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Abstract: In this research we conducted a sensitivity experimental study where we explored the
dependency of the shear strain on the seismic properties of bearings, namely lead rubber bearing
(LRB) and super high damping rubber bearing (SHDR). The factors studied were vertical pressure,
temperature, shear modulus of the inner rubber (G value), loading frequency, and loading sequence.
Six specimens were adopted, i.e., three LRBs and three SHDR bearings. A series of test plans were
designed. The seismic characteristics of the bearings were captured through a cyclic loading test,
which included post-yield stiffness, characteristic strength, area of a single cycle of the hysteretic
loop, equivalent stiffness, and equivalent damping ratio. A whole analysis of variances was then
conducted. At the same time, to explore certain phenomena caused by the factors, an extended
discussion was carried out. Test results showed that the temperature is the most dominant feature,
whereas the G value is the least contributing factor, with the effect of the loading frequency and
the loading sequence found between these two. The increment of the post-yielded stiffness for LRB
from 100% to 25% is a significant reduction from a low temperature to high one. The slope of the
characteristic strength versus the shear strain for LRB under high temperature is larger than the one
under low temperature.

Keywords: factors; dependency of shear strain; LRB; SHDR; seismic characteristics; cyclic loading test

1. Introduction

By lengthening the natural period of an isolation structure and dissipating the earth-
quake energy, the earthquake action of the isolation structure can be reduced consider-
ably [1]. At present, this innovative technology is used widely in buildings and bridges,
and it has successfully withstood many real earthquakes [2,3]. Elastomeric bearings are
mostly applied in this technology, which includes linear natural rubber bearing (LNR),
lead rubber bearing (LRB), elastic sliding bearing (ESB), and high damping rubber bearing
(HDR). In China, LNR and LRB are most extensively used, followed by ESB, and lastly,
HDR. There is little damping for LNR, which is a bearing constructed of alternating elas-
tomeric layers bonded to intermediate steel plates; here, the elastomeric rubber is natural.
When lead is poured into the central hole of LNR, LNR becomes LRB. There is a certain
yielded strength for lead; when lateral shear displacements occur, it is easy for lead to yield,
and this provides the hysteresis dissipating function. ESB is made up of two parts, namely
one natural bearing and one pair of sliding friction plates; the former provides a restorative
force, and the latter provides sliding dissipating damping. In LNR, the natural rubber
is added into a special material, such as active carbon; after it is vulcanized under high
temperature, dissipative damping can be provided after the shear deformation of bearing
takes place, where LNR becomes HDR. Depending on the amount of the damping ratio [4],
there can be two kinds of bearings, HDR and super high damping rubber bearing (SHDR);
the former is less than 18%, and the latter is more than 18%. Because bearings not only
support a great amount of vertical force but also bear a large horizontal deformation during
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an earthquake, the safety of bearings is most important for the whole isolation structure.
Accurately grasping the mechanical properties, especially the horizontal properties under
different shear strain states, is especially significant. In the past years, investigations about
the horizontal mechanical properties of elastomeric bearings by testing were carried out,
and some useful numerical models were also put forward.

Roeder C. et al. in 1990 [5] conducted research on the low-temperature performance
of elastomeric bearings. Nakano O. et al. in 1993 [6] explored the temperature dependency
of isolation bearings. Kim D.K. et al. in 1996 [7] researched the effects of the temperature
and the strain rate on the seismic performance of LNR and LRB. Liu W.G. et al. in 2002 [8]
researched the dependence and durability of shear properties of LRB by tests, including ver-
tical pressure dependence, shear strain dependence, frequency dependence, temperature
dependence, and the durability of aging and creeping. Yakut A. et al. in 2002 [9] evaluated
LNR performance at low temperatures. Yakut A. et al. in 2002 [10] also conducted research
about parameters’ effect on the performance of LNR at low temperatures. Li H. et al. in
2006 [11] conducted experimental research about the properties of LRB at extremely low
temperatures, such as −50 ◦C. Li L. et al. in 2009 [12] studied the temperature dependence
of shear properties of LRB tested from −40 ◦C to 40 ◦C. Fuller K. et al. in 2010 [13] explored
the effect of low-temperature crystallization on the mechanical properties of LNR and
HDR. Shirazi A. in 2010 [14] researched the thermal degradation of the performance of
LNR. Cardone D. et al. in 2011 [15] researched the effect of temperature on the horizontal
properties of LNR and HDR. Shen C.Y. et al. in 2012 [16] conducted test research about
the dependency of HDR. Shen C.Y. et al. in 2014 [17] investigated various dependencies
of seismic performance of LNR and LRB, in which the hardness was ultra-low. Basit Q.
in 2016 [18] looked into the performance of LRB in a full-size field experience bridge at
low temperature. Wang J.Q. et al. in 2016 [19] conducted an experimental study of the
vertical pressure dependency on the shear properties of LRB, and in 2016 the authors
of [20] also investigated the same properties of HDR. Rohola R. et al. in 2019 [21] per-
formed numerical research on the effect of the number of cores of LNR. Zhang R.J. et al. in
2020 [22] performed test research on temperature dependency and shear strain dependency
of high-performance rubber bearings. Rohola R. et al. in 2020 [23] presented research on
the analysis of static and dynamic stability of LNR. Javad S. et al. in 2020 [24] conducted a
numerical analysis on LNR with a steel ring. Radkia, S. et al. in 2020 [25] investigated the
effects of isolators on structures considering soil-structure interaction. Sheikhi, J. et al. in
2021 [26] performed a numerical analysis on LNR with steel and shape memory alloys.

In the above literatures, most of the researchers paid more attention to the temperature
on the seismic performance of elastomeric bearings, especially low temperature, such as
Roeder C. et al., Yakut A. et al., Li. H. et al., Li L. et al., and Basit Q. At the same time,
there is literature on the dependency of elastomeric bearings. The studies by Liu W.G.
et al., Shen C.Y. et al., and Kim D.K. et al. focused on temperature and shear dependency.
Wang J.Q. gave more attention to vertical pressure and shear strain dependency, while
Zhang R.J. focused on temperature and shear strain dependency. In most of the above
literatures, the authors only focused on a single factor for one dependency, such as shear
strain dependency; the only additional factor for some was the different shear strains. In
a real earthquake, the vertical load supported on the bearing would be changed because
of the tension and compression action caused by the horizontal seismic load. Because
there are tremendous differences in the frequencies of the seismic waves during an actual
earthquake, using a single loading frequency in a test might be not proper. The shear
modulus of the inner rubber of the bearing might also be different and can be from
0.196 to 2.0 MPa. Moreover, in China there is a great difference in temperature between
the north and the south. For the shear strain dependency, using only one single value for
the vertical pressure, the loading frequency, shear modulus, and temperature condition
cannot give a true reflection of the feature. Although Wang J.Q. and Zhang R.J. respectively
considered the vertical pressure and the temperature effect on the shear strain dependency,
other factors were neglected. In [27,28], although the integrated expression formula was
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given for the shear strain dependency of LRB and SHDR separately, the shear strain was
only considered as a single factor; the former was based on Olies’s company test data in
Japan, and the latter was based on test data from Bridgestone’s company test data in Japan.
As a whole, in the above literatures, for the shear strain dependency of LRB or SHDR, only
one or two factors affecting it was considered, which may be inadequate.

In this paper, the seismic performance of the shear strain dependency of LRB and
SHDR is investigated comprehensively, in which various factors are considered. Three
isolators of LRB and three of SHDR are made and tested. Factors including vertical pressure,
loading frequency, shear modulus of inner rubber, temperature, and loading sequence, etc.,
are explored, especially the effect of high temperature, which we paid more attention to.

2. Experimental Setup

There were a total of six isolators to be made, i.e., three LRBs and three SHDRs. They
have the same inner structure, and only the shear modulus of the inner rubber (i.e., G value;
see Table 1 and Figure 1) was different. The specimens used in the test were square; the
effective length of each side was 300 mm (i.e., the length of the inner steel plate), and the
height was about 104.8 mm. According to the literature [29], they belonged to type I. Three
different G values were selected, i.e., 0.8, 1.0, and 1.2 MPa. In the literature [30], it was said
that when the shear strain was more than 250%, nonlinearity might appear. For this reason,
the values of 25%, 50%, 100%, 150%, 175%, and 200% were adopted in the test. The method
of the test was referred to in the literature [29], i.e., the method of three cycles was adopted,
and the mechanical properties of the bearings were decided by the third cycle. To ensure
integrity of the curve of the third cycle, four cycles were completed in each test. The factors
of vertical pressure, frequency of loading, temperature, G value, and loading sequence
were all investigated. All of the test programs are shown in Table 2. The post-yield stiffness
(Kd), the characteristic strength (Qd), the area of a single cycle of the hysteretic loop (W),
the equivalent stiffness (Kh), and the equivalent damping ratio (Heq) were investigated in
this paper for both LRB and SHDR. Kd,Qd,W, and Kh are marked in Figure 2, and Heq was
derived by Equation (1) [1]:

Heq =
W

2πKhγTr
(1)

where W is the area of a single cycle of the hysteretic loop (see the dashed area in Figure 2),
r is the shear strain, and Tr is the total thickness of the inner rubber of the bearing.

Table 1. Detailed structures of LRB or SHDR.

Effective Side
Length of

Square (mm)

Shear Modulus
of Inner Rubber

(MPa)

Diameter of
Lead (mm)

Number of
Layers of

Inner Rubber

Thickness of
Single Inner
Rubber (mm)

Thickness of
Single Inner
Steel (mm)

Thickness of
Cover

Rubber (mm)

Thickness of
Cover Steel

(mm)

300 0.8/1.0/1.2 4 × 42.5 7 6 3.8 10 20

Table 2. Test program.

Test Case
Specimen

Values Used for Factors
LRB SHDR

Different frequency of loading 300 × 300 (G0.8) 300 × 300 (G0.8) 0.05 Hz, 0.25 Hz

Different sequence of loading 300 × 300 (G0.8) 300 × 300 (G0.8) Shear strain increasing or
decreasing

Different pressure 300 × 300 (G0.8) 300 × 300 (G0.8) 6 MPa, 12 MPa

Different shear modulus of inner rubber 300 × 300 (G0.8/G1.0/G1.2) 300 × 300 (G0.8/G1.0/G1.2) 0.8 MPa, 1.0 Mpa, 1.2 MPa

Different temperature 300 × 300 (G0.8) 300 × 300 (G0.8) 16 ◦C, 40 ◦C

Shear strain 25%, 50%, 100%, 150%, 175%, 200%
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Figure 2. Meanings of Kd, Qd, Kh and W in the hysteresis loop of bearing.

All of the tests were done in the Earthquake Engineering Research and Test Center at
Guangzhou University. Figure 3 shows the test equipment and specimen used for testing.
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Figure 3. Test equipment and isolator used for testing. (a) Top-down view of test equipment; (b) LRB
in testing; (c) SHDR in testing.

3. General Observation of Tests

Of the five parameters, i.e., Kd, Qd, W, Kh, and Heq, the first four were obtained directly
from the third cycle of the hysteretic loop tested, while the last one, Heq, was derived from
W and Kh (shown in Equation (1)). The effect of various factors (such as vertical pressure,
loading frequency, temperature, etc.) on these parameters is discussed in the following
subsections.

3.1. Post-Yield Stiffness

To better observe the variation trend of the dependency of shear strain under different
conditions, in each condition, the value of Kd at 100% was adopted as the referenced value,
and all other data are divided by this value. The curves of the normalized post-yield
stiffness of LRB, which varies with the shear strain under different conditions, are plotted
in Figure 4a. It can be clearly observed that when the shear strain is more than 75%, the
influence of each condition is very little; when the shear strain is less than 75%, an apparent
impact under different conditions can be observed. The temperature may be the biggest
impact factor. Especially at 25%, the normalized value at 40 ◦C is about 1.658, while at 16 ◦C
it is about 2.697; the ratio of the former to the latter is 61%, showing a 39% reduction. The
second impact factor may be the loading frequency. Although the trend is still decreasing,
the reduction is about half of that of the temperature. The third one of impact is the loading
sequence, where the trend seen is further reduction. The fourth one is the pressure. At 25%,
there is about a 15% reduction from 6 to 12 Mpa, but at 50% there is a slight magnification.
The G value may be the last impact factor, that is, the one with the least influence, although
there is some difference seen near the 50% shear strain when the G values were 1.2 and
1.0 MPa.
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Figure 4. The mechanic properties Kd of the bearings under different conditions: (a) LRB; (b) SHDR.

The influence of the different factors on the post-yield stiffness of SHDR is also shown
in Figure 4b. The same variation trend can be found in a comparison of Figure 4b with
Figure 4a. The influence is mainly found for small shear strains, i.e., 25% and 50%; there is
little effect on large shear strains. The temperature is also the biggest impact factor here.
At a 25% shear strain, the normalized value of Kd decreased from 2.60 at 16 ◦C to 1.48 at
40 ◦C, with a reduction of about 43%, which is slightly more than the reduction of that of
LRB caused by temperature. Similar to LRB, the second impact factor here is the loading
frequency. From 0.25 to 0.05 Hz, the reduction of the normalized value of Kd of SHDR is
slightly more than that of LRB under the same shear strain stage. The third and the fourth
impact factors are the loading sequence and pressure—same as that for LRB—and it can be
seen that their influence on SHDR is slightly more than that on LRB. The last impact factor
is still the G value, except for the 50% shear strain; at other shear strain stages, there is a
similar effect on both LRB and SHDR.

3.2. Characteristic Strength

For LRB, Figure 5a shows the influence of different factors on the shear strain depen-
dency of the characteristic strength parameter Qd. Other than Kd, no matter how small or
large the shear strain stages are, there is a certain effect on Qd for each factor. In all of the
factors, the temperature is also the one with the largest impact. At the 25% shear strain,
the normalized value of Qd at 16 ◦C is about 0.695, while at 40 ◦C it is about 0.448, with a
reduction of about 36%, which is slightly less than the reduction of Kd. At the 200% shear
strain, the normalized value is 1.4 at 40 ◦C and 1.06 at 16 ◦C, with the former being about
1.32 times more than the latter, resulting in a change of about 30%. The second impact
factor is still the loading frequency at most of the shear strain stages, except for the 200%
shear strain. At the 25% shear strain, the normalized value at 0.05 Hz is 0.578, while at 200%
it is 1.246; both changes in relation to the value at 0.25 Hz are about 17%. The third one of
impact is the loading sequence. The changes at most of the shear stages are slightly less
than that those under the loading frequency. The last one of impact may be the pressure or
G value, as there is little difference between them; the biggest change in these two factors
happens at the 10% shear strain at a G value of 6 MPa and 0.8 MPa, respectively.

For SHDR, Figure 5b shows the influence of the different factors on the shear strain
dependency of Qd. In comparison to LRB, the difference of the factors’ effect on SHDR
becomes less. Excluding the 200% strain, the temperature and loading sequence may be
the largest impact factors. The influence of the loading frequency is small at the small shear
strain stages and is large at the large shear strain stages. There is a similar small effect for
the G value and pressure.
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Figure 5. The mechanic properties Qd of the bearings under different conditions: (a) LRB; (b) SHDR.

3.3. Area of Single Cycle of Hysteretic Loop

Figure 6a shows how the different factors affect the shear strain dependency of the
area of a single cycle of LRB’s hysteretic loop. It can be observed that for all of the factors,
there is little effect at the small shear strain stages, while some influence can be found at
the large shear strain stages, i.e., 150%, 175%, 200%. For all of the factors, the temperature
may still be the biggest one of impact, such as at the 200% strain where there is about a
25% increment from 16 to 40 ◦C. The loading sequence and loading frequency may be
the second ones of impact. In these two factors, there is little difference, as the maximum
increment is about 20% at 200%. The third ones of impact may be the pressure and G value;
there are few changes from 6 to 12 Mpa or from the G value of 0.8 to 1.0 MPa and 1.2 MPa.
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Figure 6. The mechanic properties W of bearings under different conditions: (a) LRB; (b) SHDR.

For SHDR, the different factors’ effects on W are shown in Figure 6b. In comparison
to LRB, the similarity is that the effect of all factors can be found at large strain stages; in
terms of difference, the biggest factor of impact is not the temperature but the loading
sequence. The second factor of impact is the temperature and the loading frequency, with
the maximum change of about 25% at the 200% strain. The G value and pressure may be
the third factors of impact; there is little difference for the two factors, with the maximum
change being at 8% at the 200% strain.

3.4. Equivalent Stiffness

Figure 7a shows the different factors’ effect on the equivalent stiffness of LRB. Some
effect at the small shear strain stages can be observed; however, there is little effect at
the large shear strain stages. The temperature is still the biggest impact factor, with the
greatest induction being 28% at the 25% shear strain. The loading frequency and the
loading sequence may be the second impact factors; the influence difference between them
is very little, and the largest change caused by the two factors is about 18% at the 25% shear
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strain. The G value and pressure may be the third impact factors, with the largest change
caused by them being about 10% in all of the shear strains.
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Figure 7. The mechanic properties Kh of bearings under different conditions: (a) LRB; (b) SHDR.

For SHDR, the different factors’ effects on the equivalent stiffness parameter are shown
in Figure 7b. Compared to Figure 7a, there is an apparent difference at large shear strain
stages. For example, at the 200% strain for SHDR, there is a certain effect on the shear strain
dependency, especially under different temperatures, loading frequencies, and loading
sequences. However, the G value and pressure still show little influence at large shear
strain stages. In the small shear strain stages, influence at the 25% strain may be the largest.
In all of the factors, the temperature may be still the largest impact factor. From 16 to
40 ◦C, the reduction of the normalized value of Kh at the 25% shear strain is about 22%.
The loading frequency and the remaining factors do not seem to cause much impact in
comparison to the temperature; the biggest change caused by these factors is about half
that of the temperature, i.e., about 10%.

3.5. Equivalent Damping Ratio

According to Equation (1), the equivalent damping ratio can be calculated from the
area of a single cycle of the hysteretic loop and the equivalent stiffness. Figure 8a shows the
influence of the different factors on the equivalent damping ratio of LRB. At the large shear
strain stage, an obvious influence can be found for the temperature, such as at the 200%
strain stage, where there is about an 18% change for the normalized value of Heq from 16
to 40 ◦C. At the smaller shear strain stages, there are some changes at the 50% shear strain
under the temperature’s effect, but there is little effect at the 25% shear strain. However,
the loading sequence plays the biggest impact role at the 25% strain, where there is an 8%
change, while the change caused by other factors is about 6%. For SHDR, in Figure 8b,
different phenomena can be found; only the temperature plays the single role in affecting
the shear strain dependency of Heq.
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Figure 8. The mechanic properties Heq of bearings under different condition: (a) LRB; (b) SHDR.



Actuators 2021, 10, 98 9 of 15

3.6. Fitted Curve

According to the observations in Sections 3.1–3.5, in most of the conditions, the
temperature shows a significant influence on the dependence of shear strain, whether it be
for LRB or SHDR, while other factors show a relatively lesser effect. When analyzing the
isolation structure, two main parameters, namely, the post-yield stiffness and characteristic
strength, need special consideration. For the data to be conveniently adopted by engineers,
excluding those for the temperature factor, all of the test data for Kd and Qd were collected.
The corresponding fitted curves were plotted in Figure 9, and the fitted equations for LRB
were also given in Equations (2) and (3), SHDR in Equations (4) and (5):

Kd(T)/Kd(100%) = γ−0.5404 (2)

Qd(T)/Qd(100%) =

{
1.054056γ0.2479 (γ ≤ 75%)

γ0.0649 (γ > 75%)
(3)

Kd(T)/Kd(100%) = γ−0.5124 (4)

Qd(T)/Qd(100%) =

{
1.083229γ0.6064 (γ ≤ 75%)

γ0.3285 (γ > 75%)
(5)
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Figure 9. The test data and fitted curve of LRB and SHDR: (a) Kd for LRB; (b) Qd for LRB; (c) Kd for SHDR; (d) Qd for SHDR.

Figure 9a,c shows the difference between the fitted value of Kd and the test values,
which are given separately for LRB and SHDR. The main difference occurs at the small
shear strain stages, especially at the 25% strain, but the maximum deviation is about 13%.
The difference for Qd between the fitted value and test values is shown in Figure 9b for
LRB and Figure 9d for SHDR. In contrast to Kd, the main deviation appears at the large
shear strain stages for both types of bearings. The maximum deviation is about 19% and is
slightly more than that of Kd.
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The curves of the two shear strain dependency parameters Kd and Qd for LRB
(i.e., Equations (6) and (7)) and SHDR (i.e., Equations (8) and (9)) from [27,28] are plot-
ted in Figure 10a–d. To compare the differences between them and the fitted curves
(i.e., Equations (2)–(5)), the expression from Equations (2)–(5) is also plotted in Figure 10.

Kd(γ) = Kd100% × Ckd(γ) = Kd100% ×


0.779γ−0.43 (γ < 0.25)

γ−0.25 (0.25 ≤ γ < 1.0)
γ−0.12 (1.0 ≤ γ)

(6)

Qd(γ) = Qd100% × Cd(γ) = Qd100% ×


2.036γ0.41 (γ < 0.1)

1.106γ0.145 (0.1 ≤ γ < 0.5)
1 (0.5 ≤ γ)

(7)

Kd(r) =
A
Tr

(1 − u)(1.77 − 2.404r + 1.8r2 − 0.63r3 + 0.0846r4) (8)

Qd(r) = uAr(1.77 − 2.404r + 1.8r2 − 0.63r3 + 0.0846r4) (9)

where u = 0.3685 + 0.1106r − 0.08498r2 + 0.013958r3.
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Figure 10. The difference of fitted curve of LRB and SHDR. (a) Kd for LRB; (b) Qd for LRB; (c) Kd for SHDR; (d) Qd for SHDR.

For LRB, Figure 10a,b shows the difference between the test values taken from Olies
(i.e., Equations (6) and (7)) and Equations (2) and (3). Little difference can be found at large
shear strain stages, whether for Kd or Qd. However, at small shear strain stages, there is
an obvious difference; moreover, with the shear strain decreasing, the difference increases.
For example, at the 25% shear strain, the normalized value of Kd from Olies is about 1.41,
while that from Equation (2) is about 1.92, showing a 26% reduction. Under the same shear
strain stage, the normalized value of Qd from Olies is about 0.90, while that of Equation (3)
is about 0.75, showing an increase of around 20%.

For SHDR, Figure 10c,d shows the difference between the test values from Bridgestone
(i.e., Equations (8) and (9)) and Equations (4) and (5). Compared to LRB, little difference is
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found between them, except that there is a little difference at a certain individual point for
Kd. If this point cannot be considered, the maximum variation is about 8%. The G value of
the specimens from Bridgestone is about 0.62 MPa; however, those in this paper are 0.8, 1.0,
and 1.2 MPa. With this in view, we can conclude that as mentioned earlier, the G value has
little effect on the dependency of the shear strain of SHDR.

4. Discussion on Special Experimental Results
4.1. Comparing Slope of Qd for LRB under Low and High Temperatures

In Figure 5a, a significant phenomenon for LRB can be found, namely that the slope of
the shear strain dependency parameter of characteristic strength Qd is far smaller when
the temperature is at 16 ◦C than at 40 ◦C. To explore the reason for this, hysteretic loops
at different shear strains at 16 ◦C and 40 ◦C are plotted in Figure 11a,b. In Figure 11a,
from shear strains of 25% to 200%, there is little change for Qd, but in Figure 11b, there
is an almost linear increase with the shear strain increasing. The reason may lie in the
characteristic strength of lead and also the interaction between the lead and the inner rubber
of the bearing. When the temperature is low, the lead has high characteristic strength,
and when the temperature is high, the characteristic strength of the lead decreases much
more. From 16 to 40 ◦C, the Qd value at the latter temperature may be half of that at the
former. Although the stiffness of the inner rubber may decrease, the change is very small;
according to the literature [31], it is around 10%. From this, we can conclude that because
the restraining function of the inner rubber on the lead under low temperature is far less
than that under high temperature, the abovementioned phenomenon appears.
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Figure 11. The different shear strain hysteresis loops of LRB at different temperature: (a) LRB at 16 ◦C; (b) LRB at 40 ◦C.
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4.2. Normalized Value of Kd of LRB at Low Strain under Low Temperature Being Greather Than
That under High Temperature

For LRB, in Figure 4a, one significant phenomenon can be found. At 16 ◦C, the
normalized value of Kd at the 25% strain versus that at 100% is about 2.697, but at 40 ◦C,
the value is about 1.658, meaning that the difference is very large. To explore the reason,
the hysteretic loops of the horizontal force–displacement at the two different temperatures
are plotted in Figure 12a,b.
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Figure 12. The 25% and 100% shear strain hysteresis loops of LRB at different temperatures: (a) LRB at 16 ◦C; (b) LRB at 40 ◦C.

According to the literature [27,32], for LRB, Kd is made up of two parts: one is the
inner rubber, and the other is lead; the equation is in the following [27,32]:

Kd(γ) = Ckd(γ)× (Kr100% + Kp100%) = Ckd(γ)× Kr100% + Ckd(γ)× Kp100% (10)

where Kr100% is the stiffness provided by the inner rubber at γ = 100% and Kp100% is the
stiffness provided by lead at γ = 100%. Kr100% is calculated as:

Kr100% = G
Ar

Tr
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where G is the shear modulus of the inner rubber. Kp100% is calculated as

Kp100% = α
Ap

Tr

where α is the shear modulus of lead.
According to the literature [31], for LNR, there is little effect for the shear strain on

the horizontal stiffness (i.e., Kr); from shear strains of 100% to 25%, only a 5% increase was
found, and so Equation (10) can be slightly transformed to the following equation:

Kd(γ) = Kr100% + Cp(γ)× Kp100% (11)

where Cp(γ) can be considered as the amplification factor of stiffness strengthening pro-
vided by the lead, and it can be determined by the function of lead restraint on the inner
rubber in the bearings.

In Figure 12a,b, an interesting phenomenon can be observed. The shape of the loop
curve at 16 ◦C resembles a spear, whereas at 40 ◦C it resembles a rectangle. The former is
likely as a curve of a steel-reinforced concrete element yielded incompletely, while the latter
is a curve of an element yielded completely. At the same time, at a temperature of 16 ◦C
and at a 25% shear strain, the value of Qd is about 48 kN; at 100% shear strain, the value
is about 69.5 kN, meaning that the former is around 70% of the latter. At a temperature
of 40 ◦C and at a 25% shear strain, Qd is about 17.1 kN; at 100% shear strain, the value
is about 38.2 kN, meaning that the former is around 45% of the latter. The change under
high temperature is more than that under low temperature. At 16 ◦C and at a 25% shear
strain, although the value of Qd is slightly less than that at 100%, its incompletely yield
state provides more restraint on the inner rubber, thus causing Cp(γ) to be larger than that
at the 100% shear strain. At 40 ◦C, on the one hand, the value of Qd at 25% is far less than
that at 100%, while on the other hand, the completely yielded state at 25% causes Cp(γ)
to increase in a limit. These could be the reasons that the normalized value of Kd at a low
shear strain at 40 ◦C is less than that at 16 ◦C.

5. Conclusions

To investigate different factors’ effect on the dependency of the shear strain of LRB and
SHDR, three LRBs and three SHDR bearings were adopted. Both types of bearings have the
same inner structure; only the G values were different. The shear strains used were 25%,
50%, 100%, 150%, 175%, and 200%. The factors of vertical pressure, loading frequency, G
value, temperature, and loading sequence were studied. Tests on the mechanical properties,
i.e., the post-yield stiffness, the characteristic strength, the area of a single cycle of the
hysteretic loop, the equivalent stiffness, and the equivalent damping ratio, were conducted.
Based on the test results, the following conclusions can be drawn:

1. In most of the conditions, the temperature may be the most significant factor in the
shear strain dependency of LRB or SHDR.

2. The G value and pressure may be the least impactful factors, especially the G value,
whose effect can be neglected, whether for LRB or SHDR.

3. For the loading frequency and loading sequence, there are certain impacts; in most of
the conditions, their level of effect is found between the temperature and G value.

4. For LRB, excluding the temperature, the fitted curves of the post-yielded stiffness and
the characteristic strength were given. By comparing them with those given by Olies,
a little difference is found at small shear strains.

5. For SHDR, the corresponding fitted curves fit well with those given by Bridgestone.
6. For LRB, during all the shear strains, the change of the characteristic strength is very

little under low temperature. However, the slope of characteristic strength versus the
shear strain under high temperature is large.

7. For LRB, the post-yielded stiffness at 25% is larger than that at 100% under low tem-
perature; however, the increase shows a significant reduction under high temperature.
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The reason is caused by the high yield strength of lead at low temperature and its
incompletely yielded state.

In this paper, most of results are based on the test of small size bearings. For the
future, more research about large size bearings can be carried out, especially the effect of
shear strain dependency of LRBs and SHDRs on seismic isolation, which needs to be more
extensively investigated.
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