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Abstract:



An indirect method for monitoring dynamic deflection of beam-like structures using strain responses measured by long-gauge fiber Bragg grating (FBG) sensors is proposed in this paper. Firstly, a theoretical derivation shows that structural deflection is in direct and linear relationship to long-gauge strain. Meanwhile, the method is suitable for structures with different boundary conditions and irrelevant to external loads. Secondly, the influence of boundary conditions, load type and sensor gauge length on the method is investigated by numerical simulation. Finally, an experiment of a simply supported beam subjected to dynamic loads was designed to verify the method. Experimental results show that both deflection time-history of arbitrary points of structures and deflection distribution along structures at a certain time can be obtained with high-precision. Therefore, the method presented can be a new alternative for the deflection evaluation and maintenance of engineering structures.
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1. Introduction


The ability to extract key parameters of existing structures using smart sensors attracted growing attention in past decades due to these parameters accurately reflecting structural in-service conditions. Such information is vital for decision-making in terms of maintenance and retrofitting. Among these performance parameters, deflection is a commonly used index. In the design of civil-engineering structures (bridges, buildings, tunnels, etc.), the deflection limit is usually utilized as a control index of structures when subjected to potential external loads. The deflection limit for structures is a mandatory index in most design codes to ensure structural safety.



It is essential to obtain deflection for the performance assessment of structures in operation. The methods to measure deflection are classified into direct and indirect methods. Displacement transducers are well-known tools for the direct measurement of structural deflection. Although this is a convenient method to measure deflection in a laboratory experiment due to perfect test conditions, it is hard to utilize this kind of sensor in practical engineering. In order to arrange this kind of sensor, the reference point is required, but it is difficult to find such reference point in real structures especially for long-span bridges and buildings. The global positioning system (GPS) is another direct method for measuring displacement and can be utilized in real structures [1]. Compared to flexural structures, the accuracy of GPS in a rigid structure which has relatively smaller deflection is still a concern. Recently, advanced techniques in other direct measurement tools have been developed. A new technique was developed by [2] for the displacement measurement of a flexible bridge based on the digital image technique. The feasibility of vertical displacement measurement was investigated by [3] for bridges using charge-coupled device (CCD) cameras. In addition, [4] developed a method for the displacement measurement of buildings based on webcams. These image-processing methods are confronted with the problem of the influence of light when applied in on-line monitoring.



Indirect methods have also attracted growing attention. Among these techniques, deflection estimation using strain responses has been investigated by many researchers. The advantages of this concept are summarized as: (1) the reference point is not required; (2) various goals can be achieved using only one kind of sensor and costs can be reduced. According to the relationship of double integration between deflection and curvature, deflection can be estimated by curvature or strain [5]. In addition, the authors in [6,7] presented curvature function expressed by polynomial, and the coefficients in polynomial can be determined by regression analysis of experiment data. Once the curvature function is achieved, deflection can be estimated by double integral. Other relevant studies about deflection estimation using curvature can be found in [8,9,10]. For structures subjected to dynamic load, dynamic deflection can be estimated using dynamic strain. Dynamic strain is the numerical summation of the results of strain mode shapes multiplied by modal coordinates, while dynamic deflection is the numerical summation of the results of displacement mode shapes multiplied by modal coordinates. Hence dynamic deflection can be obtained by strain mode shapes [11,12,13,14,15]. Moreover [16], investigated the displacement estimation of a two-dimensional plate based on the modal approach.



The objective of this paper is to develop an improved moment-area method for the deflection estimation of engineering structures. The characteristics of the presented method are listed as: (1) a linear and direct relationship between strain and deflection is established to avoid error caused by the aforementioned double integral of curvature or transformation of response between time-domain and frequency-domain; (2) the method is suitable for both static and dynamic loads and external loads are irrelevant; (3) the method is applicable for different boundary conditions; (4) long-gauge strain sensors are utilized to ensure damage can be reflected and identified [17,18,19,20,21,22], and therefore the method can be reasonably extended to damaged structures. Firstly, the relationship between long-gauge strain and deflection was theoretically derived based on the improved moment-area method. Secondly, a numerical simulation was conducted, and the influence of boundary conditions, load type and sensor gauge length on the method was investigated. Finally, a simply supported beam subjected to dynamic loads was designed to verify the method. Experimental results show that both the deflection time-history of arbitrary points of structures and deflection distribution along structures at a certain time can be obtained with high precision.




2. Theoretical Background


The moment-area method [23] is commonly used to describe the relationship between the moment and deflection of structures. The moment and deflection curves of a simply supported beam subjected to an external load are illustrated in Figure 1. The span of the beam is denoted as L. Take point A as the reference point; tangent deflection ∆ is the distance between the deflection curve at point B and the tangent line of deflection curve at point A (shown in Figure 1). According to the principle of the moment-area method, ∆ can be expressed as:


[image: ]



(1)




in which M(z) represents moment at z and EI represents bending stiffness of the beam. X1 represents the distance between point B and differential dz.


Figure 1. Principle of moment-area method.
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The deflection of point B with the coordinate of x can be calculated by the moment distribution of the beam. From Figure 1, the deflection of point B can be expressed as:


[image: ]



(2)




in which θA represents rotating angle of point A.



Similarly, the distance between the deflection curve at point C and the tangent line of deflection curve at point A is equal to θAL. Based on Equation (1), θA can be calculated:
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(3)







Normally, Equation (2) is applicable when the moment distribution of the beam is known. The following section will derive the relationship between strain and deflection when the moment distribution (or external load) is unknown.



According to the physical equation, the sectional curvature of a certain point can be expressed as:
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(4)




in which ε(z), h and 1/ρ represent strain at point z, neutral axis height and sectional curvature, respectively. With sectional curvature as the connection between strain and moment, deflection at any point x can be calculated by measured strain in spite of the unknown load. On the basis of this connection, Equation (2) can be modified as:
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(5)







Generally, the improved moment-area method not only keeps the advantage of the moment-area method, but also requires no information about the position and type of external load. The general equation suitable for estimating both static and dynamic deflection can be achieved as:


[image: ]



(6)




in which θA(t) is equal to [image: ]. [image: ] and [image: ] represent deflection of point x and strain of point z at time t, respectively.



Long-gauge fiber Bragg grating (LG-FBG) sensors can measure average strain over a certain length, and possess both static and dynamic measurement capacity [24]. It is assumed that a number of m long-gauge strain sensors (LGSSs) are installed on the structure. The average strain obtained by ith LGSS with the gauge length Li is denoted as [image: ] (Figure 2a).


Figure 2. Deflection estimation for single-span beams.
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Take a simply supported beam, for example (Figure 2b). The beam is free to rotate at support A. The rotating angle at point A is greater than zero and the value of θA·x is greater than d(x). The deflection of point x of a simply supported beam at time t can be expressed as:


[image: ]



(7)







If [image: ], x lies in the region that ith LGSS covers. [image: ] is defined as zero. [image: ] represents the integral within the region covered by nth sensor. [image: ] represents the dynamic strain at time t from the ith sensor.



For clamped-clamped beam (Figure 2c), the beam cannot rotate at support A and the rotating angle at support A is zero. In other words, the value of θA·x is zero and the value of ∆ is equal to the value of d(x). Therefore, the deflection of point x of a clamped-clamped beam at time t can be expressed as:


[image: ]



(8)







According to the aforementioned analysis, the method can be extended to continuous beams and other beams with different boundary conditions.




3. Verification by Numerical Simulation


3.1. Model Building


Numerical simulations were conducted to validate the applicability of the method and discuss sensor optimization for the deflection calculation. Both single-span and three-span H-section steel beams were designed for finite-element analysis. The total length for the single-span and continuous beams was 8 m and 12 m, respectively. The supports of the single-span beams were divided into two types: simply supported and clamped-clamped. The material properties of these beams were as follows: elastic modulus E = 2.0 × 1011 N/m2; linear mass density ρ = 7.8 × 103 kg/m3. More details about the models are illustrated in Figure 3.


Figure 3. Different forms of simulation beams.
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In the finite element analysis, the average strain measured by mth LGSS with the gauge length Lm can be extracted by:


[image: ]



(9)




in which h, θi and θj are neutral axis height, rotation angle of node i and j, respectively (Figure 4).


Figure 4. Strain and rotation angle.
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3.2. Simulation Result Analysis


Using the software ANSYS (ANSYS, Inc., Canonsburg, PA, USA) [25], a simply supported beam, a clamped-clamped beam and three-span continuous beams are simulated. The applicability of the deflection calculation method for three loading cases was analyzed in these simulations. The average strain distribution along the beams (40 cm of sensor gauge length) was extracted using Equation (9).



Under the concentrated loads, the simply supported and clamped-clamped beams were under two point loads P1 and P2 at 1/4 and mid-span of the beams, respectively. The deflection distribution along the beams is shown in Figure 5a,b when P1 and P2 are equal to 2 kN and 4 kN, respectively. For Figure 5c, a point load of P = 10 kN was exerted at the middle of the second span of the continuous beam. “Actual deflection” means directly extracted deflection from the nodes of finite element models. The relative errors between the predicted and actual deflection at the middle of the simply supported, clamped-clamped and three-span beams were 1.05%, 4.40% and 5.73%, respectively.


Figure 5. Deflection distribution along the different beams under point loads.
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Under the even load, a uniform load q of 300 N/m is exerted on these beams. The vertical deflection distribution along the beams is demonstrated in Figure 6c. From the results of the analysis, the relative errors of deflection at mid-span of the simply supported and clamped–clamped beams are 0.9% and 4.4%, and the relative errors at the middle of each span of the continuous beam are 4.21%, 10.53% and 4.20%, respectively. The reason for the relative error of the second span is larger than those of other spans is that deflection of the second span under the uniform load is far less than that of other spans (Figure 6c).


Figure 6. Deflection distribution along the different beams under uniform loads.
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According to the simulation, the presented method is applicable to diverse forms of beams and different types of static loads. Generally, the relative error between the actual and predicted deflection for simply supported beams is less than those of clamped-clamped and continuous beams. This could be a result of the actual strain distribution having been substituted by average strain distribution in the method, and the relative error between the actual and average strain near the support is relatively larger for clamped-clamped and continuous beams subjected to the hogging moment. However, the relative error can be reduced by decreasing the gauge length of sensors near supports according to actual precision requirements.



Under the dynamic moving load, a double-axle vehicle load with the speed of 18 km/h and wheelbase of 0.4 m are exerted on these beams, and the weight of front and rear axles is 5 kN and 10 kN, respectively. Typical strain-time histories are demonstrated in Figure 7, and time-varying deflection at 1/4 span and mid-span is illustrated in Figure 8.


Figure 7. Typical strain-time histories of structures under dynamic moving loads.
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Figure 8. Time-varying deflection of structures under dynamic moving loads.
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The applicability of the method under dynamic loads is verified based on transient analysis. During the process of a vehicle passing through the structure, the maximum relative error of deflection estimation of the simply supported beam is less than 1% and 2% at mid-span and 1/4 span, respectively. At time t = 0.65 s, the relative errors of deflection at mid-span and 1/4 span are 5.03% and 5.40% for the clamped–clamped beam, respectively. For the continuous beam, the relative error of deflection at the middle of the first span is 4.80% at time t = 0.47 s, while the error is 5.21% at the middle of the second span at time t = 1.28 s.




3.3. Sensor Optimization


The purpose of sensor optimization is to help owners reach a balance between cost and precision requirements in real application. Take a simply supported beam under dynamic moving load for example, four samples are set for comparative analysis: (1) n = 80, Lm = 0.1 m; (2) n = 40, Lm = 0.2 m; (3) n = 20, Lm = 0.4 m; (4) n = 10, Lm = 0.8 m. The sensor number and sensor length are denoted as n and Lm, respectively. All sensors are distributed by being set on the bottom of the beam. The comparison results of these samples are illustrated in Figure 9.


Figure 9. Results of sensor optimization.
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Higher calculation accuracy will be obtained when more sensors (or smaller sensor length) are set due to the fact that average strain from LGSSs is closer to actual strain if sensor length is relatively smaller. Based on the analysis, the relative errors of deflection at mid-span at time t = 0.814 s are 0.93%, 0.98%, 1.16% and 1.89% for samples (1) to (4), respectively. Obviously, this shows that the shorter the gauge length is, the higher the estimation accuracy is. Sensors can be optimized according to the balance between economic cost and accuracy requirements.





4. Verification by Experiment


4.1. Introduction of Fiber-Packaged Long-Gauge Fiber Bragg Grating (FBG) Sensors


Basalt fiber-packaged FBG sensors are utilized in the experiment. The design and manufacturing of fiber-packaged FBG sensors are demonstrated in Figure 10. A single packaged sensor is mainly composed of two parts: sensing section and anchoring points. The plastic separation tube outside the bare FBG makes sure the average strain between two anchoring points can be measured, and the length of the separation tube indicates the sensing length. In addition, basalt fibers outside the separation tube can guarantee the durability of sensors. It is noteworthy that basalt fibers should be reinforced with epoxy resin to produce a certain degree of stiffness, and pre-strain of the bare FBG can be transferred by this reinforced tube for the measurement of compressive strain. Detailed sensing properties about this kind of sensor can be found in [26].


Figure 10. Design and manufacturing of fiber-packaged fiber Bragg grating (FBG) sensors.
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4.2. Experimental Setup


A simply supported steel beam was employed to validate the effectiveness of the improved moment-area method. The elastic modulus and density of the steel were E = 200 GPa and ρ = 7800 kg/m3, respectively. The cross section parameters of the specimen were: width of 100 mm and height of 12 mm. The overall length and net span of the simply supported beam were 2700 mm and 2400 mm, respectively. Seven basalt fiber-packaged FBG sensors (namely E1 to E7) were arranged on the bottom side of the test beam, of which the gauge length was 30 cm. The center of the first sensor (E1) was 30 cm from the left support. Three laser-displacement meters (namely L1 to L3) were also deployed for comparison. L1 and L3 were installed at 1/4 and 3/4 span of the test beam, respectively. L2 was arranged at mid-span of the test specimen. Detailed information about the test beam is provided in Figure 11.


Figure 11. Experimental setup and sensor placement.
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The test site overview of the specimen is shown in Figure 12a. It is noteworthy that a new form of support was applied to constrain the vertical displacement of supports. Considering vibration load, these supports made it approach the practical situation. More details of supports are shown in Figure 12b.


Figure 12. Experimental details.
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4.3. Analysis of Experimental Results


The loading types in this experiment include hammer excitation and vibration under sudden release of initial displacement. The typical strain time-history curves under the condition of single hammering and multiple hammering are shown in Figure 13. The deflection time-history at any position of the beams can be obtained using the aforementioned moment-area method. Furthermore, the deflection distribution along the beams at a certain time can also be achieved.


Figure 13. Typical long-gauge strain time-history curves.
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The sampling frequency of FBG-based LGSSs (interrogator of SM130 from Micron Optics) and laser displacement meters is 100 Hz. Strain responses from each FBG sensor and displacement responses from each meter were simultaneously acquired. Taking 1/4 span, mid-span and 3/4 span of the beam as examples, deflection comparisons between the estimated results (Equation (7)) and directly measured results by laser displacement meters are shown in Figure 14. These figures show the time-varying deflection from t = 0 s to t = 13 s as well as the expanded one from t = 1 s to t = 3 s. From these expanded figures, it was found that the trend of the calculated deflection changing versus time was the same as the directly measured one. The errors between the calculated and measured deflection at the first peak (positive) and second peak (negative) were about 5.92% and 6.78% for 1/4 span of the beam. At mid-span, the errors between the calculated and the measured deflection were about 4.87% and 2.27% for the first and second peaks. At 3/4 span, the errors between the calculated and the measured deflection were about 5.30% and 7.76% for the first and second peaks. Generally, the relative errors of peak values can be controlled within about 10%. It is worth noting that “prediction” in Figure 14 means the results estimated using strain response, and “test results” means the results directly measured by laser displacement meters.


Figure 14. Comparison results of the beam under single hammering.
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The deflection distribution along the length of the beam at a certain time can also be calculated using Equation (7). Typical calculated deflection shapes of the beam at different times are demonstrated in Figure 15.


Figure 15. Calculated deflection shapes of the beam at different times.
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Excitation in terms of the sudden release of initial vertical displacement of about 60 mm was also exerted at mid-span. When the initial vertical displacement was removed suddenly, strain and deflection responses were obtained with the beam vibrating. Similarly, the deflection changing with time at any position on the beam can be calculated using strain responses. Take calculated deflection at 1/4 span, mid-span and 3/4 span as examples, the comparison results for the estimated and measured deflection are shown in Figure 16. The calculated time-varying deflection tallies with the test result from Figure 16. The relative errors for the maximum values of deflection at 1/4 span, mid-span and 3/4 span of the beam are below 5%. On the whole, the deflection accuracy under excitation of the sudden release of vertical displacement is slightly better than that under hammering. It can be explained that the beam under excitation of the sudden release of vertical displacement mainly vibrates at low-frequency, which results in the error between the measured average strain and actual strain being relatively smaller compared to the excitation of hammering.


Figure 16. Comparison results of the beam under sudden release of initial displacement.
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Meanwhile, the beam was also excited by repeatedly hammering. Take the time-varying deflection at mid-span, for example; the comparison results between the calculated and measured deflection of the beam under multiple hammering are illustrated in Figure 17. It is clear that the beam was hammered nine times on the basis of peaks of the deflection time history. The calculated deflection agrees well with the directly measured one when the beam was subjected to multiple hammering. Based on the aforementioned analysis, the method is applicable to different types of excitation.


Figure 17. Comparison results of the beam under multiple hammering.
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4.4. Discussion


Based on the aforementioned analysis, deflection distribution along structures can be determined by strain distribution along them, and a linear and direct relationship exists between them. Thus, the double integration of curvature which can magnify the measurement error is not required in this method. LGSS can cover damage and reflect structural non-linearity, and hence the method can be reasonably extended to damaged structures. Compared to LGSSs, traditional “point” strain sensors will be confronted with an accuracy problem for deflection estimation of damaged structures due to the fact that damage will not be reflected by such “point” sensors unless such damages are covered. In addition, the aforementioned analysis is based on unknown external loads, and the sensor number or gauge length can be optimized if the external load is known.





5. Conclusions


In this paper, an improved moment-area method for estimating structural deflection based on long-gauge FBG sensors is presented. Some conclusions can be summarized as:

	(1)

	
A linear and direct relationship between strain and deflection is theoretically established, and the method is irrelevant to external loads and suitable for both static and dynamic loads.




	(2)

	
Numerical simulation results show that the method is applicable for different boundary conditions, and sensors can be optimized according to the balance between economic cost and accuracy requirements.




	(3)

	
Experimental results demonstrate that both deflection time-history of arbitrary points on the structures and deflection distribution along the structures at a certain time can be obtained with high precision.
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