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I • INTRODUCTI024

$1nce the time portland cement concrete became popular
as a construction aterial, it has been used in every con-
ceivable climatic and natural condition of exposure, In the
beginning, quality of concrete was judged mainly by its
strength characteristics, The recognitlon of the durability

of concrete against natural disruptlve forces as another more

important quality came gradually, but at present it is the
object of intensive research for the engineering profession,
A variety of factors have been found to be responsible for
producing these disruptlve forces, Te research has now pro-
vlded a better understanding of the echanism of deteriora-

tion of concrete durabl11ty•
As the demand for concrete ls increasing, the supply of

available good coarse aggregate is being exhausted. New

sources have to be tapped, ways must be found to utilize the

sources neglacted so far because of their bad field record,
,

and performance of borderlins materlals should be improved to
make them more economical, A study of the aggregate is re-
quired to evaluate the durabllity of concrete before it can

be recommended for use ln the field, This poses a formldable
problm in view of the complex nature and behavior of concrete,

The advent of a1r—entrained concrete has simplified the
problem somewhat• Entralned air protects the mortar phase of j
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concrete and thus makes it possible to gage more accurately

the effect and extent of damage by the deleterious aqgtogoto
particles provided other variable factors are controlled with-
in limits, Durabllity of concrete depends mostly on range of
temperature, moisture contents and on the pore characteristics

of the aggregate part1cles•
Various studies have been carried out to identify the

dsleterious particles and some qualitative evaluations were
ade suggesting ways for improving or eliminating their hrm-

ful characteristics, Recently some efforts have been made
towards quantitative analysis of these factors, but they are

still inconclusive, These studies and other theories of frost
damage are described in Chapter III, This discussion is meant

to provide a bsic understanding of the behavior and character-

istics of poor quality chart gravel in concrete• Investiga-

tions with regard to the factors such as the effect of particle

size, oisture conditions, specific gravity, heavy media sepa-
ration, quantitative estimate of percentage of deleterious
particles required to damage the concrete are mentioned, and ä
other suggestions in this context are noted,

l

!
In the study being presented here an attempt has been

made to try some of the idas to attain an improved perform-
ance of the aggregate and consequently of the drability of

the concrete, Achieveents of different ttoatmonts have been

copared• Th objective and scope has been confined to the

Ä
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chart gravel, a major source of aggragata supplies known to
contain poor quality particlas, It ls hopad the thoughts and
results will ba of soma practical use to enhanca the field
service of concrate,

6
q
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II• PURPGSE AND SCOPE

This project is an effort to study some of th treatments
used for the benefication of poor quality chart gravels. Three
treatments were investigated and compared:

1, separation of heavier and lighter chart eggregate

b heavy liquid flotation into two groups: those
having a specific gravity greater than 2.5, and
those in the range of 2,4 to 2,5.

2, Substitution for 50 parcent chrt, untreated by
heavy liquid, with a good durabde aggregate in
concrete,

3, Blending of deleterious chart particles with ag—

gregates of proven good quality to determine the
minimum percentage of chart causing the deteriora~
tion of concrete and making it non—durabds•

The chart gravels are a major source of aggregate supply,
but the bad field performance of many of them has randered
their free use dangerous and uneconomical, However, as the
sources of good quality aggregates are being depaeted, the
empasis is being placed on finding ways and means for the
best and ost economical utilization of the available aggre-
gate sources, This necessitates the study of treatmants to
improve the performance of known deleterious aggregate parti·
cles,
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High quality aggregates from two sourees were used (Ag«

‘

gregates A and B) in this study, A third type used (Aggre-

gate F) was e poor quality chert grave1„

In all, 109 test specimens were made from 29 eencrete

mixes using 10 different mix designs, Out of the 29 mixer,

24 were batch mixed in a Laneaster tub type mixer, and the

rest were hand mixed, Freezing and thawing test results cf

67 specimens are reported in this thes1s„ The remaining

speclmens were part ef e related project nat reported are,
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III, LITERATURE DISCUSSION

Durability_gg,Concrete

Earlier users of concrete concerned themselves priarily

with its strength, It was realized very soon, especially in
severe climates, that concrete designed to withstand external
loads in a structure failed to give the expected service, 0b—

viously some factors depending on te inherent properties of
the constitueats of the concrete were producing stresses and
strains internally as well, There are many factors which in-
fluence the durahslity, A detailed outline has been prepared
by Subcommittee II-d on Durahility of Concrete of ASTM Commit—
tee C—9 on Concrete and Concrete Aggregates (1), The factors

are subdivlded into five major groups:
1, The physical properties of th hardened conctete,
2, The constituent materials of which the concrete

is composed,
3, The construction methods used in fahricating or

building the structure,
4, The nature of deteriorating influences to which

the structure will be exposed, and
5, The type of loads which the structure is designed

to carry and to which it will be subjected during
its useful life,

All of these factors are not of equal importance in
their effect upon the durabslity of the concrete structures,
and some are obviously more important than others,

.„___„_____lJ
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12Investigationshave shown that the durahallty of concrete ie

·determined hy its resistance to weathering, which in turn can
he best determined by te tests of the reslstance of concrete
to freezing end thawing,

It has hen now·well establishd that air entrainment
provides a high degree of protection for the cement paste
(mortar phase) of the concrste but may not overcome the effects
of larger aggreqate particles which undergo volum changes on
freezing, However, it can he expected that when durable fine
agqreqate and entrained air are used to protect the mottat,
all test methods become essentiully course aggregate tests,

es
Among the known poor performing eggregates, charts end

chart gravels have been widely used and extsnsively studied,
The word °chert* is used to put a name to an exceedingly wide
variety of fineegrained hard tüd coposed of silica with
certain impurities•

In reviewing all the investigations conducted so far
with regard to chert, one single striking element of agree·

Iment was a generelized reference to a connection between
poroslty, absorption, permeahility, specific gravdty and the
durability of chert,

Before entering into th discussion of the effects of
different treatmsnts on the durahdlity and volume change N
characteristics of the poor quality chert gravel, it is

N
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necessary to study the mechanism of freeze and thaw damage of
the concrete contalnlng them in the light of different hypo-
theses end theorles developed to date, This study should in-
dicate also how lt is possible to protect the cement and mor-
tar phase of concrete by alr-entralnment, The thought should
be ingected at this point that concrete durablllty must be
examlned as a whole and not hy parts, namely hardened paste
and aggregate partlcles, The conflnlng nature of the matter
in concrete ls important in deteralnlng the rate and amount
of moisture movement into and out of the aggregates,

....1 • 2£.€£9.!££.'*;!.‘l§
Hardened Paste

Powers and Helmuth (2) have descrlbed the hardened
paste to be composed of the hydratlon products of cement and
water, such as oelcium hydroxide and a material called cement·b
gel, Cement~ge1 is nothing but the residual of the original
cement, It ls a coheslve mass of tlny spherlcal partlcles
boned together chemlcally, Data hve shown that when the
cement—gel completely fills the space available to lt, the
poroslty of the speclmen is about 25 percent, a figure which
1s conslstent with the spherlcal shape of the partlcles,
These lnterstltlal spaces among the spheres are called gel~
pores, In most pastes the volum of the gel does not equal
the apparent volue of the paste, There are always sone
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weter—£il1ed spaces in th fresh paste. As the hydration
proceeds with time these spaces beco occupied partially
by ceent gel, There may he air void: included intentionally
or non—intentiona11y and some other minor components, The
pores in the gel are very small compared with the remaining
capillary pores, and the air oids are larger than the capil·
lary pores, The gel~pores era so small that freesing cannot
occur at any temperature above «78°C,

Hydraulic Pressure and Diffusion Theorien
Powers has proposed (2) two complementary theories to

explain the damage of hardened paste due to freezing of the
water, The first theory is based on the assumption that the
hydraulic pressure is generated by water trying to eecape
from a frozen sone to a non~frosen zone, The water movement
is caused in the paste to accomodate about nine percent in—

p crease in volue of freesing water, Generally speaking, in

any structure, the outer exposed surfaces are coled first
so that the water has to move twards th interior portion
and es auch its escape from the structure itself is prevented,

Powers and Helmuth conduoted experiments on specimens
with and without air voids, They found that specimene with
air voids contracted after freezing hegen, This contraction
and certain other responses to change in rate of cooling could
not be accounted for hy th hydraulic pressure theory, This
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was, however, easily explalned by another theory, It was sur-
mlsed that after the water is frozen, first ln larger cap1l~
lary voids, te ice lenses so formd will grow by caplllary
attrection of available water from the gel, This process ls
also known as surface dlffuelon, The gel itself should con-
tract but the overall effect on the volume of paste depends
on the preeence of sufficlent alr·volds, If tere are no
air-volds, the dllation of oevltlee containing ice may be
more than the contractlon of the gel, resultlng in the ex-
pansion of the paste es a whole,

Hydraulic pressure and dlffusion both can occur simul-
taneously ln different parts of the paste, Diffusion, how-
ever, is a slow process, When freezing ls rapld, as ln lab-
oratory tests, the expansion ls de mainly to hydraulic pres-
sure, Concrete in the field coole slowly, and low tempera-
tures may be maintained for many hours or days, If paste ls
not protected with entrained air, it ls llkely to be damaged
by both mechanlsmss first, by hydraullc pressure, and then
by growth of the ice bodies, The function of the air-olds

Eis to limit hydreulic pressure and to limit time during which ,
capillary ice can grow by diffusion of gel water,

h

‘
@1-ref ll;Although the benflclal effect of entralned air in con-

*

crete has been proven, care must be exercised for its maximum

_________;_;



16use,A1: entrainment may reduce the strength as well as in- t
creaea durablllty and workabillty, and a coice must he made

as to the optimum percentage of air, Ägßlh entrained a1r

must be dlfferentlated from entrapped a1r ln the form of

large bubblee which do not increase the durability• E

gnflgeggg gg gg;g_Qygrac;gr;st1gs
Investigations have establlshed the protection of the

mortar phase of concrete hy entralnlng a1r• However, th same
is not true for froet susceptibüe aggregate particles in the
oncrete conflned by the mortar, Bmphasis 1n research to de-

tect the unsound particles, particularly chrt, in aggregate

has ehlfted from one aspect to the other, However, an man-
tioned earller, almost all the 1nvest1gat1ons have shown

some relationship between poroslty, ahsorption, permeab1l1ty
and specific gravlty of the aggregates and the durability of

‘

concrete containing those aggregates, As a matter of fact,

it can be stated that the cheracteristics of internal pore
space in concrete aggregate are the most lmportant of all E
aggregate physical properties. Upon thse characterlstics

Idepend the abeorptlon, permeabality, specific gravity, etc.
of the aggregates, Also the characteristics auch as the
abunance, size, shape and continulty of the pores determine
the amount of water the aggregate can abeortn 1ts absorption

rate, its eaee of dralnlng (or water retention property), its {
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internal surface area, and the portion af its bulk volume
that is occupied hy solid mattar• Besides, the para size‘
influences the degree of temperature necessary to bring
about freesing (3),

g_r_gg_g._ Qgggg gg Agggegates
water, contained in the para system, upon freezing is

the cause of damage for aggregate particles according to the
same theory as applied to the mortar phase of concrete• The
hydraulic pressure theory of concrate can be applied to the
air-entrained concrets containing chart aggregates, Powers
(4) states, ”te·destruction of concrete by freezing is

' caused by hydraulic pressure generated by the expansion ac—

copanying freezing of water rather than by direct crystal
pressure developed through growth of bodies of ice crystals,
Dilation of concrete with a puotected pste is caused by
water freazing in the aggregate particles, The water in the

‘

p particle is trapped by ice or relatively impermeabde paste
surrounding the particle, Tha hydraulic pressure associated
with freezing disrupts the particles and expands the specimens,”
Ha states further,

”If
the aggragata particles in a specimen

l

of concrete are less permeahle than the paste, then they
should increase the intensity of hydraulic pressure in the
region where the paste is saturated, since, for a part of the
freezable water, they block the most direct paths to the un—

saturated region.”
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“If
the concrete contains unsaturated aggregate particles

that are more permeable than the hardened paste, those part1—
cles shuld moderate the hydraulic pressure somewhat as cavi~
ties do, until the particles become saturated, when the par~
ticles are saturated, water must escape into the surrounding

paste during freezfag or pressures will develop that are high
enough to dlsrupt the aggregate particles and the surrounding

material, The intensity of the pressure in saturated part1—
cles then depends on the permeabdlity of the paste that lies

d

between the particles and th unsaturated reg1on,“
schgster and McLaughl1n (5) state that, “Probably for I

saturated aggregates of high porosity (e•gs llghtweight

charts) the amount of excess water produced hy freezing is

_ too large to be taken on by the air bubbles entrained in the
paste imedlately adjacent to te aggregates,”

Detectlgn and Treagggnt of Unsound chart
critical specific Gravity

In the light of these statements let us consider the
trsatments suggested to prevent frost damage or to improve
the performance of chart aggregates, As discussed before,

thse treatments are basically related to the pore character~
istics of the aggregatss and vary in details only, The

studies by Schuster and Mchaughlin confirmed the fact that
ost porous cherts (thse with lowest bulk specific grav1—

ties) cause the most sevare freeze-thaw deterioration,
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They showed that this concept holds for concretes with or
without entrained air, Théil investigations supported pre-
vious suggestions by Sweet and woods (6) that bulk specific
gravity level of 2,45 is the critical level of separation
between unsound and durable charts, Their quantitative
analysis indlcated that slgnificant deep-seated and surface
deterloration took place only in specimens containing 6 to
ld percent of materials from the minus 2,45 bulk specific
gravity group,

— Partlcle Size

Bloom (7) and others (5, 8) have shown that smaller
sizes of chart gravel and othr known deleterious aggregate

partlcles are more durab1e• The durability of concrete in-
creases when the maxlmu size used ls reducad or when larger
sizes are replaced by known durabie aggregates, In this

connection it was suggested that if the available larger

size chart gravel contains predominantly low specific gravi-
ty and highly absorptive particles some technique, e•q• heavy
media separation may ba used to remove them, If such parti-
cles are few and no treatment ls feasitde then they may be
used in combination with more durable aggregate, It appears
that even 1f the pore characterlstics are about the same,
smaller sizes are more durable, The total force developed
in a smaller size particle, upon the freezing and expansion
of water, is not enough to cause disruptlon, As auch lt is

V g
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also suggested by walker (8) that if economical, all the
larger particles may be crushed into smaller ones,

Moisture Condition

Resistance of the concrete to freezing and thawing ls

greatly enhanced if lt has had an opportunity to dry partial~
ly before being frozen, This flndlng by Bloom (7) is con~
sistent with, and conflrms accepted concepts (4, 9, 10) on
the effects of concrete moisture condition, Bloem (7) has
summarised tht, ”If opportunity is provided for th concrete
to lose excess moisture before being frozen, supplemented hy
reasonable efforts to prevent excesslve resaturation, dis·

ruptlon from freezing can almost certalnly be avoided,
( several other lnvestigators have also reported the

‘

fact that certain aggregates ln concrete reabeorb water re~

luctantly after they have been dried, In the resoaked con—

· crete a greater proportion of the total absorbed water ls in
the mortar, The other reason,may be the capillary movement
·ofwater as described by Rhoades and Mielenz (ll), “water
moving by capillarity will not enter aggregate containing

only large volds, even if these voids are interconnected and

penetrable. 0n the other hand, small voids will be pnetrated;
and if these openings are smaller than those of cement pasta,
the water will be preferentially drawn into them from the
paste,” This means the unsound cherts used had larger pores
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1compared to mortar so that water cannot be reahaorbed easily,

Schuster and McLaughlin (5) have stated that, “As
the total

porosity of chart increases in going from material of high
to low bulk specific gravity, the voids larger than five mi—
crons in diameter constitute an increasingly larger percent—
age of total pore space,“ This certainly proves that more
porous (1.e, low bulk specific gravity) charts, which are
more vulnerable to fresse-thaw, de have a greater percentaqo
of pas larger in diameter than those genarally present in
mortar, This prevents the reabsorption of water by chart
aggregaces in concrete,

Comparing two types of charts, Bloom (7) reported tht,
“the

chart which has a higher capacity for absorbing water
‘

might be expected, therefore, to ba more vulnerable tofreez~ing
under highly saturated conditions, Th evidence also 1

_ suggests, hwever, that water might he expected to move 1
raadily into and out of the pores of the former, Under cer«

}tain circumstances, this might benefit the resistance to
freesing for either or both of two reasons:

5

1, ay permitting water to escape from the aggregate
by allowing th concrete to dry,

2, By facilitating movement of water through aggre~
gate pores during £reezing," 11

1111
........l......——---—-—————————————————-—————————————————***""""J
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Pere Size

The idea of a critical pore size was introduced h the

earlier investigators, sweet (12) stated that aggregate

voids smaller than 4 to 5 microns (4 to 5 x 10*6 meters) in

diameter enhance molsture aneerptxen and promote generation

of hydraulic pressure upon freezlng water in them, Lewis

and Dolch (13) steted that pores less than four microns in

diameter will drain effectlvely only at pressures high

enough to cause failure of aggregate particles and concretes

in tension, More recent investigation by Schuster and Mc-

Laughlin (5) places less signlflcance on the critical pore

size of 4 to 5 microns, However, thy still agree on the

othr qualitative characteristlcs of aggregate pore space

that cause poor durabality of concrete, Their microspoplc

petrography of thin sections of chart samples showed that

only th minus 2,45 bulk specific gravity group contained

volds large enough to be recognized, This indicated a direct

correlation between the presence of these voids and the lack

of durability as found in this lightweight group of charts,

Tbl! subsequent discussion seemd to contradict the theory

that freeze·thaw deterioration occurs primarily in volds

less than five microns in diameter, However, there is a

strong posslbdlity that the larger voids are prima factors

in the freeze·thaw breakdown of llghtweight charts due to

higher degree of saturation afforded the chrt by the larger

volds, In this connection they had observed tat “degree er

II
I
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saturation of the charts increases with increasing total poros—

ity and decreasing bulk specific gravity•” This increase is

probably caused by th greater percentage of voids larger than

five microns in the more porous material,

verbeck and Landgren (9) believe that an aggregate with

a fine pore structure will reach a high degree of saturation

much more rapidly than an aggregate with a coarse pore struc~

ture, even if the aggregates ave the same porosity•

Expgnsive Properties

It has been recognized that there are certain other

properties and conditions of the concrete constituents which

are capable of produclng disruptive volume changes just as

the freesing of water in pore spaces, Thy include alkali-

aggregate reaction, temperature change, wettlng and drying,

Althugh it is not possible to point out one single cause

for the durability failure of concrete, the domlnating factor

is termd generally as the cause of damage, Actually the

failure is the result of the comhdned effect of the differ—

ent factors, other investigations show evidence which dif-

fers sharply in their conclusions abeut th effects of cer-

tain properties, This only brings forth the complex nature

of the problem, It is, therefore, important that other

factors are taken into account wen needed to make the re-

sults more conclusive,
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1
Freezing ggg Thawgng Durability ggggg °

The discussion of the durabdlity of chart aggregates or

for that matter any aggregate used in concrete would he in-

complete if the freezing and thawing test methods employed

to evaluate the durabdlity are not brought into focus, In

order to detect the frost susceptible aggregate through these

tests we are required to know natural field conditions for
which their durahllity is being determined. These tests,

ideally, should simulate the field conditions as closely as

possible so tat the best possible correlation of test re-
sults with the field performance is obtainsd, There is no

_ doubt that it may not be easy to find the relative severity

of exposure to natural weathring conditions of different

portions of a structure or of two adjacent structures,

Scoler (l) states that he had “observed railway drainage

structures in which one abutment was under considerable head

of water on the back, while te opposite abutment was dry

because drainage was from the structure on that side, simi~

larly due to canges in soil characteristics subgrade under

a pavement may change in only a few feet, Also the effect

of loads and traffic on deteriorating concrete is difficult

to estimate,“

These are practical difficulties with which one must
cntend, However, the current test procedures have come

under criticism as they do not conform to the freezing and

1 i
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thawing conditions of nature, Powers (14) felt that in the
light of the hydraulic pressure theory, high and widely vari~
able freezing rates tended to give a distorted picture of
relative frost resistance rather than the hoped for simple
acceleration of natural processes, That is, the mechanisms
by which frost damage might occur at natural cooling rates,
approxlmately 5°P per hour maximum, could not be correlated
with those at rates of 10 to 100°? per hour, the hlghest rates
causing unrealistically high stress conditions, Powers states

that, ”Considering the groth·of—capi11ary-ice theory, and
parhaps the osmotic pressure theory, this rapid freesing
could lead to an undereatiate of atural freezlng conditions
where relatively long perlods at low temperatures are comon•
place,“ The significance of moisture conditioning of aggre-
gates and concretes in test methods was noted and related to
several categories of field conditions, Many structures are
in environments where some seasonal drying is possible and
for this reason laboratory tests on only saturatsd concretes
appeared too severe,

Powers (14) has proposed a simplified test procedure
which is more realistic in simulatlng the field conditions D
in tht it takoß into account the effects of seasonal drylng E
and a natural slow cooling rate of about 5°F per hour, Ha é
recommends the standard two weeks curing inltially and then
a period of air drying prior to freesing either in air or

l
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water, After freesing, he specifies a soeklng period in
water, The process is repeated until damage is observed as

dllation occurs during the freezing cycle after freezing
point, Normal behavior for a god specimen is to continue
shrinking even after the freezing point, A primary measure
of durabality by this test is the period of immunity to
freesing damage, It needs coparatively simple equipment and
minimum manpower,

The first application ot Powers' method was by the
California Division of Highways in 1961, Aggregate svaluated
by this method still appears to be performing well in one of
their major highways, In an article (16) based on the thesis
written by Wille (17), the application of sowers' method has
confirmed hoped for results, Wille used two types of known
poor performing aggregates, one of thm being chart. The
ork of Wills indicates good correlation between the results

of the s1ow~cyc1e as suggested by Powers, and those of the
rapid cycle (ASIM ethod C29l), It is suggested to compare
similarly the three other ASIM standard procedures,

A recent study by Walker (18) has indicated a further
development in the direction of simplifying the freese—thaw
test, The range of minimum slope in the length change

vs,temperaturecurve during the first fresse of each specimen
,

gave good correlation with th durabdllty factor of the oon~ ;
erste spec1men•
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However, the work done until now indicates that th
aveilahde standard procedures give results which can be cor-

I
related tairly well with field conditions, It does require

sound engineering judgement to interpret them, New test

methods, such as mentioned above, are needed to mlnimize the
judgement taeter,

IIII

I
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IV, MATERIALS, LABQRATORY PROCEDURES AND TEST OUTLINE Z

Materials gggg
Goarse aggregates used were of three types as shown

be1ow•
Aggregate A: A high quality quartzite gravel from the

eastern Pledmont region, This ls a hard durable aggregate

with an excellent field performance record and has been used

both for comparatlve purposes and for blending with other

aggregates,
Aggregate B: A high quality trap rock crushed stone

from the eastern United States,

Aggregate F: A m1d·western river gravel that ls com-

posed mstly of charts, It has a poor field performance,

Physical cheracteristics of the coarse aggregates are Z

given in Table 1, They were well—graded from ä' to l" size, Z
The same sand was used as fine aggregate ln each case, Z

Te physical characteristics of the sand are given ln Table 2, Z

A blend of equal amounts of three dlfferent brands of Z

cement was used• All three brands were low alkall type I Z

cements, ZProcedures Z
Speciflc Gravltles and Absorption Z

Bulk dry specific gravaty (B), bulk saturated surface Z

dry (BSSD) specific gravlty and absorption of the coarse 1
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Tabüe 2, Physical Qharactariatics cf Fine Aggregate

Sieve Cumulativa Ratained
#4 4.5
#8 18.5

#16 27,8 F,M,¢2,66
#30 43.0
#50 75,2

#100 95,2
Pan 100.0

Bulk saturatad aurfaca Dry specific Gravity ¤ 2,60
aßulk Dry Specific Gravity = 2.59
Abserption = 0,341%

I

I
I
I
I

I

i I
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aggregates were determined by a procedure similar to ASTM
Cl27~59, For the fine aggregate the procedure adopted was
similar to ASTM C128-59, These values are required to design
the cement concrete mix,

Heavy Llquid Beparation
A combination of tetrabromoethane and varsol, in very-

ing proportions, was used as heavy liquid media to separate
charts of different specific gravity levels, The two speci-
fic qravlty levels chosen were +2,5 and 2,5 to 2,4, The
sizes so separated were 1* to 3/4* and 3/Ä“ to 1/2*,

Concrete Mix

The coarse aggregates were saturated under vacuum and
soaked 24 hours prior to incorporation in concrete mix, The
fine lqqtagats was moistened and thoroughly mixed one day
before mixing the batches, so that it would not abuorb a
portlon of the mixing water, Concreto was proportioned on

Ü

the basis of the ratio b/bp (see reference 19 for design
procedure), It contained 5,5 sacks of cement per cubic

yard, and had an air content of 5 to 6 percent and a slump
of about three inches, A neutralizad vinsol resin solution
added with the mixing water was used as the air entraininq

agent, Air contents were measured by the volumetric method

using the Chase Alr-Meter, A Lancaster counter current tub

type batch mixer of 1,5 cubic foot capacity was used for
mixing the concrete,
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Moldlng ot Spaclmens

The speciens were cast ln molds of 3* x 3* x 16* prism

shape, Brass plugs, on 10-1nch centars, were installed in

the top 3" x 16* face of each specimen for routine length

masurements with a whittemore straln gage, Thermocouples

were placed in the center of each prlsm extending into the

middle of 16 inches length from te 3* x 3* end face, speci-

mens were cast in accordance with the ASTM Cl92—62T procedure

for Flexure Test specxmens, The thermocouples were placed in
the center after the roddlng of the first layer and before

placlng the second top layer, care was taken not to damge _

the thermocouple while roddlnq the top layer,

Freezing and Thawing Equipment

The automatic freezing and thawing equipment used for

the test is the same as that developed by the Engineering

Experiment Station, Utah State University, for small labora~

tory purposes (20), lt ls a simple and efficient piece of

equipment, The freezing and thawing cycle is controlled hy

means of a thermostat placed in the center of a control prism

and relays which start the compressor and turn off the heaters

at 40°F and reverse the procedure at 0°F, A gas

chargedthermometerbulb and a recording thermometer keep a cont1nu~ 2

ous record of the temperature at the center of the control 3
specimen, It Ls posslbde to adjust the cycle at any time E

to take care of variable conditions, l
* s

E
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This equipment was used to perform the rapid freezing

and thwing tests in water as described ln ASTM C29l—6lT,

The frseslng period was of about 2—3/4 hours and thawlng

about l—l/4 hours,

Dynamic Modulus er Elastlcity

The non—destructive test method as described in ASTM

C2l5·60 was used to determine the relative dynamic modules

of elasticlty (E) of the spacimen by use of sonic apparatus,

Tess measutaments were calculatd in terms of relative (E) 6

rater than exact value of (E), Modulus of elasticity de· Z

pends on weight, length and cross·sectional area. These

three quantltles are variable during the test as the spsci·

mens dlsintegrate, In calculating the relative (E), however,

it ls implled that these values are constant which introduces Z
only an lnsignlticant error, This procedure is consistent Z

with the conventional reporting ot the £reese—thaw test Z

results, Z
6

Gutllne gg Qgggg_ Z
Te chart gravel (F—2) was successively used to replace

8 to 20 percent of good pertormlng coarse aggregate (A) be- Z

tween 1 and 1/4 inch, and then finally the entire quantlty
Z

of good coarse aggregate, This treatment was lncorporated

in mix designs designated A, K·1, K—2, K—3 and F-2 (Table 3), Z

In anothr treatment chart gravels (F—2) ot l"-1/2” size, Z
6j6

2
Z 6
6 6a-„e-—.——.—.........................................________________________;
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separated by heavy liquid, were combaned with aggregate (A)

of 1/2“—3/4” size with a 50•50 prcentage ratio in mix de·

signs R—4, R-5, The next treatment was covered by the mixes

L—l and L—2 which utilized chart gravel (F-3), not separated

by heavy liquid media, and high quality aggregate (B),

Goncrete mixen were all air~entrained and the mix de-

sign was held constant, as far as possibae, for each series,

Mix designs K~4 and K-5, being one beam batchea, were hand

mixed, All the other mixes were batch mixed, A maximum

of 0,6 cuba: foot, representing concrete for six specimens,

was mixed twice a week•

The curing procedure: aoptad were:
1, one day in open room while still in the melde,

N
followed by 13 daye in saturated lime water in the moist

roo,
2, One day in the mold as etated above, followed by

six days in saturated lime water in th meist room (Mix

L-2 only),
A11 te curing operations were at temperatures con·

trolled within the range of 70 to 74°F,

At the end of curing period, the specimens were measured

for length, weight and fundamental transverse frequency,

They were placed imdiately afterwards in the automatic I

freezing and thawing equipment, Th placing of the new speci- l
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of the thawing phase of the cycle,

Measurements of weight, length and relative dynamic

modules ef elasticlty were noted es trequently es possible

but never less than two or three times a week, Tests were
terminated when the relative modulus ot elasticity was re—

duced tlfty percent er at the end of 300 ccles,
Half the specimens cast tra each batch ef cencrete

were used tor the principal freezlng and thewing tests,

Th remaining half ef the speclmens were used in tests not

reported here•

6
66
II
I6I
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Abn, ALF: Cuuletive length change is the difference ef

specimen lengthe between zero and nth cycle et eppreximately

40°r, The units are 10** inches, 4lLp is th finl length

change,

swn, sWp• Cumuletive weight change, measured similerly as

AL¤, The units are grams, Aw; is the final length change,

Regglte

The date ie presented in the term ef line grephe, Figures

1 through ll, and in Tables 1 enrsugu 7, Line graph: ere ef

three types, namelys

1, Relative medulus ef elasticity vs, treezlng end

thawing cycles•
2, Cumulatlve length change ve, treezlng and thawing

cycles,
3, Cuulative weight change vs, freezing and thwing

cycles,

The qrephs were drawn seperately for each series ef mix I
design, Different lines in each graph represent betches of

a particular mix design, The cerrespending test results ef

all the specimens fabrlcated from a single mix were everaged

fer pletting the peints joined by lines, The curveewas d1e—

continued at a point where any cf th specimens failed, 1,6,

when average En was reduced te approximetely 50 percent, If

th nearest point is below 50 percent it was net shewn end

the line cut ett at the ahecisse ter 50 percent, similerly
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for other graphe if the last point was outside the graph lim~ ß
its it was not shown and the line was cut off at the limits,

“

To establish a basis for cparison whether a particular
specimn is durable or not and to correlate the inferences
from the corresponding graph: to those of DF1Oo, the char-
acterlstics of the graphs for high and poor quality aggre~
gates are etudied and noted,

ggg ggg Aggregates Q g_n_g_ Q, Figure _§_l;_,_$_}_:
a, Relative Dynamic En ve, F, and T, Cycles

Curve: are flat and lie between 100 and 95 percent E
even beyond 300 cycles, Hence Drloo, DFg0g and Drggg lie in
group IV,

b, Length Change vs, F, and T, Cycles
Except for first batch in Figure 2, all the other

curves show an overall contraction proving that high quality
durabde aggregates do not dilate destructively,

c, weight Change vs, F, and T, Cyclea
In each case there ie an initial gain in weight and

then there ie a gradual drop, The maximum gain in weight is

less than 10 gms, The initial gain is perhape due to absorp—
tion of water by concrete which may not have been saturated
completely during curing, Part of the water can find its

way into minor contractlon cracks, The loss of weight is
due to the scaling of the surface mortar of a concrete

¤pec1man•
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ggg; Quality Aggregates §;g_ggg_g;g, Figgge jg,gl,
a, Relative Dynamic En vs, F, and T, Cycles:

There is a rapid and contlnuous drop of En, Eu is

reduced by 50 percent after 25 cycles in case of F—2 and

after about 5 cycles for F-3, DF1°¤ for F—2 ls 22 in group

II and is equal to 3 for F-3 in group I (Table 4),

b, Length Change vs, F, and T, Cycless

After an initial contraction there is a constant

and rapid expansion, This expansion is faster for F—3,

c, weight Change vs, F, and T, Cyclesz

There is a gain in weight throughout the test,

This is due to te deterioration caused by freeslng and

thwing, Fissures and cracks developed because of rapid ex·

pension get filled with water,

Table 4 for DFlg° is the best source of information to
classify concrete dealt with under different treatments of

aggregate beneficiation, The values used in this table are

average: of the total specimens of a mix design made for ·

each treatment, The original data for each specimen and

comparison of durability factor for 100, 200 and 300 cycles

is given in Table 7 in the Appendix,

To get a better idea of the critical level of mximum ‘
chert percentage giving just enough improved durabdlity, the

:
_ data is further simplified in Table 5,

E
N
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A · IITable 5, Effect of various Blende of Chart AggregateF-2 with A }

Perceutagae
F-2 A DF1gg Remarka

I
100 —· 12 No eaparatiem I

I50 50 3 2,4 to 2,5 $G(F~2)

50 50 22 +2,5 SG (F•2)

20 B0 85 •-

12 BB 93 —

8 92 93 ·
O 100 97 ·
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2 Discussion

Heavy Liquid sepßration
(Treatment l)

Table 4 shows that DF1gg of K—4 concreta containing
aggregats heavier than 2,5 specific gravity is much higher
than that of K—5 whre specific gravity level was between
2,4 to 2,5, Dflgg for K·4 is still in Group II, but the re—
moval of lights: charts has effected a definite improvement,

It is interesting to note that the absorption of F—2

with minus 2,5 specific gravity is about the same as for
untreated F—2 (Table 1) and is nearly twice that of F·2
with plus 2•5 specific gravity, This is according to the
known fact that aggregates with higher specific gravity have
lower absorption and vice verse, Consequent to this fact is
the durability which should be higher with higher specific
gravity aggregates and vice—versa„ However a contradiction
occurs when durability of F—2 (untreated) and K—5 (minus 2,5)
is compared, Although the average BSSD specific gravity and .
absorption of untreated F·2 is narly the same as for the
lighter F-2 in mix.K·5, K~5 has only 50 percent charts ag—

gregats, Also charts lights: than 2,5 represent more than
50 percent of F~2 aggregate (Table 9), As auch it could he
expected that Dfigg for K—5 might be higher than the mix
containing only untreated F·2 aggregate, The results, as
they appear, are inconsistent, The explanation might well
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be the fact that only a few specimens were cast from K·4 and
K—5 mixen, The difference between 12 and 3 DF1pg's ls, from
a practical standpoint, small,

Looking at te graphs, th weight cange curve (Figures
B, 9) gives a better correlation with DFIOG as compared to
length change, weight change graph for K—4 shows a gain and
then a gradual loss in weight while for K·5 there is always
a gala, This compares favorably w1th.A (Figure 1) and F-2
(Figure 3) respectively, The relative E graph for K—5 is
steeper than K~4, indicatlng a slower drop in E for K~4, The
flnl changes in weight and length as given wlth ¤F10o Table
4 do not show any tangible correlatlon, It ls possible that
K—4 is close: to Group III than I which has produced a final
loss in weight as compared to gain for F—2 es shown in the
same group,

Unseparated 50 Percent Charts and Curlng Period(Treatmnt 2)
Drlgg for L—1 shows a marked improvemnt over F—3 which

contains 100 percent coarse aggregate fro chart gravel, Te
L-2 specimens which were cured for seven days showed a slight—
ly lower durabllity factor than L·1„ This ls due to the fact
that concrete mortar could not reach its full strength in
seven days and was more quickly dlsrupted,

The water absorbed during the curing was approximately
the same for the two different periods•
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Table 6, Gain in weight During water Curing

wt, aftét wh, bagote Gain
curing Mix Mix cuting curing in
Patio Daaign Ne, gn ggs, in gms, wt,

14 days L·l 1 $$32 5885 47
1 6098 6054 441 2 5942 5962 46

Average 45

7 days L--2 1 6033 5993 40
1 6095 6060 35
2 6051 6006 45
2 5891 5851 40

Average Ko

1

1

1
1
1

, 1
1
1
1
1
1

_ 1
1
11
1
1
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Dynamic E, length change and weight change graphs (Fig-

ures 10, 11) show good correlation with the durability factor,

Final weight and length changes have also produced some visi-

ble correlation as both have lncreased positively like those

of F-2 and F-3,

Blendlng of Charts with Durable Aggregates
(Treatment 3)

As the percentage of charts ls decreased from 20 percent

to 12 percent DFlo0 ls increased from 85 to 93, Further de-
crease to 8 percent has not caused any increase in DF1o¤,

Decrease to zero percent allowed an increase in DFIQQ to 97

percent. This shows that reduction of charts below 12 per-

cent does not produce any slgniticant lmprovement of DF100

(Table 5). ·
En graph shows a slow and gradnal dcrease in durabill-

ty as ls indicated by DF1og, Length change graph also com-

pares well with the characteristic of the length change

graphs for dggtegates A and B as the increase ls slight and

slow, The rate of increase ls damped es the amount of chart

is decreased• i (

The weight change graph shows a gain and then a loss

tor all three blends as lndicatlve of durable concrete,

Tha final length chnge values are deceptlva„ They vary

fro -70 to +57 in mix A (Table Ga), -22 to +130 for K-1,

K-2, K-3 mixes (Table 6e, f; 9)• As only average values are
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gien in Table 4, the eigen are revereed altheugh the dera-

tllitiee are in the name group,

A better correlation le obeerved £or.Awg, There ie a

less ut weight in all cases gruuped in urlgg • 8l—10O cate-
A gury, Matt ut the values are between 65~8¤ graue an cu-

pared te 75~90 graue ter the high quality aggregatee A and

B, None et the mixen tested caae under Grupp III, This

leavee a gap as tu h¤u·¤uch enereacheeut these values had en

Gruup III•
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vI• CONCLUSIONS

On the basis of freezing and thawing tests of air—
entrained concretas having poor quality charts as carsa
aggregates subjected to three different treatments for im~

proving durability, the following conclusions have been
derivedz

1, Ramoval of charts lighter than the BSSD specific
gravity of 2.5 by heavy liquid definitely improved the dura~
billty of the concrete. To bring the durabllity further up
into the fair field performance (Group III), separatlon
would have to be done at a hlghr specific gravity, which
for this aggregate would mean the ramoval cf most of its
particles and hence unaconomical,

2, Coblning 50 percent durable aggregate
(%“·ä”

size)

with 50 percent untreated eures
(l“—ä”

size) did not show
any significant improvemant in durabdllty over that con·
taining 100 parcent chart,

3. As much as 12 percent chart could be büended with
durahle aggragate without an appreciabla reduction in dura~
bllity, Adding 20 percent chart, durabality was still in
the good field performance group but had shown a signlficant
reductlon, More tests are needed to find a maximum critical
percantaga of charts above 20 percent to give a durabllity

factor between fair and good performance,
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4,, Relative En, length change, and weight change plots
against freeze and thaw cycles do not give reliable correla-·
tion: with durability, They are good only for extremely good
or bad aggregatee as tested in the present project, Border···
llne performance becomes difficult to lnterprem The same
is true for the average final length and weight change values,

J
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Table 7, Freeze-Thaw Durahility Test Results

a, Mix Design A

Finai weight Final Length
Change Change

Mix No, DF}gg 0Fggg DF3gg in gms, in 10*4 in,
100 100 100 -76 --

93 93 97 -04 +57
1

100 97 99 -68 --
99 100 97 -70 -70

Mix 1
4

AV§I&g¢ 99 98 98 -74 - 7
99 93 92 -109 -12

2 ‘ 99 99 96 -101 -20
97 95 94 -96 -29

Mix 2
Average 98 96 Q4 -101 -20

94 94 93 -57 - 4
3 92 95 93 -74 - 7

97 96 96 -47 -23
Mix 3
AVBIBQB 94 95 94 -59 -11
Average
all mixes 97 96 95 -78 -13

|
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Table 7, (continued)
b, Mix Design B

1 9
Fina1 weight Fina1 Length

Change Change
Mgx No, DF]QQ DF2¤¤ DFggg in gms, ig 10* in,

98 98 95 -97 -16
97 96 96 -90 -69

1
100 100 _100 -91 *17
100 96 96 -98 - 2

Mix 1 (
Average 99 98 97 -94 -18

99 97 99 -112 *17
2 97 95 97 -122 - 1

99 96 97 -122 +11Fix 2
Average 98 96 98 -119 + 9

99 99 97 -60 *47
3 98 98 99 -53 -101

98 97 97 -46 + 4
Average 98 98 28 -53 -17
Average
all mixee 98 97 98 -89 - 9

l

i
i
E
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Table 7, (continued) I (

c• Mix Design F·2

Final Weight Fina1 Length
Change Change

Mix No! _DF;¤¤ DF2QQ DF3gQ in gms, in 10‘ in,
12 6 4 *17 *102

1
11 6 4 +23 *106

Mix 1
Average 12 6 4 +20 +104

2 14 7 5 +24 *81
14 7 5 *33 +77

MIX 2
Average 14 7 5 +29 +79

13 7 4 *31 *122
3

8 A 4 3 +23 *95
M13! 5
Average 11 6 4 +27 +109
Average
all mixßß 12 6 4 +2ä +97

d, Mix Design F—3

1 3 1 1 *16 *73
1 3 1 1 . *15 +76
2 2 1 1 +12 +41
2 2 1 1 +15 +28

Average 3 1 1 +15 +55
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Table 7, (continued)
e, Mix Design K-1

Finai weight Final LengthChange ChangeMix Nos DF]QQ DFZQQ DFBQQ in gms. in 10* in.
1 94 86 72 -75 +21
1 36 57 35 -56 +130
1 92 79 64 -36 +11

2 74 56 37 -51 --
2 83 59 46 -65 +26

3 90 76 53 -39 +42
3 76 48 32 -45 +30

Average 35 G7 48
6

-66 +42

I
I
I

I
I

I
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Table 7 , (continued)
£• Mix Design K-2

Mix No, DF}gg DF2gg DFgg¤ incäggacinl
1 97 94 92 -75 +19
1 95 87 83 -68 +11
1 93 87 76 -60 +23
2 83 70 46 -86 +140
2 95 92 85 -73 -17
2 92 88 81 -70 + 7
3 93 71 50 -84 -38
3 94 89 77 -77 +29

g, Mix Design K-3

1 94 83 69 -95 +40
1 94 82 74 -83 - 1
1 95 91 . 83 -77 -22
2 91 92 80 -50 +20
2 96 93 87 -76 - 9
2 92 92 76 -79 +20
3 93 81 - - --3 86 78 - -- --

4
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Table 7, (cont1nued)
h, Mix Design K—4

Final Weigät F1na1 LengtäChange ChaggeMix No, Dälgg DF2¤¤ Dggggv in gms, gn 10 ig,
1 28 14 9 -36 *36
2 16 8 5 * 8 *43
3 23 11 8 -19 *35

Avergge 22 II 7
—1€

+38

1, Mix Design K—5

1 4,5 2,2 1,5 +13 *51
2 2,0 1,0 0,7 *21 *29

Average 3,2 1,ä ,7 1,1 +12 +ZÖ
j, Mix Design L—1

1 17 9 6 *18 *74
1 9 4 3 *15 *94
2 9 5 3 +23 +85
2 6 3 2 *30 *105

Average g I5 5 4 A :22 +90

l
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Table 6, (continued)
k. mx meaxgn L-2

change Charlie
Mix No, DF} gg DF2gg DF3gg in gms! in 10 in,

1 8 4 3 +18 +148
J. 7 4 2 +22 + 97
2 6 6 3 +10 + 21
2 10 6 3 +16 + 22

E666

6; E
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I
Table 8, Physical Characteristice ot FreshConcretewater 1

Cement Cement
Mix 61 n Mi No Air Content Factor Ratio Remar 6

1 6,0 5,53 0,390
A 2 9,0 5,37 0,490 Batch Mix

3 10,5 5,08 0,605

1 8,5 5,38 0,525
B 2 12,0 5,16 0,560 "

3 7,0 5,50 0,500
A

1 6,66 5,37 0,530
F—2 2 6,66 5,42 0,510 ”

3 6,50 5,38 0,530
~

1 5,50 5,46 0,530F-•3 7
2 5,50 5,47 0,510 .

1 8,33 5,27 0,550
K•l 2 9,75 5,22 0,520 “

3 7,00 5,27 0,590

1 9,08 5,27 0,520
K·2 2 7,75 5,35 0,510 "

, 3 7,17 5,32 0,550
_
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Table 8, (centinued)

( water
Cement CementMix Design Mi; No, gg: Content Factor Ratio Ramarks

K~3 1 7,17 5,37 0,520

2 6,00 5,38 0,550 Batch Mix
3 6,75 5,45 0,480

K-4 1 6,50 5,37 0,54 Hand mix
2 6,10 5,37 0,55
3 5,83 5,36 0,57

K—5 1 6,00 5,36 0,56
“

L·1 1 5,30 5,47 0,54
(14 days Batch mix

eure) 2 5,83 5,38 0,58

L~2 1 4,30 5,53 0,54
(7 days ”

cute) 2 5,90 5,46 0,54 .
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Table 9, Specific Gravity Analysis of Chart Aggregate I
(F—2) by Heavy Liquid Separation

I'“ ““ "“
weight a Weight . weight .Sg, Gravity in gms, %age in ggs, %aqe in gms, wage

Less than 2,3 53 6,5 100 3,7 100 1,9
2,3 to 2,4 142 17,6 290 10,9 369 7,2
2,4 to 2,5 334 41,3 790 29,6 2063 40,3
2,5 to 2,6 280 34,6 1475 55,3 2442 47,7

Greater than »• ·— 15 0,5 150 2,9

Total 809 100,0 2670 100,0 5124 100,0 I

I
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ABSTRACT P

Freeze·thaw tests were conducted to determine the use-
fulness of different treatments for improving thedurabilityof

concrete having poor quality chart aggregates,
Charts were separated by heavy liquid media into two

groups of specific gravities +2,5 and 2,4 to 2,5, A blend
of 50 percent from each group (1”·1/2“ size) with that of
high quality aggregate (l/2“—l/hf size) was tried, Another
treatment, having a similar cmbdnation, was applied but
thrcerts were not separated as before, The improvement,
though aomewhat greater with the heavier group of separated
charts, was still below fair field performance in either
case indioating that separation is not economical for the
particular aggregate studied,

In the third treatment chert percentages varied from
20, 12 to 8 (l”—1/4“ size), half of which in each case was
between l”—1/2* size, All the three combinations produced
concrete which was claseified under good field performance
group, Concrete with 20 percent certs gave just above fair
durability while reduction below 12 percent did not cause
any further improvement,

Correlation of durability results from plots of dynamic
E, length change, and weight change against freeze—thaw cycles

was found not reliable as compared to durability factor at
100 cycles,


