
s 

JOINT HIGHWAY RESEARCH PROGRAM 
PROJECT 77-02-3 
SEALING CRACKS IN FLEXIBLE PAVEMENTS 
INTERIM REPORT II 

RESEARCH 
REPORT 

SCHOOL OF 

CIVIL ENGINEERING 

OKLAHOMA STATE UNIVERSITY 

CRACK DYNAMICS FIELD STUDY 

by 

Phillip G. Manke 

Ismail M. Basha 

Publication No. R ( S ) -19 

May, 1979 



SEALING CRACKS IN FLEXIBLE  PAV EMENTS 

INTERIM REPORT II 

CRACK DYNAMICS FIELD STUDY 

by 

Ph i l l i p G .  Manke 
Project Director 

and 

I sma i l M .  Basha  
Research Ass i s tant  

RESEARCH PROJECT 7 7 -02- 3  

Jo i nt H i ghway Researc h Program 

conducted for the 

State of Okla homa , Department of Transportat i on 

by the 

Sc hool of C iv i l Eng i neer i ng 
Office of Eng i n eer i ng Researc h 

Ok l ahoma  State Un iversity 
St il lwater , Okla homa 

May , 1979 

The op1n1ons ,  f i nd i ngs , and conc l us i on s  expressed i n  th i s publ icati on 
are those of the author s  and not neces sari l y  t hose of the Ok l ah9ma 
Departmen t  of Tran s portat i on .  

Publ icati on No. R ( S)-19 



TABL E  OF CONTENTS 

Chapter 

I .  INTRODUCTION . . . 

II . EXPERIMENTAL DESIGN . 

Horizontal Movement Study 
Vertica l  Movement Study 

III . FIELD  STUDY PROCEDURES  . 

Horizontal Movements 
Vertical  Defl ections 

IV . RESULTS AND DISCUSSION . 

Horizontal Movement 
Vertical  Movemen t . 

V .  CONCLUSIONS AND RECOMMENDATIONS 

BIB LIOGRAPHY 

APPENDIX A . 

Conc l usions . .  
Recommendations 

ii 

Page 

1 

3 

5 
6 

9 

9 
1 5  

22 

22 
42 

5 1  

5 1  
52 

. • 53 

54 



LIST O F  FIGURES 

F i gure 

1 .  Respective Locat ion of Truck Ti res and Benkelman 

Page 

Beam at  a Transve rse Crack 8 

2 .  P l  a cement of  Reference Na i 1 s . . 1 1  

3 .  Temperature Mon i tori ng  Equ i pment 1 3  

4 .  Computer Card w i th Transverse Crack Data 1 4  

5 .  Starti ng  Pos i t ion for Defl ection  Measuremen ts 1 7  

6 .  T i re Pos i t ion  for Vert ical  Movement Measurement 18  

7 .  Schematic Show i n g  Defl ection  Tes t i n g  Procedure . 1 9  

8 .  Defl ection  Measurements w i th the  Benkelman Beam 
Pos i t ioned Norma l l y  . . . . . . . . . . . . . . .  2 1  

9 .  A Scatter D iagram for Rel at ions h i p  Between Horizontal  
Movement and Pavement Sub-Surf ace Temperature . . . . 25 

1 0 .  Rel ations h i p Between Pavement Tem perature and Horizon tal  
Crack Movement ( Max . ECS= l23  ft) . . . . . . . . . . . . . 2 9  

1 1 .  Rel ationsh i p  Between Ave rage Cl imatic Temperatu res for Test 
Locat ions and Months of  the  Year ( Average for 5 Years, 
1 974- 1 979) . . . . . . . . . . . . . . . . . . . . . . 3 1  

1 2 .  

1 3 .  

1 4 .  

1 5 .  

1 6 . 

Rel ations h i p Between Hor izontal  Crack Movement and 
Average Seasona l Tem perature . . . .  

Re l ations h i p  Between Effective  Crack Spac i ng and 
Horizonta l  Crack Movement . . . . . . . 

Re lations h i p  Between Horizontal  Crack Movement at  
0° F and Average ECS . . . . . . . . . . . . 

Re l ations h i p Between Open i ng Movement and Pavement 
Tempera ture (Optimum ECS Used for Each  Un i t) 

Rel ations h i p Between C los i ng Movemen t and Pavement 
Temperature (Optimum ECS Used for Eac h  Un i t) . 

i i i  

32 

. . . . . 34 

. . . . . 37 

. . . 39 

. . . . . . . 40 



F i gure 

1 7 .  Rel ations h i p Between ECS and Horizontal  Movement a t  0°F  
for Cracks on D i fferent  Geo l ogical  Formations for 

Page 

Clos i ng Cyc l e  . . . . . . . . . . . . . . . . . . 43 

18. Re l ations h i p Between Benkelman Beam Pos i t ion Measurements 
for S i te No . 3 • . . • . • • • • • • • • • . . • . 46 

1 9 .  Re l ations h i p Between Total  Defl ect ion and Rel ative 
D ispl acement . . . . . . . . . . . . . . . . . . . . . .  48 

iv  



LIST O F  TABLES  

TABLE  Page 

I .  Tempe ratures at t he Point of Curvature for Test  Sites 2 7  

II. Average Amount  of Horizontal  Crack Movement Be low 
PC Tem perature . . . . . . . . . . . . 28 

III . Average Horizonta l  Crack Movement Per Inch of Pavement 
Length Per Degree F . . . . . . . . . . . . . . . . 35 

IV . Average Regression Line S lope (Temperature Vs . Movement ) 
for Geo l ogica l  Formation Units . . 4 1  

V .  Average Vertical  Def l ections for Site No . 3 45 

VI . Average Rel a tive Disp l acements and Total  Def l ections 
at the Study Sites . . . . . . . . . . . . . . . . .  47 

VII . Average Ratio of Rel ative Vertical  Displ acement to 
Horizontal  Crack Opening . . . . . . . . . . . . . . .  50 

v 



CHAPTER I 

INTRODUCTION 

The fi rst interim report on P roject 77-02-3 , " Sealing Cracks in 

F l exibl e Pavemen ts", was submitted to the  Ok l ahoma Departmen t of Trans por­

tation (ODOT) in February, 1977  ( 1 ) .  This report contained a review of  

literature on the materials  and methods of  instal l ation used in sealing 

fl exibl e pavemen t c racks . The resu l ts of an in-state and surrounding 

state survey to determine currentl y used sea l ing  materials  and insta l l a­

tion procedures and t he effectiveness of  t his type of  pavemen t mainten­

ance were inc l uded . The report a lso suggested a three phase research  

approach  directed to: 1 )  evaluating and/or developing l aboratory test  

procedures that cou ld  be  used to predic t the  fie l d  performance of sea l ant  

materials; 2 )  carrying out a fie l d  study of  c rack dynamics and; 3 )  con­

ducting a fie ld  test program to eva luate the effectiveness of various 

application procedures and sealing material s .  

The project received additional  fundin g  and the second phase o f  the 

proposed resea rch , the crack dynamics study , was started in  Marc h , 1 977 . 

This was a fie ld  study of transverse c rack movemen ts and behavior under 

varying  conditions of load and temperatures . The purpose of the study 

was to obtain measurements of  the rel a tive horizontal and vertica l  move­

ments of  adjacen t  pavement sections at transverse cracks in the roadway 

surface. Such data were considered necessary in order to establis h  

reasonabl e performance c riteria for sea l ants based on average Ok l ahoma 

conditions. 
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The study was l imited to transverse type crack s , since the relative 

movements of the  adjacen t pavement sections were expec ted to be greater 

than  for other types of cracks . Measurements of the widt h  of crack 

opening and t he ambient temperatures at  these sites were made at  month ly  

interva l s over a period of one  year. Vertica l defl ections at the selec­

ted cracks under an  1 8 ,000 lb (8 , 1 65 k g) axle l oad were measured at 

three month intervals during t he same period . 

The influence of certain environmenta l  factors (pavement tempera­

ture , geol ogic type of  subg rade materia l , and spacing  of adjacent cracks) 

on the relative horizonta l  and vertica l movements at  these tes t  site 

cracks was determined . 



CHAPTER I I  

EXPER IMENTAL DESIGN 

An experiment is a planned inquiry to obtain new facts or  to confirm 

or  deny the resu l ts of previous experiments ( 2 ) . The design of an experi­

ment is the compl ete sequence of  steps taken ahead to time to insure that 

the appropriate data wi l l  be obtained in a way which permits an objective 

ana l ysis leading to va lid inferences . The crack dynamics fie l d  s tudy 

was set up as a statistic al l y  designed experiment to obtain and analyze 

data on  the rel ative horizontal and vertica l  displ acements of the pave­

men t surface adjacent to fu l l  width  transverse cracks. 

As previously discussed , test sites were established on transversely 

cracked state hig hway sections in the central, north-central and north­

east areas of the state. Sel ected transverse cracks a t  each tes t  site 

were monitored for t heir horizonta l  movements with  varyin g  temperature 

and for their vertica l  disp l acements under a specified loading condition .  

The Research  and Development Division o f  the Ok l ahoma Department of 

Transportation (ODOT) asked specifical l y  that the study inc lude  cracks 

located on certain  geological formations of interes t . This a l ong  w i t h  

some l imitation on travel distance aided in t h e  search  for sui tabl e test  

site l ocations on the  state  highway system . 

Various hig hway sections exhibiting different degrees of transverse 

cracking in a number of maintenance division areas were vis i ted . Some 

of these sections were suggested by the maintenance engineers and others 

3 
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were located by research personnel  during fie l d  trips to different l oca­

tions in Ok lahoma for another research  program . Pre liminary site visits 

for these locations were made to: l ) locate the cracks and dete rmine 

thei r suitability for the intended study , and 2 )  check the geometric 

a lignment and adequacy of s houlder  parking a t  the prospective sections. 

This latter aspect  was given great consideration to assure t hat  the safety 

of resea rch  personnel  cou ld  be main tained during future fie ld  operations. 

The fina l sel ection of  suitabl e test  sites was based on the resu l ts of 

this initia l survey and the  p lanned time schedu l e .  The sel ected sites 

were situated so tha t  data cou l d  be co l l ected at severa l  sections durin g  

a sing l e trip. Eac h of these sites was identified for the respective 

Maintenance Division so that sea l ing  or  ove rl aying operations woul d  not 

be carried out at these l ocations during the  study period . 

Identification of  the  test  sites was made by attaching a 1 0 . 0  in. 

1 1.0 in . ( 2 54 mm x 279 mm ) red pain ted meta l  p late to the rig ht-of-way 

fence at  each tes t  site . These markers were l ocated a t  a measured odom­

eter distance from the nea rest intersection, bridge or  the  boundary line  

of the coun ty in whic h the  tes t  sites were located. At each tes t  site , 

a 0 . 25 mi l e  (0 . 40 km ) l ength of pavement was chosen for detai l ed c rack 

surveying and measurement of  the c rack spacing . To keep the amoun t  of 

experimenta l  work wit hin prac tica l research capabi l ities, a tota l of nine 

test  sites was fina l l y  sel ected .  The sel ected sites inc l uded five sec­

tions located on the Wel l ington-Admire geo logical  unit, two on the  Boone 

unit, and one on both the Senora and the Garber uni ts ( 3) .  Tabl e 1 in  

Appendix A shows the exact locations and t he corresponding  geo logica l 

formation unit  for these sites . 
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Hor izonta l Movement Study 

The primary object ive of t h is study was to determ i ne the amount of 

horizontal movemen t at  transverse c racks duri ng a spec i fi ed peri od of 

t ime ( one year) and rel ate t h is movement to seasonal temperature fluctu­

ati ons and Effective Crack Spac i ng (ECS) .  ECS ( 4 )  is the average of t he 

d istances between adjacent transverse cracks on e it her s ide of a crack 

be i n g  stud i ed .  I t  was considered that  t he pattern of crack movement 

for var i ous ECS1s with respect  to temperature vari a t i on m i ght l ead to a 

su i tabl e met hod for pred ict i ng horizontal crack movements . 

The study started wi th  count i ng  and measu r i n g  d istances between the 

cracks w i th i n  the c hosen l ength of pavement ( a  Rol atape , Model  200, was 

used for t hese measuremen ts) . Five cracks were sel ected at random from 

among cracks that extended ac ross the  fu l l  widt h  of pavemen t .  Two 

stee l concrete na i ls  were driven i nto the bitum i nous pavement , one on 

each  side of a sel ected crack . These na i ls  were driven flush  with the  

surface of the pavemen t to  assure no damage from traffic and/or snow 

remova l  equ i pment . A sma l l i ndentat i on was pl aced i n  the head of eac h  

na i l t o  prov ide reference poi nts for the subsequent measurement o f  the 

crack movemen ts . 

At  the t ime  of the i r  i nsta l l at i on , i n i t i a l measurement of the d is­

tance between the two na i ls  was made . This d istance was recorded a l ong 

wi th the a i r  temperature , t he pavement surface temperature and the pave­

men t temperature at a depth of 2.0 i n .  ( 5 1 mm) . 

At month ly  i ntervals  as the temperature fluctuated , the s i tes were 

v is i ted and the spaci ng of the five pa i rs of na i ls  i n  each s i te were 

measured . A i r, surface , and subsurface temperatures were determ i ned at  



of the oppos ing pavement edges at a transverse crack and compar i ng  t h i s 

w ith the max imum expec ted horizontal  movemen t .  It  was hoped t hat the 

results would substantiate that the shear stra i n  has a l im i ted effect 

on the fa ilure of sealan ts. The seasonal effect on both  the total and 

relative deflect ion was also i nves t igated .  

The method u sed for measur ing  vert ical  crack movements  was adopted 

from the prev iou sly c i ted V i rg i n i a  s tudy (8 ) .  Vertical  deflections  

7 

cau sed by a truck w ith an 1 8 , 000 l b  (8 , 1 65 kg ) rear axle load were deter­

m ined u s ing a Benkelman beam . The Research  D i v i s ion  of ODOT trai ned the 

project personnel in  the use of the Benkelman beam and prov ided the loaded 

truck for these measurements . They a l so fu rn i s hed an experi enced man 

to ass ist  w ith the beam operat ion w hen these  measurements were made i n  

the field . 

The measurements were made at  the same five cracks at  each  s i te 

u sed in  the hor izontal movement study . The Benkelman beam was  placed 

on the left s ide of t he loaded truck , w h ich  moved i n  the traffic d i rec­

t ion , to make i t  eas ier for t he driver to l ocate the rear t i re exactly  

on a pa inted mark ( Fi gure 1 ) . Hand s i gnal s from the measuri ng crew 

a s s i sted the driver in pos i t ion i ng the truck . Thi s procedure i n s u red 

that the load would be appl ied to the same area each  t ime . D i a l  read i ngs  

were taken at  three t ire pos it ions  ( F i gure 1 )  w i th  the  truck mov i ng for­

ward and , as a c heck , three more read i ngs  w i th t he truck mov i ng backward . 

Stat istical ly  the experiment can be defi ned as  a 11 s p l i t-p lot  i n  

t ime" (2) where crack deflections  represented t he experimental  un i ts . 

T he units  secured from each  crack (crack No . 1 to crack No . 5 )  were 

d iv ided accord ing to the i r  locat ion i n to e i ght  11ma i n p lots11, sections  l 

through 8. Each  main  p lot  was  s u bd iv ided i nto four subplots for t he 

w inter , spr ing , s ummer and fall measurements . 
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CHAPTE R III 

FIELD STUDY PROCEDURES 

The f iel d study port ion  of t� i s  i nvestigat ion  was divideo into two 

pa rts. The fi rst pa rt cons i sted of measur i ng  the hor izonta l movement or  

d i sp lacement at transverse cracks due to expan sion and contraction of the 

adjacent pavement sect ions . The second part of the study invo l ved deter­

minat ion of the re l at i ve ve rtica l d i sp lacements of the transve rse crack 

s ides under appl i cat ion of a heavy whee l l oad . Know l edge of the magni tude 

of these res pecti ve movements wa s considered essentia l to the study and 

eva l uat ion of crack sea lant mater ia l s .  

Horizonta l Movements 

The p lann i ng and conduct of a l l fie l d  work on the highways wa s con­

tro l  led to a cons i derab le  extent by the necessa ry precautions to insure 

the safety of the resea rch personne l . Se lection of the test  s i tes was 

based primari l y  on the ava i labi l ity of adequate sight  distance and good 

shou l de r  park i ng cond it i ons for the research vehic le . Fie l d  work was 

not conducted if there was any form of precipitation on the roadway . 

No traffic contro l was provided for the horizonta l measurements . 

The resea rch veh i c l e , a qua rter-ton p i ckup  · truck equipped with fl ashing  

caut ion l ight s , wa s parked on  the shou lde r  in  advance of a tes t  site 

locat ion to warn oncomi n g  traffi c .  Research personne l  wore high v i sibi l i ty 

9 
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the time of t he s pacin g  measurement . The amount of movement , i . e . , 

6 

opening or c l osing  of t he crack , was ca lcu l ated by comparing t he initia l 

or original spacing  measurement with subsequent ones . 

E l ements of the statistical design for t his study are: 1 )  Experi-

menta l  units, inc ludes t he geo l ogica l formation , pavement surface and 

subsurface types, the  average widt h and degree of cracking  and the  ECS 

of a given crack; 2 )  Treatment, t he factor appl ied to the experimenta l 

units or , in this case , the environmenta l temperature [Note: It is known 

t hat the air temperature and the surface and subsurface pavement tempera­

tures are c l ose ly  related ( 5) ( 6), but in t his study it was necessary to 

monitor each to determine w hich had the greatest influence on crack 

width]; 3) Response , the  amount of movement t hat takes p lace at eac h 

crack . 

A regression ana l ysis met hod was adopted for ana l yzing  the data of 

this mu ltivariate experiment, and to devel op a mathematical functiona l 

relations hip  between t he variabl es .  Some precautions or reservations 

had to be made in the inference part of t he ana l ysis to account for the  

fact that the ECS  e l ement was not c hosen at random every time the  readings 

were taken . For practica l reasons the ECS was random l y  sel ected initia l l y  

and t hen fixed during  t he remainder of the experiment . 

Vertica l Movement Study 

Based on findings of a Massachusetts study ( 7) ,  in w hic h shear strain 

in expansion joints on Portl and cement concrete ( PC) pavements was found 

to be relativel y  sma l l compared with the tensil e strain , it was specu-

lated t hat t his might a l so hold for aspha l t  pavement cracks . This study 
' 

was directed toward finding  the range of re lative vertica l disp lacement 
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safety vests and hats and one man served as a " l ookout" , observ i ng traf­

fic, whi l e  the othe r man made the necessary measurements . 

In itia l Insta l lat ion and Measu rements 

Afte r se lecting a t ransve rse l y  cracked sect ion of  pavement for study , 

measu rements of  the spac ing between fu l l  w idth cracks was made and the 

ECS(4) was ca l cu l ated for each crack . F ive cracks were random l y  se lected 

and the ir locat ion ma rked with spray pa int on the pavement . 

At the se lected cracks, stee l concrete na i ls with i ndentat ions in 

the heads were driven into the pavement on each s ide of the crack approx­

imate l y  1 0. 0  in. ( 2 54 rrrn) apart .  A 24 i n .  ( 6 1 ' 0  mm )  vern ier ca l i per 

equ ipped with po ints to fit the indentat ions in the na i l  heads was used 

to measure the d istance between na i ls ( F igure 2 ) .  The i n itia l  as we l l  as 

the subsequent month l y  measu rements were made to the nearest 0 . 00 1  i n .  

(0. 02 5 mrn ) . 

A 0.25 in . (6 .4  mm ) d iameter ho l e , 2 . 0  i n .  ( 50 . 8  mm ) deep , was 

dri l l ed nea r the edge of  the pavement at a locat ion  centra l  to the f ive 

cracks in a test s ite. A temperatu re probe or  therm istor was i nserted 

in this ho le  to obta in the subsu rface pavement temperature .  A steel 

bo lt  and cau lk ing compound were used to sea l th is ho l e  between the month l y  

temperature read ings. These read i ngs were made us i ng a remote sens i ng 

te l e-thermometer (YSI Mode l 47) with separate therm istor probes for gagi ng 

the subsurface and surface pavement temperature and the a i r temperatu re .  

Power for the te le-thermomete r un it was obta i ned from a 1 2  vo l t  battery 

through a 2 00 watt inverter . 

Month ly  Measurements 

Each test s ite was v is ited once a month over a one year period .  The 
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Figure 2. Pl acement  of Refe rence Nai ls  
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test sites were grouped acco rd i ng to the i r  l ocat ion i n to three areas .  

A l l of the s ites in a parti cu l ar area cou l d  be v is i ted , the res pecti ve 

measurements taken and the return tri p made wi th i n  one day . Thu s , on ly  

th ree trips per month were requ i red to co l l ect the necessary data from 

a l l the test s ites . 

The nai l s  at the transverse cracks and the tempera tu re probe ho le  

we re marked wi th wh i l e pa i nted r i ngs for ease i n  re l ocation . After 

reach i ng a test s ite , the truck was  parked on the shou l der wi th l ights  

fl ashi ng and the temperature mon i tor i ng equ i pment  was  set up  at  the pave­

ment edge ( F igure 3 ) .  Traffi c cones were u sed to de l i neate the work i ng 

area. The subsu rface probe was i nserted i n  the prepared ho le  and the 

su rface probe taped to the pavement  surface . The a i r temperature probe 

was p l aced on top of the te l e-thermometer un i t ,  approx imate ly  1 0 . 0  i n .  

(254 mm) above the pavement surface . The pro be temperatures were a l lowed 

to stab i l ize and the read i ngs were recorded . 

The d istance between the na i ls at  each of  the fi ve cracks  were then 

measured wi th the cal i pers .  Two separate measurements were m ade at each 

crack to reduce the chance of erro r  i n  read i ng and reco rd i ng the va l ues . 

Fo l lowi ng these measu rements , the various  tem peratu res were aga i n  read 

and recorded to check for var i at ions .  

The data  co l lected from each s i te v i s i t  was punched on computer cards  

us ing the Statist i cal Ana lys is Sys tem ( SAS) code (9) . A card s i m i l ar to 

that shown i n  F igure 4 was made for each transverse crack wi th the s pac i ng 

and tempe rature measuremen ts and other perti nent  i nformation punched i n  

the card. 

In it i a l exam i nat ion of  the data obta i ned after the fi rst few months  

ind i cated a need for more informat ion  on the affect of  crack s paci ng .  

Thus , test s ite No . 9 wi th a total  of 46 cracks  was added to the study . 
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F i gure 3. Temperature Mon itor i ng Equ i pment 
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Lost Na i l s  

A major prob lem duri ng the one year observat i on per i od was the l oss 

of  some of  the na i l s  or  gage po i nts at the cracks . A lthough the na i l s 

were dr iven fl ush with the pavement su rface , snow removal  equ i pment a lso  

removed a few of these nai l s .  The na i ls  at one test s ite l ocat i on were 

covered with an aspha lt overl ay .  As soon as the l osses were d iscovered , 

the na i l s  were rep laced and new i n it i a l measurements made but a l l prev ious 

data at these locat ions were i nva l idated . 

Vert i ca l  Defl ect i ons 

The vert i ca l  defl ect ion measurement procedure requ i red more e l aborate 

safety precaut ions . One l ane of the h ighway was kept open to traffi c 

wh i l e the other was b locked for the measuri ng operat i ons . At s ites with 

h igh traf f i c  vo l umes , appropri ate wa rn i ng s igns were p l aced at l east 880 

yd (805 m) in advance of the work area . The warn i ng s igns were fol l owed 

by d i rect iona l markers (traffi c cones ) and fl agmen . The advanced warn i ng 

s igns were not requ i red at test s ites with l ow traffi c vol umes . After 

comp l eting the defl ect i on measu rements in one l ane , the d irect iona l  

ma rkers were switched to permit work in  the other l ane . Al l t raffi c con­

trol was hand led by ODOT personnel  from the Research and Devel opment 

D iv is ion and/or the respect ive Ma i ntenance D i v is i on i n  wh ich a test s ite 

was located . 

S ite V is it Schedu l e  

Due to the d i ff i cu lty i n  arrang i ng cooperat i ve f i e l d  work as requ i red 
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for the vertica l de flection measurements , a d i fferent schedu le  was adopted 

for these tests. Instead of the month l y  s chedu l e used for the horizon ta l  

disp lacement measurements , the verti ca l  defl ect i ons at  the res pecti ve 

test sites were measured on ly  fou r  t imes�duri ng the wi nter , s pr i ng , 

summer and fa l l  seasons of the year .  These measur i ng operati ons  were 

scheduled in advance with the Research and Deve l opment D i v i s i on .  Tabl e 

II in  Appendix A shows a copy of the tentat i ve schedu l e  that was sent to 

the ODOT . Measurements at the e ight s ites  du r i ng a part i cu lar  sea son 

were made within a one week per i od .  Th i s  was an attempt  to obta i n  the 

data under approximate ly  the same env i ronmenta l  cond i t i ons  at  a l l the 

test sites. 

Deflection Measurements 

Having b locked the test l ane to a l l veh icu lar  traffic , the Benkelman 

beam was p l aced near the center l i ne of the road wi th the beam po i nt on 

top of one of the nai l s used for the horizon ta l  d i sp lacement study 

( Figu re 5) . A dump truck l oaded to 1 8 , 000 l b  (8 , 165 kg ) on i ts rear  

ax le  was positioned with its left rea r dua l  t i re about  3 . 0  i n .  ( 76 mm ) 
from the beam point ( Figu re 6 ) . The d i a l  i nd i cator on the beam was set  

to zero, as the in itia l beam read i ng ( po i nt l in  F igure 7a ) . The fi rst 

set of measu rements wa s taken with the truck mov i ng i n  the traffi c d i rec­

tion. As the t ruck was d riven s l owly  across  the crack , read i ngs were 

taken as it reached points 2 and 3 .  After the read i ng wi th the truck 

tire at point 3 was recorded, the dia l i nd i cator was aga i n  set  to zero 

and a second set of readings were taken wi th the truck mov i ng backward 

to check the initia l set of read i ngs ( Figu re 7 b ) . 

The "B" and " D" read i ngs  i nd i cate the tota l  amount of defl ecti on of 
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F igure 5 .  Start i ng Pos it i on For Deflect i on 
Measu rements 
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F igure 6 .  Tire Posit ion  for Vertica l Movement 
Measurement 
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the pavement on one s ide of the crack under the loaded truck . The d i a l 

read i ng with the truck t ire at po i nt 2 is  a measure of the amount of 

rel at i ve defl ect ion between the crack s ides as the l oad moves from one 

s ide of the crack to the other . The re l at i ve defl ect ion was obt a i ned 

us i ng an express ion that averages three d i fferent measurements . From F igure 

7, the total and rel at i ve def l ect ions can  be  expressed as: 

Tota l  Defl ect ion , (T) = B;D 

Rel at i ve Defl ect ion , (R) = l/4[(
8;D 

- C)+(D-C)+2A] 

Defl ect ion measurements were made at each of the f i ve cracks at a 

test s ite . Temperature read i ngs were a lso observed at the t ime of  the 

defl ect ion measurements i n  order to compare them with average tem perat ures 

from c l imat i c  records for a part i cu l ar season of the year . 

Defl ect ion measurements with a Benkelman  beam are normal l y  m ade with 

the beam pos it ioned between the dual  t ires of a loaded truck ( Figure 8) . 

To faci l it ate measurements duri ng backward mot ion of the truck , the beam 

was p l aced to the s ide of the dual  t ires rather than i n  the usua l  pos it ion . 

A prel im i nary study at test s ite No . 3 i nd i cated a neg l ig i bl e  d i fference 

i n  read i ngs with the beam pl aced between the dual  t i res and those with 

the beam p l aced to the s ide of the t ires .  Th is l atter techn ique s imp l i ­

fi ed the measurement procedure and requ ired considerabl y l ess t ime  to 

obta i n  the data. 



F igure 8 .  Defl ect ion Measu rements wi th the Benkelman 
Beam Pos i t ioned Normal l y  

2 1 



CHAPTER IV 

RESULTS AND DISCUSSION 

Horizonta l Movement 

The measuremen ts of horizontal movement at transverse cracks were 

used as input data for a s tatistical regres sion ana l ysis . The Statistical 

Anal ys is Systems (SAS) computer program (9 ) was used to devel op several 

mathemati cal funct i onal  rel ationships between the horizontal movement 

and the influenc i ng var i abl es .  The fol l owing model form was u sed to 

study the general  effect of the temperature and ECS factors on crack 

movemen t :  

where 

2 
Y = f ( T ,  ECS , ECS ) . 

-3 Y = crack movement , in . XlO . 

T = temperatu re , f. 

ECS = Effective Crack  Spacing, ft. 

Also , several  models of the form: 

Y = f (T ,ECS , ECS2 , GFU) 

where GFU = geol ogical formation unit . 

were devel oped to anal yze the effect of the geological formation underlying 

a cracked secti on of the pavement . 

The SAS program was a l so used to conduct tests for evidence of rea l  

di fferen ces i n  the observed val ues . The res u l ts  of these tests  indicated 

the observed significance l evel and acceptance or rejection of the nul l ­

hypothes is (no-d i fference) was based on a reasonabl e significance level 

22 



val ue of 0.05 . Because measurements were taken from the same cracks 

during the study and not from random ly  sel ected cracks each time, it 
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was sus pected that the magnitude of the experimental error woul d  be 

reduced . Smal l er experimental errors give smal l er observed significance 

l evel s and a tendency to reject the nu l l -hypothesis . This usua l l y  becomes 

critical when the observed significance l evel is c l ose to the rejection 

l eve l . Fortunatel y ,  the observed significance l evel s in this s tudy were 

either very high or very l ow ,  and this probl em was not encountered. The 

resu l ts of this anal ysis and the correl ation s tudies with the three 

affecting factors (temperature , effective crack  s pacing and geol ogica l  

formation unit ) are discus sed bel ow .  

Temperature 

Based on a pre l iminary study of the rel ations hip between the crack 

movement and the recorded temperatures , the anal ysis of the temperature 

affect was made u sing onl y  the subsurface pavement temperature . This 

study indicated that correl ation with subsurface temperature was higher 

than with either air temperature or the pavement s urface temperature .  

This had been expected because temperature measurements for both air 

and pavement s urface were infl uenced by ambient conditions not considered , 

i. e . , wind vel ocity and sol ar radiation . Also, there is an inherent l ac k  

of rel iabil ity in measured surface temperatures due to factors discus sed 

by Straub ( 6 ) . 

Point of Curvature: Ins pection of the scatter diagrams for sub­

s urface temperature vers u s  movement suggested ·the possibil ity of a s kewed 

rel ations hip for the data obtained during the warming cyc l e  of a given 
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pavement section (Figu re 9). The heating l ine appears to have an infl ec­

tion point at some particu l ar temperature. This phenomenon was reported 

by Littl efie l d  ( 1 0) in his investigation of the thermal expansion behavior 

of aspha l t  concrete material s .  He a l so found that differences in grade 

and sou rce of aspha l t  cement yiel ded different temperatures for the 

beginning of the curved portion of the p l ot which he cal l ed the point 

of curvatu re ( PC) . 

It is thought that the fol l owing factors , either separate l y  or 

j ointly , are responsib l e  for this phenomenon . 1 )  Because asphal t is a 

viscoelastic materia l ,  it has the characteristics  of a sol id at l ow 

temperatures . At high temperature it responds as  a viscous l iquid and , 

since asphal t  concrete is a mixtu re of asphalt cement and graded aggre­

gate , the transition point between these two states in the mixtu re is 

not s harp. At l ow temperatures , the l ength of a s amp l e  varies l inearly 

with temperature . At high temperature , the aspha l t  acts as  a l iquid 

and does not transmit the expansion forces but rather tends to fl ow 

from points of high pressure towards l ower pressure areas . In doing so , 

it extrudes l ateral l y  and the l ongitudina l  expansion of a samp l e  is 

greatly  reduced . Thus , the expansion in the l ongitudinal direction 

wou l d  be primaril y due to expansion of the aggregate in the s amp l e .  Even 

though the absol ute vol ume does increase with temperatu re , at high temper­

ature it i s  accompanied by a different rate of change in l ength . 2) Par­

ticul ate material s ( sand , spawl from crack sides, etc . )  partial l y fil l 

the opened crack and then provide compressiona l  resistance when the adja­

cent pavement sections expand and the crack begins to c l ose. This 

reduces the rate of change of crack width during a warming cyc l e .  

The PC points were determined for each site u sing a computer 
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program to so l ve equat ions deri ved by Hol bert and Broeme l i ng ( 1 1 ) . Resu lts  

were obtained i n  the form of  a probab i l ity a ssoc iated w ith each of  the 

measu red temperat ures correspond i ng to the PC i n  a g i ven test s ite . The 

average PC tem peratures  are g i ven i n  Tabl e I ,  wh i ch l ists the poi nts w ith 

the highest probabi l i ty .  Tabl e III i n  Append i x  A shows a su111T1ary o f  the 

computer resu l ts . 

The average amount of crack movement that takes p l ace between 0 F 

(- 1 7 . 8 C) and the PC temperatu res are shown i n  Tabl e II . Approx i mate l y  

80 percent o f  the tota l  movement at a crack occurs between these two 

temperatures . Th is  percen tage of movement i s  very c l ose to what L i tt l e-

fi e ld  found i n  h is study ( 1 0) .  Th is  strong l y  i mpl i e s  that the tempera��re 

of the PC i s  c lose ly  re lated to the propert i es of the asphalt concrete 

materia l . 

On l y  measu rements as soc i ated with subsurface temperatures colder 

than at  the PC of  each s i te were used to fit the regres s i on model s for 

the study . Measu rements at temperatures h igher  than at the PC were not 

incl uded, because  the movement behav i or of the cracks were compl etel y 

different i n  these two reg i ons . 

Temperature Effect: Temperature had a very s ign i fi cant affect on 

crack movement . The regres s i on l i nes , coeffi c i ent of detenn i nat i on (R
2) 

and o bserved s ign i fi cance l evel  (a) for the temperature affect are 

i l l ustrated i n  F igure 1 0 .  Ext rapo l at i ng the regre s s i on l i nes t o  0 F 

(- 1 7 . 8  C) , based on Okl ahoma c l i mat i c  data , the average amount of open i ng 

i s  about 0 . 25  i n .  ( 6  mm) . 

It  i s  i nteres t i ng to note that measurements taken duri ng the cool i ng 

period ( Septem ber  through January) were sma l l er than the ones taken at 



Site No . 

3 

4 

5 

6 

7 

8 

9 

Average 

TABLE I 

TEMPERATURES AT THE POINT OF 
CURVATURE FOR TEST SITES 

Temperature at Point of 
Curvature , °F 

63 

88 

88 

74 

75  

78 

67 

79 

77  
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S i te No. 

l 

3 

4 

5 

6 

7 

8 

9 

TABLE II 

AVERAGE AMOUNT OF HOR IZONTAL CRACK 
MOVEMENT B ELOW PC TEMPERATURE 

Crack* Crack % 
Movement Movement Of Movement 

at  0° F at  PC Be low 
i n . x1 0-3 in . ·X l o-3 PC Tem p .  

1 43 28 80 

1 05 1 6  85  

367 0 1 00 

235 49 79  

22 1  8 96 

266 2 3  9 1  

1 42 0 1 00 

1 98 129  35  
� 

*Estima tes based on  Mathematica l  Model 

28 

Average 
% 

8 3  
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comparabl e temperatures  during the heating period ( J anuary through August) .  

This is i l l u strated i n  Figure 9 .  The existence of two l ines was high l y 

significant (a=0.0001). Al so the l ines were significantly  not paral l e l 

to each other (a=0.03). T hese res u l ts indicate that the opening 

"potential"  is greater than the c l osing "potential" . That is, a crack 

wi l l  not c l ose  to its original  widt h  of opening. A permanent increment 

in crack width wil l  remain after each  yearly cooling and heating  cycl e. 

The avera ge amount of the permanen t opening during a one year cyc l e  was  

found to be  about 0.03 in. (0.8 mm ) . 

This concept of a permanent inc rement of crack width  hel ps to exp l ain  

why cracks that  usua l l y  s tart as  uns een hai rl ine c rack s devel op with  tr: 

years into rel ative ly  wide ones . Littl efield (10) reasoned that this 

was the res u l t of den sification in the aspha l t conc rete material  due to 

the coo ling and heating cyc l es. 

Cl imatic Data : Recorded temperature i'nformation ( 1 2) from s tations 

located close to the test sites were averaged for a five year  period to 

correl ate the model  temperatures wit h  res pective months  of the year . 

Figure 11 s hows that temperature changes uniformly  from its highest in 

J u ly  to its lowest  in January .  This  fig ure a l so indicates that minimum 

air temperatures experienced during J anuary and Februa ry may be maintained 

long enough for the pavement  to cool to 0 F ( - 1 7 .8 C) . 

Figure 1 2  s hows the resu l ts of appl ying the average month ly  temper­

ature da ta to the genera l movemen t  model . Since the u sual  time for 

appl ying crack seal ants is in the fal l , t hi s  p l ot indicates  that the 

appl ied sea l ants are s u bjected to a l most equa l  amounts of extension and 

compression . T his impo rtant fact was not taken into consideration in  

any of the cited l aboratory bond ductility testing procedures  ( 1 ) .  



l I . 

Ill Q: 0 C1'l �a 
IL I- IL 
0 x 0 

C)<I: z" 

"' 
N 
,..., 
VI 

100 

90 

u..: 80 
(/) w 70 w 
a:: 
G3 60 0 

w 50 
a:: 
::> 
� 40 
a:: 
� 30 
� � 20 

10 

5.6 0.98 

0 0 

0 
0.6 

0 0 
1.3 7.1 

I . 

0 0.1 0.1 

3.1 0.2 0.1 

.---, I 

1' ! HIGHEST 

. ,, : ...+--�-
" I , 

' ""' I / 
''-.._t"/, 

2.2 

0 

II. I 

0 

26 .7 22.9 

0 0 

-� 

.......... 
.. , 

..J- -
/' 

I " 
' / I /I . ,. I 

I , 
I 

_/ 

I ,/f I MIN. 1/ i 1 ' 
/1 / I 

LOWEST 

--- MAX.SMIN. 
................. AVERAGE 

- -- EXTREME 

MONTHS 
I 
I 

O 
SEPT OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG 

Ill a: N 0 � :i rt') 
0 Lo.I IL VI 
IL I- • 0 . 0 0 . z  o- VI z :i 

Figure 1 1. 

1.4 9.7 22. 2 25.6 18. 6  10.3 1.5 0 0 0 0 

0 0 0 0.7 0. 2 0 0 0 0 0 0 

Relationship B etween Average C limatic Temper�tures for Tes t  
Locations  and Months  o f  the Year (Aver age for 5 Years, 
1 974-1 979) 

I . 

w 



I 

ro 
I 
0 
x 
z. .._; 

LL � 

....... !"() 
2 N w -:E 
w II 

> Cf) 
0 u 
:E w 
� w 
u C> 
<[ <[ 
a:: a: 
u � 
..J <[ 
<[ . 
....... � z :E 
o-
N -

a: 0 
I 

I. 

250 

/y, ...... . 

� 200 ...... ...... 
z I() 1;; UJ G' 
� 0 (P.C UJ > 

150 � 
� u <( a: u ...... 

100 .J en �I � PERMANENT OPENING ;:! 0 
� � 50 x 10-31 

C> z 50 .J <( w 
(I) 

0 
100 75 50 25 0 25 50 75 100 

AUG FAL L  JAN JUL 

MONTHS OF THE YEAR A N D  CORRESPO N DING AV E RAGE TEMPERATUR E , ° F 

Figure 1 2. Relationship Between Horizontal Crack Movement and 
Average-Seasonal Temperature 

w 
N 



33  

E ffective Crack Spac i ng (ECS) 

As can be seen in Figure 1 3 ,  the amount of crack movement increases  

w i th increasing  va l ues of ECS  (a=0.000 1 ) ,  til l  it  reac he s  a peak between 

100 and 1 25 ft  ( 3 1  and 38 m) and then the movement decreases . The 

ECS2 term in  the model  was hig h l y  significant with an observed signifi­

cance l evel equa l  to 0 . 0001 . 

S i nce the road surface is more or l es s  bonded to the under l ying  

base  course , these resu l ts indicate that  the freedom of movemen t of the  

aspha l t  concrete s urface is  reduced by frictional  forces . These fric­

tional forces wi l l  increase as  the l ength of paved s urface increases 

unti l horizon ta l  movemen t is stopped . The average amount of movement 

per i nch of s urface l en gth per degree F was  ca lcu l ated for each test 

si te and these val ues are presen ted in Tab l e I I I. Comparabl e figures 

of the coefficient of  therma l expansion for bond free asphal t concre te 

surfacing ( 1 0 ) ,  were about three times higher t han the tabu l ar val ues . 

The difference is  due to the devel oped frictional  forces , which depend 

on the bond between s urface and base as wel l as  t he stabi l ity of the base 

course . 

The resistance to expansion movement wi l l  produce compression 

stresses and the resistance to s hrinkage movement wil l  produce tensi l e 

stresses in the s urfacing  material . I n  cold  weat her if  the effective 

crack spacing is l arge , these s tresses  wil l  be great enough to cause 

another crack at  approximate ly  the midpoint between adjacent cracks. 

This  new crack wi l l  reduce the ECS and the tensil e stresses . However , 

if  the reduced stresses  are stil l greater than the tensi l e  strength of 

the asphal t concrete surfacing , additional midpoint cracks wil l  deve l op .  
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Site 
No . 

l 

3 

4 

5 

6 

7 

8 I 9 

TABLE I II 

AVERAGE HORIZONTAL CRACK MOVEMENT PER INCH 
OF PAVEMENT LENGTH PER DEGREE FARENHEIT 

Average Movement at Average 
ECS, 0°F , Movement/°F•in . ,  

ft . in.x 1 0-3 in .x1 0-6 

35  . 1 43 5 .206 

40 1 05 2 . 270 

1 05 367 2 . 496 

63 235  3 . 020 

55  22 1 3 . 889 

8 1  266 2 . 295 

25 1 42 1 2 . 470 

40 1 98 2 .204 

3 5  
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Res ul ts of  a corre l ati on study to i nvesti gate the general trend of  

the crac k movement wi th test s i te average ECS val ues from Tabl e III i n ­

d i cated a cdeff i c i ent o f  determi nati on (R2) equal to 0 .89  ( Figure 1 4 ) . 

Th i s i s  a v ry strong rel at ions h i p .  The amount of crack movement at 0 F 

was found to i ncrease as the pavement secti on average ECS i ncreased . 

Th i s res u l t  emphas i zes the previ ous d i s cu s s i on about the add i t i onal 

crack devel opment mechan i sm to reduce movement stres ses . 

I 
Geo l ogi cal Format i on Un i t  (GFU) 

The va1i ation between the study secti ons or test s i tes was h i gh l y  

s i gn i f i cant ( &<0 . 000 1 ) .  Th i s  var i at ion i s  thought to be due to d i fferences 

i n  one or more of the fol l owi ng : 1 )  l ocati on or c l i mati c  affect , 2) 

i n i ti a l  craJ wi dths , 3 )  surface and base type and thi c knes s , 4 )  con ­

struct i on anld mai ntenance h i story , and 5) geol ogi cal formati on s  under-

lyi ng the crjcked secti on s .  The i nf l uen ce of on ly  the l atter of these 

factors was i nvesti gated i n  th i s  study .  

S ite No . 3 and four other test s i tes were l ocated o n  the Wel l i ngton 

geol og i cal formati on .  The aspha l t  s urface at th i s  s i te was an overl ay 

on an ol d se t ion of Port l and cement concrete pavement .  The analys i s  of 

vari ance showed that thi s secti on d i ffered s i gn i fi cantl y from other s i tes 

on the We l l i  gton formati on and al so from a l l other s i tes on fl ex i bl e  

bases (&<0 . 0001 ) .  The res u l ts o f  th i s  anal ys i s  i nd i cate that s i te No . 3 

s hou l d  not b grouped w ith the other Wel l i ngton s i tes but given a c l as s i ­

fi cat ion of f ts own w ith no regard to geol ogi cal fonnat i on . 

Geol ogi a l  formati on u n i t  terms were i ntroduced i n  the model to 

study the ir  effect on the behavi or of the cracks . Each GFU was g i ven a 

separate des i gnation term . Test s i te No . 3 on the Wel l i ngton formation  
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was as s i gne a des i gnat ion  term of i ts own . The observed s i gn i fi cance 

l evel for th i s group i n g  was <0 . 0001 . 
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The di ferences between the model descri b i ng var iat ions among study 

secti ons and the one for geol og i ca l  formati on uni ts were s i gn i f i cant 

(a<0 . 005) . Th i s resu l t  i nd i cates t hat a great porti on of the var i a t i on 

among the sect ions  was unexpl a i ned by the GFU ' s  effect . Determi nati on 

of the exact amount of var i a t i on expl a i ned by the GFU i s  not poss i bl e  

from the study data . However , such  a determ i nati on cou l d  be made through 

a compari soh of the anal ys i s  of vari ance of several model s .  The resu l ts 

s �owed that add i ng the test  s i te terms to the model had i ncreased i ts 

capabi l i ty to descri be the data by about 34 percent above the general 

model . Add , ng the geo l og i ca l  format i on grou p terms i ncreased i t  onl y 

28 percen t above the general model capabi l i ty .  

The i nterac t ion between temperature and GFU was h i g h l y  s i gni fi can t 

(a = 0 . 0001 , i nd i cat i n g  that temperature has a d i fferent effect on the 

behav i or of cracks l ocated on d i fferent geol ogi cal formation u n i ts . The 

regres s i on l i nes , coeffi c i ents of determ i nat i on and correspond i n g ob­

served s i gn " f i cance l evel s (a) are i l l ustrated in Fi gures 1 5  and 1 6  for 

open i ng and c l os i n g  cyc l es respecti vel y .  

Average val ues for the s l opes of these regres s i on l i nes are s hown 

i n  Tabl e  IV . These val ues are a measure of the temperature effect on 

crack movemen t ,  i . e . , the greater the s l ope , the greater the amount of 

crack movement and , thu s , greater stresses appl i ed to a sea l ant mater i al . 

Study s i te No . 4, l ocated on the Garber formati on ,  had the greatest 

s l ope val ue and was fol l owed by the s i tes on the Wel l i ngton , Senora and 

Boone form t i ons  res pecti ve l y .  The regres s i on l i ne s l ope for the con -

crete overl ay study s i te was on the average about three times sm� l l er 
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TABLE IV 

AVERAGE REGRESSION LINE SLOPE ( TEMPERATURE VS 
MOVEMENT ) FOR GEOLOGICAL FORMATION UNITS 

Regres sion Line 
Sl oge, 

i n  . •  x 10- 3/° F 

3 . 32 

1 .  87  

1 .  67 

1 .  22  

0 . 7 

Corres ponding 
GFU 

Garber 

Wel l ington 

Senora 

Boone 

Con . Overl ay 

4 1 
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than the rest . Since the average thermal coefficient of expans i on between 

0 F and 80 F ( � 1 7 . 8  C and 26. 7 C ) for bituminous concrete is about four 

times than that of portl and cement concrete (7) , this resu l t  substantiates 

that an underl ying concrete pavement has a different and predominant 

effect on crack movement . 

The anal ys i s  of variance indicated a high significance l evel for 

the interaction between ECS and geol ogical  formation unit (a = 0 . 005 ) . 

Figure 1 7  shows the ECS effect for s i tes l ocated on different geol ogical  

formati on s .  The ODOT Research Divi sion reported cracking probl ems with 

pavements l ocated on the Boone Chert formation . Figure 1 7  s hows that on 

this formatipn , reducing the ECS by the devel opment of additional  trans -

verse cracks greatl y  reduces the amount of pavement expansion and con­

traction . Su bgrade conditions appear to intensify the horizonta l move­

ments of the pavemen t  and when transverse cracks devel op they mu l tiply 

more rapid ly  than on the other geol ogical formations . 

Vertical Movement 

Effect  of Beam Position on Measurements 

I n  this study a Ben kel man beam was u sed to measure the vertica l  

movement o f  the crack sides . The beam probe was pl aced to the side of 

the truck ' s  dual ti res rather than in the u s ual  between the tires position . 

A factorial experiment was des i gned to determine what difference this 

pl acement of the beam probe had on both the rel ative d i sp l acement and 

the total defl ection of the cracks . 

Comparabl e measurements were made at site No . 3 during the four 

season period of the study . The average verti cal  movement va l ue� are 
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g i ven i n  Tabl e V .  The ana l ys i s  o f  vari ance d i d  not s how evi dence of 
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s i gn ificant di fference between the two measu r i ng methods in the case of 

rel ative di s p l acement (;<O . 1 03 ) . However , a strong evi dence of d i fference 

was found i �  the case of total crack defl ecti on ( a = 0 . 0001 ) .  Resu l ts of 

the corre l at ion analys i s  are s hown i n  Figure 1 8 .  These resu l ts i nd i cate 

that the method of beam pl acement had l i ttl e or no effect on measurements I 
taken to determ i ne the re l ative displ acement of the crack s i des . 

Re l ative Di spl acement and Total Defl ect i on 

Defl ect ion measu rement data were anal yzed by the Analys i s  of Vari ance 

Proced ure ( ANOV . PROC . )  SAS computer program . Anal yses were made for bo th 

re l ative and total defl ect ions . The anal ys i s  of vari ance showed that 

the s easons has a s i gn i fi cant effect on both defl ect i on val ues  (a=0 . 0001 ) .  

Al though the i nteracti on between seasons of the year and study s i tes were 

s ignifi cant (a= 0 . 0001 ) ,  in general , the h i g hest defl ect i on val ues were 

observed during  the wi nter- spri ng  per iod . Average val ues for rel ative 

and total defl ecti ons are g iven i n  Tabl e V I . 

A corre l at i on study was made to i nvestigate the rel ation sh i p  between 

the re l ative d i sp l acement and the total defl ecti on . Data was fed i nto a 

Hewl ett- Pac�ard Cal cu l ator Pl otter (Model 9862A ) to determine the appro­

priate fitted curve and the coeffi c i ent  of determination ( R2 ) was then 

compu ted by the SAS computer program . As can be seen i n  Figure 1 9 ,  a 

strong rel ation s h i p exi sts between the rel at ive d i s p l acement and total 

defl ect ion with an observed s i gn ificance l evel a<0 . 0001 . 

Re l ative verti cal d i s p l acement  of oppos i ng crack edges i s  a measure 

of the s hearin g  strai n to wh i ch a seal ant wou l d  be s ubjected . A prev i ous  

i nvesti gatior ( 7) ind i cated that the effect of verti cal  movemen ts on 
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TABLE V 

AVERAGE VERTICAL DEFLECTIONS 
FOR SITE NO . 3 

SEASONS 

Wi nter Spr i ng Summer 

1 7 . 364 2 . 076 0 . 526 

1 8 . 852 1 . 008 0 . 302 

25 . 2 50 1 4 . 000 1 1 . 600 

3 1 . l 00 1 8 . 450 1 5 . 900 

I 
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Fal l 

1 0 .  036 

1 3 . 890 

20 . 650 

2 6 . 250 

! 
! 
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Season S i te 
No . 

1 
3 
4 

W i nter 5 
6 
7 
8 

1 
3 
4 

Spri n g  5 
6 
7 
8 

1 
3 
4 

Summer 5 
6 
7 
8 

l 
3 
4 

Fal l 5 
6 
7 
8 

TABLE VI 

AVERAGE RELATIVE DISPLACEMENTS AND TOTAL 
DEFLECTIONS AT THE STUDY SITES 

Re l ative Di s p l acement, 
i n . x 1 0-3 

Total Defl ecti on, 
in . xi o-3 
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S i te season s i te Season 
Avq .  Avq . Avg .  _ Avg . 

15 . 588 24 . 040 
1 7 . 364 2 5 . 250 
20 . 750 28 . 500 
14 . 728 1 5 . 353 1 8 . 600 22 . 1 84 
15 . 900 2 0 . 900 
9 . 902 1 6 . 800 

1 3 . 424 2 1 . 200 

11 . 464 1 8 . 550 
2 . 076 1 4 . 000 

17 . 288 2 7 . 550 
10 . 750 13 . 837 1 8 . l 00 23 . 999 
15 . 938 28 . 050 
14 . 600 28 . 800 
2 4 . 740 32 . 942 

7 . 350 1 1 .  700 
0 . 526 1 1 .  600 

15 . 426 2 1 . 550 
8 . 276 1 1 . 4 1 9  1 5 . 400 2 0 . 736 

1 3 . 100 24 . 400 
1 4 . 638 28 . 550 
20 . 6 1 4  3 1 . 950 

9 . 400 1 5 . 000 
1 0 . 036 2 0 . 650 
11 . 514 2 1 . 650 
10 . 202 10 . 533  1 7 . 700 20 . 000 
1 0 . 962 2 0 . 050 
8 . 690 2 0 . 850 

12 . 926 24 . 1 00 



� 
I 0 
x 
z 

.._ 
z 
w 
� 
w 
u 
<! 
_J 
a_ 
U) 
-

0 

w 
> 
.._ 
<! 
_J 
w 
ct: 

20--��---���--���--��----------------

1 5  

1 0  

5 

R2 = 0.8 3  
A. 

< 0.0001 a 

5 10 1 5  20 25 
TOTA L D E F L E CT I O N , I N. X 1 0-3 

F i gure 1 9 . Rel ationship Between Total Def l ection and 
Re l ative Disp l acement 

30 

48 



joint seal ers was negl igibl e  in comparison to the effect of horizontal 

movements . 
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In order to check this find ing, an estimate of the horizontal crack 

movement that might be expected during the four seasons of a year was 

cal cu l ated using the regres s ion model and a five year average temperature 

( 5 )  for the res pective seasons .  The computed horizontal crack open ing 

val ues were compared with the measured rel ative vertical disp l acements 

at each test site for the corres pond ing season (Tab l e  VII ) . On the 

average , the vertical or s hear strain was 1 0 . 4  percent of the horizontal 

or tensil e  strain . As expected , th is percentage val ue was about dou b l e  

that obtained i n  the study o f  portl and cement concrete expan s ion joints 

( 7 ) . However , the s hear strain is stil l smal l enough to not be con s id ­

ered a major factor in seal ant fail ure . 



Site 
No. 

I 

l 

2 

4 

5 

r 0 

7 

8 

TABLE V I I 

AVERAGE RATIO OF RELATIVE VERTICAL D ISPLACEMENT 
TO HORIZONTAL CRACK OPENING 

Ratio  of Rel ati ve Vertical Disp l acement 
to Hori zontal Crack Opening* 

Season S i te-Season Study S i te 
Average Ratio Average , % 

Wi nter . 1 04 
Spring . l l 6  
Summer . 097 9 . 60 
Fal l . 067 
Wi nter . 1 80 
Spring . 037 
Summer . 01 3  8 . 6  
Fal l . l l  5 
Winter . 059 
Spr ing . 073  
Summer . 079  6 . 2  
Fal l  . 035  
Wi nter . 068 
Spri ng . 07 5  
Summer . 07 5  6 . 7  
Fa l l  . 051  
Wi nter . 078 
Spr i ng . 1 26 
Summer . 1 47 1 0 .  3 
Fal l . 059 
Wi nter . 036 
Spri ng . 075  
Summer . 089 5 . 9  
Fal l . 035 
Wi nter . 088 
Spr ing . 323  
Summer . 504 2 5 . 3  
Fal l  . 096 

*Estimates fior hori zontal crack opening 
cal cul ated u s i ng regres s i on model and 
average 5 yrs . �easonal temperatu re . 
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Average , 
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1 0 . 4  



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conc l u sions 

Based on the information compil ed during the study of transverse ly  

crac ked fl exib l e pavement sections on Ok l ahoma highways , the fol l owing 

conc l u sions are made : 

l .  Under typical Okl ahoma c l imatic conditions , the average maximum 

amount of horizontal crack movement observed at the test sites was 0 . 2 5 

in . ( 6 mm ) .  

2 .  About 80 percent of the total horizontal crack movement occurred 

between subs urface pavement temperatures of 0 F and 77 F ( -1 7 . 8  C and 

25 . 0  C ) . 

3 .  The rel ations hip between horizontal crack movement �nd sub­

surface pavement temperature differs considerab ly  during the  annual 

heating and cool ing periods experienced by the pavement . 

4 .  A permanent incremental increase in crack width remains after 

each yearly  cool ing and heating cyc l e .  For the cracks  studied , the 

average increase in crack opening was 0 . 03 in . ( 0 . 8 mm ) per year . 

5 .  Seal ants app l ied during the fal l season are subj ected to about 

equal amounts of extension and compression fol l owing their instal l ation . 

6 .  The amount o f  horizontal crack movement increases with in­

creasing val ues of ECS up to approximatel y  1 20 . ft ( 37 m ) . Fricti onal 

resistance to this movement during cool ing of the pavement produces tensil e  

5 1  



stres ses that can cau se add i t i onal cracks at the mi d- poi nt between 

adjacent transverse cracks. 

52 

7 .  The geo l ogi cal  formati on on wh i ch a pavement i s  constructed does 

have an effect on subsequent crac k i ng of the pavement and crack behav ior 

but thi s  re l ati on s h i p cou l d  not be exact ly  determi ned . The greatest 

amount of crack movement was observed at test s i tes on the Garber forma­

ti on and there was i nd i cati on of a h i gh crack i ng potential i n  pavements 

on the Boone Chert formati on .  

8 .  The l a rgest verti cal defl ecti ons at transverse cracks  were 

observed duri ng the wi nter and spri ng seasons .  

9 .  The rel ative verti cal d i sp l acement of the crack s i des , under a �  

1 8 , 000 l b  ( 8 , 1 65 kg) axl e  l oad , was approx i mately  10 percent of the 

hori zontal crack movement . 

Recommendati on s  

From the resu l ts and the observations  o f  th i s  study , the fol l owi ng 

recommendati on s  are made : 

l .  Add i ti onal crack dynam i cs research s hou l d be conducted to deter­

mi ne the i nfl uences of : a ) i n i t i al crack wi dth , b ) type and th i cknes s of 

su rfac i ng mater ia l , c ) type and th i c kness of base material  and d ) under­

l y i ng geo l ogi cal formation on hor i zontal crack movements . 

2 .  Rel ative to the above recommendati on , deta i l ed f i el d measurements 

of crack movements at temperatures bel ow 20 F ( -6 . 7  C ) s houl d be made to 

study the hysteres i s  i n  crack movement . 

3 .  Mod i f i cati ons i n  the "Bond-Du cti l ity " l aboratory test procedu re 

( see Interi m Report III) to i nc l ude both exten s i on and compress i on cyc l es 

s hou l d  be con s i dered . 
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Test 
Site 

Number 

2 

3 

4 

5 

6 

7 

8 

9 

I I 

TAB L E  I 

T EST S I T E  I NFO RMAT I ON 

Highway 
Number Location 

S . H .  20 1 . 0 mil e  West of Spavinaw Dam 

S . H .  20 1 2 . 6  mil es East of  I 44 Jct .  

S .  H .  1 5  2 . 0  mil es West of I 35 J ct .  

U . S . 64 1 . 5 mil es West of S . H . 74 Jct .  

U . S .  1 77 0 . 7 mil es South of U . S .  66 J ct .  

U . S . 1 77 4 . 5 mil es South of U . S .  66 J ct .  

S .  H .  5 1  0 . 4  mil es West of S . H .  1 8  Jct .  

U . S .  7 5  4 . 0 mil es North o f  Hughes County South Line 

U . S .  1 77 1 . 0 mil e  North of U . S . 62 J ct .  

Geol ogica l  
Formation 

Unit 

Boone Chert 

Boone Chert 

Wel l ington -Admire 

Garber 

Wel l ington -Admire 

Wel l ington-Admire 

Wel l ington -Admire 

Senora 

Wel l ington -Admire 

I I ' 

Maintenance 
Division 

Number 

8 

8 

4 

4 

4 

4 

4 

3 

4 

01 
01 



I I '  

Test  Mai n-
S i te tenance 
No . Di v i s .  

No . 

1 
8 

2 

3 

4 4 

5 

6 4 

7 

8 3 

TAB L E  I I  

T E NTAT I V E  S C H E DU L E  FOR V E RT I CAL CRACK MOV EMENT 
F I E L D  STUDY 

SUGGESTED DATE 
S i te Descri pt ion W i n ter Spri ng Summer 

Feb . May Aug . 

S . H .  20 , 1 . 0 mi  W .  of Spav i naw Dam Feb . 6 ,  1 978 May l 0 ,  1 978 Aug . 1 4 ,  1 978 
1 :  00 P . M . at 1 : 00 P . M .  at 1 : 00 P . M .  at S . H .  20 , 1 2 . 6  mi E .  of I 44 Jct .  S i te No . l S i te No . I S i te No . 1 

S . H .  1 5 ,  2 . 0  mi  W. of I 35 Jct . Feb . 1 3 ,  1 978 June 9 ,  1 978 Aug . 1 5 ,  1 978 

U . S .  64 , 1 . 5 mi  W .  of S . H . 74 Jct . 2 : 00 P . M .  at 9 : 00 A . M .  at 9 : 00 A . M .  at 
Si te No . 3 S i te No . 3 S i te No . 3 

U . S .  1 77 ,  0 . 7  m i  S .  of U . S . 66 Jct Feb .  1 5 ,  1 978  June 9 ,  1 978  Au g .  1 5 ,  1 978 

U . S .  1 77 ,  4 . 5 m i  S .  of U . S .  66 Jct.  
1 : 30 P . M .  at After S i te s  After S i tes 
S i te No . 7 3 & 4 3 & 4 

S . H . 5 1 , 0 . 4  m i  W .  of  S . H .  1 8  J ct . 1 : 30 P . M .  at  
Si te No . 7 

U . S .  7 5 ,  4 . 0  m i  N .  of Hughes Feb .  1 4 ,  1 978 May 1 2 ,  1 978 Aug . 1 6 ,  1 978 
County south l i ne . 1 :  00 P . M .  1 :  00 P . M .  1 : 00 P . M .  

I 

Fal l 
Nov . 

Nov 1 4 , 1 978 
l : 00 P . M .  at 
S i te No . 1 

Nov . 1 5 , 1 97 8 
9 : 00 A . M .  at 
S i te No . 3 

Nov . 1 5 ,  1 978 
After S i tes 

3 & 4 

Nov . 1 6 ,  1 978 
l : OO P . M .  

U1 
°' 



\ ' 

l Temp . , ° F  39 
Prob . , % 

3 Temp . , ° F  2 5  
Prob . , % -

4 Temp . , ° F  28 
Prob .  , % -

0 Temp . , ° F  24  z 5 
Q) Prob . , % -

+-' .,.... 
(/) Temp . , ° F  26  
+-' 6 Prob . , %  VI -
Q) 

I-

7 Temp . , ° F  39  
Pro b . , %  -

8 Temp . , ° F  5 1  
Prob . , % -

9 Temp . , ° F  35 
Prob .  , % -

43 
31 

38 
0 

29 

I I 

TABLE I I I  

COMPUT E R  RESULTS FOR POINT OF  CU RVATURE 
TEMPERATURE  PROBAB I L IT I ES 

59 63 68 75 76 1 00 
23 34 9 . 8  . 33 . 36 0 

40 50 50 76 80 8 "1 
. 0 1  . 06 3 . 6  3 . 6  3 . 8  32 . 6  

58 82 88 92 98 1 1 0 
. 56 . 58 2 . 2  69 . 1  1 7 . 9  9 . 6  0 

39 58 62 74 87 94 98 
1 4 . 9  7 . 9  33 . l 37 . 7  4 . 4  . 58 . 30 

39 60 65 75 87 89 95 
23 . 2  l 0 .  1 5 . 9  1 0 . 5 3 . 9 5 . 6  20 . l 

42 58 59 61 66 75  78  
4 . 6  2 . 2  5 . 3  3 . 6 26 . 4  1 8 . l 35 . 8  

67 77 85 86 98 1 04 l 07 
67 . l  3 1 . 6 . 84 . 4 1 0 0 0 

40 45 46 7 1  79  86 98 
5 . 9 3 . 5  8 . 6  8 . 9 22 . 4  20 . 1 1 2 . 7  

1 1 8  1 22 
0 0 

88 94 
38 . 7  1 7 . 1 

1 23 
0 

1 03 1 08 
. 48 . 56 

98 1 05 
6 . 4  1 4 . 3  

89 1 03 
2 .  l 1 . 87 

1 1 5  1 24 
0 0 

1 00 1 00 
3 . 5  1 4 . 4  

1 00 
0 

1 1 0 
0 

l 07 
0 

1 04 
0 

1 1 3  
0 

1 2 1  
0 

1 1 5  
0 

1 09 
0 

1 29 
0 

1 1 4  
0 

C.Tl 
-.....J 




