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A generation method of three-dimensional finite element model based on CT image for con-
crete crack is proposed. Aiming at concrete crack, firstly, the paper adopts watershed algorithm 
to achieve the segmentation of CT image for concrete crack and uses Canny operator to extract 
the crack edges. Secondly, by using Marching Cubes algorithm the three-dimensional surface 
model for concrete crack is constructed. Finally, on the basis of three-dimensional surface mod-
el, the paper employs constrained Delaunay triangulation (CDT) algorithm to generate three-
dimensional finite element model for concrete crack. In the paper, the finite element method 
(FEM) software ABAQUS is used to achieve the analysis of loading for crack regions. The results 
show that this proposed method can achieve three-dimensional finite element model generation 
of concrete structures and mechanical analysis for the cracks which significantly improve the 
accuracy and efficiency of numerical simulation for the concrete structures.
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Предложен метод генерации трёхмерной конечно-элементной модели, основанной 
на компьютерной томографии (КТ) изображения трещины. Показано, что изучение 
трещин позволяет адаптировать алгоритм водораздела для совершения сегментации КТ-
изображения трещины и использовать оператор Кэнни для извлечения границ трещины. С 
использованием алгоритма "шагающих кубиков" построена трёхмерная модель поверхности 
трещины. На основе трёхмерной модели поверхности применяется алгоритм ограниченной 
триангуляции Делоне для генерации трёхмерной конечно-элементной модели трещины. 
Используется программа ABAQUS для анализа нагружения области трещины. Показано, 
что с помощью предложенного метода можно выполнить генерацию трёхмерной конечно-
элементной модели структур и механический анализ трещин со значительным улучшением 
точности и эффективности численного моделирования структур. 

Генерація тривимірної звичайно-елементної моделі, заснована на комп’ютерній 
томографії зображенні тріщини. Ніу Венжіе, Ху Квінкінг, Ху Яінг, Ху Гуохуі, Ванг 
Хіаобін, Женг Шіпо, Ліу Хе

Запропоновано метод генерації тривимірної звичайно-елементної моделі заснованої 
на комп’ютерній томографії (КТ) зображення тріщини. Показано, що вивчення тріщин 
дозволяє адаптувати алгоритм вододілу для здійснення сегментації КТ-зображення 
тріщини і використовувати оператора Кенні для витягання меж тріщини. З використанням 
алгоритму “крокуючих кубиків” побудована тривимірна модель поверхні тріщини, на 
основі тривимірної моделі поверхні застосовується алгоритм обмеженої тріангуляції 
Делоне для генерації тривимірної звичайно-елементної моделі тріщини. Для анализу 
навантаження області тріщіни використовувавлась програма ABAQUS. Показано, що за 
допомогою запропонованого методу можна виконати генерацію тривимірних звичайно-
елементних  моделі структур і механічний аналіз тріщин із значним поліпшенням точності 
та ефективності чисельного моделювання структур.
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1. Introduction
The concrete is a heterogeneous material 

which is cemented by the hardened cement and 
mortar. As the load conditions change, the con-
crete is gradually destroyed with the concrete 
crack extending. And the evolution of concrete 
crack initiation, propagation and extension is 
influenced by many factors, such as the perfor-
mance of concrete, loading conditions and ag-
gregate shape [1]. It is very difficult to observe 
the evolution of crack in concrete or analyze the 
loading of crack regions in the process of con-
crete physical experiment. In order to study the 
propagation, damage mechanism and loading 
statement of crack regions more conveniently, 
the numerical simulation method can be used 
to solve the problems [2].

With the development of computer technol-
ogy and computational science, the status of 
numerical study in the field of geotechnical en-
gineering is becoming more important. As the 
numerical simulation technology has the ad-
vantages of not being limited by the instrument 
which can be repeated for the test, it is of great 
significance to use the numerical simulation 
method to analyze and study the mechanical 
properties of concrete structures [3]. However, 
inaccurate numerical models can cause great 
errors in the results of numerical simulation. 
And there is not yet a mature method for the 
three-dimensional model generation of con-
crete crack [4]. In order to achieve the analysis 
of loading for crack regions and expand the ap-
plication scope of numerical simulation method 
to concrete crack, it is necessary to propose a 
more accurate method to achieve the genera-
tion of three-dimensional finite element model 
for concrete structures [5].

In this paper, a generation method of three-
dimensional finite element model based on 
CT image for concrete crack is proposed. The 
three-dimensional surface model for concrete 
crack is constructed by extracting the voxels 
from CT images after crack detection and the 
three-dimensional finite element model for con-
crete crack is generated which is constrained 
by its three-dimensional surface model. The 
three-dimensional finite element model has in-
cluded finite element with good quality, which 
can be directly imported into the FEM software 
ABAQUS through data interface. The numeri-
cal analysis and calculation of loading for crack 
regions are achieved by modifying the material 
parameters, load size and boundary conditions 
in ABAQUS.    

2. Three-dimensional finite element 
model generation

This paper studies a concrete specimen 
whose three-dimensional finite element model 
is generated with the CT image sequence of 20 
pixels per micron in image resolution. In order 
to show the three-dimensional finite element 
model of concrete crack more clearly, we select 
53 consecutive pieces of CT images which in-
clude crack to generate the three-dimensional 
finite element model for concrete crack. The 
model generation is achieved based on a soft-
ware platform that includes functions of vox-
els extraction and model generation written in 
VC++ language. 

2.1 Voxels Extraction based on CT 
image

CT Image Preprocessing. Before the voxels 
extraction, the CT image should be prepro-
cessed to reduce the image noise or other in-
terference factors to lay a good foundation for 
the voxels identification and extraction of next 
step. At present, the algorithm of image seg-
mentation mainly includes threshold segmen-
tation algorithm and watershed algorithm etc. 
[6] In this regard, the watershed algorithm [7] 
which is suitable for large data processing and 
has high efficiency and accuracy is adopted for 
image segmentation in this paper. And the al-
gorithm implementation processes [8] are as 
follows:

1. The CT image is simplified by using gray-
scale erosion operation and gray-scale dilation 
operation to reduce image noise

Let A  denote the image simplification win-
dow and let Ax y,  denote the translation of A . 
And the origin is ( , )x y . 

Then the corrosion operator ε A B( ) of the im-
age B  is:
	 ε A

k l B
B x y x y B k l

x y

( )( , ) ( , ) min ( , )
( , ) ,

= =
Î

	 (1)

And the expansion operatorδ A B( ) is:
	 δ A

k l B
B x y x y B k l

x y

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

= =
Î

	 (2)

2. The morphological gradient g( , )x y  of 
gray scale image is 
	 g( , ) ( )( , ) ( )( , )x y B x y B x yA A= -ε δ 	 (3)

3. The segmentation of CT image is achieved 
based on gradient. The image after segmented
f fB ( ) is
	 f f x y x yB ( ) ( , ) ( , ) / .= ´g g 255 0  	  (4)

After the above steps, the CT image is seg-
mented into binarization image finally by using 
watershed algorithm and the result of segmen-
tation is shown in Fig. 1.
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Crack Identification and Voxels Extraction.
In order to obtain the data of crack edges, it is 
necessary to detect the crack edges from bina-
rization image. At present, the commonly used 
detection operators are Sobel operator, Lapla-
cian operator and Canny operator, etc. Among 
these detection operators, the Canny operator 
is a multistage optimization operator with the 
functions of image filtering, image enhance-
ment and image detection which has advantag-
es of high noise-signal ratio and high detection 
accuracy [9]. In this paper, the Canny opera-
tor is adopted to detect and identify the crack 
edges, and the identification result is shown in 
Fig. (2). 

In order to extract the voxels from CT image, 
we use the voxels extraction software which 
written by our research group to identify crack 
edges and extract voxels. Let ( , , )X Y Z denote 
the voxel that X Y,  denote the position coor-
dinate on the CT image after crack detection 
of voxel and Z  denote the sequence number of 
the CT image. Let O  denote the voxel property. 
If the voxel is identified as a voxel of crack edg-
es, then the phase property O  of the voxel is 1, 
otherwise it is 0. So, in this paper, the storage 
format for voxels is ( , , , )X Y Z O  and the results 
of voxel extraction are shown in Fig. (2).

2.2 Three-dimensional surface model 
construction

For three-dimensional solid model with fine 
and complex structures, its surface model is 
represented approximately by network model 
which consisted of a large number of polygons. 
At present, the triangle mesh is the most wide-
ly used polygon mesh. And in this paper, we 

use the classical Marching Cubes algorithm 
[10] to construct the triangle mesh of three-
dimensional surface model for concrete crack 
based on the voxels which are extracted from 
CT image. The Marching Cubes algorithm that 
we adopt is a classical algorithm for triangu-
lar meshes construction from voxels which has 
the advantages of good quality and high effi-
ciency of triangular meshes generation. In ad-
dition, the Marching Cubes algorithm has high 
robustness for mass data processing which is 
suitable for the three-dimensional surface mod-
el construction based on a large amount of vox-
els [11]. The three-dimensional surface model 
for concrete crack which is constructed by us-
ing Marching Cubes algorithm is consisted of a 
series of triangle meshes with good quality, as 
shown in Fig. 3.

2.3 Three-dimensional finite element 
model generation

At present, there are three main types of 
elements in three-dimensional model genera-
tion that include tetrahedron element, octree 
element and hexahedron element [12]. Among 
the three elements, it is convenient to construct 
tetrahedron elements which can recover the 
complex structure of model better, and more-
over, the topological structure of tetrahedron 
element is simpler and better. Therefore, in 
this paper we adopt the constrained Delaunay 
triangulation method based on the triangular 
meshes of three-dimensional surface model to 
generate the three-dimensional finite element 
model which consisted of tetrahedron elements 
for concrete crack. And the implementation 
processes of constrained Delaunay triangula-
tion method [13] are as follows:

– Build a large tetrahedron T  which con-
tains all vertices of triangular meshes of three-
dimensional surface model. And sort the verti-
ces ( , , , )X Y Z O of triangular meshes in ascend-
ing order according to X . Let C  denote the set 
which includes the sorted vertices;

– Let P  denote vertex that belong to C . 
Insert the vertex P  into the tetrahedron T  to 
construct new tetrahedron element until finds 

Fig. 1. CT image and binarization image of con-
crete.

Fig. 2. The results of crack identification and 
voxels extraction.

Fig. (3). The complete and sectional three-di-
mensional surface model for concrete crack.
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a new tetrahedron element t  which inserted 
vertex P  can meet the Delaunay criteria [14];

– Connect vertex P  with each vertex of the 
tetrahedron element t  and then store the new 
tetrahedron elements TP  which consisted of the 
vertex P  and vertices of the tetrahedron ele-
ment t  in the Delaunay tetrahedron set D ;

– Loop executes the second step until all ver-
tices P  are inserted into the tetrahedron  T.

The three-dimensional finite element model 
for concrete crack is generated by completing 
the above steps, and the model is shown in 
Fig. 4. With reference to Figure 4 we can see 
that the three-dimensional finite element mod-
el for concrete crack has included finite element 
with good quality which can be used to finite 
element calculation and analysis directly.

3. Numerical analysis

3.1 The numerical simulation of 
uniaxial compression test

In this paper, the three-dimensional finite 
element model for concrete crack is imported 
into the FEM software ABAQUS based on data 
interface which is written in VC++ language by 
our research group, as shown in Fig. 5.

In this paper, we use the numerical simu-
lation of uniaxial compression test based on 
the three-dimensional finite element model to 

achieve the analysis of loading for crack re-
gions. According to the experimental data of 
concrete, the elastic modulus of the concrete is 
equal to 30GPa and Poisson’s ratio is equal to 
0.2. And the displacement load which is equal 
to 0.5mm is imposed along the X axes on the 
upper surface of model and a fixed constraint is 
imposed on the bottom surface of the model. Af-
ter the numerical simulation and calculation in 
ABAQUS, the Von Mises nephogram is shown 
in Fig. 6, the Von max stress nephogram is 
shown in Fig. 7, the medium stress nephogram 
is shown in Fig. 8 and the displacement nepho-
gram along the load direction of the model is 
shown in Fig. 9.

3.2 Result Analysis 
With reference to Fig. 6, Fig. 7 and Fig. 8 we 

can see that the stress distribution of concrete 
is unbalanced because of the existence of crack 
regions and pore structures. And there is a phe-
nomenon of stress concentration occurring at 
crack regions and the edge of pores which has 
good agreement with the experimental results. 
And, it is vital to study the loading state of the 
concrete crack and investigate the development 
trend of crack in the concrete.

Fig. 4. The complete and sectional three-dimen-
sional finite element model for concrete crack.

Fig. 5. Three-dimensional finite element model 
for concrete crack in ABAQUS.

Fig. 6. The von mises nephogram of model.

Fig. 7. The max stress nephogram of model.
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With reference to Fig. 9 we can see the dis-
placement of the concrete structures is generally 
maintained layered distribution which changes 
with the increase of load step when the concrete 
specimen is not destroyed. The results are in ac-
cord with the experimental results which show 
that the generated three-dimensional finite ele-
ment model has good consistency with the real 
concrete in the elastic properties and the stress-
strain relationship that can be used to predict 
mechanical properties of the concrete.

4. Conclusions  
In this paper, a new generation method of 

three-dimensional finite element model based 
on CT image for concrete crack is proposed. The 
CT images for concrete crack are obtained by 
using high resolution industrial CT scanning 
equipment and then segmented by using water-
shed algorithm. And the three-dimensional sur-

Fig. 8. The medium stress nephogram of model.

Fig. 9. The displacement nephogram of model.

face model for concrete crack is constructed by 
using Marching Cubes algorithm based on vox-
els extracted from CT image. Taking the three-
dimensional surface model as a constraint, the 
three-dimensional finite element model for con-
crete crack is generated based on constrained 
Delaunay triangulation algorithm. The three-
dimensional finite element model is imported 
into the FEM software ABAQUS based on data 
interface to achieve the simulation of uniaxial 
compression test. The results of the numerical 
simulation are in accord with the physical test 
which provides a new investigation method for 
the analysis of loading for crack regions.
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