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Abstract: Recent studies showed that new elastomeric base isolation systems (rubber bearings) can be
produced by using fiber fabrics as reinforcement in the place of steel shims. This type of bearings can be
fabricated through a simple and cost-effective manufacturing technique called cold-vulcanization process.
In this study, scaled size rectangular carbon fiber-reinforced elastomeric isolators (C-FREIs), which have
been cold-bonded fabricated, are tested under vertical compression and lateral cyclic displacements.
Vertical and lateral responses of C-FREls are obtained and analyzed in order to evaluate their
performance in terms of flexibility and energy dissipation capacity. Results reveal that C-FREIs possess
acceptable amounts of stiffness and equivalent viscous damping compared to traditional steel-reinforced
rubber bearings. As a result, these new isolation systems can be safely used instead of heavy and
expensive steel-reinforced elastomeric bearings in civil applications, such as low rise residential buildings,
in developing countries.

1 INTRODUCTION

In order to seismically protect a structure from devastating effects of earthquake, different protective
systems including active, semi-active, hybrid, and passive vibration control systems have been
developed. Passive systems have been extensively implemented in civil engineering applications since
they can operate without using an external power supply [1]. Such passive systems are mainly two types:
sliding bearings and rubber bearings. Conventional elastomeric isolators or rubber bearings are laminated
devices consisting of rubber layers and steel shims as reinforcement. Steel shims in steel-based rubber
bearings (SRB) can be replaced by fiber-reinforced polymer (FRP) composite plates to reduce its weight
and make it easy to handle during transportation and placement [2, 3]. The production cost of fiber-
reinforced elastomeric isolators (FREIS) is also reduced due to automated manufacturing process [2, 4].
SRBs have axial and flexural rigidity while, FREIs are completely flexible under bending due to the
presence of fibers [2]. The density of carbon-FRP composites is much lower than that of steel. The
density of epoxy matrix composite reinforced by 70% carbon fibers is 1600 kg/m3 while, mild steel has a
density of 7850 kg/m3. Due to high strength-to-weight ratio of CFRP composite materials, carbon-FREIs
are much lighter than SRBs with superior performance [4]. Hence, they can be implemented into a wide
range of applications such as bridges, buildings, and other civil infrastructures.

The possibility of using carbon-FRP composite layers in seismic isolators for producing light-weight and
low-cost rubber bearings was investigated in order to extend their applications to public and low-rise
buildings in developing countries [3]. Kelly observed that the performance of FREIs is similar to that of
steel-based RBs based on experimental and analytical studies. He derived analytical equations for
vertical and horizontal stiffness of FREIs to show that it is possible to produce these kinds of rubber
bearings with adequate mechanical properties [2]. Tsai and Kelly studied the effect of fibers on the
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flexibility of base isolators by presenting formulations for compressive and bending stiffness of
rectangular FREIs based on analytical method [5]. They assumed that the elastomer is incompressible
and isolator is in form of an infinite strip pad. Results indicated that the stiffness increases with increasing
the shape factor (loaded to force-free area ratio) and decreases by using more flexible reinforcement.

Different types of fibers such as glass, carbon or aramid can be used in the reinforced layers of FRP-
based laminated isolators. Moon et al. designed and manufactured such FREIs in order to compare their
performance and behavior with those of SRBs through various experiments [4]. According to the obtained
results, FREIs are superior to SRBs in terms of effective horizontal and vertical stiffnesses, and
equivalent viscous damping. Flexural rigidity of fiber-reinforced polymer composite layers is much lower
than that of the steel shims used in steel-based rubber bearings. This characteristic causes the FREI to
show a rolling deformation under lateral shear force and as a result, it produces lower forces in the
transverse direction compared to the SRB. Therefore, FREI can be laterally deformed with a higher
flexibility. Moreover, it was observed that using carbon fibers in reinforced layers could lead to higher
effective vertical stiffness and equivalent viscous damping relative to other types of fibers. Dehghani
Ashkezari et al. carried out combined compression and cyclic shear tests on different samples of FREIls
and showed that carbon FREIs are more efficient in terms of vertical and horizontal stiffnesses as well as
effective damping [6]. They concluded that the presence of carbon fibers increases the energy dissipation
of the base isolator since frictional movements of fibers generates an additional damping in the system.
Based on the results, although the amount of vertical pressure has considerable effects on the damping
coefficients of fiber and steel-based rubber bearings, its influence on the shear behavior of RBs is
negligible within testing load range. Another important finding is that, if cyclic lateral loading is repeated
with amplitude less than the maximum load previously applied, horizontal flexibility and energy damping
properties will decrease due to stress softening phenomenon [6].

Regarding the boundary conditions, rubber bearings can be divided into two groups: bonded and
unbonded. In bonded-RBs steel supporting plates at the top and bottom are bolted to the superstructure
and substructure, respectively while in an unbonded application, supporting plates are removed and
elastomeric isolator is free to move horizontally between substructure and superstructure without any
constraint. Toopchi-Nezhad et al. investigated the mechanical characteristics and behavior of a carbon-
FREI with unbonded boundary conditions [7]. Test results indicated that the horizontal stiffness of this
type of FREI is reduced owing to rollover deformation under cyclic shear loadings. Their proposed RB
had undesirable behavior because of low damping capacity and inadequate (very low) horizontal
stiffness. They suggested that high damping rubber or additional elements can be used. In another study,
Toopchi-Nezhad et al. tested a square scaled model of FREI made of natural rubber and bi-directional
carbon fiber fabric under vertical pressure and cyclic lateral displacement [8]. Results demonstrated that
the performance of unbonded-FRElIs is comparable to that of the high damping rubber bearings (HDRBS).

Zhang et al. studied the mechanical properties of FRP-based elastomeric isolators after manufacturing
and testing a number of samples [9]. Specimens were subjected to vertical pressure for calculating the
effective vertical stiffness and compressive modulus. The effective horizontal and damping capacity were
determined by applying cyclic horizontal displacements. The hysteretic curves for three FREIs with
different thickness and number of elastomeric and reinforced layers subjected to vertical and cyclic shear
loads illustrated that the operational characteristics of FRP-based rubber bearings are comparable to
those of traditional ones. Indeed, FREIs have adequate performance in terms of the energy dissipation
capacity (i.e. capacity of the device in damping the earthquake’s energy) and the effective vertical
strength. Therefore, implementing them in the seismic base isolation is an applicable idea [9]. Hedayati
Dezfuli and Alam probed the effect of physical and mechanical properties such as thickness and shear
modulus of rubber layers on the performance of the FREIs in the bonded applications [10]. They
observed that the lateral flexibility and the damping capacity are highly dependent on the shear modulus
of the elastomer while, the vertical stiffness is mostly affected by the number of rubber layers.

In this study, a simple and fast manufacturing process is presented for producing carbon fiber-reinforced
elastomeric isolators (C-FREIs) in bonded applications. In order to show how efficient C-FREIs can
operate under different loading conditions, operational specifications of C-FREIs in the vertical and
horizontal directions are determined through experimental tests. In this regard, four scaled C-FREIs are
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produced and then the performance characteristics including vertical and horizontal stiffnesses as well as
energy dissipation capacity and equivalent viscous damping are assessed through experimental
investigations. C-FREIs are bonded to the substructure and superstructure using steel supporting plates.
Long strip laminated pads consisting of rubber layers and carbon fiber fabrics reduce the time of the
manufacturing process. Cutting laminated pads produced without using a mold in required sizes, makes
the whole manufacturing process simple and easy as well. The performance characteristics are
determined by conducting vertical pressure and horizontal cyclic displacement tests. Furthermore, future
investigations are suggested regarding the performance variation of C-FREIs through a sensitivity
analysis.

2  MANUFACTURING TEST SPECIMENS

Four carbon-FREIs were manufactured with the support of GoodCo Z-Tech Company in Laval, Quebec.
Each rubber bearing is made of commercial elastomeric layers with a hardness of 55 Shore A and a
minimum tensile strength of 17 MPa specified by the CHBDC CAN/CSA S6-06 [11], fiber-reinforced
polymer composites as reinforcement, and two steel supporting plates at the top and bottom. Fiber-
reinforced layers are plain woven carbon fabrics with a tensile strength of 4413 MPa [12]. C-FREIs have
identical width and length (70 mm by 70 mm) but with different number and thickness of elastomeric and
reinforcement layers. Therefore, the total height of C-FREIs varies in a range of 19.1 mm to 41.8 mm. The
shape factor (defined as the ratio of loaded (plan) area to load free (side) area of a rubber layer) are S =
5.8 or 11.7 for four base isolators since the thickness of elastomeric layers is either 1.5 mm or 3 mm. This
geometrical parameter is calculated according to Equation (1).

LxW

W )
2t (L+W)

where L, W, and te are length, width, and thickness of each rubber layer, respectively.

Elastomeric layers are bonded to bi-directional (orientations 0/90°) carbon fiber fabrics using rubber
cement (see Figure 1). After fabricating a laminated pad consisting of elastomers and reinforcement with
a proper number of layers, C-FREIs are subjected to a certain amount of pressure for 24 hours without
using a mold (cold vulcanization process). The plan dimensions (length and width) of layers are more
than 70 mm. Then, each laminate is cut to the required size using the high precision waterjet technology
in order to have smooth surfaces as shown in Figure 1c. Side faces are coated by two layers of bonding
compound in order to improve the bonding between layers and prevent premature delamination that
might occur during shipping, installation, and testing.

Supporting plates made of mild steel are attached to the C-FREI at the top and bottom using rubber
compound. Four C-FREIs with different number and thickness of rubber layers and carbon fiber fabrics
are depicted in Figure 2. Physical and geometrical properties of C-FRElIs are listed in Table 1.

3 EXPERIMENTAL TESTS

The test setup is equipped with two hydraulic jacks: vertical and horizontal. Force and displacement in the
horizontal and vertical directions are measured in each test. The load applied by the vertical hydraulic
jack is measured by three load cells, each of them with a capacity of 44.5 kN. Same mechanism is
implemented for evaluating the lateral force applied by the horizontal hydraulic jack using one load cell. In
order to measure the vertical displacement, laser displacement transducer (LDT) is used. The vertical
displacement is the average of four values determined by four LDT devices which measure the vertical
deflection at four sides of the C-FREI (see Figure 3). The horizontal displacement is determined by a
string potentiometer (String POT). Different parts of test setup are identified in Figures 3 and 4.As shown
in Figure 3, C-FREIs are fixed in the test setup by screwing the steel supporting plates to fixing plates
using a total number of eight bolts. The lower fixing plate in the test setup is attached to the lower steel
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platen. Two bearings are installed between the upper steel platen and the fixing plate in order to transfer
the load (see Figure 4a). In all tests, the lower platen is fixed and the vertical pressure and horizontal
displacement are applied to rubber bearings through the upper platen.

3.1 Vertical Compression Test

The objectives of the vertical compression test are to evaluate the vertical stiffness and the maximum
vertical deflection of rubber bearing. This test is performed under load control since the vertical force is
controlled during the tests. For each C-FREI, three tests with different values of design vertical pressure,
PD, including 0.75, 1.50, and 3.00 MPa (3.7, 7.4, and 14.7 kN) were conducted. C-FREI is loaded
monotonically up to the design pressure. Then, three fully reversed cycles with a variation of 20% of the
design pressure is applied with a frequency of fv = 0.2 Hz. Finally, C-FREI is monotonically unloaded.
Figure 5 shows the behavior of pressure changes versus time for three considered design pressures.

After conducting the vertical tests, the operational characteristics including the vertical stiffness, Kv, the
compressive modulus, Ec, and the maximum vertical deflection at the design pressure, Av are
determined. According to Equation (2), the compressive modulus can be calculated from the vertical
stiffness obtained from the tests [13].

E.= )

where tr is the total thickness of rubber layers and As is the cross-sectional area of the fiber-reinforced
layer which is bonded to the elastomer.

3.2 Cyclic Test

Cyclic test is performed under vertical load control and horizontal displacement control by applying a
vertical pressure and lateral cyclic displacements simultaneously. The horizontal stiffness and the
equivalent viscous damping are two performance specifications of rubber bearing evaluated through this
test. The horizontal stiffness determines how much the base isolator is flexible against lateral cyclic
loading. The equivalent viscous damping represents the capability of the device in dissipating the
earthquake’s energy transmitted to the elastomeric isolator.

While the C-FREI is under a constant vertical pressure of 3.0 MPa, the cyclic horizontal displacements
are applied. At each amplitude of horizontal deflection including 25% tr, 50% t;, and 100% t:, three fully
reversed sinusoidal cycles are applied at constant horizontal rate of Vi = 20mm/s. Variation of vertical
pressure and cyclic horizontal displacement versus time are demonstrated in Figures 6a and 6b,
respectively.

The effective horizontal stiffness of C-FREIs, K e, and the effective shear modulus, Ger, at each shear
strain amplitude (y), is calculated according to Equations (3) and (4), respectively [14, 15].

F..—F,
K — | max min
net (7/) Amax - Amin ©
Kherr (ML
G (7) = % )

where Amax and Amin are the peak lateral displacements and Fmax and Fmin are the peak shear forces,
respectively, at each shear strain amplitude. A is the cross-sectional area of the elastomeric layer which is
in contact with the fiber-reinforced layer. The equivalent viscous damping of rubber bearing, B, is defined
as a ratio of the dissipated energy to the elastic energy restored in the C-FREI [13].
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in which Ud is the energy dissipated per cycle and equals to the area inside the lateral force-deflection
hysteresis curve in each cycle and Ue is the energy restored in the rubber bearing measured according to
Equation (6) [7].

1
Ue :EKHefanvgz (6)

where Aavg = (Amax + |Amin|)/2.

In order to show the whole cyclic test for each specimen, four stages are selected as shown in Figure 7.
At the first stage, the rubber bearing is subjected to a constant vertical pressure. Then, the maximum
lateral displacement occurred during the cyclic sinusoidal deflections is depicted at stages two, three and
four by increasing the shear strain amplitude from 25% tr to 100% t: while the vertical pressure remains
constant.

3.3 Clearances

The author(s) is/are responsible for obtaining written permission to profile the project or subject matter in
their paper from any and all clients, owners or others who have been contracted for the work. Conference
organizers assume the authors have duly requested and obtained the proper permission. Conference
organizers assume no liability for the failure of the author(s) to obtain such permission.

4 RESULTS AND DISCUSSION

4.1 Vertical Characteristics

The authors must submit an electronic copy of the full paper in Word format. This .doc or .docx file must
be created from the “conference name_Paper_Template.doc” template file that is available on the
conference website.

Authors are requested to use Word Styles for all paragraph formatting, as provided in the template file
and described in these instructions.

4.2 Horizontal Characteristics

The file name should include letters, numbers and _ (underscore) only. Use _ (underscore) to separate
words, no spaces. The entire name should be less than 50 characters. The file name should be
constructed of the following elements:

The first author’s last name and first initial

If there are multiple authors, the words “et al”

The word “(insert conference name)”

The paper number assigned during abstract submission
The first two or three significant words from the title.

Example:
Authors: Linda A. Newton and Brian R. Kyle
Paper Number: 155
Title: Not Another Standard: Where Do We Stop or Should We?
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File Name: Newton L et al CON_155 Not Another_Standard.doc

4.3 Page Format

Page size should be set to letter size (8.5” x 11”). All page margins must be 1”. Page formatting must be
single column, portrait orientation.

4.4  Typeface and Type Size

All text must be 10 point Arial font (except for paper title, which is bold Arial 14 point, and author names,
which are Arial 12 point).

4.5 Headings and Page Numbers

The first page must contain the CSCE conference paper header (included in the ICSC15 Template File).
Other pages contain no header and only the page number in the footer.

Each paper will be assigned a paper number at the time of abstract submission, and this number is used
in the electronic conference proceedings. To facilitate printing and further referencing, this number along
with local page numbering is used in each paper, starting from page one (1). The page number should be
in the form “xxx-1”, where xxx must be replaced with the paper number assigned to your paper (please do
this on both the first and second pages). This page number should be centered in the footer of each page
of the document, in the margin, 0.5” above the bottom of the page. The page number in the footer should
be formatted using the “Footer” style. Where there are specialty conferences associated with a general
conference, the paper number will begin with the conference code e.g. GENxxx-1 (general conference);
CONxxx-1 (Construction specialty); MATxxx-1 (Materials specialty).

4.6 Spacing and Indentation

All text elements should be single-spaced. Paragraphs should be fully (right and left) justified. No indents
should be used in any part of the paper. 36 points should be left before the title. Two open lines (20
points) should be left before the author names, abstract paragraph, and level 1 headings. One open line
(10 points) should be left before all other paragraphs. This spacing is set in the template file and should
not require any additional spacing to be added.

4.7 Title/Author

The full paper title should be typed in the appropriate “TITLE” section of the template. The title should use
14 point Arial font, bold, all capitals, and include 36 points open spacing before it. The title should be
formatted using the “Title” style.

The complete list of authors should before entered into the “Authors” section of the template. Each author
should be entered using first (given) name, middle initials, last (family) name, and a superscript numeral
to indicate the corresponding author affiliation. Different authors should be separated by a comma with an
“and” before the final author. Author names should be 12 point Arial font and should be preceded by two
open lines (20 points). The authors should be formatted using the “Author” style.

Author affiliations (name of organization) and country should be typed in the “Author Affiliation” section of
the template. Author affiliations should be 10 point Arial font with no preceding space. Each affiliation
should begin with a superscript numeral referring to the corresponding author. Following the author
affiliations, the email address of the corresponding author may be provided, also with a corresponding
superscript numeral. The author affiliations and email address should be formatted using the “Author
Affiliation” style
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4.8 Abstract

Each paper should begin with an abstract of no more than 250 words in a single paragraph (please do not
use the return key). The Abstract should be entered in the “Abstract” section of the template file. The
abstract paragraph is preceded by two open lines (20 points), and must begin with the word “Abstract:” in
bold font. The abstract should be formatted using the “Abstract” style.

4.9 Numbered Headings

Within the paper, Primary (level 1) headings are formatted in all capitals preceded by two open lines (20
points). Other headings (level 2 and 3) are written in bold type face with the first letter of each word
capitalized, preceded by one open line (10 points). Headings are numbered as follows:

1. HEADING 1
1.1 Heading 2
1.1.1 Heading 3

Headings should be formatted using the styles “Heading 1”, Heading 2”, and “Heading 3”.

4.10 Numbered and Bulleted Lists

Numbered lists should be formatted using the “List Number” style. Additional paragraphs with the same
indent should be formatted using the “List Continue” style. Secondary numbered lists (sub-lists) should be
formatted with the styles “List Number 27, “List Continue 27, “List Number 3”, and “List Continue 3”.

Bulleted lists should be formatted using the “List Bullet” style. Additional paragraphs with the same indent
should be formatted using the “List Continue” style. Secondary bulleted lists (sub-lists) should be
formatted with the styles “List Bullet 2”, “List Continue 2”, “List Bullet 3”, and “List Continue 3”.

Lists of short text may remove the open lines between list items.

4.11 Equations, Formulas, Symbols and Units

All equations and formulas should be aligned with the left margin (do not center in the page) and
numbered consecutively. Equation numbers should be placed flush at the left margin in square brackets.
Refer to equations in the body of text using these numbers (e.g. “Eq. 1” or “Equation 1 shows...”). Sl units
and Arabic numerals may be used, but do not use italics. Equations should be formatted using the
“Equation” style. An example equation is shown below:

[1AP =0
4.12 Illlustrations

lllustrations (whether drawings or photographs) should be numbered consecutively in order of
appearance and referred to as Figure 1, Figures 2 to 4, etc. lllustrations should be placed as close as
possible to where they are first referenced in the text. Avoid placing illustrations sideways on a page;
however, if this is not possible, no other text should appear on that page. Photographs should be of good
quality contrast. Figure lettering should be approximately the same size as the text (10 point Arial font)
with a minimum of 2 mm. Lines should preferably be 0.2 mm thick. Proper acknowledgment of illustrations
borrowed or adapted from another source is required as mentioned in Section 3.4. Captions should be
placed immediately below the illustrations and centered on the page. Figures should be formatted using
the “Figure” style and figure captions should be formatted using the “Figure Caption” style. An example
figure caption is shown below:

Figure 1: Deflection of a plate subjected to a uniform temperature rise
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413 Tables

Tables should be numbered consecutively in order of appearance and placed as close as possible to
where they are first referenced in the text. Refer to tables as Table 1, or Tables 1 and 2, in the body of the
text.

Place the caption above the table. Both the table and the caption should be centered on the page. Tables
should use horizontal lines on the top and bottom edges of the table and below the column headers; omit
vertical lines used as separators between columns in the table. All table text should be Arial 10 point font.
Units should be indicated in the line immediately below column headings as appropriate; avoid using
abbreviations in column headings (other than units). Table captions should be formatted using the “Table
Caption” style and all table text should be formatted using the “Table Paragraph” style. Test is normally
center aligned, but can be aligned to the left for longer text. An example table is shown below:

Table 1: Example table caption

Heading* Heading Heading
Subheading Subheading
(units) (units)
Line heading 1234 4321
Line heading 1321 8765

*Footnote~ for this table

4.14 Acknowledgements

Sponsor(s), design engineer, project engineer, contractors, and/or owners that were involved should be
acknowledged. The acknowledgements should be the last section prior to the References section. The
acknowledgement heading should be formatted using the “Heading Un-numbered” style.

4.15 References

References should use Chicago referencing style. Within the body of the text, references should be made
in parentheses with the authors’ surnames and the year of publication (e.g., Beaulieu 2010, Flint and
Smith 2012, Seed et al. 1977). At the end of the paper, list all references in alphabetical order of the first
author’'s surname. The first line of each entry in the reference list is not indented; the following lines
should have a two-space 10 point) indentation. Do not leave an open line between references. Book titles
and names of journals, reports and conferences should be in italics. The references heading should be
formatted using the “Heading Un-numbered” style; each reference item should be formatted using the
“Bibliography” style.

The format for books is:

Last name, Initials. Year. Book Title, Publisher, City, State/Province, Country (of publisher). For example:

Terzaghi, K. and Peck, R.B. 1987. Soil Mechanics in Engineering Practice. 2nd ed., McGraw Hill, New
York, NY, USA.

The format for journal papers is:

Last name, Initials. Year. Article Title. Name of Journal, Volume number(lssue number), pages. For
example:

Ingold, T.S. and Miller, K.S. 1983. Drained Axisymmetric Loading of Reinforced Clay. Journal of
Geotechnical Engineering, ASCE, 109(2): 883-898.

The format for conference papers is:
Last name, Initials. Year. Article Title. Name of conference, Publisher, City, State/Province and Country
where conference took place, volume number: pages. For example:

Leshchinsky, D. and Perry, E.B. 1987. A Design Procedure for Geotextile Reinforced Walls.
Geosynthetics, IFAI, New Orleans, LA, USA, 1: 95-107.
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