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According to the stress characteristics of truss structure with steel as the chemical composition and the unit 

modal strain change before and after the damage, the square difference of the unit modal strain is taken as 

the damage identification indicator of the truss structure with steel as the chemical composition, and the 

damage level of the steel truss structure is determined by the square difference of the unit modal strain. The 

numerical simulation results show that, for truss with steel as its chemical composition, under the condition of 

complete low-order modal test, targeting on different damage conditions of single damage, multiple damage, 

minor damage and severe damage, this method can effectively identify the location of the damage on the 

structure, and determine the damage level of the steel truss structure according to the modal strain square 

difference of the damage units. It also has strong robustness under certain noise level, and is suitable for 

damage identification and location of truss with steel as the chemical composition under actual observation 

conditions.  

1. Introduction 

In recent years, many domestic and foreign scholars have studied the damage detection of structures. Main 

structure damage identification methods include: damage location method based on strain-type parameters 

(strain mode, modal strain energy, curvature mode, etc.), and damage location method based on 

displacement-based parameters (displacement, displacement mode, flexibility matrix, etc.), and the former is 

more advantageous. Shi et al (1998; 2002) proposed a damage detection method based on modal strain 

energy, and took the unit modal strain energy change as the damage location indicator to conduct numerical 

analysis and experimental study on the plane truss and frame structure.In addition, some scholars have 

conducted in-depth research on the unit modal strain energy method, which has been successfully applied to 

damage identification of various structures (Yan et al., 2011; Fan and Qiao, 2012). When the structure is 

damaged, the damage of the structure can be identified by the unit strain modal difference before and after the 

damage. Li et al. (2009; 2010) used the low-order unit strain modal difference before and after the damage of 

the structure as the dynamic fingerprint of structural damage location, and established a structural damage 

location method based on unit modal strain; Xiong and Zhao (2012), Zhang et al. (2013) also studied the unit 

strain modal difference from different directions. Taking a plane truss structure as an example, based on the 

strain mode, the unit modal strain square difference is proposed as the damage identification indicator, and 

the numerical simulation results show that this method can obtain better damage location and damage level 

prediction by using low-order modes. Basic theory for unit modal strain square difference damage 

identification method. 

2. Basic theory for unit modal strain square difference damage identification method 

From the basic assumption of the plane truss structure, it can be known that the rod pieces in the plane truss 

structure mainly bear the axial force and produces axial deformation. The two-node plane hinged rod unit is 

adopted, the rod unit is linear elastic, and the small deformation and nonlinearity (namely the terms of high 

orders) are neglected. The strain of the unit is 𝜀 = (𝐿′ − 𝐿)/𝐿, L is the original length of the rod unit, L′ is the 
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deformed length of the rod unit, and the strain of the rod unit can be obtained by the displacement of the 

nodes at both ends of the unit: 

𝜀𝑘 = [(𝑢𝑗 − 𝑢𝑗)(𝑥𝑗 − 𝑥𝑖) + (𝑣𝑗 − 𝑣𝑖)(𝑦𝑗 − 𝑦𝑖)]/𝐿
2                                                                                               (1) 

In the above formula, xi, yi and xj, yj are the coordinates of the nodes i and j in the plane coordinate system, 

respectively; and ui, vi and uj, vj respectively represent the displacement of the node in the plane coordinate 

system. According to a certain order displacement mode of the measured plane truss, the corresponding unit 

strain can be obtained, which is called a certain order unit strain mode. We take the unit modal strain square 

difference as the damage indicator, which can be expressed as: 

∆𝜀
2= |𝜀𝑢𝑚

2 (𝑘) − 𝜀𝑑𝑚
2 (𝑘)|    (k = 1,2,⋯N)                                                                                                             (2) 

In the above formula, εum
2  and εdm

2  represent the m-th order modal strain square of the structure before and 

after the damage, respectively. It can be concluded from equation (2) that if a single rod piece is damaged, the 

maximum unit modal strain square difference might be the damaged rod unit. If multiple rod unit damages 

occur, where the unit modal strain square difference changes obviously should be regarded as the locations of 

the damaged rod units. After the damage location is determined, according to the relationship between the 

modal strain square difference and the damage level of the damaged unit, we can preliminarily determine the 

damage level of the unit (Yang and Wu, 2018). 

3. Numerical simulation 

3.1 Structural model 

The example adopts the plane truss structure model shown in Figure 1. The span is 20m and the height is 2m. 

The upper and lower chord members are 2m long. The cross-sectional area of all rod units is A=1860mm2, the 

elastic modulus E=2.1X1011Pa, and the material density is 7850Kg/m3. In order to facilitate the analysis, each 

rod piece is divided into one unit, a total of 37 units and 20 nodes. In the damage identification analysis, the 

APDL language of ANSYS is used for programming to solve the problem, and the two-node linear plane rod 

unit LINK8 is used to simulate the truss rod pieces. Assuming that the structural damage won’t cause changes 

in the mass, and the damage is simulated by the decrease in the elastic modulus E (generally simulated by 

the area change), and the influence of the damping is ignored. Consider eight kinds of damage conditions of 

the structure (see Table 1), which are working conditions of single damage, multiple damage, and coexistence 

of damages of different levels; calculate the modal parameters of each order under different working 

conditions, and then compile the corresponding programs by Matlab. The damage indicator is established by 

using the first 2 orders of modal strain parameters, and the proposed unit modal strain square difference 

damage indicator is used to identify the damage under various working conditions. The damage identification 

indicators corresponding to each unit under the first and second order modes are respectively calculated, and 

the damage identification results are shown in Figure 2 to Figure 5. 

 

Figure 1: Plane truss structure model 

Table 1: unit damage cases 

Damage conditions Damaged units Damage level 

1 Top chord 15 30% 

2 Bottom chord 2 80% 

3 Web member 23 90% 

4 Web member 23 10% 

5 Bottom chord 3, top chord 12 50% 

6 Web member 23, web member 25 50% 

7 Bottom chord 9, top chord 18, web member 23 30% 

8 
Bottom chord 8, top chord 16 

Web member 31 and web member 29 
50% 
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3.2 Single damage conditions 

For different damage conditions 1~4 of a single rod piece, as shown in Figure 2 and Figure 3.  

(1) The working condition of unit 23 when the damage is 10%. When using the second-order unit modal strain 

square difference damage identification indicator, except the damage in unit 23 has not been identified, at the 

location of the damaged bar piece units under other damaged working conditions, the damage indicator is 

significantly higher than the undamaged units, and all the locations of the damaged units can be identified.  

(2) Although the second-order mode fails to identify the specific location of damage unit 23, for the first-order 

mode, the unit modal strain square difference of unit 23 is still significantly higher than other undamaged units, 

and the specific damage location of damage unit 23 can be identified. It can be seen that it is more effective to 

identify the location of the single damage by using only the unit modal strain square difference of the first two 

order modes. 

 

Figure 2: Damage identification for different damage levels of one unit (1st Mode) 

 

Figure 3: Damage identification for different damage levels of one unit (2nd Mode) 

3.3 Multiple damage conditions 

For the simultaneous damage conditions of multiple units 5-8, after numerical simulation, it can be obtained:  

(1) First-order unit modal strain square difference damage identification situation is shown in Figure 4, second-

order unit modal strain square difference damage identification situation is shown in Figure 5, when two to four 

rod units simultaneously have different level damages, it can be seen from Figure 4 that the specific location 

of the damaged unit can be identified by using the first-order unit modal strain square difference damage 

indicator.  

(2) It can be seen from Figure 5 that when the damage unit is identified by the second-order unit modal strain 

square difference damage indicator, except from Figure 5(a) we can know that the damage indicator of unit 12 
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is too small to be identified and from Figure 5(c) we can see the damage indicator of unit 9 is too small to be 

identified, in other cases, the specific locations of the multi-unit damages can all be identified.  

(3) It can be seen from Figure 4 and Figure 5 that the low-order modal strain squared difference indicators can 

effectively identify the specific locations of simultaneous damages at multiple units. Although the damage level 

of units that are damaged simultaneously is the same, the expressed modal strain square difference indicators 

are different, so the damage level of different units cannot be judged according to the value of the damaged 

unit modal strain square difference 

 

Figure 4: Damage identification for different damage levels at different locations (1st Mode) 

 

Figure 5: Damage identification for different damage levels at different locations (2nd Mode) 

3.4 Damage identification under the influence of noise 

The above numerical simulation verified the effectiveness of using unit modal strain square difference as the 

indicator for damage identification, but in actual modal displacement measurement, it’s inevitable that the 

measurement would be affected by the accuracy of the equipment and the environmental noise. In order to 

investigate whether the method has certain robustness, the Gaussian white noise with zero mean is added to 

the modal shape of the numerical simulation to simulate the actual measured data. The displacement modal 

noise simulation equation is (Cao and Lin, 2010): 

𝜑𝑖𝑗
𝑍 = 𝜑𝑖𝑗 +𝜑𝑚𝑎𝑥,𝑗 × 𝑟𝑎𝑛𝑑𝑛 × 𝛽                                                                                                                         (3) 
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In equation (3): φij
Z and φij represent the modal shape before and after the noise addition, 𝜑𝑚𝑎𝑥,𝑗 represents 

the maximum value of the j-order mode. randn represents a Gaussian white noise with a mean of zero and a 

standard deviation of 1, indicating the noise level of the modal shape in actual measurement. 

In order to investigate the effectiveness of the environmental noise on using the unit modal strain square 

difference as the damage identification indicator, two working conditions are simulated, the single damage 

condition 9 of unit 15 with 10% damage, and the multiple damage condition 10 of unit 3 and unit 12 with 50% 

damage. For working conditions 9 and 10, the noise levels respectively are: no noise, 1% noise, 3% noise, 5% 

noise, the identification effect of the first-order unit modal strain square difference is respectively shown in 

Figure 6 and Figure 7. It can be seen from Figures 6a-6d and 7a-7d that although the modal strain square 

difference of the undamaged units increases with the noise level, the modal strain square difference indicators 

of the damaged units are significantly higher than those of the undamaged units, so that the location of the 

damage can be determined accurately. It can be seen that when the specific number of damaged units is 

known, the damage location method of taking low-order unit modal strain square difference as the damage 

indicator has certain anti-noise ability. 

 

Figure 6: Damage identification with noise for different damage levels of one unit (1st Mode) 

 

Figure 7: Damage identification with different noise for different damage levels at different locations (1st Mode) 

3.5 Identification of unit damage level by unit modal strain square difference 

After determining the location of the damage, the damage level of the unit should be judged according to the 

magnitude of the modal strain square difference of the unit. In the following passage, taking the truss damage 

rod unit 16 as an example, the relationship between the magnitude of the first-order and second-order modal 

strain square difference of the damage unit 16 and the level of damage is calculated and plotted, as shown in 

Figure 8. It can be seen that as the damage level of the truss unit 16 increases, the difference between the 
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first-order and second-order modal strain squares also increases; and the greater the level of damage, the 

more obvious the square difference of the modal strain of the damaged unit, and the smaller the level of 

damage, the less the square difference of the modal strain of the damaged unit. According to this law, after 

determining the location of the damage, the damage level of the unit can be judged according to the 

magnitude of the unit modal strain square difference. 

 

Figure 8: Strain Square difference in unit strain modal and different damage levels 

4. Conclusion 

(1) From the point of view of damage location, taking the unit modal strain square difference as the location 

indicator for damage on plane truss structure can accurately locate single damage and multiple damage in 

low-order mode. 

(2) Taking unit modal strain square difference as the damage indicator can not only accurately identify the 

more serious local damage, but also can identify the minor damages well, which has certain practical 

significance for the early damage diagnosis of truss structures. 

(3) The unit modal strain square difference method has strong robustness at a certain noise level, and is 

suitable for truss damage diagnosis under actual engineering detection conditions. 

(4) From the point of view of damage level evaluation, the damage level of single damage can be judged 

according to the magnitude of unit modal strain square difference, but the judging effect of multi-damage 

situation still needs further study. 
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