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Abstract. In most concrete-related computer tomography (CT) experiments, detailed information on the damage and
fracture process is obtained using nonreal-time approaches, with the CT method constantly regarded as a qualitative
method. This study develops a quasi real-time method with the use of experimental instruments. The average CT number
is used to analyse the damage and fracture process in concrete specimens and the theory that underlies concrete damage
and fracture is improved. Various characteristics of the fracture form in different loading cases are investigated at the
macro and micro levels. This study provides a convenient and fast method for qualitatively and quantitatively analysing

concrete.
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Introduction

Concrete is critical to the construction of buildings and
has been studied for many years. Given the complex in-
ternal structures of concrete, the relationship between its
microstructure and mechanical properties remains inad-
equately understood. Several techniques have been used
to non-destructively investigate concrete materials. Such
procedures include the acoustic emission (AE) method,
computer tomography (CT), the nonlinear ultrasonic
(NLU) method (Chai et al. 2011), elastic wave meth-
od (Kocur et al. 2010; Langenberg et al. 2006), and the
digital laminography method (Wakimoto et al. 2008). Of
these, AE and CT are the most extensively applied.

AE, which is capable of real-time damage monitoring
(Degala et al. 2009), has potential applications in moni-
toring material integrity. Sagar and Prasad (2011a, 2011b)
conducted AE experiments to investigate the frac-
ture energy of a concrete specimen, after which they
combined the numerical simulation method with AE
and discussed damage distributions in concrete. Rossi
et al. (2012) used AE to investigate the basic creep be-
haviour of concrete. Shah and Ribakov (2010) com-
bined two non-destructive evaluation methods (AE
and NLU) to discuss crack distribution. AE techniques
have also been used to study the fracture behaviour of

concrete — concrete interfaces (Shah er al. 2010). Al-
though the AE method can more rapidly, accurately and
quantitatively detect internal cracks than can other meth-
ods, one of its disadvantages is that the volume of entire
instruments (including the loading instrument) is large.
Thus, this approach cannot visualise cracks as images
and does not produce detailed information (e.g. form or
width of cracks) on the concrete damage process.

The CT technique, commonly used in medical
applications, may be a good approach to non-destructive
concrete research. CT machines can be categorised into
industrial and medical types (Ding et al. 2009). The CT
method is often used to evaluate cracks in concrete speci-
mens. Using CT and AE methods, Elaqra et al. (2007)
identified the mechanisms of damage and the fracture pro-
cess during compressive loading on concrete specimens. A
3D concrete specimen was reconstructed using CT imag-
es, and the damage parameter was discussed (Wang et al.
2003), and Suzuki ef al. (2010) used the same method
to evaluate the damage in freeze-thawed concrete.
De Graef et al. (2005) used X-ray microtomography to an-
alyse bacterial weathering in concrete. Man and van Mier
(2011) obtained the structure of concrete prism aggregates
using the CT method and then built a numerical model
to investigate the damage distribution and size effects of
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the concrete prism. Wong and Chau (2005) estimated the
air void and aggregate distribution in normal- and high-
strength concrete specimens at various loading cases us-
ing CT. The perviousness of concrete was assessed by
Kayhanian ef al. (2012) using CT scanning, X-ray tomog-
raphy imaging and image analysis. The assessments were
used to reconstruct actual aggregate shapes (Wang et al.
2007). Braz et al. (2007) demonstrated the feasibility
of using CT to study concrete paving. Garboczi (2002)
combined X-ray tomography with spherical harmonics
and subsequently analysed the shape of concrete particles.

Most studies use industrial CT machines, which have
mediocre scanning speeds and high rental costs. To satisfy
the needs of practical applications, we select a medical
CT machine for use in our study, thereby reducing cost
and time of experimentation. However, one of the dis-
advantages of medical CT machines is that the CT bed
cannot bear much weight and has a very limited width.
Therefore, designing a new test machine suitable for med-
ical CT is necessary. The test machine, also called a port-
able test machine (PTM), must be small and lightweight.

A PHILIPS 16 helical CT scanner was used in the
experiment. The maximum bearing capacity of its CT
bed is 300 kg and its width is 0.32 m. The scanning
diameter is ¢» 0.75 m. On the basis of these parameters,
we design a PTM for our experiment, on which detailed
information is provided in Section 1.

The PTM is tested and the results are shown in
Figure 1. We obtain the CT number of every red and
cyan point in the figure, and draw a point-CT number
curve beside the plot.

Figure 1 shows the different grey levels correspond-
ing to various CT numbers, as well as the different CT
numbers associated with the density of internal concrete
material. For example, along the red and cyan lines, the
CT number of the aggregate is large and the colour in the
CT image is close to white. By contrast, the CT numbers
of the cracks or holes are very small and the colour in
the CT image is black or nearly black. Cement mortar is
found around the aggregates and the density of this region
is lower than that of the aggregates but larger than that

of the cracks and holes. Thus, its colour is light or dark
grey. As the test continues, the number of cracks gradu-
ally increases and the average CT number of the section
gradually decreases. On the basis of this property of the
CT images, the relationship between CT number and load
can be used to investigate the quantitative and qualitative
details of the cracking process of concrete specimens.

This study presents detailed information regarding
our test machine, as well as the difficulties encountered
during the experiment. CT images and CT numbers are
used to discuss the different damage processes under
static and dynamic loading.

1. Specimen, instruments, and challenges
1.1. Specimen

The size of the specimen used in our experiment was ¢
60x120 mm. The grading curve and a photograph of the
specimen are shown in Figure 2.

1.2. Instruments

The PTM consists of three main parts (Fig. 3): a piston
loading equipment (PLE), hydraulic actuator machine
(HAM), and external digital controller (EDC).

A. Piston loading equipment

To achieve high strength and low X-ray absorption rates,
we chose aluminous alloy as the material for the PLE
shell. The structure of the PLE is shown in Figure 4. The
PLE is a self-balanced system, thereby enabling the sat-
isfaction of low weight and small volume requirements.
In the experiment, the PLE was fixed to the CT bed by a
steel base plate. The total weight of the PLE (including
the concrete specimen) was around 90 kg; three people
can easily move this equipment.

B. Hydraulic actuator machines

The experimental load was produced by HAMs. The loads
ranged from 0 to 100 kN, and the confining pressures
ranged from 0 to 5 MPa. A NACHI high-pressure gear
pump was used to reduce noise levels and harmful vibra-
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Fig. 1. Point-CT number curve and CT image
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Fig. 2. Geometry of the experimental concrete specimen: a) geometry (left), section position (middle) and photograph
(right); b) grading curve for sand (discontinuous line) and gravel (continuous line) used for the concrete specimens

tions. A water-cooling system was fixed to the HAMs to
ensure machine operation at normal temperatures.

C. External digital controller

The EDC (DOLI Company, Germany), which has two
control modes (load and displacement) was connected
to a computer. A significant advantage of the EDC is
that it can alternate between these two control modes
shock-free. Moreover, the loading case can easily be
changed during experiments (e.g. constant pressure, con-
stant rate, sinusoidal wave, triangular wave, trapezoidal
wave, square wave, etc.).

The advantages of this experimental setup are as
follows:

a) The PTM consists of three parts, each with a small
volume and weight. Thus, the machine can be moved
easily, resulting in simpler experimental processes.

b) Compared with industrial CT machines, medical CT
machines are highly efficient and consume less energy.

¢) Quasi real-time monitoring enables the observation of
the evolution of cracks in various concrete sections.

d) With the experiment, we can obtain qualitative and
quantitative results from CT images and CT num-
bers, respectively.

1.3. Challenges

This experiment is a quasi-real-time experiment mainly
because of the method used. In the experiment, the CT
machine needed time to scan an entire specimen and load-
ing needed to be stopped during scanning. If loading was

continued whilst performing a scan, the internal structure
of the concrete specimen would change during the scan-
ning period; thus, obtaining a CT image corresponding to
the exact value of the load would be difficult. We used the
displacement control mode of the EDC to keep the tran-
sient displacement unchanged. After scanning, the EDC
was switched back to the load control mode and loading
was resumed. We call this method the freezing method.

An important issue that must be considered is stress
relaxation. During loading, stress relaxation becomes
more apparent, particularly when load value approaches
the peak load of a concrete specimen (Ding et al. 2009).
To test the rationality of the freezing method, we created
a test plan as follows:

a) We chose two concrete specimens labelled Test
specimen_1 and Test specimen_2.

b) The specimens were loaded and scanned in accord-
ance with the freezing method, with loading values
of 30%, 60% and 90% of the predicted peak load
value.

c) After each loading step, the loading was termi-
nated, keeping instant displacement constant. The
specimens were then scanned three times at 0.5, and
10 min. Afterwards, we extracted the average CT
number derived from Section 2 (Fig. 2(A)) and com-
pared the results (Fig. 5).

Figure 5 shows that the CT numbers at 30% and
60% loading slightly change before the 5-min mark. At
90% loading, the CT number slightly changes before the
3-min mark but drastically changes at 5 min. Overall,
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Fig. 3. Experimental setup: a) arrangement of testing
instruments; b) photograph of the instrument layout

the effects of stress relaxation are insignificant before
the 3-min mark. Moreover, the effects of stress relaxa-
tion are imperceptible after loading was terminated.
Thus, the average CT number only slightly changes, in-
dicating that cracks and holes do not evolve after load-
ing is stopped.

After about 7 min, the CT number drastically de-
creases. Cracks and holes appear during this period and
the effects of stress relaxation become noticeable. The
results indicate that the effects of stress relaxation be-
come more evident as loading increases. Thus, we should
ensure that the specimens can be scanned within about 3
min or shorter. At most, 50 s is required to scan an en-
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Fig. 5. Time-CT number curves of Test specimen_1 and
Test specimen_2 with loads of 30%, 60% and 90% of the
predicted peak load value

tire specimen and continue loading, indicating that stress
relaxation can be disregarded and the freezing method
is rational.

2. Results and discussion

CONC _01 and CONC_06 were the specimens used in
this experiment. Two different loading cases were stud-
ied (Table). The average CT number — stress curves of
CONC 01 and CONC _06 are shown in Figure 6.

A number of traditional viewpoints (Tian et al.
2009; Qin et al. 2013) hold that the damage process of
concrete specimens can be divided into three stages: the
elastic stage, crack development stage, and complete
damage stage. However, Figure 6 shows that these tra-
ditional viewpoints may not entirely be accurate. Given
that concrete is a man-made non-homogeneous material,
at the beginning of the experiment (OA), the average CT
number of each section (the position of each section is
shown in Fig. 2) is approximately 2600 Hu. The concrete
specimens are in the elastic stage and the CT number
minimally changes.

With increasing load, the average CT numbers
show increasing trends (AB). For example, in Section 1
of CONC 01 (Fig. 6), the average CT number increases
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Table. Loading case

Specimen CONC 01, CONC 06
Dynamic load: P = 4;sin2n.fi)+F),
Static load:
where: P is the initial static load; 4, is the amplitude of
P(t) = 5 MPa, vibration; and f is the frequency. In our experiment, we use
P(t) = 10 MPa, increasing oscillations, with Py =0 and /= 2Hz.
P(t) = 17.5 MPa, P(t) = 5 MPa,
Loading P(t) = 25 MPa, P(t) = 10 MPa,
case P(t) = 27.5 MPa, P(t) = 17.5 MPa,
P(t) = 30 MPa, P(t) = 25 MPa,
P(t) = 32 MPa. P(t) = 27.5 MPa,
P(t) = 30 MPa,
After each load step, we stop loading and then scan P(t) = 32 MPa.
the specimen. The results are shown in Figure 6. After each load step, we stop loading and then scan the
specimen. The results are shown in Figure 6.
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Fig. 6. Load-average CT number curves of the static (left) and dynamic (right) loads

from 2589 to 2603 Hu. The same phenomenon was ob-
served in the other sections and CONC _06. This increas-
ing trend indicates that the average density of a concrete
specimen increases because the volumes of some inter-
nal cracks and holes in the specimen are compressed.
We consider this trend as indicative of the consolidation
stage. After this stage, the average CT number gradually
drops with loading (BC), indicating that cracks form in
the concrete. This stage is classified as the crack devel-
opment stage.

After the crack development stage, the differences
between the static and dynamic loading cases were ob-
served. In CONC_06, increasing the load on the speci-
mens clearly results in a short stable stage after the crack
development stage. This short stage is regarded as the
stable stage (CD) because the average CT number barely
changes with load (e.g. the average CT number chang-
es from 2582 to 2579 Hu). In CONC_01, however, this
stage was not observed.

From the perspective of energetics, in the static
loading case, long-term loading means that energy has
sufficient time to dissipate. Cracks then gradually enlarge

as the average CT numbers decrease, which is the most
important characteristic of the static loading case. The
curve in Figure 6 indicates a downward trend after the
AB stage. In the dynamic loading case, however, short-
term loading means that energy does not have sufficient
time to dissipate. Instead, energy becomes concentrated
for a short period and then quickly dissipates. Thus, the
average CT number suddenly drops, which is why the
stable stage was observed only in the dynamic loading
case.

Finally, with continuous loading, the specimens are
completely damaged (CE in the static loading case, DE
in the dynamic loading case), leading to a drastic de-
crease in CT number.

Figure 7 shows the CT images of Section 2 for
each point in the curve shown in Figure 6. In the elastic
stage (OA), the initial cracks and holes in the concrete
specimen can be clearly seen and no obvious cracks ap-
pear. In the consolidation stage (AB), the volumes of
some of the cracks and holes subsequently decrease and
no apparent cracks form. Although these features cannot
be clearly observed in the CT images, these features can
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be seen in Figure 6. With increasing load, the consolida-
tion stage is complete and the crack development stage
(BC) begins. In this stage, a number of obvious cracks
form and the instantaneous strength levels of the static
and dynamic loading cases are 17.8 and 18.6 MPa, re-
spectively. Some cracks are connected to each other and
most new cracks are generated in the cement mortar.
After the crack development stage, an obvious
difference between the two loading cases was observed.
In the static loading case, the volume of cracks continues
to increase, whereas in the dynamic loading case, a sta-
ble stage (CD) occurs. A significant feature of the stable

stage is that the cracks slowly developed and the said
state lasts for a short period.

The complete damage stages of the static and
dynamic loading cases differ from each other. In the stat-
ic loading case, the cracks remain around the aggregate
and the path of the cracks is curved (Fig. 7a). When the
specimen is damaged, an obvious 45° main crack that
cuts the specimen into two parts was observed (Fig. 8a).
Some aggregates also emerge from the cut surface. The
surface of these aggregates is rough and lacklustre, and
some cement mortars adhere to it (Fig. 9a), indicating
that the aggregate is not cut.

Fig. 7. CT images of the (A) (CONC _01) static and (B) (CONC_06) dynamic loading cases (yellow circles indicate the positions

of initial cracks)

il

Fig. 9. Detailed images of CONC_01 and CONC_06
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In the dynamic loading case, a number of main
cracks pass though the aggregate and most crack paths
are straight (Fig. 7b). When the specimen is damaged,
no obvious main crack occurs, but the specimen is bro-
ken into pieces (Fig. 8b). The surface of the aggregate,
which emerges from the damaged surface, is smooth and
glossy without any adhering cement mortars (Fig. 9b),
suggesting that the aggregate is cut by the cracks.

Conclusions

In this study, a PTM suitable for medical CTs was devel-
oped and two loading cases were tested. Concrete dam-
age and fracture theory was improved on the basis of the
experimental results. The conclusions drawn are summa-
rised as follows:

(1) The PTM works well with the medical CT machine.
As indicted in the freezing method, the effect of stress re-
laxation on concrete can be disregarded. The experimental
process is easy to control and the proposed procedure is
suitable for engineering applications given its low cost.

(2) In both the static and dynamic loading cases,
a consolidation stage in the experimental process was
observed. However, differences also exist between the
static and dynamic loading processes. In the dynamic
loading case, an obvious stable stage occurs before the
complete damage stage. In this stage, the average CT
number barely changes. By contrast, in the static loading
case, cracks gradually develop with load and the average
CT number gradually decreases.

(3) The complete damage stages of the static and
dynamic loading cases differ from each other. In the
static loading case, a 45° main crack that cuts through
the specimen was observed. In the dynamic loading case,
no obvious main crack was seen in the specimen because
it is broken into pieces.
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