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ABSTRACT. A series of geometrically similar concrete beams of small,
medium and large beam sizes has been tested under the action of monotonic
and fatigue loading. Digital image correlation technique has been utilized to
understand the fracture processes and crack growth behavior in concrete.
The tip of effective crack in concrete beams under static and fatigue loading
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has been calculated through DIC analysis. Further, existence of size effect
has been observed when the results of geometrically similar concrete beams
were compared.
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INTRODUCTION

ost of the civil engineering structures are subjected to repetitive loading during their service life. Under the

application of load, the pre-existing randomly oriented internal cracks/defects slowly localise to form a major

cracks which propagate in stable manner up to peak load. Beyond peak, the crack propagation becomes unstable
leading to a softening type of behaviour. A considerable size of inelastic zone ahead of crack tip called fracture process
zone (FPZ) is responsible for the exhibition of size effect in concrete like material. In heterogenous material like concrete,
understanding and modelling of FPZ is complex and challenging. A precise understanding of the formation and behaviour
of fracture process zone is very much important and has been attempted in the present study. Fracture energy is an
important parameter and governs the fracture behavior. Calculation of fracture energy is generally done by using
experimental results of monotonic loading. However, under fatigue loading determination of fatigue fracture energy is
important and is lacking in the literature. The fatigue fracture energy is also defined as critical energy dissipation and is
associated with the growth of macro-crack in each load cycle, which is equal to the sum of energy dissipations in all nano-
scale cracks inside the fracture process zone [1]. Therefore, a thorough investigation on fracture process zone in concrete
under the action of fatigue is essential for accurate estimation of critical fracture energy. Attempts have been made by
various researchers to charactetize FPZ in concrete by following experimental and analytical approaches. Acoustic
emission (AE) technique and digital image correlation (DIC) techniques are being commonly used [2-14] now a days
through which a better understanding can be achieved on the fracture process ahead of the crack tip. Different phases of
fracture process zone has been studied by Mihashi et al. [2] using three-dimensional acoustic emission technique.
According to the Authors, fracture process zone is developed at the peak load with an increased absorbed energy. An
extension in critical crack width has been observed with the increase in width of fracture process zone. Zhang and Wu [3]
have calculated the length of fracture process zone of notched concrete beams under three-point bending test through the
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analysis of load-deflection curves and acoustic emission analysis. Extension of crack has been calculated using the stiffness
and AE record equivalence. It has been found that the size and evolution of FPZ can be determined through the
difference of equivalence. Further it has been observed that the length of fracture process zone increases when the crack
extension is small. Tejchman et al. [4] have investigated the properties of fracture process zone in notched concrete
beams under quasi-static three-point bending test at meso-scale level. A numerical model has been used to study the strain
localization phenomenon in concrete. The numerical model is further strengthened by incorporating the effect of
characteristic length of micro-structure. The results obtained through the model has been compared with the results of
digital image correlation method. Shah et al. [6] have investigated different fracture properties of concrete-concrete
interfaces using digital image correlation technique. In their study, mode I and mode II fracture toughness and critical
energy release rate have been determined using DIC technique. Different parameters such as surface displacements, strain
components, crack opening and sliding displacements, load-point displacement, crack length and crack tip location have
been determined through the analysis of images captured using DIC. The results obtained from the DIC analysis have
been compared with the experimental results. Fracture process zone properties of concrete have been investigated by Wu
et al. [15] using digital image correlation technique. In their study, it was observed that the length of FPZ increases until it
is fully developed and decreases thereafter. Another study has been carried out by Skarzynski and Tejchman [16] to
investigate the fracture processes in plain and reinforced concrete beam using DIC technique. Beam specimens were
tested under quasi-static three-point bending test with eight concrete mixes. In addition, the effects of aggregate shape,
volume, and size in concrete have been considered. Digital image correlation technique has been used to measure the
surface displacement of concrete. Width of a localized zone has been found to increase with the increase in the maximum
aggregate size. Ohno et al. [17] have applied acoustic emission technique on notched concrete beam specimen tested
under three point bending. AE signals were analysed through Green's functions for moment tensor analysis. From the
experimental results it has been confirmed that, fracture energy increases with the increase of maximum size of the
aggregate. Additionally, the width of fracture process zone has been determined through results of AE source location. An
increase in energy has been observed with the wider size of fracture process zone . Alam et al. [18, 19] have estimated
crack opening and size of the fracture process zone using both digital image correlation and acoustic emission technique.
DIC has been used to predict the crack opening at various stages of cracking, wherein AE technique has been used to
mark the locations of crack growth due to micro/macro crack. Both the techniques have been found to be effective for
the understanding of fracture processes in conctrete structures. The same research group [20] in another work have
addressed the effect of structural size on propagation of cracks in reinforced concrete beams using DIC technique.
Trivedi et al. [21], have performed experiments on pre-notched concrete beam specimens under three-point bending. The
Authors have used DIC technique and proposed a new scheme called Optical Crack Profile (OCP) to evaluate the full
field of displacement and strains for visualizing the fracture growth, fracture propagation in plain concrete. The length and
width of the fracture process zone are observed to be in agreement with the guideline of ACI-446 and literature study. Xie
et al. [22] have conducted three-point bending tests on notched beam specimens to study the fracture behavior of fly ash
based geopolymer concrete. Crack opening displacement, crack extensions and mid span deflections have been measured
through DIC analysis.

SPECIMEN PREPARATION AND EXPERIMENTAL DETAILS

Portland cement. In the mix design, the maximum size of coarse aggregates used is 12.5 7. The specific gravity

of fine and coarse aggregates are determined to be 2.71 and 2.62 respectively. Cube compressive strength values
after 28 days of curing have been found to be 34.5 MPa. The values of modulus of elasticity and the tensile strength of
concrete are 25000 MPa and 3.5 MPa, respectively. Pre-notching has been done in the beam at the time of casting itself.
The specimen dimensions have been decided according to RILEM recommendations and are provided in Table 1. The
span to depth ratio S/D in each specimen has been kept equal to 4 and the width B is kept 50 z. The notch to depth
ratio (ao/D) is kept 0.2. The schematic diagram of a typical beam has been shown in Fig. 2. Monotonic and fatigue testing
have been carried out on concrete beams using 250 £N servo-hydraulic MTS testing facility. The DIC set-up consists of a
pair of digital camera and a VIC-2D software to analyses the images. During testing process, the whole specimen is
illuminated by providing white light. The entire arrangement is shown in Fig. 3. Pre-notched beam specimens of small,
medium and large sizes have been subjected to three point bending tests under the action of monotonic increasing load.
The testing has been performed under crack mouth opening displacement (CMOD) controlled manner at an approximate
rate of 0.0005 mm/sec. The CMOD measurements have been obtained using a cantilever type clip gauge placed between

( ; eometrically similar beams of small, medium and large size as shown in Fig. 1, have been casted using ordinary
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the knife edges and connected to flex test conditioner. The vertical displacement at the centre of the beam is measured by
connecting a Linear Variable Displacement Transducer (LVDT) as shown in Fig. 3. The relationship between the load-
CMOD and load-displacement are recorded during entire test run. After testing of specimens under static loading, fatigue
tests have been performed under load control manner with sinusoidal wave form of frequency 1 Hz with an acquisition of
load, CMOD, time, counts, stroke (displacement of the piston) data. Varying load amplitude has been considered in the
present study. The minimum (P, and maximum loads (P, for the repetitive load cycles have been kept as 0.1 £N and
0.5 £N respectively for first 200 load cycles. Beyond every 200 load cycles, the maximum load level is increased by 0.5 £N.
The typical loading pattern is shown in Fig. 4.

Figure 1: (a) Geometrically similar beams of small, medium and large size.

Dimensions
Specimen Span (S) Length (L) Depth (D) Width (B) Notch size
designation (mm) (mm) (mm) (mm) (a0) (mm)
Small 200 300 50 50 10
Medium 400 550 100 50 20
Large 800 1000 200 50 40

Table 1: Specimen geometry of beam specimens

Experimental results of plain concrete beams of different size tested under three point bending are provided in this
section.

DIC technique has been employed during the entire test period. The basic principle of DIC is that, it compares digital
images of a test specimen at both deformed and undeformed stage. The surface displacement and full field 2D
deformation and strain contours can be measured by tracking a collection of pixels blocks called subset with unique
speckle pattern in the series of images.
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S
Figure 2: Schematic diagram of a beam
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Figure 3: Fatigue test set up for three-point bending
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Figure 5: Load-CMOD vatiations for different beam specimens under static loading

The relative displacements are calculated by monitoring and determining the coordinates of the subsets in the digital
images. The DIC set-up consists of a digital camera and a VIC-2D software to analyses the images. During the testing
process, the whole specimen is illuminated by providing white light. In order to obtain accurate surface deformation and
strain measurements in DIC technique, the specimens are prepared with high contrast speckle pattern. A typical speckle
pattern applied on beam specimens has been shown in Fig. 1. Good contrast with the background is achieved by first
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coating the specimens with white paint. Continuous images are taken during the entire experimentation. The undetlying
principle of correlation software is to recognize and track a specific subset on the series of captured images.

RESULTS AND DISCUSSIONS

0.15 &N, respectively. Variation of recorded load values and corresponding crack mouth opening displacements

(CMOD) have been plotted for three beam sizes in Fig. 5. At about 95% of the peak load, crack initiation has
been observed with the final CMOD values of 0.76 mm, 0.96 mm and 1.73 mm for small, medium and large specimen
respectively. During the fatigue test, crack mouth opening displacement values are recorded for every loading and
unloading cycles. Typical variation of CMOD with load (Load-CMOD) for selected number of load cycles for medium
beam specimen is shown in Fig. 6. Crack propagation for medium size beam has been shown in Fig. 7 in terms of
horizontal strains corresponding to percentage of loads. Predictions have been made corresponding to (a) peak load (b)
90% post peak load (c) 70% post peak load (d) 50% post peak load (e) 30% post peak load and (f) 15% post peak load.
Similar results have been shown in Fig. 8 for beams under fatigue loading. Load displacement variations for selected
numbers of load cycles have been presented in Fig. 9. Based on the experimental results critical energy dissipation has
been calculated for small, medium and large size beam specimens. The results of critical energy dissipation has been
presented in Fig. 10.

T he maximum static load has been recorded for small, medium and large beam specimens as 2.35 &N, 3.97 £N and

Estimation of tip of effective crack

A method has been proposed in the present study to estimate the tip of effective crack under monotonic and
repetitive loading conditions. In this method, the tip of effective crack has been located corresponding to the
negligible horizontal displacement jump on either side of crack. During DIC analysis origin is marked at the tip
of initial notch. Horizontal displacements fields are obtained corresponding to various reference lines through
DIC analysis. Typical variation of horizontal displacement values against distance (X) corresponding to the
reference lines, Y =4.9, 17.17, 41.68 and 49.31 mm are presented in Fig. 11. In this case, the displacement
jump/opening has been calculated corresponding to the peak load with respect to different horizontal cross-
sections. From Fig. 11, it can be observed that, the tip of the effective crack is located at 49.31 mm from the
notch tip in the case of medium size beam when loaded statically. Further, the size of effective crack length has
been estimated to be 26.2 mm and 98.1 zm respectively for small and large beams respectively. Similar procedure
has been adopted in order to locate the tip of effective crack in medium size concrete beam under fatigue
loading. Analysis has been done for 1180™ load cycle for medium size beam and the tip has been located at
47.55 mm beyond the initial notch. For small size beam, an effective crack length of 25.4 7 has been observed
at 200" load cycle. Further, for large size beam the tip of effective crack has been found to be loacated at 102.8
mm from the initial notch length corresponding to 1395" load cycle.

~
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Figure 6: Load-CMOD variation for medium size beam specimen under fatigue loading.
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Figure 7: Horizontal strain contour for medium beam specimen under static loading at (a) peak load (b) 90% post peak load (c) 70%
post peak load (d) 50% post peak load (e) 30% post peak load (f) 15% post peak load.
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Figure 9: Load-displacement plots under fatigue loading for (a) large (b) medium and (c) small beam specimens.
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Figure 10: Critical energy dissipation for beam specimens under fatigue loading.

0.45

An increase in propagation of crack has been observed in Fig. 7, from peak load to 15% post peak load.
Corresponding to Fig. 7 (a), the effective crack length is expected to be critical and it has been confirmed
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through the DIC analysis procedure. After peak load, an unstable crack growth has been observed through DIC
analysis which can be further justified in Figs. 7 (b)-7 (f). Similar observations has been made in Fig. 8(f) in the
case of fatigue loading, where the possibility of critical effective crack at 1180 cycle has been confirmed with
the calculated value prior to failure.
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Figure 11: Displacement profiles at peak load for medium size beam specimen under static loading

Validation of DIC results

Accuracy of the results obtained by DIC analysis has been verified in this section. Experimental results of medium beam
specimens for both static and fatigue loading cases has been considered for validation study. Vertical displacements below
the load point have been obtained through DIC analysis. Images corresponding to peak load, 90% post peak load, 70%
post peak load, 50% post peak load, 30% post peak load and 15% post peak load has been picked for medium beam
specimens under static loading. For specimens under fatigue loading, images have been considered at a interval of 100
cycles. Vertical displacements obtained from DIC analysis have been compared with experimental results at different
percentage of post peak load as shown in Fig. 12 for static loading condition. Similarly, for fatigue loading cases vertical
displacements obtained from DIC have been compared with experimental results as shown in Fig. 13. A reasonably good
agreement can be observed between DIC analysis results and the experimentally recorded values.

Conclusions

An experimental investigation has been conducted on geometrically similar concrete beam of different sizes in order to
understand the fracture processes and fatigue crack growth behaviour of beams under monotonic and fatigue loading.
Digital image correlation technique has been adopted in this study. The horizontal displacement jumps are obtained
corresponding to various reference lines through DIC analysis. Tip of effective crack has been located where the jump of
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the horizontal displacement is negligible. Critical effective crack length has been obtained for medium size beam
specimens under static and fatigue loading cases. Further, an increase in critical energy dissipation has been observed with
the increase of the size of the specimen indicating the exhibition of size effect.
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Figure 12: Variation of vertical displacement with different percentage of post peak load.
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