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In this study, the portable power loading device and medical Marconi M8000 spi-
ral CT scanner are used to conduct the uniaxial compression CT scanning test of 
the concrete. The concrete porosity, hardened cement rate, and aggregate rate are 
defined, and the variation law of the concrete is analyzed in the uniaxial compres-
sion CT test. The proposed method is considered to utilize the value of each CT 
number, to realize the quantitative partition of the various components of concrete, 
and to quantitatively evaluate the damage evolution law of the concrete and strain 
localization during stress. It is shown that damage at the middle section increased 
from inside to the outside in the uniaxial compression CT test of the concrete. 
Key words: hydraulic material, quantitative subarea, concrete CT test,  

fuzzy set, porosity

Introduction

The X-ray computed tomography (CT) scanning technology has the advantages of 
non-destructive detection of the 3-D microscopic mechanism of the materials [1, 2]. It is widely 
used in the mesoscopic research on rock and concrete [3-5]. The changes in the internal struc-
ture of concrete during cement hydration by means of X-ray CT scanning were studied in [6]. 
The fracture mode of a concrete surface based on X-ray CT equipment was analyzed in [7]. The 
development of internal cracks in mortar samples by X-ray CT scanning equipmentstudied in 
[8, 9]. The isolation resistance, strength response and accelerated corrosion of self-compacting 
lightweight concrete by using CT technology and fractal theory is evaluated in [10]. A number 
of literatures on the quantitative analysis of the consequence of the material failure are available 
in the current CT test of rock and concrete based on observation and mathematical statistics 
methods [11-13]. However, the literature on the quantitative analysis of the process of material 
failure is few.

Therefore, studying the damage mechanism of rock by image analysis is difficult. 
A partition method based on fuzzy set and CT number is proposed. Furthermore, the strength 
characteristics and damage evolution of concrete during uniaxial compression CT test are quan-
titatively studied.
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Uniaxial compression CT test

Test conditions

The portable power loading equipment developed by Xi’an University of Technology 
and the Marconi M8000 spiral CT scanner are used in the experiment, the image size of which 
is 512 × 512 CT units, and the maximum imaging speed of four layers can be scanned within 
0.5 s. The loading equipment and scanning position are shown in fig. 1.

Figure 1. Portable dynamic loading equipment and CT scan localization; (a) portable dynamic loading 
equipment and (b) the CT scan localization of the sample

The cylindrical specimen of the test, with a size of Æ60 mm × 120 mm, is made of 
the first grade C15 concrete. The gravel aggregate particle size is 5-20 mm. The mixture ratio 
of concrete is as follows: the water-cement ratio is 0.62 and the sand rate is 45%. The water 
consumption in one cubic meter of concrete is 170 kg. The cement consumption in one cubic 
meter of concrete is 274 kg. The fine aggregate consumption in one cubic meter of concrete is 
870 kg. The coarse aggregate consumption in one cubic meter of concrete is 1062 kg. The test 
is carried out under standard conditions for 28 days.

Test procedure

In the test, the portable loading device is placed in the center of the CT scanner in the 
hospital. The scanning layers of the sample are 24 in the horizontal direction, and each layer 
is evenly arranged according to the sample. Initial scanning is performed. The initial scanning 
diagram of the sample serves as the basis for the comparison of image changes. Then, the stress 
uniaxial compressive strength of concrete specimens should be pre-estimated to determine the 
number of scanning load steps. The load control is initially adopted with 60 kN and loading rate 
of 0.2 kN/s. Then, loading is stopped with unchanged displacement. After the completion of 
all steps, the second scanning can be performed. Subsequently, displacement loading mode is 
adopted at the loading rate of 0.002 mm/s. When the specimen is broken, the experiment is over. 
Through the experiment, the peak load of the sample can be obtained at 101.98 kN. The loading 
is stopped at each scan and repeated in the sequence of loading, scanning, continuing loading 
and scanning until the concrete is destroyed, and the loading is stopped. During the entire test, 
a total of 10 scans are performed.

Test results

The uniaxial compression CT scanning test indicates that hundreds of CT scanning 
images of different interfaces and stress stages of concrete can be obtained. The CT scans are 
shown in fig. 2. In the figure, the higher density indicates a larger CT number, and the white 
on the scans represents the aggregate. The smaller density indicates the smaller CT number, 
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and the black on the scans rep-
resents the hole crack. The 
grey, between the white and 
the black, is the product of hy-
dration hardening of cement. 
In this article, it is called hard-
ened cement stone.

Division theory

Damage-fracture space

The CT number of each 
resolution point in the CT scan 
of concrete is clear in its physical definition. The CT number of each resolution point represents 
the density of the point at the current stress level. The change of the CT number at the point 
throughout the loading process implies the change of the degree of the integrity (integrity, 
damage and fracture). However, the change of CT number in the CT scan is randomly distrib-
uted and has no continuity. In order to determine the law of change, it is necessary to introduce 
the concept of set.

Integrity

The entire concrete samples are called the entire domain. Set {( , , ) | ( , , )}x y z x y zΩ =  
is the arbitrary point on the object space of the research. From the point of view of fuzzy math-
ematics, every point in the entire domain is complete, but the integrity is not the same. On this 
basis, the integrity of concrete is defined as follows:

 ( , , ) 1000( , , )
max ( , , ) 1000

H x y zp x y z
H x y z
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+
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where H(x, y, z) is the CT number at a point (x, y, z) in the study domain.
The CT number at a point is expressed:

 ( , , )= 1000t w

w
H x y z µ µ

µ
−
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where tµ  and wµ  represent the X-ray linear attenuation coefficients of the corresponding min-
erals and water in the scanned images.

The level complete domain and intercepted section

The concrete is a multiphase inhomogeneous material with pore and initial defects. 
The concept of integrity blurs the integrity, damage and fracture of the research domain. It 
cannot be used to clearly describe the specific changes of the aggregate, hardened cement, pores 
and initial defects. Thus, introducing a complete domain and intercepted section is necessary.

Let 0 1λ≤ ≤ . The λ-level complete domain of the specimen, denoted as denoted as Pλ, 
is {( , , ) | ( , , ) 1, ( , , ) }x y z P x y z x y zλ ≤ ≤ ∈Ω . The intercepted section in complete domain, de-
noted as 

1 2
Pλ λ− , is 1 2 1 2{( , , ) |  ( , , ) , ( , , ) ,  and 0 1}x y z P x y z x y zλ λ λ λ≤ ≤ ∈Ω ≤ ≤ ≤ . The com-

plete domain and intercepted section are two subsets of Ω.
Figure 3 shows the complete domain and intercepted section for a cross-section of the 

concrete specimen. It is shown that as long as the value of λ  is appropriately selected, 
10P λ−  

σ = 0.00 MPa     σ = 21.23 MPa   σ = 24.59 MPa   σ = 27.24 MPa  σ = 33.19 MPa

σ = 34.89 MPa   σ = 36.08 MPa  σ = 33.61 MPa  σ = 32.22 MPa   σ = 12.7 MPa

Figure 2. Scan of section one at each loading stage
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represents the set of all CT points, and it density is less than a certain threshold, which is the 
crack area. Therefore, the λ-level damage domain of the specimen can be regarded as the 
damage zone of the classical damage mechanics or the crack of the fracture mechanics. The 
concrete scan can be divided into the hole-crack area, hardened cement area, and aggregate area 
by intercepted section.

Quantitative partition and threshold determination

The concrete is a multiphase composite material that comprises aggregates, including 
coarse and fine aggregates, initial hole-cracks and hardened cement stone. The CT number of 
each resolution cell in the specimen varies with increasing load. We divide the concrete into 
aggregate area, hardened cement zone and the hole-crack zone by mean of the complete domain 
and intercepted section.

The specific cases are as follows:
 – When 10 ( , , )P x y z λ≤ < , the material is believed to contain pores or fractured. It is called the 

hole-crack area, denoted as 
10P λ− .

 – When 1 2( , , )P x y zλ λ≤ < , the material integrity is considered general, and the material is in 
the hardened cement zone, denoted as 

1 2
Pλ λ− .

 – When 2 ( , , ) 1P x y zλ ≤ ≤ , the material integrity is high in the aggregate area (coarse and fine 
aggregates) , denoted as 

2 1Pλ − .
Here, 1λ  is the threshold of the crack zone and the hardened cement zone, and 2λ  is the 

threshold of the hardened cement and aggregate areas.

Quantitative description of concrete damage evolution process

The regional change rate based on the entire domain

The statistical analysis of the cross-sections of the concrete under the uniaxial stress 
level shows that the relationship among 

10n λ− , 
1 2

nλ λ− , and 
2 1nλ − with the number of scanning 

sections is shown in figs. 4 and 5, respectively.
Figure 4 shows that the process of each 

section of the sample differs with increasing 
loading scanning. The parameter 

10n λ−  of 
Sections 1 and 3 has undergone a small reduc-
tion, a slow increase and a jump-like process, 
whereas the parameter 

10n λ−  of Section 2 only 
experiences a slow increase to a leap-type in-
crease process. The minimum value of the pa-
rameter 

10n λ−  of Section 1 appears at the third 
scan, and the minimum value of the parameter 

10n λ−  of Section 3 appears at the fourth scan 
with values of 3.07% and 7.45%, respectively. 

P = 0.85 P = 0.75 P = 0.65 P = 0-0.65 P = 0.65-0.85 P = 0.85-1
Figure 3. Complete domain and intercepted sections
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Figure 4. Change of − 10n λ  with scanning 
frequency
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Moreover, the parameter 
10n λ−  decreases by 0.77% and 0.79%, respectively. The process of 

decreasing of the parameter 
10n λ−  reflects the process of the sample being compacted. This pro-

cess weakens the injury. The essence of this phenomenon is that the initial defects (damage), 
such as holes and microcracks in the scanned section of the concrete specimen, appear to close 
under the action of pressure, and the specimen is compacted. The reduction in the parameter 

10n λ− represents the amount of pressure in this section of the sample. In the process from the 
minimum value of 

10n λ−  to the fifth scan (load is 33.19 MPa), the parameter 
10n λ−  slightly in-

creases, and the average 
10n λ−  increment is only 0.03% for the three sections. At this stage, the 

microscopic damage of the specimens is insignificant, and the concrete material is in the elastic 
deformation stage.

The change of aggregate rate with loading can also reflects the damage process of ma-
terials. The variation rule of aggregate rate according to the CT scan test is shown in fig. 5. It 
shows that the variation law of the parameter 

2 1nλ −  on each section is consistent, and the vari-
ation rule of 

2 1nλ −  is opposite to the parameter 
10n λ−  with loading. With the loading scan, a 

small increase of the parameter 
2 1nλ −  initially ap-

pears and then slowly decreases. At the last step 
of loading scan, the parameter 

2 1nλ −  shows a 
large jump in terms of decrease. The change 
process of 

2 1nλ −  with loading scan can also re-
flect that the sample undergoes the process of 
compaction, expansion and failure under com-
pression. Prior to the third scan (24.59 MPa), the 
initial crack of the sample closes with increasing 
load. The parameter 

1 2
Pλ λ−  is transformed into 

2 1Pλ −  (32.22 MPa). The CT number of a point is 
affected by the CT number of nearby points, and an increase in the parameter 

2 1nλ − is observed. 
The process from the third loading scan to the ninth loading scan (32.22 MPa) is the load expan-
sion stage of the sample. During this process, the aggregate is damaged due to failure under load. 
At the 10th loading scan, the parameter 

2 1nλ − shows a jump decrease. Thus, when concrete is de-
stroyed under compression, a large number of aggregate is suddenly destroyed, and the param-
eter 

2 1Pλ − s is sharply reduced. Furthermore, 
2 1nλ − shows a jump decrease. 

For the nonhomogeneous concrete material with the initial defects, the strain process 
has certain strain localization, and the damage of each part of the sample section differs. To 
identify the localization of the strain and the specific law of the damage evolution, we consider 
the cross-section of concrete specimen division. Therefore, the CT scan images of concrete are 
evenly divided into six concentric ring regions (represented by H1-H6). The division of the re-
gions is based on CT point co-ordinates with the aid of the program of the FORTRAN software.

It is indicated that the variation law of the parameter 
10n λ−  can better reflect the damage 

evolution law of the crack in the process of concrete stress. Therefore, the parameter 
10n λ−  in-

crement is used as the parameter to study the local damage. The analysis of Sections 2 and 3 is 
carried out, and the test results are shown in fig. 6.

Comparing the graphs in figs. 6(a) and 6(b), the test process is divided into four stages 
for analysis. The first stage comprises the first to the fourth scans (0-27.24 MPa). The second stage 
comprises the fourth to the sixth scan (27.24-34.89 MPa), the third stage is the sixth to the seventh 
scan (34.89-36.08 MPa), and the fourth stage is the seventh to the 10th scan (36.08-12.7 MPa).
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Figure 5. Change of −2 1nλ with  
the scanning step
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Figure 6(a) shows that for Section 2, the parameter 
10n λ−∆  of the H4 and H6 statistical 

area is –0.27% and –1.02%, respectively. The parameter 
10n λ−∆  of H1 statistical area is 2.34%, 

whereas in the other three statistical areas, the change of the parameter 
10n λ−∆  is small mainly 

because the initial crack in the middle part of the sample in this stage is closed under compres-
sion. Thus, the number of the parameter 

10P λ−  is reduced, where the parameter 
10n λ−  is reducing. 

Therefore, the first stage can be considered the small amount of compaction stage. In the second 
stage, with increasing loading displacement, the parameter 

10n λ−∆  increases slowly in the fluc-
tuation. The load reaches the peak intensity of 36.08 MPa, the parameter 

10n λ−∆  of each statis-
tical area is larger than 0 and more concentrated.

Figure 6(b) shows that the regularity of Section 3 in the earlier stage is exactly the 
same as that of Section 2. In Section 3, the regularity of the sample is different from that in 
Section 2 in the stage of instability and failure. This finding is mainly manifested in the distri-
bution of the parameter 

10P λ−  and the value size of the parameter 
10n λ−∆ .

Conclusion

In the task, the partitioning method based on the fuzzy set and CT number was pro-
posed for first time. This method can be used to divide the concrete CT image into a hole-crack 
area, hardened cement rate and aggregate area. Then porosity of the concrete, the hardening rate 
of cement stone and the aggregate rate were considered in detail. The problem of the quantita-
tive analysis of the concrete CT test results was solved. It accurately reflected the crack incre-
ment and aggregate damage amount. It is shown that the cross-section of the concrete sample 
under the uniaxial compression goes through the compaction-expansion-failure process, and 
that the damage is increased from inward to outward in the mid-section. 
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