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SIfiOPSIS 

This paper describes experloasa i n Missouri idth the oorreotion of 
pumping.at Joints i n concrete pavements by the use of a semi->fluid 
soil?-cement mixture forced under the slab with a mudjacka The slurry 
used consisted of four sacks of cement per cubic yard of topsoil and 
50 to 55 per cent of matero^ The spacing of the holes for f>H mi nation 
of pmplng and cerreeticm of faulting i e discussed^ The ecpipment and 
personnel required i s given i n details On an average section of pave<-
ment« i t was foimd that 354 holes per mile and 35»45 cubic yards of 
aXvaerj were recjuired per Jidle of roado The average cost of the work 
was $24a78 for driUing l^^inch holes and $a56«66 per mile for the maF. 
t e r l a l and puaqiing operatlono 

I n a study of the deflections of the pavemmt under moving loads« 
i t was noted that deflections increased Immediately after f i l l i n g the 
voids under the pavem«t^ with the soil»oemBnt aluny and then decreased 
after a period of time had elapsede For a ISvOOOMpoond rear axle loadp 
the deflections wexe reduced as much as Qo007.iao and for a I6o000-^x>und 
!idieel load as much as «011r-iaa between aisasurements made 9 days and 153 
days after modjackingo 

I t was found that a few of the miKlJacked slabs resumed jnaqping and 
tbaA, the work had te be an^plemsnted with joint and- «raek water-proofing 
to iceep. surf ace water ifom. reaching the subgradoo Ob pavements that 
irere <:racked extensiseSy^ the best method of waterproofing Joints ws» 
by the use of a substantiaL Mtnglnous surface or ixppsr deck not less 
than l«in« i n thicknessv 

After a study of design features trom. the viewpoint of a maintenance 
engineere the author ccmcludes that e^qianslon or ccmtraction Joints 
should not be used i n ooobrete pavements except at highway intasrsectionse 
b r i ^ ^ ends or other loeaUxms whex« the pavemeot abotts a fixed objeoto 
The relati<m of tb» type of agpre^te to the eradc interval i n concrete 
pavoasnts i n which no Joints ware placed i s discussedo 

Ste %3fpar of coaBgffete pavemmt failure tiaA i s causing the most concern today i n 
Missouri i s the r e a i l t of ^*o3tai> pumpipg" or the deflection of the pavement under a mov̂  
ing loado " S l ^ pa^ising** i s tJie ejection of water thru the Joints and ciiicks i n con» 
crate pavssorats oarrying^-soil particles from the subgradeo Gontinned "slab puliqping*' re» 
suits i n v o i ^ (Older Htsa eonavete pavement and f i n a l l y the breakdown of the pavement 
i t s e l f ^ *^lab fgrnpLag" i s indeed a malignant diseaee of cencrete pavemento 

I t has been prtnm through both research and observation that four factors most 
be present to create a <*pK^ing slabno- They are: (1) heavy axle loads; (2) Joints or 
er&eka i n the {avement; <3) unsuitable etdsigrade s o i l ; C4) "Aree" water under the slabo 



The elimination of any one or more of these factors extends the l i f e of the 
concrete pavement for many yearso 

Since the legal limit for axle loads i n Missouri has been increased during 
the present war tr<m 16,000 Ibo to 18,000 lb., and since i t seems to be generally ac­
cepted that an 18,000 Ibo axle limitation should be adopted as standard i n a l l the 
States, this axle load factor cannot be readily changedo 

Joints and cracks ^diich have been deliberately placed, or cracks which have 
occurred from natural causes, i n the concrete pavement ceinnot be eliminated; but 
their effecti^reness as a means by which free water gets under the pavement can be re­
duced very materially i n most instances by keeping the joints and/or cracks properly 
f i l l e d and by placing a bitxuninous upper deck over the entire area of the affected 
pavemento 

I t i s not feasible to remove and replace the undesirable subgrade s o i l now i n 
place under the concrete pavements constructed i n the days vdien l i t t l e or no thought 
was given to obtaining the most satisfactory type of supporting soilo I t i s , however» 
possible to stabilize the undesirable subgrade s o i l to such an extent that i t i s more 
effective i n sustaining the loado 

The range of s o i l types on i ^ i c h pumping has oecxirred i s quite extensive o Any 
s o i l that can be puddled into a suspension i n water w i l l react to the rocking action 
at pavement joints and cradcs and i n the presence of water w i l l develop punpingo There 
are some s o i l types developed i n areas of low r e l i e f possessing a distinct clay-pan» 
such as the Putnam S i l t or Lebanon S i l t , which are relatively more susceptible to pamp-
Ing than the more drainable types such as the Knox S i l t or the Marshall Silto However, 
any cl£^ or s i l t type s o i l i n the proper environment w i l l develop puiqdngo 

I t i s also possible to overcome the "free" water under the pavement and extend 
the l i f e of much concrete pavement un t i l a post war reconstruction program permits the 
older pavements to be replaced or adapted tc the needs of today and tomorrowo By pmp-
ing a slurry mixture of s o i l , cement, and water throuj^ the pavement, the void i s 
f i l l e d and the reservoir for the accumulation of "free" water i s thereby eliminatedo 
The history of +he development and methods adopted i n Missouri w i l l be discussed brief­
l y for performing this operationo 

As early as 1935 & attention was directed to "slab puIl^>lng" on the most heavily 
traveled routes i n Ittssouri, which forced the tree water thm the cracks i n the pave­
ments, causing erosion and displacement of the subgrade and the resulting voids under 
the pavemento I n 1937 o division of the State Hl^way Department used a mudjack to 
ptjsap a semi-stiff mixture of s o i l and cement under the badly damaged pavement to f i l l 
these voids, force out the free water, stabilize the subgrade, and reduce the "slab 
puiq>lng"o The soil-cement mix was injected through a hole d r i l l e d at the intersection 
of each transverse crack with the longitudinal centerlinoo I n 1938 the method was 
extended over other sections, but the original single hole at each crack was avppl^-
mented by two other holes; one being d r i l l e d i n the transverse crack at the middle 
point of each lane of traffico The results obtained by the use of the three holes 
were more satlsfactozy than by the one hole method of 1937o Duiring the next two years, 
the sections punqped by both methods did not progress i n failure as rapidly as the 
sections not treated. 

I n 1941, fAien the paafdug action was noted on other heavily traveled routes 
vbere the condition had heretofore been present but less intense, a special study was 
made of the problemo After obtaining the experience of other States, a decision was 



made to use a slurry mix of loam top s o i l and portland cement instead of the sezoi-
s t i f f mixe A more fluid.mix. wae necessary to give a greater spread of the mixture 
under the pavement and to f i l l more of the small voids and ehannelso 

This slurry mix was obtained by mixing the s o i l and cement» the proportions 
being four sacks of portland cement per cubij: yard of tep s o i l with 50 to,. 55 per cent 
watery i n ^ e pugmlll of the ifiudjack. . 

Observations i n the f i e l d indicated that, by the use of t h i s alnny mlxi, the 
soilceament would be pushed or pun9>ed throu^ to the top of the pavement at eraeks 
20 and 25 fto from the point of injeetiono Also by ttsing thi.8 mix the pavement was 
not set up on stools as was the probable ccmdition i n previous years when the s t i f f 
mix was enqplctyed for raiaing settlements e 

Experiments have been instigated and are s t i l l being carried on to determine 
admixtures for the present soili<»cement slurry mix to intprove i t s qualityti A mix i s 
sought ^ a t w i l l set up rapidly^ w i l l have stx>ength without too much rigidity „ and 
w i l l have a nH n1 mum shrinka^o 

The holes for corrective and preventive mudjack work are now placed 10 ino to 
12 i n ? tram the centerline and 10 ine to 12 in« beyond the transverse crack or Joint 
i n the direction of traffico Since the use of a i r i n conjwction with the pressture 
supplied by the mudjack has not been utilized due to lack of equipment^ we have cone 
to the conclusion that one hole should be drilled i n diagonal corners at the location 
mentioned above so that the greatest amoimt of slurry can be pumped under the pavemant̂ -̂
Sq>erimental sections were set up using both the one hole method and the two hole metb» 
od and i t . was'foimd that 0<i09 cubic yards more s l i v r y n»s puir9>ed per crack where two 
holes were used instead of onso When_it i s neoassary to use a hole on the outside of 
the pavement for f i l l i n g oar for raising pux^ses,-it shcold be placed 30 in« i n from the 
edge of the pavement and 30 ioo beyond the crads.in tbe direction of traffic» By using 
this spacing^ the inside and outside hole w i l l not be i n the same line; vMch,. i f i t 
were the ease« would establish a plane of weakness and could cause a break i f the 
.treated Joint should resume pooping i n future years. 

The holes are dr i l l e d with a pneumatic. Jack hammer using 18 luo d r i l l steel and 
a 1^ ittA- removable bito Where the selected s o i l ̂ desired i s not available ̂  i t i s more 
desirable to use a L » 3 / 4 ins or 2 ino hole so that a larger nozzle opening can be used 
and thus avoid delays firam the rocks and roots i n the -mixture» However, the 1^ i n s 
hole i s used i n a l l eases irtiere desirable s o i l can be obtained for the woxlce Usually 
a single man not only d r i l l s the holeS|> but moves tiie equipment ahead as his work pro­
gresses takes care of the eoB^aressoro and s h i f t s the taazricade idiich pi'otects him 
fism t r a f f i C o He may d r i l l as many as 325 holes l | ins i n diameter per ten hour dayo 
but the total varies with the c(mdition of the pavemesit to be treated and the number 
of moves required per mlle« as well as with the kind of coarse aggregate that has been 
used i n the concrete^ 

The 1^ ino holes cost an average of $O«07 per hole« and i n some sections of the 
states 402 holes are required per mile to treat every Joint and crack. 



The ffludjack i s mounted on a four wheel pneumatic tired t r a i l e r equipped with a 
four cylinder gasoline motor that supplies the power to operate a pugmiU and the two 
pistons delivering the slurry t h r o u ^ a 2 ino diameter p 5-pIy rubber hose to a tapered 
steel nozzleo The nozzle i s equipped with a 2 ino quick opening gate valve and i s 
tapered from ij ^ i n o to 2^ 1 n o outside dimensions o 

The oudjaek t r a i l e r unit i s towed a truck carrying a 500 gallon water tank 
and a small gas driven centrifugal water pimqpo The water tank, i s connected to the 
water pump of the mudjack by a 1-ino hose, which can be readily discoimected when i t i s 
necessary to r e f i l l the water tanko 

The ffludjaeklng work i s performed by an eight-man crew, consisting of a foreman, 
mudjack operatorp nozzle operator, a laborer adding s o i l and cement to the pugmill, a 
truck driver operating both trucks between the mudjack and the d i r t pit,, a laborer vbo 
plugs the holes and cleans the surface of the pavement after Jacking, a laborer at the 
s o i l pltp and a flagmano Such a crew has puiq>ed as much as 2 8 cubic yards of slurry 
per ten hour day and averaged 1 8 cubic yards per day over the 1 9 4 3 seasono 

One division so far this season has treated every Joint and crack on 31o7 miles 
of UoSo Route 40p d r i l l i n g l l p 2 1 2 holes and pumping l p l 2 5 cubic yards of soil-cement 
slurry under the pavemento This i s an average of 3 5 4 holes per mile and 35o45 cubic 
yards of slurry per oileo This work i s costing on the basis of $ 2 4 o 7 8 per mile for 
d r i l l i n g the l | - l n o holes and $256066 per mile for the material and pun^dng operation, 
or a total cost of $ 2 8 1 o 4 4 per ndleo 

Usually no atteiq>t i s made to raise the pavement from i t s warped position, un­
less a local condition i s encountered irtiere the pavement siu'face s t i l l has good riding 
quality on either side of the settlemento I t i s now our policy i n Missouri to merely 
f i l l the voids under the pavement, thereby materially reducing the deflection of the 
slab; and then restore the riding surface and relieve the isytact by resurfacing the 
concrete pavement with a bitumixious upper deckp which w i l l also aid i n water-proofing 
the surface of the old pavement» 

Deflection tests have been made i n the f i e l d to ascertain the deflections of 
the concrete pavement under a moving load and some of the results obtained are tabu­
lated i n Table l o 

Deflections were measured before and after mudjacking or f i l l i n g the voids 
with a soil-cement slurryo I t was noted that the deflections Increased nine days 
after mudjackingo This was caused from the quantity of water necessary to prepare the 
slurry mixture which saturates the subgrade, but 1 5 3 days after mudjacking, irtien ad­
ditional tests were made, the deflections had reduced materlallyo This condition does 
not always exist, depending on how badly the pavement i s cracked before mudjacking. 
I n the case of the 1 2 , 0 0 0 I b o rear axle load the deflections were reduced as much as 
0OO7 ino vdiereas i n the case of the 1 6 , 0 0 0 I b o rear axle load the deflections were re­
duced as much as oOll-lno between the tests run 9 days after ODudJacklng and 1 5 3 days 
after mudjacking. 



TABLE I 
Dqftectlo|tt ̂ este^ ^oute dO * Cooper .̂ gognty. 

Test Slab No. 1 Test Slab Bto. lA 
Run Velocity Axle Loads Deflec, 
Mo« MoP.Ho Rear Front Inches 

(Before Mudjacl 
1 9.9 12000 3X00 
2 18.8 12000 3ajOO„ 
3 28.4 12000 3100 
k 38«3 12000 3100 

.0X8 

.0X4 
•0X3 
•009 

(Same Day - After MudJacIdAg) 

9 9«4 X2000 3X00 .0X6 
XO X9.4 X2000 3200 .0X3 
U 28.6 X2000 3X00 .0X0 
12 38.7 12000 3100 .009 

(9 Days After Mudjaekimp 

21 10.2 X2000 3200 .020 
22 X8.8 12000 3200 •0X5 
23 29o2 X2000 3200 «0X8 
24 38.0 02000 3200 •0X6 

(X53 Days After Mudjacking) 

Son Velocity Ax^e Loads Deflec. 
Ho. M.P.H,- Rear ^ront :I^ehes 

Nb measiurements made befots mad-
jacking ' . 

Hb ffie&sure'nents made cm same day 
after nudjfteking. 

(9 0^9 After Ifudjacking) 

X • X0.4 i&ida 3000 .ou 
2 X8.6 X6000 3000 .008 
3 i6»2 XfibOO 3000 .OXX 
4 98,0 X6000 3000, .0X4 

(293 IMys After MudjacKiiig) 
29 8.3 X20(» 3900 «QX2 s 7 X3%6 16000 3000 ^00 
30 9*9 X2000 2900 «QX2 t S a9*6 16000* 3000 •000 
3X 19»8 X2000 2900 •007 i 9 29»0 26000 3000 •003 
32 29«0 X2000 2900 •0Q6 : 10 39.5 X6000 3000 •003 
J? 40.6 ^000 .006 1 

Not 6nly do we receive a benefit from the deoreasa i n deflections of the pave­
ment by f i l l i n g the voids beneath the pavement i n tl.e subgrade; but, i f the pavement 
can be made to atay i n contact with the stifaerade, the weight of the pavement wilX keep 
the subgrade i n emqpression, aiu! wiXX thereby reduce the quantity of water irtiieh can 
be abaorbed by the eoiX, einen eolX undar pressure wlXX not absorb water pearly aa 
readily aa aoiX that i s not under ureesure. 

The slurry mixture i s punq̂ ed under the pavement u o t ^ aXX of the free water 
under the pavement i s forced oat of the voide aod I s drained off throu^ the cracks 
and holes dug at the edge of the pavement at the trac^verse crack for that purpose• 
and the slab begins to r i s e . This drainage hole^iMLob. i s made with a spud bar or a 
pick*- i s extended about 2-in. beXow the bottom o f the pavement. As soon as the water 
has been forced otLt and the slurry mixture appeals «t the ahoulderr ̂ e hole i s closed 
and tamped with earth* 

Whea the nozzle operator has adted svffieient sXurr7 at the hoXe« he inserts a 
.tapered wooden peg to retain aXX of the nix under the pavawpnt u n t i l the cleanup man 
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can ping the hole with a nix of s o i l and cementa This workman, after the s o i l and ' 
cement plug i s added, passes his shoe over the hole and so obtains a s l i c k finish 
that w i l l not be destroyed by t r a f f i c . Boough moisture seeps through from below 
to provide the necessary danpiess to make this plug seta 

After the f i r s t puiqping, the slab i s usually disturbed by t r a f f i c before the 
mixture has taken i t s i n i t i a l set, so that the voids remaining are not conQ>letely 
filleda Also the shrinkage of the slurry mix due to the high water content leaves 
some small voids. 1%us, i t i s usually necessary to repuo^ a l l sections where pave­
ment failure has progressed to cmy great extent. 

ResTilts obtained by mudjacking, during the past ten years, indicate that 
voids underneath the slab where "free" water might collect can be eliminated. However, 
due to the impact from heavy axle loads and the depth of the mudc i n the subgrade 
(caused by both "free" water and capillary action), the layer of s o i l and cement i n ­
jected under the slab by mudjacking i s not a cure-all and generally lacks sufficient 
thickness to withstand heavy loads for long periods. A percentage of Joints and cracks 
stabilized by mudjacking w i l l i n time resume pimping. 

I n vievf of the fact that a few of the "mudjacked" slabs w i l l resume "pumping", 
i t i s our theory that mudjack work must be supplemented with some type of Joint and 
crack waterproofing to keep the surface water from the subgrade and so obtain the best 
results i n the maintenance of "slab punning" pavements. 

Keeping the Joints and cracks i n concrete pavement properly f i l l e d and water­
proofed i s a maintenance problem that has not been*satisfactorily solved as yet, even 
thou^ i t has been a subject for research and f i e l d investigation for many years. Hoŵ . 
ever, with the advent of heavy axle loads and "punning slabs", i t seems isq[>erative that 
every effort shoxild be made to keep the Joints and cracks f i l l e d and as waterproofed 
as possible i n an attempt to prevent surface water from reaching the subgrade. 

Depending on the degree of failure i n the concrete pavement from "slab pusQiing", 
another method of waterproofing the Joints and cracks i s used. This i s the placing of 
a bituminous surface or upper-deck on the pavement. 

The degree of failure necessary to require upper-decking can best be described 
as that condition vihere the slab punning has progressed to such a point that the r i d ­
ing surface of the pavement has been definitely impaired. With this condition of pave­
ment prevalent, the best maintenance procedure i s to follow the sudjack work with a 
bituminous deck of a thickness of 1-in. upward depending on the condition of the coj>» 
Crete pavement. I t i s desirable to prevent the cracks i n the concrete pavement from 
continuing upward thnr the bituminous surfacing. The thickness of the bituminous 
upper-deck w i l l affect the number of cracks being reflected thru i t from the base. Ex­
periments are now being carried on to determine more accurately the effect of thickness 
of the bituminous surfacing on the number of cracks reflected thru i t from the base. 
I t i s , however, easier to keep the cracks i n bituminous surface sealed than those i n 
concrete pavement. 

I t has, also, been noted that i f the concrete pavement failure from "slab poop­
ing" has progressed to such a point that the pavement has broken either at the comers 
or into narrow half-lane blocks, i t i s d i f f i c u l t to stabilize such areas by the use of 
the mudjack; and so the only solution i n those cases i s to replace the badly broken 
areas with concrete patches. The pavement surrounding a concrete replacement area i s 



"mudjacked" so as to insure the n r i i r i i m i n i deflection of the old pavement i n tile vicinity 
of the new patcho This w i l l pin>long the l i f e of the pavement surroiinding the patchy 
as well as the patch itsel&r This mudjacking jprocedure i s performed ahead, of the con­
crete replacement worko 

Thus i t can be concluded that the pr<^r maintenance methdds fisr preventing 
and correcting the puiqiing action of concrete pavement slabs involves the f i a s t two 
and s<uiietimes more of the following a c t i v i t i e s : (1) mudjacking, (2) Joint and crack 
se^^ling, (3} patching f u l l depth with concretOft (4) Qppex«-decking with bituminous mats« 

I t i s well to keep i n mind i n thie work that ^he ccmmon goal i n a l l hi^way 
maintenance i s a smooth riding surface. 

Up to this point attention has been devoted entirely to maintenance; but now$. 
with the e^erience that has been obtained^ I t seems imperative that thought be given 
to the design and construction of concreto pavement to the aa/i that "slab pun^iing" may 
be prevented o 

I t i s generally accepted that "free" water under concrete pavement i s one of 
the causes "slab pun;)ing". The only way that "f^ee".water can enter the subgrade from 
the surface i s through the e^ansion and contraction ^Pints, throu^ natural contrac­
tion cracks, and along the edge of the concrete pavement. Therefore, the more Joints 
and cracks present i n tha pavement surface, the more water w i l l be found between the 
bottom of the pavement and ^ e sidigrade. 

I t i s the opinion of our Bureau of Maintenance ^igineers that the use of Joints 
and/or cdntriiction cracks shoxild be omitted except at such locations irtiere i t i s re-
qpiired to maintai-n adequate e:q>ansion at bridge ends, at the intersections of two con­
crete surfaced highways, and at other locations where the pavement i s abutting a i ^ 
fixed object. 

The theory for the use of expansion Joints and contraction cracks may be well 
founded, i n that Uiey are designed to allow for paveoeot fotpanMon and to oootrol trans^ 
verse cracks i n the conezete pavement; but actually to our knowledge a Joint has not 
been designed that i s 100 per cent eff i c i e n t . A Joint to be 100 per cent efficient 
must transfer the load from one slab to the other with no deflection and be absolutely 
waterproof throughout i t s l i f e i n the pavement^ To date these two featxires have not 
been attained i n MissoxOrl*. 

The maintenance of occasional concrete pavement "blzne-ups" due to expansion^ 
i s certainly more economical and desirable than the maintenance of Joints construetoi' 
at 20 to 50 fto intervalso I V h a s beeaci the ea|iierience i n iibls State ihst; <«nfirete 
pavements constructed with expansion Joints are storter lived, rougher riding, and 
more expensive to maintain than those ooostracted without j o i n t s As a Z98!(^» a 
Maintenance ^igineer f a i l s to see the Justification of eaqpnmdop • join t s , since the 
pavements with Joints are also more expensive to conatruct« 

The crack interval i n concrete pavement has a very definite relation to slab 
pmqpango The shorter the interval the more apt the pavement i s to puiq)« Due to this 
f a c t ^ i t i s , therefore, advisable from the viewpoint of present slab ptmpipg to have 
as great a distance as possible between crackse This greatest distance possible can 
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best be acconqplished by not putting i n contraction cracks o I f comtraetion cracks are 
placedo i t i s necessary to predetermine the crack interval of a certain aggregate, 
and i t almost invariably happens that additional contraction cracks occur between the 
installed contraction crackso This results i n a short crack interval that i s so con­
ducive to slab pvaapixigo I f the pavement i s constructed without contraction cracks, 
the cracks w i l l then form naturally at the greatest interval for the aggregate; which 
i s the desired conditiono 

I t so happens that we have two excellent examples i n Missouri that very defi­
nitely show the effect of crack interval on pavement l i f e o On Route 40 i n Warren 
County there i s a 17 mio section of pavement, that was constructed i n 1925 and 1926, 
using high expansive type coarse aggregate that causes a short interval - 22«9 f t o -
between contraction crackso I t also happens that there i s a half-mile section of 
pavement i n this longer section constructed at the same time and under the same con­
ditions „ but using a low expansive type coarse aggregate lAiich results i n a longer 
crack interval - 7608 f t o (See Figure l)o The difference i n maintenance cost and 
pavement l i f e has been very materialo The pavement with the shorter crack interval 
has been patched with concrete, mudjacked and upper-decked, while only minor surface 
maintenance viox^ has been done on the short section with the longer crack interval. 
A similar exanple can be found on Route 66 i n Webster Countyo The crack interval 
i n 1939 ranged from 21o6 f t o for the high expansive type coarse aggregate to 92o8 f t , 
for the low expansive type coarse aggregate. (See Figure 2o) 

I n view of the fact that a short crack interval encotirages "slab puii9>lng'', i t 
seems logical that considerable thought should be given to the aggregate used i n the 
construction of concrete pavement. 

Another of the generally accepted causes of "slab puiqping" i s tmsuitable sub-
grade s o i l . This condition can be and i s being corrected i n many instances >y the 
use ,of suitable subgrade s o i l or the proper stabilization of the subgrade prior to 
the construction of the concrete pavement. 

I t has been stated previously, but i t can bear repeatingp that the coDomon 
goal' of a l l highway maintenance activity i s a smooth riding surface. This statement 
can be enlarged to read that the common goal of a l l highway design, construction, and 
maintenance activity i s a smooth riding surface and maximum l i f e . The elimination 
of e^ansion Joints and contraction cracks, selection of proper aggregate, and the 
proper stabilization of the subgrade i n the construction of concrete pavement w i l l 
constitute a step i n the direction of the goal of a long l i f e and a smooth riding 
surface. 
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