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.-Giadatién of Mineral A ggregates in

Dense Gradccl Bituminous-Mixtures

T\ HE use of mineral égg’regates
and soils in engineering works
presents many problems due to

variations in these materials. While

physical and chemical differences dre’

important, and have been much in-
vestigated, this paper will be confined
to a discussion of particle size dis-
tribution or the granulometric com-
position and its effect on the design
of mixtures.

The need for sieve ansdlyses and
grading studies is rather self-evident
and the procedures invelved are fa-
miliar to most- engineers. However,
it may be of interest to cutline briefly

. some of the factors which lead to a

study of aggregate gradations in Cali-
fornia and to comment on some of the

" trends and relationships which came

to light.

Mixtures of bitumen and mineral
aggregate have been used sinee an-
cient times and bituminous pavements

are by mno means new. However, -
from fime to time the same old com-.

binations of asphalt and mineral ag-
gregate have a rebirth under a new
name usually with a real or implied
modification in some element or pro-
portion. When the first oil mix road
in California was built in 1926 it was
generally regarded as something new
and distinetly different from earlier
types of bituminous pavements and
attracted considerable attention be-

" eause it appeared at a time when the

need for low cost road surfacing was
becoming acute. Today this type of

surface covers many miles of rural
_ highways. )

MANY DETAILED STUDIES

‘Wide-spread use of the oil mix type
of "surfacing has not been free from
trouble and ‘our present knowledge of
the process has resulted from a great
deal of study and research on the
part of numerous highway depart-
ments. In ecommon with other States,

California is more or 1éss  continually ~

* Senior Physical Teating Engincer, Ma-
terials and Research Department, California
Divigion of Highways.

[Fourteen}

www.fastio.com

By F. N. HVEEM”

investigating and attempting to im-

- prove design methods and testing pro-

cedures in order to assure satlsfactory
construetion.

‘Sinee the first report by MeKesson
and Frickstad in 1927, detailed
studies have been under way includ-
ing among other things, an investi-
gation of the possible influenee of
aggregate gradation.  In 1929 there
were a number of oil mix sections
already in use ranging from good to
poor. The main idea at that time
was to find out why ecertain sections
were behaving well and why others
were showing considerable = distress
despite the faet that they had been
eonstructed under the same gpeeifica-
tions and apparently under the same
conditions. We were well equipped
for the study with a full quota ot
preconceived. opinions and ingrained
notions among which was the belief
that the principles of aggresate gra-
dation had been well expounded, and

we were more. or less prepared to find

that many of the troubles on oil
mix roads could be accounted for by
improper grading of the agpregate.
However, when a series of samples
taken from good and had sections
were analyzed, it was a little disturb-
ing to discover that some of the most
unconventional and irregular grading
curves were identified with the most
successful ' roads, while in several
failures, the gradings complied very
nicely with orthodox ideas as repre-
senfed by Fuller s eurve.

DISCOVERY UPSETS THEORIDS

This discovery was something of a
shock and tended to destroy faith in
““well known principles.”’ We eould
not escape the conelusion that a satis-
factory bituminous surface could be
constructed almost without regard to
agpgregate pradations if the bitumen
content was adjusted for the particu-
lar aggregate and gradation. It was
evident that this optimum bitumen
content had no consistent relationship
to the void volume exeept that it was
always less than the amount required

to fill the voids. Against this con-
clusion was the fact that virtually all
construction men are coneerned with
‘‘zood grading’’ and with *‘poor grad-
ing’’ and even though it was evident
that the ‘‘principles of grading’’ must
be quite elastie, the possibility still
existed that there might be an ‘‘ideal
grading.”” Therefore, the first step
was to ecompare gradings of various
mixtures for the purpose of discover-
ing any common properties or simi-
larities whieh might exist.

In order to cover as broad a field
as possible, portland cement concrete
gradings were included in the situdy
as well as gradings of bituminous
mixtures. As these gradings eovered
a wide range of sizes, it was neces-
sary to prepare grading charts which
would permit comparison on a relative
scale. This brought up the question
as-to the type of ehart and the secales
to be used.

'FULLER’S CURVE

Figure No. 1 shows a simple linear
scale on which Fuller’s curve has
been drawn. Fuller’s eurve as you
know, has the form of an eliipse on
the finer portion of the eurve and has
been projected either as a curve or
straight line from the vertical axis of
the ellipse to the upper right hand
corner of the chart. The linear scale
for the sieve sizes is not very satisfac-
tory because the lines in the sand
sizes are too crowded for definition.
A better type of chart is the semilog-
arithmie type shown on Figure No. 2.
The abscissa value of the sereen sizes
on the logarithmie chart give good
definition throughout the entire
range. Fuller’s curve is shown
transferred to the semilogarithmie
chart.

The following figures, No. 3 to 9,
will show the results obtained by
platting the grading curves of previ-
ously existing construetion which, for
the most part, represents gradings
that resulted from long study or ex-
perimentation on the part of several
individuals responsible,

(June 1941) California Highways and Public Works


http://www.fastio.com/

Fro. | e X
TRACHIUYS OF AR GRADING CHART At iz £ SEME LOGARI THMIC Cfﬁ'{??’
o Y Y /;\‘~ EA &y i';i o g 7] b2 ) Sy Fre Y 4 F-3 o
10 7
— 1 — = ] i z 7 7
20 ] a0 &0 // &0
8 Fortems—-Core —1 - / i ¥« Y AR S — YT yi g
N I~ s— —1” 5| | §* A7 3
‘-W ] / "v’\ 5 ) 4 s o
R o TIN5 7 %
o L o metteEE e LN LS o R
92 — 7 o~ —1 ELRY
‘%a ~ _ s i " L 'E
a & . — 79 G & 2
‘. - - 1 s
575 1 I — 3 B — __SC’E‘: EW T Jﬂl;::
A g0 : 2™ R 4 20
T - T hll
22 ’I I 7 e
] - - _ _ i
1o ET T £ v % 7 4 o o
' - LINVEAT SCAaLE
- L1111l Lt 1 1 Lilll L1 3 vt
A 2 2 ¥ 456 & L T ¥ 5678 S ENLEN YA
Fia. 3 Fie ¥
AEACTIONS BF AR Gﬁﬂpf (~J C R Ao 51z 14 FRACTIONS 07 ARRIMUA RHAD/ (%) C/‘/ A AAX Lpreay SIZE ?‘2
Fe  fase  Mus ™ L Le % v % fz’- ” S fags  Mas ey fm U % A %, .
v
12 ,/ 14 rd 5o
: Alir Pirker | Ghapsn : o " L
20 Pl Mix I I P 20 AL 1moiNia  ANPE, A A on
Y = . - — e s Q Hsrwiair—Corcaeie—Suphrce o
I Ke;z Safistaciory Wwitt S\C.d Giade Llgupad Atobair o X ‘%15_,_1 w R
X » 3 3 35 Fanch, rAW, P
E-}-‘f L 5p§ E-}-‘r‘ /, o’ds
‘EJ‘, ;/ i 1 50 Q:' 47 7 E”)
W A [ i [ 7,/'/ I - 1%
<o L~ P g
gav 171 40 t‘\ é“‘" 1/ 0 O
o ,‘;/ o T » o - 50 T
5 = T N S =] Rk b N
g0 I = 20 W so ‘___:; I A A:‘%@;;;j" .
| e 14 77 ket 1
90 —a — 10 20 — — I ]
i 200 G Vs % ¢ -0 200 /o6 40 £ 7é & 3 g % Yy / s
,smﬂpﬁﬁp .5/}::/5;‘ .5774/169/?349 SSIEVES
A ' L.t 1 11 ) 13t 11 111111 1 L 611t
K7 .Z! ,; 4 -;'I:flélé/ .2 J ‘S‘ ‘;'{‘Iél:f .lz .lf ::' : 8 Lo o o7 Z X 455 8.0 .a FS ¥ 55 8.1 2 T o 48 L0 .
Fre. 5 Fie. &
ARACTIONS OF MARMOA Rfﬁﬂbf G _CHART ARG Sr7E 1S SRACTIENS 0F AQXistont ’_Af ADING CHART MR pprip? _Ir2 i 24
0 Hira  Hoxs  Hag ™ ag Jra ” % % % 7 . S s .’/Iua iy Hr Hs % v % s
b A
= 7 ]
Ié CALIFApANA LR PERIMENTAL o ’I/.' e ” [EXALRMTENEA  ONCRATE £ o7
20 Covensls Mixlrones s '/ P 20 Herdared gy HV Keece lar r-F.e' Vi g0
a Varyile Cemivr Conrenr AL “ o & Best 2ix| er Vrﬂ"ﬁ;‘ﬁ or [TRbaLs. "
< E ke
3% yry P i i 3 §’” : /- §
bar per ROV d W ] p.
h eﬂ-: p;}' [ 2 A T 6.0&\ h*ﬂ 60&\
NG AT P N A 2N
N P 8 Iy -] ]
SM T T W = %‘ #0 G q@ el v
CErent  carienl e O - B ” o T
Q':Va = Nble  codstant mdunt ko I !tvn" L~ -
&1”‘ el TAaNer  Japm ZE T o d:l o 1T | - N - N
= PP, G, =t ad - Tl R - _ R ]
9o e w0 90 — w0
e Leo0 Iz o B % Y 7 ¢ P o 100 £ I 16 ] 7, % % 7 % 2 ’
: ,577?/1@/7}?.0 ,_S‘/EVE; STINCLA FD S Vﬁl—‘s
L1 1 vak
o F 41 ; ”é v = ,3 -9‘« I I'”,If ,'a ,!7 ,;’_["_:;';_a # 0 Z X ¥56 8.0 . 2 F #3"6?6 T 2 3 & S 8re
California Highways and Public Works (junc 1941) [Fifteen]

CM:)PD::

wavw fast

\()

(O n



http://www.fastio.com/

ClibPD

“Figure No. 3 shows the grading of
a plant mix surfacing in California
from one of the most satisfactory jobs
constructed prior to 1930. All mate-
rial is smaller than 1 inch.

Figure No. 4 is Type ““A’’ As-
phaltiec Conerete surface used in Cali-
fornia for a number of years past.
Material passes 11 inches.

Pigure No. 5 iz a series of three
gradations of portland cement con-
crete using ageregate below 13 inches,
with three percentages of cement.
The three mixes were part of a lab-
oratory experiment aimed at securing
similar workability and water cement
ratios with the varying cement con-
tents. It should be noted that for
comparison portland cement concrete
mixtures are platted with the cement
content ineluded with the aggregate.
You will note that the three grada-
tions developed experimentally tend
to interseet at a point represented by
31 per eent of the vertical scale and
at a size equal to 031 on the abseissa
scale. This point will be referred to
iater.

Figure No. 6 represents a grading
of portland eement concrete devel-
oped by Professor H. F. Kriege and
reported in Roek Products. All ag-
gregate was smaller than 21 inches
maximum.

Figure No. 7 is the ‘‘best grading’’
developed in onr own laboratory for
Portland cement concrete with a cer-

- tain type of crushed rock at 23

inches maximum,.

Figure No. 8 is paving conerete
with 3% inches maximum stone and
Tigure No. 9 is paving conerete using
4 inches maximum stone.

DIFFERENT EXPERIMENTS

I would again like to repeat that
all of these gradations were devel-
oped by different individuals work-
ing independently and separated by
considerable distance and time, and
each one represents the most ideal
combination which was developed
after a great many trials and consid-
eration of other combinations. These
fizures by no means represent all of
the material studied. Each is some-
what typieal of the particular size
group. In passing I might call at-
tention to the fact that regardless of
individual variations in coarse and
fine aggregate all of these most satis-
factory gradings tend to pass clogse to
the point represented by the co-ordi.
nates, 31 per cent of the material
passing a size equal to .031 of the

[Sixteen]

astio.com

particular maximum size of the grad-

ation, This prevailing common type
or pattern of prading seems to be foo
consistent to be acecidental and has
been used to establish grading charts
which have been made the basis for
the design of bituminous paving mix-
tures. These charts shown herewith,
indicate tolerance limits which are, in
effect, a rationalization of data simi-
lar to that just shown.

Figure No. 10 is a so-called gen-
eral grading chart showing the slope
of the curve from maximum to mini-
mum with the abscissa values drawn
as relative sizes only.

Figure No. 11 is the same type of
curve on which the abseissa values
represent actual sieves as they would
appear for a grading ranging from 1
ineh to dust, Having thus arrived
at smooth attractive looking curves,
throngh the simple expedient of ig-
noring those cases which did not con-
form, it may be well to offer some ex-
planation which would help to show
why this uniform type of grading
will often be more satisfactory than
other eurves.

MAXIMUM DENSITY

Figure No. 12 is a collection of ag-
gregate gradings which have been
proposed, tried, or, in some cases,
used with considerable success. T
would like to point out the heavy
shaded line which, from Professor
Kriege’s report may be taken as the

ultimate in maximum density. Pro-

fessor Kriege stated that if 50 per cent
of the coarsest size was combined
with 50 per cent of the finest material,
the resulting density would be
greater than that of any other combi.
nation of sizes within the maximum
and minimum Hmits. It appears then,
that any virtue in the type of grad-
ing shown on Figure No. 11, is due
to the avoidance of certain diffieulties
more or less inherent in other pat-
terns of gradation, These liabilities
or hazards are set forth on the figure
in the form of brief notes indicating
possible or probable results should
the grading curve go beyond the tol-
erance limits in the area of the chart
covered by  the notation. However,
these notations are an over simplifica-
tion. For example, on Figure No. 13
the hypothetical grading shown is de-
ficient in fine sand. A grading of this
type will ordinarily be porous and
may or may not be undesirable de-
pending on loeal conditions.

Figure No. 14 shows a distinectly

different type of grading which is
caused by an excessive amount of
sand between the 30 and 100 mesh
size. This type of curve is typical of a
mixture containing wind blown sand.
Our experience has shown that such
mixtures are usually Iow in stability
and are often permeable as well.

IDEAL GRADING

As a result of this study it was pos-
sible to assign a few reasons why a
grading eurve should have some par-
tienlar or peculiar characteristics, It
appears that there are a number of
factors which may be affected by the
gradation and also several which are
not. Tt is necessary for the designer
to distinguish and isolate the sepa-
rate individual items and properties
which are needed to aecomplish the
purposes of a particular project. It
is also necessary to know which of
the essential properties depend on
and are affected by the aggregate
gradation. With this information and
knowledge, it is possible to develop
an ideal grading for a specific pur-
pose and from that to determine how
nearly the ideal grading ecan be
achieved with the aggregate available.
Thus, the basic requirements and
conditions ean be stated rather briefly
but it is not always a simple matier
to arrive at a practical solution be-
cause in praetice, the best grading
that ean be secured is usually a com-
promise.

As the word ‘‘eompromise’’ implies
recognition and allowance for the de-
mands of several diverse elements,
it is now necessary to describe some
of the factors which may afiect the
choice of gradings. One of the first
and desirable properties of mixtures
are the qualities of plasticity and
mobility whichk are usually grouped
under the heading of workability.
Hydraulic concrete, bituminons mix-
tures, and stabilized soils all must be
workable; the degree required de-
pends on the conditions of use and
type of equipment.

‘WORKABILITY IMPORTANT

Workability is usually of greater
importance in portland cement con-
crete than in bituminous mixtures,
nevertheless, it is one common require-
ment which is affeeted by gradation.

Another property influenced by
grading is permeability. The impor-
tance of this property depends almost
entirely on the type of structure. (A
distinetion should be made between

(Tune 1941) California Highways and Public Works
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- permeability and density. The terms
are not synonymons.) In paving mix-
tures it may be important that they be
tight and relatively impermeable un-

-der conditions where it 1s. necessary
that a vulnerable subgrade be pro-
tected from the entrance of surface
water through the pavement., It is
often true, however, that the great-
est danger of subgrade saturation
comes from eapillary moisture and a
tight paving surface which restricts

" evaporation will frequently promote

- failure through an accumulation of

- {Fighteen] .
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moisture in 2 plastie subgrade. It has
been demonsirated that a surface mix-
ture with the proper degree of poros-
ity will permit the subgrade to main-
tain a stable equilibrium by allowing
moisture to evaporate rapidly enongh
to prevent excessive coneentration.
So far as is known, the design of pav-

ing ‘mixtures has not often been

deliberately .adjusted to provide the
necessary pernfeability. It is hereby
suggested that it is a possibility well
worth consideration.

Economy is a factor which may at

times influence the choice of gradings
but its importance varies with the
particular conditions. Durability is
important for virtually all structures
but is not usually affected by the
gradation of aggregate. Surface tex-
ture is a property peculiarly impor-
tant to pavement econstruction and
the present widespread interest in
traffic safety makes skidding resist-
ance an essential property, and the
texture is inevitably influenced by the
grading of the aggregate. Tmportant
properties which are only slightly or
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indirectly effected by aggregate gra-
dation are the compressive stremgth
of portland cement concrete and the
stability of bituminous mixtures.

A preat deal of discussion has ap-
peared in technieal literature con-
cerning the significance of the voids
ratio. So far as the writer has been
able to determine, there is little evi-
dence to show that the voids ratio
can be dependably utilized in the de-
gign of mixtures. Neither the amount
of binder required nor the important
properties can be confidently pre-
dicted from a knowledge of the void
volume alone. -As stated by someone,
while a packing box full of basebally
and one filled with peas will have vir-
tually the same void volume, the num-
ber of points of eontact and the super-
ficial area will vary inversely with the
particle diameters.

DESIGN OF ALL MIXTURES

In coneclusion it may be pointed
out, that mineral aggregates are pos-
sessed of one inherent property which
affects the design of all mixtures re-
pardless of the type of binder wused.
This property is described as internal
friction of the granular mass imply-
ing that all solid particles offer resis-
tance to sliding depending on their
surface texture and pressure with
which they are held in contact.

The equilibrium characteristics of
the mass depend on the conditions
which pertain at the points of contact
between the diserete partieles. A void
has Tlittle if any character and par-
ticles do not transmit their influence
across void spaeces—only at points of
contact. The stability of bituminous
mixtures is largely dependent on
maintaining a high value of internal
friction, while on the other hand, the
strength of portland cement concrete
depends on the water cement ratio.

This ratio can be maintained at its
lowest value when the internal frie-
tion of the aggregate is inherently
low, therefore the design of portland
cement concrete tends to encourage
the use of finer sands and smooth par-
ticles which in eombination with
water, promote mobility. TIn bitumin-
ous mixtures, the tendency should he
towards the use of rough stone and a
reduection of fine mobile material to
the lowest amount possible in order
to maintain high internal friction.
However, as the stability of bitumin-
ous mixtures is also influenced by the
cohesion any reduction in tle amount

of fines tends to reduee the cohesion

values as well as to increase the per-
meability, thus we are around the
circle and back to the need for com-
promise,

BEST GRADING

The best grading for any particu-
lar mixture can only be that which
utilizes the available aggregates to
give as many of the desired proper-
ties as may be possible. For this rea-
son standardization of aggregate
gradings can easily be earried too far
and as utilization of aggregates is
primarily a local problem due ecare
should be exercised in the adoption
of national standards for materials
which are sirietly speaking, not man-
ufactured and which vary throughout
the country. Commercial aggregates
are not often shipped long distaneces
and there seems to be no good reason
for requiring that crushed stone, sand,
or gravel, in one region should meet
gradations found satisfactory for
materials at some distant point.

As an example of the manner in
whick gradings can be slightly modi-
fied to secure less critical mixiures,
figure No. 15 shows for comparison
the asphaltie concrete grading used
in California for a number of years

Calz'fornia Highways and Public Works (juse1941)
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past and the dotted line shows the
modification whieh will be used in
the future. The two gradings have
virtually the same amount of sand
finer than 10.mesh, however, the
gradation of both fine and ecoarse
material has been altered. This
change in grading tends to reduce
the density of the combination and

‘will provide a mixture which is less

eritical.

STAPILOMETER VALUES

Figure No. 16 shows comparative
stabilometer values of the old and new
type of grading. You will note that
with a bitumen content of 5.6 stabilo-

‘meter values are virtually identical.

However, with a slight inerease in
asphalt, the older more dense mixture

" tends to lose stability rapidly whereas

the modified gradation will show sat-
isfactory stability up to about 6 per
cent of asphalt and in no case falls
as low as the older type.

The lower chart shows variations in
density with the two types. With 5.9
per eent of asphalt, the new gradation
has nearly 2 per cent gieater void
volume and in this connection a large
number of studies have indieated that
when the relative specific gravity is
higher than 97 per cent, virtually all
asphaltic mixtures tend to lose stabil-
ity. Sufficient void spaece must be
provided for the necessary amount of
asphalt and the new type of grading
has been found to be more accom-
modating and less critieal than the
older type.

In conclusion, it ean be repeated
that the best gradation is that which
best suits the particular purpose and
material available and, to borrow a
phrase from Mr, T. C. Powers, “A
wide variety of gradings can be nsed
but we can not tolerate much varia-
tion.”

[ Nineteen]
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