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Abstract. Identification of the location of damages in pipeline is important and still needs to be 
improved due to the problems such as limited number of sensors that can be placed in the pipeline, 
uncertainty of the working environment. In this paper, a new approach is presented, which shows 
an improved diagnosis performance. The new approach is based on combining an improved D-S 
evidence theory and an improved index which is based on three specific identification techniques 
known to the pipeline community. The improved D-S evidence theory is based on the idea of 
preserving similar evidences and using weighted average evidence to represent the conflict 
evidence. The paper also presents an experiment to verify the new approach by comparing the 
result of the new approach with the traditional D-S approach. The experimental result has shown 
that the new approach is promising. The new approach also renders the possibility to visualize the 
location of the damages in the pipeline, which facilitates the access to the damage for repair and 
any compensation measure. 
Keywords: damage identification, data fusion, D-S evidence theory, pipeline. 

1. Introduction 

Performance deterioration of pipelines during the service life often results from the changes in 
load characteristics, environmental influences, random actions, corrosion and aging. A failure of 
the pipelines may result in major economic losses and even life casualties. Therefore, the ability 
to detect the damage of pipelines is becoming increasingly important. During the last three  
decades, the identification of damages in pipelines is mainly in two areas: (1) modeling and 
prediction of crack dynamics which leads to damages and (2) vibration-based damage 
identification [1-3]. Due to the problems such as limited capability in removing noises in signals, 
limited number of sensors that can be placed on site, variation in sensor distribution, and reliable 
excitation method, and the damage identification technique still needs to be improved, rendering 
their practice use [4, 5]. 

The improvement can certainly be made from a certain perspective. One perspective is the 
information fusion, which is the main concern of the present paper. Use of information fusion in 
the area of the damage identification is not new with several important developments in the 
literature [6-11]. One of the most powerful information fusion techniques may be the technique 
based on Dempster-Shafer (D-S) evidence theory. Guo [12] used the three main information 
fusion approaches (Bayesian fusion, D-S evidence theory and the fuzzy fusion method) to detect 
damage of the truss structure and numerical results indicated that D-S evidence theory is the most 
effective method among the three fusion methods. Li et al. [13] presented a weighted and selective 
information fusion technique for damage identification by combination of artificial neural network 
(ANN), D-S evidence theory-based information fusion and the Shannon entropy. Guo and Li [14] 
proposed a two-stage method to determine the location and extent of multiple structural damages 
by using the D-S evidence theory and a micro-search genetic algorithm (MSGA). Bao et al. [15] 
applied D-S evidence theory-based approach for the structural damage detection and obtained a 
better diagnosis result than the approach which is not based on the fusion of data. 

However, the traditional D-S evidence theory often fails to deal with the conflict evidence in 
the damage identification problems. Deng [16] addressed this shortcoming with the D-S evidence 
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theory by employing weighted average evidence as a means to resolve conflict evidences. The 
method has only shown a partial success in structural damage identification. Besides, few 
investigations were put on the damage identification of the pipeline structure. 

This paper proposes an improved D-S evidence theory. This improved method is based on the 
two general ideas. The first idea is that a new index is proposed, which combines three specific 
damage identification methods. The second idea is that the weighted average evidence is used to 
replace the conflict evidence. 

2. Theory 

2.1. Damage identification methods 

2.1.1. Mode shape curvature method 

Reduction in the stiffness at some location for the damaged structure results in an increase of 
the local modal curvature. The mode shape curvatures (MSC) are usually computed numerically 
from the mode shapes by using central differences, given as: 

(݆)௜ܥ = ߮௜(݆ + 1) − 2߮௜(݆) + ߮௜(݆ − 1)݈ଶ , (1)

where ܥ௜(݆)  represents modal curvature, ݅  represents the mode number, ݆  represents the 
measurement location, and ߮௜(݆) represents the modal displacement at ݆th measurement point of 
the ݅ th mode, ݈  represents distance between two sucessive measurement points; for uneven 
spacing, ݈  represents distance between sucessive measurement points (݆ −1) to (݆) and (݆) to  
(݆ +1). 

After the MSC for the damaged and the undamaged structure are calculated, the absolute 
difference between the two sets is utilised to locate damage. Change in mode shape curvature 
(CMSC) is obtained as: ܥܵܯܥ௜ = หܥ௜ௗ − ௜௨ ห, (2)ܥ

where ܥܵܯܥ௜  is the change in the ݅th mode shape curvature, ܥ௜ௗ  and ܥ௜௨  are the MSC of the 
damaged and the undamaged structure of the ݅th mode, respectively. 

2.1.2. Modal flexibility curvature method 

With mass-normalized mode shapes, the modal flexibility matrix can be obtained accurately 
by using only a few of the lower frequency modes, i.e: 

௨ܨ = ෍ 1(߱௜௨)ଶ ߮௜௨߮௜௨்௡
௜ୀଵ , (3)

ௗܨ = ෍ 1(߱௜ௗ)ଶ ߮௜ௗ߮௜ௗ்௡
௜ୀଵ , (4)

where ܨ௨, ߱௜௨ and ߮௜௨ are the modal flexibility matrix, ݅th frequency and corresponding mode 
shape of the undamaged structure, respectively, and ܨௗ , ߱௜ௗ  and ߮௜ௗ  are the modal flexibility 
matrix, ݅th frequency and corresponding mode shape of the damaged structure, respectively, ݊ is 
the number of the measured modes. 

Flexibility curvature matrix is calculated as: 
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(݅)௝௨ܨܥ = ݅)௝௨ܨ − 1) + ݅)௝௨ܨ + 1) − ௝௨(݅)2݈ଶܨ2 , (݅)௝ௗܨܥ(5) = ݅)௝ௗܨ − 1) + ݅)௝ௗܨ + 1) − ௝ௗ(݅)2݈ଶܨ2 , (6)

where ܨܥ௝௨(݅) and ܨܥ௝ௗ(݅) represents the value in flexibility curvature matrix for the ݅th row in 
the ݆th column before and after its damage respectively, ܨ௝௨(݅) and ܨ௝ௗ(݅) represents the value in 
flexibility matrix for the ݅th row in the ݆th column before and after its damage respectively.  

Flexibility curvature difference matirx is obtained as: ∆ܨܥ = ௨ܨܥ − .ௗܨܥ (7)

The maximum absolute values of each column in ∆ܨܥ are used to define the modal flexibility 
curvature (MFC). In Eq. (8), the peak value appears nearby the location of structure damage, and 
increases with the incremental damage: ܥܨܯ = max|ܨܥ௨ − .|ௗܨܥ (8)

2.2. Traditional D-S evidence theory 

The D-S evidence theory has been originally developed by Dempster in his work on upper and 
lower probabilities [17] and later on by Shafer [18]. Some key definitions of the theory, those used 
in the approach proposed in the paper, are summarized in the following. 

Give the identification framework Θ and the corresponding power set (2஀) is defined as the set 
of all the subsets of Θ. The theory of evidence assigns a basic probability assignment function, 
named basic probability assignment (BPA) or ݉(ܣ), to any subset ܣ of 2஀: 

൝݉(Φ) = 0,෍ (ܣ)݉ = ܣ∀    ,1 ⊆ Θ . (9)

In the framework of the D-S theory, the BPA can be interpreted as a generalization of the 
probability concept being as the probability not assigned to only one hypothesis but to a set of 
hypotheses without any information on how it is distributed among the elements of the set itself. 

The Dempster’s rule provides a method for combining the basic probability assignment of 
different information sources ௜ܵ . In particular, given ଵܵ and ܵଶ as two information sources, the 
fused BPA is given by: 

(ܥ)݉ = ∑ ݉ଵ(ݏଵ) × ݉ଶ(ݏଶ)௦భ∩௦మୀ஼ 1 − ܳ , (10)

where ܳ represents a measure of the degree of conflict between the two sources defined as: ܳ = ෍ ݉ଵ(ݏଵ) × ݉ଶ(ݏଶ)ௌభ∩ௌమୀః . (11)

3. Improved D-S evidence theory and structural damage identification evaluation index 

3.1. Improved D-S evidence theory 

To measure the similarity degree between different evidences, the distance function proposed 
by Jousselme was first introduced [19]. Suppose Θ  is a complete identification framework 
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containing different propositions, and ݉ଵ, ݉ଶ are two BPAs on the identification framework Θ, 
then the distance between ݉ଵ and ݉ଶ can be obtained as: 

݀(݉ଵ, ݉ଶ) = ඨ12 (‖mሬሬሬԦ1‖2+‖mሬሬሬԦ2‖2-2〈mሬሬሬԦ1,ܕሬሬሬԦଶ〉, (12)

where ‖ܕሬሬሬԦ‖ଶ = ,ሬሬሬԦܕ〉 ,ሬሬሬԦܕ〉 ሬሬሬԦ〉, andܕ  .ሬሬሬԦ〉 is the inner product of the two vectorsܕ
After the distance of different evidence is obtained, the similarity measure between different 

evidences could be obtained as: ܵ݅݉൫݉௜, ௝݉൯ = 1 − ݀൫݉௜, ௝݉൯, ݅, ݆ = 1, 2, … , ݊. (13)

This means that the smaller the distance between different evidences, the bigger the similarity 
between them, and after the similarity is obtained, the supporting degree could be obtained as: 

(௜݉)݌ݑܵ = ෍ ܵ݅݉(݉௜, ݉௝௡
௝ୀଵ௝ஷ௜

), ݅, ݆ = 1, 2, … , ݊. (14)

The supporting degree ܵ݌ݑ(݉௜) reflects the supporting degree by other evidences. Then the 
reliability ݀ݎܥ(݉௜) of evidence ݉௜ can be calculated as: 

(௜݉)݀ݎܥ = ∑(௜݉)݌ݑܵ ௡௜ୀଵ(௜݉)݌ݑܵ , ݅, ݆ = 1, 2, … , ݊. (15)

The reliability can be regarded as the weights of the evidences; the bigger the reliability, the 
higher the weights. A weighted average evidence is defined as: 

݉ᇱ = ෍ ௜௡݉)݀ݎܥ
௜ୀଵ ) ∙ ݉௜. (16)

Conflict detect factor is defined as: 

∆௜= ߚ − ߚ௜݌ݑܵ − ߙ , (17)

where ߙ = minଵஸ௜ஸ௡ ݌ݑܵ ߚ , = maxଵஸ௜ஸ௡ Δ௜ .݌ݑܵ = 0, evidence ݉௜ is fully consistent with other evidence; Δ௜ = 1, ݉௜ is seriously contradicted with other evidence. 
The detection threshold is gained by repetitive tests and expert experience. The obtained 

evidences are divided into two categories, similar evidences and conflict evidences. For any 
evidence ݉௜, if Δ௜ ≤ ߬ (0 ≤ ߬ ≤ 1), then the evidence is judged as similar evidence; if Δ௜ > ߬, 
then the evidence is judged as conflict evidence, ߬ is conflict evidence detection threshold. 

Most of the obtained evidences are supposed to be reliable, but a small number of abnormal 
evidences can lead to incorrect conclusions. Conflict detection is utilized to identify similar 
evidences and conflict evidences. Similar evidences are reserved, while conflict evidences need 
to be targeted corrected. Weighted average evidences are used to replace conflict evidences. The 
corrected evidence is obtained as: 
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݉௜ᇱᇱ = ൜݉௜ᇱᇱ = ݉௜ᇱ, Δ௜ > ߬,݉௜ᇱᇱ = ݉௜, Δ௜ ≤ ߬. (18)

Then the traditional D-S evidence combination rule is used to fuse all the evidences after the 
conflict detection. 

3.2. Structural damage identification evaluation index 

The principles of detecting structural damage for most of identification methods are similar. 
Function relationship is established between the indicators and the structural corresponding node 
numbers and the indicators corresponding to the nodes of damaged elements present higher values 
with respect to the ones of undamaged elements. To compare the performance of different 
identification methods quantitatively, a new structural damage identification evaluation index is 
proposed. First, all the identification results should be normalized. Then the structural damage 
identification evaluation index is obtained as: 

ߣ = (19) ,(௨݀݊ܫ)݉ݑݏ(ௗ݀݊ܫ)݉ݑݏ

where ݀݊ܫௗ and ݀݊ܫ௨ represents the value of indicators corresponding to damaged elements and 
undamaged elements, respectively. The higher structural damage identification evaluation index 
value, the better performance of identification method in locating the damage. 

4. Experiment 

4.1. Experiment set-up 

Vibration experiments were conducted on the simply supported carbon steel pipes as shown 
in Fig. 1. The details of the pipes are given in Table 1. An impact hammer with sensitivity of 
0.225 mV/N is used to generate an excitation. One piezoelectric acceleration sensor with a 
nominal sensitivity of 100 mV/g is mounted on the pipe in the vertical direction to measure the 
dynamic responses. The data is acquired by an ECON MI-8008 signal analyzer and a laptop. 21 
points are marked at the centerline of the pipe along the axial direction with a total of 20 elements. 
19 nodes are selected as excitation points without the two nodes on the supporting ends. In order 
to minimize the effects of support and noise, the piezoelectric acceleration sensor is mounted near 
the mid-span of the pipe. 

Table 1. Geometry and material properties of pipe 
Length Outer diameter Internal diameter Poisson’s ratio Mass density Modulus of elasticity 

1 m 76 mm 66 mm 0.3 7850 kg/m3 200 GPa 

 
Fig. 1. Modal test model 

4.2. Methods 

Circumferential cracks were created on the surfaces of the pipes to simulate the damage. Four 
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different damage cases with two different sizes of flaws are listed in Table 2. Standard 
experimental modal analysis procedures were applied to data obtained from the accelerometer 
during the vibration tests to identify the modal parameters of the pipes in its damaged and 
undamaged condition. Both the excitation and the response time histories are transformed into the 
frequency domain in the form of Frequency Response Functions (FRF). The FRF measurements 
are collected after 6 averages. Exponential window is applied to each average. Modal parameters 
(resonant frequencies, mode shapes, modal damping) can be determined by curve-fitting a Laplace 
domain representation of the equations of motion to the measured frequency domain data. A 
rational fraction polynomial, global, curve-fitting algorithm in a commercial modal analysis 
software package (ME’Scope) was used to fit the analytical models to the measured FRF data and 
to extract resonant frequencies, mode shapes and modal damping values. The primary modal 
parameters of the first three modes of these pipes are then used to determine the three indicators, 
i e., first-order changes in mode shape curvature, second-order changes in mode shape curvature 
and modal flexibility curvature. The basic probability values of the three indicators are obtained. 
The accuracy of the damage identification method is then evaluated through observations of the 
plots. 

Table 2. Dimension and location of the flaw in pipe 
Damage case Length (mm) Width (mm) Depth (mm) Damage element 

G1 50 5 2 10 
G2 50 5 2 10 
G3 50 5 4 4, 15 
G4 50 5 4 4, 15 

5. Results and discussion 

The same damage scenarios are analyzed by applying three approaches with the first three 
natural frequencies and associated mode shapes. The results are shown in Figs. 2-5. In all cases, 
element with higher BPA value is a more probable damage element. As it is shown in Figs. 2-5, 
for first-order CMSC method and MFC method, the BPA values of the damage elements are 
relatively higher than the ones of undamaged elements. It is also found that some undamaged 
elements are easily mistaken for damaged elements, which may lead to improper prediction of 
damage location. In addition, the second-order CMSC indicator can hardly detect the damage 
location correctly and has serious conflicts with other indicators.  

Overall, stable and correct identification results are difficult to be obtained by any single 
damage identification method. This feature further demonstrates the need for D-S evidence theory 
which can integrate the information from different types of damage identification methods. 
Considering the limitations of the traditional D-S evidence theory, the traditional D-S evidence 
theory, Deng’s method and the proposed improved D-S evidence theory are adopted to compare 
their performances in locating the damage in the pipe as shown in Fig. 6. The damage 
identification recognition results of various methods are compared by structural damage 
identification evaluation index as shown in Table 3. Conflict evidence detection threshold are set 
to 0.5. 

Table 3. Comparison of different identification methods using evaluation index ߣ 
Damage 

case 
First-order 

CMSC 
Second-order 

CMSC MFC Traditional 
method 

Deng’s 
method 

Proposed 
method 

G1 0.231 0.180 0.235 1.556 1.581 2.289 
G2 0.696 0.107 0.532 1.564 1.734 3.672 
G3 0.927 0.229 0.864 1.347 1.581 4.969 
G4 1.503 0.522 1.203 3.650 3.291 6.748 

Fig. 6 presents the identification results for traditional D-S evidence theory, Deng’s method 
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and the proposed method based on improved D-S evidence theory. From Fig. 6(a), for single 
damage case G1, it is seen that there is a peak at 10th node of the fusion results of the proposed 
improved D-S evidence theory. Though the exact damage location are not confirmed between 
adjacent elements of the 9th and 10th element, a much better estimation is still obtained than 
traditional D-S evidence theory and Deng’s method. According to Table 3, the value of evaluation 
index of the proposed method are apparently higher than the value of any single damage 
identification method, traditional D-S theory and Deng’s method, namely the proposed method 
performs much better in locating damage. For single damage case G2, it can be observed from 
Fig. 6(b) that the damage location are precisely detected by the proposed method and the values 
corresponding to the damaged elements are higher than that of traditional D-S theory and Deng’s 
method. Similarly, the proposed method provides more accurate and reliable damage 
identification in locating damage according to Table 3. 

 
a) First-order CMSC 

b) Second-order CMSC 

 
c) MFC 

Fig. 2. Identification results of case G1 

 
a) First-order CMSC 

 
b) Second-order CMSC 

 
c) MFC 

Fig. 3. Identification results of case G2 

For double damage case G3, it can be observed from Fig. 6(c) that the damage locations are 
precisely detected by the proposed method but 19th element is mistaken for damaged element. 
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More accurate identification result is obtained than traditional D-S theory and Deng’s method .The 
proposed method definitely reduce the number of the suspected damaged elements of 4th, 9th, 
15th, 10th, 16th, 17th and 19th element. According to Table 3, the value of evaluation index of 
the proposed method is more than three times higher that of traditional D-S theory and Deng’s 
method. For double damage case G4, Fig. 6(d) presents that the proposed method clearly indicate 
the damage location and the mistake of partially missing the damaged element of 4th element is 
avoided. The superiority of the proposed method could also be verified according to Table 3. 

 
a) First-order CMSC 

 
b) Second-order CMSC 

 
c) MFC 

Fig. 4. Identification results of case G3 

 
a) First-order CMSC 

 
b) Second-order CMSC 

 
c) MFC 

Fig. 5. Identification results of case G4 

6. Conclusions and future work 

An improved D-S evidence theory is proposed for pipeline damage identification. Taking into 
account of the results of experimental investigation on pipes, the following conclusions can be 
drawn: 

1. A new damage identification evaluation index is developed to compare the performance of 
different identification methods quantitatively. It is demonstrated that the evaluation index can 
visually indicate the effectiveness of the different identification methods.  
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2. Damage identification methods based on evidence theory provides more accurate damage 
assessment than single damage identification method. Experimental results illustrate the ability of 
the proposed approach in improving the performances of damage identification results both in the 
case of single damage scenarios and in the case of double damage scenarios. 

3. Compared with the traditional D-S evidence theory and Deng’s method, the proposed one 
shows a better performance in damage identification, and it emphasizes the values of damage 
indicators corresponding to the damage members and, at the same time, leads to a significant 
reduction of the value of the indicators of the undamaged members. 

Future work is considered to develop an improved approach to get the consensus evidence on 
the weighted average method by employing the probability distribution concept in Liu et al. [20]. 

a) Evidence theory fusion results of case G1 
 

b) Evidence theory fusion results of case G2 

c) Evidence theory fusion results of case G3 
 

d) Evidence theory fusion results of case G4 
Fig. 6. Damage identification results based on different methods 
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