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An experimental study investigated the effect of coarse aggregate characteristics on the compressive
strength,splitting tensile strength, flexural strength, and elastic behavior of high-strength concrete and
mortar.Nine mixes of high-strength concrete containing limestone, granite, and gravel coarse aggregates'
wereused and a total of 360 concrete specimens were tested. It was found that limestone-aggregate
concreteproduced significantly higher strength than those using granite and gravel. Mortar was extracted
by sieving part of each concrete through a No.4 sieve. The concrete strength is limited by the strength
ofmortar. Under compressive loads, concretes achieved lower strengths than mortars by about 94, 83,
and 70 percent for limestone- aggregate concrete, granite-aggregate concrete, and gravel-aggregate
concrete,respectively. The gravel-aggregate concrete has smaller splitting tensile strength and flexural
strengththan the crushed rock aggregate concrete (limestone-aggregate concrete and granite aggregate
concrete)by about 7 and 9 percent respectively, regardless the water cement ratio of the concrete mixes
andthe ages of concrete specimens. The matrix-aggregate bond is lower for gravel, but it is higher with
limestoneand granite). For the types of coarse aggregates used in the present investigation, the highest
modulusof elasticity of concrete was achieved in limestone-aggregate concrete followed by granite-
aggregateconcrete and gravel-aggregate concrete. The different characteristics of the aggregate types are
responsible for this behavior of high-strength· concretes, and the superior performance of limestone-
aggregateconcrete compared to the granite-aggregate concrete and gravel-aggregate concrete is self-
evident.

Thede.velopmentof high-strength concrete has been
gradualover many years. As the development has
continued,its definition has changed. In the 1950s,
concretewith a compressive strength of 34 MPa was
consideredhigh strength. In the 1960s, concrete with
41 and 52 .MPa compressive strength were 'used
commercially.In the early 19708, 62 MPa concrete
wasbeing produced. More recently, compressive
strengthover 110 MPa have been considered for
applicationsin cast-in-place buildings and prestressed
concretemembers. Many studies [1,2] have shown that
foroptimum compressive strength with high cement
contentand low water to cement ratios, the maximum
sizeof coarse aggregate should be kept to a minimum.
Thebond to a 76 mm aggregate particle was only
about0.1 of that to a 13 mm particle. Smaller
aggregatesizes are also considered to produce higher

concrete strengths because of less severe concentrations
of stress around the particles, which are caused by
differences between the elastic modulii of the paste and
the aggregate [2].

Many studies have shown that crushed stone produces
higher strengths than rounded gravel. The most likely
reason for this is the greater mechanical bond which
can develop with angular particles. Because, as stated
earlier, bond strength is the limiting factor in the
development of high-strength concrete, the mineralogy
of the aggregates should be such as to promote
chemical bonding: Some work has been done with
artificial materials such as Portland and aluminous
cement clinkers and selected slags [3], but the long-
term stability of the clinkers is in question.

In conventional concrete <41 MPa, the strength-
limiting is not significantly affected by the properties



of coarse aggregate because the weakest components in
concrete are the hardened cement paste and the
transition zone between cement paste and coarse
aggregate rather than the coarse aggregate itself. When
designing conventional concrete mixtures, the
mineralogy of coarse aggregate is not a matter of
concern unless the aggregate contains some constituents
that could have a deleterious effect on the durability of
concrete. For high-strength > 41 MPa, researchers
have observed that the hardened cement paste and the
transition zone are no longer strength-limiting. The
mineralogy and strength of the coarse aggregate itself
control the ultimate strength of concrete.

The 91-day compressive strengths using· three
different coarse aggregates in superplasticised concrete
mixtures with identical materials and properties
(W/C = .24) were 93, 103, and 83 MPa respectively,
for calcareous-limestone, dolomitic-limestone, and
quartzitic-gravel aggregates [4]. High-strength concrete
exhibits less internal microcraking than lower-strength
concrete for a given imposed axial strain [5]. The
relative increase in the lateral strains is less for high-
strength concrete. The lower relative lateral expansion
during the inelastic range may mean that the effect of
triaxial stresses will be proportionally different for
high-strength concrete. It was reported that the
effectiveness of spiral reinforcement is less for high-
strength concrete [6].

The shape of the ascending part of the stress-strain
curve is more linear and steeper for high-strength
concrete, and the strain at the maximum stress is
slightly higher for high-strength concrete [7]. The
values for the modulus of elasticity of high-strength
concretes have been reported in the range of 31 to 45
GPa depending mostly on the method of determining
the modulus [8]. Dewar [9] studied the relationship
between the indirect tensile strength and the
compressive strength of concretes having compressive
strengths of up to 83.79 MPa at 28 days. He concluded
that at low strengths, the indirect tensile strength may
be as high as 10 percent of the compressive strength
but at high strengths it may reduce to 5 percent. He
observed that the tensile splitting strength was about 8
percent higher for crushed rock aggregate concrete
than for gravel aggregate concrete, he also found that
the indirect tensile strength was about 70 percent of the
flexural strength at 28 days.

• It is apparent from the work of previous authors
the mineralogical characteristics of coarse aggre
has a significant effect on the mechanical propertiel
high-strength concrete. This paper contributes to
discussion of the influence of coarse aggr
characteristics on the compressive, splitting tens'
flexural strength, and modulus of elasticity, of hi
strength concrete mixtures made with the types
coarse aggregate being considered.

Three series of test specimens were casted us'
Ordinary Portland cement. The coarse aggregates u\/
in series I, II, and III were limestone, granite, all

gravel respectively with maximum size of 19 Illt

One aggregate consisted of round and smooth parti
of a siliceous gravel and the other two consisted
crushed particles with rough surface. Particles of
aggregates appeared to be clean, hard, strong,
mineralogically uniform. The fine aggregate used
making all the concrete mixtures were a natural sill
sand with 2.4 fineness modulus. Assuming both Ii
and coarse aggregates to be in saturated surface~
(S.S.D) condition. Adjustments in batch weights w
made to correct for the true water content of sari
limestone, granite, and gravel. A high rant-
superplasticiser with specific weight of 1.17 t/m3 all
based on modified ligno-sulfonates and polyoxycar
acids was used for all mixes. The water to cement r '
was .275, .30, and .35 by weight. There was a tot~
nine high-strength concrete mixes comprising thr~
types of coarse aggregate with three values of waterI
cement ratio. Table (1) summarizes the composition
concrete mixes. Mortar was obtained by sieving part
each concrete through a No.4 sieve. Various tests
hardened concrete and mortar were carried oul
Compressive and splitting tensile strength weli
determined on l00x200 mm. cylindrical specimens
Static modulus of elasticity was measured on 150x3~
rom. cylindrical specimens. Flexural strength d
150x150x750 mm. prisms were determined. No

concrete specimens were covered with wet burlap f(l

24 hr, then removed from the molds and cured und~
water until testing. All concrete specimens were test~
at the ages of 7, 28, and 90 days from casting. 1111
results reported at any particular age are the averageol
three specimens.



Series Mix Mix proportions, kg/m3 W/C Super.
11m3

Cement Sand Coarse Water

I Ll 550 670 974 192.5 .35 5.5
Lime L2 550 670 1034 165 .30 11.55

L3 550 670 1066 151.5 .275 13.75

II GNI 550 670 ' 996 192.5 .35 5.5
Granite GN2 , 550 670 ·1058 165 .30 11.55

GN3 550 670 1090 151.5 .275 13.75

ill GRI 550 670 959 192.5 :35 5.5
Gravel GR2 550 670 1019 165 .30 11.55

GR3 550 670 1050 151.5 .275 13.75

W/C Compressive- TensiJe-MPa Flexural-MPa Modulus-GPa
MPa

.35 73.2 5.4 8.4 32.5

.30 90 6.7 11 37.5
.275 98.7 7.3 11.5 40.8

Table 3. Compressive strength and modulus of elasticity of high-strength concrete containing different
aggregate types.

Series Mix Compressive strength-MPa Modulus of elasticity-GPa

7 days 2i days 90 days 7 days 28 days 90 days

Ll 50.7 68.8 73.5 32.6 34.5 35.5
I L2 61.3 84.6 90.5 35.4 38.9 40.5

L3 67.2 92.8 101.5 36.3 42.9 43.5

GNI 47.1 59.8 66.1 28.8 30.7 32
II GN2 57.9 73.8 79.7 32.2 34.9 36.1

GN3 64.4 81.2 89.9 33.8 38.8 39.6

GRI 33.6 51.2 57.9 25.8 28.9 30.2
III GR2 41.8 63.1 65.4 28.8 32.1 33.6

GR3 44.8 69.1 78.8 29.6 35.1 37
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Figure 1. Compressive strength of mortar and high-strength concrete containing different aggregate typesaL Fil
days.

Series Mix Splitting tensile strength-MPa Flexural strength-MPa

7 days 28 days 90 days 7 days 28 days 90 days
Ll 4.5 5 5.7 6.9 7.4 7.8

I L2 5.4 6.2 6.7 7.5 9.3 9.5
L3 5.6 6.7 7.9 7.9 10.3 10.7

GNI 4.1 4.8 5.4 6.1 6.9 7.3
II GN2 5 5.9 6.3 7.2 8.9 9.2

GN3 5.6 6.5 7.1 7.8 9.7 10.1
GRI 3.5 4.2 4.8 4.9 5.9 6.1

II GR2 4.1 4.8 5.3 6.1 7.3 7.5
GR3 4.6 5.2 5.9 6.3 8 8.5

cement ratio th'e mortars extracted from limestou
aggregate 'concrete; granite-aggregate concrete,
gravel-aggregate concrete were tested and, as ~
presented no differences in their properties, the rn~ F

All the mortars were extracted by sieving part of each
concrete through a NO.4 sieve. For the same water to



v~ueswere reported in Table (2). For concretes with
water to cement ratio of .30 and after 28 days, the
average valueof mortar compressive strength extracted
from limestone-aggregateconcrete, granite-aggregate
concrete, and gravel-aggregate concrete was 90 MPa.

This value is considered a strength limit for the high-
strength concrete mixtures.

The tests results showed that all concrete mixes had
slightly more than l00-mrn. slump, and the fresh
concrete density varied from 2340 to 2440 kg/m3.

Splitting tensile strength, MPa
8---------

Figure 2. Splitting tensile strength of mortar and high-strength concrete containing different aggregate types at 28
days.
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Figure 3. Flexural strength of mortar and high-strength concrete containing different aggregate types at 28 days.



Table (3) shows the compressive strength and
modulus of elasticity of high-strength concretes with
limestone, granite, and gravel aggregates respectively.

Figure (1) shows the 28-day compressive strength of
various high-strength concrete mixes compared to that
of mortar. At 7, 28 and 90 days, the average
compressive strengths of limestone-aggregate concrete,
granite-aggregate concrete, and gravel-aggregate
concrete were 94, 83, and 70 percent of the mortar
strength respectively regardless of the water cement
ratio of the concrete mixes and the ages of concrete
specimens. For gravel-aggregate concrete with water to
cement ratio of .30, the 28-day compressive strength
were reduced significantly to 63.1 MPa and the
strength was approximately 25 percent lower when
compared with the limestone-aggregate concrete.

Although gravel-aggregate concrete can also be
considered as high-strength (fe > 41 MPa), there are
important differences in its behavior. Most of the
fracture surfaces pass through the transition zone
between cement paste and coarse aggregate. This may
be attributed to the weak transition zone in the gravel-
aggregate concrete as proved from the cases of
aggregate-cement paste debonding. In granite-aggregate
concrete with water to cement ratio of .30, the 28-day
compressive strength was 73.8 MPa and most cracks
pass though coarse aggregate particles. There was no
evidence of any failure in the transition zone. For
limestone-aggregate concrete, with water to cement
ratio of .30, a 28-day compressive strength of 84.6
MPa was obtained and the examination of the failed
specimens showed no evidence of aggregate cement
paste debonding, but the occurrence of fractured
aggregates is strongly reduced. This is indicated that
the limestone aggregate used in this investigation was
indeed a strong aggregate. However a significant
difference was noted between the types of fractured
aggregates in the limestone-aggregate and in the
granite-aggregate concrete. In the limestone-aggregate
concrete, the fracture surfaces represented the same
plane passing though the paste and the aggregate
particle. In the granite-aggregate concrete, the failure
occurred earlier within weaker particles than in the
transition zone or the hardened cement paste. The
differences in the crack pattern and, consequently in
strength must be attributed to the characteristics of the
different types of coarse aggregates used.

Figure (2) and Figure (3) show the splitting tensile
strength and flexural strength of mortar and various
high-strength concrete after 28 days. Unlike
compressive strength, as shown in Table (4), the

flexural strength and splitting tensile streng!l
limestone-aggregate concrete were closer to the grt
aggregate concrete.

Figure (4) shows the observed relationship bm
the splitting tensile and compressive strengths
limestone-aggregate concrete, granite-aggr~
concrete, and gravel-aggregate concrete. As can
seen from the figure, the splitting tensile strengtt
gravel-aggregate concrete is less than those
limestone-aggregate concrete and granite aggr
concrete for the same compressive strength.

For limestone-aggregate concrete, the relatiollS
between the splitting tensile strength f~p MPa and
compressive strength fe MPa follows the equation:

fs = 0.681(fc)·5
for 50.7 MFa < t~ < 101.5 MPa
For granite-aggregate concrete, the relatio
between the splitting tensile strength fsp MPa and
compressive strength fe MPa follows the equation:

f = 0.677(fe)·5
for 47.1 MFa < t~ < 89.9 MPa

From equations 1, and 2 the properties of
regression curves for limestone-aggregate concrete
granite-aggregate concrete were so close that a sim
regression curve could be used for the combination
all the data points of the two concretes.

For gravel-aggregate concrete, the relatioml:
between the splitting tensile strength fsp MPa and
compressive strength fe MPa follows the equation:

fs = 0.633(fc)·5
for 33.6 MPa < fe < 78.8 MPa

Figure (5) shows the observed relationship between
flexural strength and compressive strength
limestone-aggregate concrete, and granite-aggreg
concrete also compared to that of the gravel-aggre
concrete. As for the splitting tensile strength,
flexural strength of gravel-aggregate concrete was~
lower than those of limestone-aggregate concrete
gravel aggregate concrete. The relationship between
flexural strength fr MPa and the compressive strene
t~ MPa tor limestone-aggregate concrete, follows
equation:
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Figure 4. Relationship between splitting tensile strength and compressive strength of high-strength concrete
containing different aggregate types.
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Figure 5. Relationship between flexural strength and compressive strength of high-strength concrete containing
different aggregate types,



The relationship between the flexural strength fr MPa
and the compressive strength fc MPa for granite-
aggregate concrete, follows the equation:

As for splitting tensile strength, a single regration
curve could be used for the relationship between the
flexural strength fr and the compressive strength fc for
limestone-aggregate concrete and granite-aggregate
concrete.
The relationship between the flexural strength 4 MPa
and the compressive strength fc MPa for gravel-
aggregate concrete, follows the equation:

The gravel-aggregate concrete has smaller splitting
tensile strength and fl~xtitat 'strength than the crushed

Modulus of elasticity, GPa
50. -- .._ ...--.

rock aggregate concrete (limestone-aggregate co
and granite aggregate concrete) by about 7 arl
percent respectively, regardless of the water eel!;
ratio of the concrete mixes and the ages of CODer

specimens. The matrix-aggregate bond is lower
gravel, but it is higher with limestone and granite.
results show a good agreement with those of Del
[9], who reported 8 percent lower splitting tm
strength for gravel-aggregate concrete than
corresponding crushed rock concrete ha'
compressive strength up to 83.79 MPa at 28 days,

The modulus of elasticity of the concrete is primal
affected by the stiffness and volume of the aggreg
but the aggregate-paste bond is also important. For
types of coarse aggregates used in the pr
investigation, the highest modulus of elasticity
concrete was achieved in limestone-aggregate concri
followed by granite-aggregate concrete and gra,'
aggregate concrete. The mortar modulus of elasti'
was lower than the limestone aggregate concrete
higher than' both the granite-aggregate concrete
gravel-aggregate concrete as shown in Figure (6).

Figure 6. Modulus of elasticity of mortar and high-strength concrete containing different aggregate types at ,2~
days.
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Figure 7. Relationship between modulus of elasticity and compressive strength of high-strength concrete
. containing different aggregate types.

Figure (7) shows the relationship between static
modulusof elasticity and compressive strength for
limestone-aggregate concrete, granite-aggregate
concrete,and gravel-aggregate concrete. The modulus
ofelasticityof the concrete is primarily affected by the
stiffnessand volume of the aggregate, but the
aggregate-pastebond is also important.
For limestone-aggregate concrete, the observed

relationshipbetween modulus of elasticity strength Ee
GPaand the compressive strength fe MPa follows the
equation:

For granite-aggregate concrete, the observed
relationshipbetween modulus of elasticity strength Ee
GPaand the compressive strength fe MPa follows the
equation:

For gravel -aggregate concrete, the observed
relationship between modulus of elasticity strength Ee
GPa and the compressive strength fe MPa follows the
equation:

for 33.6 MPa < fe < 78.8 MPa

As can be seen from equations 7, 8, and 9, the static
modulus of elasticity of gravel-aggregate concrete is
less than those of granite-aggregate concrete and
limestone-aggregate concrete for the same compressive
strength.

Qualitatively, it seems that the concrete generally
becomes more brittle. -when the strength increases.
There is much less information available, however, as
to the quantitative aspect of the stress-strain behavior
of high-strength concrete. This is mainly due to the
difficulty of measuring the complete stress-strain curve,
particularly for the descending part of the stress-strain



curve. Nevertheless, it seems that the ascending branch
of the stress-strain curve becomes more linear as the
strength of the concrete increases. While the
descendingbranch of the curve becomes much sleeper.
As shown in Figure (8), for limestone-aggregate
concrete, the shape of the ascending part of the stress-
strain curve is more linear than for the granite-
aggregate concrete or gravel-aggregate concrete. The
unstable descending parts of the curves were not
measurable with the experimental setup used. The
highest modulus of elasticity of concrete was achieved
in limestone-aggregate concrete, followed by granite-
aggregateconcrete and gravel-aggregate concrete. The
unrecoverable plastic strain in the hysteresis loop
duringtheunloading applied through measuring the 28-
day modulusof elasticity (40 percent of the ultimate
strength, ASTM C 469) were 20, 40, and 90
microstrainfor limestone-aggregate concrete, granite-

CompressIve stress, MPa
100

aggregate concrete, and gravel-aggregate con
respectively. The values of the unrecoverable pl~ON
strain in the hysteresis loop were probably relate:
the strength of the transition zone between ce The
paste and coarse aggregate. The presence of 11•est
values of unrecoverable plastic strain pro
indicated the weakness of the transition zone, wl
led to microfracturing even at low levels of ap
stresses within the elastic range [to]. The limes!
aggregate concrete gave the smallest unrecover
plastic strain. A possible chemical interaction belli;
the calcite in the limestone and calcium hydroxid/
the hydrated cement paste can be held accountable
the high strength of the transition zone in
limestone-aggregate concrete [11]. Thus, the sire
strain diagram depends very much on the propertiel
the coarse aggregate used.

1500 2000 2500
Mlcrostraln

Figure 8. Stress-strain curves of mortar and high-strength concrete containing different aggregate types at21
days with water to cement ratio of 0.30.



Tne followingconclusions have been derived from
~estudyfindings:
I· Thecharacteristics of coarse aggregate is the

primaryfactor controlling the strength of
high-strength concrete. By using three
differenttypes of coarse aggregate in high-
strength concrete, compressive strength,
splittingtensile strength, flexural strength,
andmodulus of elasticity were shown to be
significantlyinfluenced by the characteristics
of the coarse aggregate. The limestone-
aggregate concrete gave the best results,
followedby granite-aggregate concrete and
gravel-aggregateconcrete. In high-strength,
becausematrix strength is close to aggregate
strength, the probability of crack
developmentthrough aggregates increases,
andthe mechanisms of cracking are modified
comparedwith conventional concrete.

1· Concretestrength of high-strength concrete is
limitedby the strength of its mortar. Under
compressiveloads concretes achieved lower
strengthsthan mortars by 94, 83, and 70
percent for limestone-aggregate concrete,
granite-aggregate concrete, and gravel-
aggregateconcrete respectively regardless of
thewater cement ratio of the concrete mixes
andthe ages of concrete specimens.

J. Veryuseful information about the aggregate
characteristics can be provided by the
examinationof the stress-strain curves and
thefractured specimens after the compression
test. For limestone-aggregate concrete, the
shape of the ascending part of the stress-
straincurve becomes more linear than that of
granite-aggregate concrete or gravel-
aggregateconcrete.

,. In the case of limestone-aggregate concrete,
a small value of unrecoverable plastic strain
withinthe elastic range, was indicative of a
strongaggregate and a strong transition zone
between the aggregate and cement paste in
concrete. In the case of granite-aggregate
concrete, and gravel-aggregate concrete, a
high unrecoverable plastic strain was
indicative of an inherent weakness in the
aggregate particles, or a weak transition
rone.

j. The gravel-aggregate concrete has smaller
splittingtensile strength and flexural strength

than the crushed rock aggregate concrete
(limestone-aggregate concrete and granite
aggregate concrete) by about 7 and 9 percent
respectively, regardl ess of the water cement ratio
of the concrete mixes and the ages of concrete
specimens.
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