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Abstract 
fracture properties of the high-performance concrete (HPC) having a 

260 mm, of 680 mm, 28-day compressive strength of 
and modulus of elasticity of 25 .1 were studied. The size
was used for examining the fracture properties. Experimental 

results show that the size of coarse aggregate and the amount of aggregate 
have positive effects on the increase of its fracture properties. 

fracture energy Gy of the HPC was found to be 68.3 Nim. 
same volumetric amount of coarse aggregate in the HPC was 

replaced by the fine aggregate, the fracture energy Gy was dropped to the 
22.5 Nim. The fracture energies of the hardened binder paste and 

cement paste range 3 .4 to 3. 5 Nim. 
Aggregate, fracture property, high-performance concrete. 
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addition to three major conventional ingredients 
concrete, i.e., Portland cement, fine and coarse aggregates 

making concrete needs to 
mineral admixture such as silica fume, 

furnace slag, etc., and chemical admixture such as superplasticizer, etc., 
order to have a high workability without segregation 

1997, Aitcin et al. 1993, Gutierrez et 1996, 
There is no definition 

n~r-t-c,-,JrJ.111<1..UH,1'-' requirement of the >TIT<CC>TH1''--"£> 

""""'-J''"''" .... , .. , an with an initial slump of more 
compressive strength of above 5 5 MPa can 

a workability high 
demanding applying to the 
constructions, understanding of its fracture properties is 
designer to use the fracture criteria for the prediction of 
propagation of concrete structure under certain J.VLILU'.Hc•h 

purpose · study is aiming at the 
...... ,.,. .......... u-,.,. ,,... ... ,... .... , 0 r1r• 0 " of concrete based on 

2. 

concrete 
crack 

energy Gr of the concrete can 
"'"-«" .......... ",.. .. [Bazant et al. 1987]: 
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Fig. . Single-edge-notched three-point-bend (SEN-TPB) specimen 

6. 

= +C 

stress = E/(1-v2
) for plane E = 

v = Poisson's ratio; fu = tensile strength of concrete; 
f, d =span and height of the specimen, respectively; ao 

depth of notch; g( a) is the geometric factor of 
case = 2.5, is given as 

-2.5a+ 49a 2 -3.98a 3 +l.33a4 

(1- 5 
(2) 

"'
7 '""-°'...-.-°''"..- law, values of two constant B do 

the test data of SEN-TPB beam directly through 

.5 
(3) 
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general, the values of B and do obtained from Eqs. (3) 
different, but both sets can be legitimately used calculation 
energy. The linear regression approach was this study. 

3. Materials 

Portland Type I cement meeting the requirements 
all the experiments. coarse aggregate obtained 

sandstone had its percents retained on the sieves 4.7% (12.7 
(9.5 mm) and 57.3% (4.75 mm), which led to a fineness modulus 
The specific gravity and absorption for coarse aggregate were 2.65 
0.91 %, respectively. fine aggregate was a natural river sand, 
specific of 2.65, an absorption of 2.1 percent, and a fineness ... ~,~~ .. ~u 
2.89. A type F fly ash having a specific gravity of 2.21, a 
slag having a specific gravity of 2.87, and an ASTM Type 
superplasticizer were used the test. 

4. Experimental 

different types of specimen mixtures were used, i.e., the 
performance concrete (HPC), fine-aggregate concrete (HPCs ), 
(HPCb ), and cement paste (HPCp ). The find-aggregate concrete 
was obtained by replacing all the coarse aggregate in the of .. ~,.····~· 
high-perfonnance concrete (HPC) with a same volumetric amount 

aggregate. The binder paste was made by the paste 
which only contained water, cement, fly ash, blast-furnace 
superplasticizer. Finally, the cement paste (HPCp) was composed 
same proportion of those water and cement were used 
high-performance concrete (HPC). The of the 
is summarized in Table 1. 

Cylinders of~ 100 X 200 mm for compressive tests, splitting 
test for modulus elasticity were cast tested using a 

compression machine according to ASTM C469 and 
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respectively. different sizes of SEN-TPB beam specimens ( 40 X 40 
X 110, 40 X 80 X 210, 40 X 160 X 430, 40 X 320 X 850 mm) with a 

of 2 mm for the fracture energy test were cast and tested using 
MTS · a close-loop-controlled stroke system. There 

were specimens tested for each set of experiment. All the specimens 
were stored in saturated lime water under a temperature of 23±2 °C until 
one day before test. 

5. 

1. Proportion of the concrete mixture (kg/m3
) 

Nonnal aggregate Binder Cement 
HPC HP Cs HP Cb HPC 
1018 0 0 0 
708 1726 0 0 
382 382 1096 1342 
145 145 416 0 

21 21 15 3 
163 163 469 574 

W/C 0.43 0.43 0.43 0.43 

fc, tensile strength fu, modulus of 
ratio v, slump, and flowability for four kinds of 

.,....,....,,,. ...... """ tested in this study are shown in Table 2. 

2. Engineering properties of specimens 

HPC HP Cs HP Cb HPC 
28 56 28 56 28 6 28 56 

64.7 67.2 40.7 50.7 71.0 52.7 54.4 
8 3.58 3.20 1.39 

25.l 26.3 21.0 22.9 18.7 19.8 12.6 15.2 
0.12 0.10 0.15 0.12 0.20 0.18 0.15 0.18 

260 10 >280 >280 
660 200 > 700 > 700 
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With a careful and logical rule to make concrete 
and flowability of the high-perfonnance concrete 

be 260 mm and 660 mm, respectively. The 
···~·~~·~·~ of elasticity Ee at age of 28 days were 64.7 
Because of the increase of larger surface area 
aggregate, the slump and flowability of 
r""n"'"'"',, abruptly. The hardened binder paste 

among four specimen mixtures, which JU ......... .., • ...,~ ......... , 

consideration, positive gain 
admixture in the mixture of 

packing structure for aggregate 
particles concrete, 
concrete (HPC) is higher than 

test data from the fracture experiments 
specimens are shown Table 3. Typical point 
opening-displacement) curves for the 

cement paste HPCp at the age of 56 days are 

10 2.0 
(a) HPC 

8 

~ 

6 

'"'d ro 4 0 
~ 

2 

0 

0.0 0.1 0.2 0.3 0.0 
CMOD (mm) 

2. Typical load-CMOD 
four sizes of SEN-TPB 

high-performance concrete (HPC) 
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d=40mm d=80mm 

0. 0.2 
CMOD 

0.3 



HP Cs 

HP Cb 

.HPCp 

3 A....,,,.,,.,_u_ ... ._.,_ center loads Pmax on four SEN-TPB specimens 

age d Pmax (N) A c B do Gr 
( lY) ( l) # l #2 #3 (m-1) (mm) (Nim) 

56 

56 

56 

56 

>--
N 

z 
b -;:::::! 

~ 

1 
320 

1 
320 

160 

160 
320 

17 

15 

13 

11 

9 

7 

5 

3 

1 

1802 2389 2467 
2990 3714 2.06 
5781 6852 6147 
9025 8708 8892 
1762 1925 2406 
2738 3248 5.25 
3425 3525 
4708 5632 589 
528 746 700 
- 1142 31.3 

1655 1060 1296 
1980 1911 

606 592 
835 795 - 6.75 
1228 1355 
1654 1980 

Y =AX+ C 
A C 

HPC 2.060 0.1407 • 
HPCs 5.251 0.0141 o 
HPCb 31.277 0.2540 D 

6.748 0.0456 ¢ 
0 

0.141 2.667 68.30 68.3 

0.014 8.439 2.674 22.5 

0.254 4.683 8.126 3.48 

0.046 4.683 6.756 3.40 

---

-1-+-.-..,._.......,~~~~~-.--.-~--.-.-~.-.-.--.--.--,..-.--.--.-.-,-,-..,.-.-i 

0.0 0.1 0.2 

Specimen 

3. regression lines 
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x 

values constants 
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1.2 

1.0 _ Strength criterion HPC • 

0.8 
----------- 2 HPCs o --------

_=.=;:_:;_--------------- j 1 HHPCb o ------
0.6 -- .......... _ ---:::::__ ¢ ----

I----..-------....--- --':::__-....................... --~:: ~:::.::: 0 
._::i 0.4 - 0.2 z 
b 

- .......... "'"'.c:i 
----~ ~-lltt -"'-.....,_ ...... ""(;;).. L. c-

..._, 0.0 
O> 

........ _ 1..::/::11 A 

CJ- .. 'VI -..... q 
0' .Q -0.2 

-0.4 

-0.6 

-0.8 
-1 . 0 -+-~~~~~-..--....--.-~....--.--..--.....--.--,---.----i--..--.---r--.--.---1 

-0.4 0.0 0.4 0.8 1.2 1.6 

log did 0 

4. Size-effect curves for four SEN-TPB beam specimens 

Since the considerably brittle properties of hardened cement paste 
(HPCp ), the response after the peak load exhibits an unstable abrupt 
up-and-down manner as shown in Fig. 2(b ). Similar was also 
found in the hardened binder paste (HPCb ). By using ( 4) and (5), 

regression lines and the values of constants A C 
data are shown in Fig. 3. Because of a relatively 

hardened binder paste (HPCb ), the slope of 
steeper than those of the other three 

(1), (2), (4) and (5), the fracture 
are obtained and shown Table 3. The resulting 

given values are illustrated in Fig. 4. 
Although it has been well-known that concrete 

a higher fracture energy than the hardened mortar cement paste, it is 
quite surprised to note that, from the test results there is a 
tremendously higher fracture energy of 68.3 high-performance 
concrete (HPC), as comparing with those values of Nim (HPCs), 3.48 
Nim (HPCb) and 3.40 Nim (HPCp). For normal concrete, 
value of Gr was about 24. l N/m for fc = 36.9 at age of 28 days (Gr= 
21.4 Nim for f c = 32.5 :rvt:Pa at age of 14 days), 85.5 Nim 
high-strength concrete (f c = 85.5 :rvt:Pa at age of days) 1990]. 

the values of Gr seem to be rather scatter. reported 
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1 Nim for nonnal concrete with f c = 21 MPa, and Gr= 45 .1 Nim 
high-strength concrete with f c = 62.6 MPa [Perdikaris et al. 1995]. In 

current study, the pozzolanic reaction between the mineral admixture and 
calcium hydroxide in the product of cement hydration helps increase 

of cement paste and interface strength on the aggregate surface of 
high-perfonnance concrete. This is part of the reason that high-
1-''"'' ... v .... ._ ...... U"''"" concrete has a better fracture energy. The test data confirms 

...... ..., ....... ..., ... .._,_u of a certain amount and size of coarse aggregate in the 
is necessary and beneficial to both concrete strength and fracture 

other hand, the hardened binder paste (HPCb) has 
.. u ...... '"' ..... ~ compressive strength, but fracture energy is also almost the 
lowest. same volumetric amount of coarse aggregates but 

smaller size in the high-perfonnance concrete (HPCs) will reduce 
energy substantially. The correlation between the strength and 

energy varies considerably and randomly in the current study. 
observation indicates that the strength of concrete seems not the only 

to infer the value of its corresponding fracture energy. Other 
factors such as the characteristics of packing structure of aggregate mixture 
m concrete, the sizes of aggregates, etc. need to be properly accounted 

Therefore, the relation between the strength and fracture energy of 
concrete seems not to be in a manner. Also note that a steeper 

6. 

regression line of the test data does not necessarily mean a 
energy for the material. 

conclusions of this study can be summarized as follows: 
certain amount and proper size of coarse aggregate in the HPC is 

...,...,._ .. ..., .... ..., .... "" ... to the concrete strength and fracture energy. Based on the 
size-effect law, the hardened high-perfonnance concrete has a much 

fracture energy (68.3 Nim) than the comparable hardened mortar 
(22.5 Nim), paste (3.48 Nim) and cement paste (3.4 Nim). 

2) to the compressive strength, the packing structure of 
aggregate mixture and the sizes of aggregate particles, etc. also play a 

important role in detennining fracture energy of high-
performance concrete. Same volumetric amount of aggregate but with 

size gradation used high-perfonnance concrete 
substantially alter the fracture properties of concrete. 

3) correlation between the strength and fracture energy of concrete is 
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7. 

8. 

not monotonic nor unique. There seems an 
energy for all kinds of the high-perfonnance concrete. 
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normal-strength concrete the fracture processes mainly take place 
the mortar, by which is meant hydrated and unhydrated binder and pores, 
and the interfacial transition zone. In a high-strength concrete, however, 

to the low water/binder ratio and perhaps of the silica 
strength of the mortar and the intetlacial zone can be sufficiently 

to involve the aggregates in the fracture processes. Since the ...,._._ . ....,,_Jl,:CLA.I. 

mortar and the trans1t10n zone increase 
water/binder ratio the involvement of the aggregates 
esses increases with decreasing water/binder Tasdemir et 

The volume fractions of the mortar, the aggregates and 
aggregates in concrete are approximately 30%, 35% and 35% 
tively, i.e. the volume fraction of the coarse aggregates is 

same as that of mortar. Since, a high-strength concrete 
coarse aggregates are involved in the fracture processes as 
rounding mortar the fracture behaviour of aggregates and 
on the fracture mechanical properties of concrete should not be .ll-""-'.l"..ll'-''-'"''"'''-" 

when designing high-strength concrete. 
This paper presents results of tests which were conducted to 

investigate the effects of the geologically crushed coarse 
gates, particle size between 8 and 16 mm, on strength, u ... u __ .__,_ .. ...,._,._, 

fracture energy of the high-strength concrete. 

2 Method 

Concrete compositions 
concrete mixes which were used in the investigation differ 

gard to the water/binder ratio, W /B ratio, the silica 
the type of the coarse aggregates. the 

ratios which were used are shown in Table 1. 

Table 1. 

Binder 
Ordina ortland cement, (OPC) 
OPC and silica fume (S), (OPCS) 
S/OPC = 0.05 

0.30 
0.30 

0.40 0.55 

The coarse aggregates are defined as the particles a 
cle size between 8 and mm. The aggregates were diabase (DB), 
grained granite (GF), medium-grained granite (GM), gneiss (GN), 
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quartzite (QH). The aggregates were from different 
Sweden. fine aggregates, which are defined as 

size between 0 - 8 mm, were same for all 
between coarse and the aggregates was 

fraction of the aggregates was 0.67 

concrete was 30, i.e. 5 (mortars) x 6 (coarse 

t-'AA••~AA•CJ-. fcts' fcf' and the net 
concrete were determined. Furthermore, 

elasticity, and the energy, G F' of 
The compressive strength was determined by 

100 mm edge size. splitting tensile 
...... '"''"""· ......... U.J.,,...,~ by means of cylindrical specimens, 200 mm 

mm diameter. of elasticity, i.e. 
stress limits 0.5 - f..c.c/3, was 

means cylindrical specimens. fracture energy was 
means of three-point bend tests according to the RILEM 

length, width depth were 840 
mm respectively. The net flexural strength was 

the fracture load of the which were 
flexural strength was determined by 

halves of were 

same batch. The 

notch was 
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3 results 

mechanical properties of the concrete and the rocks, coarse 
aggregates, are shown Table 2 and Figure l respectively. 
corresponds to the mean values of at least tests. 

2. Test 

W!B ratio Agg. !,, fa, i1 ff.net E,, 
MP a MP a MP a MP a GPa Nim 

DB 129 6.4 10.3 8.4 51 191 
GN 120 6.3 9.0 7.2 39 146 

0.30 GF 114 6.3 9.0 6.7 42 163 
OPC GM 121 5.9 8.0 7.3 41 164 

QS 126 6.9 9.5 7.7 41 170 
QH 124 5.9 41 147 
DB 84 5.2 8.0 6.3 44 199 
GN 86 4.6 6.1 6.1 34 144 

0.40 GF 82 5.2 7.7 5.9 37 163 
OPC GM 93 4.9 7.6 6.1 36 170 

QS 93 5.2 7.2 6.1 36 201 
QH 90 5.0 36 129 
DB 55 4.3 5.4 5.2 38 133 
GN 55 4.3 7.0 5.1 29 128 

0.55 GF 58 4.4 6.3 6.0 33 193 
OPC GM 57 4.0 7.0 5.1 32 130 

QS 57 4.8 6.4 5.3 31 152 
QH 56 3.7 32 128 
DB 126 6.3 10.5 7.8 49 161 
GN 131 6.2 10.6 7.5 40 139 

0.30 GF 121 6.8 10.8 8.8 42 192 
OPCS GM 129 6.3 10.8 7.9 42 174 

QS 135 7.1 10.2 8.3 42 160 
QH 128 6.5 42 176 
DB 104 5.8 7.8 6.6 45 161 
GN 104 5.0 7.2 6.4 33 154 

0.40 GF 102 5.5 7.9 6.8 38 144 
OPCS GM 96 5.2 7.9 6.3 37 145 

QS 104 5.9 8.1 6.9 35 154 
QH 101 5.7 38 163 
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w 
C+ /3 · S 

312 

300 

250 

~Comp. strength, MPa 
D Frac. energy, Nim 
li3 Modulus, GPa 
II Splitt. strength, MPa 

200 -----183--·--------- -

160 63 

150 

mo 

50 

0 

DB GN GM GF OS 
Rocks 

of coarse aggregates 

significant correlations between any 
of aggregates 
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K and a are curve fitting constants. 
cement and silica fume respectively. 
equated to 2 during curve fitting. 

('lj 180 
0... 
::2! 160 
.c 
0,140 
c 

_g; 120 
(/) 

~ 100 
·u; 
(/) 80 <D 
a. 

60 E 
0 

- - - QH - -DB 
0 40 - • GN - ·GM 

20 -><-GF -QS 

0 

0.2 0.3 0.4 0.5 0.6 
Water/binder ratio 

~ 1.1 
~ 
~i.O 
a) 
1D 
00.9 
c 
0 
() 

00.8 
.c 
0, 
~0.7 
t) 

zj0.6 
0.. 
(f) 

0.5 

0.6 

Fig. 2 The compressive strength Fig. 3 
as a function of W /B ratio 

contrast to the compressive strength 

• W/B ratio=0.30, 0% silica 
" W/B ratio=0.40, 0% silica 
... W/8 ratio=0.55, 0% silica 
a W/B ratio=0.30, 5% silica 

W/B ratio=0.40, 5% silica 

0.8 1.0 1.2 
Splitting strength of rocks, relative 

show the splitting strength of concrete is to some extent ............ "'" ............ n.,..., ..... 

by the splitting strength of aggregates, 3. 
The modulus elasticity of diabase is 

greater than the modulus elasticity 
served Table 2 the elasticity 
diabase is greater 

cretes are presented 
shows, the fracture energy ......... ...., ... ,.., ..... ..,...,.., 

two cases whereas one case it decreases. 
fracture energy assumes a ............... ,,._ ....................... ... 

the W/B ratio. Application 
,.,,.,,...., .... , ... ,,.,.. ... correlations between 

rocks the fracture energy 
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...,'"""''-U.'_,..., the fracture mechanical properties the aggregates, assum-
ing mechanical properties of the aggregates are the same as the 
rocks, other properties such as particle form, the mineralogy, and the 
roughness of the surface of the aggregates may have effects on the frac
ture energy. Perhaps these properties play an important role when con

the micro-cracking which takes place outside of the fracture 
process zone. These effects of the mentioned properties on the fracture 
energy not investigated. 

E220 E220 

z200 ~200 
>. » 
~180 ~180 
c c 
<Di60 :mo <D 
2140 2140 
() () 

ctl ctl 
U:120 U:120 

100 100 

80 --os -GN --GM 80 - Concrete without silica 

60 60 --Concrete with silica 
--GF -as -&-QH • - • Equation 2 

40+---.-~....---.~-.----.~-,----1 40-+--..-~-r---ir---.--~.---.----i 

0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 
W/B ratio 

0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 
W/B ratio 

Fig. 4 Influence the aggregate Fig. 5 influence of W IB ra-
type and W IB ratio on tio on fracture energy of 

energy of con- concrete 
crete, 0% content 

Disregarding concrete containing gneiss, fracture energy increases 
ratio silica fume is included, Table 2. For 

ratio the addition of silica fume a negative 
energy except for concrete made of quartzite 

concretes 0.3 W IB ratio the addition of silica fume has a negative 
effect on the fracture energy in 50% of cases. 

5 shows vanat10n the fracture energy 
corresponds to the mean value of 

tests irrespective of the type of aggregate. Furthermore, the figure 
shows a mathematical function, equation 2, to all results irrespec-

content silica and the type of aggregate. 

= 166. _ elO(WIB-0.75)) Nim OJo:::;w I B~055 (2) 
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c 
~ 0.25 0 

t5 
-~ 0.20 
u 
(!j 
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8 

fracture energy 
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as 
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The fig

to the test re-

decreasing W/B ra
these parameters is the 
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Flexural strength 

o Net flexural strength 
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5 

coarse aggregate used in this investigation 
strength of concrete. 

of the fracture mechanical nrr~na.rr 
strength of concrete 

that both splitting tensile 
by 

ratio, or assume a JLlJ.'-'.Jldl.J..U .... u .. u. 

ratio. 
brittleness and 

.............. ,., .... ,u.._..,,h strength of the concrete. 

project was ~~··A~~~··~ .... 
Technonlogy, 
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\:) 
ft 

CJ'.)~ 

(/) 

Cl) 

b 
Softening curve 

W W=Wc 

Linear elastic 1 
/ 

behaviour <J=f(w) cr=O 
Cohesive 

crack 
True 
crack 

[/) 

Cl) 

> ·u; 
Cl) 

...c: 
0 
u 

Cohesive Crack 

Fig. 1 Cohesive crack mode I loading softening 

this model material response is completely 
softening curve, a material function that 
transferred through the crack faces -the cohesive 
opening at a given point. 

For a crack under mode I loading (Fig. 
situation, the cohesive stress is. 

progressively decreases from ft, the tensile 
cohesive crack, to zero at the 
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crack roughness. This influences the energy consumption and the 
effects, and has a direct effect on concrete toughness (Petersson 

and Hordijk 1986, and Elices, and Planas 
selection the aggregate is a solid basis to make a good 

for economic reasons, the of aggregate is usually 
....,._,._.._.._'"'''-'-'\...!. to available locally, and shape grading are 

possible choices. 
The dependence of fracture on the maximum aggregate size, 

has been observed by many authors, although the large scatter usually 
make it difficult to arrive at definite conclusions. 

a comparative study organized by RILEM-TC50, 
concluded there is a tendency to increase 

energy as the maximum aggregate size becomes larger. The same 
was reported by Mihashi (1992) who also analyzed the effect of dmax 

on the softening curve. 
this some preliminary results are presented to show 

size, shape and grading of aggregates on the fracture 
concrete, using cohesive crack model as a framework. 

concrete mixes and the tests carried out to 
Section 3 results are discussed. 

2 

cement (ASTM Type I) and siliceous aggregates -all 
deposit- were used throughout testing program. 

a fineness modulus 2.5 and maximum size of 4 mm, 
granite with sizes up to 20 mm, were used as fine 

coarse aggregate, respectively. preserve the parent rock, crushed 
particles were obtained by grinding oversized fractions of rounded 
aggregates. 

were cast, as summarized in Table 1. cement content 
kg/m3 and ratios water/cement, sand/cement and coarse 

were 0.48, 1.78 2.63, respectively. The volume 
constant and to 40% 

one to another only the coarse aggregate was changed. Two 
... H.H-'-'-''-'·u. rounded and crushed, three maximum sizes of 10, 12.5 and 20 mm 

two gradings, continuous and uniform, were tested. 
uu. •. 1 ............ LL aggregates were classified three different 

10-12.5 mm and 12.5-20 mm. The uniform grading 
one of these fractions. The continuous grading met 

C3 3, was obtained by combining two or 
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Continuous 
Continuous 
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and seems to be 
matrix and aggregates, which is 

aggregates (Neville, 1981). The 
......... ~.,~ ...... u~, ....... when varying the aggregate size, 
aggregates are incorporated, as a consequence 

also the effect of the 

variation, close to the magnitude estimated error. 

2 Characterization tests. Mean values and 68% 

RU-10 
12 

RU-20 

BU-20 
12 

BC-20 

52 

fc(MPa) Ec(GPa) 
49.5±0.7 28.4±0.4 
45.9±1.0 38.4±0.2 
46.6±0.6 38.7±0.3 
43.5±0.5 39.8±0.3 
47.4±0.7 38.6±0.5 
44.3±0.6 36.6±2.0 
48.8±0.7 38.3±0.3 
52.4±0.9 38.8±0.2 
46.6±0.9 39.6±0.l 
53.5±0.5 38.9±0.4 
48.9±0.7 38.6±0.4 

0-.._ 

CRUSHED 

Gp(N/m) ft(MPa) 
58±2 
74±4 
91±8 

84±15 
93±5 
74±4 
100±9 
116±6 
141±6 
106±6 
119±8 

3.55±0.08 
3.11±0.05 
3.15±0.06 
2.62±0.05 
3.11±0.09 
2.91±0.03 
3.48±0.07 
3.46±0.05 
2.98±0.08 
3.59±0.07 
3.23±0.09 

GRADING 
_._Uniform 

Wc(µm) 
174±8 
197±5 

8 
294±83 
231±7 
262±29 
198±9 
219±7 
234±13 
2 
229±10 

......... -........ e- - Continuous -
--------Mortar -- ----- --------'-.;:-----

----0 

ROUNDED G--

12 16 18 
Max. Aggregate Size, dmax (mm) 

.2. of aggregates on the '"'""' ......... .., ... 
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-e-- Uniform 
- e- - Continuous 

10 

tensile strength has a behaviour 
3). Again, the use of a rougher aggregate 

with higher resistance, and this resistance decreases as 
becomes larger. As with the compressive 
'"""'/, .. ,,,.,..,,....,,, ..... ,. of resistance a continuous 

origin of these is probably 
IJ.L\..IU.U•vv\J. when increasing 
~~~-4~~~·~· grading- while keeping constant the 

regard to fracture properties, the ... a ............... , ........... .., 

grading of aggregates seems to be important. 
fracture energy, whose values undergo a 

crushed aggregates are used instead of rounded ones. 
behaviour can be due to the greater 

aggregates compared to debonding ............. , .... ,. ................ u ....... . 

an.::u·rr· ... r is obtained when fraction 
case the 

......... ,,io. ....................... for concretes 
surface to debonded of aggregates is 
rounded particles, whereas it increases to 37% 
aggregates. 

phenomenon is congruent 
concretes with rounded aggregates, as shown 

....,...., ... ,, .... ....,..., of debonded particles forces 
interlock ....... ..., ........................ ...,u ... 
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Fig. 4. Influence of aggregates on the fracture energy 
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Fig. 5. Influence of aggregates on the critical crack opening 

effect the maximum aggregate size on the fracture energy is 
dependent on shape of the aggregate. Concrete batches with crushed 
aggregates show a moderate increment of G F as dmax increases, whereas 
the use of rounded particles makes GF nearly insensitive to aggregate size 
within the range analyzed (Fig.4). Uniform and continuous grading present 

same behaviour but always giving the continuous distribution the lower 
values of GF. The same applies to We (Fig.5) .. 
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Regarding the shape of the softening curve, 6 and 7 plot the non-
dimensional representation of the softening functions measured for the 
concretes with uniform grading. Fig. 6 shows that concrete rounded 
aggregates give a similar softening, close to the behaviour of the mortar 
matrix. When the aggregate is crushed, the softening function seems to 
depend on the maximum size, reducing the as particles become 
larger while keeping nearly the same initial descending part. 

A comparison between the two sets of softenings 6 7 shows 
that concretes with rounded aggregates have a due probably to 

interlocking mechanism mentioned before. 

1 

\\ "., 

0.2 \\"., 
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MAX. AGGREGATE 
SIZE (mm) 
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w ft 

6. Influence of rounded aggregates on softening curve 
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cr I ft 
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7. Influence of crushed aggregates on softening curve 
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