli of the subgrade for de flection measurements 

obtained for each test site.  Figures in Appendix B illustrate the 

distribution of back-calculated elastic moduli for the various test 

s i t e s .  

Results of  in-place California Bearing Ratio ( CBR) tests reported in 

Table 1 indicated a minimum CBR of 7 .  The elastic modulus computed 

using Equation 2 associated wi th a CBR 7 subgrade is  1 0 , 500 psi . A 

review of the f igures in Appendix B indicates a s imilar typical minimum 

elastic modulus for the subgrade . Therefore , i t  was decided to use a 

minimum CBR of 7 ( Esubgrade 
= 1 0 , 500 psi ) for the bearing capacity (or 
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e lastic modulus )  of  the subgrade for purposes of fatigue and other 

damage-related assessment s .  

The compressive s trength o f  a concrete specimen i s  typically a 

common measure of the quality of the concret e .  Therefor e ,  it was 

further decided the elastic modulus determined on the basis of unit 

weight and compressive strength ( Equation 2) would be used to 

characterize the portland cement concrete for purposes of fatigue 

analyses and damage assessment s .  

EFFICIENCY O F  LOAD TRANSFER AT JOINTS 

Theoretically , a d owel at a j oint is considered 100 percent 

efficient when the dowel transfers one-half of the applied load from one 

slab to an ad joining slab. This is true in the event each slab at the 

j oint deflects an equal amount and each assumes one-half of the applied 

load ( 7 ) .  Empirical procedures have been developed i n  Kentucky (5)  

wherein dynamic deflection measurements are  used to estimate the 

efficiency of load transfer for joints in portland cement concrete 

pavements . Mo re specifically , the procedure involves a comparison of 

deflection measurements at midslab to deflection measurements at  a joint 

or crack . The deflection bowl at midslab is  determined for some 

constant dynamic load . For the same load , the deflection at the j oint 

is  determined by placing the load feet of  the Road Rater on one side of 

the joint (or crack) and positioning the joint ( or crack) between the 

second and third sensors . The efficiency of load transfer is  estimated 

as the ratio of the difference between deflection for the second and 

third sensors at midslab compared with the similar differences between 

deflections for the deflection bowl at the joint . 
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This method of evaluation of load transfer is  currently experimental 

from the perspective of qualitative analyse s .  However ,  comparisons of 

one site relative to another may be presented . The first three figures 

in Appendix C are three-dimensional representations of load-transfer 

efficiencies for each slab of each test site.  Similar representations 

also are presented for averages of load-transfer efficiency by lane for 

each test site.  The larger the " t ower" , the greater is  the estimated 

efficiency of load transfer for each joint as was determined on the 

basis of dynamic deflection measurements .  

A review of Appendix C indicates considerable scatter by test sit e .  

The vehicle i n  question generally followed wheel paths D and B for each 

of the three sites.  There does not appear to  be  a significant 

relationship between the path of the0017vehicle in question and load 

t rans fer efficiency except for Site A ,  where there are lower load-

transfer efficiencies for Rows C and D. Even though the analyses of 

load transfer efficiencies are somewhat inconclusive , they do support 

the results of other analyses and observations that indicate premature 

distress in the wheeltracks of the front-end loader.  

The relat ively high degree of  scatter for estimated efficiencies of  

load transfer was cause for concern. Therefore , additional coring was 

performed within the area of joints and dowel-bar assemblie s .  The 

positions of those add i tional cores as well as other coring for elastic 

modulus and CBR determinations are shown on f igures in Appendix C. 

Cores were obtained from areas in the path of the front-end loader as 

well as from areas well isolated from the path of  the loader.  Cores 

were obtained in areas where there was evidence of surface d istress as 
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well as in areas where no surface di stress was observed. Nine of ten 

cores indicated a horizontal crack in the concrete on either the top or 

bottom ,  or both, of  the dowel bar regardless of  the core location. An 

attempt was made to determine the extent of cracking by coring 

approximately 6 inches from cores made through the dowel . Only one of 

six cores indicated any evidence of horizontal cracking at that distance 

from the dowels . A more detailed description of the f indings for the 

evaluation of this set of cores is contained in Table 1 0 .  

O n  the basis of  available information and data, an explanation for 

the observed cracking has not been developed at this time . It may be 

hypothesized that the observed cracking is  a resul t of the pressure 

exerted on a d owel by an external load . An illustration of a typical 

load-pressure diagram for a dowel is presented in Figure 3 . 10 of 

Reference 7 .  

The observed horizontal cracking also may be attributed to stresses 

created by temperature change s -- associated expansion and contraction 

of the portland cement concrete . Somewhat similar observations for 

other pavement sections have been reported ( 8 ) . Additional study is  

necessary to adequately determine the extent and cause of the observed 

horizontal cracking . However ,  at this t ime, there is no direct evidence 

that the passage of the front-end loader is solely responsible for the 

observed horizontal cracks; but it is likely that the passage of the 

front-end loader accelerated deterioration by contributing to the 

propagation of the cracks . 
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ASSESSMENT OF DAMAGE 

VISUAL CRACK INSPECTION 

Three sections of pavement were inspected visually by walking and 

closely inspecting each slab of the mainline and shoulder in the wheel 

tracks of the front-end loader.  The wheel tracks were obvious due to 

the scuff marks caused by the cleat s .  A f ew diagonal cracks were 

observed on the mainline pavement . None of those cracks were deemed to 

have been caused by the loader .  

All cracks and spalled areas of  crushed concrete a t  joints were 

noted by location and slab number on field shee t s .  

illustrates findings o f  the visual survey . 

Appendix A 

The loader traveled over 928 of the 10-inch thick slabs of mainline 

and ramp pavement and 367 of the 6-inch thick slabs of paved shoulders .  

Use and analysis of this information is presented elsewhere in this 

report .  

The Jefferson Freeway was revi sited on November 1 8 ,  1985 , to confirm 

detai l s .  While inspecting Site C ,  four additional shoulder slabs were 

observed as being cracked in the wheel tracks of the front-end loader.  

Those cracks were not evident during the original survey performed on 

October 1 7  and 1 8 ,  198 5 .  Apparently , the additional cracking was 

evident during the November 18 inspection because the slabs had cooled 

and contracted.  Microcracks formed earlier had widened and become 

visible as the slab and air temperatures decreased . Additional cracking 

observed on November 1 8  also is included in Appendix A .  Crack surveys 

were made during t imes when the pavement surfaces were dry.  Experience 

has shown that cracks are more evident when the pavement has been wetted 
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and then begins t o  dry . Additional cracks might have been observed if  

the pavement had been wet ted . 

FATIGUE AND THICKNESS DESIGN METHODS 

Pavement thi ckness design methods have been developed on the 

assump tion that failure occurs through fatigue . Fatigue theory assumes 

the pavement is flexed by a few large loads , or more repetitions of a 

lesser load . The portland cement concrete thickness design system ( 9 , 

10)  developed and used in Kentucky is a merger of the Portland Cement 

Association ( 1 1 )  and the AASHTO (12) methods coupled with Kentucky 

experienc e .  The Portland Cement Association method was developed from 

data obtained on light-to-medium volume roads (by today's conditions) 

while the AASHTO method was developed from data taken at the AASHO Road 

Test that simulated high truck volumes and heavy axleload s .  

The Portland Cement Association method i s  based on a relationship 

beginning with one repetition of a catastrophic load producing a ratio 

of stress to modulus of rupture of 1 . 0 .  As the number o f  repetitions 

increases , the magnitude of load mus t  decrease, producing lesser 

stresses corresponding to decreasing values of stress ratios.  In 

addition, this method is  supported by laboratory tests of beams tested 

in flexur e .  Laboratory tests are performed on specimens o f  limited 

size , permi tting measurements of stresses in only one direction 

( tangential) .  Thu s ,  the stress-ratio system used in this method could 

not account for stresses that might be almost as large but occurring in 

other directions ( radial , shear ,  and vertical ) .  The AASHTO method may 

be expressed as a ratio of  stresses defined as a function of the desired 

number of  repetitions . This method also is supported by laboratory 
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f at igue test data. However , the mathematical expressions of the AASHTO 

and Portland Cement Association methods differ. The two systems merged 

in the range of two million repetit ions of an 1 8 , 000 pound single 

axleload ( 9 ) .  

S t rain energy density i s  defined as the work at a given point within 

a body caused by a force applied to the outside of the body ( 9 ) .  The 

equation for s train energy density ( 9 )  accounts for all s tresses act ing 

in all directions .  Figure 6 was developed t o  illustrate the 

relationship used to convert magnitude of stress in one direction to an 

equivalent value of strain energy density.  The fat igue criterion 

relationship permi ts converting a given ratio of stress corresponding to 

an assigned level of fat igue to the ratio of strain energy density as 

shown in Figure 7 .  The Chevron N-layer computer program was used to 

calculate all the one-direction stresses and including them in one 

equation to calculate a corresponding value of s train energy density.  

The Kentucky thickness des ign criterion is expressed as ratios of s train 

energy density as a function of repetitions ( Figure 7 ) .  The program 

assumes that all layers extend infinitely in a horizontal direction. 

Thus , the Chevron N-layer program may be used only to analyze a load 

applied at the center of a slab and may not be used to analyze a joint 

or edge condition. However for practical purpo s e s ,  calculated stresses 

and strains of portland cement concrete slabs are negligible beyond 6 

f ee t  from the applied load . 
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EVALUATION OF STRESSES IN SLABS UNDER LOADS 

To evaluate the fat igue of the slabs over which the front-end loader 

had trave rsed , stresses induced in both the 10-inch mainline slabs and 

the 6-inch shoulder slabs were evaluated using three independent methods 

( see Appendix D )  the Chevron N-layer elastic computer program, 

influence charts presented by the Portland Cement Association (13 ) ,  and 

the ILLI-SLAB finite element computer program (see  Appendix E) . After 

determining stres s e s ,  they were compared to the design or allowable 

s tresses to obtain s t ress ratios . Stress ratios of  1 . 0  or greater 

indicate the fat igue life of a pavement slab has been equaled or 

exceeded . By all three methods , the stress ratios in the 10-inch 

main line slabs were less than one , indicating the front-end loader had 

not " c onsumed "  all of the fat igue life of the slab .  An alysis of fatigue 

indicated only nominal loss of service life ( approximately 1 . 1  percen t ) . 

Howeve r ,  in the case of the 6-inch shoulder slab s ,  the s tress ratio was 

s igni ficantly higher than one. This indicated the fatigue life of  the 

shoulder slabs had been completely consumed by the one passage of the 

front-end loader. 

It also should be noted that the stresses induced in slabs may be 

influenced by the support provided by the underlying foundation or 

subgrade ma terials . Elastic moduli of the subgrade were back-calculated 

based on deflection data. The distribution of back-calculated elastic 

moduli are summarized in Appendix B for both shoulder and mainline 

pavement section s .  A review o f  these distributions indicated 8 9  percent 

of the back-calculated subgrade moduli were less than 3 0 , 000 psi. 

Further review indicated 100 percent of back-calculated elastic moduli 
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were less than or equal to 40 , 000 psi . Figure 8 indicates a stress 

ratio of 0 . 96 corresponding to 40 , 000 psi subgrade modulus of 

elasticity . For a modulus of  30 , 000 ps i ,  the stress ratio is  1 . 10 .  By 

interpolation, i t  was estimated 9 8  percent of back-calculated subgrade 

moduli were less than 3 8 , 000 p s i .  This value was then used a s  a 

critical value -- any subgrade modulus less than 3 8 , 000 psi would result 

in s tress ratios greater than 1 . 0 and thus a ""consumption""of the total 

fatigue life of the slab wi th one passage of  the front-end loader. 

ECONOMIC ANAlYSES 

An economic assessment of damage was made in two phase s .  The first 

phase of the analyses related to an asses sment of repair costs 

associated with the findings of the visual inspection previously 

discussed and based on observable distress or damage attributed to the 

passage of the front-end loader in question (Appendix A) . The second 

phase involved an economic assessment of damage associated with the loss 

of  the service life associated with the acceleration of fatigue in the 

pavement structure and/or near catastrophic loading applied to the 

pavement s tructure . 

PHASE I -- ASSESSMENT OF REPAIR COSTS 

Findings of the visual distress survey are summarized in Table 1 1 .  

Distresses are subdivided by location of occurrence ( 1 0  inches mainline 

and/or ramp pavement and 6 inches shoulder pavement) , types of observed 

distresses ( powdered or shattered concrete at the transverse joint areas 

but not apparently a deep-seated failure, corner or diagonal cracking , 
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t ransverse cracking, longitudinal cracking, powdered or shattered 

concrete at longitudinal joint areas but not apparently a deep-seated 

failure ) , and survey section. 

A repair strategy relating to each observed dis tress was formulated. 

The est imated cost per unit was then determined for use in determining 

the costs to repair observable distresses resulting from passage of the 

front-end loader .  A summary of each repair s trategy and documentation 

for the unit cost for each repair strategy follows 

A. Repair strategy for powdered or shattered edges of joints 

1 .  The same strategy shall apply to both transverse and 

longitudinal joints.  

2 .  The purpose for  conducting this repair activity is  to restore 

the integrity of the joint and to seal the joint to minimi ze future 

damage associated wi th moisture intrusion and freezing and thawing. 

3. Repair strategy: Use latex concrete or epoxy concrete for 

patching . Estimated quantities are determined on the basis of the 

volume of a 1-foot long x 1/3-foot wide x 1/3-foot deep cavity (0 .11 

cubic feet of patching material) . 

4 .  The estimated unit cost for lat ex patching material was 

estima ted on the basis of unit bid costs associated with three repair 

and patching project s (data provided by the D ivision of Design) : 

a .  I-24 PCC Pavement Repair : 

latex patching -- $106/cubic foot 

b .  I-64 Montgomery-Ba th-Rowan Counties PCC Pavement Repair: 

latex patching -- $200/cubic foot 

c .  I-64 Franklin County PCC Pavement Repa i r :  

lat ex patching -- $ 75/cubic foot 



d .  Average bid cost for latex concrete patching -

$127 I cubic foot 
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5 .  The same repair strategy was applied to both 10-inch pavement 

sections (mainline and ramp sections) and 6-inch pavement sections 

( s houlder sections ) . 

6 .  The cost for repair per lineal foot of powdered or shattered 

longitudinal and transverse joints -- 0 .11 cubic foot/ lineal foot x 

$1 27/cubic foot = $ 1 3 . 9 7/lineal foot 

7 .  The total lineal feet of powdered or shattered longitudinal and 

transverse j oints were obtained from Table 11: 

a .  Transverse joint s :  

Mainline/Ramp -- 591 feet x $13 . 97/lineal foot = 

$ 8 , 25 6 . 27 

Shoulder -- 168 feet x $13 . 97/lineal foot = $2 , 346 . 9 6  

b .  Longitudinal joints: 

Mainline/Ramp -- 420 feet x $ 13 . 9 7 = $ 5 , 867 . 40 

Shoulder = 14  feet x $ 1 3 . 9 7  = $19 5 . 58 

c .  TOTAL = $16 , 666 . 21 

B .  Repair strategy for corner/diagonal cracking for mainline, 

ramp, and shoulder pavement sect ions 

1 .  The same repair strategy will be applied to all pavement 

section s .  The repair quantities will vary because of the varied 

pavement thickne s s .  

2 .  The repair s trategy should cons ist of full-depth, partial-width 

patching for each area where corner cra cking was observed as presented 

in Appendix A .  
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3 .  The purpose for the repair activity is  restoration of the 

s tructural integrity for the damaged pavement section. 

4 .  Repair quantities are based on an assumed full-depth patch area 

of 4 feet x 4 feet = 16 square feet or 1 . 7 8  square yards.  

5 .  The estimated unit cost for repair will vary dependent upon the 

slab thi cknes s ( 1 0  inches for mainline and ramp pavements and 6 inches 

for shoulder pavement sections ) . 

a .  Unit costs for removal and replacement of  PCC pavement and 

other incidental construction cost s  were obtained from the 

Division of Design. 

b.  I-24 PCC Pavement Repa i r :  Removal and replacement -- 10-inch 

Pavement @ $ 50 . 95/square yard 

l-inch diameter transverse tie bars @ $ 1 0 . 50 each 

1 1/4-inch dowel bars @ $ 1 1 . 30 each 

c .  I-64 Montgomery-Ba th-Rowan Counties PCC Pavement Repair: 

Removal and replacement -- 10-inch Pavement @ $55 . 00/square 

yard 

d .  I-64 Franklin County PCC Pavement Repair Removal and 

replacement -- 10-inch PCC Pavement @ $ 4 5 . 50/square yard 

e .  Average Cos t s :  Removal and replacement 10-inch PCC 

Pavement @ $ 5 0 . 48/ square yard 

l-inch diameter transverse tie bars @ $ 1 0 . 50 each 

1 1/4-inch d owel bars @ $ 1 1 .30 each 

f .  No unit costs were available for removal and replacement of 

6-inch PCC shoulder pavement . Therefore ,  the unit cost was 

estimated on the basis of the ratio of  the cost for new 
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construction of 6-inch PCC shoulders over the cost for new 

construction of 10-inch PCC pavement and applied to the 

average cost for removal and replacement of 10-inch PCC 

pavement . The unit costs associated with new pavement and or 

shoulder construction were determined for a recently awarded 

section of the Jefferson Freeway near the Beulah Church Road 

in Jefferson County and were supplied by the Division of 

Design : '  

6-inch P C C  Shoulder @ $15 . 95 /square yard 

10-inch PCC Pavement @ $18 . 58 / square yard 

Ratio = 0 . 8 6  

( 0 . 86 ) ( $ 50 . 48 square yard) = $43. 41/square yard for removal 

and replacement of 6-inch PCC shoulder pavement 

g .  Unit cost for each patch : 

i -- 10-inch PCC mainline section 

$50 . 48 /  square yard x 1 .  7 8 square yards = $89 . 8 5  per 

patch (remova l/replacement )  

4 tie bars @ $10 . 50 each= $42 . 0 0  

4 load transfer dowel bars @ $11 . 30 p e r  patch = $45 . 20 

TOTAL COST PER PATCH= $17 7 . 05 

i i  6-inch PCC shoulder Section 

$43 . 41/square yard x 1 .  78  square yards 

patch (removal/replacement) 

4 tie bars @ $10 . 50 each= $ 4 2 . 0 0  

TOTAL COST PER PAT CH= $119 . 27 

$ 7 7 . 27 per 
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6 .  The total number of areas requiring this type repair were 

obtained from Table 1 1: 

a.  Mainline/ramp pavement sections 

69  areas x $ 1 7 7 . 0 5  per patch = $12 , 216 . 4 5  

b.  Shoulder pavement sections 

24 areas x $ 1 1 9 . 2 7  per patch = $ 2 , 862 . 48 

c .  TOTAL = $ 1 5 ,078 . 93 

C .  Repair s trategy for transverse cracking 

1 .  Due to the short slab lengths (average 15 feet ) , it was 

determined that an appropriate repair strategy would be total slab 

replacement in lieu of partial replacement . 

2 .  The purpose of this repair is  restoration of the structural 

integrity for the damaged pavement sections . 

3 .  Repair quanti ties for ramp and mainline pavement sections 

( 1 0-inch pavement sections) are based on slab dimensions 12 feet by 15 

feet ( 180 square feet or 20 square yards ) .  

4 .  The width of shoulder sections varied from 6 feet to 1 0  feet 

depending upon whether they were adjacent to ramp or mainline sections 

or were in transition zone s .  

a .  A review o f  data presented o n  the visual survey data sheets 

in Appendix A combined with field inspections indicated the 

front-end loader traveled over 3 6 7  slabs . Of those, 106 slabs 

were 6 feet wide ,  12 were in a transition zone from 6 feet to 10 

feet in width (assume 8-foot wid th) , 133 slabs were 10 feet 

wide , 15 were in a transition zone from 10 t o  8 feet (assume 

9-foot wid th) , and the remaining 101 were 8 feet wide .  
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b. The weighted average for the width of shoulders traversed by 

the front-end loader is  8 .  2 fee t .  Therefore , 8 feet was used 

for the width of shoulders for determination of quantities for 

analyses of repair strategie s .  

c .  Repair quantities for shoulder pavement sections ( 6-inch 

pavement sections) are based on slab dimensions 8 feet by 15  

f eet ( 1 20 square feet or 1 3 . 33 square yard s ) . 

5 .  The unit cost for removal ,  replacement ,  and reconstruction of a 

10-inch PCC pavement slab: 

a .  20 square yards x $ 5 0 . 48/square yard/slab = $ 1 , 009 . 60 

b .  Twelve 1 1/4-inch d owel bars @ $11 . 30 each = $13 5 . 60 

c .  Six l-inch transverse tie bars @ $10 . 50 each = $ 6 3 . 00 

d .  TOTAL = $ 1 , 20 8 . 20 

6 .  The cost for removal,  replacement , and reconstruction of a 

6-inch PCC pavement slab: 

a .  13 . 33 square yards x $43 . 4 1/square yard = $ 5 7 8 . 6 6  

b .  6 l-inch transverse t i e  bars @ $10 . 50 each = $63 . 00 

c .  TOTAL = $641 . 6 6  

7 .  The number o f  areas having transverse cracking requiring repair 

is  presented in Appendix A. Transverse cracking was observed at only 

one location, but affected both a mainline slab and a shoulder slab . 

The cost of repair is the cost of total replacement for one mainline 

slab ( $1 , 208 . 20)  and one shoulder slab ( $ 641 . 66 )  for a total replacement 

cost of $1 ,849 . 8 6 .  

D .  Repair strategy for longitudinal cracking 
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1 .  The repair strategy should consist of full-depth total slab 

replacement for all areas where longitudinal cracking has been observed 

as presented in Appendix A. 

2 .  The purpose for the repair activity is restoration of the 

s tructural integrity for the damaged pavement section. 

3 .  Repair quanti ties for total slab replacement for both mainline 

and ramp pavements and also shoulder pavements have been previously 

determined: 

a .  $ 1 , 208 . 20 per 1 0-inch PCC pavement slab 

b .  $ 64 1 . 66  per 6-inch PCC shoulder pavement slab 

4 .  Vi sual inspection resul ts presented in Appendix A indicate the 

need for total replacement of 5 6  shoulder slabs. The cost as sociated 

with this repair activity is 56 slabs x $ 64 1 . 66/slab = $35 , 932 . 9 6 .  

E .  Summary of costs associated with repair o f  distresses and 

damages as illustrated in Appendix A: 

1 .  Powdered or shattered joints 

( l ongitudinal and transverse) 

2 .  Corner/diagonal cracking 

{mainline , ramp , and shoulder sections ) 

3 .  Transverse slab cracking 

4 .  Longitudinal slab cracking 

5 .  TOTAL COSTS FOR REPAIR OF 

OBSERVABLE DISTRESSES 

PHASE II -- ASSESSMENT FOR LOSS OF SERVICE LIFE 

$ 1 6 , 66 6 . 21 

$ 1 5 , 07 8 . 93 

$ 1 , 849 . 8 6  

$ 3 5 , 93 2 . 96  

$ 6 9 , 52 7 . 96 

The second phase of  the economic analysis involves an assessment of 

damages as sociated with the acceleration of pavement fatigue and/or the 
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damage to the pavement structure resulting from the near catastrophic 

overloading by the front-end loader . Such damage is likely t o  

s ignificantly reduce the effective service life o f  the pavement section. 

Procedures and findings of detailed laboratory and field materials 

characterization activi ties have been previously documented . Re sult s  of  

these analyses were used in the analysis of  fatigue as sociated with the 

passage of the front-end loader . 

Fatigue analyses of the 10-inch pavement for mainline and ramp 

sections were based upon a CBR 7 subgrade material ( determined from 

minimum in-place CBR tests and supported by back calculation from 

deflection tes ting analyses) and an elastic modulus of 5 . 0  x 106 psi for 

the portland cement concrete {determined by laboratory analyses for 

compressive strength ,  density , static chord elastic modulus ,  and sonic 

modulus by transverse fundamental frequency and also indirectly 

supported by deflection measurements ) . The analysis of fatigue 

indicated only nominal loss of  service life ( 1 . 1  percent) as the result 

the passage of the front-end loader .  

Figure 9 illustrates a s traight-line deterioration relationship ( on 

a per slab bas i s )  for the 10-inch pavement section. Initial pavement 

construction cost data (Table 12) were supplied by the State Highway 

Engineer's office . The salvage value was e s t imated as the effective 

worth of the pavement structure if total deterioration rendered the 

pavement section the equivalent of a crushed stone base .  This 

assumption is not unfounded since current pavement thickness practices 

for design of asphaltic concrete over broken and seated portland cement 

concrete pavement ( in-place recycled portland cement concrete pavement) 

are based on the assumption the broken concrete will behave no worse 

than a crushed s t one base having a thickness equal to the total 
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thickness of the exis ting pavement section (portland cement concrete 

pavement plus dense-graded limestone aggregate ) .  The deterioration 

schedule in Figure 9 is  used to determine the current worth of  the 

pavement section in 1983 dollars ( the pavement was completed in 1983 ) .  

This value may then be converted to 1 985 dollars using the single 

payment compound amount factor ( 13 ) :  

SPCAF = ( 1  + i )n 6 

where i = interest rate expressed as a dec imal and 

n = t ime period ( years ) .  

An interest rate of eight percent was assumed for this analy s i s .  The 

fat igue loss per slab ( approximately 1 . 1  percent) is applied to this 

value ( current value in 1985 dollars) plus the cost of the asphaltic 

concrete overlay required to complete salvage of the pavement section . 

The cost associated with a 5-inch asphaltic concrete overlay i s  then 

added to the salvaged value ( 19 8 5  dollars) of the slab . A unit cost of 

$ 25 . 00 per ton was used for asphaltic concrete . Figure 9 illustrates 

these calculation s .  An est imated loss of service life associated with 

fatigue of the 10-inch PCC pavement may then be determined . 

An alternate method of estimating the economic impact of the loss of  

service life is the product of  the percentage fatigue loss ( 1 . 1  percent) 

times the current removal and replacement cost s .  The calculation of 

initial construction cos t s ,  salvage values ,  and current replacement 

costs are presented in Table 1 2 .  The Division of Design indicated a 

20-year expected design life.  The 1985 loss per slab may then be 

multiplied by the total number of slabs traversed by the front-end 

loader.  Figure 9 also illustrates these calculations . 
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A review of the resul t s  of the visual inspections in Appendix A 

indicated variable widths for some of the pavement slabs because of 

tapers and transition zones at or near ramp area s .  The inspection 

indicated a total of 833 of the 1 2-foot wide lane slabs were loaded by 

the front-end loader. Seventeen slabs were located in taper area s .  

Addtionally , 78  slabs having a n  8-foot width were traversed by a t  least 

one wheel of the front-end loader. Therefore, a total of 9 2 8  slabs 

were affected by passage of the front-end loader . For est imation 

purposes , the total number of slabs wa s converted to an equivalent 

number of 1 2-foot wide slabs by weighting on the basis of slab width. 

The total number of  equivalent 12-foot wide slabs was determined to be 

898.  The calculation of total pavement loss of economic service life is  

presented and illustrated on Figure 9 .  

In summary , analyses on the basis of initial costs and projected 

salvage values and an assumed 5 inches asphaltic concrete repair 

strategy indicated a total loss of service life of $4 , 624 . 7 0  in 1 985 

dollar s .  On the basis of  current removal and replacement costs , the 

total loss of service life was valued a t  $10 , 643 . 99 .  Analyses on the 

basis of the salvage life deterioration curve and asphaltic concrete 

overlay ( and thus the $ 4 , 625 cost indicated above) are not totally 

realistic since it is  not possible to overlay small and isolated 

portions of a roadway ( single lane or individual slabs ) .  Calculations 

presented herein are based on overlay of a small proportion of slabs 

only , which is not feasible or practical from a construction point of 

view .  The front-end loader passed over only approximately one-third of 

the roadway . The cos t s  to repair the entire pavement may be estimated 
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f rom the product of $ 4 7 2 . 23 per slab ( see Alternate A, Item 2 . c  in 

Figure 9) and 2 , 694 slabs ( 3  x 898 slabs ) .  This results in a total 

repair cost of $ 1 , 27 2 , 1 8 8 .  Assuming the approximately 1 . 1  percent loss 

of fatigue lif e ,  the loss of service is estimated as $ 1 3 , 8 6 7  ( $ 1 , 27 2 , 188 

x 0 . 0 1 1 ) ,  which is somewhat greater than the $ 1 0 , 644 estimated on the 

basis of removal and replacement only of deteriorated slabs . Therefore ,  

i t  i s  recommended that damage assessments be determined on the basis of 

removal and replacement cos t s ,  the least costly of the alternative s .  

Fatigue analyses o f  the 6-inch shoulder pavement also were analyzed 

using a CBR 7 subgrade and an elastic modulus of 5 . 0  x 106 psi for the 

portland cement concrete.  Result s  of these analyses are summarized in 

Appendix D dealing with fat igue analyse s .  The theoretical stress ratio 

for the portland cement concrete was in the order of 1 . 6  f or the CBR 7 

subgrade .  Information in Figure 8 illustrates how stress ratio varies 

as a function of subgrade s trength for a constant modulus of elasticity 

for the portland cement concret e .  Pavement damage i n  the form of 

cracking and/or punching of the portland cement concrete may be expected 

when the stress ratio exceeds 1 . 0 .  

Since the stress ratio exceeded 1 . 0 for analyses on the basis of a 

CBR 7 subgrad e ,  i t  was not possible to use the same approach as was used 

to assess damage for the mainline pavement sections . The fatigue 

capacity of the shoulder sections has been theoretically exceeded when 

the stress ratio exceeds 1 . 0  for the "design condition . " Therefore , i t  

was decided to e s t imate the extent o f  damage t o  the pavement shoulders 

on the basis of the proportion of estimated subgrade strengths ( f rom 

deflection measurements )  exceeding the subgrade modulus of elasticity 
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corresponding t o  a stress ratio of 1 . 0 or a subgrade elastic modulus of 

3 8 , 000 psi or less as determined from Figure 8 .  

Figure 10 illustrates a straight-line deterioration curve ( o n  a per 

slab basi s )  for the 6-inch shoulder pavement section. Initial pavement 

construction cost data were supplied by the State Highway Engineer's 

office (Table 1 3 ) .  The salvage value was est imated as the effective 

worth of the pavement structure if total deterioration rendered the 

pavement section the equivalent of a crushed s tone bas e .  The basis for 

this assumption has been discussed earlier. The same procedures used 

for evalua tion of 10-inch sections were used for the 6-inch sections 

excepting for the method used to estimate percent deterioration. These 

analyses are summarized in Figure 1 0 .  

An alternate method to estimate the economic impact associated with 

a reduction of service life makes use of the product of the percent 

deterioration or damage and the current removal and replacement costs.  

The calculation of  initial construction cos t s ,  salvage value , and 

current removal and replacement for 6-inch shoulder pavement sections 

are presented in Table 1 3 .  

The distribution o f  shoulder widths and number o f  shoulder slabs 

traversed by the front-end loader have been summarized earlier. A total 

of 367 shoulder slabs were determined to have been traversed by the 

front-end loader .  A weighted slab width of 8 feet was determined. Each 

slab was assumed to have a nominal length of 1 5  fee t .  

On the basis o f  current removal and replacement costs ( the least 

costly and at the same time practical strategy , as discussed 

previously) ,  the total loss of service life was e s t imated at 
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$207 , 702 . 5 5 .  Adding the estimated cost of overlaying the mainline lanes 

( $1 , 27 2 , 1 8 8 )  to the cost to overlay the shoulders ( $259 . 1 5  per slab 

times 367  slabs) result s  in a total worth for the existing section plus 

overlay of $ 1 , 3 67 , 29 6 .  The cost of asphaltic concrete overlay alone is  

$ 4 04 , 05 6 . 88 ( 2 , 694 mainline slabs times $ 1 3 7 . 50 per slab plus 367  

shoulder slabs t imes $ 91 . 64 per slab) . This is  considerably greater 

than the $207 , 702 estimated for removal and replacement . Therefore , i t  

is  recommended that damage asses sments be determined on the basis of 

removal and replacement cos t s .  

CONCLUSIONS 

The results of all economic analyses are summarized below: 

TOTAL REPAIR COSTS 

LOSS OF SERVICE ( 1985 DOLLARS) 

Mainline 

Shoulders 

ANALYSES COST 

TOTAL 

Kentucky Transportation Research Program 

Kentucky Transportation Cabinet 

$69 , 527 . 96 

$ 1 0 , 643 . 9 9  

$207 , 70 2 . 5 5  

$ 29 , 200 . 00 

$ 5 , 000 .00 

$322 , 074 . 50 

Visual observations of the relevant sections of the Jefferson 

Freeway did reveal physical damage to joints in the pavement . This 

damage could be associated with the passage of the front-end loader 

because of markings of the pavement surface by the cleats of the 
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vehicle . This damage should be repaired to restore the joints to an as

constructed condition so as not to accelerate and aggravate damage under 

future traffic loadings and environmental conditions . 

Both field and laboratory tes ting of the subgrade and cores from the 

portland cement concrete slabs indicate similar characteristics of the 

materials. Properties back-calculated from surface de flee tions 

( obtained with a Road Rater) also verify resul ts of field and laboratory 

tes·ting and evaluations.  

Analyses do show that the loading due to the passage of  the front

end loader "consumed'' only about one percent of the fatigue ( service) 

life  of  the mainline slabs . Even though this seems t o  be only a nominal 

amount ,  i t  is much more than can be attributed to a single pass of any 

"norma l "  vehicle allowed on highways . To illust rat e ,  one pass of the 

front-end loader was equivalent to 35 million automobiles or 

approximately 5 3 , 000 legally loaded five-axle semi-trailer trucks . The 

single pass of the front-end loader did utilize all of the service life 

of  the shoulder slabs . I t  was not possible to attribute conclusively 

the ini tiation of horizontal cracking at approximately middepth in the 

portland cement concrete slabs near load-transfer assemblies . However ,  

the analysis of load-transfer efficiencies at joints did suggest the 

likelihood that the cracking was aggravated and propagated by this 

unusual loading event .  

I t  should b e  noted that the cost o f  restoration i s  not based on the 

most expensive strategies.  The recommended strategies of rehabilitation 

were selected on the basis of  what was considered to be the mos t  

effective and practical . 



44 

REFERENCES 

1 .  ACI Building Code , American Concrete Institute, Detroit ,  Michigan. 

2 .  Sidney Mindess and J .  Franci s  Young , "Concre te , "  Prentice-Hal l ,  1981 , 

Englewood Cliff s ,  New Jersey . 

3 .  M .  Fintel,  "Handbook of Concrete Engineering , "  Van Nostrand Reinhold 

Company , New York , 1 9 7 4 .  

4 .  B .  F .  McCullough , "Design o f  Continuously Reinforced Concrete for 

Highways , "  1981 , Portland Cement Association, Chicago ,  Illinoi s .  

5 .  G.  w .  Sharpe, M .  Anderson, R .  C .  Deen, and H .  F .  Southgate , 

"Nondestruct ive Evaluation of Rigid Pavements Using Road Rater 

Deflection , "  University of  Kentucky Transportation Research Program, 

Proceedings , Third International Conference on Concrete Pavement 

Design and Rehabilitation, Purdue Unversity , Lafayet t e ,  IN, April 

23-25 ' 198 5 .  

6 .  w .  Huekelom and C .  R .  Foster,  "Dynamic Tes t ing of  Pavements , "  

Proceedings , American Society of Civil Engineers ,  Vo lume 8 6 ,  Ann 

Arbor ,  MI , 1960 . 

7 .  E .  J .  Yoder and M .  w .  Witczak , "Principles of  Pavement Design , "  

Second Edition, John Wiley and Son s ,  New York , 1 9 7 5 .  

8 .  J .  H .  Havens , "The D-Cracking Phenomenon: A Case Study for Pavement 

Rehabilitation , " Division of Research, Bureau of Highways ,  Report 

No . 445 , Lexington, KY, 1 9 7 6 .  

9 .  H .  F .  Southgate,  J .  H .  Havens , and R .  C .  Deen, "Development o f  a 

Thickness Design Sys t em for Portland Cement Concrete Pavement s , "  

University of Kentucky Transportation Research Program, Report 

UKTRP-83-5 , Lexington, KY , 1983 . 



45 

1 0 .  H. F.  Southgate and R.  C.  Deen, "Thickness Design Curves for Portland 

Cement Concrete pavement s , "  University of Kentucky Transportation 

Research Program, Report UKTRP-84-3 , Lexington, KY , 1 984 . 

1 1 .  R. G. Packard ,  "Thi ckness Design for Concrete Highway and Street 

·
Pavements , "  Portland Cement As sociation, Skokie , IL,  1 9 84 . 

1 2 . "AASHTO Interim Guide for Design o f  Pavement Structures , "  American 

As sociation of State Highway and Transportation Officials , 

Washingto n ,  D .  C . , 1 9 7 4 .  

1 3 .  G .  A .  Taylor,  "Managerial and Engineering Economy : Economic Decision 

Making , "  Second Edition, D. Van Nostrand , New York , 197 5 .  

1 4 .  R .  G .  Packard , "Design of Concrete Airport Pavement , "  

Cement Association, Skoki e ,  I L ,  1973 . 

Portland 

1 5 .  "Load S tresses at Pavement Edge , A Supplement to Thickness Design for 

Concrete pavement s ,  Portland Cement As sociation, Skokie ,  IL, 1969 . 

1 6 .  G .  G .  Meyerhof ,  "Load-Carrying Capacity of  Concrete Pavements , "  

Journa l ,  Soil Mechanics and Foundations Division, Proceedings of  the 

American Society of Civil engineers , Volume 8 8 ,  pages 89-1 1 6 ,  Ann 

Arbor ,  MI , 196 2 .  



46 

LIST OF FIGURES 

FIGURE l .  Sketch of Traction Cleates Used on Front-End Loader .  

FIGURE 2 .  Field Notes for Deck of Blue Lick Bridge on Jefferson 

Freeway . 

FIGURE 3 .  Field Notes for Deck of Freedom Way Bridge on Jefferson 

Freeway. 

FIGURE 4 .  Relationships between Modulus of  Rupture,  Modulus of 

Elasticity , Working Stres s ,  and Compres s ive Strength. 

FIGURE 5 .  Comparison of Two Relationships between Modulus of  Rupture 

and Modulus of Elasticity . 

FIGURE 6 .  Relationship between Tangential Stress and Strain Energy 

Density. 

FIGURE 7 .  Repetitions of  1 8-kip Equivalent Axleloads as a Function of 

Strain Energy Density Ratio for Bot h  Design Life and Consumed 

Lif e .  

FIGURE 8 .  Expansion o f  5-Mi llion psi Curve from Figure 1 2 .  

FIGURE 9 .  Relationships between Worth and Service Life for 10-Inch 

Portland Cement Concrete Mainline Pavement . 

FIGURE 1 0 .  Relationship between Worth and Service Life for 6-Inch 

Portland Cement Concrete Shoulder Pavement . 

FIGURE 1 1 .  Relationships between Moduli o f  Elasticity for Subgrade and 

Portland Cement Concrete.  

FIGURE 1 2 .  Variation between Stress Ratio and Moduli of  Elasticity for 

Subgrade and Portland Cement Concret e .  



Z 9 " �I 

::: 

, .. 
I " .,� 

, . s� ,, 
, .. 
.,� .. 

' . &/r " , .. 

, .. 

FIGURE 1 .  Sketch of Traction Cleates Used on Front-End Loader. 
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BRIDGE: 

TYPE: 

Jefferson Freeway over Blue Lick Drive 

Three-Span Cont inuous, Preca st . Prestressed Concrete Girder Bridge , 
Constructed 1980. 
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Three longitudinal cracks were found on the surface. No transverse cracks were observed . 
No damage was found at the armoured edges. No new cracks were found to be caused by the 
Front-End Loader. 
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FIGURE 2 .  Field Notes for Deck of Blue Lick Bridge on Jefferson 

Freewa y .  
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Single-Span Steel Girder Bridge on 30° Skew, Constructed 1980 
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No new cracks were found to be caused by the Front End-Loader. 
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FIGURE 3.  Field Notes for Deck of Freedom Way Bridge on Jefferson 

Freeway. 
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FIGURE 5 .  Comparison of Two Relationships between Modulus of Rupture 

and Modulus of Elasticity.  



2 l 4 5 6 7 8 9 10 

5 2  

7 . . ' . . . . . · • •  I I .  'i r - - - -- .. ---c:- - --- � 
.... · i - . .. I --� --;- - - - -

:6 �- · · - - - --�--- --- ---c------ _ __ _ _ ..::.__·,--/-�: _: - - ; : 

s l . 
f i .

·

_
. : 

_ _ _'s .,. r--:c-- . ·,· . . · .. ·.�. ·. � I - - . �:: 
_ _  _:::_::�-- - -- _: -� c ;;; I . .. . : , . . · ; . ·: . · - J .  . I 

I \ = · · - : -
= • 1 _= . · · · 4 

$ �--- . . . . .• . 1' 
! I = -:� 1 . _ . .. . . . . . - ,�--/ ' 

- ' - _, ___ ___,_ __ : . .  2�· ----�����-���-�--�-7�-����- �.-. .. -. ��---� 2 
; .. - .  - . .  , I 

--

-
. -

-
-

- · -
·- ·

-

'-·-...:=:�·.:...· .:_·· _!.''-::.·· =-=-=---.__ . .  ·i· ··i·�--.__ :...:_ .... _ =.._ ::.::::;_:;_:_:__�� -- . . . •  --1 -- · - - - - ----" - - - - 1  -7-
�------·- ---�---. -.. . .  -.--� . . - ---�, -.-_ -. .  ----.... -.. . -.-� --�--

f-"--·-.,-----1+-· ··_· _· ·_·_·· -'-------4"--·----�---'------·-- -->--- -· 1--' -·- - [ - - - - i ____ _ , . 1 . 
- ----r-----------�--H---' --+--�--- :---- · j · - I - --!- ··· - �  -

- T 
-f--------- c - - -'-· · +  _, .  '------'-'· ��=t=-i· -- --

· -ti-----''----'---1--+---- ------�-- -------�-- -· - -----j ---;�:-�---: - -----'---··- i · -- � -----J -
��MC��--��_L---�2--�L-.:__�3----4�---��---6

�
-

�
7
-

�8
-

,9���

1 

T'JI,OIGoENTl"l STQ.ss (pal) 

FIGURE 6 .  Relationship between Tangential Stress and S t rain Energy 

Density.  



t 
-lfJ � '" "' ... "' '" 

, •. ,,., E;IL� 
·- ,.,. ,. ., • "' ,-ID"' 

uf.LU 
l l J

.
IIT(l' � T. I 

' ' I I ' r  
.· 

' '
' T -nw rr --�----rrrm rtti ' I _I' ' I ' ' I ' I I ' 

� - - -�r11l 
I , 
I 

c• I I 
� i ' 1, � OlPj ·  , ' : i  

I I I I ' ' '  ' " ' ' ' ' ' ' I I 

I' ! ' ' ' ' I ! ' I' I ' ' I ' I ' ' j ' ' ' I ' ' I I i : : 1 , 1 I ' : ' : : 1 " 1  I I ! I '  . j I I ' I'' I ·I I
· .. '' ' ' • '  ·

.
·
.
· 'I ' ·

.
· >· ' . '"

_
"� ' _ , -"-- · · ·  ,, ' '

. I
· , , , ,  ' ' ! I '· ' ' I I ' ' ' ' ""' ' I ' ' I ' ' I ' , , ,  ' ' I' � I I I '  ' I ' ' I ;  ' ' I " I I ' I " I I ' ' I : ' : • , ' ' ·  . .  1 · · I  1 1 •  . ; I . ' I  ; · : · : j ·  ' "" ' ' ' · • I - · -1· · . ' • � i • 1 � , , •- _ , , ' I  1 , ! I � 

' ! : : i ; ! : ! I ' I ' ' I.' -.i ' : 
I i ' ; ' : 'I i I i : i ! : ' : i ' . I ; : : : ' I ' � : i ' I i. ... ........ ' ' ' 'I" ' ' �- -·· , ' "1 , I ' 1 1 ' 1 ' 1 ' ' I  I I ' i '  �-k':"· !-":' L '  ' ' I ' i l ,• ' ! I I  ' ! I .  ' ' ,,, ·' ' I ' " ! ' ' ; 

,_, . .  

; ; ! j ;  I ' 

I ! : 1 . !  
I , .  . I 

_ , , ,J I ' I I 

: I  ! I 

'" ; .t I . .  
� I ;ta�: , 
ij; ! 

: "!!it · 
_
· 
__ 

.... · · m ' "
_
' .... 

_
, ·' . ·_

-
_ 
... . · · · · 

_
N>J.:! .. , · · · · - ' . . . L. ..: ... 

' : i 11 '11' : ;: .,'. , . �-� �� ' ' l i ! . ;c· ' ,;; ' . , ' i  1 -:"  ' , 'I . , , ' I : ' ' '. ' I ' ! ,. '"'I ' ' ' I , , , 1"·.
' ' ' ' ' ,. I ' ! f.: I ' ·. ' 1 ' 1 ! 'I ' ' I ' I "  I 'I " ' ,. ' · ' ' I  ' ' .. i I I ,  :

_
1 , , , , .. , · I , I ,,; . -1! . . '" J l i • .  . I

. 
" ' - ·" I ,I ,:.1 " " " I  ,' 1 ' ' 1 ·1 : I  I I : I I I I ' ' '

_
' ' '" ' i,f I I. I ' '  '-'

_
' ' I ' ' > I I - ·  , I , I , ' : I I I 

• , . ·  : 1 . : :: :1! 1 i i l !l ; : .. :: : , I !  :::r · '::.1:. .. .. · i 1 : I ' · -� " · i  , I I J ' ' . I .  11 11 • 1 ·�+� 'il: J u ![.1,.4 ' l !i.J)� I N I · I +++H� ; . i l i n : : · .. - - - , _ ··�··
·

· .- 1 1 I ' ' ' t r--; _ . , . � �rnw 

! · i · :  
' ·  i 

] i ! t i  : 
I i . I 
' I 

� I te
· 

I I [ I ,  ' " " ' ' : : : : ' I ' I ' I : : I � 1: • ' I - • ' I ! I ' ' . I . ·- ,.
_ 

I
_ !

� . ,

_

.

_

· •. · I  :'w� · � , . ... . . , , . . . . . ,
_ 

. · .  i ' 1 ' ' " ' " ' ' I l • • ' ' "!:i :� ' ' , ; ' ; ' I I I >· I '! : I ' ' ' "' ·I· , : , ,, : I i I ' " '1 ' · : 1 1 ' 1 ' 1 "' . · ' ! � . , ., · · ·1 . : . · ' " -- -� . . i ' 1: l-· ·'·' .... " . " .... . - • ·"· .. 

I I 
. i • ! i .  ii, , , � , , . ::. : :�: ; :  , ,  ' : 

, I · ' l i�, :i> ' l t ' l ' '' .l l i · : , . ' > ' . . . .  . . I . . . . . . . , , . 
I i '  �p. ' ' I i ;  i :  'I ' : ' . 

_i ' I ' I ' ' > · I ! ! ' I • I : I 1 1  '! I ! I I /,...., · I I . 

I I 
�L 

I I 

.... . . -

.... 

·� .... . 

I I 

,.,.. ,., 

F i l l ' 

I 
: : . ' ' 

I 
i 
I I 

' ! ·_:_ . .  - ·  I I I  . ' . . . I 
! . .  ; : , I I :  : : . 

: •. ' \I- . . .  
, I  " 

. .  I • I , . ; i _ ; : :  . ' I ' '  . I : 
! :  I 
' t ·  . .  

I ' i 

I I 

J I i .  i 
I . •  : . . . , , 

' 

L .• � · l  : .. · . ·: "I' 
' ,, ' 'I I ' . ' I  T' · L : t : . i ·  I ·• j l L I I I ' . : · 

I I I 

FIGURE 7 .  Repetitions of 18-kip Equivalent Axleloads as a Function o f  

Strain Energy Density Ratio for Both Design Life and Consumed 

Life . 

I I ' 
..i I 

f t  
I I :  

' ' ' 

"' 
w 

,.,. 



i -

-r--,-cc�· ••• I •. • • ••. -------1 .  ' ' ;  : 

�--�--->- �� 

Ll-1 - - - - -

! 
I T -f 

2 1141 -
� 
VI 

! ,� 
1.01 --- --· 

: : ; �_L; : � +�� I . '1 I . 
·-:-·--7·-,- · i �:: ' I '  1 " ! ' 1 · I • 

• , I L��l . i .  
! I I I ! : :  ! 

I 

I 

• I' O.'- s � ----.L-��-- -- - ----- ---
10 

IO .. 

. PA'IEMEtNT stRll<.�f!.€! 
� • Pf=C. S'-1& t<il• !foA IM�e �1 ,$ .... �0 .. 
Hoou � � 

i ! I .  
I 

- f. 
i . . -H · -r 
-1 I ! 

I • I . . - I . - . 
I 

I . i _ I ,  l _ _  _L�: .. L.i _Li.J..:...L:LLU :_...J 104 

(b.. : ....... I I 
I 
I 

I 

SU�tl.AJE MOOot.o.S of: ELAST",c.rr·y (psi) 

'" ,_ 

FIGURE 8 .  Expansion of 5-Million psi Curve from Figure 1 2 . 

,, 0 

V> 
_,. 



I ... I 

G' .tooi 
� I � � I 
�i � � I 

(00 

0 
0 

- r 
ALTERNATE A :  

1 r· ·· · · 1 
CALCULATION OF ECONOMIC LOSS OF SERVICE LIFE 

I -
ALTERNATE B :  CALCULATION OF ECONOMIC LOSS OF 

SERVICE LIFE ON BASIS OF REMOVAL 
AND REPLACEMENT COSTS 

1 .  
2 .  

3 .  

ON BASIS OF SALVAGE VALUE -- DETERIORATION CURVE 

FATIGUE ANALYSIS: 1 . 09% LOSS OF FATIGUE LIFE PER SLAB 
TOTAL REPAIR COSTS PER SLAB 
a .  1985 Worth $ 3 3 4 . 7 3  per slab 
b .  5 inches Asphaltic Concrete Overlay 

! ; 
I 1 . 1 .  

5 inches x 110 lbs/square yard--inch x 2 0  square 
x $25/ton � 2000 lbs/ton • $137.50 per slab 

c .  Total Cost Per Slab: $472.23 
SERVICE LOSS PER SLAB 

I 2 .  

yards L : : 
0 . 0109 X $472 . 2 3  • $5 . 1 5 

REMOVAL/REPLACEMENT COSTS: $1 , 208 . 1 0/SLAB 
FATIGUE ANALYS IS: 1 . 09% LOSS OF FATIGUE 
LIFE PER SLAB 
SERVICE LOSS PER SLAB 
0 . 0109 X $ 1 , 208.20 • $13 . 1 7  
TOTAL SERVICE LOSS 

per slab 

898 slabs x $ 1 3 . 1 7  per slab • $11 ,826.66 
CREDIT FOR EXTENS ION OF LIFE 

4 .  TOTAL SERVICE LOSS I 5 .  
$ 1 1 , 826.66 - (2/20) ( $ 1 1 ,826.66) - $10,643.99 
ADJUSTED SERVICE LOSS a. 898 Slabs 

b .  $ 5 . 1 5  Loss Per Slab 
c .  Service Loss Per One Pass o f  Front-End Loader 

898 X $ 5 . 15 • $4,624.70 

I 
· · rn 

_
_ 

tN'tTI.aiL C:OC'r 

. �R -1-- � � i!oe 
' ' ' ' 
: , I 

$308.60 - $92.40 - $216.20 

I I I 
I 

I 
I 

- 1  
$216. 20�20 Years • $10.81 Loss in Service Life per slab 

per year ( 1983 Dollars) 

. 6 .  

-i.,...� - .. .:. · - r· � �- · 
. ' . ' 

1 I I ' 

. .  ·
. I . . . . • I 

$ 1 0 , 643 . 99 

. . I , , : I i - �J .. - --- i I . II 
� I  t -· �  '... . 

. . ' 
i 

1985 Worth • $308 . 60 - 2 ( $ 1 0 . 8 1 )  • $286.98 (1983 Dollars) 
Convert 1985 Worth ( in 1983 Dollars) to 1985 Dollars Present Value 

Single Payment Compound Amount Factor ( SPCAF) @ 8% and 2 Years 
SPCAF • L 1664 
$286.98 x 1 . 1664 • $334 .73 per slab 
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FIGURE 9 .  Relationships between Worth and Service Life for 10-Inch 

Portland Cement Concrete Mainline Pavement . 
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ALTERNATE A :  CALCULATION O F  ECONOMIC LOSS OF SERVICE LIFE 

1 .  
2 .  

ON BASIS OF SALVAGE VALUE -- DETERIORATION CURVE 

FATIGUE ANALYSI S :  98% LOSS OF FATIGUE LIFE PER SLAB 
TOTAL REPAIR COSTS PER SLAB 
a .  1985 worth $167 . 5 1  per slab 
b .  5 inches Asphaltic Concrete Overlay 

i I .I I . I I 

. . . 
5 inches x 110 lbs/square yard--inch x 1 3 . 3  square yards 

-. _ J _ 
- j_ -

- � -- - - j--I . ' 

. : • i ' - . j ;  - .  - - ·  

3 .  

4 .  

x $25/ton � 2000 lbs/ton • $91 . 67 per slab 
c .  Total Cost Per Slab: $259 . 1 5  
SERVICE LOSS PER SLAB 
0 . 9B X $259 . ! 5  • $253.97 
TOTAL SERVICE LOSS 
• •  
b .  
c .  

I. 
I I .  

367 Slabs 
$253.97 Loss Per Slab 
Service Loss Per One Pass of 
367 X $253.97 • $93, 206.99 

; ! i I I t  I :  I . .  
1 • I I I I 

I , ... ' I  

Front-End Loader 

$152 .73 - $61.58 - $ 9 1 . 1 5  
$91 . 15�20 Years • $4 .56 Loss i n  Service Life 

per year (1983 Dollars) 
per slab 

J 
1985 Worth • $ 1 52 . 73 - 2 ( $ 4 . 56) • $143 . 6 1  (1983 Dollars) 
Convert 1985 Worth (in 1983 Dollars) to 1985 Dollars Present 

Single Payment Compound Amount Factor ( SPCAF) @ 8% and 2 
SPCAF • ! . 1664 
$143 .61 x 1 . 1664 • $ 1 6 7 . 5 1  per slab 

I I  
� I I I I 3 f I I � • I ��\lmnAL �o§.r 1 _ _  : ! - --" " � �----- · 
g 1 PE_ � SLAI!I - $ 15�.� . 

I I . I I 

1 I I 

. .  t-· -Lc_. 
I ! : i 
I 
I 

ALTERNATE B :  CALCULATION OF ECONOMIC LOSS OF 
SERVICE LIFE ON BASIS OF REMOVAL 
AND REPLACEMENT COSTS 

1 .  REMOVAL/REPLACEMENT COSTS : $641. 66/SLAB 
OF FATIGUE 2 .  FATIGUE ANALYSIS: 98% LOSS 

LIFE PER SLAB 
3 .  

4 .  

5. 

SERVICE LOSS PER SLAB 
0 . 98 x $64!.66 • $628.83 per slab 
TOTAL SERVICE LOSS 
367 slabs x $628.83 per slab • $230,780.61 
CREDIT FOR EXTENSION OF LIFE 

6 .  
$230,780.61 - (2/20) ($230,780.61) - $207 ,702 . 5 5  
ADJUSTED SERVICE LOSS 
$207,702.55 

j 
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TABLE 1 .  FIELD AND LABORATORY TESTING OF MATERIALS 
======================================================================================================================= 

STAT IC-CHORD SONIC SOIL 
LENGTH CORE UNIT COMPRESSIVE MODULUS OF MODULUS OF MOISTURE 

CORE SLAB OF CORE WEIGHTa STRENGTHa ELAST�CITYa 
ELAST�CITY

b 
CONTENT IN-PLACE 

NO.  SITE NO. ROW ( inches)  ( pcf)  (psi)  (x 10 psi) ( x  10 psi) (%)  CBR 
-----------------------------------------------------------------------------------------------------------------------

1 A 72 A 6 . 1  148 1 0 , 304 1 . 91  
2 A 73 A 6 . 3 145 --- -- 6 . 4 56 
3 A 83 A 6 . 3 146 8 , 493 1 . 71 
4 A 83 B 6 . 5 146 7 , 3 1 3  1 . 6 6  
5 A 83 c 1 0 . 1  146 7 , 428 1 . 93 6 . 93 2 1 . 8  43  
6 A 83 D 9 . 9  1 48 6 , 899 1 . 33  
7 A 83 E 1 0 . 0  150 8 , 61 5  2 . 04 
8 B 225 A 7 . 4 1 50 7 , 388 1 . 58 
9 B 2 2 5  B 7 . 5  147 7 , 219  1 . 7 7  
1 0  B 225 c 11 . 0  1 4 5  7 , 3 1 4  1 .  7 1  
1 1  B 225 D 1 1 . 0 145 7 , 370 1 . 97 5 . 8 9  
1 2  B 225 E 1 0 . 8  145 7 , 3 5 7  2 . 2 0  22 . 1  7 
13  c 307 A 7 .0 148 8 , 903 2 . 11  
14  c 307 B 6 . 8 145 6 , 8 1 6  1 . 90 18 . 7  
15  c 307 c 1 0 .4  147 8 , 0 1 5  1 .  7 5  6 . 14  
H i  c 307 D 10 . 5  149 6 , 88 3  1 . 98 
1 7  c 307 E 1 0 . 5  148 6 , 1 93 1 . 81 

Mean 147 . 1  7 , 6 5 7  1 . 84 6 . 3 2  
Standard Deviation 1 . 7 1 , 002 0 . 2 2  0 . 54 

-----------------------------------------------------------------------------------------------------------------------
a 
h ASTM C 469-65 

ASTM C 2 1 5-60 (Determination by fundamental transverse vibration) 

"' 
0 



TABLE 2 .  SUMMARY OF DEFLECTION MEASUREMENTS AT CORE LOCATIONS 
==============================================================·== 

COMPRESSIVE ROAD RATER DEFLECSIONS 
STRENGTH THICKNESS ( inches x 10- ) 

OF OF SENSORS 
CORE CORE -----------------------

SITE ROW (psi)  ( inches) No . 1  No . 2  No . 3  No . 4  

MAINLINE PAVEMENT AND RAMP PAVEMENT 
NOMINAL THICKNE S S :  10 INCHES PCC; 6 INCHES DGA 

A c 7 , 428 1 0 . 1  32 24 1 6  
A D 6 , 899 9 . 9  14  11  8 12 
A E 8 , 61 5  1 0 . 0  1 6  13 6 6 
B c 7 , 314 1 1 . 0  30 34 32 31  
B D 7 , 370 1 1 . 0  1 6  1 6  12 
B E 7 , 357 1 0 . 8  16 16 12 12 
c c 8 , 015 1 0 . 4  30 26 22 20 
c D 6 , 883 1 0 . 5  26 24 1 9  1 4  
c E 6 , 1 93 1 0 . 5  24 21 16 

Mean 7 , 342 1 0 . 5  2 2 . 6  20 . 6  1 5 . 9  1 5 . 9  

Standard 
Deviation 6 90 0 . 4  7 . 2  7 . 3 8 . 4  7 . 9  
================================================================= 

SHOULDER PAVEMENT 
NOMINAL THICKNESS : 6 INCHES PCC; 10 INCHES DGA 

A A 1 0 , 304 6 . 1  42 42 35 2 6  
A A 8 , 4 93 6 . 3  37 3 6  30 24 
A B 7 , 313 6 . 5  30 24 14 1 1  
B A 7 , 388 7 . 4 53 51 40 36 
B B 7 , 21 9  7 . 5  54 53 40 
c A 8 , 903 7 . 0 6 1  52 46 31 
c B 6 , 81 6  6 . 8  85 76 60 50 

Mean 8 , 062 6 . 8  51 . 7  4 7 . 7  37 . 5  31 . 1  

Standard 
Deviation 1 , 238 0 . 54 18 . 2  1 6 . 3  1 5 . 5  12 . 5  

-----------------------------------------------------------------

61 



TABLE 3 .  SUMMARY OF PREDICTED SUBGRADE MODULI DETERMINED 
ON THE BASIS OF A RANGE OF ELASTIC MODULI FOR 
PORTLAND CEMENT CONCRETE 

======================================================================= 

S ITE ROW 

ROAD RATER DEFLECTIONS 
(inches x 10-5 ) 

SENSORS 

No . 1  No . 2  No . 3  N o . 4  

MAINLINE PAVEMENT AND RAMP PAVEMENT 

PREDICTED SUBGRADE MODULUS 
(psi)  

ASSUMED MODULUS FOR PCC (psi)  

4 . 8xl06 

NOMINAL THICKNES S :  1 0  INCHES PCC; 6 INCHES DGA 
A c 32 24 16 1 7 , 692 1 3 , 743 1 2 , 83 2  
A D 14 11 8 1 2  4 6 , 341 36 , 684 34 , 406 
A E 16 13 6 6 5 5 , 352 4 6 '  294 44 , 009 
B c 30 34 32 31  1 2 , 007 9 , 013 8 , 344 
B D 16 16 12 35 , 696 2 7 , 019 2 5 , 086 
B E 16 16 12 12 33 , 398 26 , 156 24 , 482 
c c 30 26 22 20 16 , 2 7 1  1 2 , 537 1 1 , 339 
c D 26 24 1 9  14 2 0 , 312 1 5 , 933 14 , 907 
c E 24 2 1  16 23 , 225 17 ,528 16 , 244 

Mean 2 2 . 6  2 0 . 6  1 5 . 9  1 5 . 9  2 8 , 922 22 , 767 2 1 , 294 

S tandard 
Deviation 7 . 2  7 . 3  8 . 4  7 . 9  1 4 , 776 1 2 , 380 1 1  ' 817  
======================================================================= 

SHOULDER PAVEMENT 
NOMINAL THICKNES S :  6 INCHES PCC; 10 INCHES DGA 

A A 42 42 35 26 1 4 , 629 11  ' 931 1 1 , 2 8 5  
A A 37 36 30 24 1 7 , 132 14 ,017 1 3 , 267 
A B 30 24 14 1 1  3 0 , 901 2 6 , 862 2 5 , 836 
B A 53 51 40 36 1 1 ,255  9 , 093 8 , 578 
B B 54 53 40 1 0 ,695 8 , 395 7 , 871 
c A 61 52 46 31 1 0 , 583 8 , 632 8 , 163 
c B 85 76 60 50 6 , 907 5 , 527 5 , 200 

Mean 51 . 7  4 7 . 7  3 7 . 5  31 . 1  1 4 , 535 1 2 , 065 1 1 , 457 

Standard 
Deviation 1 8 . 2  1 6 . 3  1 5 . 5  1 2 . 5  7 , 895 7 ,066 6 , 846 

-----------------------------------------------------------------------
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TABLE 4 .  PREDICTED SUBGRADE MODULI DETERMINED ON THE BASIS OF 
CORE STRENGTHS AND ELASTIC MODULI 

••••••••••••••••••••�••s•••••••s••••�•••••••••••••••••••••••••�••••••••••s•••ss��•••••••••••••••••••••••••j••••••••••••• 

ROAD RATER DEFLE£SIONS ELASTIC
! 

PREDICTED
lA 

STATIC-CHORD
2 

PREDICTED
2A 

ELASTIC MODULI PREDICTED
JA 

( inches x 10 ) MODULI SUBGRADE ELASTIC MODULI SUBGRADE BY FUNDAMENTAL SUBGRADE 
SENSORS FOR PCC MODULI FOR PCC CORES MODULI FREQUENCY FOR MODULI 

---------------------- CORES (psi) (psi) (psi) (psi) PCC CORES (psi) (psi) 
SITE ROW No . 1  No . 2  No.3 No.4 

MAINLINE PAVEMENT AND RAMP PAVEMENT 
NOMINAL THICKNESS: 

A c 32 
A D 14 
A E 1 6  
B c 30 
B D 1 6  
B E 1 6  
c c 30 
c D 26 
c E 24 

Mean 2 2 . 6  

Standard 
Deviation 7 . 2  

1 0  INCHES PCC, 6 INCHES gGA 
24 - 16 S . Ox106 11 8 12 4 . 9x106 13 6 6 5 .6x106 34 32 31 4 . 9x1o6 16 12 - 4 . 9x106 16 12 12 4 . 9x106 26 22 20 5 .3x106 24 19 14 S . Ox106 2 1  16 - 4 .  7x10 

2 0 . 6  1 5 . 9  1 5 . 9  5 . 0xl06 

7 . 3  8 . 4  7 . 9  0 . 3x106 

6 6 . 9x106 13 , 500 1 .  9xl06 18 ,000 1 2 , 500 
36 ,000 1 .3x106 43 ,000 
44,000 2 . 0x106 5 5 , 500 

9 ,000 1 .  7x106 1 2 , 750 
5 . 9x106 27 ,000 2 .0x106 36 ,000 2 5 , 250 

26 ,000 2 . 2x106 33 ,000 
6 . 1x1o6 1 2 , 000 1. 8x106 1 7 , 000 1 1 , 400 

10 ,500 2 .0x106 2 4 , 000 
18 , 000 1 .  8x10 24, 500 

21 '778 1 . 9x1o6 2 9 , 306 6.3x106 16 ,383 

1 2 , 299 0 . 3xl06 1 3 , 860 0 . 5xl06 7 , 698 
------------------------------------------------------------------------------------------------------------------------

SHOULDER PAVEMENT 
NOMINAL THICKNESS: 6 INCHES PCC, 1 0  INCHES DGA --------------------------------------------6---------------------------6-----------------------------------------------

A A 42 42 35 26 6 . 0x106 11 ,300 1 .9x1o6 1 4 , 750 
A A 37 36 30 24 5 . 4x106 1 3 , 500 1 .  7x106 18,000 
A B 30 24 14 1 1  S . Ox106 2 6 , 500 1 . 7x106 32 ,000 
B A 53 51 40 36 5.2x106 9 , 000 1 . 6xl06 1 2 , 000 
B B 54 53 - 40 5 . 0x1o6 8 , 400 1 . 8x1o6 10,000 
C A 61 52 46 31 5 . 6x1o6 8 , 200 2 . 1x106 10,500 
C B 85 76 60 50 4 . 8x10 5 , 500 1 . 9x10 7 , 000 

Mean 51 . 7  47 . 7  3 7 . 5  31 . 1  5 . 3x106 1 1  '771 1 . 8x106 1 4 , 893 

Standard 
Deviation 1 8 . 2  1 6 . 3  1 5 . 5  1 2 . 5  0 . 4x1o6 6 , 967 0 . 2x106 8 , 329 

1 3/2 1/2 E • 33 x (unit weight) x (fc) 
pee 

u 1 
Predicted Subgrade Modulus Determined on Basis of Road Rater Deflections and E 

pee 
2 

E 
pee 

in Accordance with ASTM C 469 -- Static Chord Method 

2A 2 
Predicted Subgrade Modulus Determined on Basis of Road Rater Deflections and E 

pee 
3 

E in Accordance with ASTM C 215 -- Fundamental Frequency Method pee 
3A 3 

Predicted Subgrade Modulus Determined on Basis of Road Rater Deflections and E 
pee 

C' 
w 



TABLE 5 .  SUMMARY OF PREDICTED SUBGRADE MODULI DETERMINED ON THE BASIS 
OF A RANGE OF ELASTIC MODULI FOR PORTLAND CEMENT CONCRETE 
(MAINLINE PAVEMENT AND RAMP PAVEMENT 
NOMINAL THICKNESS : 10 INCHES PCC; 6 INCHES DGA) 
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= =================================================================================== 
PREDICTED SUBGRADE MODULUS (psi)  

ASSUMED ELASTIC MODULUS FOR PORTLAND CEMENT CONCRETE 

SITE LANE ROW LOCATION 2 . 0x106Psi 4 . 8x106Psi 6 . 0x106Psi 
------------------------------------------------------- - ----------------------------

A 1 C Midslab 33 , 867 2 6 , 665 2 4 , 984 
A 1 D Midslab 58 , 304 47 , 362 44 , 7 19  
A 1 E Midslab 5 8 , 722 4 8 ,354 45 , 81 5  

Mean 

Standard Deviation 

A Taper F 

A 2 G 
A 2 H 
A 2 I 

Mean 

Standard Deviation 

A 
A 
A 

Mean 

3 
3 
3 

J 
K 
L 

Standard Deviation 

A 1 c 
A 1 D 
A 1 E 

Mean 

Standard Deviation 

OVERALL,  SITE A 
Mean 

Standard Deviation 

BY LANE , SITE 
A 1 
A 1 
A Taper 
A 2 
A 3 

Mean 

A 

Standard Deviation 

Midslab 

Midslab 
Mid slab 
Mid slab 

Midslab 
Mid slab 
Mid slab 

Third Point 
Third Point 
Third Point 

Mid slab 
Third Point 

Mid slab 
Midslab 
Midslab 

5 0 , 298 

1 4 ,231  

56 ' 774 

44 , 505 
69 , 01 6  
6 3 , 388 

58 , 970 

1 2 , 840 

64 ' 108 
58 , 838 
5 0 , 284 

57 , 743 

6 , 977 

28 , 607 
57 , 199 
5 3 , 585 

46 , 464 

1 5 , 570 

53 , 63 1  

1 1  ' 728 

50 , 298 
4 6 , 464 
5 6 , 774 
58 , 9 70 
57 , 743 

54 , 050 

5 , 406 

4 0 , 794 

1 2 , 246 

46 , 278 

3 5 , 764 
5 5 , 736 
5 1 , 450 

4 7 , 650 

1 0 , 514 

5 2 , 293 
4 8 '  195 
4 0 , 238 

46 , 909 

6 , 130 

22 , 4 1 1  
4 6 , 202 
4 3 , 483 

3 7 , 365 

1 3 , 022 

4 3 , 4 1 8  

9 , 850 

4 0 , 794 
3 7 , 365 
46 , 2 78 
4 7 , 650 
4 6 , 909 

4 3 , 799 

4 , 502 

3 8 , 506 

1 1 , 723 

43 , 732 

33 ,697 
52 , 592 
4 8 , 607 

44 , 965 

9 , 960 

49 , 442 
45 , 605 
37 , 870 

44 , 306 

5 , 894 

20 ,967 
4 3 , 570 
4 1 ,062 

35 , 200 

1 2 , 389 

4 0 , 974 

9 , 385 

38 , 506 
3 5 , 200 
4 3 , 732 
44 , 965 
44 , 306 

4 1 ,342 

4 , 283 



TABLE 6 .  SUMMARY OF PREDICTED SUBGRADE MODULI DETERMINED ON THE BASIS OF 
A RANGE OF ELASTIC MODULI FOR PORTLAND CEMENT CONCRETE 
( SHOULDER PAVEMENT 
NOMINAL THICKNESS : 6 INCHES PCC; 10 INCHES DGA) 
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==================================================================================== 
PREDICTED SUBGRADE MODULUS (psi)  

ASSUMED ELASTIC MODULUS FOR PORTLAND CEMENT CONCRETE 
SITE LANE ROW LOCATION 2 . 0xl06psi 4 . 8x106psi 6 . 0x106psi 

A 
A 

Mean 

A 
B 

Standard Deviation 

A 
A 

Mean 

A 
B 

Standard Deviation 

OVERALL, SITE A 
Mean 

Standard Deviation 

Mids1ab 
Mids1ab 

22 , 676 
27 , 738 

2 5 , 207 

3 , 579 

Third Point 25 , 026 
Third Point 2 6 , 513 

25 ' 770 

1 , 051 

2 5 , 488 

2 , 178 

1 9 ,075 
23 , 7 98 

2 1 , 437 

3 , 340 

2 1 , 097 
2 2 , 507 

2 1 , 802 

997 

2 1 , 61 9  

2 , 023 

1 8 , 188 
22 ' 8 1 1  

2 0 , 500 

3 , 269 

2 0 , 133 
2 1 , 507 

2 0 , 820 

972 

2 0 , 660 

1 , 978 



TABLE 7 .  SUMMARY OF PREDICTED SUBGRADE MODULI DETERMINED ON THE BASIS OF 
A RANGE OF ELASTIC MODULI FOR PORTLAND CEMENT CONCRETE 
(MAINLINE PAVEMENT AND RAMP PAVEMENT 
NOMINAL THICKNESS : 10  INCHES PCC; 6 INCHES DGA) 
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==·==================================== ============================================= 

PREDICTED SUBGRADE MODULUS (psi) 
ASSUMED ELASTIC MODULUS FOR PORTLAND CEMENT CONCRETE 

SITE LANE ROW LOCATION 2 . 0x106psi 4 . 8x106psi 6 . 0x106psi 

B 1 c 
B 1 D 
B 1 E 

Mean 

Standard Deviation 

B 2 F 
B 2 G 
B 2 H 

Mean 

Standard Deviation 

B 3 I 
B 3 J 
B 3 K 

Mean 

Standard Deviation 

OVERALL, SITE B 
Mean 

Standard Deviation 

BY LANE ,  SITE B 
B 1 
B 2 
B 3 

Mean 

Standard Deviation 

Midslab 1 7 , 1 51 1 3 , 197 1 2 , 290 
Mids1ab 30 , 706 24 , 046 2 2 , 503 
Mid slab 23 , 563 18 , 2 13 1 6 , 986 

23 , 807 18 , 485 1 7 , 260 

6 , 781 5 , 430 5 , 112 

Mid slab 1 4 , 490 1 1 , 125 1 0 , 350 
Mid slab 22 , 91 7  1 8 , 184 1 7 , 051 
Mid slab 1 6 , 852 1 3 , 046 1 2 , 164 

1 8 , 086 1 4 , 1 1 8  1 3 , 188 

4 , 347 3 , 650 3 ,466 

Mid slab 1 7 , 687 1 3 , 673 1 2 , 745 
Mid slab 2 1 , 747 1 7 , 052 1 5 , 951 
Mid slab 1 6 , 394 1 2 ,627 1 1 ,755 

1 8 , 609 14 , 451 1 3 , 484 

2 , 793 2 , 313 2 , 193 

2 0 , 1 6  7 1 5 ,695 14 , 644 

5 , 067 4 , 053 3 , 822 

23 , 807 1 8 , 485 17 , 260 
1 8 , 086 14 ' 1 18 1 3 , 188 
1 8 , 609 14 ,451  1 3 , 484 

2 0 , 167 1 5 , 685 1 4 , 644 

3 , 163 2 , 431 2 , 270 



TABLE 8 .  SUMMARY OF PREDICTED SUBGRADE MODULI DETERMINED ON THE BASIS OF 
A RANGE OF ELASTIC MODULI FOR PORTLAND CEMENT CONCRETE 
( SHOULDER PAVEMENT 
NOMINAL THICKNESS : 6 INCHES PCC; 10 INCHES DGA) 

6 7  

==================================================================================== 

SITE 

B 
B 

Mean 

LANE ROW 

Shoulder A 
Shoulder B 

Standard Deviation 

c 
c 

Mean 

Shoulder A 
Shoulder B 

Standard Deviation 

PREDICTED SUBGRADE MODULUS (psi) 

ASSUMED ELASTIC MODULUS FOR PORTLAND CEMENT cgNCRETE 
LOCATION 2 . 0x106psi 4 . 8x106psi 6 . 0x10 psi 

Midslab 
Mid slab 

Midslab 
Mid slab 

1 2 , 537 
1 3 , 714 

1 3 , 126 

832 

1 0 , 791 
8 , 448 

9 , 620 

1 , 657 

1 0 , 246 
1 1 , 232 

1 0 , 739 

697 

8 , 787 
6 , 810 

7 , 799 

1 , 398 

9 , 695 
1 0 , 636 

1 0 , 166 

665 

8 , 306 
6 , 420 

7 , 363 

1 , 334 



TABLE 9 .  SUMMARY OF PREDICTED SUBGRADE MODULI DETERMINED ON THE BASIS OF 
A RANGE OF ELASTIC MODULI FOR PORTLAND CEMENT CONCRETE 
( MAINLINE PAVEMENT AND RAMP PAVEMENT 
NOMINAL THICKNESS : 10  INCHES PCC; 6 INCHES DGA) 
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============ ======================================================================== 

PREDICTED SUBGRADE MODULUS (psi)  

SITE LANE 
ASSUMED ELASTIC MODULUS FOR PORTLAND CEMENT CONCRETE 

ROW LOCATION 2 . 0x106psi 4 . 8x106psi 6 . 0x106psi 

c 1 c Mids1ab 1 6 , 264 1 2 , 487 1 1 , 620 
c 1 D Mids1ab 24 , 038 1 8 , 877 1 7 , 66 7  
c 1 E Midslab 2 2 , 024 17 , 1 2 1  1 5 , 981 

Mean 2 0 , 775 16 , 1 62 1 5 , 089 

Standard Deviation 4 , 035 3 , 301 3 , 12 1  



TABLE 1 0 .  RESULTS O F  INSPECTIONS O F  CORES TAKEN AT TRANSVERSE JOINTS 
======================================================================================================================= 

CRACKING 
SLAB DISTANCE ---------------------�---------

OR FROM LENGTH OF VERTICAL DIAGONAL CRUSHING 
CORE LANE JOINT ------------- CRUSHED DEPTH OF VOIDS DISTANCE DEPTH OF AT BOTTOM 

SITE NO. NO. NO . EDGE JOINT JOINT HOLE UNDER SLAB HORIZONTAL FROM JOINT CRACK OF SAWN CUT 
-----------------------------------------------------------------------------------------------------------------------

JOINTS 
A 1A 1 74 5 4 "  0"  17 '' 

2A 1 81 67 1 / 2 "  0"  2 7 "  
3A 1 7 5  66" 0"  5 "  

lA-A 3 74  48"  0"  0"  
3A-A 3 7 5  6 6 "  0"  0"  

B 1A 1 220 102" 0 "  32" 
2A 1 222 78" 0" 6" 
3A 1 226 96" 0"  30"  

B1-A 3 220 30" 0" 0" 
B2-2A 3 2 3 2 "  0"  0"  

SLABS 
A 1 1 73 60" 6" 0 "  

2 1 80 7 2 "  6"  0"  
2B 1 80 78" 6 "  0 "  
3 1 74 53 1 /4 "  6 "  0 "  

B 1 1 219  9 0 "  6"  0"  
3 1 225 90" 6" 0" 

a 
b - Due to washing during coring 

- Core broke near bot t om 

10 13/16"  No At Dowel 
10 3/4" No At Dowel 
10 5/8"

a 
No At Dowel 

10 7/8" No None 
1 1 "  No At Dowel 

10 3/4" No At Dowel 
1 1  1 /4 .. No At Dowel 

1 1 "  No At Dowel 
10 1/4"  No At Dowel 
10 7/16" No At Dowel 

10 1 1 / 1 6" No None 
10 7/16"  No None 
10 7/16"  No None 
10 l/2"

b 
No None 

10 3/8"
b 

No None 
1 1 "  No At Dowel 

7/16"  
1 1 /4 "  

7/16"  
N/A 
N/A 

1 1 1 /1 6 "  
1 1/8" 

5/8" 
N/A 
N/A 

N/A 
N/A 
N/A 
N/A 

N/A 
N/A 

3 1/2"  
6 3/8" 
1 1 / 2 "  

N/A 
N/A 

5 1 /8"  
2 3/16" 
2 7/16" 

N/A 
N/A 

N/A 
N/A 
N/A 
N/A 

N/A 
N/A 

Some 
Some 
None 

N/A 
N/A 

A lot 
Some 
Some 

N/A 
N/A 

N/A 
N/A 
N/A 
N/A 

N/A 
N/A 

"' 
'-0 



TABLE 11. SlJ1MARY OF OBSERVED DIS'IRESSES 00. OOIAGE 

SECITOO 

J.m;InJDINAL I.rn:;IWDINAL 'IRANSVERSE 
JOINTS � rnAO<S rnAO<S 

(feet) (runber) (runber) 

'IRANSVERSE 
JOINTS � 

(feet) 

EXIT RAMP @ PRESTON ffiGIWAY (N<lml) 'ID EASTBJUND JEFFERSOO FREEWAY (UNPAVED RIITION) 
WRi (UNPAVED RJRTIOO) 

A Ramp 0 0 0 53 
A Shoolder 0 0 0 22 

JEFFERSON FREEWAY (liEST) 'ID I -£5 N<lml 
I !idnline 15 0 1 366 
I Ramp 0 0 0 33 
I Shoulder 14 52 1 146 

RAMP (EASTillllND) I-£5 N<lml 'ID OUI'ER LOOP ROAD 
B Ramp 405 0 0 139 

S!JBSEXlUENr OBSERVATIOOS (11-1.8-85) 
I Shoulder 0 4 0 0 

Sumlary Mainline/Ramp 420 0 1 591 
Sumlary Shoulder 14 56 1 168 

70 

<mNER/DIAroNAL 
rnAO<S 

(runber) 

0 
3 

31 
1 

21 

37 

0 

69 
24 



TABLE 12 . CALCULATION OF INITIAL CONSTRUCTION, SALVAGE VALUE , AND 
CURRENT REPLACEMENT COSTS -- 10-INCH PCC MAINLINE PAVEMENT 
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=================================================================================== 
A .  1983 PAVEMENT WORTH : PROJECT I265-1 ( 6 )  -- UNIT COSTS 

1 .  Dense-Graded Lime stone Aggregate $5 . 25/ton 

2 .  6-inch PCC Shoulder $ 8 . 57/square yard 

3 .  10-inch PCC Pavement $13 . 70/square yard 

4 .  Dowels,  Tiebars incidental to construction 

5 .  10-inch PCC Pavement Slab -- Initial Construction Cost 

a .  1 2  feet x 1 5  feet x = 180 square feet = 20 square yards 

b .  $13 . 70/square yard x 2 0  square yards = $274 . 00/slab 

c .  6 inches DGA x 110 lbs/square yard-inch � 2 ,000 lbs/ton 

x 5 . 25/ton = $ 1 . 73/square yard 

d .  1 2  feet x 1 5  feet = 180 square feet = 2 0  square yards 

e .  $ 1 . 73/square yard x 20 square yards = $34 . 60/slab 

f .  TOTAL INITIAL CONSTRUCTION COST = $308 . 60/SLAB 

B .  SALVAGE VALUE -- 16 INCHES DGA 

1 .  20 square yards 

2 .  1 6  inches DGA x 1 10 lbs/square yard-inch x $ 5 . 25/ton 

� 2 , 000 lbs/ton x 20 square yards = $92 . 40/slab 

C .  CURRENT REMOVAL AND REPLACEMENT COSTS 

1 .  20 square yards x $ 5 0 . 48/square yard = $1 , 009 . 60/slab 

2 .  6 l-inch dia transverse tiebars @ $10 . 50 each = $ 63 . 00/slab 

3 .  12 1 1 /4-inch dia load transfer dowel bars @ $ 1 1 .30 each = $ 135 . 60/slab 

4 .  TOTAL COST/SLAB = $ 1 , 20 8 . 2 0  



TABLE 1 3 .  CALCULATION OF INITIAL CONSTRUCTION, SALVAGE VALUE AND 
CURRENT REPLACEMENT COSTS -- 6-INCH PCC SHOULDER PAVEMENT 

= ======================================================================== 
A .  1983 PAVEMENT WORTH : PROJECT I265-1 ( 6 )  -- UNIT COSTS 

1 .  Dense-Graded Lime stone Aggregate $ 5 . 25/ton 

2 .  6-inch PCC Shoulder $ 8 . 57 / square yard 

a .  8 feet x 1 5  feet = 120 square feet = 1 3 . 33 square yards 

b .  $8 . 57 / square yard x 13 .33 square yards = $1 1 4 . 24 / slab 

c .  10 inches DGA x 1 1 0  lbs/ square yard-inch � 2000 lbs/ ton 

x 5 . 2 5 /ton x 1 3 . 33 square yard = $38 . 4 9  

d .  TOTAL = $152 . 7 3  

B .  SALVAGE VALUE -- 1 6  INCHES DGA 

1 .  13 . 33 square yards 

2 .  1 6  inches DGA x 1 10 lbs/square yard-inch x $ 5 . 25/ton x 1 3 . 33 

square yards � 2 , 000 lbs/ton = $ 6 1 . 58 / slab 

3 .  TOTAL = $ 6 1 . 58/ slab 

C .  CURRENT REMOVAL AND REPLACEMENT COSTS 

1 .  1 3 . 33 square yards x $43 . 4 1 /square yard = $578 . 66 / slab 

2 .  6 l-inch dia transverse tiebars @ $10 . 50 each = $63 . 00 

3 .  TOTAL = $641 . 66 

7 2  


