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Abstract

:

Electrical resistance strain gauges are widely used in asymmetric structures for measurement and monitoring, but their thermal output in changing temperature environments has a significant impact on the measurement results. Since thermal output is related to the coefficient of thermal expansion of the strain gauge’s sensitive grating material and the measured object, the temperature self-compensation technique of strain gauges fails to eliminate the additional strain caused by temperature because it cannot match the coefficient of thermal expansion of various measured objects. To address this problem, in this study, the principle of the thermal output of electrical resistance strain gauges was analyzed, a calibration experiment for thermal output in the case of a mismatch between the coefficient of linear expansion of the measured object and the strain gauge grating material was conducted, and the mechanism for temperature influence on thermal output was revealed. A method was proposed to obtain the thermal output curves for different materials by using thermostats with dual temperatures to conduct temperature calibration experiments. A linear regression method was used to obtain a linear formula for the thermal output corresponding to each temperature. The thermal output conversion relationship was derived for materials with different coefficients of linear expansion. An in situ temperature compensation technique for electrical resistance strain gauges that separates the measured strain into thermal and mechanical strains was proposed. The results showed that the thermal output curve for the measured object can be calibrated in advance and then deducted from the measured strain, thus reducing the influence of temperature-induced additional strain on the mechanical strain. In addition, a new method was provided for the calculation of the thermal output among materials with similar coefficients of linear expansion, providing a reference for the health monitoring of asymmetric structures.
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1. Introduction


Electrical resistance strain gauges have been a key sensing element for structural deformation monitoring, vibration measurement and health diagnosis due to their simple measurement principle and high reliability; these devices have been widely used in mechanical and civil engineering [1,2,3,4,5,6,7]. Ideally, the strain gauges affixed to the measured object respond only to changes in the applied mechanical load and are not affected by environmental conditions. In reality, both the strain gauges and the measured objects deform due to temperature change, resulting in temperature effects, especially for structures with long-term cyclic temperature changes, such as bridges. If these temperature effects are not controlled or eliminated, especially over large temperature ranges, then the thermal output error may completely mask the true measured value. Therefore, it is necessary to use reasonable and effective temperature compensation measures to eliminate their effects [8,9,10,11].



In general, when a strain gauge is mounted on an unrestrained object without any external load, its resistance value also changes if the ambient temperature changes, and this change is referred to as thermal output or apparent strain [12,13,14,15]. The thermal output is the result of the combined action and iterative effect of the difference in the coefficient of linear expansion between the strain gauge’s sensitive grating material and the measured object [16]. Although the strain gauge has the function of temperature self-compensation, when the linear expansion coefficient of the measured object matched by the strain gauge is different from that of the actual measured object, the sensitive grating material will also be subjected to additional tension or compression, resulting in changes in resistance. Since the same strain gauges installed on different materials will have different thermal outputs, the user needs to calibrate the thermal output under actual installation conditions. However, because it takes more time, the thermal output curve of a specific material provided by commercial strain gauge manufacturers is often used directly for temperature compensation in the actual test, but these data only provide meaningful results if the coefficient of thermal expansion of the measured object matches that of the strain gauges; otherwise, they will produce large errors, and this is often ignored by the user.



The effect of thermal output on strain measurements has been explored by many researchers [17,18,19,20]. Various methods have been proposed to eliminate the effect of temperature. Neild et al. [21] conducted theoretical calculations to express the relationship between the measurements and the thermal deformation of a test specimen. These researchers argued that an unstrained strain gauge (i.e., free from structural material deformations but under the same environmental conditions as the test specimen) should be used as a dummy gauge to compensate for the temperature effect. Chen et al. [22,23] used statistical methods, such as linear regression, to investigate the impact of temperature on strain measurements. Litos et al. [24] determined the real strain and thermal output during strain monitoring by using a computer modelling technique. Kieffer et al. [25], from the perspective of strain gauge material composition, demonstrated that the magnitude of the thermal output corresponds with the transformation of the crystalline structure from a state of disorder to a state of order, and the high thermal output can be cancelled by a Wheatstone bridge. Xiao et al. [26] investigated factors influencing the thermal strain measurements of fiber Bragg grating strain sensors and electrical resistance strain gauges through a series of calibration experiments. They proposed a correction method that reduced the relative difference between the strain readings of bonded electrical resistance strain gauges and fiber Bragg grating strain sensors from 82.6% to around 10–20%. Gomes et al. [27] analyzed the thermal output from two different strain gauge types over a temperature range from 20–500 °C; the strain gauges were attached to the specimens in three different configurations. Their results showed that the thermal output was efficiently compensated for using a quarter-bridge configuration. Numerous researchers have conducted cross-corrections and comparisons of the strain measurement of multiple sensors in an environment with changing temperature [28,29,30]. However, because the coupling effect of the strain gauge and the measured object on the thermal output is rarely considered when there is a difference in the coefficient of linear expansion of the strain gauge and the measured object, these thermal strain errors cannot be compensated by a reference strain gauge or virtual temperature fiber, as is usually the case in the Wheatstone bridge measuring circuit [31].



The purpose of this study was to provide a new compensation method for the thermal output of different measured objects and an estimation method for the thermal output between two materials with similar coefficients of thermal expansion. By deriving the calculation equation for the thermal output, the mechanical strain and thermal strain were separated, and the principles of thermal output and temperature self-compensation were analyzed. Temperature calibration tests of various materials were carried out to obtain the thermal output curves applicable to strain gauges affixed to different materials. The results showed that the thermal output and temperature show a linear relationship, and the compensation value of the thermal output at each temperature can be calculated by using the linear formula of the thermal output. When the linear expansion coefficient of the measured object is larger or much smaller than that of the strain gauge grating material, the two thermal output curves exhibit opposite trends. The thermal output conversion relationship was derived for materials with different coefficients of linear expansion. The thermal output of material B can be estimated based on the thermal output of material A and the coefficients of linear expansion of materials A and B. The above established temperature compensation method for strain measurement can effectively reduce the effect of temperature change on mechanical strain to improve the accuracy of strain measurements.




2. Principle of Thermal Output of Electrical Resistance Strain Gauges


2.1. Measurement Principle of Electrical Resistance Strain Gauges


This resistance change with deformation is called the resistance strain effect. Within a certain range, the relative change in resistance of the sensitive grating material (change rate of resistance: ΔR/R) and the relative change in its length (strain) are linearly related, which can be expressed by Equation (1):


    Δ R  R  = k ε ,  



(1)




where  R  is the initial resistance of the strain gauge sensitive grating material with length  L ;   Δ R   is the resistance change of the strain gauge sensitive grating material after elongation   Δ L  ;   ε = Δ L / L   is the strain;  k  is the resistance change per unit of strain, that is, the sensitivity coefficient of the strain gauge.



From Equation (1), the strain value can be found by measuring the change in resistance, which can be measured by a Wheatstone bridge, the measurement principle of which is shown in Figure 1.



The relationship between the output voltage    V  out     and input voltage    V  in     is as follows:


   V  out   =   (  R 1   R 3  −  R 2   R 4  )   (  R 1  +  R 2  ) (  R 3  +  R 4  )    V  in   ,  



(2)




where    R 1  ,  R 2  ,  R 3  ,  R 4    are the resistance values.



When    R 1   R 3  =  R 2   R 4    and    V  out   = 0  , the bridge arms are in equilibrium. When the resistance changes to produce   Δ  R 1  , Δ  R 2  , Δ  R 3  , Δ  R 4   , respectively,    V  out     is expressed by Equation (3):


   V  out   =   (  R 1  + Δ  R 1  ) (  R 3  + Δ  R 3  ) − (  R 2  + Δ  R 2  ) (  R 4  + Δ  R 4  )   (  R 1  + Δ  R 1  +  R 2  + Δ  R 2  ) (  R 3  + Δ  R 3  +  R 4  + Δ  R 4  )    V  in   ,  



(3)







Omitting the term   Δ  R 2   , we obtain Equation (4):


   V  out   =   r  V  in       ( 1 + r )  2    (   Δ  R 1     R 1    −   Δ  R 2     R 2    +   Δ  R 3     R 3    −   Δ  R 4     R 4    ) ,  



(4)




where   r =    R 1     R 2    =    R 4     R 3     , and when   r = 1  , Equation (4) becomes


   V  out   =    V  in    4  (   Δ  R 1     R 1    −   Δ  R 2     R 2    +   Δ  R 3     R 3    −   Δ  R 4     R 4    ) ,  



(5)







In conventional bridges,    R 1  =  R 2  =  R 3  =  R 4    is adopted.


   V  out   =    V  in    4  (   Δ  R 1  − Δ  R 2  + Δ  R 3  − Δ  R 4   R  ) ,  



(6)







If the strain gauge is connected to four bridge arms, it is called a full bridge line; if only two bridge arms are connected, (e.g.,    R 1    and    R 2   ), it is called a half bridge line; if only one bridge arm is connected (e.g.,    R 1   ), it is called a quarter bridge line.



During the measurement, if only the resistance strain gauge (working gauge) is in working condition, its resistance will change; the resistance of the other three bridge arms is not changed, so Equation (6) becomes


   V  out   =    V  in    4    Δ  R 1   R  ,  



(7)




where    R 1    and   Δ  R 1    are the initial resistance value and the change in resistance value of the resistance strain gauge, respectively.



Substituting Equation (1) into Equation (7), we obtain


  ε =  4 k     V  out      V  in     ,  



(8)







Since  k  and    V  in     are known, the strain value can be found from the output voltage of the bridge arms, which is the principle of strain measurement using Wheatstone bridges.



In the actual measurement, if we make    V  in   =  4 k   , then Equation (8) becomes


  ε =  V  out   ,  



(9)







That is, the voltage output from the bridge arms is the strain value. Usually, the voltage in the bridge arms is    V  in   = 2 v  , and the sensitivity coefficient of the strain gauge is   k = 2  .




2.2. Coupled Thermo-Electro-Elasticity Equations


Due to the physical properties of the sensitive grating materials used to make strain gauges, even if the strain gauges are mounted on a specimen without any external forces, the resistance value changes when the ambient temperature changes; this is called the temperature effect. When the measured specimen is subjected to both load and temperature, the output value of the strain gauge is not only related to the deformation of the measured specimen but also to the temperature, that is, the resistance change of the strain gauge is a function of temperature ( T ) and strain ( ε ), which can be expressed by Equation (10):


  R = f ( T , ε ) ,  



(10)







The change in resistance of a strain gauge can be expressed by the partial differential Equation (11):


  Δ R =   ∂ R   ∂ T   Δ T +   ∂ R   ∂ ε   Δ ε ,  



(11)







The rate of change in resistance can be expressed by Equation (12):


    Δ R  R  =   ∂ R   R · ∂ T   Δ T +   ∂ R   R · ∂ ε   Δ ε ,  



(12)






   {      ∂ R   R · ∂ T   =  α R        ∂ R   R · ∂ ε   = k     ,  



(13)




where  T  is the temperature;   Δ T   is the temperature change;   Δ ε   is the strain change; and    α R    is the temperature coefficient of the strain gauge’s sensitive grating material.



The rate of change in resistance can be expressed by Equation (14):


    Δ R  R  = k Δ ε +  α R  Δ T ,  



(14)







Since the strain gauges are affixed to the measured specimens and need to deform together under the action of temperature, their strain change   Δ ε   is composed of the strain of the measured specimens (  Δ  ε s   ) and the strain of the sensitive grating material (  Δ  ε g   ), i.e.,


  Δ ε = Δ  ε g  + Δ  ε s  ,  



(15)







When the coefficient of linear expansion of the sensitive grating material (   α g   ) differs from that of the measured specimen (   α s   ), i.e.,    α s  ≠  α g   , the additional strain on the strain gauge is the difference between these coefficients when the measured specimen is free to expand and contract, as expressed by Equation (16),


  Δ  ε g  = (  α s  −  α g  ) Δ T ,  



(16)







Substituting Equation (16) into Equation (15) gives Equation (17):


  Δ ε = (  α s  −  α g  ) Δ T + Δ  ε s  ,  



(17)







Substituting Equation (17) into Equation (14) gives Equation (18):


    Δ R  R  = k  [  (  α s  −  α g  ) Δ T + Δ  ε s   ]  +  α R  Δ T ,  



(18)







When no load is applied to the measured object,   Δ  ε s  = 0  ; the output values of the strains are all thermal strains, and Equation (18) becomes


    Δ R  R  = k (  α s  −  α g  ) Δ T +  α R  Δ T = k Δ  ε T  ,  



(19)







Namely:


  Δ  ε T  =    α R  Δ T  k  + (  α s  −  α g  ) Δ T ,  



(20)




where   Δ  ε T    is the thermal output of the strain gauge;    α s    is the coefficient of linear expansion of the measured material; and    α g    is the coefficient of linear expansion of the strain gauge’s sensitive grating material.



Equation (20) gives the effect of temperature on the strain gauges. The reason for the thermal output is mainly due to the difference between the coefficient of linear expansion of the sensitive grating material and that of the measured material.



According to Equation (20), we are able to change the parameters of strain gauges by some measures so that the thermal output of each strain gauge is zero or fluctuates within a specified range. This is the basic principle of the self-compensation technology for strain gauges. It can be expressed as Equation (21):


  Δ  ε T  =    α R  Δ T  k  + (  α s  −  α g  ) Δ T = 0 ,  



(21)







Equation (22) can be obtained from Equation (21):


   α R  = k (  α g  −  α s  ) ,  



(22)







From Equation (22), it can be seen that the temperature coefficient    α R    and the coefficient of linear expansion    α g    can be adjusted to satisfy Equation (22) by controlling the alloy composition of the strain gauge sensitive grating material and the heat treatment process. Thus, the temperature self-compensation function for the specific measured object is realized. Ideally, the thermal output value for such strain gauges tends to zero, and these strain gauges are called temperature self-compensated strain gauges.



This basic principle shows that the self-compensating strain gauge must correspond to the coefficient of linear expansion for the specific measured material. If the measured material does not match the one corresponding to that of the self-compensating strain gauge, then effective temperature compensation cannot be achieved. In this case, it is necessary to obtain the thermal output curve of the strain gauge for the actual conditions instead of the thermal output curve provided by the manufacturer, which leads to large measurement errors. Furthermore, a constant coefficient of linear expansion is required for self-compensating technology, but in some cases, the temperature difference varies greatly so that the coefficient of thermal expansion is not constant.




2.3. Elastic Constitutive Relation


In a perfectly elastic isotropic body, it follows from Hooke’s law that


       ε x  =  1 E   [   σ x  − ν (  σ y  +  σ z  )  ]       ε y  =  1 E   [   σ y  − ν (  σ x  +  σ z  )  ]       ε z  =  1 E   [   σ z  − ν (  σ x  +  σ y  )  ]     }  ,  



(23)




where  E  is the modulus of elasticity,  ν  is Poisson’s ratio,    ε x  ,  ε y  ,  ε z    are the strain components in the directions of   x , y , z  , respectively;    σ x  ,  σ y  ,  σ z    are the stress components in the directions of   x , y , z  , respectively.



In Section 2.1, the measured resistance is the change in resistance, i.e., the change in strain, so Equation (23) is written in incremental form, and substituting Equation (9) into Equation (23) gives


      Δ  V   out ,  x   =  1 E   [  Δ  σ x  − ν ( Δ  σ y  + Δ  σ z  )  ]      Δ  V   out ,  y   =  1 E   [  Δ  σ y  − ν ( Δ  σ x  + Δ  σ z  )  ]      Δ  V   out ,  z   =  1 E   [  Δ  σ z  − ν ( Δ  σ x  + Δ  σ y  )  ]     }  ,  



(24)




where   Δ  V   out ,      x  , Δ  V   out ,      y  , Δ  V   out ,      z    are the output value of voltage in the directions of   x , y , z  , respectively.



Equation (24) comprises coupled electro-elasticity equations.



Since resistance strain gauges are very sensitive to temperature changes, their resistance values change when the temperature changes. As shown in Equation (9), this change in resistance generates an output voltage, which is reflected in a strain value. However, this part of the strain value is not caused by the change in stress, but by the change in temperature, so it is an additional strain value. Therefore, the total output value in the Wheatstone bridge consists of the thermal and mechanical outputs of the strain gauge,


  Δ  ε  total   = Δ ε + Δ  ε T  ,  



(25)




where   Δ  ε  total     is the total output value of the strain gauge,   Δ ε   is the mechanical output of the strain value, and   Δ  ε T    is the thermal output of the strain value.



Substitute Equations (20) and (23) into Equation (25), where the strain output in the direction of  x  is expressed as


  Δ  ε  total   =  1 E   [  Δ  σ x  − ν ( Δ  σ y  + Δ  σ z  )  ]  +    α R  Δ T  k  + (  α s  −  α g  ) Δ T ,  



(26)







Substitute Equation (9) into (26) and write it in incremental form:


  Δ  V   out ,       total   =  1 E   [  Δ  σ x  − ν ( Δ  σ y  + Δ  σ z  )  ]  +    α R  Δ T  k  + (  α s  −  α g  ) Δ T ,  



(27)




where   Δ  V   out ,       total     is the change in total voltage output.



Equation(27) is a coupled thermo-electro-elasticity equation.



If no compensation measures are applied, then the thermal output is present in the output value. If the strain gauge is attached to the measured object and placed in the test environment before the official test, then the strain output value without mechanical load is the thermal output of the gauge itself. Regardless of whether    α R   ,    α s    and    α g    are constants or not, or regardless of the type of measured object, this thermal output can be deducted from the measured strain to obtain an accurate mechanical strain.





3. Temperature Calibration Experiments for Different Measured Materials


3.1. Zero-Drift Experiment


After a strain gauge is attached to the surface of an object in a no-load and constant temperature environment, the change in the indicated strain over time is called the “zero drift” of the electrical resistance strain gauge. This parameter is related to the strain gauge grating material, the bonding and curing process, the welding of lead wires, the measurement environment, the power supply voltage, etc., and is the stability parameter of the strain gauge itself, expressed as με/H.



It is necessary to test the “zero drift” performance to determine the stability of the strain gauge. In this work, the strain gauge and the logging system were placed in a constant ambient temperature, and the data were recoded directly every 15 min for a total of 48 h without applying a mechanical load (free strain gauge). The maximum fluctuation within 1 h was used as the “zero drift” value for the temperature, and the test results are shown in Figure 2. The minimum value of strain was −29 με, and the maximum value was 38 με. Specifically, the maximum fluctuation was 67 με within 48 h. The maximum fluctuation within 1 h was 8 με, i.e., 8 με/H. Therefore, this “zero drift” range is acceptable in practical measurements.




3.2. Calibration Experiments for the Thermal Output of Different Measured Materials


From Equation (20), the thermal output of a strain gauge is related to the coefficient of linear expansion of the measured object in addition to its own temperature coefficient and coefficient of linear expansion. Therefore, the method using a dummy strain gauge placed in the compensation channel of the logging system can cause significant errors during long-term monitoring with large temperature variations or when the coefficient of linear expansion of the measured material differs significantly from that of the strain gauge grating material. It is necessary to consider the influence of various factors, such as the type of binder, the thickness of the binder, and the measured material, to reduce the influence of the thermal output of the strain test system. Corresponding indoor calibration tests are required to obtain the thermal output of strain gauges under the influence of temperature, and then error elimination can be performed based on temperature variations during long-term monitoring.



A variety of materials with different coefficients of linear expansion commonly used in civil engineering (epoxy resin adhesive, metal, plexiglass, concrete and rock) were selected to carry out the calibration experiment for the thermal output of strain gauges, as shown in Figure 3. The relationship between the coefficients of linear expansion of the different materials is as follows: epoxy resin adhesive > strain gauge grating material > aluminum > brass > stainless steel > iron > concrete > plexiglass > granite. Electrical resistance strain gauges with temperature self-compensation were used. The temperature coefficient of the strain gauges was 30 με/°C, and their sensitivity coefficient was 2.18; the coefficient of linear expansion was 25.1 × 10−6/°C. The test specimen with strain gauges attached was put into high- and low-temperature test thermostats (as shown in Figure 4a), a free strain gauge was set for comparison, and the logging system was in a test thermostat with a constant temperature (keeping the temperature constant at 30 °C), as shown in Figure 4b. The temperature gradient was set to 10 °C, 20 °C, 30 °C, 40 °C and 50 °C, and each temperature gradient lasted for 8 h with a record interval of 15 min. The test results are shown in Figure 5.



According to the results, under the condition of 10~50 °C, the thermal output of the strain gauge in the free state was approximately 1295 με. The thermal output of the strain gauges pasted with the epoxy resin adhesive was 5711 με, which was larger than that in the free state. This is because the coefficient of linear expansion of the epoxy resin material (56.8 × 10−6/°C) was larger than that of the strain gauge grating material (25.1 × 10−6/°C). The thermal outputs of the strain gauges pasted on aluminum, brass and stainless steel were 778 με, 622 με and 400 με, respectively, which were all smaller than the thermal output in the free state. This is because the coefficients of linear expansion of the three materials were smaller than that of the strain gauge grating material. The thermal output of the strain gauges pasted on iron showed a nonlinear variation with temperature, and the thermal output was close to zero because the coefficient of linear expansion of iron almost satisfied Equation (22) and thus produced a temperature self-compensation effect. The thermal output of the above materials showed positive values in the test channel. The thermal outputs of concrete, plexiglass and granite were −166 με, −214 με and −352 με, respectively, which were much smaller than the thermal output in the free state. Their coefficients of linear expansion were much smaller than those of the strain gauge grating materials, making    ε T  =    α R  Δ T  k  + (  α s  −  α g  ) Δ T < 0  . This means that these materials constrained the deformation of the strain gauges, which is shown as a negative value in the test channel, and the thermal output curves show opposite trends corresponding to positive values. The greater the difference in the coefficient of linear expansion of the different materials is, the greater the thermal output, and therefore, it is inappropriate to use the method of placing a free strain gauge to offset the additional strain caused by temperature. If conditions allow, then it is more appropriate to attach a strain gauge to the measured object (the same measured material, the same temperature environment, kept unconstrained) as a compensation block during the measurement to offset the temperature effect.



In summary, when the coefficient of linear expansion of the measured material is larger or much smaller than that of the strain gauge grating material, the two types of thermal output curves will show opposite trends: one is an upward trend (positive thermal output) and the other is a downward trend (negative thermal output). The relationship between    α s    and    α g    in Equation (22) can explain this phenomenon well. This means that when the coefficient of linear expansion of the measured material is larger than that of the strain gauge grating material during a temperature change, strain gauge elongation is promoted. When the coefficient of linear expansion of the measured material is smaller than that of the strain gauge grating material, strain gauge elongation is prevented. This may be slightly difficult to understand, so we provide a detailed explanation in the subsequent subsections.




3.3. Calculation of the Thermal Output for Different Measured Materials


The middle value of the thermal output curve at each temperature gradient is taken as the representative value of the thermal output at this temperature, as shown in Table 1. The fitting line of the thermal output for each material can be obtained by the linear fitting method, and the results are shown in Figure 6. Except for iron, the relationship between the thermal output and temperature change in various materials shows a linear trend. The coefficient of linear expansion of iron matches that of the strain gauge grating material; thus, the strain gauges fulfill a temperature self-compensation function, as in Equation (14), and the thermal output is almost zero. The corresponding thermal output at each temperature can be calculated from the fitting line of the thermal output and the actual temperature during the measurement, and then the additional strain caused by temperature is deducted from the strain measurement results to obtain an accurate strain induced by mechanics, as in Equation (25).




3.4. Coupled Deformation Analysis of Strain Gauges and Measured Materials


When the coefficient of linear expansion of the measured object is smaller or much smaller than that of the strain gauges, under the reference temperature (such as 10 °C), the initial length of the free strain gauge and the measured object are assumed to be L0, as shown in Figure 7a. However, after the temperature increases (such as 50 °C), if the strain gauge is in a free state (the strain gauge and the measured object are separated), then its length change should be ΔL, and the length change in the measured object should be ΔL1. However, when the strain gauge is attached to the measured object (the strain gauge and the measured object are coupled), the strain gauge has the same deformation as the measured material due to the constraint action of the measured material, so the length change in the strain gauge after the temperature increase is only ΔL1. That is, it is equivalent to a shrinkage of the strain gauge by ΔL2 compared to the free strain gauge. Therefore, the thermal output of the strain gauge is smaller or negatively increased (the opposite direction of deformation from the free state).



When the coefficient of linear expansion of the measured object is greater than that of the strain gauge, under the reference temperature condition (such as 10 °C), the initial lengths of the free strain gauge and the measured object are assumed to be L0, as shown in Figure 7b. However, after the temperature increases (such as 50 °C), if the strain gauge is in a free state, then its length change should be ΔL, and the length change in the measured object should be (ΔL + ΔL1). However, when the strain gauge is attached to the measured object, the strain gauge has the same deformation as the measured material due to the constraint action of the measured material, so the length change in the strain gauge after the temperature increase is (ΔL + ΔL1) instead of ΔL. That is, it is equivalent to elongation of the strain gauge by ΔL1 compared to the free strain gauge, so the thermal output of the strain gauge is greater or positively increased (greater than free state). This is the fundamental reason why strain gauges have different thermal outputs when attached to different materials.




3.5. Analysis of the Error Caused by the Thickness of an Adhesive Layer


In general, strain gauges are coupled to a measured object through a bonded adhesive layer, but the thickness of the adhesive layer is generally controlled manually, and the coefficient of linear expansion of different types of adhered materials varies widely. This can have an effect on the thermal output. In addition, sometimes the strain gauges are not directly bonded to one material but to multiple composite materials, in which case the strain gauges are subject to the coupling effects of multiple materials. For example, in the CSIRO method for in situ stress measurements, developed by our research team [32], strain gauges were pasted on a composite of adhesive layer and rock, where the thickness of the adhesive layer had an effect on the thermal output.



Therefore, five sets of calibration tests were conducted for strain gauges pasted under adhesive layers with different thicknesses. The adhesive material was epoxy resin adhesive, and its thicknesses were 0 (as a comparison), 0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm and 5 mm, as shown in Figure 8. The temperature gradients were set to 10 °C, 20 °C, 30 °C, 40 °C and 50 °C, and the test results are shown in Figure 9.



The results showed that the thermal output of the strain gauges increased significantly when the bond thickness was in the range of 0.5 to 2 mm relative to that of the strain gauges pasted on the rocks. In addition, the increase in the thermal output of the strain gauges was no longer significant when the bond thickness reached 2 mm, at which time the thermal output of the strain gauges was mainly determined by the coefficient of linear expansion of the epoxy resin adhesive, and the constraint effect of the rocks decreased significantly. Within 20 °C, this difference was relatively small, while with increasing temperature, this difference became increasingly larger. Therefore, the thickness of the adhesive layer between the strain gauges and the measured object, as well as the thickness of the outer adhesive layer of the composite material, should be reduced as much as possible when pasting strain gauges to reduce the influence of the thermal output, especially under high temperature conditions.





4. Conversion Relationship of Strain Gauge Thermal Output for Different Materials


4.1. Calculation Principle


The strain gauge self-compensation technique can be a good method to address the thermal output in some strain measurements of specific materials. This allows the manufacturer to develop specific strain gauges to reduce the thermal output based on the temperature characteristics of the strain gauge grating material and the thermal expansion characteristics of the measured material. However, in general, the user’s test material does not match the manufacturer’s specific application, making the self-compensation technique ineffective.



To obtain the thermal output curves for strain gauges on various objects, the strain gauges must first be attached to the corresponding measured objects and then tested in temperature thermostats, which usually takes a long time. Fortunately, among civil engineering materials, some materials have similar thermal expansion characteristics. In some practical applications, sometimes when the thermal output of the strain gauge on material A is known and the thermal output of the strain gauge on material B needs to be obtained as soon as possible, a simple calculation method can be used to rapidly obtain that of the strain gauge on material B. The basic principle is as follows:



The thermal output of the strain gauge on specimen material A can be expressed as:


   ε  T A   =    α R  Δ T  k  + (  α  s A   −  α g  ) Δ T ,  



(28)







Similarly, the thermal output of the strain gauge on material B can be expressed as:


   ε  T B   =    α R  Δ T  k  + (  α  s B   −  α g  ) Δ T ,  



(29)







Equations (28) and (29), give the following:


       ε  T B   −  ε  T A   =  [     α R  Δ T  k  + (  α  s B   −  α g  ) Δ T  ]  −  [     α R  Δ T  k  + (  α  s A   −  α g  ) Δ T  ]         = (  α  s B   −  α  s A   ) Δ T  ,      



(30)







After the transformation, we obtain Equation (31):


   ε  T B   =  ε  T A   + (  α  s B   −  α  s A   ) Δ T ,  



(31)




where    ε  T A     is the thermal output of the strain gauge on material A (known);    ε  T B     is the thermal output of the strain gauge on material B (unknown);    α  s A     and    α  s B     are the coefficients of linear expansion of materials A and B, respectively; and   Δ T   is the temperature change.



In summary, the thermal output of the strain gauge on material (B) can be obtained from Equation (31).




4.2. Calculation Example


The thermal output data for the strain gauge on specimen A (brass) are known, and the thermal output curve for the strain gauge on specimen B (aluminum) is needed. According to the material manual, the coefficient of linear expansion of brass is 17.1 × 10−6/°C, and that of aluminum is 22.5 × 10−6/°C. The following can be obtained from Equation (29):    ε  T B     =    ε  T A    + (22.5 − 17.1)  Δ T   (με).



The results of the calculations are shown in Table 2. To confirm the reliability of Equation (31), the thermal output was measured by using strain gauges pasted on aluminum material, and the results are shown in Table 2. The maximum difference between the two was within 10% in the range of 10 °C to 50 °C, so the above method is feasible. Notably, the coefficient of thermal expansion tends to be different at different temperature gradients, i.e., nonlinear, so this is only an estimation method for adjacent temperature gradients and materials with similar linear expansion coefficients.





5. Conclusions


In this study, the mechanical strain and thermal strain were separated by deriving a strain gauge thermal output calculation equation. Thermal output calibration experiments for different materials were carried out to provide a thermal output compensation method and a thermal output estimation method between different materials.



	(1)

	
The thermal output curves applicable to different materials were obtained based on temperature calibration tests conducted on a variety of materials. The thermal output shows a linear relationship with temperature, and the thermal output compensation value at each temperature can be calculated according to the thermal output fitting formula.




	(2)

	
When the coefficient of linear expansion of the measured material is larger or much smaller than that of the strain gauge grating material, the two thermal output curves show an opposite trend. This means that when the coefficient of linear expansion of the measured material is larger than that of the strain gauge grating material, the elongation of the strain gauges is promoted, and thus, the thermal output during the temperature change is increased. When the coefficient of linear expansion of the measured material is smaller than that of the strain gauge grating material, the elongation of the strain gauges is prevented, and thus, the thermal output decreases.




	(3)

	
The thickness of the adhesive layer between the strain gauge and the measured object affects the thermal output. The thermal output of the strain gauge increases significantly when the thickness of the adhesive layer is in the range of 0.5 to 2 mm. When the thickness of the adhesive layer reaches 2 mm, the increase in the thermal output of the strain gauge is no longer significant. This difference is relatively small within 20 °C but becomes increasingly larger as the temperature increases.




	(4)

	
The thermal output conversion relationships were derived for materials with different linear expansion coefficients. The thermal output of material B was estimated from the thermal output of material A and the linear expansion coefficients of the two materials (A and B), and the maximum difference between the estimated and actual values was within 10% in the range of 10 °C to 50 °C.
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Figure 1. Wheatstone bridge circuit. 
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Figure 2. The “zero drift” data for a strain gauge. 
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Figure 3. Strain gauges pasted on measured materials with different linear expansion coefficients: (a) epoxy resin adhesive, (b) aluminum, (c) brass, (d) stainless steel, (e) iron, (f) concrete, (g) plexiglass, and (h) granite. 
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Figure 4. Thermostats with dual temperatures. (a) high- and low-temperature thermostats: −40∼150 °C (±0.1 °C); (b) Ambient temperature thermostats: 15∼50 °C (±0.1 °C). 
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Figure 5. Thermal output of the strain gauges pasted onto different materials: (a) epoxy resin adhesive; (b) free strain gauge, aluminum, brass, stainless steel, iron; (c) concrete, plexiglass, granite. 
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Figure 6. Fitting line of the thermal output of strain gauges pasted onto different measured materials: (a) epoxy resin adhesive; (b) free strain gauge, aluminum, brass, stainless steel, iron; (c) concrete, plexiglass, granite. 
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Figure 7. Coupled deformation of strain gauges and measured materials during temperature change: (a) αs < αg; (b) αs > αg. 
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Figure 8. Strain gauges pasted on adhesive layers with different thicknesses: (a) 0; (b) 0.5 mm; (c) 1.0 mm; (d) 2.0 mm; (e) 3.0 mm; (f) 4.0 mm; (g) 5.0 mm. 
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Figure 9. Relationship of temperature to thermal output for different paste thicknesses of the adhesive layer. 
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Table 1. Thermal output of different materials corresponding to temperature (unit: με).
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	T/°C
	Epoxy Resin Adhesive
	Free Strain Gauge
	Aluminum
	Brass
	Stainless Steel
	Iron
	Concrete
	Plexiglass
	Granite





	10
	−34
	−12
	25
	15
	10
	14
	2
	−7
	−7



	20
	1128
	245
	242
	202
	138
	53
	−14
	−51
	−76



	30
	2359
	497
	435
	337
	227
	71
	−38
	−95
	−156



	40
	4636
	825
	607
	495
	319
	55
	−101
	−156
	−257



	50
	5711
	1295
	778
	622
	400
	43
	−166
	−214
	−352
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Table 2. Estimated thermal output for the strain gauge on material B.
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	T/°C
	ΔT/°C
	     ε  T A      
	     ε  T B      
	       ε ′    T B      
	    Relative   Errors :   (  ε  T B   −    ε ′    T B   ) /    ε ′    T B      





	10
	0
	/
	/
	/
	/



	20
	10
	202
	256
	242
	5.8%



	30
	20
	337
	445
	435
	2.3%



	40
	30
	495
	657
	607
	8.2%



	50
	40
	622
	838
	778
	7.7%
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Ly AL Lo AL ALy
(E——o— .
ey oy
AL; AL,
strain gauge strain gauge
Lo AL,

measured object

(a)

Ty %; %; ;

measured object

(b)





media/file4.png
Strain (pe)

I ™ JJ ¥

I'Egzé‘“d )

B
: ¥
L f PR M T G .xlﬁix‘l 1

ﬁ” 318 24 30 g%% 48 54
k.4 Time (H)






nav.xhtml


  symmetry-15-01066


  
    		
      symmetry-15-01066
    


  




  





media/file18.png
Thermal output (pe)

4500

4000.
3500’
3000’
2500’
2000.

1500

500

1000

() mm

(.5 mm
== 1.0 mm
2.0 mm
e 30 M
e 4.0 mm
5.0 mm

30°C ; F 4

qusmstt
L

S T

R

i

45





media/file16.png





media/file2.png
}/

Vout





media/file5.jpg
(a) (b) © W (e () () (h)





media/file3.jpg
100

18 5460

Fam 5
9 06,027 18 24 30 T
20 %, £
e Time (H)

!
3
3





media/file1.jpg





media/file7.jpg
- and low ~tempe rature. (ReHNoSES,

P T LR L

Sl et e s
01 O






media/file10.png
6000 o
—— Epoxy resin adhesive mégfm
I
5000 i 40°C "
)ii‘-"“fi:.::&m‘mrk
i
@ 4000 +
2 |
E l'
= aaadl) 30°C |
y
= Ittt
E 2000 - ;
= & B
= 20°C :'
1000 F ‘&.«;-::'m::' aie]
I
I
10°C
[ oo WY, (U NS NP W S S S E——
] 5 10 15 20 25 30 35 40 45

Time (H)

(a)

1800 _
—— Free strain gauge
Aluminium
1500 -~ Brass »
—— Stainless steel f’-"- f? C
—~ 1200 F ~ = Iron i
)
. }
E 40°C
2. 900 - i |
S i B i ==
o ;
Té’ 600 30°C Jommmd
- Q:ﬁ‘-"’:»al ' —
= o 2000 N ¥ v
=300 - L. i —

25 30 35 40 45
Time (H)

(b)
Time (H)

1 iy | v T T 1

30 35 40 45

| | |
3] —_— p—
) W o
o o o
—T

=250

+ —— Concrete 40°C \
—— Plexiglass

- QGranite \

=350

Thermal output (pe)

@

ot

<
T

50°C

~400 L

(c)





media/file12.png
6000

5000

g 8
8 8

Thermal output (pe)
S
=

1000

1500

o
8

Thermal output (pe)
oI D
g =

(=

-300

Test data of epoxy resin adhesive

[ — Fitting line

y=-1739.4+149.0x (R>=0.984)

50 60
T(°C)

(a)

Test data of free strain gauge » = —388.2+31.9x (R*=0.981)
Test data of aluminium y=-143.9+18.7x (R’=0.996)
Test data of brass y=-117.9+15.1x {R’=0.994)
Test data of stainless steel ¥ =—69.5+9.6x (R’=0.992)

——— Fitting line

60

Thermal output (ue)

|
]
T

%
2 =

w

<

60

Test data of concrete V= 63.5-4.2x (R*=0.92
Test data of plexiglass y = 51.1-5.2x (R*=0.994)
Test data of granite  y = 91.7-8.7x (R*=0.994)
Fitting line

(c)





media/file9.jpg
-'vwlx'n“(i:‘nnua
w (®)
d i
ms\
)
e
\
> .
]

©





media/file0.png





media/file14.png
Lo AL
EBe==10

\W_}
AL, 2

strain gauge strain gauge

Lo AL Lo %il %ii.

measured object measured object

(a) (b)






media/file8.png
- and low=tempe rature thenostis

P TR W LIS O = -5t 0 10

SR C N e pedate e mogmars

SRR () | ( :

r .
!






media/file11.jpg
o)
. 5 8 8 B E

CO






media/file6.png





media/file15.jpg
(@) (b) ©) (d) (@) (6]






media/file17.jpg
4500 =0 mm

gEggs

‘Thermal output (pe)
g

g

g

o

45

Time (H)





