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Abstract. Measuring crack length in concrete fracture test is not a trivial problem due to high speed crack
propagation. In this study, mechanoluminascent (ML) material, which emits visible light under stress condition,
was employed to visualize crack propagation during concrete fracture test. Three-point bending test was conducted
with a notched concrete beam specimen. The cracking images due to ML phenomenon were recorded by using
a high speed camera as a function of time and external loadings. The experimental results successfully
demonstrated the capability of ML material as a promising visualization tool for concrete crack propagation. In
addition, an interesting cracking behavior of concrete bending fracture was observed in which the crack
propagated fast while the load decreased slowly at early fracture stage.

Keywords: mechanoluminescence; concrete fracture; high speed crack detection; cracking images; three-
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1. Introduction

Concrete is a quasi-brittle material which shows additional energy absorption capacity even after
reaching its maximum strength. Due to the quasi-brittle characteristic, one can observe stable crack
propagation in concrete fracture test using closed-loop testing system (Shah et al. 1995, Mier 1997).
Closed-loop testing system usually employs crack-mouth-opening- displacement (CMOD) as a control
signal for concrete fracture test. In order to provide stable crack propagation, the testing system
controls hydraulic actuator so that the CMOD maintains a constant rate of increase. Once the stable
crack propagation is obtained during the test, one can estimate crack length using traditional measuring
tools such as optical travelling microscope, which can identify tiny crack tips of stationary posed
cracks in quasi-brittle materials (Labuz ef al. 1985).

It is generally understood that the use of controlled fracture test scheme is inevitable to obtain
stable crack propagation, to measure crack length, and to quantify fracture properties. However the
reality of concrete fracture is far away from the cracking behavior of controlled experiment. When
applied load exceeds the maximum strength of concrete, cracks are initialized and propagate rapidly
without any constraints. This cracking behavior is more similar to that of unmanipulated fracture
test, which does not use any constraints for stable crack propagation after maximum load but let the
specimen fail naturally. Therefore, in the viewpoint of phenomenological similarity, to study cracking
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behavior of concrete in unmanipulated fracture test helps to understand more fundamental aspects of
concrete fracture.

The testing equipment for unmanipulated fracture test is much simpler than that for controlled
fracture test since no displacement control scheme is required. However, crack length measurement
in unmanipulated fracture test is more complicated than that in controlled fracture test. The crack
propagation in unmanipulated fracture test is not stable and very fast. Due to the high speed crack
propagation, traditional measuring tools such as optical travelling microscope cannot be the option
for crack length measurement.

Alternative method for crack length measurement in unmanipulated fracture test is to use surface
strain gauges. In this method, strain gauges are installed near the crack path (not on the crack path)
to measure strain changes in perpendicular direction to the crack path. During the crack propagation,
the strain near the crack tip is abruptly changed and this strain change can be recorded as a function
of time using high speed data logging system. Using the time and strain information, one can
estimate the crack length as a function of time (Yu et al. 2010). Although this method is very useful
to estimate crack length with fast loading rates and fast crack propagation, there are several limitations:
the crack path should be known prior to the test; only small number of surface strain gauges can be
installed to lab-size testing specimens hence the resolution of the crack length estimation is very
limited.

A novel technology in material science, Mechanoluminescent (ML) material, has been focused
and developed in the past decades due to its potential capability as a stress indicator (Xu et al. 1999,
2000, Sohn et al. 2002, Kim et al. 2003, 2005, Sohn et al. 2005, Kim et al. 2008, Li et al. 2008). The
ML materials have similar aspects to piezoelectric materials such as Pb-Zr-Ti. Piezoelectric materials
emit electric signal when mechanically excited (Giurgiutiu 2008). On the other hand, ML materials
emit visible light when mechanically excited. The visible light emission under stress condition can
be a powerful tool for monitoring crack propagation in fracture test.

Good examples of natural ML materials are sugar and quartz crystals. However, the ML efficiency of
the materials is not enough for practical applications. Some efficient synthetic ML materials have
been emerged (Xu et al. 1999, Kim et al. 2003, Sohn et al. 2005) and SrAL,0,:Eu, Dy phosphor is
one of the promising synthetic ML materials. SrALO4:Eu,Dy phosphor has been used as a stress
indicator since it was prepared in a bulky epoxy mixture form (Sohn et al. 2002). The researchers
developed the “stress indicator” with Sr4/,04:Eu,Dy phosphors in various forms such as sintered
ceramics (Kim et al. 2003), paints (Kim ez al. 2005), and thin films (Sohn et al. 2005, Li et al. 2008).

This study investigated the capability of the ML material as a visualization tool for concrete crack
propagation in unmanipulated fracture test. For this purpose a simple experimental program was
designed. The experimental program conducted Mode I fracture test of a notched concrete beam
using three-point bending configuration. A paint type ML material and a high speed camera were
utilized to capture the images of high speed crack propagation under unmanipulated fracture condition.

2. Experiment

2.1 Fabrication of concrete specimen

A notched concrete beam specimen was prepared for the experiment. The specimen had dimensions
of 50x100x400 mm and a notch of 50 mm as shown in Fig. 1. A normal strength concrete was used
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400 mm 50 mm
(a) Front view (b) Section
Fig. 1 Dimensions of notched concrete beam specimen
Table 1 Mixture proportion of concrete
Water (kg/m’) Cement (kg/m’) FA (kg/m’) CA (kg/m’)
195.23 358.63 839.68 859.21

NOTE: FA=Fine Aggregate, CA=Coarse Aggregate

to fabricate the beam specimen. Table 1 shows the mixture proportion of the concrete material. The
water-to-cement was 0.54 and the fine-to-coarse aggregates ratio was approximately 0.5. ASTM type |
cement, crushed stone with maximum size of 10 mm and standard sand were used for the binder,
coarse aggregates and fine aggregates, respectively.

The concrete mixing procedure was as follow. The fine aggregates and coarse aggregates were
initially dry-mixed for 1 minute. Cement was added and dry-mixed for additional 1 minute. Water
was added after dry-mixing procedure finished. The concrete was mixed for 5 additional minutes.
All mixing procedure was conducted manually. After mixing, fresh concrete mixture was cast into a
beam mold and 1 mm thick steel plate was inserted on the casting side in order to make a notch on
the beam specimen. The specimen was cured in lab condition (25°C and 50% RH) for 12 hours.
Subsequently it was de-molded and cured for 1day in high temperature and humidity chamber (100°C
and 100% RH) for fast strength gain.

2.2 Testing setup

Fig. 2 shows the experimental setup for three-point bending fracture test. A paint type ML
material was prepared based on the work done by Kim et al. (2005), i.e., the ML paint was produced
by mixing an epoxy resin with 15 vol.% of Sr4/,04: Eu,Dy powder. The ML paint was applied to
50 mmx50 mm area ahead of the notch tip. The ML paint applied on the specimen was cured for

Mechano-Luminescent

~ Paint
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[ |
. H./ —— CMOD Gauge ‘

150 mm 150 mm

Fig. 2 Experimental setup for three-point bending fracture test
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3 days in lab condition so that the epoxy resin could have enough stiffness. The thickness of the
paint was approximately 0.2 mm.

A CMOD gauge was installed to the specimen with the help of knife edges attached near the
notch mouth. The edge-to-edge space between the knife edges was 10 mm and the thickness of the
knife edges was 6 mm.

2.3 Loading and data acquisition

The specimen was tested using three-point bending configuration. The span length between the
lower supporting rollers was 300 mm. The ML paint on the specimen surface was excited by an
ultraviolet lamp with wave length of 365 nm for 5 minutes prior to loading. A monotonic load was
applied to the center of the beam specimen with the rate of 2 kN/min.

The visual images of the painted area were recorded using a high speed camera with the rate of
250 frame/sec. The loading signal was fed into the high speed camera system for the synchronization
between the load and the cracking images. The load and CMOD signals were also recorded using a
high speed data logging system with the rate of 250 sample/sec.

3. Results
3.1 Load-CMOD response and cracking images
Fig. 3 shows the load-CMOD response of the bending fracture test. The load-CMOD curve rapidly

increases up to the maximum load of 1.5 kN and gradually decreases after that. It should be noted
that the bending test was conducted using unmanipulated fracture test scheme; consequently the
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Fig. 3 Load-CMOD response
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Fig. 4 Sequential ML images of crack propagation

load-CMOD response after maximum load was the result of natural failure of the beam specimen.

Fig. 4 shows the sequential images of the crack propagation. Each image in the figure represents
the cracking status at the corresponding data point on the load-CMOD curve in Fig. 3. Images #1 - #3
belong to the loading region and the time gaps among the images are approximately 1.5 sec each. Images
#3 - #12 belong to the natural failure region and the time gaps among the images are approximately
0.004 sec each. Images #1 and #2 show micro-crack initiation although they are not very clear due
to the background noise of the images. The crack formation is much clear in Image #3, which
corresponds to the peak location on the load-CMOD curve in Fig. 3. The crack propagation is clearly
observed in Images #4 - #12.
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3.2 Load, CMOD, and crack length change as a function of time

Figs. 5, 6, and 7 show the load, CMOD, and crack length changes as a function of time, respectively.
The origin of time-axis in the figures corresponds to the time of maximum load of the fracture test.
The load and CMOD information were obtained directly from the data logging system while the
crack length was manually measured from the sequential images in Fig. 4.

The load change as a function of time (Fig. 5) shows a high nonlinearity with a turning point at
the time of 0.024 sec. The load is slightly decreasing up to the time of 0.024 sec, subsequently it
shows a rapid decrease. The CMOD change as a function of time (Fig. 6) shows a similar trend to
the load change except for the changing direction. The CMOD is slightly increasing up to the time
of 0.024 sec, subsequently it shows a rapid increase. The crack length change as a function of time
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Fig. 6 CMOD change as a function of time
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Fig. 7 Crack length change as a function of time

(Fig. 7) is quite different from the load and CMOD changes. The crack length increases in linear
manner with no distinct turning point, which is observed in the load-time and CMOD-time curves at
the time of 0.024 sec.

4. Discussion

The original goal of this study is to investigate the capability of the ML material as a visualization
tool for crack propagation in concrete fracture test. In this sense, the sequential crack images shown
in Fig. 4 validate the achievement of the original goal. In addition to these images, several results of
interest have been observed due to the unique feature of ML material, visible light emission under
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stress condition.

Fig. 8 shows the load-crack length response of the test. The first insight regarding the crack
propagation judged from the load-crack length curve is that the crack propagation at early fracture
stage is quite fast compared to the load decrease. For instance, at the data point #9, the crack length
is about 20 mm and the load is about 1.4 kN. The crack length of 20 mm is 40% of the maximum
potential crack length (50 mm) of this test setup while the load of 1.4 kN is less than 10% decrease
from the maximum load (1.5 kN).

The fast crack propagation at early fracture stage implies that the crack length increases
continuously while the load is sustaining for a certain time period. The load as a function of time
(Fig. 5) is almost sustaining up to the time mark of 0.024 sec. During this time period the crack
length as a function of time (Fig. 7) is linearly increasing. This time period is defined here as
“load sustaining period” of unmanipulated fracture test since it cannot be observed in
displacement controlled fracture test.

The fast crack propagation during the load sustaining period is an interesting observation since it
seems to be linked with the cross sectional cracking profile in concrete beam fracture. It was reported
that, in controlled fracture test of concrete beam specimen, the crack length on the beam surface is
greater than that in the interior beam. In other words, the cross sectional cracking profile along the
crack path shows a saddle shape so that the crack front is shallow in the interior and deep on the
beam surface.

The cross sectional profile in concrete beam fracture has been revealed by dye penetration technique
(Swartz and Go 1984) and also acoustic emission technique (Maji et al. 1990). If we assume this
cross sectional cracking profile for the unmanipulated fracture test, the fast crack propagation during
the load sustaining period may be explained as: during the load sustaining period, very small amount
of the overall cracked area was increased hence the resisting load was slightly decreased. However,
during the same period, the surface crack propagated continuously so as to form the saddle shape of
cross-sectional cracking profile.

5. Conclusions

This study employed ML paint to visualize fast crack propagation in concrete fracture test and
successfully demonstrated the capability of ML paint as a promising visualization tool for high
speed crack propagation. The experimental results also revealed that, in unmanipulated concrete
fracture test, the surface crack propagation at early fracture stage is quite fast compared to the load
decrease. The amount of load decrease at the early fracture stage was quite small compared to the
magnitude of the maximum load. Based on this fact, the early fracture stage was defined as “load
sustaining period” in unmanipulated concrete fracture test. The reason for the fast surface crack
propagation with slow load decrease was conjectured from the saddle shape of cross-sectional
cracking profile of concrete beam which is usually observed in controlled bending fracture test.
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