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Abstract 
Poly-linear approximation analysis ..... ll....,.., ...... ..., ...... 
(TSD) was proposed based on the ..,'V ..... ..,UL 

and nonlinear crack equation analysis. A-1 ........ ,..., .. 'U' ..., .......... _, ....... ...., 

concretes such as energy rate 
curve, fracture energy, toughness L ................. ~ ... ~~ 

based on the energy consumed zone \.<U.J..•.d .. u .. 1..u .. ...,·u 

TSD. Fracture parameters for various concretes were u..1...:i'""'"-""..:l'""' ...... 

1 Introduction 

is pointed out by many researchers 
(TSD) is a very useful basic j.JU..l.U...1...1.J.V\,•..,J.. ...,,, ............... .., ... .., ...... ,,__,.,..,_ .• ,_, 

of non-elastic material such as concrete. 
energy changes fracture process 
informations on the elasto-plastic fracture v ............... ..,, ........ v 

the most important subject in the fracture 11. ......... ,..., ............ u . ...., .. .,. 

This study aims to propose, 1) new to .... .., .. - ............... L ...... 

TSD from a load-displacement curve, 2) 
parameter based on TSD analysis, 3) 
estimate the very ductile materials such as FRC or 
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2.1 

of tension 

by using the cohesive force model(CFM) 
Fig. I. The dugdale-barenblatt type can 

curve as shown in Fig. 2. The cohesive stress 
crack opening displacement(COD) 8 

specimen 
stress intensity 

(1) 

(3) 

lS 

is 
lS 

are the stress intensity factor on due 
load and the cohesive stress, &(a, x),& 

to the external load and the cohesive stress. 
'"".ll ........... ,._, ... _._IJ_.__._,,!J can be solved by using FEM or BEM, 

...,..., .... ..,. ...... ,._, ....... can be obtained by using the calculation 

CMOD•--­
~..._---.:._....:..... 

1. 

the calculation of COD, 
197 5). Then the simple crack 

x, c) is the weight function. 

model(CFM) 

200 

a=mk·o+ nk 

/ mk=m(8), <\:_ 1 <8<<\:, k=l, ···,er 

nk=n(O)=o-0+ I[Cm; 
i=l 

~ 
I I 
I I 
I I 
I I 

81 8.z <\-1 <\ 8cr-1 8cr 

Crack opening displacement COD, 8 

Fig. 2. Poly-linear 
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Fig. 3. Concept of poly-linear approximation analysis 
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= OBHO- OBCO = Uw - Ut (12) 

the Ue, a compliance of any points on curve is obtained as 

2·Ue 
-pr (1 

the Cu, we can predict the unloading Also we can evaluate 
two-parameter Kics and CTODc, proposed by Jenq and Shah (1985), 

by calculating Cu at maximum load P as shown in Fig. 5-b) without 
performing an off-set test but only measuring a L-LPD curve. 

many fracture parameters are estimated from the crack 
of CFM with using TSD analyzed by poly-liner approximation 
This procedure is showed in Fig. 6 and Fig. 7. 

C
. opt~_IJlization 

1 
............. ,i 

i ./ I · 
/calculation r ., 8 

\ mk .. ~ observation 
.. 

Load point disp. u 

1) L-LPD curve 

- .. \~ optimization ·~ 

mk+:;~ ~ R-curve 

COD O Fracture advance (a) 

2) TSD analysis 3) Fracture parameter 

Fig. 6. Procedure of fracture parameter analysis 

I Fracture toughness test (RILEM, 3PB) I 
+ 

I Load-Load point displacement l 
w 

Poly-linear approximation analysis of TSD 

I Shape of fictitious crack -I 
• y 

I Distribution of COD I I Dist. of cohesive stress I 
+ 

I Work done by cohesive force l 
+ 

Fracture parameters 
Ifilergy-reTease-rateGp~-"R-clirve,-Ki~~-
Fracture energyGpTsD, Effective fracture 
energy Gpu. Toughness modulus T.M. 

Fig. 7. Analysis flow of fracture parameters 
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4 Comparison of off-set test and analysis 

4 .1 Outline of off-set test 
Two different types of mix proportions were arranged to produce the 
normal strength concrete specimen (NSC) and the high strength concrete 
specimen (HSC). The type of aggregate is Gravel of maximum 
size. Table 1 shows the mix proportions and properties concrete. 
Super plasticizer (SP) and silica fume (SF) were used for 

Three-point bending tests for center notched beam specimen were 
conducted to measure the L-LPD curves. Specimen span length, 
notch length were 100 x 100 x 450mm, 400mm, 50mm. Specimen was 
loaded and unloaded. Load was measured by a load cell 5N 
sensitivity, and was measured by using two with 
sensitivity. LVDT were attached on a support hanging on a specimen to 
avoid the displacement measurement error caused by load point caving. 

Table 1. Mix proportions and fracture parameters concrete 

3 

2 

3 

2 

Sign W/B Unit weight (kg'm 3) Jc ft 

% w c SF s G SP MP a MP a 

NSC 50 184 367 0 777 1064 0 453 3.9 

HSC 15 112 673 168 466 1064 29 99.7 5.7 

NSC-1 (Normal strength) .J. 

a=63mm a=78mm + + 
3-point bending 

------ Unloading 
- Analysis 

HSC-1 
(High strength) 

0ULf....1t-.Jd:_~--L.we:::__~---l~~~__J 

E Pmax 

GPa N 

31.7 2.40 

38 .6 3.49 

10 
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,,......_ 

<:<:! 
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'iii 
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0 
0 0.1 0.2 0.3 0 

Load point displacement u (mm) 

Uo 
ir<WOF 

Ecal ao 8cr c;so Kr~ CTODc lTF 

Nim 
MP a 

mm GP a MP a mm Nim ·m112 mm 

0.920 120 29.l 6.1 0.197 115 1.05 0.0068 

0.825 132 42.1 107 0.283 123 1.43 0.0067 

NSC-1 (Normal strength) 

L-LPD analysis 

HSC-1 
(High strength) 

TSD analysis 

0.05 0.1 0.15 0.2 

Displacement u, COD (mm) 

Fig. 8. Off-set test results Fig. 9. L-LPD curve and TSD 
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4. 2 Results and discussions 
Fig. 8 shows the typical curves of tests. surrounded 
curve off-set L-LPD curve is traced in Fig. 9. In this figure, TSD 
which has been calculated from the traced L-LPD curve by the present 
analysis method is also showed. The points indicated on L-LPD curves 
are calculated values which has been analyzed by the crack analysis 
method mentioned section 2 with using the calculated poly-linear TSD as 
a constitutive equation. The observed L-LPD curve and the calculated 
points are agreed well, so this back analysis method is considered to 
an appropriate method to calculate TSD. 

8, unloading lines which have been calculated by the analyzed 
Gp is showed with respect to the approximated unloading line of 
measured off-set test results. There are agreed well and this means that 

energy consumption by fracturing can be predicted by Gp. The 
..... JLJl.Jl .... Jl.JLJL fictitious crack lengths a which are calculated in the analysis 

procedure are also indicated in Fig. 8. The other fracture parameters 
analyzed by TSD and GP are summarized in Table. 1. 

R-curve of cohesive force model (CFM) is showed in Fig. 10. In case 
which small fictitious crack length a, GP and the I-integral of CFM are 
almost same, but with the increase of a , I-integral are reached to the 
constant value GF Tsv as indicated in Eq. (7), and this tendency is 
different from because I-integral neglecting the fictitious crack 
figure changes. 

is noted that, Gp of is higher than that of NSC at the small a 
area, the area a>90mm, NSC is higher than HSC. This means that the 
fracture process zone of NSC become larger than HSC with the increase 
of failure. This is because the failure mode of NSC is the aggregate 
interfacial cracking and not the transgranular cracking observed in HSC. 

400 ,,..___ 

..§ NSC HSC z 
'-._,/ 

•••• ,....... ..........a-- Energy release rate of CFM, Gp 

e:::: 300 -----•----- --a- I-integral of CFM 

0 u 
i:: 

200 ro ....... 
(/.) 

"bb 
~ 

.... ·• 
/ GFTSD(HSC)=l23N/m ./ 

// GFTSD(NSC)=l 15N/m • _________ /-.______________ . --~~-···-·-· 
~ 100 
~ 
$...; 

u 
0 

50 60 70 80 90 100 

Fictitious crack length, a (mm) 

Fig. R-curve of cohesive force model (CFM) 
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4 Toughness parameters of Hyper-concrete 

High-strength, high-toughness concrete will be needed to manufacturing 
high-rise RC building which will safe against the earthquake, etc. 

We call this type concrete as "Hyper-concrete" and the method 
to producing it is mixing the fiber in HSC. We need estimation 
method for the ductility of Hyper-concrete based of fracture mechanics. 

CF and TSD can be the parameter for ductility estimation, however, 
in case of FRC the critical COD of TSD is very large and toughness 
depends on the shape of TSD. Fig.11 shows the concept of toughness 
parameters obtaining from poly-linear TSD. Toughness modulus (T.M.), 
which is considering the influence TSD shape on toughness, is 
defined by summarizing the local fracture energy gi as shown Fig. 11 
on the basis of highly estimating the energy absorption COD 
area. GPU is the effective fracture energy for estimating very ductile 
material. The critical COD limitation (8u) is set to 0.5mm as the 
viewpoint of safety of concrete durability. Fig.12-b) shows the L-LPD 
curves which were calculated based on the various shaped TSD as shown 

Fig.12-a). T.M. is a proper parameter, because L-LPD curve becomes 
ductile with the increase of T.M. regardless of same GF of lOON/m. 

b 

81 82 83 Du Der 
Crack opening displacement COD 8 

Fig. 11. Fracture toughness parameters based on poly-linear TSD 
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(T.M.) 
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Load point displacement u (mm) 
a) TSD b) L-LPD curve 

Fig. 12. Relation of T.M. and L-LPD curve with same fracture energy of 
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Fig. 13 shows the relation of T .M. and compressive strength for the 
various fiber reinforced concretes. Specimen conditions are sowed in 
figure. case plane specimen, with the increase compressive 
strength, becomes low and showed brittle state. In case of the fiber 
specimen, especially Vinylon-24mm type, T.M. becomes higher than that 
of plane specimen. This indicates the provability of producing Hyper­
concrete. case of w/c=15% level, we could not mixed fiber 
u..., .... ,u.u•:>..., of consistency problem, so development of performance 

admixture be the important future work. 

5 

A new method to determine the tension softening diagram of concrete 
was proposed based on poly-linear approximation analysis. 

2) Elasto-plastic parameters of concrete were proposed based 
on the cohesive force model concept and the analysis of poly-linear 
\.v.U..:>JLV'Jl.Jt softening diagram. 
Toughness parameters fiber concretes (normal strength, 

was proposed. 
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