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ABSTRACT

Base isolation is a method that can be employed to significantly reduce the demands on a structure during a seismic
event. This method has shown considerable success in reducing the adverse effects of earthquakes, including
damage and loss of life. The main concept of base isolation is to reduce the seismic demand on a structure by
placing isolators beneath the superstructure at points where load is transferred to the foundation. One of the most
commonly used types of isolator is the elastomeric isolator. These isolators are traditionally comprised of layers of
elastomer and steel. More recently, research has been completed on the use of fibers as a replacement to the steel
reinforcement layers, in order to reduce weight and potentially reduce costs. Fiber reinforced elastomeric isolators
(FREI) can be placed (unbonded) between the superstructure and its foundation. This research investigates the
behaviour of unbonded fiber-reinforced elastomeric isolators (U-FREI) under lateral deformations expected during
seismic events. The objective of this study is to investigate the lateral behaviour of FREI under a range of
temperatures, representative of those expected in various regions throughout Canada. Results from preliminary
experimental tests show that the influence of temperature on the lateral response of U-FREI is negligible under the
range of temperatures considered.
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1. INTRODUCTION

Fiber reinforced elastomeric isolators (FREI) have been investigated as a potentially lighter and less expensive
alternative to traditional steel reinforced elastomeric isolators. Several studies have shown that by using a fiber
material (such as carbon fiber) with an elastic modulus on the same order as steel, the vertical stiffness requirement
of the bearing can be satisfied (Kelly 1999; Al-Anany et al. 2016a). The individual fibers are twisted into larger
strands, which are woven together to form the thin layer of material that is used as the reinforcement. When tension
is applied along the axis of the fiber strands, they straighten and allow the fabric to stretch. Accordingly, if fiber is
used for reinforcement instead of steel, the flexibility of the isolator in extension is expected to increase while its
flexural rigidity would decrease. It has been shown that a reduction in the flexural rigidity has a limited effect on the
horizontal stiffness of a bonded FREI, as the stiffness decrease is only on the order of 10% when compared to
laminated steel bearings (Kelly 1999).

The application of unbonded FREI (U-FREI) also presents desirable properties that are exhibited at larger shear
strains. It was shown by Toopchi-Nezhad et al. (2007) that with the appropriate aspect ratio (width to total height
ratio), a rollover mechanism develops, which results in a decrease in the effective lateral stiffness as the lateral
displacement increases. The initial decrease in stiffness corresponds to a change in boundary conditions as the
bearing begins to rollover. The rollover mechanism is stable when positive lateral tangent stiffness is observed
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throughout the hysteresis loop (Toopchi-Nezhad et al. 2008a). Further research by Van Engelen et al. (2014) found
that as the aspect ratio is decreased, the bearing becomes more susceptible to experiencing unstable rollover
behaviour. In addition, it was determined that aspect ratios over 2.5 allow the rollover mechanism to be stable (Van
Engelen et al. 2014). Under very large lateral displacement amplitudes a hardening behaviour occurs, which is
associated with the bearing rolling over onto its vertical faces. At this point the vertical faces become horizontal and
are in complete contact with the upper and lower loading platens. This contact is expected to limit the maximum
lateral displacement of the bearing and prevents a negative tangent stiffness from occurring at large displacements
(de Raaf et al. 2011).

Recently, unbonded FREI bearings were evaluated analytically (Al-Anany and Tait 2015) and experimentally (Al-
Anany and Tait 2016b) to determine their behaviour under the vertical and rotational loading that is typical of bridge
bearings. It was shown that unbonded FREI bearings meet criteria in CSA-S6 and AASHTO-LRFD by investigating
the bearing behaviour under vertical stresses up to 10 MPa and angles of rotation up to 0.05 radians. With respect to
this application of FREI bearings in bridges, the bearings must also withstand the same negative temperatures that
the bridge itself experiences. Roeder et al. (1989) studied the low temperature behaviour of elastomeric isolators
and concluded that temperature has a large effect on the stiffness of the bearing. Results from this study also
confirmed that there are two main mechanisms that cause stiffening: instantaneous thermal stiffening and low
temperature crystallization. Thermal stiffening is independent of time and is a function of temperature only. As the
temperature is decreased, the rubber begins to stiffen immediately. Once below the second order transition
temperature of the material, the increase in stiffness can be more than 50 times its room temperature value (Roeder
et al. 1989). The second order transition temperature has been suggested to be approximately -60 °C for natural
rubber and -50 °C for neoprene (Roeder et al. 1990). The second mechanism, low temperature crystallization, occurs
after an initial delay from the time that the temperature was decreased. The bearing then begins to increase in
stiffness before it ultimately plateaus. As the temperature is decreased, the delay becomes longer, the rate of increase
in stiffness grows and produces a higher plateau (Roeder et al. 1989). Murray and Detenber (1961) and Roeder et al.
(1990) both reported that low temperature crystallization has less of an effect on natural rubber than neoprene
compounds. As a result, it was suggested that natural rubber bearings are more suitable for low temperatures. The
rate of stiffness increase was slower and the plateau was much lower for the natural rubber. It was found that the
natural rubber in some instances had not reached its plateau stiffness even after 21 days at the conditioning
temperature (Roeder et al. 1990).

The results from Roeder are reflected in the AASHTO Standard Specification for Plain and Laminated Elastomeric
Bridge Bearings (2006). The standard splits bearings into five grades based on service location, where each grade is
to be tested for shear modulus at low temperatures for extended periods of time. For example, a Grade 2 bearing
must be conditioned for 7 days at -18 + 2 °C, while a Grade 5 bearing must be conditioned for 28 days at -37 + 2 °C
(AASHTO 2006). This insures that the peak stiffness of the bearing is known once it plateaus. Roeder et al. (1989)
recommended that the conditioned bearing’s stiffness must be less than four times the stiffness at room temperature.
This was adopted by AASHTO as the pass criteria for conditioned bearing stiffness testing. In the CSA Canadian
Highway Bridge Design Code (2014), it is required of bearings to be conditioned for 14 days at a temperature equal
to the minimum mean daily temperature for the service location of the bearing. The CSA code also specifies the
conditioning temperature criteria for a 2% probability of exceedance. The temperature is taken as the average of two
values, 15 °C and the minimum service temperature (CSA-S6 2014).

These studies confirm that a large increase in stiffness is of concern to engineers designing bridge bearings in cold
climates. In Canada, bridge bearings can be subject to a large range of temperatures and the stiffness of the isolators
must be limited in order to reduce the shear forces that can be transferred to the bridge during earthquakes. The
objective of this paper is to evaluate the effect of low temperatures on the lateral response of unbonded, natural
rubber FREI. The considered bearings are designed with the ability to exhibit stable rollover.

2. TEST SPECIMENS
The FREI specimens were cut from a larger pad that was constructed in the Applied Dynamics Laboratory (ADL) at
McMaster University. This pad was formed using natural rubber with a shear modulus of approximately 0.85 MPa

and bi-directional carbon fiber cloth with 0 and 90 degree orientations. Seven layers of rubber were used, with the
upper and lower layers half the thickness of the internal layers. A hot-vulcanization bonding agent was used to fuse
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the layers of rubber and fiber reinforcement together. The total height of the rubber (t;) in the final pad was 17 mm.
The pad was then cut into four Ys-scale FREI using a band saw, with each bearing having an aspect ratio of 3.

The first bearing was kept at room temperature, 20 £ 5 °C in order to serve as a base line. The temperature of the
second bearing was held at 0 °C by placing it in a freezer where it was conditioned for seven days. The third
specimen was held at a temperature that was very similar to that required for a Grade 2 AASHTO bearing. It was
placed in a freezer at -20 °C where it was also conditioned for seven days. In this initial pilot study, a shorter
conditioning time was used in order to lower the wait time of the initial study. Further studies to determine how the
FREI bearings behave under more extreme conditions are currently being carried out.

3. TEST SETUP AND PROCEDURE

The FREI were tested using a setup that is capable of applying vertical and lateral displacements to the specimen.
The setup consists of a reaction frame, a loading beam and a pedestal. The pedestal consists of a large column
section attached at the base, with a lower platen, two 3-axis load cells, and an upper platen fixed on top. The
specimen is placed on the upper platen and is loaded vertically using two vertical actuators attached to opposite
sides of the loading beam. The actuators use the 3-axis load cells to ensure that the target vertical load is maintained.
A lateral actuator, which is attached to the end of the loading beam, is used to apply lateral displacements. A string
potentiometer records these displacements at the center of the loading beam with reference to the stationary reaction
frame. Between the upper platen and the loading beam are two removable steel plates that facilitate the addition of
surfaces with varied coefficients of friction. In this study, smaller steel plates, roughened to have a coefficient of
friction similar to that of concrete, were installed onto the removable steel plates. The unbonded FREI test
specimens were placed between the roughened plates for testing. For the low temperature tests, the removable plates
with the installed roughened surface were placed in the same freezer unit as the specimen. This ensured that the
bearings did not experience a sudden increase in temperature when placed in the test setup, as it was expected that a
thin layer of water would have formed between the test specimen and the roughened plates that could induce slip
during testing if they had not been placed in the freezer (Pinarbasi et al. 2007).

Once the conditioning period was complete, the steel plates were first removed from the freezer and rapidly installed
into the test setup. The FREI specimen was then removed from the freezer and placed in the setup, where the test
commenced. The total time to complete the test was less than 60 seconds. Each specimen was subject to a constant
vertical pressure of 7 MPa, applied using a ramp function as shown in Figure 2. The lateral cyclic displacement was
applied once the vertical pressure was achieved and consisted of three, fully reversed, sinusoidal cycles at each
horizontal amplitude equalling a percentage of the total thickness of rubber layers, t.. These lateral amplitudes in
sequence were 25%, 50%, 75%, 100%, 150%, 200% of t;as given in Figure 2. After the three cycles at 200% t, were
completed, the specimen was vertically unloaded.
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Figure 2: Vertical loading time history (left). Lateral displacmenet time history (right).

From each cycle, the effective horizontal stiffness of the specimen can be found. It is calculated as the slope of the
line that connects the maximum lateral load and corresponding displacement with the minimum lateral load and
displacement (ASCE 2010).

[1] K eff = (Fmax'Fmin)/(Amax'Amin)

The variables of Frax, Fmin, Amax, and Amin are the maximum and minimum values of lateral load and displacement.
The effective horizontal stiffness, as well as the equivalent viscous damping ratio, are calculated for each full cycle
of displacement. The equation used to calculate the damping ratio is given below (Chopra 2012):

E A + Ay
D where Aavg: max 2| m1n|

[2]¢

TS5 Az
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The variable Ep is the area enclosed by the hysteresis loop for a particular cycle. It represents the energy dissipated
in that individual cycle and is equated with that of an equivalent viscously damped system.

4. LATERAL RESPONSE
4.1 Specimen Hysteresis Analysis

The first FREI was tested at room temperature and subject to the sequence of lateral displacement amplitudes as
described above. The test was videotaped in order to review the test and confirm that slip did not occur with the
specimen. It can be seen in Figure 3 that the FREI exhibited acceptable behaviour and remained stable over the
entirety of the test.
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Figure 3: 20 °C hysteresis loops corresponding to the final cycle at each lateral displacement amplitude.
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As the displacement amplitude was increased from 25% t, to 100% t;, the effective stiffness of each cycle decreased.
At even larger lateral displacements, the vertical faces of the FREI were close to becoming completely horizontal,
but did not make contact with the loading platens. Finally, at 200% t,, it was observed that full rollover occurred.
The slope of the curve begins to decrease at around 50% t,, but then starts to increase again around 125% t, This
slope change becomes more prominent between 150% and 200% t; where it can be seen to continue to increase and
pick up lateral load. The maximum absolute value of lateral load from the final 200% t, cycle was 4284 N.

As previous mentioned the second FREI test specimen was conditioned for 7 days at 0 + 3 °C. Based on the
elastomer used, the FREI was not expected to exhibit behaviour that differed greatly from the first specimen at room
temperature. At 0 °C, the rubber is not at a low enough temperature to have a large rate of crystallization. As a
result, any increase in stiffness was expected to be minimal and primarily due to instantaneous thermal stiffening. A
video recording of the test was reviewed to confirm that no slippage occurred.

It can be seen from Figure 4a that the peak force achieved was 4724 N. This value is approximately 500 N larger
than the maximum value for the FREI tested at room temperature, which indicates an increase in the effective
stiffness. In addition, the video recording showed that the bearing was able to exhibit a full, stable rollover at 200%
t;, despite the increase in stiffness. In general, it can also be seen in Figure 4a that the hysteresis loops for the 0 °C
specimen contain a slightly larger area than those for the original specimen. This implies that the bearing was able
dissipated more energy and should have a higher equivalent viscous damping ratio.

The final FREI test specimen was conditioned at -20 + 3 °C for 7 days. This bearing was expected to be stiffer than
the previous two specimens, as instantaneous thermal stiffening would have a greater effect at this temperature. In
addition, it was expected to gain more stiffness due to crystallization, since the rate of stiffness increase is greater at
lower temperatures. The hysteresis loops for this test specimen, which are shown in Figure 4b, indicate acceptable
behaviour as positive tangential stiffness is maintained. A peak force of 4723 N was required to displace the bearing
to the 200% t; cycle and it can be seen that this specimen was not pushed fully to the end of each cycle. The
deformation was 2% t; short of being displaced to the full amplitude of 200% t;, but had already reached the same
lateral load as the 0 °C bearing, indicating that it was more stiff. Lastly, it can be seen that the hysteresis loops of
this bearing contain more area, indicating that this bearing was able to dissipate more energy and as a result should
have a larger damping ratio.
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Figure 4: 0 °C (a) and -20 °C (b) hysteresis loops overlaid 20 °C hysteresis loops corresponding to the final cycle at
each lateral displacement amplitude.

4.2 Effective Stiffness Comparisons

Additional information on the difference between the three conditioning temperatures can be obtained through the
calculated lateral stiffness and damping. These values are given for each cycle in Table 1. The effective stiffness of
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each specimen for the third cycle at each lateral displacement amplitude are presented in Figure 5a. This figure
provides a graphical representation of the change in horizontal stiffness as the FREI are subjected to increasing
displacements.

Table 1: Effective stiffness and damping at different temperatures.

20°C 0°C -20°C
Displac_ement Cycle Stiffness  Damping Stiffness  Damping Stiffness  Damping

Amplitude (N/mm) (%) (N/mm) (%) (N/mm) (%)
1 194.8 11.4 217.7 13.2 241.8 15.1

25%t, @ 2 189.6 11.9 211.8 13.7 235.1 16.1
3 186.0 115 208.1 13.4 229.9 15.6

1 159.2 10.0 174.3 111 187.7 12.9

50% t; 2 148.8 9.9 161.2 10.9 172.4 12.8
3 146.5 9.7 158.7 10.7 169.6 12.6

1 140.2 9.3 151.2 10.1 160.9 11.7

75% t 2 133.3 8.7 142.7 9.6 150.5 11.3
3 130.7 8.7 139.7 9.5 147.2 11.3

1 130.8 8.5 139.8 9.2 148.4 10.5

100% t; 2 122.0 8.3 129.4 9.0 136.4 10.4
3 119.4 8.3 126.1 9.0 132.6 10.4

1 128.6 8.6 138.7 9.1 148.7 10.0

150% t; 2 115.0 79 122.7 8.4 130.5 9.5
3 110.6 7.8 117.4 8.4 124.5 94

1 152.0 7.9 169.1 8.2 177.4 8.9

200% t; 2 131.6 7.4 143.6 8.0 1475 8.8
3 125.1 7.4 137.1 8.1 138.0 8.9

@These values were determined at a lateral displacement amplitude slightly less than 25% due to setup capabilities.

It can be observed that as the temperature the specimen is conditioned at is decreased, the effective horizontal
stiffness of the specimen increases. This trend is valid at all lateral displacement amplitudes and creates curves that
become more parallel to one another as the displacement intervals increase. During the first interval of 25% to 50%
t,, the change in stiffness was approximately 40, 50 and 60 N/mm for each of the 20 °C, 0 °C, -20 °C test specimens.
By the 100% to 150% t, interval, the change in stiffness of each specimen was between 8.1 and 8.8 N/mm. This
shows how the change in stiffness converges for all specimens. At 200% t, full stable rollover occurs and an increase
in stiffness is evident in the figure. Each specimen’s effective stiffness increases to values greater than values at
lower displacement amplitudes, in particular, 100% tr.

The Standard Specification for Plain and Laminated Bearings gives the criteria of a bearing to be accepted for use at
low temperatures. It requires that the stiffness at the conditioned temperature be less than four times the room
temperature stiffness (AASHTO 2011). This equates to a maximum percent increase of 300% of the room
temperature stiffness. Figure 5b shows that the conditioned bearings behaviour is acceptable at all displacement
amplitudes tested. The greatest percent increase is only 24% and occurs with the -20 °C specimen at 25% t..
Accordingly, the FREI were all expected to pass the provided criteria at the current conditioning periods and
temperatures.

Another way to analyze the data is on a per cyclic amplitude basis. This is shown in Figure 5c, where the lateral
stiffness is plotted versus the conditioning temperature. It is interesting to note that, excluding the previously
mentioned discrepancy, the change in stiffness over the three temperatures is approximately constant for each
displacement. This indicates that the relationship between stiffness at different temperatures for the same length of
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conditioning can potentially be modeled as approximately linear over the +20 °C to -20 °C temperature range.
However, more test data is required to confirm this.
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Figure 5: a) Lateral stiffness versus final cycle displacement amplitude.
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4.3 Equivalent Viscous Damping Comparison

The damping ratio was determined at all lateral displacements for each specimen and the results are displayed in
Figure 6a. The greater level of damping present within the specimens can be explained by the behaviour of the
carbon fiber within the FREI. It was found that the addition of fiber reinforcement provides a source of energy
dissipation in the bearing, in addition to the inherent properties of natural rubber (Kelly 1999; Toopchi-Nezhad et al.
2007). It has been postulated that in unbonded applications of FREI, as the fibers in the reinforcement bend, the only
way to permit this flexure is if the fibers slip past one another. The inherent tension in the fibers, combined with the
vertical load on the isolator causes frictional forces to form (Kelly 1999). Energy is dissipated as these forces are
overcome and slip between the fibers occurs. It is not expected that the amount of energy dissipated by the fibers
increases at lower temperatures.
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At lower temperatures the damping ratio increases noticeably. Figure 6b shows this increase in damping at lower
temperatures as a percent increase of the damping ratio at 20 °C. For the 25% t; displacement amplitude, the percent
increase in damping ratio is 35% for the -20 °C specimen and 16% for the 0 °C specimen. The percent increase in
damping ratio becomes smaller as the amplitude is increased. This trend is only not valid for the 0 °C bearing at
200% t, and is consistent with the increase in stiffness that was observed at the same temperature and displacement.

A previous study by Kulak and Hughes (1993) on steel reinforced isolators, found that the same trend with respect
to temperature occurs, In the study, as the temperature was decreased from 20 °C to -20 °C, the damping ratio
increased by approximately 7% at 100% t, (Kulak and Hughes 1993). The data provided in Figure 6a, shows that an
increase of approximately 2% occurred over the same temperature range. The study additionally found that as the
displacement amplitude was increased, the damping ratio decreased, which is also consistent with the data presented
here (Kulak and Hughes 1993).
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Figure 6: a) Damping ratio versus final cycle displacement amplitude

b) Percent increase in damping ratio when compared to 20 °C

4.4 Mullins Effect and Temperature

It was observed from the hysteresis loops that the stiffness on the final cycle of each lateral displacement was less
than that of the first cycle at the same displacement. This occurred for every set of cyclic displacements and can be
explained from the properties of the elastomer. Cyclically displacing an elastomer until it reaches the same
amplitude as the previous cycle results in the material being loaded, unloaded and then loaded again. During the first
cycles, the molecular structure of the elastomer changes as cross-links within it are broken (Marckmann et al. 2002).
As a result, subsequent displacements require less force in order to displace the rubber to the same amplitude. This
softening of the rubber is called the Mullins effect (Marckmann et al. 2002). As the number of cycles increase, this
effect minimizes until the rubber achieves a stable state (Toopchi-Nezhad et al 2008b). The FREI were tested with
three fully reversed cycles, as this is the number of cycles stated in both CSA-S6 (2014) and the ASCE Standard for
Minimum Design Loads for Buildings and Other Structures (ASCE 2010). The ASCE Standard gives guidance on
the amount of softening that is allowed to occur before a room temperature specimen is no longer considered
adequate. It states that the effective stiffness at any of the three cycles must be less than or equal to 15 percent of the
average effective stiffness of those three cycles (ASCE 2010). It can be seen in Figure 7 that for the room
temperature specimen, the percent change between the maximum and minimum effective stiffness values of the
three cycles is within 15 percent up to the 150% t, amplitude. Since the total difference is within the limits, the
percent change from the average will also be within the limits. For the 200% t; cycles, the maximum and minimum
effective stiffness cycles must be compared to the average effective stiffness. The values taken from Table 1 have
been used to determine that the average stiffness is 136.2 N/mm and the variation from this average is only 11.6 and
8.2 percent for the maximum and minimum effective stiffness cycles, respectively. The room temperature bearing is
deemed acceptable based on this criterion. The specimen tested at -20 °C was checked as well in order to determine
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if a conditioned bearing can pass the adequacy criteria. At 200% t, the bearing has a decrease in effective stiffness
by approximately 22 percent over the three cycles. Comparing the maximum and minimum stiffness values to the
average value, resulted in a 15% increase and 10.6% decrease in stiffness compared to the average value. This is just
within the acceptable range and after checking that the bearing at the 150% t, amplitude is acceptable, the
conditioned bearing is deemed adequate as well.
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Figure 7: Maximum percent change in effective stiffness between cycles for each lateral displacement amplitude.

5. CONCLUSION

Bearings that are to be used in a bridge application must withstand the same temperatures as the bridge. As a result,
it is important to know the behaviour of the bearings at low temperatures. In this study, quarter scale carbon FREI
bearings were tested under lateral cyclic deformations at low temperatures, in order to determine their lateral
response. For the tests, each specimen was subjected to a single temperature, for a length of 7 days. The three
conditioning temperatures were 20 °C, 0 °C and -20 °C. In addition, all specimens were cut to have the same aspect
ratio that is known to ensure stable rollover.

The main conclusions to draw from this research are that:

e Hysteresis loops have the same shape at low temperatures as at room temperature.

e Bearings conditioned at lower temperatures have a higher stiffness throughout all lateral displacement
amplitudes.

e The maximum increase in stiffness is well within the amount permitted by AASHTO M 251-06 (2011) for
low temperature testing.

e Bearings conditioned at lower temperatures, also have a larger damping ratio throughout all lateral
displacement amplitudes.

e The Mullins effect on the lateral stiffness is larger for lower temperatures.

e All bearings met clauses outlined in ASCE-7 (2010) limiting the impact of the Mullins effect.

In general, all low temperature bearings performed adequately and can be deemed as providing acceptable lateral
performance at low temperatures. The information gathered in this preliminary study will be used to prepare the next
phase of the research program. It will involve conditioning lengths that coincide with various standards and a larger
range of temperatures that reflect the in-situ temperatures representative of various regions throughout Canada.
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