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Abstract

The paper presents the study on the relationship among mechanical properties, including compressive strength, splitting tensile strength,

fracture toughness, and rupture probability of coarse aggregate (RPCA) of high-performance concrete (HPC) with varied aggregate sizes. For

the maximum aggregate size of 16 mm, the compressive and splitting tensile strength and the corresponding RPCA reached the maximum

values. As the mechanical properties linearly increased with the increasing RPCA, RPCA has been confirmed as a useful parameter to

express the mechanical behavior of HPC. Preliminary analysis also showed good relationships between the mechanical properties and RPCA.

D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Concrete as a composite material consists of hardened

cement paste, aggregate, and interface. From the viewpoint

of composite, the strength is mainly determined by the

properties of the weakest phase in the composite. Many

investigations confirmed that normal-weight aggregate is

the strongest phase in low- or middle-strength concrete.

Failure always happens inside hardened cement paste and/or

along the interface. However, for high-strength concrete

mixture with normal aggregate, say compressive strength

greater than 40 MPa, or lightweight concrete, many re-

searchers showed that cracks usually passed through the

aggregate and observed the higher proportion of rupture of

coarse aggregate with the naked eye [1–4]. In addition,

Zaitsev and Wittmann [5] numerically modeled the cracking

process assuming that cracks originated at the hardened

cement paste–aggregate interface. Their results showed that

the cracks went around the aggregate particles for normal-

strength concrete. For lightweight and high-strength con-

crete, some cracks could pass through the aggregate

straightly. The transformation of the failure mode could

lead to the change of the mechanical properties of concrete

[6,7]. In order to quantitatively describe the rupture propor-

tion of coarse aggregate and investigate its influence on the

mechanical properties of concrete, we have proposed the

rupture probability of coarse aggregate (RPCA) and inves-

tigated the influence of water–binder (W/B) ratio, max-

imum aggregate size, and aggregate type on the RPCA [8].

On the fracture surface of concrete, the ratio of the area of

ruptured coarse aggregates to the total projected area of

coarse aggregates is defined as the RPCA. In this study,

eight concrete mixes with different sizes of limestone coarse

aggregate and different W/B ratios are prepared. The com-

pressive strength, splitting tensile strength, fracture tough-

ness (KIc), and RPCA of concrete are determined. Thus, the

relationships of strength and fracture toughness with RPCA

can be established.

2. Experimental procedure

2.1. Concrete mixes and specimens

The cement of ASTM Type I with a 28-day compressive

strength of 63.5 MPa and the ultrafine slag powder with a

Blaine fineness of 600 m2/g were used. The crushed lime-

stone coarse with four different sizes (5–10, 10–16, and

16–20 mm single sizes and 5–16 mm grading) were used.

The crushed index of aggregate was 8.3%, which is the ratio

of crushed aggregate weight under certain pressure to total

aggregate weight. Three mixes with different W/B ratios
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were designed as 0.44, 0.30, and 0.26, respectively. Sul-

phonated naphthalene formaldehyde was used as the super-

plasticizer in this study. The concrete mixes are listed in

Table 1, where H–X–Y–Z represents the mix proportions, X

is the W/B ratio, Y is the minimum aggregate size, and Z

represents the maximum aggregate size.

Six 100� 100� 100-mm cubes and three 515� 100�
100-mm beams were prepared for each concrete mix. All

specimens were demoulded 1 day after casting and stored in

standard curing room for 27 days. A notch of 50 mm was cut

in the center of each beam using a diamond saw at the 28th

day. The cube specimens were used for testing the compres-

sive strength and splitting tensile strength. The notched

beams were used for determining the fracture toughness

(KIc). The fracture surface was specially treated after the

splitting test for determining the RPCA.

2.2. Test procedure

The compressive strength and splitting tensile strength

were obtained with the conventional testing machine. The

three-point bending tests were conducted on the notched

beams in an Instron 8501 servo machine under closed-loop

position control. The corresponding maximum load (Pmax)

was used to calculate the midspan bending moment. The

critical stress intensity factor (fracture toughness, KIc) is

then calculated using Eq. (1) [9]:

KIc ¼ 6Y ða=W ÞMmax

ffiffiffi

a
p

=ðBW 2Þ ð1Þ

where Y(a/W) is a geometric factor [Y(a/W) = 1.93� 3.07 (a/

W ) + 14 . 5 3 (a /W ) 2 � 25 . 11 (a /W ) 3 + 25 . 8 (a /W ) 4 ] ,

Mmax =M1 +M2, whereM1 is the bending moment due to the

maximum applied load andM2 is the bending moment due to

the self-weight of the beam, B is the breath of the beam,W is

the depth of the beam, and a is the notched depth.

The RPCA (Eq. (2)), as postmortem evidence, is de-

fined as

RPCA ¼ RCAA

TCAA
ð2Þ

where RCAA is the area of ruptured coarse aggregate and

TCAA is the total projected area of coarse aggregates. More

details for measuring the RPCA is present in Ref. [8].

3. Experimental results and discussion

The test data of fc, fst, KIc, and RPCA are listed in Table

2. As shown in Fig. 1, for the same W/B ratio, both fc and

RPCA increased with the maximum aggregate size (Dmax)

until Dmax reached 16 mm and thereafter decreased. Similar

trends can also be found for fst and KIc. For the aggregate

size 10–16 mm, all fc, fst, KIc, and RPCA reached the

maximum values regardless of the W/B ratio. Because

RPCA followed the same trend as fc, fst, and KIc, RPCA

can be related to the strength and other mechanical proper-

ties of concrete.

We can now replot these results in Figs. 2–4, i.e., fc, fst,

and KIc vs. RPCA. Almost the same trend of fc, fst, and KIc

with RPCA can be found. As the W/B ratio decreased, the

three mechanical properties fc, fst, and KIc and RPCA all

increased simultaneously. This is because both the matrix

strength and interfacial bonding strength increase with the

decreasing W/B ratio. Therefore, the proportion of ruptured

coarse aggregate would be increased as expected.

Table 1

Concrete mix design

Mix series W/B Aggregate size (mm) Cement (kg/m3) Slag (kg/m3) Sand (kg/m3) Gravel (kg/m3)

H–44–5–10 0.44 5–10 267 115 740 1110

H–44–10–16 0.44 10–16 267 115 740 1110

H–44–16–20 0.44 16–20 267 115 740 1110

H–26–5–10 0.26 5–10 472 202 632 948

H–26–10–16 0.26 10–16 472 202 632 948

H–26–16–20 0.26 16–20 472 202 632 948

H–30–5–16 0.30 5–16 420 180 657 986

H–26–5–16 0.26 5–16 472 202 632 948

Table 2

Material properties of concrete

Mix series Compressive strength, fc (MPa) Splitting tensile strength, fst (MPa) Fracture toughness, KIc (MPa m1/2) RPCA (%)

H–44–5–10 60.3 5.12 0.876 58.4

H–44–10–16 68.1 5.34 0.967 59.5

H–44–16–20 59.1 4.19 0.829 50.8

H–26–5–10 81.7 6.88 1.087 64.6

H–26–10–16 84.6 7.47 1.165 79.9

H–26–16–20 75.7 6.34 1.225 69.7

H–30–5–16 67.5 6.16 1.094 66.4

H–26–5–16 79.8 7.63 1.151 75.9
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For coarse aggregate of single-size 10–16 mm, the fc, fst,

and KIc of concrete reached the maximum values. Similar

research confirmed that the maximum strength and fracture

toughness corresponded to an optimum coarse aggregate

size for a given type of aggregate and mix [10–12]. In this

work, the parameter RPCA also reaches maximum value for

coarse aggregate of single-size 10–16 cm. The relationship

between RPCA and aggregate size can be explained pre-

liminary. In the range of small particle sizes, the intrinsic

strength of the aggregate may play a paramount role. Hence,

with increasing size, the intrinsic defects of the aggregate

increase, which reduces the strength of the coarse aggregate,

thus increasing the RPCA; while in the range of large

particle sizes, the effect of interfacial bond may be more

significant. Hence, with increasing size, the vulnerable zone

of the coarse aggregate–matrix interface becomes larger,

which impairs interfacial bond, thus decreasing the RPCA.

Figs. 2–4 show that the RPCA can be linearly related to

fc, fst, and KIc (Eq. (3)):

fst ¼ �1:67þ 11:9RPCA ðr ¼ :943Þ

fc ¼ 14:3þ 88:1RPCA ðr ¼ :862Þ

KIc ¼ 0:182þ 1:32RPCA ðr ¼ :881Þ ð3Þ

where r is the linear correlation coefficient. In classical frac-

ture mechanics, the critical stress intensity factor is used to

characterize the toughness of materials at fracture. The larger

the value of KIc, the higher crack resistance of materials.

Larrand proposed an empirical relationship between the

compressive strength of concrete and the matrix strength as

follows [13]:

fcc ¼
afcm

bfcm þ 1
ð4Þ

where fcc is the composite strength, fcm is the matrix

strength, and a and b are empirical constants depending on

the type of aggregate. When the matrix strength is very high,

the composite strength tends to be a/b. This means that this

ratio is controlled by the intrinsic strength of the rock. On

the other hand, for a low matrix strength, Larrand simplified

Eq. (4) to obtain Eq. (5):

fcc ¼ afcm: ð5Þ

As to the strength of concrete, it is thought to be pro-

portional to that of hardened cement paste and interfacial

bond [13–15]. For higher-strength concrete, from the

analysis above, the coarse aggregate strength will become

a part of concrete strength. In this way, we consider the

Fig. 1. Relationships of compressive strength and RPCA with aggregate size for different W/B ratios.

Fig. 2. Relationship between splitting tensile strength and RPCA. Fig. 3. Relationship between compressive strength and RPCA.
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strength of aggregate contributes to that of concrete, then the

strength of concrete can be expressed as:

fc ¼ afmð1�VaÞ þ bfaRPCAVa þ g fið1�RPCAÞVa

¼ ½afm þ ðg fi�afmÞVa	 þ ðbfa�g fiÞVaRPCA ð6Þ

where Va is the volume proportion of coarse aggregate, fm,

fa, and fi are the matrix strength, coarse aggregate strength,

and interfacial strength, respectively, and a, b, and g are the

strength coefficients for different phases. According to Refs.

[16,17], the bonding strength between mortar and coarse

aggregate is proportional to the tensile strength of mortar,

thus Eq. (6) could be simplified to obtain Eq. (7):

fc ¼ ðaþ kgVa�aVaÞfm þ ðbfa�kg fmÞVaRPCA

¼ K1 fm þ K2RPCA ð7Þ

where K1 =a + kgVa�aVa, K1=(bfa� kgfm)Va, and k = fi/fm.

For higher strength matrix, all of coarse aggregates are

ruptured and the value of RPCA becomes 1, so the part of

strength contributed by coarse aggregates will be expressed

as bfaVa. On the other hand, for lower matrix strength, the

strength of concrete is equal to the strength of matrix, i.e.,

K1 fm. The parameter RPCA can indeed be regarded as an

intrinsic parameter that characterizes the strength of com-

posite determined by both matrix and aggregate within the

reasonable range of matrix strength.

The simple linear relationship between RPCA and me-

chanical parameters mentioned above can provide a satisfac-

tory trend of the test data, which indicates that the RPCA of

fracture surface is an important influential factor to better

understand the mechanical behavior of concrete. Within the

range of concrete strength with the same coarse aggregate in

the study, RPCA, as the post mortem parameter, can be used

to express the mechanical properties of concrete.

4. Conclusions

In this study, fracture surface has been characterized by a

new parameter called RPCA. A series of tests were con-

ducted to study the relationship between mechanical pro-

perties, including compressive strength, splitting tensile

strength, fracture toughness, and RPCA. The following

conclusions can be drawn:

1. The RPCA can be regarded as an intrinsic parameter

that characterizes the strength of concrete determined

by both the properties of matrix and aggregate.

2. The maximum values of compressive strength and

splitting tensile strength are obtained corresponding to

the maximum aggregate size of 16 mm. The RPCA

also reaches its maximum value corresponding to the

same aggregate size.

3. All three mechanical properties, compressive strength,

splitting tensile strength, and fracture toughness,

linearly increase with the increasing RPCA and are

well correlated to RPCA.

Acknowledgments

The authors gratefully acknowledge the support provided

by The Research Fund for Doctoral Program of Higher

Education (RFDP) from the Ministry of Education of the

People’s Republic of China.

References

[1] G. Giaccio, C. Rocco, D. Violini, J. Zappitelli, R. Zerbino, High-

strength concretes incorporating different coarse aggregates, ACI Ma-

ter. J. 89 (3) (1992) 242–246.

[2] A. Cetin, R.L. Carrasquillo, High-performance concrete: Influence of

coarse aggregates on mechanical properties, ACI Mater. J. 95 (3)

(1998) 252–261.

[3] P.C. Aitcin, P.K. Mehta, Effect of coarse-aggregate characteristics on

mechanical properties of high-strength concrete, ACI Mater. J. 87 (2)

(1990) 103–107.

[4] F.P. Zhou, F.D. Lydon, B. Barr, Effect of coarse aggregate on elastic

modulus and compressive strength of high performance concrete,

Cem. Concr. Res. 25 (1) (1995) 177–186.

[5] Y.V. Zaitsev, F.H. Wittmann, Simulation of crack propagation and

failure of concrete, Mater. Constr. 14 (5) (1981) 357–365.

[6] C. Tasdemir, M.A. Tasdemir, N. Mills, B. Barr, F.D. Lydin, Combined

effects of silica fume, aggregate type, and size on postpeak response

of concrete in bending, ACI Mater. J. 96 (1) (1999) 56–65.

[7] U. Trende, O. Buyukozturk, Size effect and influence of aggregate

roughness in interface fracture of concrete composites, ACI Mater. J.

95 (4) (1998) 331–339.

[8] K.R. Wu, J. Liu, D. Zhang, A. Yan, Rupture probability of coarse

aggregate on fracture surface of concrete, Cem. Concr. Res. 29 (12)

(1999) 1983–1987.

[9] B.L. Karihaloo, Fracture Mechanics and Structural Concrete, Long-

man Group Ltd., Essex (1995).

[10] F.P. Zhou, B. Barr, F.D. Lydon, Fracture properties of high strength

concrete with varying silica fume content and aggregates, Cem. Concr.

Res. 25 (3) (1995) 543–552.

[11] W.A. Cordon, H.A. Gillespie, Variables in concrete aggregates and

portland cement paste which influence the strength of concrete, ACI

Journal, Proceedings, 60 (8) (1963) 1029–1036.

[12] F.P. Zhou, B.I.G. Barr, F.D. Lydon, Fracture properties of high

Fig. 4. Relationship between fracture toughness and RPCA.

K.R. Wu et al. / Cement and Concrete Research 32 (2002) 351–355354



strength concrete with varying silica fume content and aggregate,

Cem. Concr. Res. 25 (5) (1995) 543–552.

[13] F.D. Larrard, A. Belloc, The influence of aggregate on the compres-

sive strength of normal and high-strength concrete, ACI Mater. J. 94

(5) (1997).

[14] K.A. Alexander, J. Wardlaw, D.J. Gilberb, Aggregate–cement bond,

cement paste strength and strength of concrete, Proc. Int. Conf. Struct.

Concr., Sess. B, 1968, pp. 59–81.

[15] R.N. Swamy, The strength and deformation characteristics of high

early strength structure concrete, Mater. Constr. 8 (5) (1975) 413–423.

[16] M.A. Taylor, Shear bond strength between coarse aggregate and ce-

ment paste or mortar, J. Am. Concr. Inst. 61 (1964) 939–957.

[17] T.T.C. Hsu, F.O. Slate, G.M. Sturman, G. Winter, Tensile band strength

between aggregate and cement paste or mortar, J. Am. Concr. Inst. 61

(5) (1963) 465–486.

K.R. Wu et al. / Cement and Concrete Research 32 (2002) 351–355 355


	The influence of RPCA on the strength and fracture toughness of HPC
	Introduction
	Experimental procedure
	Concrete mixes and specimens
	Test procedure

	Experimental results and discussion
	Conclusions
	Acknowledgements
	References


