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ABSTRACT

Many works have been conducted to examine the applicability of linear elastic fracture mechanics to concrete. In this
paper, the mode I fracture of concrete is studied using crack line wedge loaded —double cantilever beam (CLWL —DCB)
specimen. Surface crack length was directly measured by replica film. The resulits were analyzed using ithe measured load
versus crack opening displacement response of specimen. Critical stress intensity factor and critical crack tip opening dis-
placement were calculated at the tip of the effective crack using the two parameter model.

The supcrposition method applied to obtain the closing pressure necessary to match LEFM crack profiles with
experimental crack profiles. Five cohesive crack models were evaluated.

Introduction

Although the fundamental concepts of linear
elastic fracture mechanics(LEFM) have been
successlully applied to a wide range of ma-

terials, there is considerable disagreement as to

whether these fracture concepts can be used to

determine the fracture parameters of
cementatious material. Therefore, a number of
test have been conducted to examine the
applicability of LEFM to concrete. The results

of those experiments show that fracture process
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In concrete cannot always be described with a
single parameter based on LEFM bacause of
significant size effect due to the formation of
large fracture process zone and aggregate inter-
lock across the crack surface.

Recently, models with more than one fracture
parameter have been proposed to explain frac-
ture process in concrete. Hillerborg et all'™
have proposed a fictitious crack model, which is
more or less similar to Dugdale— Barenblatt
model. Within this model, the properties of the
material defined by means of one stress versus
strain relation and one stress versus widening
relation. If the shapes of these two curves are
known, then the curves can be described by me-
ans of three parameters. The material is
assumed to behave in a linear elastic manner
before fracture and maximum principal frac-
ture criterion is adopted. This makes 1t natural
to choose the three following parameters : (1)
tensile strength, (2) modulus of elasticity, (3)
fracture energy. The model has been shown to

correctly predict the experimentally observed

Fig. 1. Test Setup for Wedge Loading.
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size effects for notched and unnotched beam
specimens.

Bazant and Cedolin®® and Bazant and Ohf®
have proposed a crack band model based strain
softening to explain the fracture process of con-
crete. Fracture energy, unlaxial tensile strength
and width of the microcrack band are the ma-
terial parameters required for crack band
model.

U415 have proposed a two par-

Jenq and shah
ameter model to account for size dependence in
cementatious materials. Critical stress intensity
factor, K% and Critical crack tip opening Dis-
placement CTOD, are proposed as the two frac-
ture criteria. The experimental results of
notched beams of varing dimensions showed the
proposed [racture criteria to be independent of
the size of beams.

In this paper, a CLWL—DCB specimen was
adopted for fracture toughness testing of con-
crete. The eritical stress intensity factor and the
critical crack tip opening displacement was cal-

culated from the two parameter model.
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Fig. 2. Configuration of CLWL -—DCB Specimen.
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Several different types of closing pressure re-

lationships were investigated.

Experimental Program

Testing Details

The experiments were carried in a 30 ton ca-
pacity Saginomia close—looped electric hy-
draulic loading system. The testing setup is
showrn in Fig. 1. The CLWIL.—DCB specimen, as
shown n Fig. 2, is loaded by forcing a trans-
verse wedge between split—pin set in loading
hole. In order to monitor the crack opening load
induced hy the wedge, the split—pin [ixture, as
specified In the ASTM 561 procedure, was
modified 0 incorporate a load cell. The crack
line displacement V, and V, were measured
with two clip gages.

Signal from load cell and two clip gages were
amplified{ by the strain data unit and used to
chart servo mechanism. This way, the two
crack hne displacement could be plotted as the

abscissa and ordinate, respectively. ona X—Y
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Fig. 4. Variation of Crack Opening Displacement
along Crack Length

recorder. Surface crack length was directly
measured using the rephca technique developed

by Hawkins e &} #

Casting and Curing

The sand and aggregate were sieved and then
recombined to provide the gradations shown in
table 1. The cement used was a ordinary port-
land cement, the fine aggregate was primarily
fine grained river sand gathered in posung river
and the corse aggregate was a crushed aggre-
gate.

All the specimens were 2.4—in(60-mm)
thick, and they were cast horizontally in ply-
wood moulds. The size for those specimens 1s
shown 1n fig. 2. The loading hole was blocked
out with a stainless —steel, three-inch(75mm)
diameter circular rod. This rod has a 1/4—in x
2.4 —10.(6.25mm > 60mm) solt along 1ts diameter
where a steel plate was mserted to form the In-
itial notch 1n which the clip gages were placed

during testing. The specimens were taken out of
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Tabel 1. Agregate Gradation(Cumulative Percent Retained)
Crushed Gravel(for all Group)

Max. Aggregate Size 10mm

16mm 19mm

S (10mm) 100
M (16mm)

L (19mm)

100

100

Sand(for all Group)

Sieve size No.4 No.8

No.16

No.30 No.50 No.100 Pan

Cumulative
14
Percent

28

63 88 99 100

Fineness Modulus 2.95

Tabel 2. Mix Proportion, Maximum Aggregate Size and material Properties for Specimen Test

No. of Fine Coarse Maximum Compressive
Cement Water Aggregate Strength
Specimen Aggregate Aggregate Size(mm) (MPa)
M2W1S1 1 3 2 0.50 10 20.6
M2W1S2 1 3 2 0.50 10 23.0
MIW1M2 1 2 1 0.40 16 30.0
M2W1M3 1 3 2 0.50 16 22.3
M2w2M4 1 3 2 0.55 16 23.2
M1WI1L1 1 2 1 0.40 19 25.9
M1WI1L2 1 2 1 0.40 19 25.9
M2WI1L3 1 3 2 0.50 19 23.5
M2W2L1 1 3 2 0.55 19 21.6
M2W2L4 1 3 2 0.55 19 21.6
the moulds in 24hr after they were cast and W = unit weight(8.11kg/m?)
placed in saturated lime water for 27 days. All f. = compressive strength(MPa)

the specimens and cylinder moulds were tested
at an age of 28 days.

Table 2 lhsts the weight proportions, maxi-
mum aggregate size and compressive strength
used to fabricate the specimens. The modulus of
elasticity was obtained from equation given in
the Buiding Code Requirements for reinforced
Concrete(ACI318—83).

E = 0.043w /17

where E = modulus of elasticity(MPa)
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Finite Element Analysis

In order to analyze the experimental data, the
equations for the stress intensity factor and the
crack opening displacement profiles were re-
quired. So linear elastic finite element analysis
using quarter —point singular element was per-
formed. This element was first presented by

Barsum! and Hensell and Show.l' The progra
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m used in this study was developed by Jenq and
Shah™! and modified by Alvarado et al.l? for
mode | and mixed—mode fracture studies in
cementatious material. Quadratic isoparametric
elements which embody the inverse square root
singularity are used in the calculation of stress
intensity factor for the analysis.

Fig. 3. shows the plots of the stress intensity
factor versus crack length ratio for the CLWLL
=DCR specimens. A curve of  polynomial
cquation of stress intensity lactor caleulated by
author gives shghtly lower value than calcu-
lated by ASTMES61 —86'%, The general LEFM
equations required for used in this investigation
for K, crack mouth opening displacement (COD
), and crack tip opening displacement (COD,),
and COD are given in Appendix 1. To obtain the
equation for COD profile, a higher order poly-
nomial was required to obtain sufficient accu-
racy. The maximum error between the poly-

nomial and finite element results was less than
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5%. In Fig, 4., a typical COD profile obtained
using finite element analysis is compared with

the equation given in Appendix I.

Analysis of Experimental Results

Fig. 5 show a load compliance plot relating
the crack mouth opening displacement, 2V, to
the crack line load, measured with the load cell
inserted in the split pin. A typical double dis-
placement compliance plot from one of the test
1s shown in Fig. 6.

The procedures describes in ASTM 561 can
be used to calculate two crack lengths for each
point A on each compliance plot. The eflective
crack length are calculated using the slope of
secant for each compliance plot. That wvalue is
the elastic equivalent crack length including
any nonlinear crack tip region effects for
cementatious material. The effective crack

length is the elastic traction free crack length
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Fig. 7. Comparison Effective Crack Lenghts

augmented by any nonlinear crack tip effects
caused by microcracking. The physical crack
length calculated from the slope of the partial
reloading curve are traction—free crack length
excluding any crack tip effect.

But, it is very ambiguous to calculate the
macrocrack length because difference between
reloading and deloading slope at each com-
pliance plot is nearly zero. So, the effective
crack length are only calculated using the slope
of secant for each compliance plot in this study.

A comparison of replica measured crack
extension with the corresponding values of
theoretically predicted value 1s shown in Fig.7.
Theoretical values are the effective crack
length. The theoretical crack extension 1s

slightly larger than the replica crack extension.
Two Parameter Model Analysis

To calculate the effective crack growth at the
point of unloading, first the initial slope of load
versus crack opening displacement plot used to
calculate the Young’'s modulus E. Eq. 7 and 8

(Appendix [) are combined to obtain
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Notation are defined in Appendix [. Once the

calculation of the modulus of elasticity E is ob-
tamned, then effective crack length can be calcu-
lated by using Eq. 2 and value of load com-
pliance was experimentally measured. The
value of stress intensity factor Kg, often called
the apparent fracture toughness, for the point
of unloading can be calculated from Eq. 6
(Appendix I) using the measured load and the
value of effective crack length.

Fig. 8 shows a plot of Kq versus effective
crack length calculated from the analysis of for-
ementioned two compliance plot. The data point
of four specimens are shown in Fig. 8 There is
no evidence of Kg reaching asymptotic value or
plateau with crack extension. R—curves arc
not suitable for predicting the onset of unstable
cracking for concrete specimens tested in this
study.

To predict the critical load for CLWL speci-

mens, the critical stress intensity factor and cri
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Table 3. Ki and CTOD; Value Obtained from CLWL —DCB Specimens

Max. Agg. Size {c(MPa) a./ W K5%c(MPa m'?) CTODc(mm)
10 mm 23.0 0.440 0.729 0.011
10 mm 20.6 0.557 0.790 0.010
16 mm 23.2 0.383 0.932 0.015
16 mm 22.3 0.443 1.160 0.015
16 mm 30.2 0.452 1.045 0.013
19 mm 21.6 0.427 1.029 0.014
19 mm 21.6 0.441 0.714 0.010
19 mm 2358 0.459 1.100 0.009
19 mm 259 0.357 0.966 0.022
19 mm 25.9 0.460 0.946 0.027

g

CRACK PROFILE
fy = 25.9 MPa ( 3755 psi 3.
0.025 - E, = 23930 MPa ( 3.465x1 psi )

b4
°
8

1/2 CRACK OPENING ( mm )
g 3
@

Qo
2
°
;
7
".
'/"

0.003 - Sm
swans MEASURED OPENING DEPTH ( w/2 ')-~.‘
®oeee FEM OPENING DEFTH ( w/2')
0.000 1vr 4 v
140 130 100 200

6 1o "1ho N

CRACK LENGTH ( mm )

Fig. 9. Comparisons of the Experimental Crack
Profiles and the LEFM Solution

tical crack up opening displacement are calcu-
lated using the two parameter model. Table 3
gives a brief summary of the fracture para-
meters obtained for the specimen tested here.
The critical stress Intensity factor ranges from
0.714 MPa m"* to 1.16 MPa m'". The values of
CTOD¢ have a tendency to increse 1n proportion

to maximum aggregate stze and are 0.009 - 0.

HM13 2%, 1989. 12.

027=m for concrete. It can be noticed that K¢
and CTOD¢ are very similar to the values ob-
tained {rom wedge splitting data. It 1s, however,
not clear that critical stress intensity factor and
crack tip opening displacement are fracture
parameter that have not effected by the size or
geometry. Therefore, a larger number of speci-
men and larger variation of original notch
length ratio are needed to reach the delinite co-

nclusion.

Consideration of Cohesive Crack Model

The superposition method!* was used to ob-
tain the closing pressure—crack opening re
lationship(e—w) required for the analytical
crack profiles to match the measured profiles.
During this analysis an {inite element program
developed by Jeng and shah!™ and modified by
author was used. The program used quadratic
eight node quarter point singular element to ac-

count for the singularity at the crack tip.
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The clip gage displacement(COD;) and the
actual crack length measured by replica tech-
nique are used to calculate the measured crack
profiles. Authors assumed that displacement at
any point along the crack is linearly changed to
depend on the crack length.

A unit closing force was applied at each node
along the crack faces and its corresponding

node across the crack. The nodal displacement
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long the crack produced by each unit force are

one row of the compliance matrix C that relates

W

closing forces f and closing dis-

plcements SK.

= Cf ....................... (3)
where BW i1s a difference between LEFM crack

profiles W, and the measured crack

profiles YV_m shown in Fig. 9.

From Eq. 3, the nodal force corresponding to

closing pressure { are represented by
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Fig. 10 and 11 show the superposition closing
pressures obtained from COD, and COD; crack
profiles, respectively, for the various crack
lengths.

Mode I crack intensity factor corresponding
to each unit force was computed to obtain the
stress intensity coefficient k. The total stress in-
tensity factor for any set of closing force { is

= Ko — ETE et (5)

Fig. 12 shows the LEFM stress intensity fac

H13A H2%, 1989. 12.
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tor K. and the superposition stress intensity
factor K, for various crack lengths. K; has an
upper bound of 13.0 MPa mm"“%. This value is
very close to the stress intensity factor obtained
from th holographic crack profiles by Miller et
al.l'® The upper bound is of interest because
one cannot be sure that measurements are
made just before crack propagation, thus lower
values are expected. Therefore, the fact that the
upper bound is constant suggest that there is a

material property K.
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Some reserchers have proposed colsing press-
ure versus crack opening displacement relation-
ships.

The question whether or not it is possible to
calculate a closing pressure exactly for all
crack length is of great importance. Therefore,
five closing pressures were compared with a
closing pressures data obtained in this
study :

1) Linear. Proposed by Cedolin, Iort and Dei
Porit™(Fig. 13)

2) Bilinear. Proposed by Roelfstra and
Wittmann!' ™ (Fig. 14)

3) Trihnear. Proposed by Jeang and
Hawkins!"*(Fig. 15)

4) Exponential. Proposed by Gopalaratnam
and Shah!¥)(Fig. 16)

5) Bilinear. Proposed by Miller, Castro and
Shah!'*)(Fig. 17)

Fig 13 and 15 shows that those closing press-
ures are almost upper bound of superpositon re-
sults. Fig. 14, 16 and 17 shows that those
closing pressure are a good fit to the values ob-

tained by superposition method.

CONCLUSIONS

1. An effective crack length approach may
be used to analyze the nonlinear response of co-
ncrete.

2. It was confirmed that surface crack length
can be accurately measured by replica tech-
nique using Acetylcellulose film.

3. Crack resistance used for the measure-
ment of stable crack growth increased in pro-
portion to maximum aggregate size and con-
crete strength. it was, however, found that the
precise predicting of the point of onset of un-

stable crack was difficult.

110

4, Using the superpostition method, it is poss-
ible to find closing pressure versus crack open-
ing displacement relationships.

5. The superposition method suggests that a
value of K; = 13.0 MPa mn'? may be an
appropriate value for the fracture toughness of

the concrete studied.
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APPENDIX I. LEFM based Equations

1. LEFM based equations for CLWL—DCB

specimens. Stress Intensity Factor(K;)%:

I\-———~——-F (6)
U BW ( )
—)
W
(24 A)(0.866-+4.64A — 133277 14.72A3~5.6AY)
(1-A)"

where A = a/W;and a W are defined in Iig.
2.

Crack mouth opening displacement(CMOD or
COD)™1:

CMOD=——V () (7
O W
where E/ = E/(1—z*) for plane strain ; for
plane stress;E = Young's modulus of elas-
ticity and

v (—59 — 101.9—948.9A +3691.5A%—
W

6064. WI1A*+4054.1A¢

Crack opening displacement(COD) (curve fit-
ting of numerical results based on finite element
method)
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The general form is

COD(x) = CMOD. F,(—XF& ££2) (8)

atc:
COD(x) = CMOD[1+ (3.171A+0.581)B+ (8.
011A ~5.639)B?+ (—7.313A + 6.365)B* + (2.
482A —2.308)B4]!*
where A = (x-+c¢)/(a+c) ;B = (W+e) i x
= distance from the center of pin hole In plate

at which the COD is desired;c = distance

from the loading point to point at CMOD was
measured(6.3mm) ; a = effective crack
length ; W =

men(400 mm)

characteristic length of the speci-
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