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ABSTRACT:  

The mode I fracture toughness of concrete can be experimentally determined using three point 
bend beam in conjunction with digital image correlation (DIC). Three different geometrically 
similar sizes of beams are cast for this study. To study the influence of fly ash and silica fume 
on fracture toughness of SCC, three SCC mixes are prepared with and without mineral 
additions. The scanning electron microscope (SEM) images are taken on the fractured surface to 
add information on fracture process in SCC.   
 
From this study, it is concluded that the fracture toughness of SCC with mineral addition is 
higher when compared to those without mineral addition.  

 

INTRODUCTION 

The evolution of concrete is a continuous process necessitated by the unending demands of the 
construction industry. This has resulted in the transformation of conventional concrete into high 
performance concrete such as ultra high performance concrete, high strength concrete, 
pumpable concrete etc. in order to suit different applications. All these special concretes have 
the same base ingredients of conventional concrete with the addition of special mineral 
additives and chemical admixtures. One such high performance concrete is the self compacting 
concrete (SCC), which has the advantage of self flowing capacity without any external 
vibration. The SCC can be made with or without mineral additions but it includes chemical 
admixtures to enhance its flowability. The extra ingredients added to SCC influences it’s 
mechanical and fracture behavior. 

In a quasi-brittle material like concrete it is observed that the material failure is due to the 
development of cracks. The development of micro-cracks and its coalescence to form a macro 
crack decide the brittleness of the concrete. The growth and distribution of micro-cracks depend 
mainly on the microstructure of concrete. This microstructure of SCC decides the crack 
propagation and its path based on the fracture process. The fracture process zone (FPZ) in quasi-
brittle materials is characterized by progressive damage with material softening, as a 
consequence of micro-cracking, crack deflection, void formation, interface breakage, and other 
phenomena as cited by Shah (1995). Over the last two decades, studies on fracture mechanics of 
quasi-brittle materials like concrete indicate that the size effect influences crack initiation, 
collapse strength and post peak behavior during crack localization. The initiation and 
propagation of fracture in concrete is associated with the development of the FPZ, and the size 
is generally large enough to be considered in the study of structural response. 

A wide variety of measurement systems such as strain gauges, extensometers and linear variable 
differential transformers (LVDT) are in use to measure the displacements. But these 
measurement systems need to have physical contact with the test specimen, constraining the test 
program. A non contact digital image correlation technique developed in the recent past (Lawler 
(2002), Shi (2007), and Shah (2010)) to observe the process zone based on the measurements of 
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the surface displacement field. A digital camera is used to acquire images. The images are 
concentrated on the area surrounding the notch and are processed using a cross correlation 
algorithm to obtain the information on fracture processes. 

In this work, three geometrically similar beams made of three SCC mixes are cast and tested. 
The three mixes are SCC1, SCC2 and SCC3. SCC1 without mineral admixture, SCC2 with fly 
ash at 20% by weight of cement without cement replacement and SCC3 with fly ash and micro 
silica at 20% and 10% by weight of cement respectively, in addition to OPC are used.  Image 
analysis using digital image correlation technique and scanning electron microscopy are used to 
explain the process of cracking and the fracture behavior. 

2 EXPERIMENTAL DETAILS 

2.1  Materials 

Ordinary Portland Cement (OPC) conforming to Indian Standards (IS: 12269-1987) is used for 
this work. Natural sand (0-3mm) and gravel (3-12.5mm) are used for SCC mixtures. A 
polycarboxylate based super plasticizer incorporating viscosity modifying agent is used for 
enhancing the workability. SCC is made without any mineral admixture but with 
superplasticizer to enhance the workability. Mix proportion details are tabulated in Table 1. 

 

Table 1 

SCC Proportion details  

Material SCC1 

 

SCC2 

Kg/m3 

SCC3 

Cement 490 480 490 

Fly ash ---- 96 98 

Silica Fume ---- ---- 49 

Fine aggregate 865 819 838 

Coarse aggregate 758 699 683 

Water 221 220 186 

Super plasticizer 4.9 10.1 11.6 

2.2  Casting and curing 

For self compacting concrete, the fresh properties are as important as their hardened properties 
(Ozawa (1999), EFNARC (2002), and Masahiro (2005)). Initially, based on trials, SCC mixes 
are proportioned to achieve self compactability as well as the target strength. The test results for 
qualifying the SCC are tabulated in Table 2. 

 
Table 2 
 
Fresh properties of SCC along with EFNARC qualifying standards 

Test Mix 1 EFNARC 
(2002)standard 

Slump-flow (mm) 700 650-800 

L-Box  (h2/h1) 1 0.8-1.0 

V-Funnel (seconds) 6 6-12 
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After testing for fresh properties, the SCC mixes are poured into the respective moulds. The 
moulds for three point bend test are fabricated for dimensions as shown in Table 3. After 24 
hours the prisms are de-moulded and cured under water for 28 days. 

 

Table 3 
 
Dimensions of beams 

Beam 
designation 

Depth 
d (mm) 

Span 
S (mm) 

Length  
L (mm) 

Thickness 
b (mm) 

Notch size 
a0 (mm) 

Small 76 190 241 50 15.2 

Medium 152 380 431 50 30.4 

Large 304 760 810 50 60.8 

2.3 Testing of Specimens 

The uniaxial compressive strength is obtained on standard cubes of 150 mm size for the 
qualifying mix. The modulus of elasticity is assumed based on the relationship with 
characteristic compressive strength. The split cylinder test (Brazilian cylinder test) is performed 
on 300 mm long cylinders with 150 mm diameter. The mechanical properties of the mix are 
presented in Table 4. 

 

Table 4 

 
Mechanical properties of hardened SCC 

Material Compressive strength 
(MPa) 

Modulus of elasticity 
(GPa) 

Splitting tensile strength 
(MPa) 

SCC1 35 25 3.24 

SCC2 
55                       

29 4.67 

SCC3 
75 

32 6.5 

    

All the prism specimens cast are tested in a closed loop servo-controlled testing machine of 500 
kN capacity under three point bending. A specially calibrated 50 kN load cell is used for 
measuring the load. The load-point displacement is measured using a linear variable 
displacement transformer (LVDT). The crack mouth opening displacement (CMOD) is 
measured with a clip gauge. All the tests are performed in CMOD control with a rate of opening 
of 0.0007 mm/sec.  The results of load, displacement, CMOD and time are simultaneously 
acquired through a data acquisition system. During the experiment, speckle patterns are made 
on the surface of the specimen as per the specification given in many literature as cited (Lawler 
(2002), Shah (2010) and Shih (2008)) and images are acquired using a remote controlled digital 
camera. 

2.4  Image details 

A Sony camera with zoom lens which has the field view to cover the entire test block, is 
mounted in front of the test block. The camera is controlled with a remote-controller to shoot 
high quality images avoiding vibrations caused by manual operation of the camera, and 
minimizes the analytical errors. The maximum resolution is 3456 x 2592 pixels and the images 
are stored in JPEG format and are later converted to TIFF format for further analysis. 
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3. RESULTS AND DISCUSSION 

Digital image correlation (DIC) has shown itself to be a very valuable tool for over twenty years 
in full field displacement measurements to detect cracks in concrete and other materials  (Sutton 
(1987), Bruck (1989), Choi (1997), Roux (2006)). For quasi-brittle materials,  a  large  FPZ 
which  consumes  a large  amount  of  energy  prior  to  failure  is  usually formed ahead of the 
crack tip. This FPZ, schematically represented in Fig.1, provides concrete with its quasi-brittle 
response.  
 

 
Figure 1.  Fracture process zone in concrete 

 

The objective of this study is to estimate the stress intensity factors which characterize the 
material failure. The crack tip location and crack length measurement provide how the criticality 
of crack changes from small size specimen through large size specimens for three SCC mixes. 

Table 5 shows the average peak loads for three sizes of three SCC mixes. It is seen from the 
obtained peak loads, the presence of fly ash and silica fume in SCC2 and SCC3 improves the 
load carrying capacity. 

Table 5 

Average peak loads of beams in kN 

 
Beam 
designation 

SCC1 SCC2 SCC3 

Small 2.035 2.924 4.204 

Medium 3.96 5.02 6.55 

Large 6.402 8.57 11.54 

 

Figure 2 shows typical load versus crack mouth opening displacement (CMOD) plots for all the 
three sizes of beams with image number indicated at different load stage for SCC1. It is 
observed that the linearity of the pre peak changes at around 80% of the peak load for all sizes 
and for all the three SCC material. This non linearity is due to the development of micro-cracks 
in the fracture process zone ahead of the crack tip as shown in Fig. 1. The crack tip location to 
estimate stress intensity factor is measured at different loading as indicated by the image 
number. 
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Figure 2.  The Load CMOD plot with image number at different load points for small, medium and large 
SCC1 beams. 

Fig. 3 shows a three dimensional profile of the deformation taking place during different stages 
of loading. This figure depicts the progression and opening of the crack during the test until its 
failure. 

 

Figure 3.  Typical displacement profile for large SCC1 specimen during different loading as shown by 
image numbers .  

 

The crack tip location measured from this 3-D displacement profile enables to measure stress 
intensity factor by using the Equation (1) 
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In these equations,“a“ is considered to be an effective crack length which is greater than the true 
crack and includes the fracture process zone. The function g1 depends on the geometry of the 
specimen  especially  loading  arrangement  and  is provided by stress analysis, ac is the critical 
notch depth and  KIC  is  the  critical  stress  of  the  notched section.  

 

 

Figure 4. Typical  image number versus load and crack length plot for small SCC3 

 

Fig. 4 shows the increase in the crack length at different stages of loading. The crack 
corresponding to peak load is defined as the critical crack length and is measured from the 
image at maximum load. The linear elastic fracture mechanics parameter fracture toughness is 
obtained from as the value corresponding to the critical crack length. Table 6 reports the values 
of mode I fracture toughness computed for three SCC mixes by using equation (2). 

 

Table 6 

Mode I fracture toughness (KIC)  for three SCC 

Parameter KIC(DIC) 

MPa√m 

KIC (BazantSize effect) 

MPa√m 

KIC [8] 

MPa√m 

SCC1 0.715 0.905  0.76 (NVC)   

SCC2 1.021 1.119 ----- 

SCC3 
1.214 1.426 0.95(NVC) 
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The fracture toughness obtained using Bazant’s size effect law is also reported in the same table. 
It is seen that the KIC obtained from DIC is in good agreement with that obtained using the size 
effect law. In the same table, the fracture toughness obtained by Gettu et al. (1990) for normally 
vibrated concrete (NVC) having similar compressive strength as SCC1 and SCC3 are reported. 
Although the value for SCC1 is very close to NVC, the value for NVC having similar 
compressive strength as SCC3 is very much lower. This indicates that addition of mineral 
admixtures such as silica fume and fly ash makes the material tougher. Fig. 5 shows the 
scanning electron microscopic (SEM) images obtained from the fractured surface of SCC3 at 
different locations. From these images it is seen that the cracks are originating from the voids or 
pores and propagated along the interfacial transition zone (ITZ) or through matrix instead of 
passing through the coarse aggregate as observed in high strength NVC.   

        
Figure 5.  SEM of SCC3 at fractured surface showing cracks are originated from the pores and 
propagating through the ITZ or matrix 

The higher fracture toughness in SCC2 and SCC3 is due to the un-hydrated products present in 
it due to the presence of class F fly ash as shown in fig. 6(a) and 6(b). It shows that the 
hydration of SCC with class F fly is not complete in 60 days. Also the coarse aggregate used in 
this study is found to be tougher compared to ITZ which makes the crack to pass through 
around it. 

       

Figure 6(a) Unreacted product present in SCC3 6 (b) Unreacted fly ash present in SCC3 after 60 days.   

 

Fig. 7 shows the plot between different sizes of beams and critical crack length normalized with 
the beam depth. It is observed that the critical length decreases from small size specimen to 
large size specimen indicating an increase in brittleness from small size through large size for 
all the three SCC mixes. This increase in brittleness is due to the decrease in size of the fracture 
process zone from small to large sizes of beams.  
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  Figure 7.  Beam depth versus normalized critical crack length 

4. CONCLUSION 

Failure of SCC, like any other concrete, is governed by the propagation of cracking. The brittle 
behavior is expected in SCC because of the presence of more powder and less coarse aggregate 
content. But the SEM images as well as the fracture toughness obtained by DIC technique prove 
that the SCC is not brittle. The determination of fracture toughness by using crack tip location 
and crack lengths makes DIC technique attractive as it is very difficult to obtain these 
parameters through any other methods. 
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