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INTRODUCTION 

F lexib le pavements are known to f a i l  in several modes, one of which 
is ruttinge In an effort to de termine where in the pavement structure 
and to wha t extent rutting occurs and to de termine the factors tha t 
control rutting, a comprehensive laboratory testing program was 
performed. Various traffic and environmental parameters were 
con trolled in the s tudy; and from the data, ma thema tical models tha t 
describe the rutting charac teristics of an aspha l t  concre te ,  a dense
graded aggrega te , and a subgrade soil were formula ted , D e ta i ls of the 
ma teria ls, equipment, and laboratory procedures were reported by Al len 
in a previ ous report ( l).  Also, the ma thema tical models were 
described in tha t report and are lis ted again in this report for 
convenience. A traffic and a temperature mode l were a lso formula ted 
to provide necessary input into the rutting mode ls.  These are 
described in this repor t.  

These mode ls have been programmed and col lected into a large 
computer program enti tled PAVRUT. Using this program , an estimated 
ru t dep th can be calculated for any f lexible pavement,  assuming the 
vo lume and characteristics of the traffic stream are known. 

CALCULATED RUT DEPTHS FROM PROGRAM 

There are a number of figures included in Appendix A that show the 
rela tionship be tween the total rut depth of a pavement and thicknesses 
of aspha l tic concrete and dense-graded aggregate. Curves were 
deve loped for four CBR values of the subgrade and four d i fferent 
values of equiva lent 18-kip axle loads (EAL' s). These curves can be 
used to estimate the amount of rutting expected for a par ticular 
structure a f ter being subjected to some number of EAL ' s .  To de termine 
the e s timated rut depth for some value of EAL or CBR not shown on the 
cha r ts ,  l inear interpo la tion may be used� This procedure is not 
entir e ly correct because the relationship b e tween rut depth ,  CBR, and 
EAL i s  not linear.  Howeve r ,  the error is sma l l  and is not signif icant 
for estima ting purposes. 

Because speed affects the leng th of time a tire print is on the 
pavement, which in turn affects the amount of rutting in the aspha l tic 
concre te layers, an average vehicle speed of 50 m i les per hour was 
assumed for the charts. 

I t  should be noted that the charts in Append1x A apply only to new 
construction. If i t  is desired to estimate rut ting for a new over lay 
on an old portland cement concrete pavemen t, Figure 1 must be used. 
In this type of prob lem ,  the program assumes that no rutting occurs in 
the concre te s lab. 

Charts in Appendix A can a lso be used to estimate rutting for a new 
aspha l tic overlay on an o l d  f lexible pavement.  As an examp l e ,  a 
pavement w i th 6 inches ( 15 2  mm) of aspha l tic concrete on 5 inches ( 1 27  
mm) of  dense-graded aggrega t e ,  and a subgrade CBR of 20 is to receive 
a 2-inch overlay. A lso,  assume the origina l structure has received one 
m i l lion EAL' s. From the charts in Appendix A ,  the estimated rut depth 
for this condi tion would be 0 . 3 2  inches, After receiving the over lay , 
the new s tructure is to receive four m i l l ion EAL ' s  ( this would make a 
tota l number of repeti tions for the origina l por tion of the structure 
equal to five mi l lion). Again, from the cha r ts ,  f ive mil l ion 
repe ti tions for the origina l structure would yield a rut of 0 . 6 5  
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inche s .  However 0 . 32 inches occurred before the overlay� Therefore , 
0 , 6 5  inches minu s 0 . 3 2  inches equals 0 . 33  inches of addi tional ru tting 
in the original portion of the s truc ture a f ter the overlay was placed. 
Although not en tire ly corre c t ,  Figure 1 can be used to e s tima te the 
rutting in the 2 - inch overlay. From tha t figure, four million 
repe titions on the 2-inch overlay would result in 0 , 13 inches of ru t.  
Therefore the total ru t dep th for the overlaid pavement af ter four 
million repe titions is equal to 0 . 33 inches plus 0 . 13 inches or 0 .46 
inche s .  

Care should be taken when running the program when the top layer is 
rela tively thick. When reading in the depths at which the pavement 
s tresses are calcula ted , the mid- p oint of the layer is always used.  
This technique a s s umes the dis tribution of s tress from top to bo ttom 
i s  linear. This is not true, particularly for the layer immedia tely 
under the load ( top layer ) .  Consequently, if the upper layer is too 
thick , the s tre ss  for that layer will be underes tima ted . However, as 
dep th in the pavement increases ,  this approxima tion becomes more 
accuratee Therefore , to avoid this problem, it is bes t  to keep the 
top layer thickness less than 4 or 5 inches ( 10 2  or 1 2 7  mm ) ,  

In all charts in Appendix A ,  the total pavement s tructure was 
a s sumed to be 48 inches ( 1 . 2  m ) .  Therefore, as the thickne s s  of the · ··· · · · · ·  ·· ··· ··· ······· · · · · ·  · ·····a·spliaTETc ·c:ou·c:rete ·a:rfd ··a:ense·�·graded ····ag-gregate: · ··t·ay·erg· ·tncrea s· ed-; · - ·the · 
tliickness of the s ubgrade was reduced accordingly . 

For values of EAL of 100 ,000 or less , for aspha1t1c concrete 
thickness of 2 inches ( 5 1  mm) and with no dense-graded aggregat e ,  tlie 
calculated rut dep th is some times less  tlian tha t for the case with 5 
inches ( 127  mm) of dense- graded aggrega te . This is particularly true 
f or higher values of subgrade CBR, because of tlie difference of 
response be tween the dense-graded aggregate model and the subgrade 
mode 1 .  Dense-graded aggrega te is more sensi tive to ru tting in the 
firs t few cycles than is the subgrade ( the slope of the s train versus 
number- of-cycles curve for dense- graded aggrega te is les s  than for 
subgrade rna teria ls ) .  However, subgrade rutting quickly "ca tches up" 
with dense-graded aggregate rutting and becomes considerably more 
suscep tible to rutting ( dense-graded aggregate s train hardens more 
quickly ) . 

COMPARISON OF CHARTS WITH FIELD MEASUREMENTS 

Only one field site has been compared to the rut t1ng charts . 1n1s 
site is a t  S ta tion 141+50 on KY 627 in Clark County . The pavement 
s truc ture is c omprised of approxima tely 5 / 8  inch ( 1 6 mm) of asphalt 
surface , 5 , 5  inches ( 140 mm) of asphaltic concre te base , 9 . 5 ( 241  mm) 
inches of dense-graded aggregate and a limes tone rock subgrade.  A CBR 
value of approxima tely 5 0  was as sumed for the subgrade . At the time 
the comparison was mad e ,  the pavement had been s ubjec ted to 
approxima tely 1 . 2  million EAL' s .  The measured ru t depth wa s 0 . 3 0  inch 
( 7 . 6  mm) . Es timating and interpola ting from the charts , the e s tima ted 
value is 0 . 294 (7 . 5  mm) . This is only two percent les s  than the 
ac tual value; this appears to be a good e s tima te . 

DESCRIPTION AND OPERATIONS OF THE PROGRAM 

MAIN PROGRAM 
All inp u t  data is read in to the MAIN PROGRAM . 

variables are inpu t parame ters :  
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TITLE - problem title or identification, 
ANVOL - volume of vehic l e s ,  
SPEED - average speed o f  vehicles , 
TRUCK - input as e i ther 1 . 0  or 0 . 0 ,  depending on whether trucks are 

to be treated separa tely from cars ( i t  is  l . O  when trucks 
are separated) , 

IGIMIC - input as e i ther 1 or 0 ( 1  i f  s tresses are to be calcula ted 
a t  each new tempera ture and 0 if s tres s es are to be 
calcula ted a t  only one temperature ) ,  

ICON - input as e i ther l or 0 ( 1  if the problem involves an 
overlay on a concrete s lab) , 

NS - number of layers 
PSIC - tire pres sure for cars , 
WGTC - wheel load for cars , 
P S IT - tire pres sure for trucks ( i f  variable TRUCK i s  0 ,  thi s  

variable will b e  0 ) ,  
WGTT wheel load for trucks ( if variable TRUCK is 0 ,  this 

variable will be 0 ) , 
LYN - layer number ,  

��� ��� � � ������� � � ����������� ���HH � � � ���� ��- � �laye1:' ��-thiekness,���� 
ANSDPT depth a t  which ru tting is  ca lcula ted ( f rom the 

-------.r<*tA'lYP - material type (1 aspha-i:tic concre te, 2 
aggrega te, 3 = subgrade) , 

surface ) , 
dense grad-e-d----------------

w - moi s ture content ( if this variable is  not a s s igned a value,  
the program w i ll as sume one ) , 

SIGMA3 - confining pressure for dens e-graded aggregate and subgrade 
program w i l l  

CBR 

v 

( i f  this variable i s  not a s s igned a value,  the 
assume one ) , 
Ca l ifornia bearing ra tio for subgrade ( this variable is  
lef t blank when reading data for aspha l tic concrete and 
dense-graded aggrega te) , and 

- Poisson ' s  ra tio for each layer. 

Deta i led ins truc tions for input are given in Appendix B .  
A l l  output i s  printed from the MAIN PROGRAM . An example output i s  

s hown i n  Appendix B .  
There are 8 , 760 hours in a 3 6 5- day year, To be entirely corre c t ,  i t  

would be necessary to calculate s tresse s ,  tempera tures ,  and traffic 
volumes for each hour of the yeca, and from those calculations, 
de termine the amoun t of rutting in each layer for tha t particular 
hour , and f inally , sum all rutting values for 8 , 7 60 hours to obtain 
the total rut accumulated in one year.  However ,  this would cons ume an 
extremely large amount of computer time . Therefore , i t  was as sumed 
tha t each month would have a " typica l" day , so far as traffic and 
temperature are concerned.  Subsequently , traffic and temperatures are 
de termined for each hour of each "typical" day of the yea r. This 
means the program mus t  cyc le through each subroutine 2 88 times for 
each layer ( 1 2  "typica l" days times 24 hours per day ) .  In o ther 
words , to calculate rutting for one pavement, the program w i l l  cyc le 
through mos t subroutines ( except subroutine STRESS -- to be mentioned 
later) a tota l  number of times equal to 2 88 mu ltiplied by the number 
of layers .  

The program w i l l  solve for rutting in any flexible pavement sys tem 
having up to 1 5  layers. However ,  i t  should be noted the program 
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requires a large amount of computer time , and the amount of time 
required increases rapidly with each additional layer to be analyzed , 
Figure 2 shows the approximate amount of CPU time required as a 
function of number of layers (when IGIMIC is  0 ) , An important word of 
caution should be given; variable IGIMIC should always ,  under normal 
runs , be 0 .  Thi s  is  a CPU time- saving device , When IGIMIC is l ,  
stresses are calculated for each "typical" hour of the month. As 
mentioned earlier, this means the pavement stresses must be solved 24 
times for each month or 288  times for a year for each layer , Each 
time the stre s ses are calculated , a matrix with d imensions of 3 9 6  by 
1 5  must be solve d ,  consumming a tremendous amount of time. Therefore , 
when the p rogram is  run w ith IGIMIC equal to 1 ,  each run could cost 
several hundred dollars! Wherea s ,  with IGIMIC equal to 0 ,  a three-to
four layer problem can generally be run for less than 2 0  dollars . 
When IGIMIC i s  0 ,  pavement stresses are calculated only once for each 
monthd Therefore , in a year , stresses  are calculated only 1 2  times 
for each layer instead of  288 time s ,  Obvi ously ,  this is  a compromis e  
o n  accuracy . Although the impact o f  this time-saving gimic has not 
Q"§t1 f'gUy e:v:1l11lat(Od fo:r all .oase3s, it aj>pear�s tl!a,t on !U()St pro]Jlerns 
this does not greatly affect the outcome. 

A maximum of two cla s s es of vehicles can be input per problem ( such 
a s  automobiles and trucks )  with a different wheel load and tire 
pressure for each vehicle clas s .  However, if only one class of 
vehicle is  used, the program a ssumes that 20 percent of the annual 
volume is truck traffic.  Details on how annual volume is converted to 
actual wheel- pas ses per hour are described in the section entitled 
BLOCK DATA. 

The following is  a list of the major subroutines in the program: 
l .  ACRUT , 
2 .  DGARUT , 
3 .  SUBRUT , 
4, POLYRT , 
5 .  TEMP , 
6 .  EMOD , 
7 .  BLOCK DATA , and 
8 .  STRES S .  

Each subroutine will b e  d iscus sed separately , and a source listing of 
pAVRIIT is given jn Appendix c. 

SUBROUTINE ACRUT 
This subroutine calculates the magnitude of expected rutting in the 

a sphaltic concrete layers .  The algorithm used was developed from 
experimental data obtained in the laboratory testing program, To 
predict the accumulation of rutting in the f ield, due to repeated 
s ervice loads , it is neces s ary to determine the susceptibility of the 
asphaltic concrete mixture to deformation.. To determine this 
susceptibility , twenty- s even unconf ined repeated-load tests were 
performed on an asphaltic concrete base (asphalt cement grade was 
AC- 20 ) . The tests were run at three temperatures : 45°F ( 7 °C) , 7 7° F  
( 2 5  °C) , and 1 0 0  °F (38  °C ) ,  Three vertical loads were us ed a t  each 
temperature: 80 p s i  ( 5 5 1  kPa ) ,  5 0  p s i  (345 kPa ) ,  and 2 0  p s i  ( 138 kPa ) .  
A detailed di scus sion of methodology , equipment, and analyses for 
these tests is given in Re ference 1 .. 

Figure 3 is  an example of the repeated- load data . A least-squares 
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regre s s i on analy s i s  of all data resulted in an equation tha t described 
pla s tic deformation ( rutting) as a function of temperature ,  s tres s ,  
and load repeti tions : 

in which E = permanent s train, p 

N = number of s tress repeti tions , 

c3 
= o . 00938 ,  

c2 
= 0 . 10392 , 

c1 o . 6 39 7 4 ,  

C0 [-0 . 000663 T2 + 0 . 1 5 2 1  T - 13 . 304] + 

( l)  

�� 1(1,46-Q,QQ:ii'LJ:) (1og''iJJ, � 
�-------------------�---T��-'---'t..«empe ra t n re ( °F) , 

a1 = s tress ( p s i ) . 

The laboratory s tudy indica ted that samples a t  the same tempera ture 
and under the same s tress will have the same amount of permanent 
deforma tion ,  assuming the total loading times are equivalent. For 
example , one sample might be subje c ted to 10  cycles of an 8 0 - p s i  
( 5 5 1-kPa) s tress where each cycle had a load dura tion o f  1 . 0  s econd . 
Thi s would give a total loading time of 1 0  seconds . A s econd sample 
might receive 20 cycles of the same s tress for 0 . 5  second per cycle 
and also have a total loading time of 10 second s .  Therefore ,  their 
permanent deforma tions will be equal. Subroutine ACRUT uses this 
rela tionship to conver t  from a number of wheel passes per hour to 
to tal load time per hour. The average speed in miles per hour is  
conve rted to fee t per second ,  and assuming a 1 - foot tire print,  this 
is converted to the amount of time each wheel contac ts a par ticular 
point on the pavemen t. This is then multiplied by hourly volume to 
obtain total loading time for each hour. 

Adding to the complexi ty of determining the permanent deforma tion of 
a particular sample or por tion of flexible pavement is  the fac t that 
a sphalt concrete is very sensi tive to i ts previous tempera ture or 
s tress his torye For example , the permanent deforma tion produced by N2 repe ti tions , of a s tress of magni tude F2 a t  a tempera ture of T2 woula 
vary grea tly depending upon whether the sample had previously rece ived 
N 1 repe titions of F 1 s tress a t  tempera ture T1• This is more clearly 
illus trated in Figure 3 .  In tha t f igure , a liypothetical spec imen has 
rece ived 1 , 000 cycles of a 50 p s i - s tres s ,  producing 0 . 0 1  s train ( Point 
A ,  Curve l ) e  At the same time , the specimen has also been s trained to 
an amount equivalent to 10  cycles of an 8 0 - p s i  s tress (Point B, Curve 
2 ) . If i t  were d e s i red to add an addi tional 100 cycles of the 8 0 - p s i  
s tre s s ,  the s train would progress along Curve 2 from Point B t o  Point 
C .  Thus , thi s  pa ttern of s tress his tory would produce a total s train 
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of approximately 0 , 028 . 
To add the effects of different stress and temperature sequences , it 

becomes neces sary to determine the abcissa value of some Point "B" , as 
was done in the example in Figure 3 .  To accompl i s h  thi s ,  the equation 
for curve 2 ( s ee equation 1 )  must be set equal to the ordinate value 
of Point "B" ,  and the roots of the third-degree polynomia l are 
calculated, giving the abcissa value of Point "B" . The roots of the 
polynomia l are calculated in a subroutine entitled POLYRT (to be 
discussed later ) ,  and the values are transferred back to subroutine 
ACRUT and are used as the starting value of repetitions from which to 
begin the next sequence of loading. 

Subroutine ACRUT continues , in the manner described 
calculate the strain for each "typica l" hour of the 
accumu lates that strain with a l l  the previou s ly calculated 
a full  year is completed, 

above, to 
yea r and 

hours un ti 1 

The above described rutting model does account for the decrea se in 
void content under increa sing repetitions of axleloads ( See Reference 
1 )  • 
SUBROUTINE DGARUT 

Accumulated deformations in the dense-graded aggregate base are 
ca�lcula teiCi:ly:

-this-subroutine: TheaTgor:Ctli:min i:11is subroutine wa s 
a lso developed from data obtained from a series of repeated- load tests 
on laboratory compacted specimens . The tests were performed at 
moisture contents of 1 .. 7 ,  3 . 6 ,  and 5 . 3  percent.. Confining pressures 
of 5 psi ( 3 4  kPa) , 10 psi (69kPa ) ,  and 15 psi ( 103 kPa) were used in 
the tests and, in addition deviator stresses of 10 psi ( 6 9  kPa ) ,  20 
psi ( 138 kPa ) , and 30 p s i  ( 20 7  kPa )  were appl ied at each confining 
pressure. This was a tota l of 27 tests . Deta i ls of sample 
prepa ration, material s , and procedures have been reported by A l len 
( 1 ) .  

As in the case for asphaltic concrete , analysis  of the repeated- load 
test data (an example is shown in Figure 5 )  resu lted in a third-degree 
polynomial describing the plastic deformation as a function of stres s 
leve l ,  confining pressure, moisture content, and load repetitions : 

Log E p 

in which 

co + c
1 ( log N )  + c2 ( log N )  2 + C3 ( log N )  

Ep permanent stra in, 

N = number of repetitions , 

c3 
0 . 0066 - 0 . 00 4 ( log W) ' 

c
2 - 0 . 142  + 0 ,0 9 2 ( log W) ' 

cl 
= 0 .  7 2 '  

c
0 [-4 .4 1  + (0 . 17 3  + 0 . 003 W)  ( a1 ) ]  

[( 0 . 00075 + 0 ,0 0 2 9  W) ( a3 ) ] ,  

W moisture content ( percent ) , 

a1 = deviator stress ( ps i ) , and 

a3 confining pressure ( ps i ) . 
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Subroutine DGARUT accumu lates the permanent deforma tion from the 
repeated service loads in each " typica l "  hour of the year in the same 
manner as tha t described in the section on Subroutine ACRUT� 

Al though confining pres sure and mois ture content can be read into 
the program as da ta , this subroutine w i l l  au toma tica l ly default to 
preprograrnmed values for these variables when the user chooses not to 
a s s ign va lues. In this case,  confining pressure w i l l  be given a value 
of 3 5  percent of the vertical s tres s and mois ture content is set equal 
to three percent for every month of the year excep t March and Apr i l .  
The value o f  mois ture content for March and April is  4 . 5  percent. 

SUBROUTINE SUBRUT 
SUBRUT calcula tes the permanent deforma tions in subgrade rna terial s .  

A s  in the case of the aspha l tic concrete and dense-graded aggrega te, 
the a l gori thm in this subroutine was deve loped from a series of 
repeated-load tes ts on labora tory compacted specimens .  

Two series of specimens were tes ted : one a t  8 a2 percent mois ture and 
the other a t  9 . 4  percen t. Three confining pressures [5 psi (34 kPa) , 

·-- __ l() ___ p_s iJ6_9_ ]<P_a_),_lli1_d l 5_l?_s� ( 103 kPa)] were used in each series . A t  
leas t three specimens were tested a t  each cOUfTUiUg----pres

-
5
-

Ure with 
devia tor s tresses of 2.5 psi ( 1 7  kPa), 5 psi ( 3 4  kPa), and 10 ps i ( 6 9  
kPa). Further deta i ls of testing are reported i n  Reference ( 1). 

There was considerable sca tter in the da ta , and results were not 
a lways repea table. This was a ttribu ted largely to the high degree of 
variabi l i ty of the materi a l .  An examp le of the repea ted-load tests 
da ta is shown in Figure 6 .  Because of sca tter, each curve in this 
figure is an average of two or more tes ts; and for tha t reason, no 
da ta points are shown. A permanen t deforma tion model was derived for 
the subgrade rna terial u sing a l inear-regres sion ana lysis  on points 
taken from these average curves .  The result is the fol lowing 
equation: 

in which E = permanent s train, p 

c
3 o . oo7  + o . o o 1  w, 

c2 o . O l 8  w, 
c1 = 10 ( - 1 .1+0 . 1  w) 

c
0 = [( -6 . 5  + 0 . 38 W) - ( 1 . 1  log a 3)] + [1 . 8 6  log a 1J ,  

W = mois ture content ( percen t), 

a1 = deviator s tress ( p s i) ,  and 

a
3 = confining pressure (psi).  

(3) 

P ermanen t deforma tions from each " typica l "  hour of the year a re 
accumula ted as in the two previous subroutines. 

If confining pressure and mois ture content for the subgrade are 
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assigned a value of zero when the data are read in to the program , 
SUBRUT wi l l  defaul t to a value of 3 5  percent of the vertical stress 
for the confining pressure and a value of 8 . 0 percent moisture for the 
months of March and April and 7 . 0  percent for the remaining months. 
To use CBR as we l l  as moisture content in d e termining rutting for the 
subgra d e ,  repea ted- loads tests were run on four ma terials w i th 
d ifferent CBR values. Those rutting values were corr e la ted w i th 
various moisture contents of the ma teria l tested in the origina l 
labora tory testing program , and the fol lowing re lationship was 
deve l ope d :  

l og W = 0 . 8633 - 0 . 05645 log (CBR) . ( 4 )  

Therefore , CBR o r  mo isture content can b e  used for calcula ting rutting 
of the subgrade. 

SUBROUTINE POLYRT 
As stated previously , Subroutines ACRUT , DGARUT , and SUBRUT a l l  use 

- -----·---· --------·-···························-. 1:h1� l'l,llJ.E()t!\:Ln" t() .S.<'lY" for: tJ1<e t:()().tS. .o.f.ll tll�rc!:c!e�r.ee p()ly:nomia 1 _ 
( see Equa tions l ,  2 ,  and 3 ) .  POLYRT employs Newton' s method of 

-__________ _li�t�e�r�aLt�JL·oann_l(B4�)�t�oQ_a�c�c�ow m�nLlL1L·s�hu_�t �hui�SL_t�a�s�k� .-------------------------------------------"' ···-·--·- --
Le t x be the arb i trar i ly chosen ini tia l value of the root of the 

third - di!"gree polynomia l ,  w i th n = 0 for the firs t  i tera tion, then 
Newton ' s equation for the root of the po lynomi a l  is the fo l l owing: 

xn+l = xn - [(c3x� + c2x� + c1xn + c0 ) 1 

( 3C3X� + 2C2Xn + c1 ) J .  ( 5 )  

In o ther words , the polynomial d ivided by i ts derivatives and 

sub tracted from Xn equals the new roo t ,  Xn+l" The value of Xn+l is 

then substituted for Xn in Equa tion 5 ,  and a new va lue for Xn+l is 

calculate d .  This process i s  repeated until convergence is reached 

X ) • The yalue at 11hish this GGGUrs i..,____t;he desiud root of 
n 

the po lynomia l .  Equation 5 should norma l ly converge in five or six 

i tera tions. 

When solving for the roots of Equa tions l ,  2 
takes the fo l lowing form: 

or 3 ,  Equation 5 

In Subroutine POLYRT , ( log N )  for the firs t  i teration is a lways se t 
equal to l . O .  The maximum nJ'mber of i terations a l l owed is ten. If 
Equation 6 does no t converge in ten i te rations , the program is aborted 
and an error message is printedo 
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SUBROUTINE TEMP 
Subroutine TEMP is  used to ca lculate the temperature of the 

asphaltic concrete at any depth for any typical hour of the yea r .  
This temperature is  used i n  Subroutine ACRUT to calculate strain in 
the a spha ltic concrete and a l so in Subroutine EMOD to calculate the 
modulus of elasticity of the a sphaltic concrete. 

In 1968 , Southgate ( 5 )  pub l ished a report describing an in-depth 
ana lysis of temperature-versus-depth data col lected by Ka l la s  ( 3 )  in 
1964-1965 at The Aspha lt Institute laboratory at Col lege Park , 
Ma ryland, Southgate presented a number of charts s imi lar to the one 
shown in Figure 7 .  In those charts ( S outhgate presented a total of 
2 8 ) , pavement temperature at some depth is  p lotted a s  a function of 
depth and the pavement surface temperature p lus the mean air 
temperature for the previous five days. Southgate developed those 
charts by running a regress ion ana lys i s  on data from Ka l las ( 3 )  to 
give the zero intercepts and the s lopes of the depth curves shown in 
F i gure 7 ,  for most hours of the day ( one chart for each hour ) .  

T o  use the information presented in Southgate' s charts in the 
, ______________________________________ _J2J::Qg_!:_�!1!_, _, ___ ,J _ _t_ ____ ��_§ ____ !l�f-�_§_��-f_y ____ _!:Q _____ Q_�_y_�_!_5?_p _____ � _____ f!�_!:_h_§_��--�-!-��.!_----�-��-�-�-----��-�-�-�-�}?-�_!!g ----·--·--------------·----·--------------------

the relationship between the dependent variable ( pavement temperature 
at some depth) and_Lha_indap£ndent varjables (sJoge and zero intercegt _ 
of the depth curves from a l l  of Southgate' s charts and pavement 
surface temperature p lus the five-day mean air-temperature his tory ) .  
As i l lustrated in Figure 7 ,  the depth curves are straight l ines; 
therefore, an equation of the fol l owing form should describe the 
relationship: 

in which T = A +BX , 

T = temperature at some depth (•F ) , 
A zero intercept of depth curves , 
B = s lope of depth curves and, 
X =  pavement surface temperature p lus five-day mean 

a i r-temperature history ( °F ) .  

( 7 )  

However, Variab les A ,  B ,  and X are , in themselves , very comp l icated 
functions . As can be noted in Figure 7 ,  Variables A and B are 
dependent upon hour of the day and depth in the pavement. Variable X 
is  dependent upon month of the year and hour of the day . 

To define Variables A and B ,  a l l  values for A and B reported by 
S outhgate were p lotted a s  functions of hour and depth. Linear
regres s i on ana lyses were performed, yielding functions that were 
fifth-degree po lynomia ls  in hour of the day and third-degree 
po lynomials in depth in pavement, The following two equations 
describe Variables A and B: 

A =  [- 0 . 8 8 8 2 06 1  - 5 . 4 09 584H + 1 . 4 19 9 66H2 - O . l436045H3 + 

0. 006 0013 02H4 - 0. 00008 7 8 2 3H5] + 

[- 2 . 3 12 8 7 2  + 3 . 6439 02H - l , 00018 7H2 + O . l 08 2 1 9 0H3 -

0. 00486 7 2 1 1H4 + 0. 0000765 7 19 3H5 ][D] + 

- 14-
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Figure 7. Pavement Temperature at Depth as a Function of Pavement 
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and 

[0 . 3 188233 - 0 . 404 1 18 8 8  + 0 . 1 10335482 - 0 . 0 120103583 + 

0 . 00 05488345 84 - 0 . 000008 8 2908 2 85 ][D]2 + 

[- o. ol064 1 1 5  + 0 . 0 14384668 - o . oo39 0 2 2 S82 + o. ooo4 2 3 7 8 83 -

0 . 0000 194 2 7 4 84 + 0 . 0000003 1440 4 2 85 ][D]3 , 

B = [0 . 5 449503 + 0 . 0 1836 1498 - 0 . 0 100568 9 82 + 0 . 00 1 5794883 -

0 . 00008601361H4 + 0 . 00000 1517039H5 ] + 

[-0 . 004002625 + 0 . 0 1 12879H - 0 . 00 1 2 22 5 5 8 82 -

0 . 00017 0509 3H3 + 0 . 0000 19 52838H4 - 0 . 00000046 288 1 1H5][D] + 

0 . 000737 1035 - 0 . 00140 1982H + 0 . 0 00254396382 + 

0 . 000001147628H3 - 0 . 0000012 74846H4 + ------ ------ ---- ----"-'--"-"-'"-"-''-'-'-.,_,__;'-"-"-'L_-=---"-"""-''-"-"-�'--""'-"'-"-"---'---- -----
0 . 0 000000369058885 ] [D]2 + [- 0 . 00007334696 + 0 . 00007449 587H -

0 . 0000166584 1H2 + 0 . 0000008 7 5 5 2 3 0 83 + 0 . 00000000 1938508H4 -

0 . 0000000006 176451HS ] [D]3 , 

in which H = hour of the day and 

D = depth in the pavement ( inches) . 

( 8 )  

( 9 )  

Variable X in Equa tion 7 was a lso defined from da ta repor ted by 
S ou thgate ( 5 ) .  Figure 8 ,  derived from Fi gure 4 of Southga te' s  repor t,  
shows the re lationship be tween pavemen t surface temperature and hour 
of the day . It should be no ted tha t the data have been norma l ized 
wj tb 132 ° F  equal to 1.0 ( the average temperature a t  1300 hours for the 
month of J u ly ) .  A regression analysis on those data yielded the 
following "best-fit" equa tion: 

T n = - 0 . 3 16 + 0 . 08 1 4H + 0 . 0 1 25H2 + 

0 . 00 155H3 + 0 . 0000230H4 ' 

in which T n norma l ized pavement surface temperature. 

However, Equa tion 10 
portion of the curve, 
correction factor must 
derived from a graphica l 

does not adequa tely describe 
from hour one to hour six. 
be applied to Equa tion 10 . 
solution: 

c n 

2 

= 10{[-0.07 5 7 - 0 .0 2 2 l ( H ) 2]- [10 ( - 2 .9 6+0 .0 S S2 ( H )  )1} 
- 1 6 -

( 10 )  

the " l inea r" 
Therefore, a 

A factor was 

( 1 1 )  
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Add ing Equations 10 and l l  g ives the corrected pavement surface 
temperature in degrees Fahrenheit; 

T = (T + C ) x 1 3 2 .  c n n ( 1 2 )  

A s  previous ly stated, Equation 1 2  is based upon temperatures for the 
month of July. Therefore, it must be corrected for each month. 
Figure 9 ,  which was derived from Figure 2 2  of S outhgate' s report ( 5 ) , 
shows the relationship between norma lized pavement surface temp erature 
at 1300 hours ( ° F )  and month of the year. As in Figure 9 ,  the average 
pavement s urface temperature at 1300 hours for the month of J u ly ( 132  
°F) is  equal to 1 .0 .  A regres sion ana lys is on that data gave the 
fol lowing result: 

T 0 . 6 0 3 1 9 2  - 0 . 3 5 3 3 2 ( M )  + O . l 5 2 5 8 2 ( M ) 2 -nm 

in which T --------------------------------------·-----------�- -"----·--------------------------·-nm 
-- ------ -----

O . O l7904(M) 3 
+ 0 . 000629 3 7 (M ) 4 , 

function of month, and 

M = month of the year (January = 1 ,  December = 1 2 ) .  

Equation 1 2  can now be corrected for month of the year: 

ST = T x T c nm 

in which ST = pavement surface temperature for any month and hour 
of the year. 

( 1 3 )  

( 1 4 )  

The five-day mean air-temperature history i s  the las t  factor to be 
cons idered when defining Variable X in Equation 7 .  Figure 10 is a 
p lot of the average d a i ly temperature for each month , for the years 
19 7 0  through 1 9 7 7 .  This was developed for locations with latitudes 
around 39 degrees North. Two l inear "fits" were made to approximate 
the data. The first equation calculates the mean dai ly temperature 
for the months of January through August: 

TDA = 7 .4 6  M + 2 5 .0 .  ( 1 5 )  

The second equation calculates the same variable for September through 
December: 

TDA = - 12 .4 2  M + 1 8 4 .  ( 16 )  

As noted ear l ier,  Southgate' s charts were based upon the five-day mean 
a ir-temperature history. However , in making the previous analysis , it 
was a s s umed that the average dai ly temperature of any five-day period 
in the month would be reasonably c lose to the monthly mean. Although 
S outhgate ( 5 )  has shown that this is not entirely true, it appeared 
that the error introduced would not be significant ( s ee Figure 1 1 ) . 

Variab le X of Equation 6 has now been defined and can be written as 

X = ST + TDA 

- 18-

( 1 7 )  



--·-------------------

� 
0 1.1 -
II 

.s:::. - I .0 
c:: 
0 0.9 ::2: 

.s:::. - 0.8 ,.._ 
-
Cl) 0.7 .... 
:::1 -c �- 0.6 
c.. 
E 0.5 
� 
Cl) 0.4 u 
c .... 

0.3 .... 
:::1 

(J) 
"C 0.2 Cl) N 
c 0.1 
E .... 0 0 

z 0 2 3 

• 

4 5 6 7 
Month 

Equation 

8 9 10 II 12 

Figure g. Normalized Pavement Surface Temperature as a Function of 
Month of Year (1). 

1 9  



LL. 
0 -

·-
c 

Cl 
(I) 
01 c .... (I) 

9 0 �--------------------------� 

8 0  

50 

Years of 19 70-19 7 7  

I 
v 

I 

t (Equation 15) 
'-Temp=7.46 M + 25.0 ·. 

� 40 

30 ���--��--������--�� 
I 2 3 4 5 6 7 8 9 10 II 12 

Month 

Figure 10. Average Daily Air-Temperature as a Function of Month of 
Year. 

2 0  



• 

8.0 
.. 
� 2 
� 7,0 - �--·� .. -� .. -·------------·-W-
IL 0 
0:: 0 6.0 0:: a: ... 
0 � �.0 0 z 
;! ., 

4D�----�------�----�------�----��----�----��----�----�-O 2 4 6 8 10 12 14 16 18 

Figure 1 1 . 

NUMBER OF DAYS OF AIR-TEMPERATURE HISTORY 

Standard Error 
Antecedent Air 
hours. 

of Estimate versus Number of 
Temperatures for 6-Inch Depth 

2 1  

Days of 
at 1300 



SUBROUTINE EMOD 
Subroutine EMOD calculates the modul i  of the three materia l types . 

The modulus of e las tic i ty of a s pha l tic concrete was derived from 
Figure 19 of Southga te' s report ( 5 ) .  A regre s s i on analysis  wa s 
performed on tha t data, yielding the foll owing resul t: 

Log E = 10 .46 - 2 . 6 7 6  Log T 
in which E modulus of elas tici ty ( p s i )  and 

T = pavement temperature ( •F ) , calculated from 
Equation 7 . 

( 18 ) 

The modulus calculated for dense-graded aggrega te i s  ac tua l ly a 
res i l ient modulus obtained from the repeated- load tes ts .  Defini tion 
of the res i lient modulus , how i t  was ob tained , and the effects of 
confining pres sure and mois ture content on i ts magni tude are exp lained 
in deta i l  in Reference 1& Aga in, regress ion ana ly ses on the 
labora tory data gave the fo l l owing equa tion for res i l ient modulus: 

in which M res i l ient modulus ( ps i ) ,  

W = mo i s ture content ( percent) , and 

a3 = confining pressure ( ps i ) .  

The equa tion describing the modulus of the subgrade material a s  a 
function of mois ture content and confining pres sure was developed from 
regres s ion analyses on data obta ined from resonant co lumn tests on the 
ma terial ( see Reference l ) : 

log Er = 5 . 3 3 1  + 0 . 00070a3 + ( 0 . 1 1 246 - O . O l0060a3 + 

in which 

2 2 2 ( 0 . 0 0 0 3 lOa3 ) w - ( 0 . 0 2496 - 0 . 00 l880a3 + 0 .00005490a3 ) w  ( 2 0 )  

E = modulus of elas tic ity ( p s i )  from the r 

res onant co lumn. 

If mois ture content for dense-graded aggregate and subgrade materia l 
is  n o t  input a s  data ,  an assumed value is  used. For dense-graded 
aggregate, mois ture content is assumed to be 3 . 0  percent for each 
month excep t March and Apr i l  when a value of 4 . 5  percent is use d .  For 
subgrade materia l s ,  the assumed values are 7 a0 and 8 . 0  percen t ,  
respectively. 

The modul i  ca lculated in this subroutine are used in Subroutine 
STRESS for ca l cula ting s tresses in the pavement s truc turee 
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BLOCK DATA 
The traffic data tha t served as a mode l for loading pa tterns is  

s tored in the section labe lled BLOCK DATA. The traffic mode l  is  
s tored a s  data, as opposed to a rna thema tica 1 ana log,  because of  
difficulty in deve lop ing reasonable func tions tha t adequately 
described traffic pa tterns . 

Traff ic volumes by month and by hour of the day for rural roads in 
Kentucky were reported by Herd e t  a l .  ( 2 ) .  Figures 1 2  and l 3  were 
deve loped from their data. Figure 12 shows the p ercentage of tota l 
annua l vo lume tha t occurs in each month, and Figure 13 i l lustrates the 
percentage of da i ly vo lume that occurs in any hour for a " typica l"  
day . A l though it  is  not entire ly correc t,  for the sake of  simp l i c i ty ,  
i t  was assumed tha t the traffic pattern was the same for a l l  days of 
any particular month. 

To de termine the volume for a par ticular hour of a particular month, 
i t  is necessary to mul tip ly the percentage value in Figure 1 2  by the 
percentage value in Figure 1 3 .  I t  is this produc t that is s tored in 
BLOCK DATA for 288  " typical" hours of the yea r.  To ob ta in vo lume, it  
i s  necessary to mul ti p ly the s tored value by number of  days in the 
ffioni::h�T3o Is a�ss\iffie<lT an<r Eliei.: 'Dy tfie�aniiuaT voTume; TlieTatter two 
mu l tipl ica tions are made in the MAIN program. 

The tota l  number of vehic les , howeve r ,  is not the p rimary concern; 
the number of whe e l-passes is the major fac tor to be considered. To 
de termine thi s ,  i t  is impera tive to class ify the traffic s tream as to 
type of vehicle.  F i le data comp iled by the Depa r tment of Highways 
indicate tha t approximate ly 20 percent of the traffic s tream for rural 
roads is truck traffic.  Fur thermor e ,  the same d a ta show the average 
truck has 3 .  9 2 axl e s . Therefore , to obtain whee l - passe s , 8 0  percent 
of the hourly volume is  mul ti p l ied by 2 . 0 for automob i l e s  and 20 
percent is mul ti p lied by 3 . 9 2  to ob ta in the tota l  number of wheel
pas s e s  per hour. 

When us ing axle loads to calcula te rut dep th ,  the number of axle l oads 
are read in us ing variab l e  ANVOL .  However, this variab le is  a vehicle  
volume of all  of the correc tions of the previous paragraph would be  
app lied to the axleloads tha t were inpu t, making the number of 
axle loads greater than antic ipa ted .  For examp l e ,  if 1 ,000 , 000 
axle loads were desired and tha t number was input wi thout any 
correc tions, the program would mul tiply 80 p ercen t of 1 ,0 00 , 000 by 2 . 0 
and 2 0  percent of 1 ,000 ,000  by 3 . 9 2  (800 , 000 time s 2 . 0  p lus 200 , 000 
times 3 . 9 2  equa l s  2 , 384 ,000)  to give a number of  axle loads that is  
2 . 3 8 4  times grea ter than wha t was d e s i red. Therefore, the d e s i red 
number of axle l oads should a lways be divided by 2 . 384 before inputing 
into the program. A l s o ,  when us ing axleloads , variab le TRUCK should 
a lways be 0 . 0 .  

A l l  whe e l-passes d o  not occur a t  the same spot on the pavement. It 
has been shown ( 6 )  tha t,  in genera l ,  the d i s tribution of whee l-passes 
across any s e c tion of pavement w i l l  approximate a norma l d i s tribution 
pa t tern ( be l l- shaped curve) or a s inusoida l func tion. This broadens 
the rut while reducing the depth .  To account for this pa ttern , the 
number of 'vhee l-pas s e s  was reduced to an amount equa l to the root mean 
square of the s inus oida l curve ( 0 . 70 7 ) .  

A l l  of the above calcula tions concerning number of whee l-passes are 
made in the MAIN program. 
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SUBROUTINE STRESS 

This  subroutine ca lculates the vertical stresses  at various depths 
in the pavement s true ture . With s ome modif ications , the subroutine 
was taken from a program entitled CHEVRON written by the Chevron O i l  
Company . Linear e lastic theory is  used t o  solve f o r  the stresses . 

IMPLEMENTATION 

In order to i l lustrate the use and implementation of the rutting 
charts in a "rea l- l ife" analy s i s ,  s ix sections of rehab i l itated and 
reconstructed Interstate 65 in Hart, LaRue,  and Hardin Counties in 
Kentucky were ana lyzed for rutting. From this ana ly s is , 
rec ommendations have been made as to the apparent best des ign when 
rutting is cons idered. 

The six sections were identif ied on the des ign sheet a s  fol lows: 

S outh of E l izabethtown, Kentucky , 
. . . ... ·· · ·· - . . \IT-11;1': ·n;-rli<J To-!f;p-;-T6;-0%--tn:947 miles); 

( 2 )  M . P .  76.096 to M . P .  9 0 . 59 6  (14 . 5  miles ) ,  ----,N;;-o;:;-;:r';t�h:-';:o;jf,=,E�l:;i._;.z.;;a,b;;:e�t;:,h;c t�o,:;;w;.;n�,"TiKc;e;.;n;ct�u;;.c;;.k�yc-,
-'-'��

--=.::.::.::.::..'.'c_ _______ -----·--······ · · ·---
( 3 )  Section 4 - 1 ,  
( 4 )  Section 4 - 2 , 4 . 5 4  miles , including previous section) , 
( 5 )  Section 4- 3 ,  ( 1 . 3 4  m i l e s )  
( 6 )  Section 4-4 , ( 2 . 4 5  m i l e s )  

It should be noted that the rut depths reported i n  the f o l l owing 
ana lys e s  have been cal culated using l inear inte rpolation to obtain 
va lues that occur between success ive chart s .  

The cost ana lyses a r e  bas ed upon the following unit bid price s :  
DGA Ba s e  (Limestone) $ 6 . 75/ton 
Bituminous Concrete Bas e  $ 2 1 . 00/ton 
Bituminous Concrete Surface $ 2 4 . 00/ton 
Pavement M i l ling $ 1 1 . 0 0 /ton 

The costs assoc iated with inflation have not been cons idered . When 
a number of thin overlays have been added to a pavement, their effects 
on the structural capabi lities of that pavement have been ignored.  
When comparing two alternates for a particular section, the shoulder 
des ign was as sumed to be the same for each alternate; therefore , 
costs of the shoulders have not been added to the total costs . Each 
of the sections are d i s cussed seperately . 

MILEPOST 6 1 . 149 to MILEPOST 76 , 0 9 6  

Existing pavement- - 7 . 5  in. AC on 13 i n .  DGA 
Estimated Subgrade CBR = 6 . 3 
Des ign EAL = 5 . 5  X 106 

The existing pavement i s  to have 0 .  5 inch m i l led o f f ,  leaving 7 . 0  
inches o f  A C  on 1 3  inches of  DGA . Ignoring the structural patches that 
are to be added, it appears this section w i l l  rece ive approximately 
3 . 5  inches of overlay,  

From the rutting charts , the new rehab i l itated structure w i l l  

- 2 6 -



deve lop 0.43 inch of ru t by the end of its  des ign l i f e .  If 0 . 5  inch 
of ru t is cons idered the maximum a l lowed, then the pavement w i l l  not 
have to be overlaid during i ts des ign l i f e .  If 0 . 2 5  inch of rut is the 
maximum a l lowed, ( a s  recommended by FH\vA) , then one overlay would be 
required during the des ign l ife. (The overlay was cons idered to be a 
0 . 5 0- inch lev e l l ing course and a f ina l c ourse of 1 . 0- inch surface . )  
The total estimated cos t of the addi tiona l overlay is  $ 5 7 , 000 per 
m i l e .  This is the addi tional cos t required to insure dep ths of 0 . 2 5  
inch or less  a s  opposed to permi tting dep ths up to 0 . 5  inch. 

A second a l terna tive to overlaying w i th 1 . 5  inches would be to m i l l  
off 0.  5 inch and overlay with only 1 .  0 inch. This a 1 terna te would 
c o s t  approximately $47 , 000 per m i l e .  

For this particu lar s ec ti on, i t  appears tha t the 3 . 5 - inch overlay 
wa s a good choice in design, when cons idering ru tting . However, if a 
ru t depth of 0 . 2 5  inch is  to be the maximum permi s s ib l e ,  i t  is  
recommended that m i l ling be used w i th an overlay of only 1 . 0  inch for 
any fu ture reha b i l i ta tion that is rutting related. 

S tage cons truction might be cons idered for this sec tion , if the 

... ··· ··-·----- ·· ·-··-···· ····· -· · ·-
cri terion of 0 . 2 5 - inch maximum ru t dep th is  used. Ins tead of plac ing 

--···T;YTiicli_e_s ___ or-overTay;···-a:n:a··--tn:en:·· ·mnt-ing;···--anct··actd ing·-·another··-r-,o· ·inch·· 

af ter approximate ly 2 . 9 m i l lion EAL , add only 1 . 7 5  inches ini tia l ly 
and a t  3 . 1  m i l lion EAL m i l l  and add the add>tlOnal---r-75 1nches of 
overlay . This procedure could save approxima te ly $ 3 0 , 000 per m i l e .  
However , the s tructural effects of this procedure were no t evaluated. 

MILEPOST 7 6 .09 6 to MILEPOST 9 0 . 5 9 6  

Exis ting pavement- - 10 i n .  P C C  on 6 i n .  DGA 
Es timated Subgrade CBR = 6 . 3 
Des ign EAL = 5 . 2  X 1 06 

The 1 0- inch concrete pavement i s  to be broken into p ieces 1 8  to 24 
inches in s ize and an overlay of  7 . 2 5  inches of AC is  to be p laced. 
When e s timating ru tting , a problem arises concerning the behavior of 
the broken concrete pavement.  Some have indica ted tha t i t  probably 

behaves as a DGA bas e .  If tha t is tru e ,  then this particular section 
would be ana lyzed as 7 . 2 5  inches of AC on 16 inches of DGA . The ru t 
depth at the end of the design period would be 1 . 4  inche s .  

However i t  seems the broken PCC pavement would more c losely behave 
as a rock subgrade& If an ana lysis is made assuming tha t this rock 
subgrade has a minimum CBR of 2 0 ,  then the rut dep th at the end of the 
des ign life would be 0 . 64 inch. This seems to be a more reas onable 
es tima te .  

For the OeS- inch maximum permis s ible ru t dep th cri terion, the 
pavement would require one overlay a t  an e s t imated c o s t  of $ 5 7 , 000 per 
mile ( a ssuming a 1 . 5 - inch overlay) . For the 0 . 2 5 - inch maximum 
permis s ib l e  rut dep th cri terion, two overlays would be required a t  a 
tota l  cos t of $ 1 14 , 000 p er m i l e .  

Again, mil ling would appear to b e  a be tter a l ternative to s imp ly 
overlaying, because of lower cos ts per m i l e ,  and the thinner overlays 
would accumulate rutting a t  a s l ower ra te . The cos t per mile per 
overlay would be $47 , 000. 
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S tage cons truc tion for 
uncertainty regarding 
propoga ting through the 

this s e c tion was not ana lyzed because of 
the possibilty of ref lec tion cracking 

thinner over lay. In view of this uncertainty , 
not be recommended for this section. a thinner overlay would 

SECTIONS 4- l and 4-2 

ALTERNATE l (Conventiona l Design) - under cons truc tion 
8 . 7 5  in AC on 16 in. DGA 
Subgrade CBR = 5 7 Design EAL = 1 . 5 X 1 0  

ALTERNATE 2 ( Fu l l-Depth Design) 
1 6 . 7 5  in. AC 
Subgrade CBR = 5 
Design EAL = 1 .5 X 1 07 

The conven tiona l design ( A l terna te l )  wi l l  have approxima tely l . l  
�� � � � ��� inches of ru t a t  the end of the design life • .  Therefore, the pavement 

;iii��t;���
� 

�:;:; 1,;, c;:;;;,�;:Ia:i<fClilrTng Tis .service� rn;;·��� using Tlieo: :s:rn.cli 
maximum a l l owab le rut depth criterion, the pavement would receive two 
1 . 5 - inch overlays a t  a tota l  cos t of $ 168 , 000 per mi le for both 
over lay s .  For the 0 . 2 5 - inch rut criterion, there would be six 
1 . 5 - inch overlays at a total cost  of $ 5 05 , 000 per mil e .  

I f  0 . 5 -inch of the surface were mil led o f f  and only a 1 . 0-inch 
overlay were p laced,  two overlays would be required for the 0 . 5 - inch 
rut dep th criterion, but the tota l cos t for the two overlays would be 
only $ 138 , 000 p er mi l e .  This is a savings of over $ 2 0 , 000 per mile 
when compared to adding two 1 . 5 -inch overlay s .  

For the 0 . 2 5 - inch criterion, the number o f  overlays woul d  be reduced 
from six to four, if the pavement were mil l e d .  This woul d  be a total 
cos t of $ 2 7 6 , 000 per mile for the four overlays and a savings of 
$ 2 2 8 , 6 7 6  per mil e ,  when compared to six 1 . 5-inch overlays .  

The ful l- de p th design (Al terna te 2 )  would deve lop 1 . 4 inches of ru t 
during its design s ervice lif e .  Three 1 . 5 - inch overlays would be 
required during the design life of these two sec tions to maintain ruts 
dep ths a t  0 . 5  inches or l e s s  for the ful l-dep th design. The tota l  
cos t for the three overlays woul d  be $ 25 2,576 per mi l e ,  

Eight additional 1 . 5 - inch overlays would be required on the f u l l 
depth a l terna te to m e e t  the 0 . 2 5 - inch maximum a l lowable ru t depth 
criterion. The tota l  cos t for thes e  overlays would be $ 6 7 4 , 000 per 
mil e .  

Again, mi l l ing wou l d  b e  a better a l ternative to overlaying a lone . 
For the 0 . 5 -inch dep th criterion, one overlay could be saved a t  a 
savings of approxima tely $ 1 1 4 , 000 per mil e .  When using the 0 . 2 5- inch 
criterion, only six overlays would be required instead of eigh t,  if 
the pavement were mi l led before laying each overlay . This woul d  save 
$ 2 5 9 , 000 per mile when compared to eight 1 . 5 -inch overlays .  

I n  summarizing these sec tions , the b e s t  des ign i s  Al terna te 1 ( 3 3  
percent AC) ,  a s  i t  i s  less suscep tib le to ru tting . This design is 
a lso be tter than the 5 0  p ercent or 75 percent AC d esigns . They would 
have d eve loped ru t dep ths b e tween l . l  inches (33 percent AC) and 1 . 4  
inches ( 1 00 percent AC) . A l s o ,  it appears tha t mil ling is the bes t 
progam to f o l l ow in ru tting rehabilitation. The c o s t  savings per mile 
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when us ing m i l ling w i th Al terna te l ins tead of m i l ling wi th Al terna te 
2 is $ 15 5 , 00 0 ,  for the 0 . 5 - inch criterion. For the 0 . 2 5 - inch 
cri terion, the savings per mi le for the same program is $ 293 , 00 0 .  
These las t  two figures include the i n  tial cos t difference per mile  
between the two a l terna tives . At  Sep tember 1983  prices , the 
construction cos t per mile is  more for ful l .. dep th than for 
conventional des ign ( in the E l i zabe th town area ) . 

SECTION 4-3 

ALTERNATE l (Conventional ) - -under cons truc tion, 
8 . 7 5  in.  AC on 9 in.  of DGA 
Subgrade CBR = 15 ( a9 sumed ) - -cement s tabi lized 
Des ign EAL = 1 . 5  x 10 

ALTERNATE 2 ( Fu l l  Dep th) --Us ing a des ign submitted 
to FHWA on May 24 , 198 3 ,  
for 100% AC , based on 
480-ks i curve s .  

Subgrade CBR = 15  ( a s9umed ) - - cement s tab i l ized 
Des ign EAL - 1 . 5  x 10  

It  is es tima ted tha t Al terna te 1 (conventional design) w i l l  ru t 
approxima te ly 1 . 0  inch during i ts design l ife.  A l ternate 1 is  a 
50-percent AC des ign; however, a 33-percent des i gn would have worked 
as we l l ,  when considering rutting. In this cas e ,  bo th des i gns would 
have developed 1 . 0 - inch of rut; therefore , the number of overlays for 
b o th des igns would be the same . The number and type of overlays are 
the same as thos e  l i s ted for the conventional des i gn in Sections 2 and 
4 .  

I t  appears the 50-percent des ign i s  the be tter des ign for this 
section because of l ower intial cos t. The 33-percent des ign would 
cos t $ 57 5 , 000 per mi le whi l e  the 5 0 -percent design would cos t $ 545 , 000 
per m i l e .  

A l terna te 2 (ful l-dep th des ign) for this section would develop 
approxima te ly 1 . 3  inches of rut during i ts des ign life. The ini tia l 
cos t for this a l ternate would be $ 7 1 8 ,000  per mile , which i s  $ 1 7 4 ,000  
per mile  greater than for the 50-percent des ign. 

The number, typ e ,  and cos t of overlays for this  section are the same 
as for the ful l-dep th des ign on Sections 1 and 2 .  Therefore , the 
recommended design for this s ection is  the 5 0 - p ercent des i gn w i th two 
future overlays where 0 . 5  inch of material is  m i l led off and a 
1 . 0 - inch surface course i s  put down for each overlay. The total cos t 
for this des ign and rehabilita tion program would be $683 ,000 per m i l e .  
The to ta l cos t for the 33-percent des ign would be $ 7 14 ,000 per m i l e .  
For the ful l-dep th des ign, the total cos t would be $ 7 8 7 ,000  per m i l e .  
Thes e  f igures are based upon the 0 . 5 - inch maximum a l l owabl e  rut dep th. 
The cos t difference b e tween the ful l-dep th des ign and the two 
conven tiona l des igns would increase by an additiona l $ 138 , 000 p er m i le 
if the 0 . 25 - inch rut dep th criterion were used. 
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S ECTION 4-4 

ALTERNATE 1 ( Fu l l  D e p th) - -under construction 
17 . 5  in. AC 
Subgrade CBR = 3 6 Design EAL = 6 , 2  x 1 0  

ALTERNATE 2 ( Conventiona l ) - - 5 0  p ercent AC 
1 1 . 0  in. AC on 12 in. of DGA 
Subgrade CBR = 3 6 Des ign EAL = 6 , 2  x 1 0  

A l terna te 2 i s  the bes t des ign for this sec tion. This a l ternate is  
a 5 0-percent AC design. A l though the rutting behavior is  
approxima tely the same as for a 3 3 -percent conventional des ign ( 0 . 8 7  
inch for the des ign l i fe ) , the ini tia l c o s t  o f  this des i gn would be 
l es s .  The 50- percent AC conventiona l des ign would cos t approximately 
$ 64 9 , 000 per mile whi le the 33- percent AC des ign would cos t $7 5 7 , 000 
per m i l e .  ··· · ··· · ···· ······· ·········· · ·  ······--ATte-rnate· T· a-rsa--wouta ·-c-olrt·--t-ess -�:n-an: -A-t terrra-te··--t···-\-rn-t -<1 epth -u:f -LfH -····-·-·--···-·---··--·--- · · 
inches for the des ign life ) ,  The ini tial cost  for A l ternate l would 
be a pproximately $238 ,000 more per m1le than Alternate 2 .  

On ly one overlay would be required for A l ternate 2 .  Aga in,  m i l ling 
wou ld be recommended w i th a 1 . 0- inch overlay at a cost  of $69 , 000 per 
mi l e .  Al terna te 2 would require two overlays a t  a tota l cost  of  
$ 138 , 000 per mi le ( using the 0 , 5 - inch ru t dep th criterion) . Two 
over lay s would be required for Al ternate 2 ,  and three overlays would 
be requi red for Al ternate 1 under the 0 . 2 5 - inch cri terion. 

REMARKS 

In every ins tance ana lyzed, the conventional des igns accumula ted rut 
dep ths at a s l ower rate than did the ful l-dep th design s .  The 
3 3 - percent and 5 0- p ercent AC des igns behaved nearly the same when 
cons idering ru tting; howeve r t  from the unit bid prices used in thi s  
s tudy , the 5 0- p ercen t des ign had a lower ini tia l cos t p e r  mi le than 
the 33-percen t des ign. A l s o ,  the ful l-dep th des i gn was the mos t 
expensive , considering ini tial c o s t .  

As  would b e  expected, i t  was much more expens�ve to maJ.ntaJ.n rut 
dep ths at 0 . 2 5  inch or less than permi tting ru t dep ths up to 0. 5 inch.  

When considering rut ting , m i l l ing appears to be the be tter choice,  
The cost  appears to be less ini tia l ly when compared to adding a 
leve l l ing course and then a thin riding surface.  A l s o ,  the thinner 
over lays that can be added when the pavement is  m i l led accumu la te 
ru t ting a t  s lower ra te s  .. 

A l though s tage cons true tion was cons ide red for only one of thes e  
sec tion s ,  i t  appears this  s trategy might have been a viab le 
a l terna tive under a more in-depth ana l ys i s .  Therefore , it is  sugges ted 
tha t further s tudy and ana lys i s  in this area should be under taken to 
de termine the c o s t-effec tiveness and serviceab i l i ty of s tage 
cons true tion. 
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CONCLUSIONS AND RECOMMENDATIONS 

In the one case tes ted , the rut depth charts gave a good e s tima te . 
Howeve r ,  i t  is recommended tha t more comparis ons be mad e .  

I t  i s  recommended that more types o f  a spha l ts b e  tes ted i n  the 
laboratory to deve l op more general ru tting mode l s .  I t  is  recommended 
tha t the tes ting program be expanded to include more s o i l  types and a 
larger range of CBR va lue s ,  
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APPENDIX A 

RUT DEPTH CHARTS 
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APPENDIX B 

INPUT INSTRUCTIONS FOR PAVRUT 
AND AN 

EXAMPLE OUTPUT 
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USER ' S GUIDE FOR PAVRUT 

1 .  CONTROL CARDS 

A) TITLE CARD (80A1)  

1 - 8 0  TITLE - TITLE CARD FOR PROGRAM IDENTIFICATION 

B) PROGRAM CONSTANT CARD 1 ( F15 . 0 , F5 .0 , F3 . 0 , 2I2)  

1 - 1 5  ANVOL - ANNUAL VOLUME O F  VEHICLES 

16-20 SPEED - AVERAGE SPEED OF VEHICLES 

2 1-23 TRUCK - INPUT AS 1 . 0  OR O . O ,DEPENDING ON WHETHER TRUCKS 
ARE TO BE TREATED SEPARATELY FROM CARS 

24-25  IGIMIC - INPUT AS 1 OR O,  IT IS  ONE IF STRESSES ARE TO BE 
CALCULATED AT EACH NEW TEMPERATURE AND IT IS  

��� - -� -��--�- �-� - �--cE�Q �-rE'�-H'J.'RE%&E& ARE �'J'e--�BEHlkLC-BLA-'l.'ED-�A'I'-� 0Nb��--�-

ONE TEMPERATURE ------------------------------------�----� ---------
2 6 - 27 ICON - INPUT AS 1 OR O ,  IT IS 1 IF THE PROBLEM INVOLVES 

AN OVERLAY ON A CONCRETE SLAB 

C )  PROGRAM CONSTANT CARD 2 ( I3 , 2 ( F5 . 1 , F6 . 0 ) )  

1 - 3  NS - NUMBER OF LAYERS (MAXIMUM OF 1 5 )  

4-8 PSIC - TIRE PRESSURE FOR CARS ( P S I )  

9 - 14 WGTC - WHEEL LOAD FOR CARS ( POUNDS) 

15- 19 PSIT 

20-25  WGTT 

2 .  DATA CARDS 

- TIRE PRESSURE FOR TRUCKS ( PS I )  
( I F  VARIABLE TRUCK I S  O ,  THIS VARIABLE WILL BE 
ZERO) 

- WHEEL LOAD FOR TRUCKS ( POUNDS) 
(IF vARIABLE TRUCK IS O, THIS VARIABLE WILL BE 
ZERO) 

A) PAVEMENT CHARACTERISTICS 1 ( 2 ( I3 , 2F5 . 2 ) , F5 . 1 ) (MAXIMUM OF 1 5 )  

1-3 LYN - LAYER NUMBER 

4 - 8  HH - LAYER THICKNESS ( INCHES ) 

9 - 13 ANSDPT - ANSWER DEPTH : DEPTH FOR WHICH ANSWER IS  
CALCULATED ( INCHES FROM TOP OF SURFACE) 

14-16  MATYP - MATERIAL TYPE ( 1=ASPHALT CONCRETE , 2=DENSE-GRADED 
AGGREGAT E ,  3=SUBGRADE) 
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B )  

-------------------- ---·------·-----------------·----·--------·--·--
---------------- ------- ·· 

1 7 - 2 1  w - MOISTURE CONTENT ( IF THIS VARIABLE IS NOT 
ASS IGNED A VALU E ,  THE PROGRAM WILL ASSUME ONE) 

2 2 - 26 SIGMA3 - CONFINING PRESSURE FOR DENSE-GRADED AGGREGATE 
AND SUBGRADE ( IF THIS VARIABLE IS NOT ASSIGNED 
A VALUE, THE PROGRAM WILL ASSUME ONE) 

2 7 - 3 1  CBR - CALIFORNIA BEARING RATIO FOR SUBGRADE 
(THIS VARIABLE IS LEFT BLANK WHEN READING DATA 
FOR ASPHALT CONCRETE AND DENSE-GRADED AGGREGATE)  

PAVEMENT CHARACTERISTICS 2 ( 1 5 F4 . 3 )  

1 -4 v - POISSON ' S RATIO FOR LAYER 1 

5 - 8  v - POISSON ' S  RATIO FOR LAYER 2 

9 - 12 v - POISSON ' S RATIO FOR LAYER 3 
·---·-·-·-·-·-·--·------·--·-·-·---------·----- ------------------- -------------------·-------- -----------------------------------------------------
1 3 - 16 v - POISSON ' S  RATIO FOR LAYER 4 ----------
1 7 - 20 v - POISSON ' S RATIO FOR LAYER 5 

2 1-24 v - POISSON ' S  RATIO FOR LAYER 6 

25-28 v - POISSON ' S  RATIO FOR LAYER 7 

29-32 v - POISSON ' S  RATIO FOR LAYER 8 

33-36 v - POISSON ' S RATIO FOR LAYER 9 

37 -40 v - POISSON ' S  RATIO FOR LAYER 1 0  

4 1-44 v - POISSON ' S  RATIO FOR LAYER 1 1  

45-48 v - POISSON ' S RATIO FOR LAYER 1 2  

49 52 • POISSON' S RA'l'IO FOR LAYER l 

53-56 v - POISSON ' S  RATIO FOR LAYER 14 

5 7 -60 v - POISSON ' S  RATIO FOR LAYER 15 
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EXAM PLE OUT PUT 

******************************************** * * * * * ****•**************** 
* 
* 
* 

' 
10 , 000 , 000 EAL - RUN 2 1 - 20 10  18 CBR- 7 . 5  

* 
* 
* 

* * * * * ******************************** * ********************* * * * * ******* 

LAYER NUMBER 1 
2 0 . 0 0  
2 2 . 60 
1 0 . 0 0  

ASPHALT CONCRETE 
LAYER THICKNESS 
FIRST STRESS 
ANS\IER DEPTH 
LAYER DEFLECTION 0 . 3098E 00 

--· -·------------------ --·--·--------·----------------------------·--·----LAYEa---NtJ�:B-ER -----------2 ------·--·-----n-Et>ii-s-E-.;;-GRAtJEf)-·-AGt�RE-GAlE -----------------·-·------·---------------·--·-·-·-·----------·--·-·--·-·---·---·--·------·--
- - - - - - - - - - - - - - - - - LAYER THICKNESS 10 . 00 ······ - - -··------------- FIRST STRESS - ----. . 19 

ANS\IER DEPTH 2 5 . 0 0  
MOISTURE CONTENT 3 . 00  
LAYER DEFLECTION 0 . 3 240E- 01  

LAYER NUMBER 3 SUBGRADE 
LAYER THICKNESS 
FIRST STRESS 
ANSWER DEPTH 
MOISTURE CONTENT 
LAYER DEFLECTION 

TOTAL PAVEMENT DEFLECTION 0 . 5389E 00  
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18 . 0 0  
1 . 07 

39 . 0 0  
7 . 00  

0 . 1967E 00  
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APPENDIX C 

SOURCE LISTING O F  PAVRUT 
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C**********************************************************************C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

�� � � ��� � � �  �������� c� 

c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

* * 
* * 
* PAVRUT * 
* * 
* * 
* FIRST VERSION JANUARY 1983 * 
* * 
* UPDATE , VERSIONS : NONE * 
* * 
***************************************** 
* 
* 
* 
* 
* 
* 

COMPUTERIZED ANALYS IS 

OF 

* FLEXIBLE PAVEMENT RUTTING BEHAVIOR 

* 
* 
* 
* 
* 
* 
* 
* 

-·---·-----·---·--·-·-·----------------·----- ---·-·-·-·--·-·---·-·-·--·-------·-·--·-------·--·--·--·-----·---------·-·-·--·-·--·----*-
US ING * 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

��� ��������������� ����������c � 

c ---..--------------------.�-------r--���� �� �--

* ALGORITHMS DEVELOPED * 
* FROM LABORATORY DATA * 
* * 
* BY * 
* * 
* DAVID L .  ALLEN * 
* * 

* * 
***************************************** 
* 
* 
* 
* 
* 
* 
* 

* 
* 
* 
* 
* 
* 
* 

THE PROGRAM WAS DEVELOPED 
UNDER THE AUSPICES OF THE 

KENTUCKY TRANSPORTATION 
RESEARCH PROGRAM 

UNIVERSITY OF KENTUCKY 

LEXINGTON KENTUCKY 

* 
* 
* 
* 
* 
* 
* 

* 
* 
* 
* 
* 
* 
* 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

C**********************************************************************C 
c 
c 
c 
c 
c 

INPUT VARIABLES 

c 
c 
c 
c 
c 

C**********************************************************************C 
c c 
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C TITLE - PROBLEM TITLE 
c 
C ANVOL - VOLUME OF VEHICLES 
c 
C SPEED - AVERAGE SPEED OF VEHICLES 
c 
C TRUCK - INPUT AS 1 . 0  OR 0 . 0  DEPENDING ON WHETHER TRUCKS ARE TO BE 
C TREATED S EPARATELY FROM CARS 
c 
C IGIMIC - INPUT AS 1 OR O ,  IT IS ONE IF STRESSES ARE TO BE 
C CALCULATED AT EACH NEW TEMPERATURE AND IT IS ZERO IF 
C STRESSES ARE TO BE CALCULATED AT ONLY ONE TEMPERATURE 
c 
C ICON - INPUT AS 1 OR O ,  IT IS 1 IF THE PROBLEM INVOLVES AN OVERLAY 
C ON A CONCRETE SLAB 
c 
C NS - NUMBER OF LAYERS 
c 
C PSIC - TIRE PRESSURE FOR CARS 

C WGTC - WHEEL LOAD FOR CARS ----------p-----------------------
C P S IT - TIRE PRESSURE FOR TRUCKS ( IF VARIABLE TRUCK IS O ,  THIS 
C VARIABLE WILL BE ZERO) 
c 
C WGTT - WHEEL LOAD FOR TRUCKS ( IF VARIABLE TRUCK IS O ,  THIS VARIABLE 
C WILL BE ZERO ) 
c 
C LYN - LAYER NUMBER 
c 
C HH 
c 

- LAYER THICKNESS 

C ANSDPT - ANSWER DEPTH ( FROM THE SURFACE) 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
G--
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

C MATYP - MATERIAL TYPE ( 1=ASPHALT CONCRETE ,  2=DENSE-GRADED AGGREGATE , C  
C 3=SUBGRADE) C 
c c 
C W - MOISTURE CONTENT ( IF THIS VARIABLE IS NOT ASS IGNED A VALUE ,  C 

E I'IWGRAM WIL A33lll!E ONE) C 
c c 
C S IGMA3 - CONFINING PRESSURE FOR DENSE-GRADED AGGREGATE AND SUBGRADE C 
C ( IF THIS VARIABLE IS NOT ASSIGNED A VALU E ,  THE PROGRAM C 
C WILL ASSUME ONE) C 
c c 
C CBR - CALIFORNIA BEARING RATIO FOR SUBGRADE ( THIS VARIABLE IS C 
C LEFT BLANK WHEN READING DATA FOR ASPHALT CONCRETE AND C 
C DENSE-GRADED AGGREGATE) C 
c c 
C V - POISSON ' S  RATIO FOR EACH LAYER C 
c 
c 

c 
c 

C**********************************************************************C 
COMMON /SPSCOM/ E ( l 5 ) , V ( 1 5 ) , H ( 14 ) ,AZ(396 ) , A(39 6 , 1 5 ) , B( 3 9 6 , 15 ) , C (39 

1 6 , 15)  ,D(396 , 1 5 )  , AJ (  39 6 )  , B Z ( 10 0 )  , X ( l 5  , 4  , 4 )  ,SC(  14)  , FM ( 4 )  ,PM(14 , 4  , 4 ) , 
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2 Z , AR , NS , N , L , ITN,RS Z , S F , CS Z , I , ITN4 ,LC ,PA , P , EP , T1P ,T1 , T2 ,T3 ,T4 
3 ,T5 ,T6 , T2M ,WA,ZF , S Z l , S Z2 , SG1 , SG2 , PH ,PH2 ,VK2 ,VKP2 ,VK4 ,VKP4 ,VKK8 , 
4HH ( 1 5 ) , S IGMA3 ( 15 ) , W ( 15 ) , MATYP ( 1 5 ) ,ANSDPT ( 15 )  

DIMENSION LYN ( 1 5 ) ,RLYT( l 5 ) ,DEF( 1 5 )  
DIMENSION TITLE ( 8 0 )  
COMMON /VOLUME/ COHRV ( 24 , 12 )  

1 0  READ ( 5 , 3 0 , END= 9 9 9 )  TITLE 
30 FORMAT(80A1)  

WRITE ( 6 , 7 5 )  
7 5  FORMAT ( lH l , ' ****************************************************** 

!************************************ ' )  
WRITE( 6 , 7 4 )  

7 4  FORMAT ( 1X ,  ' * ' , 88 X ,  ' * ' )  
WRITE ( 6 , 3 1 )  TITLE 

3 1  FORMAT ( 1X , ' * ' , 3 X ,80A1 , 5X , ' * ' )  
WRITE( 6 , 7 4 )  
WRITE ( 6 , 7 6 )  

7 6  FORMAT ( lX , ' ******************************************************* 
1*********************************** ' / / )  

�·� �--�-·�·��-��---·��-�� -���---��� · �· · -�· -·· ·�·-··�AJl0-,1,5_)_� ANllDL>-��-SPJ;:ED�,_TRlll:K.,_IGllllC,IC01L�--��-���-�·-·--��·�· ·--�---���· · ·��·����������- � -��������-�-------��-- �--�-

---� �� --� 
4 5  FORMAT ( F 1 5 . 0 , F5 . 0 , F3 . 0 , 2I 2 )  

READ ( § , Scl.+-l'ls,P--S-I-(;,WCTC, P£ l'I'-,-WG'r-'l:------------------
8 1  FORMAT( I3 , F5 . 1 , F6 . 0 , F5 . 1 , F6 . 0 )  

DO 705  LL=1 ,NS , 1  
READ ( 5 , 1 0 5 )  LYN ( LL ) , HH(LL ) , ANSDPT(LL) , MATY P (  

1LL ) , W(LL) , SIGMA3 (LL ) , CBR 
105 FORMAT( I3 , F5 . 2 , F5 . 2 , I3 , F5 . 2 , F5 . 2 , F5 . l )  
7 0 5  CONTINUE 

READ( 5  , 9 6 3 )  (V ( LL) ,LL= 1 ,NS)  
9 6 3  FORMAT ( 1 5F4 . 3 )  

DO 2 7  LL=1 ,NS , 1  
ANSDP 1=ANSDPT (LL) 
MA=MATYP(LL) 
STNLG=O . O  
DO 107 M=1 , 1 2 , 1  
DO 108 KK=1 , 24 , 1  
IF( MATYP (LL) . EQ . 1 )  CALL TEMP ( M ,KK,ANSDP 1 ,TM) 
RTM=TM 

W 1=W(LL) 
S IG3=SIGMA3 ( LL )  
IF (KKK . EQ . 2 . AND.TRUCK . EQ . O . O )  G O  T O  108 
IF(KKK . EQ. 2 . AND. TRUCK . GT . O . O )  GO TO 299 
IF (TRUCK . EQ . O . O )  HRV=COHRV (KK , M ) *ANVOL* .0068*2 . 384 
IF(TRUCK . GT .O . O )  HRV=COHRV (KK , M )*ANVOL* .00544*2 . 0  
PS I=PSIC 
WGT=WGTC 
CALL STRESS(RTM , M , P S I ,WGT , ANSDP 1 ,ADP ,KK, IGIMIC , ICON , CSZ1)  
CORSTR=CS Z1* ( 1 . 0- 0 . 3 2* (ANSDP 1 /AR) ) 
ASTRS=CS Z 1  
STRS1=-ASTRS 
I F ( STRS1 . GT . PS I )  STR S l=-CORSTR 
IF( STRS1 . LT . 1 . 0 )  STRS l=l . O  
GO TO 300 
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2 9 9  HRV=COHRV ( KK , M )*ANVOL* . 0 0 136*3 . 9 2  
PSI=PSIT 
WGT=WGTT 
CALL STRESS ( RTM , M ,PSI , WGT ,ANSDP 1 , ADP , KK , IGIMIC, ICON , CS Z 2 )  
CORSTR=CSZ2* ( 1 . 0 -0 . 3 2 * ( ANSDP1/AR ) )  
TSTRS=CSZ2 
STRS1=-TSTRS 
I F ( STRS1 . G T . P S I )  STRS1=-CORSTR 
STRS2=STRS1 

300 GO T0 ( 3 0 1 , 3 0 2 , 3 0 3 ) , MA 
30 1 CALL ACRUT( STRS1 ,HRV , SPEED,RTM , STNLG) 

GO TO 109 
3 0 2  CALL DGARUT ( M , STRS 1 ,HRV , W1 , SIG3 , STNLG ) 

GO TO 109 
303 CALL SUBRUT ( M , STRS 1 , HRV , W1 , S IG3 , CBR , I CON, STNLG) 

GO TO 109 
109 CONTINUE 
108 CONTINUE 
107 CONTINUE 

- - -- - -- - -- -- -IK(11ATYI'(LL) ._EQ. l) _J./KlTE{n.AL) _LnliL_LL__ _  _ _ ____ ___ __ __ _ _ _ _ _ _ _ _ _____ _ 
41 FORMAT ( 6X , ' LAYER NUMBER' ,3X , I2 , 5X , ' ASPHALT CONCRETE' )  

--------------------:I-F{M;\'l"{-P-(-f.-1-h-EQ�---W-Il.I'l'R ( o , '' 2) LYN-(.Ll.cJ---------------

c 
c 

4 2  FORMAT ( 6X , ' LAYER NUMBER' , 3X , I2 , 5X , ' DENSE-GRADED AGGREGATE ' )  
I F ( MATYP(LL ) . E Q . 3 )  WRITE ( 6 ,43)  LYN(LL) 

43 FORMAT ( 6X , ' LAYER NUMBER' , 3X , I2 , 5X , ' SUBGRADE ' )  
WRITE ( 6 , 5 6 )  HH(LL) 

56 FORMAT(6X , ' - - - - - - - - - - - - - - - -- ' , 5X , ' LAYER THICKNES S '  , 4 X , F6 . 2 )  
WRITE ( 6 , 5 7 )  STRS1 

57 FORMAT ( 28X , ' FIRST STRESS '  , 7 X , F6 . 2 )  
IF(TRUCK .GT . O . O ) WRITE ( 6 , 5 8 )  STRS2 

58 FORMAT ( 2 8X , ' SECOND STRESS '  , 6 X , F6 . 2 )  
WRITE ( 6 , 5 9 )  ANSDPT (LL) 

59 FORMAT ( 2 8X , ' ANSWER DEPTH' , 7 X , F6 . 2 ) 
I F ( MATYP (LL ) .NE . 1 ) WRITE ( 6 , 6 1 )  W1 

6 1  FORMAT ( 2 8X , ' MOISTURE CONTENT ' , 3 X , F6 . 2 )  
DEF (LL ) = ( 1 0 . **STNLG ) * (HH(LL ) ) 
IF( ICON . EQ . 1 . AND. MA . EQ . 3 )  DEF (LL) =O . O  
WRITE(6 , 44 5 )  DEF(LL) 

445 FORl!A'f(lH0 , 27X, ' LAYER IJEFLECTION' ,JX,ElO.',f/) 
IF( STNLG . GE . ( - 0 . 30 1 03 ) )  WRITE ( 6 , 5 5 )  

5 5  FORMAT ( 3X , ' WARNING--DEFLECTION VALUE FOR PREVIOUS LAYER APPEARS TO 
1BE EXCESSIVE. IS THIS VALUE REALISTIC? ' / / )  

2 7  CONTINUE 
TOTDFL=O . O  
D O  5 0 7  LL=1 ,NS 

507 TOTDFL=TOTDFL+DEF(LL) 
WRITE ( 6 , 5 0 8 )  TOTDFL 

5 08 FORMAT ( 6X , ' TOTAL PAVEMENT DEFLECTION' , 3X , E10 . 4 , / , 1H 1 )  
G O  TO 10 

9 9 9  CONTINUE 
STOP 
END 
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c ****************************************************************** 
c 
C BLOCK DATA 
c 
c ****************************************************************** 
c 
c 

BLOCK DATA 
COMMON /VOLUME/ COHRV ( 24 , 1 2 )  
D IMENSION A ( 2 4 , 6 ) , B( 24 , 6 )  
EQUIVALENCE (A( 1 , 1 ) , COHRV ( 1 , 1 ) ) , ( B( 1 , 1 ) , COHRV ( 1 , 7 ) )  
DATA A/ . 2 3 , 2* . 1 6 , . 14 , . 1 6 , . 3 5 , . 7 8 , 1 . 4 , 1 . 2 , 4* 1 .4 , 1 . 5 , 1 . 6 , 1 . 8 , 1 . 9 ,  

1 1 .  8 ' 1  • 2 ' • 9 2 ' • 7 1  ' • 5 7  ' • 48 ' • 3 5 ' • 2 3 ' 3  * • 16  ' • 1 4 '  • 3 5 ' • 7 9 ' l .  4 ' l .  2 ' l .  4 ' 
22* 1 . 5 , 1 . 4 , 1 . 5 , 1 . 6 , 1 . 8 , 1 . 9 , 1 . 8 , 1 . 2 , .9 3 , . 7 2 , . 58 , . 49 , . 35 , . 26 , 
3 2* . 18 , . 16 , . 18 , . 39 , .8 8 , 1 . 5 , 1 . 3 ,4*1 . 6 , 1 . 7 , 1 .8 , 2 . 0 , 2 . 1 , 2 . 0 , 1 . 4 ,  
4 1 . 0 ,  . s o , . 6 5 , . 5 4 ,  . 3 9 , . 2 7  , 2* . 1 9 ,  . 16 ,  . 19 ,  . 4 1 , . 9 3 , 1 . 6 , 1 .4 , 4* 1 .  7 , 1 . 8 '  
5 1 . 9  , 2 . 1 , 2 . 3 , 2 . 1 , 1 . 5 , 1 . 1 ,  . 8 5 ,  . 6 8 , . 5 8 , . 4 1 ,  . 30 , 2* . 2 1 ,  . 18 ,  . 2 1 ,  .45 , 
6 1 . 0 , 1 . 8 , 1 . 5 , 1 . 8 , 2*1 . 9 , 1 . 8 , 1 . 9 , 2 . 0 , 2 . 3 , 2 . 5 , 2 . 3 , 1 . 6 , 2 . 2 , . 9 2 , . 7 4 , 
7 • 6 2 ' • 45 ' • 3 1 ' • 2 2 ' • 2 2 ' • 19 ' • 2 2 ' • 46 ' l .  0 ' l .  8 ' l .  6 ' 3  * l .  9 ' l .  9 ' 2  • 0 ' 2  • 1 ' 

�� �- ---�-� �---�--��-����-�------��----����-�-- -�------_82�.11�• 2_.�6_,2_.A_.L.6�,1�2�,��•'li>p]_l_pJi_5_�,�it_p_L __ ��-- � ����----��--�� ---�--�- --�----��- �� 

DATA B / . 3 3 , 2* . 2 3 , . 2 0 , . 2 3 , . 49 , 1 . 1 , 1 . 9 , 1 . 7 , 2 . 0 , 2*2 . 1 , 2 . 0 , 2 . 1 , 2 . 2 ,  
�� ��----- -� --------l.-2--.-5,2-.-J-,�-,-1�"1-,-l-.-3-, J • 0 ' • 82._, 6 9 ' 4 9 ' 3 2 ' 2 * . 2 2 ' • 1 9 ' • 2 2 ' • 4 8 ' 1 . 1 ' 

2 1 .  9 ' l .  7 • 4 * 2 • 0 • 2 • 1 ' 2  • 2 ' 2  • 5 ' 2  • 7 ' 2  • 5 ' l .  7 ' l .  3 ' • 9 9 ' • 8 0  ' • 6 7 ' • 4 8  ' • 28 ' 
3 2* . 19 , . 17 , . 1 9 , . 42 , . 94 , 1 . 6 , 1 . 4 , 4*1 . 7 , 1 . 8 , 1 .9 , 2 . 1 , 2 . 3 , 2 . 2 , 1 . 5 , 1 . 1 ,  

c 
c 

4 • 8 6 ' • 6 9 ' • 58 ' • 4 2 ' • 28 ' 2 * • 2 0 ' • 17  ' • 2 0 ' • 4 2 ' • 9 6 ' 1  • 7 ' l .  5 ' l .  7 ' 2  * l .  8 ' 
5 1 .  7 ' l .  8 ' l .  9 ' 2  • 2 ' 2  • 3 ' 2  • 2 ' l .  5 ' l .  1 ' . 8 7 ' • 7 0 ' • 5 9  ' • 4 2 ' • 2 7 ' 2  * • 1 8  ' • 16  ' 
6 . 18 , . 4 0 , . 92 , 1 . 5 , 1 . 4 , 1 . 6 , 2* 1 . 7 , 1 . 6 , 1 . 7 , 1 . 8 , 2 . 0 , 2 . 2 , 2 . 1 , 1 . 4 , 1 . 0 ,  
7 . 83 , . 6 7 , . 5 6 , . 40 , . 2 5 , 2* . 18 , . 15 , . 18 , . 38 , . 8 7 , 1 . 5 , 1 . 3 , 3* 1 . 6 , 2* 1 . 6 ,  
8 1 . 7  , 1 . 9 , 2 . 1 , 2 . 0 , 1 . 3  , 1 . 0 ,  . 8 0 , . 6 4 , .54 , . 38 /  

END 

c ****************************************************************** 
c 
C SUBROUTINE ACRUT 
c 
c ****************************************************************** 
c 

SUBROUTINE ACRUT( STRS 1 , HRV , SPEED , RTM , STNLG ) 
REAL STR S l , HRV , SPEED , STNLG,RTM 
RNRP=HRV* ( 1 . / ( ( SPEED*5280 . ) /3 6 00 . ) )  
IF (RNRP . LT . 1 . 0 )  RNRP=1 . 0  
A= . 00938 
B=- . 1039  2 
C= . 6 39 7 4  
D=( (- . 000663*RTM**2 )+( . 15 2 1*RTM- 13 . 304) )+( ( l .4 6 - . 00 5 7 2*RTM) *ALOG10 

1 ( STRS l ) ) 
IF( STNLG . EQ.O . O )  GO TO 1 2  
CALL POLYRT ( A , B , C , D , STNL G , ADNM) 
CRNRP=RNRP+ADNM 
STNLG=(A*ALOG 1 0 ( CRNRP ) *ALOG1 0 ( CRNRP ) *ALOG1 0 ( CRNRP ) )+(B*ALOG1 0 ( CRNR 

1 P ) *ALO G 1 0 ( CRNRP ) )+(C*ALOG1 0 ( CRNRP) )+D 
GO TO 43 
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c 
c 

12  STNLG= (A*ALOG lO(RNRP) *ALOG lO(RNRP) *ALOGlO(RNRP ) )+(B*ALOGlO(RNRP) *A 
lLO G l O ( RNRP ) )+ ( C*ALOGlO(RNRP ) )+D 

4 3  RETURN 
END 

c ****************************************************************** 
c 
C SUBROUTINE DGARUT 
c 
c ****************************************************************** 
c 
c 

SUBROUTINE DGARUT ( M , STRS ,HRV , Wl , SIG3 , STNLG ) 
REAL STRS ,HRV , STNLG , Wl ,SIG3 
INTEGER M 
IF(Wl .LT • •  OO l . AND . ( M . NE . 3 . AND . M . NE . 4 ) ) Wl=3 . 0  
IF(Wl .LT • •  OO l . AND . (M . EQ . 3 . 0 R . M . EQ . 4 ) ) W l=4 . 5  
I F ( S IG3 .EQ. 5 . 0 )  S IG3= . 3 5*STRS 

_ _ _ _ _A.,, QO\tf> ", Oo4*_ALo�l_Q_{!i1L _ _ _ _ 
B=- .. 142+. 09  2 *ALOG 10 ( W l )  

-·---·---------�-�---·�---·---

c 
c 

D= ( - 4 . 4 l+( . O l73+ . 0 03*W l ) * ( STRS ) ) - ( ( . 0007 5+. 0 029*W l ) * ( SIG3 ) )  
IF( STNLG . EQ . O . O )  Go TO 2 1  
CALL POLYRT (A , B , C ,D , STNLG , ADNM) 
CHRV=HRV+ADNM 
STNLG= ( A*ALOGlO( CHRV ) *ALoGl O ( CHRV) *ALoGlO( CHRV ) )+ ( B*ALOG lO( CHRV ) *A 

lLOG10 ( CHRV ) )+(C*ALOG1 0 ( CHRV ) )+D 
GO TO 47 

21 STNLG= ( A*ALOGl O (HRV) *ALOG1 0 ( HRV) *ALOG 1 0 ( HRV ) )+ ( B*ALOG1 0 ( HRV) *ALOGl 
10(HRV ) )+(C*ALOG10 (HRV) )+D 

47 RETURN 
END 

c ****************************************************************** 
c 
C SUBROUTINE SUBRUT 

c ****************************************************************** 
c 
c 

SUBROUTINE SUBRUT ( M , STRS ,HRV , Wl , SIG3 , CBR , ICON , STNLG) 
REAL STRS ,HRV , STNLG , Wl , S IG3 
INTEGER M 
IF( S IG3 . EQ . 3 . 0 )  S IG3= . 35*STRS 
IF(CBR . EQ . O . O)GO TO 57 
IF ( CBR . NE . O . O )  W3=0 . 0 . 8 633-0 . 05645*ALOG1 0 ( CBR ) 
Wl=lO**W3 

57 A= . 007+ . 0 0 l*Wl 
B=- . 0 1 8*Wl 
C=lO** (- l . l+ . l*W l )  
D= ( ( - 6 . 5+ . 3 8*W l ) - ( l . l*ALOG1 0 ( SIG3 ) ) )+( 1 . 86*ALOG 1 0 ( STRS ) )  
IF( STNLG . EQ . O . O )  GO TO 38 
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c 
c 

CALL POLYRT ( A , B , C , D , STNLG , ADNM) 
CHRV=HRV+ADNM 
STNLG= (A*ALOG l O ( CHRV ) *ALOGl O ( CHRV ) *ALOG lO( CHRV ) )+( B*ALOG l O ( CHRV ) *A 

lLOGl O ( CHRV ) )+( C*ALOGl O ( CHRV) )+D 
GO TO 4 2  

38  STNLG= (A*ALOGl O ( HRV) *ALOGlO( HRV ) *ALOGlO(HRV ) )+( B*ALOG lO ( HRV) *ALOGl 
lO (HRV ) )+( C*ALOGl O (HRV) )+D 

42  RETURN 
END 

c ****************************************************************** 
c 
C SUBROUTINE TEMP 
c 
c ****************************************************************** 
c 
c 

SUBROUTINE TEMP (RMN , HR ,DP ,TM) 
��� ���TN-'l'"EiBER���MN�;�� HR ������� �-��� � �  

REAL DP , TM 
CAZEZE -0. 81>8£\tOint-iJo-----�------------
CAZEV 1=- 0 . 5409584D+O l 
CAZEV2=0. 1419966D+Ol 
CAZEV3=- 0 . 1436045D+OO 
CAZEV4= 0 . 600 1302D-02 
CAZEV5=- 0 .8 7 8 2359D-04 
CAP 1ZE=-0 . 2 3 l 2 8 7 2D+O l 
CAP 1Vl=0 . 364390 2D+O l 
CAP lV2=-0 . l00018 7D+Ol 
CAPlV3=0 . 10 8 2 19 0D+OO 
CAP lV4=-0 . 48672 l lD- 02 
CAPlV5=0 . 7 657 193D-04 
CAP2ZE=0 . 3 18 8 2 33D+OO 
CAP2V l= - 0 .404l l88D+OO 
CAP2V2=0 . l l03354D+OO 
CAP2V3=- 0 . l201035D- O l  
CAP2V4= 0 . 5488345D- 03 

CAP3ZE=- O . l064ll5D- O l  
CAP3Vl=O . l438466D- O l  
CAP3Vl= O . l438466D-O l  
CAP3V2=-0 , 3902280D-02 
CAP3V3=0 , 423 7 8 00D-03 
CAP3V4=-0 . l942740D-04 
CAP3V5=0 . 3 144042D- 06 
CNAP l=CAZEVl*HR 
CNAP2=CAZEV2*HR**2 
CNAP3=CAZEV3*HR**3 
CNAP4=CAZEV4*HR**4 
CNAP5=CAZEV5*HR**5 
CNAPl l=CAPlVl*HR 
CNAP 12=CAP1V2*HR**2 
CNAP 13=CAP1V3*HR**3 
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CNAP 14=CAP1V4*HR**4 
CNAP15=CAP1V5*HR**5 
CNAP2 l=CAP2Vl*HR 
CNAP2 2=CAP2V2*HR**2 
CNAP23=CAP2V3*HR**3 
CNAP24=CAP2V4*HR**4 
CNAP25=CAP2V5*HR**5 
CNAP3 l=CAP3V l*HR 
CNAP32=CAP3V2*HR**2 
CNAP33=CAP3V3*HR**3 
CNAP34=CAP3V4*HR**4 
CNAP35=CAP3V5*HR**5 
AZERO=CAZEZE+CNAP l+CNAP2+CNAP3+CNAP4+CNAP5 
AONE= ( CAPlZE+CNAPl l+CNAP 1 2+CNAP1 3+CNAP14+CNAP1 5 ) *DP 
ATWO=(CAP2 ZE+CNAP2 l+CNAP2 2+CNAP 23+CNAP24+CNAP 2 5 ) *DP**2 
ATHREE= (CAP3 ZE+CNAP3 l+CNAP3 2+CNAP33+CNAP34+CNAP 3 5 ) *DP**3 
CONSTA=AZERO+AONE+ATWO+ATHREE 
CBZEZE=0 . 544950 3D+OO 
CBZEV1=0 . 18 36 149D- 0 1  - - ---- - --- - --- --- - - - - - - -eB<:�vz�- o -;-lOOc5&8'J-IHJ t - - - - -- - - -- - - -- - - - - ------ -- ----
CBZEV3=0 . l5 79478D- 0 2  
CBZEV4 -0.8601301TI-U4 ________ __ 
CBZEV5=0 . 15 17 039D- 05 
CBP1 ZE=- 0 . 40026 25D-0 2  
CBP 1Vl=O . l l28790D-0 1  
CBP1V2=-0 . 1222558D-02 
CBP1V3= - 0 . 1 7 05093D- 0 3  
CBP1V4=0 . 19 5 28 3 8D-04 
CBP1V5=- 0 . 46288 1 1D-06 
CBP2ZE=0 . 7 3 7 1035D-03 
CBP2Vl=- 0 . 1401982D- 02 
CBP2V 2=0 . 2543963D- 0 3  
CBP2V3=0 . 1 147628D-05 
CBP2V4=-0 . 12 74846D- 0 5  
CBP2V5=0 . 3690588D- 0 7  
CBP3ZE=-0 . 7 33469 6D-04 
CBP3Vl=0 . 7449 587D-04 
CBP3V2=- 0 . 166584 1D-04 

CBP3V4=0 . 19385 08D-08 
CBP3V5=- 0 . 6 176451D- 09 
CFBP l=CBZEVl*HR 
CFBP2=CBZEV2*HR**2 
CFBP3=CBZEV3*HR**3 
CFBP4=CBZEV4*HR**4 
CFBPS=CBZEVS*HR**S 
CFBP l l=CBPlVl*HR 
CFBP 1 2=CBP1V2*HR**2 
CFBP 1 3=CBPlV3*HR**3 
CFBP14=CBP1V4*HR**4 
CFBP 15=CBP1VS*HR**5 
CFBP2 l=CBP2Vl*HR 
CFBP 2 2=CBP2V2*HR**2 
CFBP2 3=CBP2V3*HR**3 

-64-



CFBP24=CBP2V4*HR**4 
CFBP25=CBP2V5*HR**5 
CFBP3l=CBP3Vl*HR 
CFBP32=CBP3V2*HR**2 
CFBP33=CBP3V3*HR**3 
CFBP34=CBP3V4*HR**4 
CFBP35=CBP3V5*HR**5 
BZERO=CBZEZE+CFBP l+CFBPZ+CFBP3+CFBP4+CFBP5 
BONE= ( CBP lZE+CFBPl l+CFBP l2+CFBP l3+CFBP 14+CFBP 1 5 ) *DP 
BTWO= (CBP 2 ZE+CFBP2 l+CF BP22+CFBP23+CFBP24+CFBP 2 5 ) *DP**2 
BTHREE=( CBP3ZE+CFBP3 l+CFBP32+CFBP33+CFBP34+CFBP35) *DP**3 
COEFFB=BZERO+BONE+BTWO+BTHREE 
ADD1= - . 0 7 5 7 - . 0 2 2 l*HR**2 
ADD2=10** ( - 2 . 9 6+ . 0582*HR**2 )  
ADD3=ADD1-ADD2 
IF (ADD3 .LT . - . 3 00E+O l )  ADD3=- . 300E+Ol 
SUTPML=lO**ADD3 
SUFOUR= - . 3 16+ . 0 8 14*HR+ . 0 1 25*HR**2 - . 00 1 1 5*HR**3+. 000023*HR**4 
SUTPHR=SUFOUR+SUTPML 

� � ��� � �  �� � � �  � � � � � � �  · · � � ·&R-Tl>MN= .,.f>03-�.J.,;J*RMN+.-l�5 ·3*RMN�**Z· �O l�7�*RMWo'< . .>¥.0 0 0629"<RMN�*'!<A 
SURTEM=SUTPHR*SRTPMN*l3 2 .  --�����-···· -------3IHF'-f(lliRI!N----obE. 8) AR'l'£MP=7-.4� --------------···· ---
IF ( RMN .GT . 8 )  ARTEMP= - 1 2 . 4 2*RMN+184 . 

c 
c 

HORVAR=SURTEM+ARTEMP 
PVTP=COEFFB*HORVAR+CONSTA 
I F ( PVTP . LT . ZO . O )  PVTP=ZO . O  
TM=PVTP 
RETURN 
END 

c ****************************************************************** 
c 
C SUBROUTINE POLYRT 
c 
c ****************************************************************** 
c 
c 

SUBROU'l'INE POLYR'l' (A,B,C,D,STNLG ,ADNI!) 
D IMENSION X (  1 0 )  
N=l 
X ( N )=l . O  
TS=D-STNLG 

10 Xl=X(N ) - ( A*X(N) **3+B*X ( N ) **Z+C*X ( N)+TS ) / ( 3*A*X(N) **2+2*B*X ( N )+C) 
IF(ABS ( X ( N ) -X l ) . GT . 0 . 0 0 5 )  Z=Xl 
IF(ABS ( X( N ) - Xl ) . LT . 0 . 005 ) GO TO 4 0  
N=N+l 
IF( N . EQ . l O )  GO TO 30 
X ( N )=Z 
GO TO 10 

30 WRITE( 6 , 3 5 )  
3 5  FORMAT ( ' ' , ' MAXIMUM NUMBER O F  ITERATIONS EXCEEDED- ERROR IN 

lDATA' , / / / )  
GO TO 5 0  
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c 

40 ROOT=Xl 
ADNM=lO . **ROOT 

5 0  RETURN 
END 

c ****************************************************************** 
c 
C SUBROUTINE EMOD 
c 
c ****************************************************************** 
c 
c 

SUBROUTINE EMOD( M , ICON , NNT ) 
COMMON /SPSCOM/ E ( l 5 ) ,V ( l5 ) , H ( l 4 ) ,AZ(39 6 ) , A ( 39 6 , 15 ) , B (39 6 , 15 ) , C( 3 9  

1 6 , 1 5 ) , D ( 39 6 , 15 ) , AJ ( 39 6 ) , BZ ( lOO ) , X ( l 5 , 4 , 4 ) , S C ( l 4 ) ,FM(4 ) , PM( l4 , 4 ,4 ) , 
2 Z ,AR ,NS ,N , L , ITN , RS Z , S F , CS Z , I , ITN4 ,L C , PA , P , EP , T l P , Tl , T2 ,T3 ,T4 
3 ,T5 , T6 , T2M , WA , ZF ,SZ1 , S Z2 , SG1 , SG 2 ,PH ,PH2 ,VK2 ,VKP2 ,VK4 ,VKP4 ,VKK8 , 
4HH( l5) , SIGMA3 ( 1 5 ) , W ( l 5 ) , MATYP ( l 5 ) , ANSDPT( l 5 )  

DO 4 5  NN=l ,NS 
--- li�MATYE{NR)___ _ ___ _ ____ ____ _ _ ____ _ _____ _ ___ _ _ _ 

GO TO (98 , 9 9 , 1 00 ) ,  MA 
----- -------�9�8-.A\DP=AN��+(�WI���)�-----

c 
c 

CALL TEMP (M ,NNT , ADP ,TM) 
RTM2=TM 
ACMOD=l 0 . ** ( 10 . 46 - 2 . 6 7 6*ALOG1 0 ( RTM2 ) )  
IF(ACMOD .GT . 6000000 . 0 )  ACMOD=6000000 . 0  
IF(ACMOD . LT . 2 0000 . 0 )  ACMOD=20000 . 0  
E(NN ) =ACMOD 
GO TO 45  

9 9  IF ( S IGMA3 ( NN ) . EQ . O . O )  S IGMA3 ( NN)=5 . 0  
IF (W(NN ) . EQ . O . O . AND . ( M . NE . 3 . AND . M . NE . 4 ) )  W(NN)=3 . 0  
IF(W(NN ) . EQ . O . O . AND . (M . EQ . 3 . 0R . M . EQ . 4 ) )  W (NN )=4 . 5  
DGAMOD=l 0 . ** ( ( 5 . 4624- 2 . 7 29*ALOG lO(W(NN) ) )+(O . l75+1 . 19 *ALOGlO(W (NN) 

3 ) ) * (ALOG 10( SIGMA3 (NN) ) ) )  
IF(DGAMOD . GT . 300000 . )  DGAMOD=300000 . 
IF(DGAMOD . L T . lOOO . )  DGAMOD= lOOO. 
E(NN)=DGAMOD 
GO TO 45  

100 IF(SIGHA3(1!1!) .EQ.O .O) SIGMf.3(N -
IF(W(NN ) . EQ . O . O . AND. ( M . NE . 3 . AND . M .NE . 4 ) )  W(NN)=7 . 0  
IF(W(NN ) . EQ . O . O . AND . ( M . EQ . 3 . 0R . M . EQ . 4 ) ) W (NN)=8 . 0  
SUBMOD=l0 . ** ( (5 . 3 3 l+.0007 *S IGMA3(NN ) )+( . ll246 - .0l006*S IGMA3 (NN)+ 

l . 0003l*SIGMA3 ( NN ) **2 ) *W(NN) - ( . 02496- . 0 0 188*S IGMA3 ( NN)+. 0000549 * 
2S IGMA3 ( NN ) ''* 2 )  *W (NN)**2 )  

IF( SUBMOD . GT . 2 20000 . )  SUBMOD=2 20000 . 
IF( SUBMOD .LT . 50 . )  SUBMOD= 5 0 .  
E ( NN ) =SUBMOD 
IF ( ICON . EQ . l )  E(NN ) =6000000 . 0  

4 5  CONTINUE 
47 RETURN 

END 

c ****************************************************************** 
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c 
C SUBROUTINE STRESS 
c 
c ****************************************************************** 
c 
c 

SUBROUTINE STRESS(RTM , M ,P S I ,WGT , ANSDP l ,ADP ,KK , IGIMI C , ICON , CS Z l )  
REAL*8 W2 ( 4 ) /0 . 3478548 5 , 2 *0 .6 5 2 l45 l 5 , 0 , 34785485/ 
REAL*8 G l / 0 , 8 6 l l363 1/ , G 2 / 0 . 33 9 9 8 104/ 
COMMON / SPSCOM/ E ( 1 5 ) , V ( 1 5 ) , H ( 1 4 ) ,AZ(39 6 ) ,A(396 , 1 5 ) , B ( 39 6 , 1 5 ) , C ( 3 9  

16 , 15 ) , D ( 3 9 6 , 1 5 ) , AJ ( 3 9 6 ) , BZ ( 100 ) , X ( 1 5 ,4 ,4 ) , SC ( 1 4 ) ,FM(4 ) , PM ( 14 , 4 , 4 ) , 
2Z ,AR ,NS , N , L , ITN ,RSZ , S F , CSZ , I , ITN4 ,LC ,PA , P , EP , Tl P ,Tl ,T2 ,T3 ,T4 
3 ,T5 ,T6 ,T2M , WA , ZF , SZ1 , SZ2 , SG1 , SG 2 ,PH ,PH2 ,VK2 ,VKP2 ,VK4 ,VKP4 ,VKK8 , 
4HH ( 15 ) , SIGMA3 ( 1 5 ) , W ( l 5 ) , MATYP ( 1 5 ) , ANSDPT ( 15 )  

DIMENSION TEST ( 1 1 )  
IF(KK , GT . 1 . AN D . IGIMIC . EQ . O )  GO TO 7 7 7  
NNT=1 0  
BZ( 1 )=0 , 0  
B Z ( 2 )=l . O  

���������������----- �--��--�-�---- -�---�� ����-�-- -�---- _JlZ{3),._L_4Q_48_ -� �-����� �� �-� ��� � ��--�- --� � � �--��-��� � � � � � �  ��--��-� � ��- �--��--��� �����--�� ����--���� �-�� � ���- �-�� ��� ���� � ---���- - �  � � _ _ _  -� ---------�� 

B Z ( 4 )=3 , 8 3 1 7  
llZ(5) 5 .5201 � ---- ��� � � --- _ __ _ __ _ _ _ 

BZ(6 )=7 . 0 156 
N=NS- 1  
ITN=46 
ITN4=184 
K=ITN+1 
DO 2 I=7 , K , 2  
T=I/2 
TD=4 , O*T- 1 .  0 

2 B Z ( I ) =3 , 1415927* (T- 0 . 2 5+0 .050666 1/TD- 0 , 053041/TD**3+ . 2 6 205 1/TD**5 ) 
DO 3 I=8 , ITN , 2  
T= ( I- 2 ) / 2  
TD=4 . O*T+ l .  0 

3 B Z ( I ) =3 . 14 15927* (T+0 . 2 5 - 0 . 1 5 1 9 8 2 /TD+0 , 0 15399/TD**3 - 0 . 245270/TD**5 ) 
AR=SQRT ( WGT/ ( 3 , 14159*PS I ) )  
ZF=AR 
K=1 

S Z2=0 , 0 
DO 28  I=1 , ITN 
S Z 1=S Z2 
S Z2=BZ ( I+ 1 ) / ZF 
S F=SZ2-SZ1 
TT=SZ2+S Zl 
SG1=SF*G1 
SG2=SF*G2 
AZ(K)=TT- SG1 
AZ (K+l )=TT-SG2 
AZ(K+2 ) =TT+SG2 
AZ ( K+3 ) =TT+SGl 
K=K+4 

2 8  CONTINUE 
CALL EMOD (M , ICON,NNT) 
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H ( 1 )=HH ( 1 )  
DO 2 5  I=2 ,N 

25 H ( l ) =H ( l - l )+HH( I )  
DO 125 l=l , ITN4 
P=AZ( l)  
CALL COFE ( I , PS I )  
PA=AR*P 
CALL BESSEL( 1 , P A , Y )  
AJ ( I )=Y 

1 2 5  CONTINUE 
Z=ANSDP1 
DO 44 J 1= 1 , N  
J=NS-J 1 
I F ( Z-H( J ) ) 4 4 , 4 5 , 4 5  

4 4  CONTINUE 
L=1 
GO TO 46 

45  L=J+l 
46 CONTINUE 

____________________ ______ _ __ _ _____ Y_!c2 .Jl":Y:LL) _ _ _  _________________ _________________ --------- ----------------- ------------
VL1=1 . 0-VL 
csz-o .1)_ ___ _ ________________ ___________ _ _ 
NTEST=2 
NTS l=NTEST+1 
ITS=1 
ARP=AR*PS I 

10  DO 40 1=1 , ITN 
RS Z=O , O  
MMM=4* ( I- 1 )  
DO 3 0  J=1 , 4  
J 1=MMM+J 
P=AZ(J l )  
EP=EXP ( P*Z )  
T2=D ( J 1 , L ) /EP 
T 1=B(J1 , L ) *EP 
T1P=T1+T2 
T1=(A( J 1 , L )+B( J 1 , L ) *Z) *EP 
T2= ( C ( J 1 , L )+D(J 1 , L ) *Z ) / EP 

* 
WA=AJ ( J 1 ) *W2(J ) 
PP=P*P 
RSZ=RSZ+WA*PP* (VL1*T1P-T2M) 

30 CONTINUE 
S F= (AZ(M+4) -AZ(M+l ) ) / 1 . 7 2 2 2 7 2 6  
C S  Z=CS Z+RS Z*SF 
RSZ=2 . 0*RSZ*AR*SF 
TESTH=ABS (RSZ ) - 1 0 . 0** ( - 4 )  
IF( ITS-NTS 1 )  3 1 , 3 2 , 3 2  

3 1  CONTINUE 
TEST ( ITS )=TESTH 
ITS=ITS+l 
GO TO 40 

3 2  CONTINUE 
TEST(NTS l ) =TESTH 
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DO 33 J= l , NTEST 
IF (TESTH-TEST ( J ) ) 3 5 , 3 6 , 3 6  

3 5  CONTINUE 
TESTH=TEST( J )  

3 6  CONTINUE 
TEST(J)=TEST(J+1) 

33  CONTINUE 
IF(TESTH) 5 0 , 50 , 4 0  

4 0  CONTINUE 
5 0  CSZl=CSZ*ARP 

7 7 7  RETURN 
END 
SUBROUTINE COFE(KIN , P S I )  
COMMON / SP S COM/ E ( 1 5 ) ,V ( 15 ) , H ( 14) ,AZ(39 6 ) , A ( 39 6 , 15 ) , B( 3 9 6 , l5 ) , C( 3 9  

16 , 1 5 ) , D ( 39 6 , 1 5 ) , AJ ( 39 6 ) , BZ ( lOO ) ,X ( 1 5 , 4 , 4 ) , S C ( 14 ) , FM ( 4 ) ,PM( 14 , 4 , 4 ) ,  
2 Z ,AR ,NS , N , L , ITN , RS Z , SF , CS Z , I , ITN4 ,LC ,PA ,P , EP , T1 P , T 1 , T2 , T3 ,T4 
3 ,T5 ,T6 ,T2M , WA , ZF , S Zl , S Z2 , SG l ,SG2 ,PH ,PH2 ,VK2 ,VKP2 ,VK4 ,VKP 4 ,VKK8 , 
4HH( l 5 ) , SIGMA3 ( l5 ) , W ( l5 ) , MATYP ( l 5 ) , ANSDPT( 1 5 )  

REAL*4 Q( 2 , 2 )  
_ ____ ____ ______ _ _ _ _ _ _ _ _ _ _  _ _ _______ _ __ _ ____ _LC=KlN_ __ _________ _ _  ________________ _ ______ _ __ 

------- --- ----

c 

c 

c 

c 

c 

c 

c 

1 DO 10 K=l , N  
-'l:TLl "'-Et:-(!,JK'")I-'*'-1(.-Jl__._uOet±-JLllJ._(K�±1c_lL_)L_)I-J/U(___tE'-\(J1K'±+cil_J_)"_*J._(JLJ,0l:±tlVU(J<KJ)_j_)_j_) ___ _____ ___ _ 

TlM=T l - 1 . 0  
PH=P*H ( K )  
PH2=PH* 2 . 0  
VK2=2 . 0*V (K) 
VKP2=2 . O*V ( K+ 1 )  
VK4=2 . 0*VK2 
VKP4=2 .O*VKP2 
VKK8= 8 . 0*V (K)*V (K+1 ) 

X(K, l , l ) =VK4-3 . 0-T1 
X ( K , Z  , 1 )=0 . 0  
X(K , 3 , l ) =T1M* (PH2 -VK4+ l . O )  
X(K , 4 , 1 ) =- 2 . 0*T1M*P 

T3=PH2 * ( VK2 - l . O )  
T4=VKK8+l . 0 - 3 . 0*VKP2 

T6=VKK8+l . 0 - 3 . 0*VK2 

X(K , 1 , 2 ) =( T3+T4 -T1*( T5+T6 ) ) /P 
X(K , 2 , 2 )=Tl* (VKP4-3 . 0 ) - l . O 
X(K , 4 , 2 )=T1M* ( l . O-PH2 -VKP4 )  

X (K , 3 , 4 ) = ( T3-T4-T1* (T5-T6 ) ) /P 

T3=PH2*PH-VKK8+1 . 0  
T4=PH2* (VK2-VKP 2 )  

X (K , l , 4 ) = ( T3+T4±VKP2-Tl* (T3+T4+VK 2 ) ) /P 
X(K , 3 , 2 )= ( -T3+T4-VKP2+Tl* ( T3-T4+VK2 ) ) /P 

X(K , 1 , 3 ) =T1M* ( 1 . 0 -PH2 -VK4) 
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c 

X(K , 2 , 3 ) =2 . 0*T1M*P 
X (K , 3 , 3 )=VK4- 3 . 0 -T1 
X(K , 4 , 3 ) =0 . 0  

X(K , 2 , 4 ) =T1M* (PH2-VKP4+1 . 0 )  
X(K , 4 , 4 )=T1* (VKP4-3 . 0 ) - 1 . 0  

C K = K 
1 0  CONTINUE 

C COMPUTE THE PRODUCT MATRICES PM 
S C (N)=4 . 0* (V ( N ) - 1 . 0 )  

c 

IF ( N- 2 )  1 3 , 1 1 , 1 1  
l l  DO 12 K 1=2 ,N 

M=NS-K1 
S C ( M ) =S C ( M+ 1 ) *4 . 0* (V ( M ) - 1 . 0 )  

1 2  CONTINUE 
1 3  CONTINUE 

Q( 1 , 1 ) = l .  
Q ( 2 , 2 ) = l .  

-- --------------------- ---------------------------------(�{1-,-2 ) =0-· ---- -- -- -- ---- --- - ----- --- -- ------ ------- ------- ----- - --- -------------- -------------------- ---- ------- ------------------------ -- --------------- ----------
QQ =P*2 . *H ( N )  

-------------,.-(QQ-172 . )  15-;15 ' 16 
1 5  CONTINUE 

Q ( 1 , 2 ) =EXP( -QQ) 
C Q( 2 , 1 )  IS NOT NEEDED FOR INITIALIZING THE PM MATRIX 

1 6  CONTINUE 
C 20 LOOP INITIALIZES PM(N , , )  

DO 2 0  M=1 , 4  
LL= ( M+l ) / 2  
DO 2 0  J=3 , 4  
PM( N , M ,J ) =  X ( N , M ,J )  * Q ( LL , 2 )  

2 0  CONTINUE 
DO 2 6  K1=2 , N  
K=N S -K 1  
KK=K+l 
QQ =P*2 . *H ( K )  
I F  (QQ- 1 7 2 . )  2 2 , 2 2 , 2 3  

2 2  CONTINUE 
' 

Q( 1 , 2 ) =1 . /Q ( 2 , 1 )  
GO TO 2 4  

23  CONTINUE 
Q ( l  ' 2 )  =0 . 
Q ( 2  , 1 )= l . E2 0  

2 4  CONTINUE 
DO 25 M=1 , 4  
LL= ( M+l ) / 2  
DO 25 J=3 , 4  
PM( K , M , J ) = (  X(K , M , 1 )  * PM(KK , 1 ,J )  

2 +X(K , M , Z )  * PM(KK , 2 ,J )  ) * Q ( LL , l )  
3 +( X ( K , M , 3 )  * PM(KK, 3 ,J )  
4 +X (K , M , 4 )  * PM(KK , 4 ,J )  ) * Q ( LL , 2 )  

2 5  CONTINUE 
2 6  CONTINUE 
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C SOLVE FOR C(NS )  AND D ( NS )  
T3=2 . 0*V ( 1 )  
T4 =T3 - 1 . 0  
FM( l )= P* (PM( 1 , 1 , 3 )+PM ( 1 , 3 , 3 ) )  + T3* ( PM ( 1 , 2 , 3 ) -PM( 1 ,4 , 3 ) ) 
FM( 2 )= P* ( PM ( 1 , 1 , 3 ) -PM ( 1 , 3 , 3 ) ) + T4* ( PM ( 1 , 2 , 3 )+PM( l , 4 , 3 ) )  
FM(3 ) =  P* (PM( 1 , 1 , 4 ) +PM ( 1 , 3 , 4) )  + T3* (PM ( l , 2 , 4) -PM( 1 , 4 , 4 ) ) 
FM( 4 )= P* (PM( 1 , 1 , 4 ) -PM( l , 3 , 4 ) )  + T4* ( PM ( 1 , 2 , 4 )+PM ( 1 , 4 , 4 ) ) 
DFAC=SC( 1 ) / ( ( FM ( 1 ) *FM(4 ) -FM ( 3 ) *FM( 2 ) ) *P*P )  

A(LC ,NS)  = 0 . 0  
B(LC,NS)  = 0 . 0  
C(LC,NS)  = - FM ( 3 ) *DFAC 
D ( LC ,N S )  = FM( 1 ) *DFAC 

C BACKSOLVE FOR THE OTHER A , B , C ,D 
DO 91  K1=1 , N  
A (LC , K 1 ) = ( PM (K 1 , 1 , 3 ) *C ( L C , NS )+PM(Kl , 1 ,4 ) *D ( LC,NS ) ) / S C ( K 1 )  
B(LC,K1) =(PM(Kl , 2 , 3 ) *C ( LC ,NS )+PM(K1 , 2 , 4 ) *D(LC,NS ) ) /S C ( K 1 )  
C ( LC ,K 1 ) = ( PM (K1 , 3 , 3 ) *C ( LC , NS )+PM ( Kl , 3 , 4 ) *D(LC,NS ) ) /SC(K1)  

91  D ( LC ,K 1 ) = ( PM (K 1 , 4 , 3 ) *C(LC ,NS )+PM(K l , 4 ,4 ) *D ( LC ,NS ) ) /S C ( K l )  
1 0 0  CONTINUE 

.. . _ _ . . . . _RET!H\N _ . . . . ··· · · · · ····· -· 

c 
c 

c 

9 

10  

l l  

END 
SUBROUTINE BESSEI.(NI,XI,Y) 
REAL*8 PZ( 6 ) / 1 . 0D0 , - 1 . 125D- 4 , 2 . 8 7 10938D- 7 , -2 . 3449658D- 9 , 

A3 . 9 806841D- l l , - 1 . 1536 133D- 1 2 / , QZ(6 ) /- 5 .0D- 3 , 4 . 687 5D- 6 ,  
B- 2 . 3255859D-8 , 2 . 8 30708 7D- 10 , - 6 . 39 12096D- 1 2 , 2 . 3 l 2 4704D- 1 2 / , 
CP 1 ( 6 ) /  l . ODO , 1 . 8 75D- 4 ,  - 3 . 69 14063D- 7 ,  2 . 7 7 13 2 3 2D- 9 ,  
D-4 . 5 11442 1D- 1 1 , 1 . 27 50463D-1 2 / , Ql ( 6 ) / 1 . 5D- 2 ,  - 6 . 56 2 5D- 6 ,  
E 2 . 8423828D- 8 , - 3 . 2 6 62044D- 10 , 7 . 14 3 1 166D- 1 2 ,  - 2 . 5 32 7 056D- 13/ , 
F PI/3  . 141592 7 /  

DIMENSION D ( 2 0 )  

N=NI 
X=XI 
IF (X- 7 . 0 )  10 , 10 , 160 

X2=X/2 . 0 
FAC=-X2*X2 

C=l . O  
Y=C 
DO l3 I= 1 , 3 4  
T=1 
C=FAC*C/ (T*T ) 
TEST=ABS ( C )  - 1 0 , 0** ( - 8 )  
IF  (TEST) 17 , 17 , 12 

1 2  Y=Y+C 
13 CONTINUE 
14 C=XZ 

Y=C 
DO 16 I=1 , 34 
T=I 
C=FAC*C/ (T* (T+1 . 0 ) )  
TEST=ABS ( C )  - 1 0 . 0** ( - 8 )  

- 7 1 -



c 
c 

c 

IF (TEST ) 17 , 1 7 , 15 
15 Y=Y+C 
16 CONTINUE 
17 RETURN 

160 IF ( N )  161 , 1 6 1 , 164 

161 DO 162 I=1 , 6  
D ( I )  = P Z ( I )  
D ( I+lO) = QZ ( I )  

1 6 2  CONTINUE 
GO TO 163 

164 DO 165 I= 1 , 6  
D ( I ) =  P 1 ( I )  
D ( I+10) = Q1 ( I )  

165  CONTINUE 
163  CONTINUE 

T1 = 2 5 . 0 /X 
��� � �  � � ���--�--�--------�--- ��-�-- -�--��- -�---�--�-- T 2 _": __ l'l'i<JJ" -��-� ���-�---�-�--

P=D( 6 ) *T2+D ( 5 )  
DO 1 7 0  T - 1 ,4 
J=5 - I  
P=P*T2+D ( J )  

1 7 0  CONTINUE 
Q=D ( 16) *T2+D ( 1 5 )  
DO 17 1 I=1 , 4  
J=5- I  
Q=Q*T2+D (J+l0 )  

1 7 1  CONTINUE 
Q=Q*T1 

c 
T4=DSQRT (X*P I )  
T6=SIN (X)  
T7=COS ( X )  

c 
IF ( N )  180 , 180 , 18 5  

c 
1 8 0 T5=((P-Q)*T6±(P+Q)*T7) /T4 

GO TO 9 9  
185  T5= ( (P+Q) *T6 - ( P-Q) *T 7 ) /T4 

99  Y=T5 
RETURN 
END 

I* 
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