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Abstract

Seismic base isolation is considered effective to reduce the vulnerability of structures and it
represents an optimal retrofitting solution in terms of reliability and effectiveness. Nowadays, one
of the most promising devices is the Unbonded Fiber Reinforced Elastomeric Isolator (UFREI),
which is considered a low cost device, thanks to its lightweight, easy installation and the total
absence of steel. In this study, recycled rubber in the form of reactivated EPDM has been used to
produce UFREIs, combined with glass fiber reinforcement, a technology that reduces further
productions costs and allows a certain susteneability. To be ready for structural application, the
rubber used for assembling the devices must be vulcanized correctly to create the polymer
crosslinking properly. As a matter of fact, all rubber mechanical properties are strongly affected by
curing temperature and curing time.

In the present study, the performance of an UFREI prototype proposed by the authors for the
seismic isolation of low-rise masonry buildings in Indonesia has been investigated through a series
of experimental tests and numerical analyses, taking into account the different levels of
vulcanization degree for the pads and focusing in particular on the mechanical consequences linked
to their under-vulcanization. In particular two prototypes are considered, one vulcanized correctly
at 150°C for 40 minutes and the other vulcanized in a standardized industrial process at 130°C for
40 minutes. The experimental characterization allows to calibrate the elastic and viscoelastic
properties of the pads, to be used in advanced numerical simulations carried out in Abaqus to
establish the cyclic behavior of the devices. A further identification procedure is proposed,
substituting at structural level the device discretized with 3D elements with an equivalent
mechanical system constituted by a non-linear spring and a dashpot. Numerical non-linear dynamic
analyses carried out on a single storey masonry building subjected to a strong seismic event show
that the devices vulcanized at 130°C for 40 minutes, although having suboptimal crosslinking and
hence poor mechanical properties, are still suitable to effectively isolate low-rise buildings in
developing countries. Moreover, being the under vulcanized device less rigid, it reduces more the
seismic demand on the structure. Thus, low values of tensile damage have been registered.
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vulcanization; masonry; non-linear dynamic analysis.



1. Introduction

Devastating earthquakes caused a lot of damages to structures and infrastructures in the recent past.
Most of the high-seismic zones are located in developing countries (e.g. India, Indonesia, South and
central America), where unreinforced masonry or poorly constrained masonry is generally employed
in low-quality housing due to its relatively cheap cost. As a matter of fact, masonry is not so suitable
in seismic areas being characterized by insufficient tensile strength, resulting in a low horizontal load
carrying capacity. When an earthquake occurs, low-class buildings in developing countries experience
many casualties.

To reduce the damaging effect on buildings due to earthquakes, the following techniques are
commonly used: increase the seismic-resistant capacity of the structure [1][2], involve bracing systems
[3][4], use added damping systems [5], reduce the seismic demand on the structure by incorporating
base isolation systems [6][7][8]. Base seismic isolation is an effective strategy to reduce the
vulnerability of new and existing structures and it represents an optimal retrofitting solution in terms
of reliability and effectiveness. The isolation devices, which are typically placed at the base of the
structures, shift the fundamental frequency of the structure to the range of the spectrum where spectral
accelerations are lower.

During a seismic event, the base isolated structure is supposed to exhibit negligible inelastic
deformation because the signal is filtered at the base level. Conventionally, steel-reinforced
elastomeric (SREI) and friction based devices are used for base isolation of structures and actually,
they represent the most used method of seismic isolation. These isolators are generally expensive due
to the need of introducing thick steel plates for their supports. Thus, they are not so suitable for ordinary
residential buildings, especially in developing countries.

Many alternatives have been studied in recent years to find a low-cost isolation device. Nowadays, one
of the most promising is the Fiber Reinforced Elastomeric Isolator (FREI). In [9][10] fiberglass layers
have been employed for the production of FREIs. They can be applied to the structures in several ways:
bonded[11][12], unbonded [13], partially bonded [14] and with friction, in which there is no bonding
between rubber pads and fiber layers.

Compared to SREIs, FREIs could be installed between the upper structure and the foundation without
any bonding or fastening in the so called unbonded application, reducing hugely costs. Many
experimental works have been published on UFREIs, revealing their advantages. First of all, the
effective horizontal stiffness of UFREIs is considerably lower when compared with bonded ones,
decreasing the seismic force demands [10][13][15]. This feature is a consequence of the so called

rollover effect, a sort of quasi-rigid rotation occurring at large deformation under strong earthquakes.




Another important feature of UFREIs is the hardening which occurs at large deformation. This
characteristic is due to the contact between isolator vertical edges and supports, which occurs at large
deformations. It plays an important role in limiting the shear displacement during a severe seismic
event [16][17][19].

Since the UFREISs are characterized by large deformability, many studies have investigated the stability
limit at which the devices reach a state of damage or delamination. Some researchers have stated that
this critical value is reached when a lateral displacement of 1.7-2 h;, (total height of the rubber pads)
occurs [18]. Other authors [19] report that even larger displacements, equal to 3 hr, do not cause any
damage in the rubber-fiber interfaces. This high critical value allows to employ small-height isolators.
To be ready for structural application, the rubber used for assembling the devices must be cured
correctly to properly create the polymer network and make the rubber capable of sustaining vertical
loads at the same time filtering the horizontal exitation. All rubber mechanical properties are strongly
affected by curing temperature and curing time.

This paper is aimed at studying the effect of an undervulcanization on the mechanical properties of a
real UFREI prototype, conceived for the application of low cost isolation in new masonry buldings in
developing countries. The undervulcanization is a typical production error that suppliers do on purpose
because of the impossibility to reach higher temperatures in standard electric ovens used in large scale
productions. It is therefore quite common to deal with large stocks of low cost isolators where rubber
pads have been treated at a temperature which is largely suboptimal.

This study is devoted to the structural analysis of an under vulcanized FREI cured at 130°C for 40
minutes, which is compared to the structural performance exhibited by a well-vulcanized one cured at
150°C for 40 minutes. The device is a real prototype produced by the authors within a research project
aimed at applying UFREIs at low cost in new residential masonry buldings in Indonesia. The matter
of the under-vulcanization has been studied to evaluate the possibility of employing such device taking
into account the most meaningful errors in the production process, such as FRP-rubber bond defects,
geometric irregularities in the FRP shims (a research still ongoing) caused by the insufficient flexural
stiffness and inhomogeneous and suboptimal vulcanization of the pads.

The present paper focuses on this latter important aspect; in particular the performance of an UFREI
prototype proposed by the authors for the seismic isolation of low-rise masonry buildings in Indonesia
has been investigated through a series of experimental tests and numerical analyses, taking into account
the different levels of vulcanization degree for the pads and focusing in particular on the mechanical
consequences linked to their under-vulcanization. Two geometrically indentical prototypes are

considered, one vulcanized correctly at 150°C for 40 minutes and the other vulcanized in a




standardized industrial process at 130°C for 40 minutes. The experimental characterization, obtained
by means of stress-strain tests, hardness tests along the entire volume of the isolator and relaxation
tests, allows to calibrate the elastic and viscoelastic properties of the pads, to be used in advanced FE
numerical simulations conducted to establish the cyclic behavior of the devices. The numerical
analyses are carried out in Abaqus with an heterogeneous discretization of the device, where rubber
pads are modeled with 3D brick elements exhibiting a viscoelastic behavior (Yeoh elastic model
coupled with a Maxwell viscosity model), FRP is assumed linear elastic and the unbonded condition
in the upper and lower edges is simulated with contact interfaces. Cyclic numerical shear tests show
that the under-vulcanization tends to reduce the shear stiffness of the single device, whereas the
damping remains relatively stable. A further identification procedure is proposed, substituting at
structural level the device discretized with 3D elements with an equivalent mechanical system
constituted by a non-linear spring and a dashpot. Such identification allows to have a numerical insight
into the effectiveness of the isolation applied on a realistic case study, where the masonry
superstructure is modeled with a standard Concrete Damage Plasticity material. Usually, to study the
masonry in a non-linear range, more complex models of the CDP should be used that take into account
the orthotropic behavior [20][21]. However, for irregular textures, the behavior tends to be more
similar to an isotropic one and the utilization of damaging/inelastic models available in commercial
codes for concrete is admitted [22][23][24]. The validation of the identified spring-dashpot model is
obtained simulating the behavior of an isolated heavy rigid RC slab excited with a real accelerogram.
Two models are compared, the first obtained discretizing the four isolators placed at the slab corners
with 3D FEs, the second substituting the devices with the coupled spring and dashpot system, whose
mechanical properties are obtained from the identification carried out for the cyclic shear tests. The
output in terms of accelerations registered on the RC slab confirm the effectiveness of the identification
approach proposed. Finally, numerical non-linear dynamic analyses are carried out on a small single
storey masonry building subjected to a strong seismic excitation. Simulations show that the devices
vulcanized at 130°C for 40 minutes, although having suboptimal crosslinking and hence poor
mechanical properties, are still suitable to effectively isolate low-rise buildings in developing
countries. Moreover, being the under vulcanized device less rigid, it reduces more the seismic demand

on the structure. Indeed, slightly lower values of tensile damage on the superstructure are observed.

2. UFREI 75 base seismic isolator
The device object of the study is constituted by five rubber pads (10 mm thick) of reactivated EPDM
made with 2/3 of regenerated rubber and 1/3 of virgin rubber (Dutral 4038), and four GFRP laminas




(0.5 mm thick) with a square section of 75x75 mm (LxL) and a height equal to 65 mm (hy) (Figure 1).

The detailed composition of the rubber compound is presented in Table 1.
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The results obtained in [25] show that the device cured with a temperature of 130°C for 40 minutes

Figure 1: Design of the seismic base isolator UFREI 75

exhibits a non-uniform curing level. So, rubber mechanical properties are non-homogenous within the
isolator. On the other hand, the curing temperature of 150°C leads to homogenous curing, with a

homogeneous distribution of mechanical properties.

Table 1: Composition of rubber compound

Rubber Batch
Ingredient gr
EPDM Dutral 4038 100
EPDM regenerated B 300
Zn0O 4
Stearina 1
Carbonato 40
N550 FEF 1T 185
Olio paraffinico 95
MBT PREMIX 1.5
ZOLFO PREMIX 2.5
TMTD PREMIX 2
TOTAL 731

To investigate the distribution of curing level for the under-vulcanized device, knife cuts on the middle
vertical and diagonal sections have been done, and the Shore A Hardness has been measured with a
digital Shore A durometer. As expected, the hardness varies from inner to outer points, passing from
48+2 Shore A to 60+2 Shore A, as visible in the color map in Figure 2. An identical trend is also

observed along the device diagonal.
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Figure 2: Shore A hardness measured on the middle vertical section and along the diagonal of a device cured
at T=130° for 40 minutes

3. Rubber mechanical properties

Considering that the vulcanization at 130°C leads to a non homogeneus vulcanization, to characterize
the rubber properties, stress-strain and relaxation tests were performed on rubber specimens vulcanized
at 170°C, but assuming an insufficient exposition time, so to reduce the final hardness.

In particular, to obtain a suboptimal curing level in dumb bell laboratory samples used for the tests,
taking into account that an optimal vulcanization is obtained by curing the specimens at 170°C for 10
minutes (which leads to a rubber compound with an expected hardness of 60 Shore A according to
[26]), two families of rubber specimens were vulcanized at 170°C for 2 minutes and 2.5 minutes,
respectively. In the following, the first is labeled as S -“Soft” and the latter as H -“Hard”. Subsequently,
Shore A hardness was measured on rubber samples with a thickness of 6 mm (obtained overlapping 3
pads 2 mm thick) according to ISO 7619-1 prescription [27]. Values of 50 Shore A and 53 Shore A
were obtained respectively for the samples cured for 2 minutes and for those cured for 2.5 minutes,

confirming that the vulcanization conditions used lead to an under vulcanization of the specimens.




3.1.Uniaxial tensile test on specimens S and H
For both S (i.e. soft, 50 Shore A rubber) and H (i.e. hard, 53 Shore A rubber) specimens, three fresh
samples in the form of dumb bell pieces with an average thickness of 2 mm, see Figure 3a, have been
tested in a uniaxial tensile test device (Figure 3b) based on ISO 37 [28]. The specimens have been
stretched up to failure to define tensile strength and strain at failure (Figure 3¢). The final stress-strain
curves used to characterize the rubber behavior represent an average of three identical tests. In Figure
4, the experimental stress-strain curves are presented. As visible, both the specimens exhibit identical
shapes of the curves. Even though the final strain and final stress values are comparable, as expected,

the H specimens with a higher value of hardness are slightly stiffer.

a)
Figure 3: Dumb-bell specimens of rubber (a), the uniaxial tensile test device (b), stretching of the rubber
specimen (c)
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Figure 4. Stress-strain curves for the S specimen (a) and H specimen (b)

Once the experimental stress-strain curves have been obtained, the data have been inserted into Abaqus
[29] for material coefficients fitting. The rubber behavior could be modeled using hyperelastic models
based on the strain energy density function and built in the software (Abaqus). For the present rubber

compounds, the Yeoh model has been used [30], as expressed by Equation (1)
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In Figure 5, the experimental stress-strain curves are compared with the Yeoh model, that is perfectly

capable to numerically represents the rubber hyperelasticity [31].

Stress [MPa]

Tension test - EPDM 50 Shore A

C,-0,409318
C,6=-9,525201E-004
C,y=2,139079E-005
D=0

Test_data

— = -Yeoh_model

100

200
Strain [%]

a)

300

400

501

Stress [MPa]

Tension test - EPDM 53 Shore A

(D

C,=0,40746

C,0=1,904E-03
C,o=3,158E-05
D=0 =

Test_data

= = -Yeoh_model

100 200

Strain %1

b)

300

400

Figure 5: Comparison between experimental data and Yeoh model for the specimens S (a) and H (b)

3.2.Relaxation test on specimens S and H

50(

The viscoelasticity parameters of rubber material can be obtained from a relaxation test. During this

test, the rubber specimen is subjected to a sudden strain, set at 150%, which is kept constant over time.

After the first elastic phase, the rubber relaxes due to viscous effects. The device and the specimens

used for the relaxation tests are the same used for the uniaxial tensile tests.

The tests have been performed on three identical samples for both S and H specimens. The final curve

represents the average of the three results. Once the experimental data of the relaxation test have been

obtained, the data have been transformed into normalized stress. In such curves, the initial stress at

t=0s is the maximum value of the stress registered, normalized to 1. The relaxation has been conducted

for 100 seconds because no remarkable stress reduction is observed after that period. Figure 6 and

Figure 7 show the relaxation test curves and normalized stress curves for both compounds.
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Figure 6. Relaxation test curves (a) on three samples of rubber compound S with 50 Shore A hardness and




the normalized curve (b)
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Figure 7: Relaxation test curves (a) on three samples of rubber compound H with 53 Shore A hardness and
the normalized curve (b)

The normalized relaxation curves can be fitted by Prony [32][33] series which is based on the
viscoelastic generalized Maxwell model. It is a viscoelasticity model available in Abaqus to model the
time-dependent stress-strain relationship as expressed in Equation (2).

S d _t

G(t) = Go + Zer Tk=GO[1—ng(1—e Tk | (2)

k=1 k=1
The rheological model of the stress relaxation function G(t) is shown in Figure 8. As visible, the model
is constituted by non-linear elastic springs representing the elastic response of rubber and a finite
number of Maxwell elements (spring and dashpots) which describes viscoelastic behavior [34]. In
Abaqus, the right side of Equation (2) is given in input, where the parameters have the following
meaning:

e G, = shear modulus at timet = 0 s;

e g, = dimensionless Prony coef ficient;

o t, =relaxation time defined as Z—k

k

i l /‘J,“ l
™ M2 Mk

Figure 8: Rheological model of the relaxation function G(t)[34]

Figure 9 shows the comparison between the normalized experimental relaxation test curve and the

Prony model in Abaqus. As visible, two Maxwell elements are sufficient to describe the rubber

9



viscoelasticity adequately.
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Figure 9: Comparison between experimental test data and Prony viscoelastic model for the specimens S (a)
and H (b)

4. Modeling of unbonded fiber reinforced elastomeric isolators

Once obtained the hyperelastic and viscoelastic properties of the rubber compounds, a detailed 3D FE
analyses have been performed on a single UFREI. In particular, the device has been subjected to a 0.5
Hz cyclic horizontal displacement up to 50 mm (Total rubber height) applied at the top support, under
constant vertical pressure of 2 MPa.

Two devices have been analyzed. The first one cured at 150°C for 40 minutes, with the rubber
mechanical properties uniformly distributed, and the second cured at 130°C for 40 minutes, with a
non-homogeneous distribution of rubber mechanical properties, which vary almost linearly within the
isolator in accordance with the results shown in Section 2. Subsequentially, a spring-damper simplified
model has been implemented in Abaqus instead of the detailed 3D isolator model to reduce the

computational cost for the structural applications (Section 5).

4.1.3D FE modeling
The isolator has been modeled using almost 18000 eight-node brick (C3D8RH) elements with
dimensions 3.5 x 3.5 x 2 mm. The final mesh is shown in Figure 10. In this study, an unbonded
condition has been simulated. There is no bonding between the supports and the rubber pad. For this
purpose, a penalty surface-interaction model has been introduced between the two surfaces, and a

friction coefficient of p=1 has been applied. On the contrary, a perfect bond using the surface-to-
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surface tie constraint between rubber and GFRP has been adopted.

Figure 10: FE model of UFREI 75

Yeoh and Prony models have been used to represent the rubber behavior as described in section 3.1
and 3.2. Table 2 and Table 3 summarize the coefficients adopted for the Yeoh model and the Prony
series. It is important to underline that the 60 Shore A rubber coefficients for Yeoh and Prony have
been obtained in previous research [26]. The fiber has been assumed isotropic-elastic with a Young

modulus of E=40000 MPa and a Poisson ratio v=0.2, in accordance with many references [35][36][37].

Table 2: Yeoh model coefficient

Hardness [Shore A] C10 C20 C30 D
50 0.40932 | —9.5252 -107*| 2.13907 107> | 0
53 0.40746 | 1.9039 -1073 | —3.1585 - 107> | 0
60 0.722 0.019 -85 -107* 0

Table 3: Prony series coefficient

Hardness [Shore A] | gl T1 g2 T2
50 0.120 0.018 0.225 | 7.20
53 0.132 | 2.03 1072 | 0.207 | 8.03
60 0.254 0.103 0.145| 3

To assign different mechanical properties to the model, the EPDM pad has been partitioned into several
cubes, as visible in Figure 11. Then, three different pads have been considered: middle pad,
intermediate pad, and external pad. On each pad, a different distribution of mechanical properties has
been assigned, as visible in Figure 12 and Figure 13, where the red part is linked to 50 Shore A rubber
properties, the orange one to 54 Shore A, and the green one to 60 Shore A. In Figure 14 are reported

the final lateral force-displacement curves.
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Figure 11: EPDM pad subdivided into several bricks in Abaqus

2) b) c)

Figure 12: Distribution of mechanical properties on external pad section (a), intermediate pad
section (b), middle pad section (c)
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Figure 14: Comparison between lateral force-displacement curves for devices cured at 130°C and cured at
150°C

To compare the device structural response, effective horizontal stiffness Ky, f and damping ratio &
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have been evaluated at four cycles with the maximum displacement equal to Smm, 15mm, 30mm and
50mm, respectively. The computations are based on Equations (1)-(4). In Figure 15, a schematic
representation of the main parameters used for the computations of the effective horizontal stiffness
and damping ratio is presented, where W is the loop area. In Table 4 and in Table 5, the damping ratio

and effective horizontal stiffness for each cycle are summarized.

K eff= (Fmax— Fmin) /(Amax— Amin) (D
E=Wa/(4IIW5) (2)
Ws=(1/2)*KH.eff *A2max,ave (3)
Amax,ave=(Amax + Amin)/2 4)

Shear force

Disg;.lacemem
Figure 15: Main parameters used for the computation of effective horizontal stiffness and damping ratio

Moreover, to calibrate the simplified spring-damper model, the damping coefficient C has been

evaluated using Equation (9):

c== ©)

in which:
C = damping coef ficient [7:_:1];

v = velocity [Tz—m],
Fy = Force at the end of each cycle [N].

Table 4: Damping ratio and Effective horizontal stiffness for each cycle on the device cured at 150° for 40

minutes
Effective horizontal stiffness . .
Cycle Damping ratio & [%
Y Khefr [N mm] Ping s [l
1° 87.65 7.86
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2° 82.41 7.68
3° 65.34 10.01
4° 46.20 13.92

In both cases, the effective horizontal stiffness decreases passing from the first to the last cycle. This
is a typical feature of unbonded application. In particular, the device experiences a rollover, which
causes a non-linear behavior, decreasing the effective stiffness. Another remarkable feature in both the

devices is the variation of damping ratio with the increase of lateral displacement.

Table 5: Damping ratio and Effective horizontal stiffness for each cycle on the device cured at 130° for 40

minutes
Cycle Effectl\lz(eH},l;zlFI(\)Inrtrzlirlns]tlffness Damping ratio & [%]
1° 67.59 6.38
2° 64.86 5.67
3° 50.30 7.73
4° 35.08 11.20

The comparison of the results summarized in Table 4 and in Table 5 shows that the device cured at
130°C is characterized by lower effective horizontal stiffness with respect to the one cured at 150°C.

The same holds for the damping ratio.

4.2.Spring-damper simplified model

For large-scale seismic analysis of isolated structures, the use of detailed 3D FE models of isolators is
very time-consuming. Therefore, in this study a simplified spring-damper model is used to represents
the 3D isolator model. A single 3D isolator has been replaced using a paired axial connector in two
orthogonal directions, introducing a non-linear spring and a constant damping coefficient.

Direct shear analysis on the 3D FE model using only instantaneous material mechanical properties has
been performed. This allows to obtain a force-displacement curve without hysteretic behavior. Unlike
the previous case, where the isolator experiences displacement up to 100% shear deformation, the
analysis has been performed until the isolator experiences a hardening phase due to contact between
its vertical edges and supports. In Figure 16, the force-displacement curves used to calibrate the non-
linear spring on the simplified model are presented. In Figure 17, the deformed shapes of the model at
points A (rollover, starting point of softening behavior) and point B (full contact, starting point of

hardening behavior) are shown.

14
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Figure 16: Non-linear spring behavior obtained through direct shear analysis on the 3D model: cured at 150°C
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(a) and cured at 130°C (b), with instantaneous material properties

a)
Figure 17: Deformed shape of UFREI 75 at points A (a) and B (b) of Figure 16

Regarding the damping coefficient, it has been computed according to the procedure described in the

b)

previous section. The values used are summarized in Table 6.

Table 6: Damping coefficient used on the simplified spring-damper model

Damping coefficient simplified model

Model Ns
[ ]
3D isolator cured at 150° 7.253
3D isolator cured at 130° 4.516

To assess the simplified model, cyclic shear analysis up to a lateral displacement of 50 mm analogous

to the one described in the previous section has been performed. In Figure 18, a schematic

representation of the model is presented. The results of the cyclic shear analysis on the simplified

model have been compared with the 3D model ones. In Figure 19, the hysteresis force-displacement

curves at each cycle related to the device cured at 150°C and at 130°C are presented.

As clearly visible, the simplified model is able to predict the stiffness of the 3D isolator in both cases.

Conversely, a higher damping ratio is registered, especially at large displacement. However, the

difference with the 3D model is acceptable from an engineering point of view thus the model could be

usefully used at structural level.
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Figure 18: Simplified spring-damper model for cyclic shear analysis
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Figure 19: Comparison between spring-damper model and 3D model at each cycle for the device cured at
150°C (a) and at 130°C (b)

5. Structural applications on isolated masonry

The UFREI devices under study are used to isolate a one storey masonry residential building. The
numerical model involves a simplified model of UFRE]I, as discussed in the previous section. However,
before the analysis on the isolated masonry, the accuracy of the simplified model is firstly evaluated
through dynamic analysis on an isolated rigid slab, using four 3D detailed models of UFREIs at the
corners. This analysis is useful to qualitatively understand UFREI 3D model behavior and it is used as
a reference to validate the simplified spring-damper model discussed in the previous section. Once the
simplified model is validated, it has been used to isolate a typical masonry structure. The dynamic
performance has been assessed by evaluating displacement and acceleration time-history of a control

point.

5.1.Rigid slab with FREI 3D model
Dynamic time-history analysis of an isolated rigid square slab has been performed using 3D detailed
model of UFREIs. In Figure 20, a schematic representation of the model is shown. An unbonded
condition has been used. A friction coefficient equal to u=1 has been introduced between the supports
and the isolators. For the accelerogram, a part of a real registration of L’ Aquila earthquake (PGA=0,52

g) has been used, see Figure 21.
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Figure 20: Model of the isolated rigid slab supported by 4 isolators subjected to a seismic excitation applied
on x direction
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Figure 21: L’ Aquila earthquake accelerogram (PGA=0,52g) used in the analysis

Time history acceleration of upper slab middle point O has been monitored to understand the capability
of the UFREISs to reduce seismic excitation. In Figure 22, a comparison between time history point O
accelerations obtained with under vulcanized device and with the well-vulcanized device is shown.

The results are superimposed on the base slab acceleration.
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Figure 22: Comparison between point O acceleration obtained using FREI cured at 130°C and FREI cured at
150°C

As clearly visible, both the devices exhibit a good capability in reducing ground accelerations, and no
important differences have been observed between the devices. Being the EPDM characterized by a

small damping value, small oscillations at the end of the excitation have been registered in both cases.
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According to the results obtained in the previous section, the under vulcanized device is characterized
by smaller values of effective stiffness with respect to well-vulcanized device. Thus, deformed shapes
of isolators at the PGA at t=3,8 s have been observed. As evident from Figure 23, largest deformation
(up to almost 150% shear deformation) has been noticed on the under vulcanized device which

experiences the full contact between its vertical edges and slab surface.

a) b)
Figure 23: deformed shape on the peak of under vulcanized device (a) and of the well-vulcanized device

(b)

5.2.Rigid slab with the simplified model
As already pointed out, a spring-damper model has been built up to reduce the computational effort of
the numerical analysis. Dynamic time-history analysis on the simplified model has been performed to
understand whether it can catch the 3D isolator behavior qualitatively.
In Figure 24, the point O acceleration time-history of 3D models are compared with the simplified
ones. As shown, being a single degree of freedom instrument, the simplified model is incapable of
predicting the complex 3D behavior of the isolator perfectly. However, it can catch the behavior on

the peak. Thus, it can be used as a valid tool for structural analysis purposes.
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Figure 24: Comparison between point O acceleration obtained with the 3D model and with the spring-
damper simplified model for the under vulcanized device (a) and for the well vulcanized one (b)

5.3.Non-linear time history analysis on isolated one storey masonry housing
After validating the simplified spring-damper model, non-linear time history (NLTH) analyses have

been performed on one storey masonry housing, isolated using the spring-damper simplified model. A
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total of 16 UFREI7S has been installed.

Firstly, to evaluate the effectiveness of the isolation system, modal analysis has been executed.
Subsequentially, non-linear dynamic analysis has been performed. The seismic performance is then
assessed by evaluating the displacement time-history of a control point, the roof accelerogram and the
tension damage map cumulated at the end of the numerical simulation.

The one storey masonry house presents a square area of 4m x 4m (LxL) and a height of 3m (H). The
wall thickness is equal to 150 mm (Figure 25a). A timber roof has been added to the structure and
some rigid beams on top of the windows and on the doors have been added to prevent premature
flexural damage of the walls. The total weight of the prototype is approximately 18 tons.

For the numerical modeling, all the parts have been constrained with the surface-to-surface tie
constraint available in Abaqus. The model has been discretized using approximately 3000 eight-node

hexahedral linear elements with reduced integration (C3D8R), as shown in Figure 25b.

Figure 25: 3D FE model (a) and 3D mash (b) of the low-rise masonry house prototype

Table 7: Mechanical elastic properties for masonry and timber

. Young’s ., ]
Material D[f(nj::l);]p modulus E P01ss0n[ _? ratio v
5 [MPa]
Timber 1000 7000 0
Masonry 1900 690 0.15

Timber has been considered as linear isotropic. The elastic mechanical properties of masonry and
timber have been summarized in Table 7. The masonry material has been considered as isotropic
material exhibiting damage both in tension and compression. Although this is a simplification, it is
generally accepted in engineering practice. Table C8A.2.1 of the Explicative Notes of the Italia
Building Code [39] has been adopted to choose its mechanical properties. The parameters in Table 8

are representative of poor-quality masonry consisting of irregular stones, which has been considered
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suitable for low-rise buildings of developing countries.

To perform dynamic analysis, post-elastic constitutive law has been defined for masonry. Concrete
damage plasticity (CDP) model has been used as a plasticity based damage model. Even if this model
is generally employed for quasi-brittle materials such as concrete, it could be used for modeling other
materials with distinct behavior in tension and compression, such as masonry [40][41].

In Table 8, the parameters adopted for the CDP model [42] are summarized, while in Table 9 and

Figure 26, the elastic softening behaviors in compression and tension adopted for masonry are shown.

Table 8: Concrete Damage Plasticity parameters

Dilatancy angle [°] | Eccentricity [-] foo/feo [-] Ke [-] Viscosity parameter [-]
10° 0.1 1.16 0.667 0.002

Table 9: Stress-strain values considered in the CDP model for masonry

Masonry — Concrete Damage Plasticity
Compression Tension
2; plastic ['] S [MPa] E_. plastic ['] (¢} [MPa]
0 1.22 0 0.04
0.005 0.95 0.003 0.0005
0.01 0.95 0.1 0.0005
0.1 0.8 Damage in tension
é; plastic ['] DAMAGET
0 0
0.003 0.925
1,4 0,05
l‘i f\; 0,04
Tog T o03
— 0,6 E
o o 0,02
0,4
0.2 0,01
0 0
0 o001 0,02 003 004 005 006 007 008 009 01 1] 0,002 0,004 0,006 0,008 0,01
§H §[]
a) b)

Figure 26: Stress strain in compression (a) and tension (b) adopted for masonry in the CDP

Modal analysis has been performed to evaluate the natural periods of the structure with and without
base isolation. As shown in Table 10, the implementation of isolators significantly shifts the natural
periods to large values. In particular, the period is increased almost four times compared to the one

without isolation. Moreover, the natural vibration modes pass from local to global. Figure 27, Figure
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28 and Figure 29 show comparisons between vibration modes of isolated and fixed base structures.

Table 10: Natural periods of the masonry house with and without isolation

Mode | Fixed base Isolated with device Isolated with device
cured at 130°C cured at 150°C
0.148 0.66 0.60
2 0.138 0.64 0.57
3 0.128 0.60 0.53

c)
Figure 27: Mode 1 - fixed base (a), isolated with devices cured at 130° (b), isolated with devices cured at
150° (¢)
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¢)

Figure 28: Mode 2 - fixed base (a), isolated with devices cured at 130° (b), isolated with devices cured at
150° (¢)

c)
Figure 29: Mode 3 - fixed base (a), isolated with devices cured at 130° (b), isolated with devices cured at
150° (¢)
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Figure 30: East (a) and North (b) accelerogram component of 2009 L’Aquila earthquake

To evaluate the performance of the UFREIs, an NLTH analysis has been performed. Two

accelerograms in both X and Z directions have been applied on the rigid base plate. The accelerograms

are part of real registrations of N-E 2009 L’ Aquila earthquake with a PGA of 0.62g (Figure 30). The

seismic performance is investigated through displacement time-history of a control point on the roof

(the prototype is characterized by box behavior due to the roof), top acceleration and map of cumulated

damage in tension.
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Figure 31: Comparison between X direction (a) and Z direction (b) roof acceleration for both the model
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Figure 32: Comparison between roof point displacement time history on x direction for both the model

In Figure 31, a comparison between roof acceleration in X and Z directions for both the model is

represented. As visible, both the devices can reduce base acceleration and no remarkable differences

have been noticed. In line with what happened in the slab, small oscillations of the house prototype at
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the end of the seismic excitation have been recorded.

In Figure 32, a comparison between displacement time-history of roof control point is shown. Even in

this case, the results are in line with what was noticed on the slab. Being the device cured at 130° less

stiff with respect to the one cured at 150°, the house prototype isolated with the first experiences higher

displacements.

Finally, the degradation of masonry has been described through a damage map after the seismic

excitation, as seen in Figure 33. It is worth noting that the value of the DAMAGET varies from 0

(undamaged material - Blue) to 1 (no remaining stiffness - Red).

It can be seen that both isolators can significantly reduce the tensile damage on the structure. Moreover,

being the isolators cured at 130° less stiff, the seismic demand is lower than the one in the prototype

isolated with devices cured at 150°. For this reason, the tensile damage on the first case is slightly

lower.
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Figure 33: Tensile damage distribution for a masonry house prototype subjected to 0.6g L’ Aquila
earthquake: fixed base (a), isolated with devices cured at 130°C (b) and isolated with devices cured at
150°C (c)
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6. Conclusions

In this paper, the seismic performance of under-vulcanized UFREI75 has been studied and compared
with a well-vulcanized one.

After a double knife-cut on the device, Shore A hardness has been measured on the middle vertical
section and along device diagonal. It was found that the hardness varies from inner to outer points
passing from 48+2 Shore A to 60+2 Shore A, confirming that the mechanical properties are not
homogenously distributed within the under vulcanized isolator.

Uniaxial tensile tests and relaxation tests were performed to obtain the hyperelastic and viscoelastic
properties of the rubber pads in case of Shore A equal to 50 (S soft rubber) and 53 (H hard rubber).
Such experimentation was crucial to correctly define a 3D FE model that has been used to simulate the
cyclic shear behavior of the real under vulcanized isolator. The experimental values have been inserted
on Abaqus to be fitted with the Yeoh model (Hyperelasticity) and the Prony model (Viscoelasticity).
Cyclic shear analyses have been performed and equivalent damping ratio and effective stiffness have
been measured. Both models experience the typical rollover due to unbonded conditions and both
damping and stiffness decrease with large displacement. By comparing the Lateral Force—
Displacement curves it is evident how the under vulcanized device is less rigid with respect to the well
vulcanized one.

A simplified spring-damper model has been introduced to use it in structural application. This was
necessary due to the high computational cost of the isolator 3D model. To calibrate the non-linear
spring, shear analysis has been performed on Abaqus using only instantaneous mechanical properties.
Regarding the damping, a constant damping coefficient evaluated during cyclic shear analysis on the
3D model has been adopted. To assess the simplified model, cyclic shear analysis has been repeated
on the simplified model. The results confirm that the spring-damper model can be a useful tool to
replace the 3D model.

Two structural applications have been shown. In the first example, four 3D model isolators have been
introduced between two rigid slabs. The base slab has been subjected to a seismic excitation using a
part of a real accelerogram of L’ Aquila earthquake (0.6 PGA). Top slab acceleration has been used as
a reference to evaluate the seismic performance. Both the devices can reduce the base acceleration.
However, by comparing the deformed shape on the PGA, it is evident how the under vulcanized device,
being less rigid, experiences larger deformation with respect to the well-cured device, undergoing to
full contact between its vertical edge and supports. Moreover, in both models, being the EPDM
characterized by low damping capability, small oscillations have been recorded at the end of the

seismic excitation.
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In the second example, a fully non-linear dynamic analysis has been performed on a low-rise masonry
house prototype using the simplified spring damping model. To understand the dynamic performance,
three outputs have been chosen: top acceleration, top displacement time-history and tensile damage on
masonry. According to the results, it can be stated that both the isolators can reduce damages on the
structure. Moreover, being the under vulcanized device less rigid, it reduces more the seismic demand
on the structure, thus low values of tensile damage have been noticed. In line with what found in the
first example, by superimposing top acceleration and displacement time-history, it is evident how both
the devices can reduce base acceleration, with higher values of displacement recorded for the under

vulcanized device.
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