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ABSTRACT 
 
Although the factors leading to the pipeline breaks are complex, multi-directional displacements, including 
uneven settlement and lateral displacement, has been one of the main factors especially with the actions of 
different kinds of static and dynamic loads. Due to lack of distributed characteristic, the traditional monitoring 
methods based on observation on some preset uniformly spaced points on the pipeline, probably ignore some 
local settlements or lateral displacements which may occur anywhere along the long pipeline. Although our 
previous research had proposed the improved conjugated beam method (ICBM) which transforms strain 
distribution to curvature distribution to obtain structural deflection, ICBM is only suitable for the unidirectional 
curvature and displacement monitoring. It is obvious that ICBM needs to improve because the practical 
displacements occurring on the long pipelines are multi-directional. In order to obtaining multi-directional 
displacement in arbitrary section of the long pipeline, this paper gives a procedure to calculate multi-directional 
curvatures from distributed strain measurements. Then a scaled down model test using a longitudinal steel tube 
model to simulate a long pipeline is carried out to verify the precision of proposed method. Experimental results 
show that the maximum error in monitoring settlements by the proposed method is only 15%, and the maximum 
error in monitoring lateral displacement by the proposed method is only 10%.  
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INTRODUCTION  
 
As the major transportation for oil and gas, long-distance pipeline transport has become a significant role for 
Chinese economy in recent years. However, most pipelines suffer kinds of action, such as soil movement around 
the pipeline, foundation excavation and so on. It often results in multi-directional displacements in pipeline, 
which can cause too much flexural stress to exceed the yield limit of pipe material. Then the pipeline maybe 
breaks at the weak area to lead to oil and gas leakage. The traditional method to monitor displacement is manual 
observation on some preset uniformly spaced points on the pipeline. Although this monitoring method 
characterised by “point” sensing is easy to operate and used for decades, it may probably ignore some local 
settlements or lateral displacements which may occur anywhere in the long pipeline. Therefore, it may be 
necessary to apply some distributed sensing techniques to obtain multi-directional displacement distribution in 
the long-distance pipeline. 
Because it is difficult to monitor distributed displacement directly, the focus of recent researches is indirect 
displacement monitoring, such as calculating structural displacements from distributed strain measurements. 
Kim et al. (2002) proposed a double integration method (DIM) which means to integrate the curvature 
distribution twice to get the vertical displacement, and the curvature distribution can be obtained from dividing 
axial strain by the distance between the structural neutral axis and the location of strain sensor. Results from a 
three-point bending experiment on an aluminium pipe showed that the monitoring error at the maximum 
displacement is only 3%. A practical monitoring test was carried out on a real pipeline whose length was about 
30m. Monitoring results illustrated that the precision mentioned above could be basically reached if the 
settlement curve of pipeline is approximate to a half sin wave (Vorster et al. 2006).  However, DIM also has 
some obvious drawback. For one thing, the real settlement of long-distance pipeline looks more like an irregular 
undulating curve than a half sin wave. There are many “inflection-point areas” in the real curve, which can 
evidently reduce monitoring precision of DIM (Vurpillot et al. 1996; Shen et al. 2010). For another, additional 
angle sensors are necessary to provide boundary condition of angle, and it will cause exorbitant costs even if 



adding a minimal number of angle sensors and attaching signal transmission system. In order to overcome these 
drawbacks, Shen et al. (2010, 2013) proposed an improved conjugated beam method (ICBM). Compared with 
DIM, ICBM only uses strain sensors and displacement meters. And angle sensors which are essential for DIM 
can be omitted. But ICBM is only suitable for the unidirectional curvature and displacement monitoring. It 
means that ICBM needs to be improved to because the real displacements occurring on the long pipelines are 
multi-directional.  
In order to obtain multi-directional displacement in arbitrary section of the long pipeline, this paper gives a 
procedure to calculate multi-directional curvatures from distributed strain measurements. Then a scaled down 
model test using a longitudinal steel tube model to simulate a long pipeline is carried out to verify the precision 
of proposed method. 
 
INTRODUCTION TO ICBM 
 
As shown in Figure 1, the kth span of a multi-span beam has a length of L and a height of h. The kth span is 
uniformly divided to n elements. The average strains at the top surface and the bottom surface of the ith element 
are εi,tand εi,b (1≤i≤n), especially. Δk-1 and Δk represent settlements at two supports of the kth span. So the vertical 
displacement vp at the boundary point between the pth element and the (p+1)th element in the kth span is (Shen 
et al. 2010) 
 

Figure 1. Deflection curve of a multi-span continuous beam
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where κi represents the average curvature of the ith element. κi can be obtained by Equation(2). 
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Then Shen et al. (2013) has proved that ICBM is also suitable to monitor settlement distribution in beam on an 
elastic foundation which is the simplified longitudinal model for long-distance pipeline. As shown in Figure 2, 
distributed strain sensors are placed at the top and the bottom place of a pipeline. The traditional “point” 
measurement instruments can provide accurate settlements at the preset uniformly spaced points on the pipeline, 
and the distributed settlement of the pipeline between these points can be calculated by ICBM. 
 

 
Figure 2. Distributed settlement monitoring by “point” measurement instruments and distributed strain 

sensors 
 
Compared with DIM, ICBM has remarkable advantages. For one thing, ICBM presents a linear and explicit 
function between the structural settlement and the strain distribution. All parameters in calculation procedure 
can be determined free from load or section stiffness distribution. For another, settlement monitoring precision 
by ICBM between two adjacent points is certainly only related to the accuracy of strain measurements between 
the same adjacent points, and free from accumulation of strain measurement errors in any other area.  
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MULTI-DIRECTIONAL DISPLACEMENT MONITORING BY DISTRIBUTED STRAIN 
MEASUREMENTS FOR LONG-DISTANCE PIPELINE 
 
As mentioned above, ICBM is just suitable for unidirectional settlement monitoring. The reason is that the strain 
measurements from sensors which are longitudinal placed on the real pipeline always contain different strain 
components caused by the multi-directional displacement. Therefore, it is difficult to use ICBM directly unless 
separating these mixed strain components from the strain measurements to obtain corresponding curvature 
components. In this section, this paper proposes a procedure to obtain the vertical curvature κi,y caused by 
settlement and the horizontal curvature κi,x caused by lateral displacement of the ith element based on the strain 
measurements from three strain sensors on the different places of the same section. 
 

Figure 3. Strain distribution in cross-section of a pipeline 
 
As illustrated in Figure 3, three sensors are longitudinal placed at Point A, B and C in the section of the ith 
element. The coordinates of three points are (xA,yA), (xB, yB) and (xC, yC), respectively. R is the radius of the 
section. The strain measurements from three sensors are εi,A, εi,B and εi,C, respectively. Thus the coordinates of 
three corresponding points of Point A, B and C in the strain plane are (xA,yA, εi,A), (xB, yB, εi,B) and (xC, yC, εi,C). 
The strain plane defined by Point A, B and C can be expressed by a plane equation as follows: 
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where (x, y, εi(x,y)) represents the coordinates of Point M in the stain plane. Point M represents any monitoring 
point in the section.  
Some variables are given as follows: 

, , , ,( )( ) ( )( )i A B i C i B C B i A i BX y y y y                                                      (4) 

, , , ,( )( ) ( )( )C B i A i B A B i C ii Bx x x xY                                                                  (5) 

( )( ) ( )( )A B Ci B C B A Bx x y y x x yZ y                                                                (6) 

Xi, Yi and Zi can be easily identified when the coordinates of Point A, B and C are known. Obviously, A, B and 
C cannot be collinear. So Zi cannot be equal to zero.  
εi(x,y) can be described by: 
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κi,y and κi,x can be written by: 
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Substituting κi,y and κi,x into Equation 1 to replace κi, the settlement and the lateral displacement of long-distance 
pipeline can be obtained. Therefore, ICBM is improved to be fit for multi-directional displacement monitoring.  
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EXPERIMENTAL VERIFICATION 
 

Experiment Setup and Sensor Placements 
 
In this experiment, a long steel circular pipe with a length of 5.5m is used to simulate the real pipeline in the 
longitudinal direction. The outer diameter and thickness of the pipe are 0.21m and 2.8mm, respectively. The 
steel pipe is uniformly divided into 22 elements, denoted as E1~E22. Each element has a same length of 0.25m. 
As shown in Figure 4(a), the pipe is embedded in a wooden tank filled by soft clay. The thickness of the soft 
clay under the pipe is 0.40m. The thickness of the soft clay beside the pipe is 0.2m. Four loads, two equal 
vertical loads and two equal horizontal loads are applied on the model via steel plates and rubber pads which are 
as similar as the previous experiment. The vertical loads are applied at the top boundary point P3 between E7 
and E8 and the top boundary point P5 between E15 and E16. Otherwise, the horizontal loads are applied at the 
lateral boundary point P2 between E5 and E6 and the lateral boundary point P6 between E17 and E18. P1 and 
P2 represent two edge points of the model. P4 is the midpoint of the pipe, which locates between E11 and E12. 
Loading procedure is controlled by applied vertical and lateral displacements. Each loading step can be divided 
into two separate parts: holding vertical structural deflection constant and applying 0.3 mm on P2 and P6, then 
holding lateral structural deflection constant and applying 0.3 mm on P3 and P5. The speed of load increment is 
as slow as 0.1 mm per minute to eliminate further settlement of the soft clay under the pipe between two loading 
steps. There are 8 loading steps altogether. 
 

 
(a) 

(b) 
Figure 4. Details about experiment setup and sensor placements 

 
As shown in Figure 4(a), numbers of Long-gage Fiber Bragg Grating Sensors (LFBGSs) proposed by Li et al. 
(2007) are longitudinally glued along the top line, the side line and the bottom line of the outer surface of each 
element. There are 9 digital transducers (DTs) placed at different points on the outer surface of the pipe to 
measure vertical displacements and lateral displacements of P1, P2, P6, P7 and vertical displacements of P4. 
The vertical displacements and the lateral displacements of P1 and P7 are seen as known variables. Details 
about sensors placement can be found in Figure 4(b). 
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Results and Analysis 
 
Strain measurements from the LFBGSs placed the top line, the side line and the bottom line of the outer surface 
of each element in different loading steps are given in Table 1. It is noted that if the measured strain at one side 
is positive, the opposite side will always produces negative strain. It means that the major load type applied on 
the model is bending moment. Moreover, it can be found there are 2 inflection points on the model when 
applying vertical loads, and 1 inflection point on the model when applying horizontal loads. According results in 
other experiments (Vurpillot et al. 1996; Shen et al. 2010), more “inflection-points areas” may result in more 
errors in monitored displacements. 
 

Table 1. Average measured strains of every element at each loading step (Unit: με)  
Loading Step Location E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11

1 
Top 0 1 -3 5 1 21 -4 -13 -24 -21 -15 
Side 7 19 21 39 34 36 36 30 18 15 -1 

Bottom -1 -6 -8 -4 12 -10 4 9 11 17 24 

2 
Top 0 -3 -4 2 0 29 -12 -24 -44 -44 -31 
Side 13 32 30 78 58 71 63 59 30 31 1 

Bottom 0 -6 -10 -3 -5 13 14 23 23 32 43 

3 
Top -2 0 -7 4 -2 42 -16 -37 -67 -63 -46 
Side 17 47 136 19 155 34 164 14 93 -4 57 

Bottom 1 -10 -14 -4 5 3 -1 56 21 62 51 

4 
Top -2 -2 -8 1 -2 49 -25 -49 -89 -83 -59 
Side 25 62 150 58 188 70 198 43 109 11 59 

Bottom 0 -11 -16 -2 15 0 7 70 35 81 73 

5 
Top -1 -4 -7 -2 -1 57 -30 -62 -111 -106 -76 
Side 29 74 164 88 213 100 226 68 123 25 62 

Bottom 1 -14 -19 -4 24 -9 15 82 47 96 95 

6 
Top -2 -2 -9 -1 -1 68 -36 -74 -134 -121 -90 
Side 34 91 185 121 244 132 257 95 137 39 62 

Bottom 1 -17 -22 -5 35 -16 24 93 60 107 115

7 
Top -3 -5 -11 -12 -1 62 -46 -88 -150 -142 -105
Side 38 102 192 147 265 156 278 115 147 48 61 

Bottom 3 -16 -21 0 46 -25 34 108 74 119 135

8 
Top -4 -6 -14 -12 -1 70 -52 -98 -169 -156 -116
Side 43 114 205 179 290 186 309 139 163 59 63 

Bottom 3 -18 -22 0 57 -35 42 115 85 133 151
Loading Step Location E12 E13 E14 E15 E16 E17 E18 E19 E20 E21 E22

1 
Top -13 -19 -20 -12 -6 7 7 1 -2 0 -2 
Side -11 -6 -7 -22 -31 -38 -47 -29 -16 -10 -4 

Bottom 15 15 7 5 2 7 6 -3 -5 -3 -1 

2 
Top -28 -44 -42 -24 -11 13 20 2 -2 -1 0 
Side -15 -11 -17 -44 -61 -77 -96 -44 -48 -18 -9 

Bottom 31 31 23 18 5 19 1 -7 -11 -8 -3 

3 
Top -41 -63 -60 -33 -14 17 27 3 -3 1 -1 
Side -78 -15 -21 -60 -84 -94 -125 -142 17 -65 25 

Bottom 63 37 39 6 30 5 28 -6 -13 -10 -4 

4 
Top -53 -80 -77 -44 -21 25 24 4 -4 0 -5 
Side -86 -23 -32 -83 -117 -120 -179 -168 -7 -76 24 

Bottom 74 52 51 15 30 16 32 -10 -20 -14 -4 

5 
Top -68 -104 -99 -56 -24 33 43 4 -2 0 -2 
Side -91 -27 -41 -103 -146 -123 -229 -194 -24 -86 21 

Bottom 86 68 62 21 32 25 33 -12 -27 -18 -5 

6 
Top -81 -119 -113 -68 -33 34 38 2 -2 -2 -8 
Side -100 -34 -48 -124 -175 -125 -269 -222 -40 -95 17 

Bottom 108 83 66 29 39 35 38 -13 -31 -22 -6 

7 
Top -94 -140 -134 -79 -38 36 54 1 -1 -2 -7 
Side -106 -42 -56 -140 -198 -130 -303 -234 -62 -102 13 

Bottom 120 99 77 41 46 43 44 -14 -33 -23 -6 

8 
Top -105 -152 -146 -89 -46 37 49 -1 -3 -4 -13 
Side -111 -48 -65 -157 -222 -127 -340 -261 -70 -112 13 

Bottom 131 111 82 45 46 53 48 -12 -35 -23 -5 
 



Table 2. Settlements and displacements in both ends of the pipe in different loading steps (Unit: mm) 

 1 2 3 4 5 6 7 8 
∆P1,y 0.01 0.04 0.06 0.07 0.09 0.11 0.11 0.12 
∆P1,x 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
∆P7,y 0.02 0.03 0.04 0.05 0.07 0.07 0.08 0.09 
∆P7,x -0.03 -0.04 -0.1 -0.14 -0.17 -0.21 -0.23 -0.25 

 
As shown in Figure 4(a), the coordinates of three LFBGSs glued along the top line, the side line and the bottom 
line of each element are (0,110), (-110,0) and (0,-110),respectively. Then According to Equation 4~9, the 
vertical curvature κi,y and the horizontal curvature κi,x of the ith element (i=1~22) can be calculated. Then 
substituting L=5500mm and n=22，vP2,y, vP4,y and vP6,y which respectively represent the monitored settlements 
of P2, P4 and P6 can be obtained as follows: 

P2, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, 20,

[ 2.42 7.24 12.1 16.9 21.7 23.4 22.2 20.6 19.2 17.8 16.3 14.9

13.5 12.1 10.7 9.23 7.81 6.39 4.97 3.55 2

y y y y y y y y y y y y y

y y y y y y y y

v            

       

            

         21, 22, P1,

P7,

.13 0.71 ] 10000 0.772

0.227

y y y

y

    

 

    (10) 

 
P4, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, 20,

[ 1.56 4.69 7.81 10.9 14.1 17.2 20.3 23.4 26.6 29.7 32.8 32.8

29.7 26.6 23.4 20.3 17.2 14.1 10.9 7.81 4

y y y y y y y y y y y y y

y y y y y y y y

v            

       

            

         21, 22, P1,

P7,

.69 1.56 ] 10000 0.5

0.5

y y y

y

    

 

       (11) 

 
P6, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, 20,

[ 0.71 2.13 3.55 4.97 6.39 7.81 9.23 10.7 12.1 13.5 14.9 16.3

17.8 19.2 20.6 22.0 23.4 21.7 16.9 12.1 7

y y y y y y y y y y y y y

y y y y y y y y

v            

       

            

         21, 22, P1,

P7,

.24 2.42 ] 10000 0.227

0.772

y y y

y

    

 

    (12) 

 
vP2,x, and vP6,x which respectively represent the monitored lateral displacements of P2 and P6 can be also given 
as follows: 
 

P2, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, 20,

[ 2.42 7.24 12.1 16.9 21.7 23.4 22.0 20.6 19.2 17.8 16.3 14.9

13.5 12.1 10.7 9.23 7.81 6.39 4.97 3.55 2
x x x x x x x x x x x x x

x x x x x x x x

v            
       

            

         21, 22, P1,

P7,

.13 0.71 ] 10000 0.772

0.227
x x x

x

    

 

      (13) 

 
P6, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, 20,

[ 0.71 2.13 3.55 4.97 6.39 7.81 9.23 10.7 12.1 13.5 14.9 16.3

17.8 19.2 20.6 22.0 23.4 21.7 16.9 12.1 7
x x x x x x x x x x x x x

x x x x x x x x

v            
       

            

         21, 22, P1,

P7,

.24 2.42 ] 10000 0.227

0.772
x x x

x

    

 

     (14) 

 
where ∆P1,y, ∆P1,x, ∆P7,y, and ∆P7,x respectively mean settlements and horizontal displacements of P1 and P7. They 
are shown in Table 2. 
Figure 5 shows the comparisons between the monitored settlements and the true settlements in P2, P4 and P6. 
Figure 6 illustrates the similar comparisons between the monitored lateral displacements and the true lateral 
displacements in P2 and P6. Table 3 gives the monitoring error percentages between the monitored 
displacements and the true displacements. It can be found that the monitored values are close to the true values 
whether monitoring settlement or monitoring lateral displacement. The maximum error in monitoring 
settlements is only 15%, and the maximum error in monitoring lateral displacement is only 10%. The 
monitoring error percentages in monitored lateral displacements are obviously less than those in monitored 
settlements. It demonstrates that the mentioned inference that 2 “inflection-point areas” in settlement monitoring 
may result in more monitoring errors than 1 “inflection-point area” causes in lateral displacement monitoring. 
Therefore, it can be concluded that the distribution of inflection-point has significant correlations with 
monitoring accuracy. It means that in practical monitoring, the locations of displacement monitoring points, 
such as P1 and P7 in this experiment, may not be determinate unless the inflection point distribution along the 
longitudinal direction of long-distance pipeline is confirmed. 
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Figure 5. Comparison between the monitored settlements and the true settlements 
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Table 3. Monitoring error percentages between the monitored displacements and the true displacements (unit :%) 

Loading 
Step 

P1 P3 P5 
Errors in 

settlements 
Errors in lateral 
displacements 

Errors in 
settlements 

Errors in 
settlements 

Errors in lateral 
displacements 

1 15 -1.11 -10.9 -10.7 2.1 
2 13.8 -2.8 -6.4 -2.3 3.9 
3 10.9 -3.1 -11.3 11.6 10.7 
4 8.3 -1.2 -13.6 12.4 11.5 
5 5.0 1.0 -12.6 6.9 6.0 
6 0.1 6.5 -12.2 5.3 -0.2 
7 3.4 5.6 -12.6 5.0 -2.5 
8 2.0 7.2 -12.3 4.2 -8.6 

 
CONCLUSIONS 
 
Based on the ICBM proposed in the previous research, this paper gives a calculating method to monitor multi-
directional displacements occurring on real long-distance pipeline. Then an experiment is carried out to verify 
the precision of this method. After theoretical and experimental investigation, some following conclusions can 
be drawn: 
 
(1) The vertical curvature and the horizontal curvature can be obtained by longitudinally fixing only three 

strain sensors on the different places of the same section. Then settlement and lateral displacement of 
pipeline can be calculated separately. 

(2) The distribution of inflection-point has a significant correlation with accuracy of displacement monitoring. 
In general, more “inflection-point areas” in pipeline cause more monitoring errors. Therefore, in practical 
monitoring, the inflection point distribution along long-distance pipeline must be ascertained by achieving 
the longitudinal distribution of structural strain before determining the locations of displacement monitoring 
points. 
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