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OORBECTIVE IIEASURES .EMPLOZED, AND FUTURE DE5IGSS 

BHIIiam Van Breeotn, Qogineer of Special Assignments, 
New Jersey State Hi^xnay Department 

SZNOPSIS 

Pumping at joints i n concrete pavement slabs was f i r s t observed i n 
New Jersey i n 1930. I t occurred on a l l pavement of standard design i n 
irtiich dowels 3/4-ino i n diameter were used for load transfer. A 100 
per cent increase i n the nuinber of dowels did not eliminate the trouble. 
The use of crushed stone drains along the edge of the pavement was only 
partially effective i n stopping pun^dng. 

I n 1932 a test road was built over a silty-elay s o i l . One joint 
with no load transfer device, two with s i x 3/4-in. rouzul dowels i n the 
lO-foot width of pavement, two with twelve 3/4-ino dowels, and several 
with various combinations of hcAvy rectangular and channel type dowels 
were placed i n the slab. Continuous applications of heavy loads under 
adverse moisture conditions indicated that the use of a load transfer 
device coursed of Z-ino channel-dowels was necessary to prevent fault
ing and subsequent puoqdng. 

A recent survey of 6O0OOO ehannel-dovel joints on heavy duty high
ways disclosed only three failures that were caused by pumping. No 
faxating was found at these joints and the failures had occurred by 
sagging of the pavement. The stone drains along the edge of the pave
ment were partially clogged with subgrade s o i l . 

A study of pavements l a i d on sub-bases eoiiqmsed of granular ma
te r i a l s lead to the conclusions that their use minimized pumping, re
duced damage due to frost action and increased load bearing capacity. 
A l l pavements built since 1939 ore st^ported on a layer of bank-run 
sand, gravel or cinders 8 inches i n tMckness. To date, irtiere granu
l a r materials have been used i n conjunction with channel-dowel joints, 
pavements have remained true to gradep cracks are few and far between, 
and there have been no indications of punQ>ing, even under heavy truck 
t r a f f i c . 

A study of wood for use i n eiqpansion joints shows that for most va
r i e t i e s , loads i n excess of $00 and less than 1000 pounds per square 
inch w i l l be required to cause coiiqp>ression of the fibers. I f loading 
i s continued, a point i s reached where no further eoiqpression i s ob
tained. Some varieties may be cosqpressed to as much as 50 per cent 
of the original thickness. I f dry wood i s coopressed to $0 per cent 
of i t s thickness, i t w i l l recover to about 65 per cent and remain at 
that thickness as long as i t remains dry. Soaking i n water w i l l cause 
the wood to swell to 94 per cent, and for some varieties more than 100 
per cent, of i t s original thickness. Bepeated eo]i;>res8iono drying and 
soaking w i l l result i n a permanent reduction i n thickness. These 
tests indicate that wood as an expansion joint f i l l e r w i l l have the 
following merits: 

1. Unlike the conventional bituminous f i l l e r s , wood w i l l not extrude, 
regardless of the extent of joint closure or i n f i l t r a t i o n . {TbLa ap
plies only to wood with the grain direction installed v e r t i c a l l y ) . 
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2. Unlike other fillers« the wood i s expected to retain suf
ficient swelling capacity and resiliency to prevent the detri
mental accumulation and distribution of Infiltrated material i n 
the joint spaces which, i n many locations« has caused rupturing 
of the concrete. 

Due to the limited time permitted, the following material i s perhaps not pre
sented i n s t r i c t accordance with the "Outline of Proposed Studies'* agreed upon by the 
Committee. However, i t i s submitted at this time with the hope that a general des
cription of puj^ing and faulting as observed i n New Jersey, together vdth comments 
concerning the corrective measures enployed, their effectiveness, and future designs, 
w i l l further the vrork of the Committee. Because pun?)ing and joint faulting have been 
so commonly associated, much of what follows necessarily concerns joints and their be
havior. For reasons of continuity and completeness, i t has been foimd necessary i n 
frequent instances to include information already presented i n a paper prepared by 
Mr. Harold V/. GS-ffin, Engineer of Survey and Plans, New Jersey State Highway Depart
ment entitled "Transverse Joints i n the Design of Heavy Duty Pavements". Mr. GS^fin's 
paper which has been published i n the 1943 Proceedings of the Hi^way Research Board 
i s recommended as essential reading to those concerned with the design of concrete 
pavements. 

Pumping and Faulting i n New Jersey 

Pu]iQ)ing and joint faulting f i r s t occurred i n New Jersey sometime preceding the 
winter of 1930-31 on U.So Route 1 and U.So Route 130, the principal routes between 
New York and Philadelphia. By the spring of 1931 i t had become severe on those routes 
and had extended to certain other routes that were cazrying an increasing volume of 
heavy truck t r a f f i c . I t s occurrence i n New Jersey at that early date resulted from 
the rapid increase i n heavy trucking i n the immediately preceding years, especially 
i n those locations such as New Jersey where the short distances between centers of 
large population favored the use of trucks. I n consequence, and as a matter of sheer 
necessity, in^ortant revisions i n design were made 12 years ago, and from time to 
time thereafter, for the specific purpose of preventing pumping and faulting. 

Type of Pavement and Subgrade Involved 
In 1931» practically a l l of the pavements that were pumping, and had faulted 

joints, had been constructed as follows: 
Thickness: 9 i n . unifoniio 
Slab length: Mostly 35 f t . Some variables to maximum of 68-2/3 f t . 
tEdth: 10 f t . miniimim - 14 1/2 f t . maximum. 
Reinforcement: Single mat 2 i n . below top surface. 3/8 i n . longitudinal bars 

7 1/2 i n . c. to c. 
Comer Reinforcement: 1/2 i n . hairpin bars, a l l comers, 2 i n . below top surface. 
Load Transfer: Six 3/4 i n . round dowels, 20 i n . long, 3 at each end of joint 

12 i n . c. to c. 
Joint F i l l e r : 1/2 i n . Thickness Premoulded Bituminous. Poured bitumen at top. 
Practically a l l of these pavements had been laid directly upon whatever native sub-
grade s o i l was encountered. Except i n very infrequent locations v/here the s o i l was 
found to be exceedingly unstable the subgrades had received no treatment other than 
shaping to grade and rolling. Inasmuch as subgrades varied from practically clean 
sand and gravel to s i l t s and clays considerable variation i n behavior resulted 
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under identical conditions of pavement design and t^affico lilany long stretches of 
pavement Icdd on inferior subgrades were carrying heavy truck t r a f f i c shortly after 
completion and i n seme locations serious pumping and faulting had developed after 
but three years of sez^coo 

CoBdiUona Hoted i n 1931 

Oetailsd investigations were made early l a 1931 to determine the causes and 
extexit of pumping and faultingo Conditions noted at that time appear to have been 
more or leas typical of the poiqxing and faulting occurring i n other parts of the 
country firam time to timsg especially recently as a result of heavy o wartime haul-
ingo Ibese conditions have been so adeqiately descxlbed by numerous observers i n 
recast years that no general description spears necessaryo However g some comments 
eoneeming certain conditions noted i n 1931 may be appropriate o 

lo The direction of the faulto step,, or offset i n the pavement surface was 
invariably su<^ that as the idieels l e f t one slab end ("leaving end") and crossed the 
Joint space they dropped domn onto the depressed slab end ("receiving end")o Fault
ing of as iquch as 3A i^ o frequent o 

2o The "leaving ends" were not depressedo (IBLth but very few exceptions 
the "leavix^ ends" are s t i l l not depressed - have never been nod Jacked even irtiere 
immediately adjacent to "receiving ends" that have required mndjacking several timeso) 

3o Only minor pmping was occurring at the cracks o Ho cracks had faulted 
even i n areas where Joint puiqiing and faulting were severeo ( I n generals this con
dition i d t i U obtains todayo CQnq;>ared to the noaiber of Joints, that have pampeAo 
faultedp and required mudjacklng, and repetitions of mudjaekingp the noniber of pave
ment failures at cracks has been insignificanto Within recent years,, however^ some 
cracks have faultedo These instan6es w i l l be discussed latero) 

4o The water contributing to pamsdng was found to be almost entirely surface 
water that had infil t r a t e d to the subgrade throu^ open Jointsp and at points along 
the shoulder linoo (This was substantiated by the fact, that pavements on high f i l l s 
and i n cuts behaved more or l e s s alike with respect to how soon they started to 
panq> after rain began to fallo and with respect to the severity of punning and fault-
logo) 

5o The Joint f i l l e r s or sealers did not exclude surface watero The inde> 
pendent oovement of the slab ends had done much to destroy their sealing value o es^ 
peeially during cold weather when the bituminoas sealing materials were brittloo I t 
was noted that considerable quantities of water were swept into open transverse Joint 
spaces by trafn.Co 

I n Uarcho 1931 p a section of the depressed end of a slab 4t a Joint which had 
faulted 1 iuo was removed for examinationo The pavement was on a 2 foot f i U o 
Heavy rains had fallen two days previouslyo The following xiote was made: 

"The subgr4de under the portion of the slab removed i s d a y - covered with a 
i G ^ r of water 1 / 8 iuo to 1 / 4 in<> deep over an area 5 fto wide par a l l e l to the Jointo 
Apparently this subgrade i s ispervious to watero Unless pumped outp the water seems 
to have no means of escape other than evaporation or s l i ^ t seepagOo A hole 
drilled throng the pavement 14 fto from the Joint showed comparatively diya firmly 
cosseted sabgradSo" S o i l saoqple Hoo 354253 shown i n Table 2 represents the subgrade 
s o i l i n this areao . 
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The 3/4 i n , round dowels were found very much out of parallel and the oon^ 
Crete around them was porouso The midsection of each dowel was bent for a length 
of about 4 i n . i n the shape of a f l a t ''3"p and the dowel holes had been enlarged by 
a cirushing or wearing action of the dowels on the concrete for about 2 I n o Inward 
from the faces of the Jointo These conditions are probably typical of most faulted 
Joints installed prior to 1931 <> 

I n 1932» as a temporary measures the number of 3/4 i n o round dowels per 
Joint was Increased from six to twelve« and various devices were tried to maintain 
them i n prroer alinemento Periodic inspections made of these Joints disclosed that 
the additional number of dowels probably retarded the rate of failure to some extent 
but that serious faulting developed nevertheless. 

I n addition to increasing the number of dowels« shallow cznished stone drains 
of various description were constructed immediately adjacent to the edge of the pave
ment I n some locationsp and a special effort was made to construct them i n a manner 
most l i k e l y to carry off any free water that m i ^ t tend to collect under the pavement o 
Drains of t h i s type were Installed i n 1933 i n some sections of U.S. Route 1, im
mediately adjacent to a heavy trucking lane lai d i n 1932 with Joints having twelve 
3/4 i n . round dowels. Their effectiveness i s d i f f i c u l t to evaluate, however, Inasmuch 
as the Joints adjacent to the drains are now faulted Just about as much as those irtiere 
the drains were omitted. There i s at present an average faulting of about 1/4 i n . -
maximum 1 / 2 i n . ̂  and there are some indications of pumping. Probably, due to pro
gressive pumping^of subgrade material into them, these drains have become less effective 
from year to year. The average daily truck t r a f f i c on this lane (1940 count) i s about 
1 3 0 0 , and many of the trucks are heavily laden truck-trailer units. The subgrade 
s o i l I s essentially clayey and corresponds more or less to Sample No. 354D234O (Table 
2 ) c 

Test Road 

A circular concrete test road was constructed i n 1932 on silty-clay soilp 
primarily to make an accelerated test of various Joint typesp and to further observe 
the process of pumping. Some of the Joint types tested were; 

One plain Joint - no dowels - no load transfer - consisting simply of a 1/2 i n . 
width space f i l l e d with premoulded bituminous f i l l e r . 

Two Joints with s i x 3/4 i n . roxind dowels i n each (same design as used prior to 
1932), 1/2 i n . premoulded bituminous f i l l e r . 

Two Joints with twelve 3/4 i n . round dowels (same as temporarHj adopted i n 
1932), 1/2 i n . premoulded bituminous f i l l e r . 

Several other Joints having various coinbinations of heavy rectangular dowels, 
plus bearing angles for the dowels, plus sheet metal flashing. 

Traffic consisted of one Mack truck pulling a loaded t r a i l e r at approximately 
9 miles per hour. The maxamiim axle loads were: 

Mack Truck Trailer 
Front - 51)500 lbs. Front - 139400 lbs. 
Rear - 17»300 lbs. Rear - 32,800 lbs. 
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As concerns this test, the following remarks seem appropzdate: 

1. From August 1 to 18o during dry weather, the equipment coiig)leted approxi
mately 1300 trips around the track at various speeds v * i l e numerous deflection read
ings were made. No visible or measurable deterioration of any kind was noted during 
this period except slight punping at the plain joint during a shower on the afternoon 
of August 3. 

2o During the morning of August 18 water was applied by means of sprinkling 
wagons, and i n the afternoon and evening heavy rains f e l l o Shortly after the appli
cation of water the pavement at the plain joint started to pomp noticeably and pun5)ing 
to a lesser degree started at most of the other joi n t s . By 8s00 FoM., after 840 trips 
that days the plain joint had faiated 3/l6 i n . By midnighto 1120 t r i p s , i t had faulted 
1/2 ino and a crack appeared 5 i f t . from the depressed endo Running on the track ceas
ed at midnight. 

3o The following morning an examination disclosed no faulting at any other 
joints, nor any cracking, except at the plain joint as noted above. 

4o On August 22, after 4270 trips since August 18, more cracks were evident 
adjacent to the plain joint vAiich had become faulted l | ino None of the joints with 
dowels had as yet faulted,, and no cracking had developed i n their v i c i n i t y . Sometime 
after the plain joint had faulted 1 i n . or more the "leaving" slab end at this joint 
also became depressed, accompanied by cracking. 

5o On August 230 after 5310 trips since August IB, cracks developed i n the 
pavement adjacent to both of the Joints with s i x 3/4 i n . round dowels. No measurable 
faulting was e'^dent. . But due to the erosion of the subgrade axi<^ the formation of 
cracks near these joints^ the pavement at the joints had sagged somewhat. Eventually 
these joints did fault slightlyo On this date, no faulting or cracking was visible 
at any other joints that had more or heavier dowels. 

I t i s necessary to mention here that the conditions of test were much more 
severe than normally occur i n service. After August 18, the equipment was kept run
ning continuously each day for 12 hrs. u n t i l the pavement at the plain joint became 
practically inpassable. Prior to August 18, dikes had been constructed along the 
edges of the pavement to prevent the escape of surface water; i n fact for a time the 
entire roadway was flooded and the slabs were more or less under water. The suppo
sition was that those joints that best survived the ordeal would probably be most 
satisfactory i n actual service. I n consequence o there was a distinct difference i n 
the behavior of the joints i n the.test road as compared to joints i n service. No 
joints, other than those with s i x 3/4 i n . round dowels faulted measurably. The tyi>-
i c a l failure of the joints with various types of load transfer consisted of a pmp" 
ing out of subgrade s o i l from under the pavement at the Joints followed by a sag
ging of the pavement at the joints - both adjacent slab ends depressing the same 
amount. As the test progressed, the cracks also punned violently - but none fault
ed. The absence of appreciable faulting, even at the joints with the weakest load 
transferring devices, appears to be e3q>lained by the flooded conditions, magnitude 
of load, and the lack of sufficient repetitions of load to permit the dowels to pro
gressively crush, chew out, or wear away enou^ concrete to appreciably decrease 
their effectiveness. I n short, the attenpt to accelerate the faulting of the joints 
by the application of a limited number of heavy loads under extremely adverse subgrade 
conditions was, for the most part unsuccessful. 

Althou^ a l l of the joints with sttirdy load transferring devices eventually 
punned and sagged, to date, with but very few exceptions, no comparable behavior 
has been observed at similar types of joints that have been i n service on heavy 
trucking routes for from 6 to 10 years. Considering the very rapid rate of faulting 
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and pavement failure at the plain joint as compared to the joints with load transfers 
this test at least indicated that load transfer at a l l points of interruption i n the 
continuity of the pavement, such as at joints and cracks, i s definitely beneficial,, 

Revisions i n Design 

Uie use of 3/4 ino round dowels was abandoned i n 1933 and a much stronger 
joint structure was designed and adopted the same year. Except for occasional minor 
revisions^ the joint so designed was used i n conjunction with a l l concrete pavements 
constructed during the period 1933-1942o Load transfer was furnished by 2 ino chan
nels, 20 ino longs an average of 12 ino aparto Bearing angles were provided above 
and below the dowels adjacent to the joint faces to prevent the dowels from crushing 
or wearing out the concrete at points of h i ^ bearing pressurso Sheet metal flash
ings were provided to exclude as much surface water as possibleo 

Effectiveness of Heavy Joint Design 
* 

More than 6O0OOO channel-dowel joints were Installed dviring the period 1933-
1942o Bany are i n service i n pavement l a i d directly on s o i l susceptible to puiqiing 
which also carries extremely heavy truck t r a f f l C o To datoo failure at these joints 
due to pmpixig has been negligible» A recent survey of the heavy trucking routes 
involving an examination of several thousand channel-dowel joints disclosed pavement 
failnre due to puiqiing at only three Joints. However, i n these instanceso no fault
ing had occurredo Instead, the pavement immediately at the joints had sagged to a 
maxjnmm of 5/d ino These Joints are a l l i n a heavy trucking lane (laid 1936) with
i n a few hundred feet of each other i n an area vriiere subgrade and drainage conditions 
are particularly adverse. Alsoo i n this area, appreciable sagging of the pavement 
was found at several cracks {, and one crack had faulted | ino Pu^^)ing i n vazTlng de
grees i s general i n this v i c i n i t y and, unless prevented0 the pavement i s e3q>eeted 
to become progressively depressed at many other joints and crackso The stone drains 
constructed immediately- adjacent to this lane were found partially clogged by pumped-
out subgrade materialo The average daily truck t r a f f i c over these Joints (1940 
count) i s IO5O0 The subgrade i s represented by Samples Noo 354^253 and 354D254. I n 
considering the performance of these Joints i t i s desirable to add that Joints i n an 
adjacent roadway constructed i n 1928 with six 3/4 i n . round dowels pumped badly and 
faulted as much as 1 ino within three years after construction, under l e s s severe 
t r a f f i c conditionso 

Some 20 miles south of this puiqsing area faulting of 1/4 ino and 7/16 ino, 
respectively, was found at two chaimel-dowel Joinits i n pavement constructed i n 1934o 
However^ faulting at these Joints was not due primarily to structural failure as a 
result of heavy traffico Instead, the effectiveness of the dowels was found to 
have been destroyed by the i n f i l t r a t i o n of practically incoopressible s i l t y , sandy 
material which, having accumulated i n the lower portion of the Joint spaces and dis
placed the f i l l e r , offered sufficient localized resistance to closure of the Joints 
during pavement expansion as to ruptxire the concrete supporting the dowels. This 
having occurred, the possibility of Infiltrated material eventually destroying the 
effectiveness of load-transferring mechanisms i s a phase of Joint design which 
merits seriovis consideration. The destructive effects of i n f i l t r a t i o n are discussed 
at length i n MTO (ILffin°s paper o 

On other routes, no faulting or defects due to pumping are as yet apparent 
at the channel-dowel joints, even i n lanes constructed directly on native, clayey 
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s o i l which have been carrying i n ezeess of 3000 trucks per day for more than s i x 
yearso Many of these Joints are Immediately adjacent to 3/4 i n . round dowel Joints 
i n adjoining older lanes which have faulted badly. 

In general t> the performance of the channel-dowel Joints from the standpoint 
of preventing faulting and diminishiiig puiq>ing has been satisfactoryo Very llkelyp 
where truck t r a f f i c i s heavy and subgrades are clayeyp there i s some slight puiqjing 
andp i n consequencep i t i s expected that eventually the pavement at the Joints w i l l 
become depressed. On the other hand, except where i n f i l t r a t i o n destroys the effec
tiveness of the dowels, no faulting i s anticipatedo 

In conqparison with the unsatisfactory performance of weaker Jointsp the bene
f i t s derived from the use of these Joints are beyond questiono Actuallyp the pavement 
i n the immediate vicinity of most channel-dowel Joints i n heavy duty pavements appears 
to be I n as good i f not better condition than elsei^ere because of more apparent de
terioration at intermediate cracks. 

I n view of thisp i t would seem that especially i n those locations where the 
cost of granular or other suitable subbase material i s prohibitive p and where suc
cessful treatment of the native s o i l i s i n doubtp the possibility of at least mini
mizing paapiag and at the same time completely preventing faulting by the utilizap-
tion of sturdy Joint structures, properly installedp i s certainly worthy of serious 
consideration. 

Drains 

Because the test road demonstrated that sturdy Joints would only retard and 
not coiqxLetely prevent puiiQ>ing xinder extremely severe conditions p longitudinal crushed 
stone drainsp constructed immediately adjacent to the pavement edgep were specified 
i n most contracts during the period 1934-1939<. The effectiveness of these drains i s 
not known due to the indeterminate Influence of the improved Joint structures and be
cause even irtiere drains were not Included puii9>ing at present appears to be no more 
pronounced than where they weroo The stone drains were ejqpensive and their use was 
abandoned i n favor of subbase material. 

Subbase 

I n view of the generally recognized benefits to be derived from the use of 
granular, subbase material with respect to minimizing or preventing pumping p reducing 
damage due to frost action, and increasing the load bearing capacity of the pavement, 
practically a l l pavements constructed since 1939 are supported on a layer of bank-
run sand, gravelp or cinders, at least 8 i n . thick. Insufficient time has elapsed to 
Justify any predictions as to the effectiveness of these materials on a long-range 
basiso But to datsp irtiere granular subbase materials have been used i n conjunction 
with channel-dowel Jointsp the pavement hps remained practically true to gradep cracks 
are few and feu: between, and there have been no indications of punqdngp even under the 
most severe conditions i^^)Osed by heavy trucking. Although the use of properly grad
ed subbase material may prevent puBq>ing there i s considerable doubt as to whether, 
I n the absence of adequate load transfer at Joints and cracks, i t w i l l also prevent 
faulting. Some of the older pavements i n New Jersey that have carried heavy truck 
t r a f f i c for years were l a i d on old macadam roads that were scarifiedp regradedp and 
rolled. Although the Joints i n these pavements lacked sturdy load-transferring mec
hanisms they have not faulted appreciably. But this type of construction isp of 
coursep exceptional. Wherep i n one locationp the pavement constructed i n 1923 was 
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l a i d on a layer of granular materials the Joints i n one area have faulted to a maxi
mum of 9/16 ino Vlhether faulting was due to pumpingp further conpaction, or progress
ive rearrangement of the underlying material i s not knowno Subbase Sample Noo 3 5 4 p i l l 
was removed from under a Joint i n this area which had faulted ^/Ih ino Another sec
tion of the same Job on a different kind of subbase has no faulted Joints» The sub-
base i n this section i s represented Sample Noo 354ollOo This pavement was l a i d 
on a regraded gravel road i thich was about one year o i l p and the subbase materials are 
presumably the original gravel surfacingp scarified» regradedp and rolled» This too 
i s an exceptional type of constructiono 

Unfortimatelyp there are no known locations i n New Jersey where a layer of 
subbase material as i t i s usually thought of was utilized i n conjunction with weak 
Joint structures on jx>ads i ^ c h have been carrying heavy truck traffico Consequentlyp 
i t cannot be stated definitely whether the use of subbase material vdthout the a s s i s t 
ance of adequate load transfer at Joints and cracks w i l l or w i l l not prevent faultingo 
Howeverp i f the performance of pavements constructed on native granular soils i s any 
criterionp the chances are that subbase alone i s very l i k e l y to prove inadequateo I n 
New Jerseyp the degree of faulting on granular soil s has been very variable0 On one 
route0 short stretches l a i d on native somewhat coarsep sandy s o i l did not fa i l t p and 
perhaps did not ^\mpo even under extremely heavy wartime hauling of sufficient i n 
tensity to cause conqplete failure i n other areas lai d on clayey s o l l o But faulting 
of more than 1/2 iuo occurred i n other sandy areas on the same routeo The best that 
can be said at this time i s that faulting haSp and has notp occurred on granular 
soilsp a l l depending upon the influence of many factorso So far as i s known, the 
presence of punqping i s not necessarily essential to the development of faulting i f 
the underlying materials are susceptible to further compaction or rearrangements 

Present Views Concerning Subgrades and the Process of Funqping 

Until very recently p no atteiqpt has been made to classify pun^ng and non-
punping types of s o i l on the basis of detailed physical and chemical analysis« The 
practices ratherp has been to Judge subgrade soils primarily i n tewas of their per
meability and susceptibility to erosiono Wherever punqping has occurred i n New 
Jersey the subgrade s o i l and the adjacent shoulders are more or less iiq)erviouso 
I n addition, the subgrade s o i l i s susceptible to erosiono 

The process appears to take place essentially as follows: Surface water i n 
f i l t r a t e s to the subgrade through leaking Jointsp and at other points affording en
trance p and collects i n whatever vacancies may exist between the bottom of the pave
ment and the subgrade surfaceo Apparently very l i t t l e water i s absorbed by the sub-
gradoo The only part of the subgrade that seems to combine with the water to any 
extent and become susceptible to pumping i s confined to a thin film on the upper sur
face of the subgrade, 1/4 iUo or possibly less i n thicknesso The thin film of 
water>saturated subgrade frequently has the consistency of thick painto I f the film 
i s scraped off, apparently stable unaffected subgrade i s e^osed. With the agita
tion of the entrapped water some of the finer particles i n the water-aaturated film 
mix with the water and are carried awayo As the particles are progressively carried 
off new surfaces of unaffected subgrade are exposed which i n turn are softened and 
carried awayo 

There appears to be l i t t l e evidence to indicate thatp i n general,pumping i s 
the result of a softening of the subgrade for any c^preciable depth or that large 
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masses of subgrade are expelled at any one time. I f a considerable depth of soft, 
water-saturated subgrade were involved failure would, i t seems, occur much more 
rapidly than has been observed. Therefore, for the time being at least, i t i s 
assumed that any s o i l that becomes practically inqpervlous when conqpacted but which, 
nevertheless, remains susceptible to erosion fdien i n contact with violently agitated 
water i s , i n a l l probability, a pun^jing type of s o i l . The suitability of subbase 
materials i s also judged i n certain respects from the same point of view. 

At the pTOsent time, numerous samples of s o i l trom parapixig and noi>'puiiq;>ing 
areas are being analyzed and i t i s admitted that the results may modify the foregoing 
views. 

Some years ago an effort was made to devise an erosion test, primarily to de-
temdne the most eroslon^resistant types of subbase, but the resiilts were erratic and 
inconclusive. However, this test did tend to substantiate the opinion that a l l sub-
grade materials that are essentially impervious are susceptible to erosion, unless 
the grains are adequately cemented together by some agent. 

Comments on Subbase 

I f the use of subbase i s indicated, the ideal type of construction might be 
thought to be slabs resting upon a layer of porous granular material which i n turn 
rests upon a more or less inpervious subgrade. Theoretically, the infil t r a t e d suz^ 
face water w i l l drain through the porous subbase to the subgrade surface and thence, 
percolating through the subbase, flow along the siu>face of the subgrade to an outlet 
of some sort. Apparently the desirable functioning of this type of construction 
would indicate that the subbase material be as "open" as possible and that the sub-
grade surface be true to grade so as to avoid the retention of water i n depressions. 
But there appear to be limitations as to how near this ideal of "open" subbase may be 
approached. 

I n 1932, for a distance of several miles on one heavy trucking route, an at-
tmpt was made to end the pumping and faulting problem once and for a l l by construct
ing the pavement on 9 i n . of 2^ i n . crushed stone. No fine materials were used i n 
oomibination with the stone to f i l l the voids. Not long after being i n service the 
pavement settled considerably i n many places. An examination disclosed that the 
crushed stone had been pressed into the clayey subgrade during wet or thawing weather 
and that the clay i n turn had worked up into the voids i n the stone. After 12 years 
of service, the pavement i s i n much poorer condition than adjacent sections l a i d on 
native, puiq)ing-type s o i l . 

Sometime later, tests were made to detendne whether or not, under conditions 
of pressure, moisture, or softening, clayey or s i l t y subgrades would work up into the 
voids of granular materials consisting of relatively small particles, such as sand 
or sand gravel mixtwes. Atteii9)ts were made to combine adjacent layers of soft clay 
and coarse building sand by the application of pressure and agitation i n the pres
ence of free water>—without success. The most severe test made was performed as 
follows: A ^ l i n d r i c a l sheet metal container 14 i n . i n diameter, 8 i n . high, was 
f i l l e d to a depth of 4 i n . with s i l t y - c l a y s o i l which had been mixed with water to 
a soft, almost sloppy, buttery consistency. Four inches of f a i r l y coarse, washed, 
idiite sand was then carefully placed on top of the clay and covered with a metal 
disk 13-3/4 i n . i n diameter to which pressure could be applied by means of a lever 
^stem. The container was then placed completely under water and kept submerged for 
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tin> neekso Daring this period a sudden load of not less than 2000 Ibso was applied 
to the disk approximately 12oOOO times» The person who operated the lever was i n 
structed to make every effort to coinbine the two materialso These efforts were un-
successfolo At the conclusion of the test a perfectly clean line of separation was 
found between the materials o There were no indications v^tsoever that the clay 
had entered the voids i n the sando I n spite of having been submerged for two weeks 
the clay was much more stable than before» The pressure had squeezed considerable 
water out of the clay and stabilized ito Similar tests with cmished stoneo and 
open gravel0 on the same consistency of clay resulted i n coiqplete combination of 
the materials under a single application of loado 

Efforts were made recently to coanbine adjacent layers of softf, sloppy„ clay
ey s o i l and sand by repeated applications of a pressure of 30^000 IbSo per sqo fto 
without suecesso 

I n view of the foregoing i t i s believed that no subbase material containing 
large voids should be used luiless particular care i s exercised to con9}letely f i l l 
the voids with sandy material even though this results i n an appreciable lowering 
i n the rate of percolationo 

I f sand or similar subbases are used i t appears pivbable that: 

lo No matter how much water i s presento i t i s unlikely that subbase and 
subgrade w i l l combine because of pressure aloneo 

2 o I f the subgrade should become soft or sloppy o from whatever cause p but 
has no la t e r a l means of escapes i t may possibly be stabilized by heavy wheel loads 
squeezing some of the water out of the subgrade into the subbaseo 

3 o Even i f there i s free water i n the lower portions of the subbase layero 
but no free water at the upper surfacep no pumping w i l l occuro 

4 o The subbase acts as a proteetive coating to the subgrade tending to 
keep i t stabilized, and preventing i t s erosion even though there may be free water 
on the surface of the subgrade« 

This probably accounts i n large measure for the success of pavements l a i d on 
a layer of sand or well-graded porous, granular materials 

Although baok-run sands and gravels are usually thought to be more or less 
peznneable numerous tests have shown that many of the bank-run materials available 
frcm. many sources i n New Jersey may be compacted into a practically impervious masso 
Usually the impemeability of these materials i s due to the presence of a very small 
percentage of clay or materials removable by elutriationo Future studies may indi
cate the desirability of processing most subbase materialso 

At present very l i t t l e i s known as to the effect of the subbase materials 
usedo I t i s very l i k e l y that their effectiveness i s susceptible to considerable va
riation, inasmuch as they vary from practically clean sand to bank-run gravel con
taining a f a i r l y h i ^ percentage of clayo Some of the bank-run gravels are capable 
of being compacted into a very firm mass and their use perhaps increases the bear
ing capacity of the pavement considerably more than sando the other handg ma
t e r i a l of that kind may be open to the objection that since i t i s l i k e l y to be im
pervious i t may permit the accumulation of free water immediately under the pavement 



94o 

and thus eventually lead to failure by erosiorio IHlth this thought i n mindf, perhaps 
the most suitable subbase material may not necessarily be that nthich results i n the 
greatest increase i n bearing capacity but rather a material that haso i n addition to 
sufficient bearing value» just enough porosity to prevent the accumulation of free 
watero The determination of the most suitable subbase materials to be used i n con
junction with the construction of concrete pavements i s regained as one of the most 
iii;>ortant subjects for future studyo 

v?ood Joint F i l l e r 

Tlhen the causes of pu]q)ing and faulting were investigated i n 1931 i t became 
apparent that the conventional bituminous f i l l e r s were unsatisfactory ̂  i n fact i t 
was concluded that because of certain fundamental characteristics bituminous f i l l e r s 
coiad not satisfactorily exclude water and foreign materialo Since then considerable 
study has been devoted to other materials and methods of sealing joints o Having as 
an objective the discovery or development of a f i l l e r that would f i l l the entire 
joint space at a l l times test? were made several years ago on various kinds of wood 
to determine the extent of recovery after eompressiono I t was found that most woods 
after being conqpressed considerably w i l l remain i n a state of con^jresslon indefinite-
lys i f kept dryo but that i f soaked i n vgater w i l l swell a great dealo The p o s s i b i l i 
ty of using precompressed wood as a joint f i l l e r became apparent and^ i n consequencep 
many tests have been madCg and are s t i l l i n progress,, to determine i t s behavior over 
a period of yearso I n additions a few joints i n service have been f i l l e d with pre
compressed woodo 

The primary purpose of these tests has been to determine how long various 
kinds of wood retain their capacity to swell„ under what conditions they might lose 
that capacitys and at iriiat rateo 

Since the efficacy of joint f i l l i n g materials must of necessity be judged on 
the basis of long-range performancep and since there appears to be no reliable way 
to accelerate tests of this kindj nor even to subject the materials i n the labora
tory to conditions comparable to actual service„ much s t i l l remains xmansweredo How
ever, information concerning the manner of testing and the behavior of the test speci
mens and installations to date may at least serve to stimulate Interest i n this ma
terialo 

General Behavior of Wood 

Itost woods r e s i s t appreciable compression at pressures less than 500 IbSo 
per aqo ino At pressures somewhat greater, but usually less than 1000 IbSe per sq«, 
Ino, depending upon the kind of wood and i t s grain structure g the elastic limit i s 
exceeded and appreciable compression occurs with l i t t l e additional pressureo For 
exanploo the general behavior of white pine i s that i t s thickness i s decreased only 
5 per cent by a pressure of 700 IbSo per sqo ino but decreased 25 per cent at IDOO 
IbSo per sqo ino and 50 per cent at 1600 Ibso per sqo ino ( A l l percentages are i n 
terms of the i n i t i a l xmcon^jressed thickness of the woodo) I f compression i s con
tinued ̂  so-called "hard-bottom" i s reached eventually at which point l i t t l e addition
a l coispression occurs even under very high loado The amount of compression that 
occurs before hard-bottom i s reached varies considerably vdth different kinds of 
woodso In generals the lower the specific gravity of the wood the more i t may be 
compressedo White Cedars for example^ reached hard-bottom after being coiig)ressed 
about 65 per cent iirtiereas Cypress may reach the same point at 50 per cent, (These 
percentages vary considerably for even the same kinds of woodp depending primarily 
upon the specific gravity and the grain directiono) Wateivsoaked wood i s some^rtiat 
easier to compress» 
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I n general0 i f dry wood i s compressed to 5 0 per cent of i t s i n i t i a l thick
ness g i n a device that prevents transverse spreading, i t w i l l recover to about 6 5 
per cent and remain practically at that thickness indefinitely ̂  i f kept dryo Humid 
atmosphere does not cause appreciable flirther recoveryo The f i r s t time i t i s soak
ed i n water i t w i l l swell to within at least 9 4 per cent of i t s i n i t i a l thickness„ 
and some woods swell to more than 1 0 0 per cento I f recompressed i n a clamp to 5 0 
per centg and kept claii9>ed at 5 0 per cent u n t i l dry, i t w i l l shrink to about A S per 
cent - that isp i t w i l l eventually become loose i n the claoqpo I f again soaked, i t 
w i l l not swell quite as much as i t did the f i r s t timeo Repetitions of clamping at 
5 0 per cent, drying while clanq)ed, followed by soaking, cause a further reduction i n 
"swelled thicknes3"o This progressive loss has been termed '*coiq)ression^shrinkage''o 
The rate of loss i s not constant, however, inasmuch as i t diminishes as the process 
i s repeated, u n t i l , at normal temperatures, a point i s reached where the "swelled 
thickness" remains more or less stable» The conditions under vblch the wood i s 
kept clamped have a marked effect upon the rate of losso Oven-dryLng causes the 
h i ^ e s t rate of loss, and the lowest rate occurs i f the wood i s kept wet at a l l 
times o Loss due to air-drying at normal tenperatures i s intermediate between oven-
drying and constant soakingo 

Most of the tests were made as described i n the foregoing, and some of the 
results are shown i n Table lo For exan;>le. Cypress Specimen I65D was compressed to 
5 0 per cent of i t s i n i t i a l thickness on September 1, 1 9 A 2 ( 3 2 2 0 Ibso per sqe ino 
pressure)o I t recovered to 6 3 o 3 per cent,and had swelled to 9 4 o 7 per cent during 
soaking for 2 4 hours» After one cycle of being c l a s ^ d at 5 0 per cent and oven-
dried i t swelled to 8 7 per cent, and after 5 cycles i t swelled to 8 1 per cento As 
w i l l be noted, i t s least "swelled to" thickness was 6 5 o 3 per cent on llay 1, 1 9 4 3 i i 

after 7 1 cycleso After Hay I p 1 9 4 3 , oven-drying was discontinued and the specimen 
was air^lriedo From then on the "swelled to" thickness increased someirtiat and ap
pears now to have become stabilized at about 7 0 per cento Diuring the 2 7 additional 
cycles between Axigust 1, 1 9 4 3 and August 1, 1 9 4 4 no further loss i n swelled thick
ness occurredo Cypress Specimen I65W (part of the same piece of lumber as 1 6 5 D ) has 
been kept under water continually and, as may be noted, i t s "swelled to" thickness 
exceeds that of Specimen I65D0 Both of these specimens, and those that are describ
ed i n the following, have lost an indefinite amount of thickness due to some pro
gressive transverse spreading i n the claspso 

The relative behavior of various kinds of wood i s indicated by Specimens 
Noo 2 7 2 , 2 7 3 , 2 7 4 i i and 2 7 5 ° A l l of these spedinens were subjected to identical 
treatmento During the f i r s t 1 2 cycles they were oven^dried at 100°F, air-dried 
thereaftero As indicated. Redwood suffered the greatest losso 

I t i s desirable to mention here that the "swelling range" of the wood i s 
considered to be the difference between the thickness shown i n the "Swelled to" 
columns and the "Recovered to" columno I t i s assumed that the wood.will be in? 
stalled at i t s "Recovered to".thickness and that consequently the greater the dif
ference between i t s "Recovered to" thickness and i t s "Swelled to" thickness the 
more l i k e l y i t w i l l be to always f i l l the joint spaceo Therefore, while the 
"Swelled to" thickness of White Pine Specimen Noo 2 7 5 i s 8 6 o 5 per cent as coiq)ared 
to 77 per cent for Cypress Specimen Noo 2 7 2 i t s actual swelling range, due to i t s 
greater "recovered thickness", i s only I 0 8 per cent greatero 

Other specimens are being tested to determine the loss i n swelling capacity 
due to being kept i n a protracted state of cosqpression such as would l i k e l y occur 
i n service during the summer when the wood may be under considerable compression 
for several monthso These specimens are Noso 172B, 173» and 174Bo They have been 
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stored i n dan;> sand continually„ clamped at one-half their i n i t i a l thickness« since 
September 19A2 except that evexy three months they are released and soaked for 24 
ho\irs» measured, reclaiq>edp and returned to storagCo As w i l l be notedp these spec
imens now swell less than any otherso Vfliether or not they w i l l eventually f a i l to 
swell at a l l i s not known. I t seems problematical as to vdiether these protracted 
con9>ression tests are indicative of what may be ej e c t e d i n service inasmuch as 
daily as well as seasonal variations i n Joint width w i l l provide some r e l i e f , and 
may tend to keep the wood "alive", so to speako vAiereas long-continued coJi9>res8ion 
at a constant dimension may cause the wood to acquire a so-called "sef'o 

Cypress Specimen 172A has been kept clanqped at one-half thickness and stored 
continually out-of-doors exposed to sun, raino freezingo and thawingo Every three 
months i t i s released and i t s swelling recordedo 

Due to restrictions imposed by the war only a few Joints i n actual service 
have been f i l l e d with preconpressed woodo These installations were made more than 
two yeeurs ago and the perfoxmance to date has been satisfactoryo During dry weather 
some shrinkage apparently occurs i n the wood near the pavement surface permitting 
the i n f i l t r a t i o n of fine material to a depth of one or two incheso Beloiv this depth, 
howeverp the wood appears to remain damp and i n a swelled condition, and has so far 
been found to completely f i l l the Joint space at a l l timeso 

Until the merits of precanQ}ressed wood are more definitely determinedp and 
xmtil the manufacturing process i s worked outp the intention i s to use unconpressedp 
clear, heartwood Qypress specially fabricated so that the grain direction of the main 
body of the wood i s v e r t i c a l i n the Joint spaceo Because this ordinary wood i s not 
expected to coiiQ)letely f i l l the Joint space i n the winter time an extra strip has 
been attached to the bottom to exclude as much surface water as possibleo As men
tioned i n Mro Giffin's paper» i t i s supposed that infiltrated material w i l l progress
ively accumulate i n whatever vacancies occur and eventually coiq>ress the wood causing 
i t to function i n time somevdiat l i k e precoiiQ)ressed woodo 

Two of the iii?)ortant merits of wood Joint f i l l e r appear to be: 

lo irnlike the conventional bituminous f i l l e r s , wood w i l l not extrude, regard
less of the extent of Joint closure or infiltrationo This applies only to wood with 
the grain direction installed vertically and only i f restraining means such as dowels 
are provided to avoid l a t e r a l extrusion at the edges of the pavemento 

2o Unlike other f i l l e r s , the wood ds e^qpected to retain sufficient swelling 
capacity and resiliency to prevent the detrimental accumulation and distribution of 
infiltrated material i n the Joint spaces which, i n many locations, has caused ruptuiv 
ing of the concreteo 

Recent liiUdening and Faulting of Cracks 

As mentioned previously, xio faulted cracks were found i n 1931, i n fact not 
un t i l very recently has the faulting of cracks been of any consequence i n New Jersey. 
Early i n 1945» however, investigations were started to determine the cause of wide 
cracks which were recently observed to be increasing i n nuinber i n a few locations i n 
New Jersey. Due to a lack of time and sufficient personnel these investigations are 
not as complete as desired and, of necessity, the causes i n certain instances are 
s t i l l not conclusive. However, the findings to date are believed to be of sufficient 
iiq)ortance to be brought to the attention of the Committee, and to merit the atten
tion of a l l others who are concerned with the design of Joints, for the following 
reasons: 
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l o Highway engineers i n general should be Informed as to the conditions 
under which these wide cracks occurred i n order that adequate provisions may be made 
to avoid their occurrence i n future worko 

2 o I n an effort to prevent the faulting of joints i n future work i t appears 
l i k e l y that many engineers may be planning to i n s t a l l larger dowels» or a greater 
number of dowels 9 without giving due recognition to the influence of certain in^wrt-
ant factors (notably the effects of rusting of the dowels or other metallic load-
transferring mechanisms) which i f ignored may soon lead to the development of s e r i 
ous defectSo 

The following i s not to be regarded as an exhaustive report on the causes of 
wide cracks butp instead» primarily as a word of caution to those whose responsibil
i t y i t may be to evaluate the merits of various types of joints and to decide upon 
v^ich shall be usedo 

Apparently most of. the cracks which have recently widened i n heavy duty 
pavements i n New Jersey occurred during early li f c p due to differential frost-heaving 
or subgrade settlement0 For some years the reinforcing steel evidently was capable 
of maintaining the cracks.at haiz^-llne widtho I n recent yearsp howeverp some of 
these cracks have widened considerably p present. width averages about 3 / 8 ino — 
maximum width 7 / 8 ino Where there i s heavy trucking the wider cracks have faulted« 
some as much as 5 / 8 ino I n practically a l l Instances where the crack width i s 1 / ^ iî <> 
or more the longitudinal reinforcing steel has brokeno 

These conditions were noted i n the f a l l of 1 9 A 4 on U o S o Route 2 2 i n the v i 
cinity of North Plainfieldo This route carries heavy truck trafflco I n this location 
9 faxilted cracks, ranging from 1/k i n , to 7 / 8 ino i n widths were found i n a stretch 
of pavement 2 0 0 0 fto longo A l l of these cracks are located within the middle third 
portldn of the slabs. No cracks of any width were found at or within less than 9 fto 
from the transverse jointso At a l l of these 9 cracks the reinforcing steel had f a i l 
ed. The pavement was constructed during the summer of 1 9 3 8 p as follows: 

Thickness: 1 0 iUo Uniformo Width of Slab: 1 0 f t o Length of Slab: 
5 3 f t o Longitudinal Reinforcement; Sixteen 3 / 8 I n . Diameter bars. Dummy or 
Contraction Joints: Nonso Subgrade: Essentially s i l t y clay — no subbasso 
Load transfer at Expansion Joints: Twelve 2 ino .channel dowels, ( 7 / 8 ino flange and 
1 / 2 ino web)o Prior to installation the dowels were given two coats of paint — 
white lead followed by red leado Immediately prior to embedment i n the concrete the 
dowels were given an additional coating of mineral olio The coatings were applied 
the entire length of the dowelo 

These particular coatings were used because comprehensive tests made i n 1 9 3 5 
indicated that the bituminous coatings previously used on 3/k ino round and 2 i n , 
channel dowels did not prevent excessive resistance to slldingo These tests indicat
ed that the iriiite leadp red leadp and o i l coatingsp i f applied i n accordance with 
the specifications, would f a c i l i t a t e free sliding of a 2 ino channel dowel ( 1 0 ino 
embedment) at considerably less than 1 0 0 0 Ibso These coatings were applied primarily 
to f a c i l i t a t e free sliding during early l i f e Inasmuch as i t was e j e c t e d that i f 
freedom of slippage had been established i n i t i a l l y the subsequent opening and closing' 
of the joints would cause a continuing decrease i n sliding resistance. I n the light 
of present knowledge, these expectations were erroneous. 
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Inasmuch as measurements of the periodic variations i n width at various 
types of experimental Joints instzdled twelve years ago i n another route indicated 
that for some unknown reason the sliding resistance of dowels might possibly i n 
crease materially i n time i t was decided to i n s t a l l a series of measuring plugs 
adjacent to a l l Joints and cracks i n this 2 0 0 0 - f t . stretch of pavement to deter
mine idiether the Joints were opening and closing nozmally, and to measure the vari
ations i n width occurring at the cracks. Measurements taken immediately before and 
after a considerable drop i n pavement temperature indicated that practically none of 
the Joints i n this location opened to any extent and that contraction of the pave
ment was accounted for principally by an appreciable opening of the cracks at which 
the reinforcing steel had failed. As a result of these measurements, and on the 
basis of an assumed subgrade resistance, i t was estimated that the sliding r e s i s t 
ance per dowel was at least 3 0 0 0 lbs. This was later confirmed by removing the 
concrete on one side of a so-called "frozen" Joint and, with a special dowel-
pulling device, ascertaining the force required to cause slippage. The sliding re
sistance of 5 dowels was determined. The average resistance was found to be ap
proximately 18 , 0 0 0 lbs. per dowel. Of these five, the dowel which offered the 
greatest resistance remained practically immovable at l̂ pOOO lbs. tlhen subjected 
to a constant pull of 2 4 , 5 0 0 lbs., i t s l i d at the rate of o 0 0 7 5 i n . i n 7 minutes. 
More or less "free" sliding occurred at 2 5 , 0 0 0 lbs. 

I t i s evident from the foregoing that, contrary to what might be supposed, 
the sliding resistance of these dowels has increased very materially within the 
past 6| years. 

Three of these dowels were entirely withdrawn from the concrete for detail
ed inspection. Considerable rusting of the dowel surfaces was found, especially 
for several inches each side of the Joint space. (See Figure 1). The remaining 
6 i n . or so i n the vicinity of the ends of the dowels was comparatively free from 
rust although some rust was found along the entix^ bottom surface of the channels 
and along the bottom surface of the top flange. The dowels were surrounded by 
vezy dense, well consolidated concrete. The indications are that moisture entered 
at the Joint faces and progressed inwardly for several inches. As the dowels were 
withdrawn, pieces of concrete at the Joint face which evidently adhered to the 
rusted portions of the dowels were broken out. 

I n so far as this particular Joint i s concerned there appears to be no 
doubt that corrosion of the dowel metal i s the pzlmary cause of the resistance to 
sliding. And there appears to be no reason to doubt that corrosion has similarly 
affected the rest of the Joints i n this and many other locations. That corrosion 
i s the primary cause of restraint appears to be substantiated by (a) appreciable 
rusting and pitting of the dowel surfaces and (b) the fact that as soon as the 
pulling had advanced to the point where the rusted portion of the dowels had been 
withdrawn from the concrete the force required to continue sliding was considerab
l y l e s s . 

So far as i s known, corrosion causes restraint to sliding, for the follow
ing reasons: 

1. When steel corrodes the volume of the products of corrosion i s several 
times the volume of the metal destroyed. 
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2 o I f corrosion occurs i n a state of confinement the products of corrosion 
exert a considerable aq)ansive effort vMch, under certain conditions, may be as much 
as 2 0 0 0 I b s . p per sq. i n . 

3 o I f corrosion occurs i n immediate association with concrete an exceptional
l y voluminous form of rust may occuro 

(The foregoing information regarding the behavior of the corrosion products 
i s according to Ulick R. Evans, M o A o » Sco Do, i n his conQ>rehensive treatise "Metallic 
Corrosion Passivity and Protection", Edward Arnold & Co,, London.) 

I t appears, therefore, that as the rust forms i t s tendency to expand iMposea 
a progressively increasing squeezing or gripping action on the dowels which gradually 
builds up sliding restraint. Apparently sliding of the dowels back and forth i n the 
concrete as normally occurs i n i t i a l l y i s insufficient to cotinteract the gripping 
tendency induced by corrosiono 

Evidently the magnitude of the restraint i s a ftmction of the area of the 
corroded surface and that for equal percentages of corrosion the larger the surface 
area of the dowel the greater the magnitude of the restraint. This i s not to imply, 
however, that corrosion i s of no consequence i n the case of small dowels. As w i l l be 
brought out later, the f i r s t wide, fatilted cracks to be observed i n New Jersey oc
curred two or three years ago on UoSo Route 1 i n pavements i n which Joints with twelve 
3 / 4 ino round dowels were installed» However, this has not as yet been definitely 
detexnined to be due to the same cause o 

I n any event, there i s no question but that any material restraint to dowel 
sliding, from whatever cause, w i l l sooner or later prove detrimental, especially to 
those pavements which carry heavy truck t r a f f i c , mainly for the following reasons: 

lo During periods vAien the pavement tenqperature i s decireasing the sliding 
resistance of the dowels induces tension i n the pavement by tending to prevent i t s 
contractiono The tension thus induced i s additive to whatever tension may be pres
ent due to other causeso 

2 e The tension induced by the sliding resistance of the doivels imposes an 
additional strain on the reinforcing steel spanning transverse cracks and thus tends 
to elongate the steel and widen the crackso 

Where cracks have recently widened i n heavy duty pavements excessive tension 
was apparently responsible for starting the process of vddening. As soon as a small 
amoimt of widening had taken place, however, the influence of heavy trucking appears 
to have accelerated the process. As mentioned previously, many of these cracks ap
parently occurred during the early l i f e of the pavement due to causes other than con-
traotiCin.. Evidently for seme years, during which time dowel restraint was perhaps 
more or less negligible, they remained at practically hair-line widtho I n later 
years, however, as dowel corrosion progressed and sliding resistance increased, the 
additional tension caused some further widening. So long as the reinforcing steel 
maintained the cracks at hair-line width i t i s probable that efficient load transfer 
was effected through aggregate interlock« ISith further widening, however, the ef
fectiveness of the interlocking action was correspondingly decreased and some inde
pendent vert i c a l movement of the abutting pavement sections at the cracks became 
possiblso When sufficient independence of movement had thus been pezvdtted the re-
forcing steel became subject to some flexing with each passage of load. As a result 
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of thousands of flexings under heavy t r a f f i c within a relatively short time the steel 
became fatigued and failed, apparently while the cracks were s t i l l quite narrow. The 
cracks probably did not exceed l/B i n . i n width at the time the steel failed. After 
the steel failed, however, the rate of widening probably increased. 

That the process of crack widening on Route 22 took place as described ap
pears to be substantiated by the following observations: 

1. No definite necking down of the fractured reinforcing steel was found. 
IShat appears to be necking down, however, has been noted at wide cracks i n some very 
light t r a f f i c pavements i n which 2 i n . channel dowels were installed; apparently, i n 
these instances, due to direct tension restilting from excessive dowel restraint. 

2. I n some of the cracks which are badly ravelled i n the vic i n i t y of the 
pavement surface, pieces of broken longitudinal reinforcing steel about 1^ i n . long 
have been found i n the broken up concrete i n the crack space. 

I t appears, therefore, that i n so far as heavy duty pavements are concerned 
there i s a c z i t i c a l crack width n^ch i f exceeded w i l l permit excessive independent 
verti c a l movement of the abutting pavement sections. I f the independence of movement 
i s excessive i n conjunction with frequent repetitions of load the reinforcing steel 
may soon f a i l due to bending fatigue vAiile the cracks aTe apparently of harmless 
width, even though the ultimate strength of the steel i n direct tension may have at 
no time been approached. The minimum amount of steel necessary to prevent cracks 
from widening i n excess of a c r i t i c a l maxi.miim under any given conditions, even with 
con^jlete absence of restraint to Joint opening, i s as yet uncertain. But inasmuch 
as the faulting of cracks appears to be by no means infrequent i n other locations 
as well as i n New Jersey the relationship of c r i t i c a l crack width to t r a f f i c i n 
tensity i s a phase of design which evidently merits further study. 

As mentioned previously, a number of wide, faulted cracks have occurred i n 
a section of U.S. Route 1. This section i s between Trenton and Penns Neck and was 
constructed i n 1932, as follows: 

Thickness: 9 i n . Uniform. Width of Slab: 10 f t . 6 i n . Length of 
Slab: Approximately 69 f t . Longitudinal Reinforcement: Sixteen 3/8 i n . Diameter 
bars. Dummy or Contraction Joints: None. Subgrade: Essentially s i l t y clay — 
no subbase.. Load Transfer at Expansion Joints: Twelve 3/4 i n . round dowels, 
20 i n . long, sliding ends coated with cut-back tar, grade U.C., or K.P., 4 i n . or 
6 i n . length cardboard sleeves with compression caps at ends. 

Wide, faulted cracks i n this pavement were f i r s t noted about two years ago 
and they have become more numerous since then. Most of the wide cracks are located 
approximately midway between Joints, but a few are within 12 to 15 f t , from the 
Joints. At the present time i t i s not possible to make any statement as to the 
cause of these wide cracks, for the following reasons: 

1. None of the dowels has as yet been removed to determine whether there 
i s any corrosion present. 

2, Practically a l l of the joints have faulted from 1/4 to 1/2 i n . and i t 
appears entirely possible that even thou^ corrosion may exist i t s effects at pres
ent may be substantially counteracted oy the faulting. With faulting there i s 
inevitably some bending of the dowels* and enlargement of the dowel holes i n the 
vicinity of the Joint space. Furthermore, at faulted Joints, independent slab 
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action under passage of load probably induces a small amount of dowel sliding, and 
the whole process of faulting involves a general loosening of the dowels. Whether 
or not there was a time prior to the faulting of the joints that the dowels, due to 
corrosion, offered appreciable restraint to sliding and thus induced the i n i t i a l 
widening of the cracks, and heavy tnick t r a f f i c then completed the process, i s not 
known. But whatever the cause, this Instance i s mentioned simply to point out that 
wide cracks have occurred i n conjunction with 3/4 i n , round dowels as well as i n 
conjunction with 2 i n . channel dowels and that corrosion might have been influential 
i n this instance as w e l l o 

I t appears desirable to add that an indication of the possibility of a pro
gressive increase i n dowel sliding resistance was found 2^ years agOo I n 1932, for 
experimental purposes, various types of joints were Installed i n series i n some 
sections of a widening lane then under construction on U o S o Route l o The dowels 
i n some of these joints are 3 i n , I-Beams (4, and i n some cases 2, per joint, av
erage length 21 in,) painted with cut-back tar. During construction Monel metal 
gauge plugs were Installed each side of a l l the joints i n the experimental sec
tions i n order that subsequent variations i n joint width might be accurately de
termined. I n 1942 i t was noted that most of the joints with four I-Beams had 
considerably decreased i n width during the preceding 10 years whereas those joints 
that had no dowels or mechanisms to restrain movement had compensated for this de
crease by opening a corresponding amount. This i s also true, but to a lesser 
degree, i n the case of some of the Joints with two I-Beams, Measurements taken i n 
December, 1932 indicate that a l l of the I-Beam joints opened more or less normally 
(slightly less than completely unrestrained Joints) during the f i r s t winter follow
ing constructiono Recent measurements indicate, however, that the maximum annual 
variation i n width of a number of these I-Beam Joints i s less than o03 i n o whereas 
the immediately adjacent unrestrained Joints have an average annual variation of 
about ,45 ino 

?ftien this was f i r s t observed i t was concluded that for some unknorm reason 
the sliding resistance had progressively increased during the preceding ten years — 
but the cause was only surmisedo However, the possibility that restraint might be 
due to corrosion of the dowels was suspected, but not investigated — i n fact no 
investigations have as yet been made to definitely determine why no slippage takes 
place at these I-Beam j o l n t s o 

Prior to recently determining that corrosion quite definitely can be the 
cause of excessive dowel restraint i t was the intention to specify 1 3/4 i n , x 1 i n o 
X 20 ino length hot-rolled steel dowels spaced 12 i n . c, to Co, i n future work and 
to f a c i l i t a t e their free sliding by greasing and encasing the sliding ends i n 
sheet -metal sleeves. However, i n the light of recent Investigations the efficacy 
of these measures i n permanently f a c i l i t a t i n g free sliding i s indeed questionable. 
Sleeves, due to some looseness of f i t , might actually permit freer access of mois
ture to the dowel surfaces than coatings. There are also serious doubts, consid
ering past e^eriences, as to whether coatings of any kind such as o i l s , greases, 
paints, bitundjious coiQ)oiuids, rust-inhibiting preparations, synthetic resin f i n 
ishes, galvanizing, cadndum plating, or any purely surface treatment can be relied 
upon to provide any more than temporary protection against corrosion. Without any 
question whatever, white lead, red lead, and o i l coatings applied'to ordinary hot-
irolled steel dowels cannot be depended upon to prevent corrosion and,eventual ex
cessive restraint. This may hold true for any paint or dip coato 
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For the foregoing reasons consideration i s being given to the possible use of 
dowels made of materials that are corrosion-resistant. At present intensive studies 
are i n progress to determine the relative corrosion-resistance of various kinds of 
metals, including several grades of stainless steel, under conditions tending to pro
mote rapid corrosion. Inasmuch as metals that are corrosion-resistant are generally 
more expensive than ordinary steel studies are being made to determine the mindmum 
dowel size, i n terms of weight of material utilized, that tests indicate w i l l meet 
requirementso Heretofore there has been some hesitancy about using structural shapes 
such as small I-Beams, mainly because of the possibility that their relatively thin 
webs or flanges might rust put completely within a few yearso I f , however, the dowel 
material i s such that i t may be relied upon to r e s i s t corrosion indefinitely the 
dowels can probably be of the most efficient shape such as to provide maximum strength, 
i n conjimction with sufficient area of bearing siurface, per poiind of metal utilizedo 
Some further decrease i n the size of section may also be possible i f the dowel ma
t e r i a l has a higher elastic limit than materials heretofore employed. 

Present 7iews on Faulting, and Future Joint Design 

I n terms of past e^erience i n New Jersey i t appears essential that some sub
stantial form of connection be provided at a l l points of interruption i n the continu
i t y of the pavement i n order to counteract the persistent tendency of heavy truck 
t r a f f i c to cause faulting. At cracks this i s presumably accomplished by the inter
locking of the irregular surfaces of fracture, or so-called aggregate interlock, pro
vided the amount of longitudinal reinforcing steel i s sufficient to maintain the 
cracks at hair-line width. At Joints various kinds of connections or means to 
counteract faulting are of course available. But, i n so far as New Jersey i s con
cerned, the en^loyment of a series of substantial dowels has proved to be the most 
direct, dependable means of accomplishing this purpose. I n view of t h i s , and not
withstanding the d i f f i c u l t i e s that have recently become apparent i n some locations 
due to dowel corrosion, i t i s the present intention to continue the utilization of 
substantial dowels. This intention i s believed to be Justified for the follov/ing 
reasons: 

1 . Three-fourths inch round dowels spaced 1 0 i n . apart have proved to be 
incapable of preventing serious Joint faulting i n pavements carrying heavy truck 
t r a f f i c . The faulting of Joints vdth 3 / 4 i n . romid dowels i s due primarily to the 
fact that these dowels are deficient i n stiffness. This deficiency i n stiffness 
permits the development of.excessive bearing pressures of the dowels on the concrete 
i n the Immediate vic i n i t y of the Joint space. These excessive pressures repeated 
hundreds of thousands and even minions of times i n the course of a few years on 
heavy trucking routes cause a progressive crushing or wearing away of the concrete 
supporting the midsection of the dowels. This action necessarily enlarges the 
dowel holes for some distance each side of the Joint space and soon renders the 
dowels nouf-effective. 

2. I n the case of dowels with greater bearing area and stiffness there i s 
a correspondingly lesser tendency for the bearing capacity of the concrete to be 
exceeded. Increased bearing area and increased stiffness each contribute to a 
lessening of the unit pressures on the concrete. Tests now i n progress have as 
one objective the determination of the most efficient dowel section and size, i n 
terms of bearing area and bending resistance, consistent with the holding capacity 
of the concrete. 

3 o The more efficiently the load-transferring device prevents independent 
verti c a l movement of the adjacent slab ends the lov/er w i l l be the magnitude of the 
forces and actions tending to cause pu^^)ing and faulting. 
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4 . Notwithstanding the recognized value of granular subbase materials, and 
procedures having as an objective the stabilization of subgrades, the construction 
of subgrades and subbases has not yet reached the degree of dependability necessary 
to guarantee the prevention of faulting at Joimts which lack substantial load-
transferring devices. Considering the numerous complex factors that tend to promote 
faulting, the magnitude of the forces involved, and the degree of s t a b i l i t y i t i s 
necessary to provide, i t appears to be uneconomical, and less dependable, to endeavor 
to counteract faulting by omitting load-transferring devices and resorting to special 
methods of subgrade stabilization alone. Instead, i n the Interests of economy and 
dependabilityp i t appears preferable to u t i l i z e substantial load-transferring devices 
i n conjunction with ordinary methods of subgrade stabilization. 

5 . Due to the absence of adequate load-transfer, should favilting occur on 
granular T u b b a s e because of greater compaction or rearrangement of the materials under 
the "receiving ends", not only w i l l the pavement suffer but mudjacking might impair 
the functioning of the subbase. 

6. During 1942, and since, several miles of pavement have been constructed 
i n which no dowels or load-transferring devices were installed at the Joints. I n ^ 
stead0 the slab ends are supported on 4 i n . thickness plain concrete s i l l s (5 f t . 
wide across practically the entire width of the slabs). Even though these s i l l 
Joints are i n service i n comparatively light t r a f f i c roads their performance to 
date has not been entirely satisfactory. There has been some cracking of the pave
ment at the edges of the sills» During the past winter differential heaving of the 
adjacent slab ends occurred at many of these Joints even though these pavements were 
l a i d On 12 i n . of apparently good quality granular subbase material. At a number of 
Joints the differential amoxmted to 1/4 i n . , the maximum obsejrved being 1/2 i n . At 
present (April, 1945) some of these raised ends have not returned to their normal 
position. Where frost heaving occurs s i l l s are apparently unsuitable. 

7 . I n New Jersey, no evidence has been found to indicate that strong dowels 
materially restrain warping, or cause warping cracks. 

Subject to minor modifications. New Jersey's heavy-duty concrete pavements to 
be constructed during the immediate post-war period are being planned essentially as 
follows: 

Pavement Thickness: 9 or 10 i n . , uniform. Slab Length: Approximately 
60 f t . Dumoy or Contraction Joints: None. Joint F i l l e r : Cypress, 1 1/8 i n . 
thick, fabricated, grain direction ve r t i c a l , sealing strip at bottom. Longitud
i n a l Reinforcement: Single or double line of 3/8 i n . diameter bars 7 1/2 i n . C, to Q., 
or equivalent i n welded mats. Longitudinal Joints: Tongue and groove, or t i e 
bars. Subbase: Sand, sand-gravel, stone-sand, or cinders — minimum thickness 
8 i n . under a l l pavements on impervious, erodlble, or frost-susceptible s o i l s . 
Load Transfer at Joints: Dowels of rectangular solid bars, or of structural shape, 
which have a bending resistance within the elastic limit of not less than 7500 inch 
pounds — 12 i n . center to center. The dowels probably w i l l consist of corrosion-
resistant materials, or the sliding ends w i l l be provided with positive means to 
prevent corrosion and to guarantee continued free slippage. 

On the basis of present knov/ledge, the dowel problem appears to be essent
i a l l y as follows: 
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lo I f the dowels are relatively small the sliding restraint due to corrosion 
may be inconsequentialo Howeverp small members not only lack sufficient strength to 
transfer heavy truck loads and counteract faulting but are also susceptible to rust
ing out completelyo 

2 o I f 0 on the other hand, the dowels are of adequate size to f u l f i l l their 
intended function the effects of corrosion with respect to materially restricting 
their freedom to slide may have serious consequenceso 

I t i s evident, therefore, that to efficiently counteract the faulting of 
joints i n pavements which v / i l l be subject to heavy trucking the ..dowels must be sub
stantially largeo But i t i s also evident, particularly i n conjunction with dowels 
that have a large surface a reap that positive means must be provided to insure free 
slippage indefinitely. To this may be added that i t i s probable that the more ef
fi c i e n t l y the Joint structure transfers load the more susceptible i t I s to being 
restrained by corrosion — due to i t s greater rigidity and resistance to a loosen
ing effect under t r a f f i c , 

War^Time Hauling 

From December 1943 to August 1944 extremely heavy war-time hauling was 
done on 21 miles of concrete pavement betv;een Perth Amboy and Colts Neck. The av
erage weight of the loaded tz^cks was approximately 60p000 I b s o Based on counts, 
the estimated average dally number of these imits passing over the pavement during 
this period was 212o No sezious damage seems to have occurred anywhere during the 
winter months. But, during a rainy, thawliag period early i n the spring of 1944o 
serious failure occurred i n several areas vrtiere the pavement was laid on s i l t y -
clay subgrade, Pximping was extremely violent i n these areas, and the slabs soon 
became cracked at very close intervals. Failure rapidly progressed to such an ex
tent that the pavement i n some locations had to be reconstructed» The destruction 
of the pavements on adverse subgrades continued u n t i l the l a t t e r part of June when, 
due to the setting i n of a long period of droughtp pumping diminished and fi n a l l y 
ceased. On the other hand, similar pavements on granular soils were affected much 
less severely, and none needed reconstruction. Faulting i n varying degrees was 
common at a l l joints with six 3 / 4 i n , round dowels except i n some comparatively 
short stretches v/here the native granular s o i l appears to be of exceptionally good 
quailtyo I n these exceptional locations, no defects of any kind are apparent. 

Samples of the soils supporting these pavements were taken at various 
places along the trucking route, and the general condition of the pavement was 
notedo Information relative to the kind of joints, year constructed, condition of 
the pavement, and the characteristics of the s o i l s i n various locations i s shown 
i n Table 2 o These locations are shown i n miles from Perth Amboyo 

I t i s desirable to point out that the pavement on Route 4 and 3 5 , and Route 
4 , has channel-dowel jointso Route 4 and 3 5 was la i d on native sandy s o i l , and 
Route 4 was laid on 8 i n o of granular subbase. As noted under "Comments", the 
pavement on Route 4 and 35 i s cracked immediately adjacent to some Joints due to 
excessive sliding resistance of the dowels, but no cracking due to t r a f f i c i s 
apparento On Route 4 , of the 225 slabs involved, only 4 have visible cracks, and 
these are at transitions from cut to f i l l o The pavement i n this 3 mile stretch of 
roadway does not appear to have been damaged in anyway by the heavy truckingo 



TABLE 3 o WU JERSEY » 1 9 A 0 BiAFFIC COUNT - INCLUDING TJEIGHTS CF TRUCKS 

Eoutej I«atlon ; Type j j ^ ™ ^ 
: t t i t r a f f i c 

t Daily 
: Truck 
: Traffic 

i Less 
; than 
i5 tons 

:5 to 
: 1 0 
(tons 

slO t o s l 5 to 
5 1 5 s 2 0 
;tons stons 

s20 to 
! 25 
: tons 

t 25 to 
s 30 • 
: tons 

; 30 to 
! 35 
: tons 

35 sSouth Amboy 
• 
• 

i Dual :7599(South-« 9 o 2 
; bcnind) t 

S 6 9 9 (South-
: bound) 

t 4 3 8 : 1 6 4 ; 6 0 : 22 i 9 : 6 

4 :Fram Route 35 
t Southerly 

I Dual 85537(South-: 7 . 2 
i i bound) s 

: 3 9 8 (South-' 
: bound) 

i 250 t 9 3 s 3 4 i 13 t 5 J 3 

4 sNoirUi of 
; Matawan 

i2 Lanest3627(South-t 7 o 2 
; .i bound) s 

: 2 6 1 (South-
: bound) 

! 1^5 : 6l ! 22 8 • I 3 : 2 

3 4 :South of 
: Matawan 

: 2 Ianes :2475(South-s 9 o 2 
; : bound) : 

; 2 2 8 (South-
i bound) 

5 1 4 3 i 5 3 5 2 0 : 7 i 3 ; 2 

2 5 :North of i 
: Camden i 

i Dual $9148(North-s 1 5 . 6 ; 
t bound) g 

! l 4 2 7 (North! 
> bound ; 

4 8 8 ' ! 4 0 4 ' ! 2 0 0 ! 2 0 8 i 1 1 6 ! i 7 ! iv 

2 5 sSouth of i 
i Bordentown 

• Dual s5667(North-
g bound) 

I 1 8 c 5 ' ; 1 0 4 8 (North! 
> bound 

259 ' : 299 ' I 163 ' t 2 0 2 • I 8 9 • I 31 ! 5 

2 5 sSouth of New i 
J Brunswick : 

Dual s 1 5 , 0 7 7 
s (Total) 

! 2 0 . 7 i • 3120 ! 
(Total) t 

9 1 7 i ! 9 7 7 . : 568 : 3 5 3 ! ! 215 i 8 4 ; 6 

25 ;North of New : 
: Brunswick : 

Dual : 1 9 , 8 4 3 : 
s (Total) 

' 2 0 o 7 ! 4 1 0 7 : 
(Total) J 

1 2 0 7 1 1 2 8 6 ! 7 4 7 : 464 : 2 8 4 i 111 ! 
J 

8 

2 5 :At Newark : 
: Airport : 

4 Laness6 2 , 1 8 4 
: (Total) ! 

. 1 6 , 0 ! 9 9 4 9 : 
(Total) J 

2 7 5 6 : 2 8 4 5 : 1751 : 1 6 7 1 ! 667 i 1 8 9 ! 70 

2 6 (North of : 
: Trenton j 

Dual : 1 2 , 4 7 7 ! 
t (Total) J 

1 2 0 , 7 J 2 5 8 2 : 
(Total) s 

7 5 9 ! 8 0 8 : 470 : 292 s 1 7 8 : 7 0 ! 5 

2 9 :Somerville ; 3 L a n e s t l l , 3 4 4 i 
: : : (Tbtal) ! 

1 7 . 6 ! 1 9 9 7 i 
(Total) : 

5 8 1 ! 6 0 7 : 2 6 8 : 3 1 8 : 1 7 7 J 42 J 4 

6 :East of : 2 lanes: 6 0 0 0 
: Hackettstown t : (Total) ; 

i 9 o 3 i 5 5 8 ! 
(Total) J 

1 5 5 ! 1 6 0 : 9 8 s 9 3 J 3 7 i 11 J 4 
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With respect to the grading and characteristics of the various soils shown 
i n the tabulation, i t i s desirable to add that most of these samples were taken i n 
cuts and that every effort was made to obtain samples truly representative of the 
s o i l supporting the pavement. However, due to the extremely variable types of s o i l 
encoimtered, and particularly to the presence of a thick undulating layer of heavy, 
black0 greasy, silty-clay s o i l which was frequently found under only parts of a 
slabp the described condition of the pavement i n some locations may appear,, and per
haps i s , inconsistent with vAiat might be Inferred from the characteristics of the 
saiq>leso 

As a matter of general information, a tabulation (lower part of Table 2) 
has been added showing the characteristics of some of the soils which have contributed 
to severe pungjing and faulting on other routes. Two of the most unsatisfactory sub-
grade soils i n New Jerseyp with respect to punqping and faulting, are represented by 
Samples No. 354,381 and 354,253. 

Traffic 

The Table 3 shows t r a f f i c counts taken i n 1940 at points on several truck
ing routes, and the various weights of the trucle. 




