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A GENERAL SYSTEM DESCRIBING THE VISCO-E^^STIC 
PROPERTIES OF BITUMENS AND ITS RELATION TO 24,- If o, 

ROUTINE TEST DATA*
By C. VAN DER *POEL

A fte r dynam ic  an d  s ta tic  experim en ts on  th e  m echanical beh av io u r of b itu m en s an  a tte m p t was 
m ade  to  in co rp o ra te  a ll th e  essen tia l facto rs in to  a  sim ple system . T h is w as found  to  be  possible in  th e  
fo rm  of a  nom ograph , b y  n ieans of w hich th e  deform ation  of b itu m en s c an  be ca lcu la ted  as a  function  
of stress, tim e  a n d  tem p e ra tu re . O r ip n  o r  m ethod of m an u factu re  p roved  to  b e  of less im portance 
th a n  hard n ess a n d  Theological ty p e . F o r correlation  w ith  s ta n d a rd  tes t-m eth o d s , th e  ring-and-ball 
tem p e ra tu re  a n d  th e  p e n e tra tio n  index  w ere found to  be su itab le  p a ram e te rs . T he nom ograph  
enab les th e  av erag e  beh av io u r of a  given grade to  be ca lcu la ted  w ith  a n  accu racy  sufficient fo r •» 
engineering  purposes. »

A n o ther fe a tu re  of th e  nom ograph  is th a t  i t  c reates th e  p o ss ib ility  of g iving an  in te rp re ta tio n  of* 
o th e r ro u tin e  te s ts . B y  w ay  of exam ple b o th  p e n e tra tio n  an d  F ra a ss  b reak in g  te s t  a re  discussed.

Introduction
The object of th is paper is to  provide 1;he engineer w ith a  com prehensive system  enabling 

him to  deduce quickly the  mechanical properties of a  given bitum en in  th e  whole range of 
tem peratures and  tim es of loading th a t  are of practical in terest. To be successful, such a 
system  should give the  required property  in a  form th a t  is fam iliar to  him , an& which he can 
use w ithout fu rther m odification in Ws calculations.

The m ost simple rheological m agnitude used in applied m echanics is Y oung's ftiodulus, 
which, however, is defined only when the  m aterial is a  purely  elastic solid, i.e. when there is 

lir. i r  relationship betw een stress and strain , and th is should be independent of the tim e of 
loading. W ithou t m o(^ ica tion  this modulus cannot be used for visco-elastic m aterials such 
as bitum ens. »

Provided we confine ourselves to  such conditions of stress and  deform ation under which a 
linear relationship between the  tw o exists, a simple extension of th e  concept of Young's modulus 
can be given th a t  also applies to  visco-elastic materials. The ra tio  can be defined as

a  tensile stress
'  to ta l s t r a i n ....................................................................................................................

which will be denoted as stiffness (modulus). This stiffness m odulus will, in general, depend 
on: (fl) loading procedure. (6) tim e of loading or frequency, and  (c) tem perature.

Two types of loading experim ents formed the basis for the  work to  be described in  this 
paper, nam ely th e  constant-stress experim ent—sta tic  creep te s t—and the dynam ic test w ith 
an a lternating  stress of constant am plitude and frequency. I t  was shown in an earlier paper^ 
th a t there  is no fundam ental difference between the two m ethods, and th a t  also a  practical 
system  can be given to  relate results from the creep test w ith those of the dynam ic test m ethod. 
For details the  reader is referred to  th a t paper; only the points im p o rtan t for this discussion 
will be briefly m entioned here.

In  the  sta tic  creep test, a  load (a) is applied a t  the tim e t =  0 , and k ep t constant from th a t 
instant; the  resulting deform ation (c) is then measured as a function of the tim e of loading. 
The ra tio  S* =  a/e is p lo tted  as a function of time.

In  the  dynam ic experim ent a  stress
a =  ff sin cot.....................................................................................................................................(2 )

is applied. The m aterial then  displays an alternating deform ation of the same frequency:
e 6 sin {tot — 9) ........................................................................................................................(3)

The test is carried ou t a t  various values of the angular frequency to {co =  2n x  frequency), 
and the ra tio  of the  am plitudes of stress to  strain, Sd =  a/e, is p lo tted  as a  function of l/o).

If  we now plot S , and  Sd in a single diagram  w ith logarithm ic scales, using the same scales 
for the tim e of loading and  fo r'l/o t {1 /cu has-a tirhe dimension), the  curves are found to coincide 
for the  g reater part. There are ranges where there is some difference, b u t this never exceeds 
40% of the value of S. Thus, for practical purposes, the difference betw een the two loading 
procedures largely disappears, and we will therefore no t distinguish betw een them  further. 

The two m ethods of loading cover a large field of practical applications. W hen a  different
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loading procedure is used, th e  results can always be calculated from  th e  results of e ither m ethod. 
Fat, since we postu lated  a  linear behaviour, the superposition principle holds, and  the  deform ­
ation resulting from th e  stress actually  applied can alw ays be found  by analysing th e  stress/ 
time curve, replacing i t  by  a  num ber of successive loading steps of knovm ty p e  an d  adding th e  
resultant defommtions.

This procedure, w hen related to  th e  dynam ic stiffness, is identical w ith the  well-knowTi 
Fourier analysis.

However, one step  o r one term  of th e  Foxirier analysis is often sufficiently accurate. The 
stiffness modulus, as defined above, is th en  sim ply substitu ted  fo r th e  ra tio  of m axim um  stress 
to strain. The tim e of loading then refers to  the tim e scale of the  experim ent in  question.

The question of hnear behaviour will be referred to  later. W e m ay  m ention here th a t 
this condition is alw ays fulfilled a t  low tem peratures and  short loading times, because here the  
linearity was found to  occur up  to  the  po in t where b rittle-fractu re  occurs. A t high tem per­
atures and  long loading tim es the m ateria l behaves alm ost entirely  as a  N ew tonian fluid, so 
there our condition is again  fulfilled. O nly in  th e  range of m oderate te m p e ra tu re s ^ n d  
loading tim es can non-linear effects occur, and these become m ore m arked w ith increase of 
deformation. In  fact only  for blown grades is the  deviation from  linear behaviour in a  certain  
range serious enough for them  to  be tak en  in to  account for engineering applications, an d  even 
then only for large deform ations. These deform ations, however, are fa r g rea ter th an  those 
normally m et in practice, where genera]ly th e  object is to  avoid excessive deform ations.

We m ay thus say  th a t  a  fair picture of the rheological behaviour of a  b itum en can be 
obtained if we know the  stiffness as a function of tem perature and  tim e of loading or frequency.

W hen we are dealing w ith  a  purely elasric m aterial in th e  classical sense, the  stiffness, as 
is immediately clear from  the  definition, equals Y oung’s modulus.

When the m aterial is purely  viscous, the  following relation holds:
d f  a
d T "" A ................................................................................................................................................

where A, the analogue of the  viscosity coefficient rj, is T rou ton’s coefficient of viscous traction . 

The relation between X and 7} for an incompressible fluid is given by:
.................................................................................................................................................(5)

If  we consider the sta tic  experim ent, integration of (4) gives, a fter substitu tion  of (5):

 (6)3 t]

And therefore, from (6) and (5):
S ^ 3 r j  t ..................................................... ; ................................................................................... (7)

The stiffness is inversely proportional to the tim e of loading for a purely \4scous m aterial.

For the dynamic experim ent, it  is found by substitu ting (2) and (3) in  (4):
Moj cos {ojt — 9) s= (T sin <yt......................................................................................................... (8)

This condition can only be m et if:
Xkm =  a ............................................................................................................................................. (9)

and
9 =  :.,2 ................................................................................................. ........................................... (10)

From  (9) it follows ihat: ,
S  =  3rjui .....................................................................................................................................-.(11)

If equations (7) and '11) are com pared the dynam ic stiffness is found to  be equal to  the sta tic
one if we substitute 1/w for the  tim e of loading.

In  the interm ediate case, when the m aterial is neither elastic nor viscous, the stiffness will 
decrease with time, but less th an  for a  purely viscous m aterial. In a  (Iog5)/(log time) plot the 
slope of the curves representing the  behaviour of a  bitum en m ay consequently vary  between 
horizontal and 45°, bu t will never be steeper.

Unless specia)I\' s ta ted , stiffness is to be taken as the  ratio  of tensile stress to tensile strain, 
as indicated above. 'Hie analogue in term s of shear stress/shear stra in  m ay also be used, 
since this is the ana)<)"ue ol the shear modulus G. When both definitions are used side by side 
we will distinguish ! « tw ren them  by  using .s'e and 5g respectively.



In  general the m aterial can be considered as incompressible, and then:

5 e =  3Sg ..................................................................................................................................... (12)

Experimental results

Measurements were carried out in various ways. F o r the constant-stress ex‘)eriment, 
tensile and  bending tests and rotation \'iscometers (Couette type) were used; for the  dynamic 
m ethod, flexural vibrations of free and clamped bars of th e  m aterial were employed.

As indicated, results of static and djmamic measurem ents are p lo tted  in  the same graph, 
th e  tim e of loading for the  d5mamic experim ent being replaced by  the  inverse of the angular 
frequency ta.

There will never be any doubt as to w hether the  p lo t refers to  a s ta tic  o r a  dj'naraic experi­
m ent, as dynamic tests can only be used for tim es smaller than  1 second and sta tic  tests only 
for longer times. '  »

Typical results are shown in Figs. 1 and 2 for two bitum ens, one having a  very low 
penetration index, the other, a  blown bitum en, a  ra th e r high penetration index. Results are 
given for various tem peratures. A tten tion  should be paid to  the  wide ranges of loading time 
and  stiffness covered by these graphs. (In the  system used here, the  un it of force is the  newton, 
N, th e  unit of mass is the  kg. and units of length and  tim e are m etre and  second respectively. 
These units differ from c.g.s. units only by  whole powers of 10. Consequently the unit for the  
stiffness is: iN/m.* =  10 dynes/cm.* =  1*02 x  1 0 ^  kg./cm.* =  1-45 x  10̂ *̂ Ib./sq. in., and 
for the  \ascosity: I n sec./m.* =  10 dynes sec./cm.® =  10 poises.)

F ig s. 1 and  2. Stiffness at various temperatures fo r  a h w  P.T. and a high P .I .  b itum en.

I t  is seen from Fig. 1 th a t the  bitum en of low penetration index behaves almost purely 
elastically a t  short times of loading, and shows a  fairly sharp  change a t  longer times, where the 
behaviour fairlj' soon becomes purely Wscous (slope of 45®). The behaviour of the  blowTj bitumen 
is different, the ‘decrease in stiffness \vith increasing tim e of loading being far smaller. This 
is because retarded elastic effects are very  m arked for this bitumen.^

The curves in F i^ .  1 and 2 are drawn so th a t they  coincide when shifted in the direction 
of the  log (time) axis; in this way good agreement w ith the experim ents can be obtained. This is 
a  m ost im portant conclusion, for greatly facihtates the description of*the rheological 
behaviour. Mathematically it can be expressed by  saying th a t the  dependence of the stiffness 
on tim e and tem perature for each bitum en can be described by one variable, which is composed 
of log (time) plus some function of the tem perature, or:

S = / { - l o g / / / o - h x ( ^ ) } ............................................................... ..................... ................--(IS )
H ere 4  is some consta.nt w ith a tim e dimension and /  and  x  empirical functions; / a n d  x  
will differ for the two bitumens.

Routine test methods

Such a  representation would not be of m uch help if it  were necessary to  determine the 
constant f  and x for ^^ch bitum en separately. However, a fair correlation with da ta  from



routine test methods proved to be possible. These routine m ethods are briefly m entioned here; 
for further details the reader is referred to the  literature.®

{a) Penetration
This is defined as the depth , m easured in m ultiples of 0*1 m m ., th a t  a  standardized needle 

penetrates in to  a bitum inous surface under a constant load {100 g.) in a  specified tim e (5 sec.). 
The method has been standardized b y  ASTM under ^ o .  D  5-25 and by IP  under No. 49/46.

(6) Softening point, ring-a}id-baU

A ring of given dimensions, filled w ith  b itum en, is loaded w ith a  steel ball (3-5 g.). The 
whole is heated in a  b a th  and  the  tem pera tu re  a t  which the bitum en reaches a  certain deform ­
ation  is reported as the ring-and-ball (R & B) softening point. The m ethod has been standardized 
by  ASTM under No. D  3 ^ 2 6  and b y  IP  under No. 58/52. In  this paper the  m ethod referred to 
is the ASTM method, which differs from  the  I P  m ethod in th a t no stirring is carried out in the 
bath . In the m ethod witli stirring, the  ring-and-ball softening point is found to be l-G ” 
lower.®

(c) The penetration index (P ./.)

This is no t a  test m ethod, b u t an  index figure, introduced by Pfeiffer & Van Doormaal^ 
to  indicate the tem perature susceptibility  of the  penetration of a  bitumen.

If the logarithm  of the penetration 
is plo tted  against the ‘tem perature {T), 
an alm ost stra igh t line is obtained, and 
th is suggests th a t  th e  slope of th is  line 
m ight be used as a  susceptibility inde.x. 
This would require two penetration tests 
to be carried ou t a t  tw o tem peratures for 
each bitumen. If, however, the stra igh t 
line is extrapolated to  the  tem perature 
of the ring-and-ball softening point, the 
corresponding penetration  proves to  be 
approxim ately 800. Therefore the P .I. 
can be calculated from one penetration and 
the ring-and-ball softening point, the 
slope of the penetration line being given by

195
130

i»o
MS

no
105
lOO
ts  
*o 
•  s

• 7*
Vp 70 
■ W

ss
so
4S
40
as
lO
ti
30

lO O
2SO

300

E
100 —  

«  O

so •»

log 800 — log penetration
I  R&B“  i

where T  refers to  th e  tem perature in °c 
a t wliich the penetration test is carried out.

F j g .  U. X '- 'iiifi'rtip /i f o r  J e le r in it ia lio n  o f  p e n c in i t io n  'in d e x

The penetration index, as used by Pfeiffer Van Doormaal, is no t direcll)’ propor­
tional to this slope, bu t the relation is given by the formula:

log SOO — log penetration 

I  R3cB — T

20 -  P .I. 1 
10 +  P .I. ■ 50

,(14)

This relation, which may appear unusual, was chosen for liistorical reasons, one being th a t a 
Mexican bitumen with a jjonetration of 200 a t 25^ gives a  P .I. of zero.

.As i.s clear from equation (14), a bitum en w ith a  penetration th a t is com pletely independent 
of the  tem perature ha? a IM. i;f 20, wlien-as, a t  the o ther extreme, a bitum en with an infinite 
tem perature susceptibility should ha\-e a P.I. of —10.



These extrem es are never found in practice; the P .I. of bitum ens varies from —2*6 to + 8 . 
The lower the  P .I ., the  higher the tem perature susceptibility.

The penetra tion  index can be easily read from the nom ograph given in Fig. 3. As can be 
seen from th a t  nom ograph and also from equation (14), the  only d a ta  required to  determine the 
P .I . are a  penetra tion  value and  the  difference between th e  tem pera tu re  a t  which i t  is deter­
m ined and  th e  tem perature  of the ring-and-ball test. Consequently, the  tem perature a t  
which the  penetration  te s t has to be carried ou t is left to  the  option of the investigator. This 
would no t cause difficulties if the ring-and-ball tem perature  invariably  corresponded to  a 
penetration of exactly  800; the  .value of the penetration a t  ring-and-ball tem perature may, 
however, vary  from  600 to  1000.

We shall therefore give the  P .I. as determ ined from the  ring-and-ball tem perature and a 
penetration  a t  25°. Only when we are dealing w ith  hard  bitum ens (penetration < 1 0  a i 25®) 
will we use a penetration  a t  40” instead. In  general, however, the  P .I. determ ined a t  other 
tem peratures shows no appreciable difference from th a t defined above.

A close relationship exists between the P .I . and  the rheological type of asphaltic bitumen,^-* 
and  th is is the  real im portance of th is index figure, as will be shown below.

Representation of results
M easurem ents were carried out on a  great num ber of bitum ens, routine test d a ta  of which 

are collected in  Table I.

Table I
B itn n u n s  used fo r  the coHstntction o f  the nomograph

Sam ple P .I . R  & B M anufac tu ring  m ethod O rigin of base
No. tem p., ®c m ateria l

1 - 2 - 3 66 d istilla tion E a s t  Ind ia
2 • - 2- 6 54 d istilla tion E a s t  In d ia
3 - 2- 6 46* d istilla tio n E a s t  Ind ia
4 - 0 - 9 52 d istilla tion M iddle E ast
5 - 0 - 7 51 sem i-blowing M iddle E as t
6 - 0-6 51 d istillation S o u th  Am erica
7 - 0 - 4 64* d istilla tion M iddle E as t
8 - , 0- 2 66* d istilla tion S o u th  A m erica
9 - 0- 2 61» d istillation S o u th  Am erica

10 -f-2 - 0 142 p recip ita tion M iddle E as t
U +  2 - 1 89 blowing S o u th  Am erica
1 2 +  3 '3 84 blowing M iddle E as t
13 +  4 -2 98 blowing S o u th  Am erica
U 4 4-3 86 blowing S o u th  Am erica
1 5 + 4 - 9 n o blowing ' Sou th  Am erica
16 -I-5-3 119» blowing S o u th  A m erica
17 +  5-3 116 blowing M iddle E as t
IS + 5 -5 118‘ blowing Sou th  A m erica
19 -I-6-3 137* blowing S o u th  A m erica
20 +  0-5 74 distillation S o u th  Am erica
2 7 - 1 - 0 39 distillation S o u th  A m erica
28 - O - I 41 d istillation S o u th  Am erica
29 +  0-6 41* distillation Mexico
30 +  0- 6 39 distillation ___

31 < - 1 0 49 d istillation California
32 +  0 - 2 56* d istilla tion Mexico
33 +  1 - 0 43 distillation Sou th  A m erica
34 - 1 - 8 48* * sem i-blowing E a s t  In d ia
35 - 1 - 6 47* sem i-blowing C alifornia
36 - 1 - 4 51 th erm al cracldng —

37 - 1 - 1 3 8 distillation Sou th  Am crica
•38 - M 84* th erm al c rack ing California
39 -f-2 - 2 59 blowing m ixed base
40 +  3-2 68 blowing m ixed base
41 - 0 - 7 62* m ixing m ixed base
43 - 0 - 5 65 m ixing m ixed base
44 - o - : ^ » 55 distillation Sou th  Am erica
45 - 0 - 3 55 distillation Soiilh  Am erica
4S - ^ 0 • 8 58 mixinj? M exico

• 47 4 - 1-4 66 m ixing m isw l base

The experim ental results obtained with these bitum ens can lie ropresented in the same way 
as in Figs. 1 and 2, which requires a great num ber of graphs. Such a representation, however,



is  no t sufficient for practical use. In te rpo la tion  for tem peratures and  loading tim es differing 
from  those given cannot be perform ed rap id ly  and  accurately. Besides, it  is very  difficult 
to  estim ate  from  such figures w hat w ould have been th e  result for bitum ens th a t  fall betw een 
tw o  of the types measured, or w hat is the  effect of slight differences in hardness and  P .I.

I t  is therefore necessar\' to  have th e  correlation between all the variables involved avail- 
'ab le  in an easily accessible form. A s is clear from  the  account given above, th e  m ost simple 
rep resen ta tion  still requires four variab les to  determ ine th e  v ^ u e  ol th e  stiffness, nam ely 
(i) hardness of the bitumen; (ii) rheological ty p e  of the  bitum en; (iii) tem perature; (iv) loading 
tim e  or frequency.

. From  th e  preWous section i t  is clear th a t  if th e  logarithm  of the penetration  of a  b itum en 
is p lo tted  against the difference betw een th e  ring-and-ball tem perature and  the  te s t tem per­
a tu re , lines for various bitum ens w ith  th e  sam e P .I. will coincide.

I t  therefore seems worth while to  p lo t the  stiffness against T rab — 7’test- This is 
done in Figs. 4 and 5 for a frequency of 200 c/s and  a  tim e of loading of 1000 s'ec. respectively.

r» .err, oc

F ig . 4. Stiffness fm m  i-ibraling bar experim ents as a fiinciiou  o f  temperature fo r  various bitum ens. N um bers
refer to Table I

I t  is then found th a t curves for b itum ens \vith the  sam e P .I., bu t w ith different values for 
th e  ring-and-ball point, coincide. Com pare for instance, in Fig. 4, the results of bitum ens 1,
2 an d  3, which all have about the sam e P .I. (—2*3 to  - 2 - 6 ) ,  bu t ring-and-ball tem peratures 
of 66®, 54” and  46-5’, and Nos. 13 and  14 w ith  P .I . + 4 - 2  and -r4 -3  and ring-and-ball points 
of 9 8 ’ and 86®. Experimental points for Nos. 10 and  11, P .I. -t'2 -0  and \ and  ring-and- 
ba ll points of 142° and 89°, likewise show  little  difference, though the harder b itum en tends 
to  be less susceptible to tem perature. The results given in Fig. 5 for the  m uch longer tim es 
of loading of 1000 sec. point in the  sam e direction; see bitum ens Nos. 6, 7 and  8.

If we accept th is to be a general rule, i t  m eans th a t equation  (13) can now be wTitten more 
explicit)}’ as:

S  =  f {  - l o ^  ///o - f  -  T ) } .(15)

H ere  the  tem perature function has been replaced by a  function of TRiB —T . The constants 
to an d  c and  the e.xperimental functions /  and  tp are still to  be determ ined, b u t will depend 
solely on the rheolo^cal character of th e  bitiTmen. F o r the  hardness of the bitum en m entioned 
u n d e r (i) is fully characterized by the  3 'ra b  and  also (iii) and  (iv) are accountcd for. A  relation  of 
ty p e  (15) has the advantage th a t it  perm its nom ographic representation by  m eans of a  line- 
co-ordinate chart.

Such a chart consists of three parallel lines on which suitable scales for t, (T rs^^— T) 
an d  .S are m arked in such a  way th a t  a  set of \ ’alues for th e  variables obeying form ula (15) lie 
on a  stra igh t line crossing the scale lines.

Nevertheless, such a  representation would still m ake it necessary to  provide different 
nom ographs for each rheological type. Fortunatelj*, however, it was found possible to  use 
th e  sam e function for all t j ’pes of b itum en by  choosing suitable values of the  ‘ c o n s ta n t ' 
c. T his c was then proved to be a  function of th e  P .I. (rheological type) only; the  function /



Fig. 5. S l if fn ts i  from  static bending tests as a  fu n c tio n  o f  temperature fo r  various 
bitumens. Numbers refer to Table I

also depends on the  P .I. This means th a t th& same scales for tim e and  tem perature difference 
w ith  ring-and-bail tem perature  could be used for all bitum ens; the  scale for S , however, lies 
a t  different distances and  is graduated  in different ways according to  the  rheological type 
{penetration index) of the  bitumen.

The nom ograph of Fig. 6 was constructed on th is basis, from w hich the  S value can be 
read  very  easily. The m ethod of using the  nom ograph is given on th e  Figure.

The agreem ent betw een nomograph readings and  experim ental results is evident from Figs.
4 and  5, the  soHd curves of which are obtained from the  nom ograph. In  m any instances the  
deviations are of the order of the  accuracy of m easurem ent, which includes no t only the  5  
determ ination bu t also the  ring-and-ball test. The dynam ic m easurem ents are far more accurate 
th an  the  sta tic  ones, the ir accuracy being of the  order of 6% . The curve for P .I. +  4*3 in 
Fig. 4, however, shows greater deviations from the  m easurem ents in th e  high S  region. In  Fig.
5 there  is excellent agreem ent between nomograph and  experim ent, including results for the 
+ 4 * 3  P .I . bitum en.

As the  nom ograph is based on a  finite num ber of experim ents i t  is possible to draw  it in 
such a  w ay th a t  b e tte r agreem ent w ith the available experim ental results is reached, including 
the  dynam ic m easurem ents for 4 • 3 P .I . This would m ean th a t  the  nom ograph is less system atic 
and  contains w avy curves. However, only smooth curves for constan t 5  are draw n and wavy 
lilies are avoide'd. Also the  distance between the P .I. line and  the  tem perature  scale is a 
simple—in th is  instance linear—function of the P .I. In  th is w ay i t  was tried  to  obtain a  nomo­
graph  w ith  m ean values, ruling out m inor variations.

The ex ten t to  which the  nomograph complies w ith  experim ents in the  stiffness range 
betw een 1 and  10’ N/m.^ is shown in a  different way in Figs. 7 and  8.

These results were obtained by  m easurements w th  ro ta ting  cylinder viscometers in a  
range of tim es of loading from 1 to 10,000 seconds a t  various tem peratures. As we are dealing 
w ith  an  experim ent in shear,. S q is measured. The m aterial in th is  range of stiffness can be 
considered as incompressible and  consequently Se is th ree tim es S q [see equation (12)].

The num ber of results available in this range are such th a t a  representation sim ilar to  th a t 
in 'F igs. 4 and  5 cannot be easily given. The experim ental values of 5 e are therefore plotted 
against the  stiffness, as read from the  nomograph. For each tem perature, where a  m easure­
m en t was carried out, only two points were plotted, nam ely for 10 and  1000 .seconds.

I t  is seen th a t the points lie near a  straight line, as they  should. There is a  clear spread, 
b u t the deviations are no t a function of hardness or P .I . They seldom excecd a  factor of 2.
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Fig. 7. Stiffness as vuasured with rotating cylinder viscometer 
compared with nomograph reading fo r  various bitumens. Numbers 
refer to Table I

F ig . 8. Stiffness as iiuasiircd unth rotuting cylinder viscouietcr compared with nomograph 
reading fo r  various bitumens. Xiivibcrs refer to Table I



In  judging these deviations i t  should be rem em bered th a t they  are small com pared w ith  
the  trem endous variation in stiffness w ith varia tion  in tem perature, which am ounts to  m any 
decades in th e  logarithm  of the stiffness; a  deviation  of a  factor of 2 is therefore un im portan t. 
In  fact it corresponds to  a  tem perature difference of about 2°; this accuracy is greater th an  
th a t with which the engineer can specify the  tem pera tu re  lim its in a  practical example.

Secondly, the accuracy w ith w h i^  the  ring-and-ball tem perature and th e  P .I. can be 
determ ined gives ri?e to deviations of the sam e order of m agnitude. In  this connexion i t  m ay 
be rem arked th a t no special measures were tak en  to  obtain  extrem ely accurate ring-and-ball 
and  P .I. values of the bitum ens. Normal rou tine te s t d a ta  of the stocks from which samples 
were taken  were used.

So far, correlation is given for tem perature^ below the ring-and-ball tem perature. 
Nomographic representation also proved to  be possible up  to a  P .I . of + 1 , a t  tem peratures

above th e  ring-and-ball softening point. A t th is 
tem pera tu re  all bitum ens w ith a P .I. below + 1  show 
purely  viscous behaviour and the experim ental work 
can be carried  ou t w ith  capillary-tube viscometers. 
In  norm al routine testing these determ inations are 
carried  o u t a t  various tem peratures. From  these 
results th e  tem perature  was deduced a t  which the 
viscosity is 20 N sec./m.^ (200 poises). This tem per­
a tu re  (or ra th e r tem perature  difference w ith ring-and- 
ball) is p lo tted  against the  tem perature read from the  
nom ograph for th a t viscosity. (For procedure see 
th e  n ex t section.) The result is shown in  Fig. 9. 
I t  is seen th a t  the  correlation is satisfactory. 
D eviations am ount to 5° maximum, which corres­
ponds to  a  factor of 2  m axim um  in  stiffness, as is 
readily  deduced from the nomograph.

In  conclusion, it  can be said th a t the nom ograph 
gives a  good correlation in the tem perature range 
from  ab o u t 100“ above to  200® below ring-and-ball 
tem pera tu re , w ith  an  accuracy of a  factor of 2 in the 
stiffness corresponding to a  few degrees in  the tem per­
a tu re  and  often better. This covers the wholi range 
of in terest.

20
2 0  25 3 0  35 4 0

r - T B „ f C ,  READ FROM NOMOGRAPH

I'iG. 9. T em pera lu ti above riHg-and-ball, 
uhere viscosity, as measured wilh 
capillary-tube 'nuom eter, is 20 N sec.lm .' 
(200 poises), u m p a red  ufith nomograph 
reading. P .I .  v jh ies o f  bitum tns, —2.5 
to -I- 2  0

Extremes in the nomograph
As m ay be seen from Fig. 1, in certain ranges the-constant-tem perature cur\'es are stra igh t 

lines u i th  a  slope of 1 to  1, which means, as has a lready  been mentioned, a purely New tonian 
behaviour.

Such a beha \io u r is reflected in the nom ograph in th a t the curves for constant S in tersect 
a  horizontal P .I. line a t  constant intervals. These in tervals correspond w ith those on the 
tim e scale. This is best illustrated  by an exam ple. Let us take a  — I-O P .f. bitum en a t a 
tem perature of 10' above the  ring-and-ball point.

F o r i  =  1 sec..................................................S  =  10^ N/m.“
/ =  10 sec................................................S  =  10^ N’/m."
/ =  l'"X)sec..............................................S  =  10 N'/m.^

This confirms th a t the bitum en is purely viscous. In  th is  stiffness range the relation (7) holds. 
In  o ther words, when the  loading time t is equal to  3 seconds, the viscosity t) is numerically 
equal to  the  stiffn*jss in the  corresponding system  of units. This provides a  simple n ile  for 
determ ining the  viscosity of a  bitum en a t  a  certa in  tem perature from the nomograph: 
Connect the  3-second point w ith the tem perature  difference w ith ring-and-ball on the tem per­
a tu re  scale. Intersection w ith the  corresponding P .I. line perm its direct reading of tj in ‘>' sec./ 
m.2. To find the results in poises, this figure has to  be m ultiplied by 10, because 1 n  sec./m .- 
=  10 dynes sec.jcm.- == 10 poises.

I t  should be i'.ressed th a t this procedure is allowed only when the behaviour in the range 
considered is rcaily viscous, i.e. only when the  stiffness value lies in the left-hand lower 
part of the noinoi^rapii. N or is it pm nissible to  stiurt a t  the 3 X 10"^ sec. point or 3 x  lO"^ 
sec. point to obt:iin the  result directly in poises o r centipoises respectively, because the  risk 
of the reading’s falliny in the non-viscous p a rt of the  nom ograph is too great.



A nother extrem e in the  nom ograph follows from the  fac t th a t  a t  low tem peratures the 
stiffness of all b itum ens approaches asym ptotically to  a  lim it of about 3 x  10® N/m.*. This 
m eans th a t th e  S  curve for this value interesects the  P .I . lines a t infinity. Since for these 
tem peratures th e  stiffness also becomes independent of frequency, i t  follows th a t the curve for 
th e  lim iting value of 3 x  10® N/m.* coincides w ith the  right-hand p a rt of the tem perature-scale 
line.

W e can now  also answer the question why all curves for constan t S m ust intersect in the 
ring-and-ball tem perature  point. F o r a  theoretical b itum en w ith a  P .I . =  —10, the P .I. 
line also coincides w ith the tem perature scale. Consequently, such a  bitum en shows, as it  
should, a stiffness of 3 X 10® N/m.®, independent of the  loading tim e, a t  all tem peratures above 
th a t  of ring-and-ball. A t ring-and-ball tem perature i t  m elts and  S falls abruptly  to  zero. This 
zero value is represented by the  left-hand p a rt of th e  tem perature  line and  th is is possible only 
w hen all S  curves m eet in the  ring-and-ball point. The recognition of th is fact was a great help 
in  constructing the  nomograph.

Validity of the nomograph
The nom ograph is essentially n o t more th an  a  convenient m ethod  for representing a  great 

num ber of experim ental results, and lias the  object of m aking these results easily accessible for 
p ractical use. The nomograph cannot therefore be said to  show th e  behaviour of a  particular 
b itum en, b u t only the average behaviour of a  certain grade. I f  m ore d a ta  th an  are used here 
become available, changes in  the nomograph m ay be required, b u t m ajo r changes seem unlikely. 
T here is no thing theoretical behind it: all correlations have been empirically deduced. For 
instance, one m ay  be inclined to  draw  the  conclusion th a t  the  ring-and-baU tem perature is 
an  ‘ equiviscous ' or ‘ equistiffness ' tem perature. • As m ay be deduced from the nomograph, 
however, th is is no t true. The stiffness a t  ring-and-ball tem peratu re  is in general dependent 
on th e  penetration  index. Only for one tim e of loading (0*4 sec) is the  stiffness independent 
of penetration  index (see also below).

,  T he nom ograph shows clearly th a t  w ith  tw o figures—^ring-and-ball tem perature  for 
hardness and  P .I. for rheological type—the whole complex rheological behaviour of a  bitum en 
can be determ ined. I t  will therefore be clear th a t th is nom ograph cannot be used to  predict 
th e  behaviour of very waxy bitum ens, because it  is known th a t, especially for soft bitum ens, 
th e  .ring-and-ball tem perature is greatly  influenced b y  the  presence of paraffin wax. The 
bitum ens used for the work described here all m eet the specification D .I.N . 1995 (test m ethod 
U 11), which perm its a  maxim um  wax content of 2% . They contained am ounts of wax varying 
from  0*4 to  1 *9%, which, apparently , does no t lead to  m easurable differences in stiffness.

The nom ograph gives the S values for ' sm all stresses The effect of shearing stress 
for a  blown bitum en is illustrated in Fig. 10. W hether the  non-linearity becomes evident 
depends no t only on the shearing stress bu t also on the loading tim e.

The effect is ra th er m arked in tliis instance, b u t i t  will be  no ted  th a t  the  corresponding range 
of stiffness for th is P .I. cannot be read from the nom ograph. W ith  increasing P .I., the range 
over which the  stiffness is given is smaller. This is no t for lack of da ta ; ap a rt from being stress- 
dependent, experim ental results show large differences between bitum ens from various origins 
and  consequently the  principle on which the  nom ograph w as based (no influence of origin except 
th a t  accounted for by P .I.) no longer holds here. In  short, the upper left-hand portion of the 
nom ograph is left blank, because of s truc tu ra l effects becoming prom inent in this region. The 
accuracy of d a ta  deduced from the  border region of th is b lank portion will consequently be less 
accurate th an  those from more ‘ inw ard ' regions,

•

The penetration test
Though the  system atic correlation work described so far was m eant prim arily as an 

instrum ent for engineering calculations, it  m ay  also be used to  explain the significance of 
routine test m ethods th a t, up to now, have no t been used directly. W e will give the correlation 
Nvith penetration  and  ring-and-ball test results as an example. I t  m ay  be m entioned th a t 
th is  is a  correlation a posteriori, and  th a t the results given la te r were no t obtained by introducing 
them  beforehand in the nomograph.

From  a  rheological point of view the  penetration te s t can be considered as a  very imperfect 
type  of stiffness determ ination. Still, the test is widely accepted and has considerable 
practical im portance, and the  question w hether its  results can be related to the stiffness defined 
above cannot be neglected.



F ig . 10. Stiffness o f a blown biluinen as a  fu n c lio n  o f  tim e o f loading fo r  various shearing stress
valuei

From  the  definition of the penetration  index [equation (14)], or from the nom ograph of 
Fig. 3, it  can be readily deduced a t which T r&b — T  a  given penetration for a certain  P .I . is 
reached. In  this w ay we can find liow, for a  constan t penetration, the P .I. correlates w ith  
^R&B— Fr om the  stiffness nom ograph we can then  read how, for these P .I. values and  
tem pera tu re  differences, the stiffness depends on tim e of loading. These stiffnesses can be 
p lo tted  in a  [log (stiffness)/log (time)] diagram  and  a  line for each P .I. is then obtained (see Fig. 
11). All these lines intersect in one point, which corresponds to a time of loading of 0 '4  
second and  a certain stiffness.

We m ay thu s conclude th a t this particu la r penetration  corresponds to a  certain  stiffness 
a t  0-4 second. If  we repeat this procedure for ano ther penetration value the  lines are found 
to  in tersect in one point a t the same tim e of 0*4 second, which, however, corresponds to  a 
different stiffness (see Fig. 11 where this has been done for a  penetration of 30 and 250).

This cannot be accidental and  we 
m ay conclude th a t a certain penetra tion  
corresponds to  a certain stiffness a t  
0*4 sec. The correlation has been 
shown in Fig, 12, where both  m easured 
stiffnesses are correlated \vith m easured 
penetrations (individual points) and 
where also the correlation as obtained  
from the two nom ographs is given 
(solid line).

As mentioned before, b itum ens a t 
the  ring-and-ball tem perature  all have 
the  same penetration of roughly 800. 
According to Fig. 12 th is corresponds 
to  a stiffness of 10^ N/m.* In  fact, it  is 
found th a t the line for a stiffness of 
10^ N/m," in the stiffness nom ograph is 
a  straight line, which in tersects the 
log (time) axis in the  0 -4-sec. point, 

, ,  o. yv- ^ , r  f'ln  M which means th a t the stiffness isFio , I I . Sitffness o f  bitum ens with pcndratioHs o f w  an d  . i r i r> t  j. i.i. j.
250 ««</ various P .I .  rulues, (is reuil from  no>nograph i n d e p e n d e n t  o t tJlC I .1. a t  t r i a t  tm ie .



I t  m ay seem strange th a t a  tim e of loading of
0 • 4 sec. should be used in the correlation of stiff­
ness w ith  penetration, since the  loading tim e for 
the  la tte r  te s t am ounts to  5 sec. I t  should be 
rem em bered, however, th a t  the  stress in th a t 
te s t is no t constan t, b u t far greater a t  the very 
beginning th a n  a t  the  end. Consequently, t h e ' 
effective tim e of loading m ay indeed be much 
sm aller th an  5 sec.

Saal & Koens® have tried to  correlate pene­
tra tio n  w ith  viscosity. This is justified only 
when the  behaviour of the  bitum en is viscous for 
th e  whole effective period. Saal & Koens 
therefore only gave a  correlation for low P.I. 
bitum ens. If, moreover, only high penetration 
values are considered, good results are obtained, 
and  then  such a  correlation is essentially the 
sam e as th a t  given here. Low penetrations, 
however, correspond to  a  high stiffness {e.g. 
10® N/m.*) and, as can be read from Fig. 1 or 
from the nom ograph, low P .I . bitum ens can no 
longer be characterized in th is instance by a 
viscosity coefficient. Consequently, the  correla­
tion  given in  th is range by  Saal & Koens can be 
used only for bitum ens having the  same P .I. as 
the  bitum ens used in their experiments.

The Fraass breaking test
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F ig . 12. lle la tion  beiween siiffHsss a i O A sec. 
and penetration at 5 sec. fo r  bilum ens with  
different P .I .  values. Num bers refer to 
bitum ens in  Table I

In  th is  test, which was firet described by
Fraass, and which has also been standardized
by  IP  under No. 80/53, a  standard  steel plaque 
coated w ith a  th in  layer of bitum en {0*05 cm.) is repeatedly ben t to  a  given ex ten t in a  standard  
tim e (11 sec.) and  unloaded again. The bitum en is in a  b a th , the  tem perature  of which is 
lowered a t  a  certain  rate. The tem perature a t which cracks appear in the  bitum en is reported 
as the  F raass b rittle  tem perature.

A detailed  analysis of the  test cannot be given here, bu t a  calculation based on the well- 
known elastic theory of a  bent beam  shows th a t  the  m axim um  strain  in the  bitum en layer 
reached under the  conditions of test is 1*64% (see also Ref. 8). This was also confirmed by 
m easuring th e  curvature of the steel plaque by means of an  optical m ethod, which yielded 1 -60% 
for the m axim um  stra in  in the  bitumen. To calculate the  tem perature  of fracture no t only 
the  stiffness of the  bitum en has to  be known, bu t also its  breaking strength.

A full description of breaking properties of bitum ens falls outside the  scope of this paper,
b u t a few results obtained by the author, which are reproduced in Fig. 13, m ay give a  general
impression of breaking strength.

These results have been obtained by loading strips of b itum en w ith  a constant tensile stress 
and  observing the m om ent after which rupture occurs. To keep the stress constant a t  great 
elongations the  well-knowTi apparatus described by  Andrade was used; th is perm its loading under 
constant stress by  decreasing the active load a t the  sam e ra te  as the cross section of the 
specimen decreases.

The breaking strength  is dependent both  on tem perature  and  on loading time. At 
sufficiently low tem peratures, and for not too long loading times, bitum ens show the  same 
approxim ate m axim um  breaking strength, which is of the  order of 3 x  10® N/m.^ (30 x  10® 
dynes/cm .-), range about 2 X 10® to 5 X 10®. Fraass tem peratures and  tim e of loading are of 
such an order th a t  th is maxim um  breaking strength apphes.

These results a re  largely confirmed by results obtained by  Lethersich,® Eriksson’ and 
recently b y  Rigden & Lee.®

The last-m entioned authors point out th a t these high values for the breaking strength only 
obtain for the  norm al unilateral test method, where there  is no lateral restraint. If  there  is 
lateral restra in t, lower values are found, and their results suggest th a t it  is the mean hydro-
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Fig . 13. B reaking strength o f  asphaltic bitum ens

s ta tic  tensile stress th a t  determ ines w hether ru p tu re  will occur or not. Accordingly, the 
corresponding hydrostatic  tension is 1/3 x  3 X 10® =  10® N/m.^

In  the  stress system  a t the  top  of the  b itum en  layer on the  Fraass plaque the following 
general form ulae hold for an incompressible m aterial:

(Tj — ^  =
9

2 1
i

P  = 3 ® /

1 +  2̂ 3̂ =  0

.(16)

................................................................................................................(17)
where E  is Y oung’s m odulus, p  (the hydrosta tic  tension) =  |(o-i +  a j -i- erg), and a  and  « 
denote stress and strain  respectively.

If  the suffix 1 be the  direction along the  a rc  of the  F raass plaque, 2 the direction norm al 
to  the plaque and 3 the  transverse direction, then  =  0 and  cg =  0.

Substitu tion  in (16) and  (17) gives;

*̂1 =  2> ...................................

and the first equation of (16) becomes:

.(18)

.(19)

Assuming th a t b rittle  fracture occurs a t  a hyd ro sta tic  tension p  exceeding 10® N/'m.-, we 
find from (19) th a t to obtain  fracture the stiffness should exceed:

«  0-94 X 108 N/m.2

where S  has been substitu ted  for E.

Thus, as all b itum ens have approxim ately th e  sam e breaking strength, the  F raass 
tem pera tu re  should be an  equistiffness tem perature, corresponding to  a stiffness of roughly 
10* N/m.* a t 11 sec.

From  the nom ograph it  follows th a t only th e  P .I . and  the difference w ith ring-and-ball 
tem peratu re  will decide w hether this stiffness value is reached.

I t  therefore follows th a t all bitum ens of th e  sam e P .I. should show the same difference 
between ring-and-ball and  Fraass tem perature. T he correlation can be easily checked in the  
nom ograph when connecting the 11-second po in t w ith  the  stiffness curve of 10® N/m.*. 
In tersection w ith the tem perature line gives T r&b —^Fraass-



To w hat ex ten t th is correlation actually  obtains can be seen from Fig. 14, where results 
are given for a  great num ber of bitumens. In  the  P .I. range from  —1 to  -1-2 so m any results 
were available th a t  means and not individual results are given. These correspond w th  m any
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F ig . 14. Correlaiioii between pe^ietraiion index 
and temperature difference between R  <Ŝ B  
and Fraass poin t

results obtained on the same grade of bitumen.
From  Fig. 14 i t  can be seen th a t  the  best 

correlation w ith  the  readings of the nomograph 
is obtained when an  S  value of 1 ■ 1 x  10* N/m.^ 
instead  of 0-94 x  10® N/m.^ is taken  as the 
critical value.

The correlation is obvious, though there is 
a  large spread. This spread can in principle be 
due to  the  following three causes; (1) The nomo­
graph  does n o t give accurate values for all 
bitum ens; there  are small deviations. (2) The 
F raass determ ination is too inaccurate. (3) The 
m axim um  breaking strength  of bitum ens is not 
equal b u t shows variations according to  their 
origin.

A fu rther investigation into these points is 
being carried out. I t  can already be mentioned 
th a t  the nom ograph has so far invariably been 
proved to  be vahd. This is no t surprising, for 
th e  nom ograph uses as basic d a ta  the ring-and- 
ball and th e  penetration tests, which are 
deform ation tests, no t breaking tests. The 
F raass determ ination is no t very accurate, which 
is also clear from Fig. 14, where m ean values 
show  less sca tte r than  single ones. However, 
som etim es deviations of 10® occur, and in those 
instances the  difference m ay be due to  a  lower 
or higher breaking strength  th an  the average.

For bitum ens w ith a P .I. > + 4 * 5  there is a clear deviation. This is because these bitumens 
show a  considerable evaporation loss when the  th in  layers on th e  F raass plaque are being 
prepared; th e  bitum en therefore hardens and  shows a  higher F raass tem perature. Here , the 
heating procedure used in the Fraass test needs re^’ision.

B itum ens with P .I. < —2-0  also show some deviations. H ere the  explanation is th a t 
they  show a  som ewhat lower breaking strength.

The results given above show th a t  breaking in the Fraass te s t is prim arily a  question of the 
stiffness of the  bitum en, no t of breaking strength. This conclusion is safe when we have to 
carry  ou t calculations for engineering purposes.

On fu rther investigation, we find th a t the breaking strength  has some influence.
The results given here are in  complete accordance w ith those found by  Rigden & Lee® for 

tars. They s ta te  th a t  the Fraass te s t is, to a  first approxim ation, an  equiviscous tem perature 
te s t corresponding to  a  viscosity of 4 x  10^ poises =  4 X 10® N sec./m.®. ,

Applying form ula(7) and bearing in m ind th a t the tim e of loading is 11 sec., this corresponds 
to  a stiffness of

S  =  37jjt =  3 x  4 X 10®/U =  M  X lO^N/m.s,

which is identical w ith the result found here.
As ta rs  have a very low P.I. (—2-5 to —3-0) their behaviour is purely viscous up to high 

stiffness values, and  correlation w ith, viscosity is justified. For bitum ens, however, such a 
correlation fails and stiffness should be used instead.

In  conclusion, it  m ay be said th a t  if two independent test d a ta  for a  bitum en or la r are 
specified, e.g. P .I . and  ring-and-ball or penetration and ring-and-ball, the Fraass tem perature 
cannot be specified independently.

Conclusions
1. The mechanical behaviour of bitum ens can be described for alm ost the whole lemper- 

a tu re  range of practical interest by a stiffness modulus, defined as the  ratio  of stress to strain.
2. This stiffness modulus depends on four \ariables; (<j) tim e of loading or frequenc)', 

(6) tem ixTature, (c) hardness of the bilum en and  (rfj rheologlcal type of the bitumen.
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3. H ardness of the b itum en can be completely characterized by the  ring-and-ball tem per­
ature, and Theological type by  the  penetration  index.

4. A nom ograph can be constructed  from which the  stiffness of any  bitum en a t  any 
tem perature and  tim e of loading can be read, if the ring-and-ball tem pera tu re  and  the 
penetration index are given. The accuracy of th is nom ograph, which covers a  tem pera tu re  range 
of 300®, is am ply sufficient for engineering purposes.

5. A t low tem peratures all bitum ens behave elastically in the  classical sense, and  their 
Young’s m odulus (stiffness) is equal to  3  x  10® N/m.^ =  3 X 10^° dynes/cm.^.

6. The penetration of a b itum en  corresponds to its  stiffness a t 0*4 sec.
7. The F raass te s t is essentially an equistiffness test and gives th e  tem pera tu re  a t  which 

the stiffness is 1 • 1 x  10® N/m.^ (1 • 1 'x  10® d y n e s /c m .a t  11 seconds.
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DETERMINATION OF TIN-IRON ALLOY COATING IN
ELECTRO-TINPLATE

By C. J .  THW A ITES and W. E. H OA RE

In  electrolytic tinplate th e  tin -iro n  alloy layer, formed during th e  flow-brightening operation, 
m ay range in thickness from approxim ately 1< 5 to  8 ^in. Refined methods of determ ination aj-e thus 
necessary. Four procedures have been studied and compared. Gravim etric m ethods, involving 
determ ination of th e  free-tin (unalloyed) and alloy layers either separately, or sim ultaneously as 
th e  to ta l coating, appear to  be sufficiently accurate and trustw orthy  provided th a t  a  lairge enough 
sample-area is available. A ‘ coulom eter ’ method, involving m easurem ent of th e  q u an tity  of 
electricity required to  dissolve th e  coating anodically in dilute hydrochloric acid, was found to  be 
most suitable for rapid routine determ inations on relatively sm all specimens for which gravim etric 
or volumetric methods would be inappropriate.

I t  has been confirmed, by  chemical and AT-ray examinations, th a t  the tin -iro n  alloy layer in 
flow-brightened electrolytic tinp late  is th e  interm etallic compound FeSug.

The coating of tinp late, w hether applied by  hot-dipping or by  electrodeposition and flow- 
brightening, comprises an overlay of su b s tan ti^ Iy  pure tin  and a  th in  layer of tin -iro n  alloy 
interm ediate betw een the  tin  overlay and  the basis steel. ̂  In  th e  hot-dipped product the  am ount 
of alloy present is about 3 to  3*5 oz. per basis box and usually does no t vary  very significantly. 
[The basis box is a  un it of area and  is equal to 31,360 in. of tinp la te  or 62,720 sq. in. of surface. 
In  the  U .K . it  is custom ary to  express coating weights in ounces per basis box (oz. b.b.); in the




