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Abstract 
CL WL-DCB specimens were used to study the fracture properties 
and high strength nonhalweight concretes and of high strength lightweight 
aggregate concretes. A three segment fracture process zone model developed 
in prior studies, when modified appropriately, predicted well the relative 
fracture behavior of the three concretes. Modifications to differentiate 
between mixes were necessary primarily in the final segment of the model 
where the crack closing stress decreased slowly to zero with increasing crack 
widths. The fracture energy provided by that segment for a 112 MPa dense 
aggregate concrete was only about half that for a 28 MPa dense aggregate 
concrete. For a 79 MPa lightweight aggregate concrete the fracture energy 
provided by that segment was less than 10 % of that for the 28 MPa dense 
aggregate concrete. There was a clear correlation between the .,JUJ.VVIL-J.U_J.'"'"'" 

of the fracture surface and the fracture energy of that final segment. 
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described in this paper is the an 
'VVJlH.J.\.J....., ...... ,, ..... at the University of Washington 
concrete. prior phases extensive testing of dense 
concretes was conducted using crack line wedge 102Lueu-utou01e 

(CLWL-DCB) specimens subjected to 
included in the data base were concrete ,.,.,..,,,..,... ....... °'"'""''D 

"""'"''"'11' .... "'rl size, and maximum coarse aggregate 

2 

a non linear model for the fracture ..., ... ,..,.,.,."'c 

the crack tip was developed through 
J..LlJ.'"'·"·'-U.'- data and finite element analysis. 

Jeang and (1985) 
developed from that data is described 
investigation displacement controlled 

specimens containing silica 
aggregates. Based on those results non 

VJ.VI.,,...., ..... previously was extended to cover 
concretes. Comprehensive details of test 

development of the finite element models are 

conducted on 1 7 
v.u•"'-LU...., .... ..., ...... ..,,u.v..., summarized in Table 1. 

No. of Size, W r; (Age) Concrete 
Specimens inch psi (days) Type (lJ 

Tested 

B 1 1 15 3,940 (80) N 

·B2 3 15 4,130 (75) N 

c 1 3 15 15,950 (237) SF 

C2 2 15 15,940 (130) SF 

C3 2 15 16,660 (132) SF 

Dl 2 22.5 11,320 (128) SF 

D2 2 15 12,200 (116) SF 

D3 2 15 10,700 (113) SF 

Fine 

Type 

D 

D 

D 

u 
u 
D 

u 
u 

···••··· 

1 inch= 25.4 mm 1,000 psi= 6.895 Mpa 

Coarse 
Aggregate 

. 

Type (3) inch 

N 1/4 

N 1/4 

N 1/4 

N 1/4 

N 1/4 

L 3/4 

L 1/4 

L 1/4 

(1) Concrete: N: normal; SF: silica fume (2) Gradation: U: unifonn; D:as delivered 
(3) Aggregate type: N: gravel; L: lightweight 
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were tested. Series B were strength aggregate concrete 
""''"'"'11 . ...,"'"'" and the sand for the mix was used in as nPinrP·rpn ""'._.,,.. ... ?.,,.._.., 

Series C were high strength concrete specimens made 
weight aggregates, respectively. The sand for those 

recombined to provide a gradation. 
of specimens were tested with properties varied pairs. 

The geometry of a test specimen is shown Fig. 1. 
a characteristic dimension W of 3 81 mm and a thickness of 51 mm. 

However, series all dimensions, except for 7 6 1mn hole, 
were 50% greater the dimensions shown on Fig. 1. age of the 
..,,...,, .. '"' .. _._"·"'u ... ..., at test as shown Table 1. at test 
averaged 27 .8 iv1Pa for the nonnal strength dense aggregate concrete and 
111.6 78.6 iv1Pa for the high strength dense and 
concretes, respectively. The maximum size of the aggregate was 6 mm 
except larger specimens for which that size was 19 imn. 

for silica fume concretes using dense or 
aggregates were developed in a series of preliminary tests. cement used 
was Type I with a C3A content less than 8%. The fume and 
superplasticizer M-150 were by Norcem Concrete 

aggregates were provided Solite 
mixes were purchased locally. A typical 

....,,,, _ _.__._...,_.__u., 0.41 kg of sand, 0.73 kg of gravel or 0.43 kg of 
silica and 15,000 ml ofM-150. 

Care was taken to constant for aggregates 

I~ 18" 

____,-·-·-·-·-·-· N.A . 

...,14-
l" = 25.4 mm 0. 25" thickness=2" 
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·'"'·""""''-""'"'"'" ..., ..... using a unload-reload cycle was then applied 
.......... ..,..,..._ ..... free crack length determined from compliance. Increasing 

rhcn1
<:1

1
'"'

1·np1nt-ofthe wedge was then resumed using the same loading rate and 
breaks to measure crack length and unload-reload cycles to 

measure compliances. Displacements were increased until the load had 
to less 0.2 KN. For specimen Bl, for example, five crack length 

measurements were between peak load and the end of testing. 

3 

relationships for specimens from three test 
are in Figs. 3, 4 and 5, respectively. Data points 
tests are indicated by symbols. Curves, with symbols 

computed using the crack closing stress-crack 
.._,...,..,..LL .. ,_, displacement (CCS-COD) model described later. 

F-2V1 relationships and dense aggregate concretes the peak load for 
.6 MPa concrete was more than double that for 27.8 MPa 

However, the high strength lightweight concrete the 
was only one greater than that for 2 7. 8 MPa concrete even 
compressive strength was almost three times greater. Relative peak 

for all concretes were consistent with their relative tensile 
C'<~'"'"n"i-hC' as established from direct tension tests. Yet by a 2V1 value of0.3 

1600 

~ 
"' ~ 1200 
-i 
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";;:)' 
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be carried for all three mixes was essentially the same. 
F-a/W relationships three mixes the quantity a is the crack 

I values were determined from the replica films. 
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3 and load-a/W relationships for specimen 
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Fig. 4. Load-2V1 and load-a/W relationships Series 
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Fig. 5. Load-2V1 and load-a/W relationships sen es andD3 

W was the characteristic dimension of the DCB and equal to 3 81 
572 mm for the small and large specimens, respectively. loads were 

typically achieved at a/W values of 0 .5 for the low 0 .45 for 
strength, dense aggregate concretes and at 0.35 strength 

lightweight aggregate concrete. Crack extension to load decreased 
with increasing brittleness of the concrete and was least for the high strength 
lightweight aggregate concrete. Variations in post-peak load capacity 
with increasing a/W values followed the same trend a given a/W 
decreasing with increasing brittleness of the concrete. 

Crack trajectories for the top and bottom surfaces of typical specimens are 
shown in Fig. 6. For the 27.8 MPa dense aggregate concrete there was little 
branching at the crack tip which passed around the coarse aggregate particles 
and through the concrete matrix, resulting in a fracture surface that was 
noticeably rough. There was also a general tortuosity the crack location 
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6. Typical crack trajectories 

on one side of specimen differing from that on the other. duplicate 
specimens the post peak load for a given 2V1 value increased as the tortuosity 
increased. For the fume concretes several micro cracks fonned around 

tip making that tip less defined and more difficult to detect. For the 
aggregate concrete the crack profiles on the upper and lower 

surfaces almost coincided. For the dense aggregate 111.6 MPa concrete those 
profiles differed by about the same amount as for the 27.8 MPa concrete. 
However, for the 111.6 MPa concrete there was much more crack branching 

was visible even after the load was removed. For the lightweight 
concrete crack ran directly through the aggregate resulting a smooth 
crack smface. For 111.6 MPa dense aggregate concrete the crack often 
propagated around coarse aggregate particles. A count showed that only 
70% coarse aggregate particles in a typical crack path had fractured. 

4 

fracture surface was smoother, but the tortuosity almost the same, 
27.8 MPa dense aggregate concrete. 

studies of dense aggregate concretes with strengths varying between 
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5 Concluding remarks 

If fracture mechanics approaches are to be used practice for quality 
and design of concrete members, a fracture mechanics testing standard must 

developed that can be used to derive characteristic 
relationships like those Fig. 7 for different concretes. 
relationship of Fig. 7 depends on the manner crack ...... L"'- ................. .&., 

through the concrete. That extension takes two fonns of roughness, one 
related to the extent to which the crack passes through, rather than around, 
large aggregate particles and the other related to tortuosity of the 
through the depth of the specimen. These results show that in ..,,_, ....... ..,. ... u_ ........ '"' ...... 

those two roughnesses detennine the bridging energy associated 
the CCS-COD relationship. 
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