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Abstract: Electrical resistance strain gauges are widely used in asymmetric structures for mea-
surement 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 mea-
sured 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 electri-
cal 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.

Keywords: asymmetric structures; strain sensors; strain gauge thermal output; thermal strain;

coefficient of linear thermal expansion; structural health monitoring; temperature compensation

1. Introduction

Electrical resistance strain gauges have been a key sensing element for structural
deformation monitoring, vibration measurement and health diagnosis due to their sim-
ple measurement principle and high reliability; these devices have been widely used in
mechanical and civil engineering [1-7]. Ideally, the strain gauges affixed to the measured
object respond only to changes in the applied mechanical load and are not affected by envi-
ronmental 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 [8-11].
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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 [12-15]. 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 [17-20]. Various methods have been proposed to eliminate the effect of temper-
ature. Neild et al. [21] conducted theoretical calculations to express the relationship between
the measurements and the thermal deformation of a test specimen. These researchers ar-
gued 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 cor-
responds 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 configura-
tions. 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 [28-30]. However, because the coupling effect of the strain gauge
and the measured object on the thermal output is rarely considered when there is a dif-
ference 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
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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: AR/R) and the relative change in its length (strain) are linearly related, which
can be expressed by Equation (1):

AR

==
where R is the initial resistance of the strain gauge sensitive grating material with length L;
AR is the resistance change of the strain gauge sensitive grating material after elongation
AL; e = AL/ 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.
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Figure 1. Wheatstone bridge circuit.
The relationship between the output voltage Vut and input voltage Vi, is as follows:

(R1R3 — RyRy)

Vout = s
T (Ri+Ro)(Rs+Ry) ™

@

where R1, Ry, R3, Ry are the resistance values.
When RiR3 = RpR4 and Vot = 0, the bridge arms are in equilibrium. When the resis-
tance changes to produce ARy, ARy, AR3, ARy, respectively, Vout is expressed by Equation (3):

Voo — (R1 + ARl)(Rg, + ARg) — (Rz + ARz)(R4 + AR4) v 3)
O Ry + ARy + Ry + ARy)(R3 + AR3 + Ry + ARy) ™

Omitting the term AR?, we obtain Equation (4):

1"Vi AR1 ARZ + AR3 _ AR4

1+r> R R "Ry Ry ) @

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

Vi
Vout - f(

ARy ARy  AR; ARy

Ry R,  Rs; Ry ) ®)

In conventional bridges, Ry = Ry = R3 = Ry is adopted.

ﬁ AR1 — ARy + ARz — ARy

Vout - 4 ( R )1

(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., Ry and R»), it is called a half bridge line; if only
one bridge arm is connected (e.g., R1), 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

Vin ARy
Vout = —2——=, 7

out 4 R ( )
where Rj and AR; 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

_ iLVout
k Vin’

€ ®)
Since k and Vj, 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.

4
In the actual measurement, if we make Vi, = —, then Equation (8) becomes

k
&€= Vout/ (9)

That is, the voltage output from the bridge arms is the strain value. Usually, the
voltage in the bridge arms is Vi, = 2v, 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 (¢), which can be expressed by Equation (10):

R=f(T,e), (10)

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

AR = == AT + == A, (11)

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

AR _ dR R

R~ RoT! TRaDY 12)
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TR (13)
R-0e

where T is the temperature; AT is the temperature change; Ae is the strain change; and ag
is the temperature coefficient of the strain gauge’s sensitive grating material.
The rate of change in resistance can be expressed by Equation (14):

AITR = kAe + agAT, (14)

Since the strain gauges are affixed to the measured specimens and need to deform
together under the action of temperature, their strain change Ae is composed of the strain
of the measured specimens (A¢;) and the strain of the sensitive grating material (Aey), ie.,

Ae = Aeg + Ag, (15)

When the coefficient of linear expansion of the sensitive grating material (a) differs
from that of the measured specimen («;), i.e., a5 # 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),

Aeg = (a5 — ag)AT, (16)

Substituting Equation (16) into Equation (15) gives Equation (17):
Ae = (as — ag) AT + Ags, (17)

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

AR _

= =k [(as — ag) AT + Aes] + agAT, (18)

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

AR _

R = k(as — ag) AT + arAT = kAer, (19)
Namely:
AT
Aer = "‘Rk + (a5 — ag)AT, (20)

where Aer is the thermal output of the strain gauge; s is the coefficient of linear expansion
of the measured material; and a, 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):

. DCRAT

Aer = p + (as —ag)AT =0, (21)
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Equation (22) can be obtained from Equation (21):
ag = k(ag — as), (22)

From Equation (22), it can be seen that the temperature coefficient ag and the coef-
ficient of linear expansion a¢ can be adjusted to satisty 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

€r = %[Ux —v(oy +03)]
gy = %[(Ty —v(ox+oz)] ¢ (23)
&, = %[0’2 —v(ox +0y)]

where E is the modulus of elasticity, v is Poisson’s ratio, e, €, €, are the strain components
in the directions of x, y, z, respectively; oy, 0y, 07 are the stress components in the directions
of x,v, 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
1
AVoutx = E [A(Tx - V(AUy + AU’Z)]
1
AVoury = ¢ [Boy —v(Aox + Acz)] ¢/ (24)
1
AVout,z = E [A(Tz - V(AO'X + AO'y)]

where AVout,x, AVout,y, AVout,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 resis-
tance 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,

Astot.all = Ae + Aer, (25)

where Ag, is the total output value of the strain gauge, Ae is the mechanical output of
the strain value, and Aer is the thermal output of the strain value.
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Substitute Equations (20) and (23) into Equation (25), where the strain output in the
direction of x is expressed as

DéRAT
k

1
Aeiotal =  [Aox —v(Boy + Acz)] + + (a5 — ag) AT, (26)

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

axAT

1
AVOllt,tOtal - E I:A(Tx - V(A(Ty + A(Tz):l + k

+ (a5 — ag)AT, (27)
where AVout,total 1 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 ag, a5 and ag 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 pe/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 e, and the maximum value
was 38 pe. Specifically, the maximum fluctuation was 67 pe within 48 h. The maximum
fluctuation within 1 h was 8 pe, i.e., 8 pe/H. Therefore, this “zero drift” range is acceptable
in practical measurements.

100
80
60

40

Strain (ue)
(=]

Time (H)

~100 L
Figure 2. The “zero drift” data for a strain gauge.

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
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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 pe/°C, and their sensitivity coefficient was 2.18; the coefficient
of linear expansion was 25.1 x 107¢/°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.

(d)

@ (b (© @

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.

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.

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 pe. The thermal output of the
strain gauges pasted with the epoxy resin adhesive was 5711 pe, which was larger than
that in the free state. This is because the coefficient of linear expansion of the epoxy
resin material (56.8 x 107°/°C) was larger than that of the strain gauge grating material
(25.1 x 107%/°C). The thermal outputs of the strain gauges pasted on aluminum, brass
and stainless steel were 778 e, 622 pe and 400 pe, 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
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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 1,
—214 pe and —352 pe, respectively, which were much smaller than the thermal output

in the free state. Their coefficients of linear expansion were much smaller than those of
4 RAT

the strain gauge grating materials, making et = + (a5 — ag)AT < 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
as and ag 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).

Table 1. Thermal output of different materials corresponding to temperature (unit: e).

T/°C El:ggelsiis‘:n Frecfaitgr:m Aluminum  Brass St;lt:.l:less 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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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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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 AL, and the length change in the measured object should
be AL1. 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 AL1. That is, it is
equivalent to a shrinkage of the strain gauge by AL2 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).

Lo AL Lo AL AL,
| i | [ i
AL, AL,
strain gauge strain gauge
Lo AL, Lo AL AL,
(] I [ |-
measured object measured object

(a) (b)

Figure 7. Coupled deformation of strain gauges and measured materials during temperature change:
(@) as < og; (b) ots > g

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 AL, and the length change in the measured
object should be (AL + AL1). 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 (AL + AL1) instead of AL. That is, it is equivalent to elongation
of the strain gauge by AL1 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,
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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.

(a) (b) ©) (d) (e) ()] (g)

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.

4500 ——0mm
~==0.5 mm o
4000 F —=—1.0mm 50°C
~===2.0 mm
3500 3.0 mm ;
—_ 4.0 mm ’
%) 40°C
£ 3000 ——5.0mm H
£ 2500
2 i
= 2000 30°C 4
2 1500 - i
L ” I
1000 | 2w0c M
500 §
10°C__ &
s . ! f s s J
0 5 10 15 20 25 30 35 40 45

Time (H)

Figure 9. Relationship of temperature to thermal output for different paste thicknesses of the
adhesive layer.

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.
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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:

xrAT
era =~ + (ta — ag)AT, (28)

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

arAT
€T = RT + (asp — ag)AT, (29)

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

DéRAT tXRAT
— 4 = —a)AT| — | =R22 — ag)AT
ETB — €TA A + (asp — arg) } [ K + (54 — arg) (30)
= (asp — as4)AT,
After the transformation, we obtain Equation (31):
erp = e1A + (&sp — &s4)AT, (31)

where €714 is the thermal output of the strain gauge on material A (known); erp is the
thermal output of the strain gauge on material B (unknown); a5 4 and a;p are the coefficients
of linear expansion of materials A and B, respectively; and AT 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 x 10=%/°C, and
that of aluminum is 22.5 x 107¢/°C. The following can be obtained from Equation (29):
ETB =€&€T1A + (225 - 171)AT (p.&).

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 alu-
minum 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.

Table 2. Estimated thermal output for the strain gauge on material B.

T/°C AT/PC A £TB £rp Relative Errors: (e7p—¢ 1B)/€ 1B
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%
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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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