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paper, influence of aggregates on tension softening diagram of 
concrete is presented. Compact tension tests were carried out on concrete 

the load versus CMOD curves were analyzed by a poly-linear 
~" ........ u. ....... 'U••• ...... ..,u .• .._,,... Concrete specimens containing aggregates of two 

types five different sizes were tested. In addition, two types of 
specimens were tested to study the influence of the thickness. Detailed 
cracking behavior was also observed by means of a unique x-ray 
.. ..,...., •• U .. •4"-''"" using contrast medium. The main conclusion of this paper is 

not the of aggregates but the shape influence the 
characteristics of fracture process zone and the tension softening diagram. 
Keywords: Microcracking, fracture process zone, tension softening 

technique, aggregate size, aggregate type. 

numerical simulation of nonlinear behavior concrete structures 
to cracking, fracture mechanics has been widely used. The constitutive 

to describe the behavior of concrete under tension, however, is 
sometimes too simple. It is no doubt the energy consumption in an 

crack system is the most important concept by which fracture 
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process zone 
microcracked zone 

et al. 1976). 
concrete, no agreement 

FPZ in cementitious 
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diagram of concrete is discussed. Compact tension tests are carried out on 
concrete and load-CMOD curves are analyzed by a poly-linear 

... .,,~ .................. v ...... method (Uchida et 1995). Two types and totally five 
r1tf--1-1,,. .... "",,t aggregates are tested. addition, two types of 
specimens were tested to study influence of the thickness of specimens. 

observed by means the x-ray technique was also related 
to softening diagram. On these results, characteristics of 
FPZ are as a function aggregate's type and size. Then the 
mechanism to enhance the cracking resistance in concrete is discussed 

2 

2.2.l 

the view of softening properties. 

x-ray and contrast medium 
crack developed by Otsuka ( 1989) 

a contrast into holes embedded in the 
taking radiogra phs at certain stages of directly on 

continuously by video camera using a x-ray image 
details are described in Otsuka (1989, 1992 and 1994) 

specimens 

two different sizes as shown Fig. 1 were 
Tablel. Notches were 

hole for contrast medium 

of specimens 
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Fig. 2 Test set-up 

sawn by a diamond cutter. Fig. 2 shows the test set-up for the compact 
tension test Two steel plates were glued to the specimen to 
loading equipment (A & Bin Fig. 2) and self-weight of specimen was 
canceled by the weight (Win Fig. 2). 

2.2.2 Preparation of specimens 

Concrete used for casting the specimens was high-early 
strength Portland cement and different types sizes of aggregates 
(Table 2). The mix proportions are shown in Water-cement 
ratio was 0.5 for all test series. Fine aggregate was sand 
maximum size of 5 mm. Coarse aggregates were stone for 
Series C and river gravel for Series G. Load CMOD were measured 

Table 1 

a b c d e f j;!; h I j 
Type A 250 25( 50 90 60 3 3( 50 40 5( 
TypeB 350 35( 90 145 60 3 3( 120 50 4( 

Table 2 Test series 

Aggr. Type Max Aggr. Size (dmax) Specimen Type 

Series C crushed stone 10, 15, 20 A&B 
Series G river gravel 5, 10, 15, 20 & (25)** A* 

*B was used only for mortar 
**only one case different from others 
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3 Concrete composition (kg/m1
} and compressive strength (MPa) 

Test Series ClO Cl5 C20 MOS GIO Gl5 G20 G25 
Cement 408 398 388 402 39C 38( 370 35( 
Aggregate 

0- 5 872 817 762 2,338 1,64E 1,402 1,278 1,173 
5 - 10 761 420 369 0 l,36C 65C 468 308 

10- 15 0 420 548 0 ( 81( 468 46( 
15 - 20 0 0 548 c ( ( 626 460 
20- 25 0 0 OR 0 

c ( 0 46( 
Water 204 199 194 201 195 19( 185 175 
Comp.Str. 29.8 33.0 35.2 2.6 25.S 26.5 28.3 24.2 

4 Width of (Otsuka et al. 1993) 

CIO Cl5 C20 MOS GlO 015 G20 025 
VL 13 15 22 13 16 17 26 25 
VLmax 22 24 31 20 29 27 38 44 

4r----~---~--~ 

(a) Crushed stone concrete 
4 

(b) River gravel concrete 
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~ 
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3 Typical load vs. CMOD curves 

1.2 

Specimens were cured in water of 20°C 

Characteristics of cracking properties FPZ 
load versus CMOD curves of Type A specimens are shown Fig. 
4 shows influence of the maximum aggregate (dmax) on 

of FPZ at the final In these figures, cracks are 
and microcracking zones are described as slightly 

UA~.,.. ..... u .......... vertical width of damaged zone with fine 
of microcracking zone (VLmax) are shown in Table 

values were obtained as the mean values of results observed 
three (Otsuka et 1993). 

that width of becomes wider as the 
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3 

!./ 

dmax 10mm 

dmax20mm 

~ ... A._,U,~~ stone concrete (b) River gravel concrete 
of concrete detected 

aggregate size is larger. 
previous studies 

width 
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7 Softening diagrams of 
crushed stone concrete 
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Fig. 8 Softening diagrams of 
gravel concrete 

obviously influenced by the type of aggregates. case of 
concrete ( dmax ~ 15 mm), a valley portion is formed after 
descending branch and then a peak is formulated. After peak, 
relation can be described by a trilinear diagram. The descending 
after the peak is much gentler than that of first .... '-',:>'-''-'HU.Jl.U.~ 

the other hand, softening diagrams of the river 
concrete can be described by a trilinear diagram .......... u.,,..,,....,JlH_...._,.,, .... 

difference caused by the different properties. 
words, crushed stone often works as a crack arrester by 

mechanism in a similar way to some kinds fiber 
concrete (Uchida et al. 1995). 

188 



- 4 ,6ft=4.99 
ro 

0... 

~ 3 tt---!-------1 
(/) 
(/) 

mortar 

~ 2 00 ltt---+---+----4---~ 

CD 

-~ 1 
CD 

..c: 
0 
0 

0.05 0.1 0.15 
Fictitious Crack Width (mm) 

- 4 11ft=6.17 
rn 

0... 
~ 3 ,..._ _ ____,_ _ ___, d =15mm 

max 

0.2 

- 4 6ft=4.49 
ro 

0... 

~ 3 IH---+------1 
(/) '-r-=='--~~ 

(/) 

~ 2 00 h'd----i.--+---+-----+-----< 

Q) 

> ·u; 
CD 

..c: 
8 0 '-----'-----'-------'------' 

0 0.05 0.1 0.15 0.2 
Fictitious Crack Width (mm) 

- 4 L'ift=4.8, 5.7 
co 

0... 

~ 3 .!rt-----!--~ 
CJ) '-r-===--~~ 
CJ) 
Q) 

Z 2 H++t---+---4----l---~ 
(f) 

~ Q) 

"iii -~ 1 L-=:=-=~~~~~~-t~d 
CD Q) I 

..c: ..c: 
8 8 0 '-----'-----'-------'------' 

0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 
Fictitious Crack Width (mm} Fictitious Crack Width (mm) 

Fig. 9 Softening diagrams of crushed stone concrete [Type B specimens] 

Fig. Microcracking behavior crushed stone concrete [A-C20]. 

case thicker specimens such as Type B specimens, the peak 
becomes much less obvious but the global softening behavior is close to a 
trilinear while the cohesive stress level of the plateau is higher 

that types of concrete of thinner specimens. Moreover the 
of the plateau is longer, too (Fig. 9). 

Figs. 10 and 11 show examples of detailed observation of the fracture 
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4 

versus CM OD curves and 
a crushed stone concrete and river gravel 
on the curve is corresponding to 

microcracking shown Figs. 
softening 

steep descending branch. 

was observed by means of a 
to characteristics 

Especially it was 
AAA.._, . ....,,L._. ........ '"'"' .. 'u may cracking resistance 

is reason crushed stone concrete usually 
resistance to cracking that of river gravel concrete. 
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