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基于三维 XCT 对碳化引起水泥砂浆内部缺陷改变的测试和分析
韩建德，潘钢华，孙 伟
(东南大学材料科学与工程学院，江苏省土木工程材料重点实验室，南京 211189)
摘 要：为了揭示碳化反应对水泥砂浆内部缺陷分布的影响规律，采用三维 XCT(X-ray computed tomography)对碳化前后的水泥砂浆的三维内部缺陷
体积分数和缺陷尺度分布进行了定量分析。通过 XCT 的配套软件 VG Studio MAX 2.0 对水泥砂浆内部缺陷的投影进行三维重构，并通过配套的三维
缺陷分析模块软件从三维图像中提取出水泥砂浆内部缺陷的体积分数和尺度分布。结果表明：三维缺陷尺寸范围为 0.03～5.5 mm3，碳化前后的水泥
砂浆内部缺陷体积分数分别为 2.79%和 1.86%。体积小的缺陷减小的比例更大，特别在 0.03～0.1 mm3 的缺陷体积减小的比例最大。主要原因是水泥
砂浆中的氢氧化钙和 CSH 凝胶碳化反应后生成碳酸钙和水，相同摩尔质量的碳酸钙的体积比氢氧化钙和 CSH 凝胶都要大，碳酸钙和水填堵并细化了
原来的缺陷，导致碳化后水泥砂浆内部缺陷体积分数减小。
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Investigation on Carbonation Induced Meso-Defects Changes of Cement Mortar Using
3D X-Ray Computed Tomography
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Materials, Nanjing 211189, China)
Abstract: In order to investigate the defect changes of cement mortar due to carbonation, X-ray computed tomography (XCT) was
employed to quantitatively analyze three dimensional (3D) meso-defect volume distribution changes of cement mortar before and
after carbonation. The high-resolution 3D images of microstructures and filtered defects were reconstructed by XCT VG Studio MAX
2.0 software. The meso-defect volume fractions and size distribution were analyzed based on 3D images via add-on modules of 3D
defect analysis. The results indicate that 3D meso-defect volume distributions are from 0.03 to 5.5 mm3, and the meso-defect volume
fractions before and after carbonation are 2.79% and 1.86%, respectively. After carbonation, the smaller defects decreased significantly, compared to the bigger defects, in particular between 0.03–0.1 mm3. The main reason was calcium carbonate and water, which
were generated by carbonation. The molar volume of calcium carbonate was larger than that of calcium hydroxide and CSH gel.
Therefore, the new generated calcium carbonate and water could fill and refine some defects.
Key words: X-ray computed tomography; cement mortar; carbonation; microstructure; 3D meso-defect analysis

The performance of cementitious materials depends to
a great extent on their microstructure. In particular, three
dimensional (3D) meso-defects (e.g. porosity and crack)
are major components of microstructure that govern several properties, such as permeability, shrinkage, elastic
modulus, toughness and strength.[1] However, the conventional methods for characterization of microstructure
(e.g. mercury intrusion porosimetry (MIP), scanning
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electron microscope (SEM) and environmental scanning
electron microscope (ESEM)) can only give the information about the overall porosity and threshold pore size,
and some 2D images, neither 3D real size nor spatial distribution. Also, cementitious samples must be dried and
exposed to high vacuum, which produce irreversible
changes in the microstructure.[2] X-ray computed tomography (XCT) provides a way of getting 3D images and
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defect volume distribution on materials without any prior
drying preparation. For cementitious materials, XCT has
been applied to deal with the problems of calcium leaching,[3] fracture,[4] sulfate attack,[5] cement hydration,[6] and
pore tortuosity measuring.[7] XCT also can be applied to
the microstructure changes of cementitious materials due
to carbonation, which is important to carbon dioxide gas,
water and ion transport about durability. This paper is to
investigate 3D meso-defect volume distribution changes
of cement mortar before and after carbonation by XCT.

1 Experimental procedures
1.1 Preparation of samples
A ratio of water to cement was 0.53, and a ratio of
cement to sand was 0.5. The fineness modulus of sand
was 2.6. The sample size was 40 mm × 40 mm × 100 mm.
Table 1 shows the chemical composition of P·I 52.5 cement. Table 2 shows the curing and carbonation conditions of cement mortar specimens, respectively.
Table 1

Chemical composition of P·I 52.5 cement

Oxide

Mass fraction/%

Oxide

Mass fraction/%

CaO

62.60

SO3

2.25

SiO2

21.35

K2O

0.54

Al2O3

4.67

Na2O

0.21

Fe2O3

3.31

TiO2

0.27

MgO

3.08

LOI

0.95

Table 2
Condition
Temperature
Relative humidity
Time/d

Curing and carbonation conditions
Curing

Carbonation

(20±3) ℃

(20±5) ℃

95%

70%±5%

28

CO2 concentration

14
(20±3)%

1.2 XCT systems and main test parameters
XCT is a three-dimensional imaging technique that
uses a series of radiographic images to reconstruct a map
of an object’s X-ray absorption.[8] Figure 1 shows the principle illustration of the computed tomography system used.

Fig.1

Principle of XCT with flat panel detector
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In the XCT, a detector measures the resulting intensity
of a known unidirectional (x-axis) X-ray beam intensity
after absorption by the material, and for different directions of irradiation (θ), called projections.[9] According to
Beer-lambert’s law, for each angle of projection θ, the
resulting intensity I (y, z, θ) on each pixel of the detector
(coordinates y, z) is given by:
I ( y, z , θ ) = I 0 ⋅ exp( − ∫ μ ( x, y , z, θ )dx )

(1)

where I0 is the intensity of the beam before the sample
and μ (x, y, z, θ) for a great number of angles θ is named
the Radon transform of the attenuation coefficient of the
sample. The projection-slice theorem ensures that, for a
sufficient specimen sampling, the 3D map of μ can be
reconstructed. The attenuation coefficient mainly depends on the density and the chemical composition of the
materials constituting the sample [3].
In this work, all samples were examined visually with
Y.CT Precision System (YXLON, Germany), and the
voltage and current of the X-ray tube are 225 kV and 0.65
mA, respectively. The detector type is flat panel
Y.XRD1620, and the numbers of detector elements are
1 024. The number of projections are 1 080. The 2D pixel
size are 0.14 mm × 0.14 mm, pixel numbers are 1 024 ×
1 024. The 3D voxel size are 0.14 mm × 0.14 mm × 0.14
mm. The object rotation angles are 360 degree.

2 Results and discussion
2.1 Reconstructed images of specimen and defects
The 2D and 3D images of microstructures and filtered
defects are reconstructed by XCT VG Studio MAX software. 1 080 projections in the vertical direction are captured by flat panel detector (Fig.1) and stored as bitmap
files in host computer. By the combination weighted
Feldkamp-based reconstruction algorithm and the internal geometrical compensation technique,[10] the 2D and
3D images of specimens are reconstructed. The Feldkamp reconstruction of cone-beam data can be formulated as a weighted filtered back projection.[11] Firstly, the
cone–beam projections are individually weighted and
ramp is filtered corresponding to the positions of radiation source. Secondly, the 2D and 3D images are reconstructed by the integral algorithm based on weighted
projections. The computational cost depends on the projection numbers, pixel numbers and some implementation details such as complexity of the interpolation.[10–11]
The 2D and 3D images of defects are filtered by XCT
add-on modules of 3D defect analysis software. The gray
values of defects and matrix materials are obvious difference. A threshold of gray level is automatically chosen
for searching defects after comparing the gray level distributions of defects and matrix materials. Meanwhile, in
order to mark the volume of defects, the multicolor from
blue to red represent the defect volume from small to big,
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respectively. The transparent color represent matrix materials for improving the images contrast between defects
and surrounding materials.
Figures 2 and 3 show the 2D and 3D defect distribution images and real specimens with phenolphthalein
before (NC) and after (CAR) carbonation. The 2D and
3D images reflect not only different composition in the
mortar specimens, but also the defect distributions. Figures 2 and 3 also show the 2D cross area and 3D reconstructed spatial images of defect distribution. It is seen
that most of the defects after carbonation (see Figs. 2(b)
and 3(b)) are finer and fewer than the specimen before
carbonation (see Figs. 2(a) and 3(a)).
2.2 Meso-defect volume distribution changes
The meso-defect volume fractions and volume distribution are marked and counted based on different gray
values of 3D images through add-on modules of 3D defect analysis. The numbers range of voxel is 8–1 × 106.
One voxel volume is 0.002 744 mm3 (0.14 mm × 0.14 mm ×
0.14 mm). The minimum defect volume size is 0.021952
mm3 (8 × 0.002 744 mm3). Defects volume analysis by
counting the voxel numbers, so the 3D meso-defect volume distributions are from 0.03 to 5.5 mm3. Table 3
shows the meso-defect volume fractions before and after
carbonation. Figures 4–6 show the 3D meso-defect volume count numbers per dm3 volume between 0.03–5.5
mm3, 0.03–0.2 mm3, 0.2–0.5 mm3, 0.5–1.0 mm3, and 1.0–
5.5 mm3.
Clearly, the meso-defects with a volume smaller than
1mm3 were major part defects of cement mortar overall
defects. For specimens before and after carbonation, the
cumulative percentages of the defects with a volume
smaller than 1mm3 were > 80% of the total noticeable
numbers of defects.
Table 3 also shows the defect volume fractions before
and after carbonation. It is seen that the defects detected
by the threshold-based method included the microscopic
cracks and voids (0.03–5.5 mm3). The experimental results show that the meso-defect volume fraction before
and after carbonation are 2.79% and 1.86%, respectively.
After carbonation, the smaller defects decreased obviously, compared to the bigger defects, in particular between 0.03 mm3 and 0.1 mm3. The main carbonation reactions in the cement morar, which must be taken into
account are.[12–13]
Ca(OH) 2 + CO 2 ⎯→ CaCO 3 + H 2 O

(3CaO ⋅ 2SiO 2 ⋅ 3H 2O)+3CO 2 ⎯→
(3CaCO 3 ⋅ 2SiO 2 ⋅ 3H 2 O)

(2)
(3)

The main reason is that the molar volume of calcium
carbonate generated by carbonation is larger than that of
calcium hydroxide and CSH gel,[14] so the new generated
calcium carbonate will fill and refine some defects, so
that the small defects change significantly. In addition,
the another reason is that water generated by carbonation

Fig.2

Defect distribution on cross section area and the mortar
specimen with phenolphthalein for XCT scan before
(NC) and after (CAR) carbonation
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Fig.5

Meso-defect volume distribution count numbers
(0.03–0.2 mm3 and 0.2–0.5 mm3)

Fig.6

Meso-defect volume distribution count numbers
(0.5–1.0 mm3 and 1.0–5.5 mm3)

Reconstructed 3D images of mortar specimen before
and after carbonation

Table 3 Defect volume fractions changes due to carbonation

Defect volume fraction

Fig.4

Mortar NC

Mortar CAR

2.79%

1.86%

Meso-defect volume distribution count numbers before
and after carbonation (0.03–5.5 mm3)
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induced X-ray intensity decrease, in that, water fill in the
defects. Meanwhile, the small defects filled equivalent
water decrease significantly, compared to the bigger defects.
At last, there are not noticeable cracks on the 2D and
3D images (see Figs.2 and 3). In cement paste, the carbonation front induces CSH decalcification, so a drastic
deterioration of cement mechanical strength (e.g. tensile
strength). As the carbonation shrinkage stress is greater
than tensile strength, the micro-cracks will generate from
external surface to inner part of the cement paste.[15]
However, in mortar, sands can prevent the shrinkage of
cement matrix due to carbonation, so there are not noticeable cracks.
2.3 Defect size difference of XCT and MIP
XCT cannot detect the finer defects, such as defects
less than 1um in diameter, which are usually measured by
MIP at high pressures. However, MIP cannot measure
large defects accurately, and so XCT could be a promising tool for the nondestructive investigation of inner defects of cementitious materials.
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