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Summary

The present framework proposed the development of a Hybrid Rubber-Concrete Iso-

lation Slab System (HRCISS) to support building structures subjected to horizontal

and vertical vibration due to ground motion and machine or equipment operation in

the structure. Given that the effect of the shape factor on both horizontal and verti-

cal stiffness has yet to be reported, the proposed composite system was comprised

of two layers under the nodal points of the upper layer near the slab corners with

four High Damping Rubber (HDR) components positioned between the slab layers to

dissipate multidirectional (horizontal and vertical directions) vibrations. The ABAQUS

software was utilized to model the finite element model (FEM) and simulate the

HRCISS subjected to cyclic horizontal and vertical displacements. For the optimal

HDR design, the model was applied in five 3-story buildings, and the effect of distinct

shape factors (0 < S < 2) of the HDR bearings—the ratio of bearing's loaded area to

unloaded area (free to bulge)—within the hybrid system was evaluated. For each

building with a specific HDR shape factor, the HRCISS was installed in the first, sec-

ond, and third stories, separately, to investigate the influence of the installation level

of the isolation system on the overall structural performance. The multistory build-

ings were subjected to two types of vibration loads: the interior machine-induced

vibrations, and the exterior seismic-induced vibrations in the horizontal and vertical

directions. Based on the results, the FEM results proved the significant influence of

the shape factors on the dynamic response of the HRCISS under both interior and

exterior 3D vibrations when applied in multistory buildings. The lateral drift of the

three-story one-bay buildings decreased with the decrement of shape factor with

buildings of HRCISS installed in 1st story recording more reduction. Moreover, the

deflection in the structural slab under the HRCISS decreased for lower shape factor

bearings. Nevertheless, the reduced deflection was less affected by the level of the

machine-equipped story. The rubber layer also stiffened in shear and compression

directions with a higher shape factor.
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1 | INTRODUCTION

Elastomeric bearings are commonly utilized for vibration isolation in structural buildings. They consist, in general, of rubber layers bonded to steel

shims that convey high vertical stiffness in the bearings to carry high-gravity loads. On the other hand, the total thickness of the rubber layers for

a specific loaded area and shear modulus provides low stiffness in the horizontal direction that enables the bearings to shift the horizontal period,

hence isolating the structure from the vibrating source.[1] Isolation bearings are typically used for horizontal isolation purposes since it only gener-

ates flexibility in the horizontal direction, which decouples the superstructure from the substructure. However, horizontal vibrations do not exist

alone but are accompanied by vibrations in the vertical direction, which should be taken into consideration since they can cause serious damage

to the structural membranes that are only designed to resist horizontal action.[2]

The horizontal and vertical vibration isolation is noted to be influenced by the loaded area and the thickness of the rubber bearings. The ratio

of the loaded area to the unloaded area (side unconstrained area or area free to bulge that is dependent on the rubber layer thickness) is called

the shape factor, which is a measure of local slenderness of the rubber bearing that plays a major role in the design of isolation bearings as it

acquires suitable vertical stiffness. Previous studies have shown that shape factor, S in rubber bearings cause a large increment in compression

modulus to a certain level, specifically for 1 < S < 24, and the rate of increase becomes lower for S > 24.[3] Given that low shape factor is accom-

panied by low shear and compression stiffness,[4] low shape factor bearings with low stiffness can be utilized to provide flexibility in the vertical

direction alongside the horizontal flexibility. This approach is particularly useful for low-rise buildings with low center-of-mass since they do not

require higher vertical stiffness to sustain the weight. The current technique of designing multi-layered rubber bearings for horizontal seismic iso-

lation implements thin rubber layers bonded with closely spaced steel shims, leading to shape factors ranging between 15 and 30[5] and even as

high as 37 in Japan.[6] Although the effect of shape factor on horizontal seismic isolation has been immensely studied in the past, its impact on

the vertical stiffness in fiber-reinforced isolators has only been investigated recently.[4] Ren et al.[7] found that distortion of more than 50% in the

shape factor of rubber bearings could lead to distortions in shear stiffness, compressive stiffness, and energy dissipation, while Khaloo et al.[8] rev-

ealed that the stiffness in high and low damping rubber bearings was less effective when the shape factor was decreased. Nevertheless, the effect

of the shape factor on both horizontal and vertical stiffness has yet to be reported. It is essential to fill this research gap since the findings would

present a potential solution to address the isolation of three-dimensional (3D) vibrations through effective rubber bearings.

Currently, bearings with high shape factor values are notably heavy due to their huge mass of steel layers that are vulcanized to the rubber,

making it highly expensive to produce and install. In addition, superstructures isolated using bearings with high vertical stiffness result in low

vibration periods, which cause deterioration in critical facilities under the effect of the vertical component of an earthquake.[9] On the contrary,

low shape factors (LSF) are aimed to achieve 3D isolation due to the low vertical and horizontal stiffness. Losanno et al.[10] showed that both Car-

bon Fiber-Reinforced Elastomeric Isolators (C-FREI) and Polyester Fiber-Reinforced Elastomeric Isolators (P-FREI) with a low shape factor value

of 0.625 resulted in a decent response under bidirectional seismic excitations. Moreover, Losanno et al.[11] pointed out that low shape factors led

to a limited vertical stiffness for the rubber bearings and the aspect ratio of the bearings affected the performance of the bearing under horizontal

cyclic loading. Shape factor was also found to significantly influence the tension and buckling in rubber bearings subjected to the combined and

fluctuating compressive or tensile loads due to the seismic excitation,[12] whereas it was noted that the increment of the shape factor of high

damping natural rubber bearings led to a slight reduction in the peak displacement of piers and decks of bridges, while the change in the shape

factor value from low to high between 10 and 25 resulted in a significant alteration of the compressive and tensile forces in the bearings.[13] It

was observed by Oh and Kim[14] that the increased shape factor increased the vertical rigidity but reduced the creep. However, creep deformation

in laminated rubber bearings was found to be 0.2%–0.6% of total rubber thickness, which can be negligible.[15] The increase in shape factor was

also reported to cause augmentation in the critical displacement of laminated rubber bearings.[16] Sunaryati et al.[17] found that bearing with

S values greater than 20 tends to be less effective in isolating motion in the horizontal direction. On the contrary, elastomeric bearings with 5 < S

< 30 provide low shear stiffness that is both suitable for horizontal isolation and high vertical stiffness for carrying huge weights. Hence, the opti-

mum shape factor of rubber bearings is assumed to be less than 5 to sufficiently provide a relatively low vertical stiffness and compression modu-

lus while being highly flexible in the lateral direction, although low shape factors may cause buckling in the rubber bearing, which can result in the

reversal of the hysteresis curve.[18]

Additionally, Gauron et al.[19] revealed that the shape factor has a small influence on the buckling limits when lateral and vertical loads were

subjected to rubber bearings of square sections and variable shape factors. It was observed by Oh and Kim[14] that the increased shape factor

increased the vertical rigidity. It is worth noting that typical laminated isolating bearings are installed in the base or mid-story of a building to dissi-

pate energy that transmits from the ground motion, such as vehicle and machinery motion into the superstructure, hence providing flexibility to

the structure. In contrast, isolating vibrations that transmit from upper structures into the membranes beneath is rarely seen and is conducted for
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relatively low vibrating installments compared to ground vibrations. These vibration sources have low center-of-mass when compared to the

overall superstructure. In turn, they do not require high vertical stiffness in the bearings to sustain such weight, which can be accomplished

through the exclusion of steel shims in the isolators, thus, providing both additional flexibility to the system and a lower shape factor.[8]

In view of the research gap and the potential use of rubber bearings with low shape factors to provide structural flexibility under horizontal

and vertical vibrations, this research aimed to develop the Hybrid Rubber-Concrete Isolation Slab System (HRCISS) for structures subjected to

multidirectional vibrations on various story levels. In addition, Regulation No.5 of the Malaysian Regulations for Factories and Machinery (1983)

highlighted that any vibrating machinery should not be installed in floors higher than the ground level unless such floor is designed to support the

load so imposed thereon. Therefore, the present research aimed to propose a HRCISS by developing a floating slab system with implementing of

high damping rubber in the intermediate layer of concrete slabs. The influence of low shape factors (0 < S < 2) on the dynamic response of high

damping rubber bearings in the HRCISS was evaluated by implementing the proposed system in a three-story one-bay building, throughout finite

element (FE) simulation.

2 | DEVELOPMENT OF HYBRID RUBBER-CONCRETE ISOLATION SLAB SYSTEM (HRCISS)

2.1 | Floating slab and isolation layer design

2.1.1 | Slab and isolation layer configuration

The isolation layer was positioned between the upper (floating) slab layer and the lower (structural) slab. The dimension of the upper floating slab

was 0.8 m � 0.8 m � 0.1 m and reinforced with longitudinal and transverse of ;10-mm rebars, which were designed according to ACI-318-08[20]

and EC2 (2004) guidelines. The steel reinforcement was positioned 25 mm from the bottom of each slab. Figure 1 illustrates the configuration of

the floating slab layer with its reinforcing rebars.

This study proposed a square-section High Damping Rubber (HDR) bearing with a single layer of rubber designed in accordance with ISO.[21]

This was based on a previous work by Jim et al.,[22] which demonstrated that a point-like rubber layer (such as square and rectangular

section pads) was more effective in damping vertical vibrations than linear and full-surface rubber layers below the floating slab when tested

under railway vibrations in the laboratory (Figure 2).

In typical isolation bearings, the rubber layers are supported with steel shims to increase the vertical stiffness and sustain massive weights of

buildings. However, this study excluded the use of steel shims to obtain a low vertical stiffness that sufficiently supports low to medium machine

masses. The bearing was covered with steel flanges from the top and bottom (Figure 3).

F IGURE 1 Layout of the floating slab with its reinforcement
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2.1.2 | Optimal location of rubber bearings

The proposed HRCISS in this study was developed through the combination of slab panels and HDR bearings (150 mm � 150 mm). Four HDR

bearings were located below the nodal points of the floating slab (Figure 4). A nodal point is the intersection of the regions in the plate that lies

between the positive and negative vibration deformation (zero deformation) of the last two shape modes.

The optimum location of HDR bearings under the floating slab was determined using a technique developed by Hui and Ng.[23] The technique

used for square plates on shaking tables at different frequencies to reduce the critical flexural vibration mode. The resulted modes of vibration

were analyzed and only the modes with symmetric shapes were considered. The location of HDR bearings should be under the nodal points. This

technique also proved to be applicable in the FE software by applying different frequencies on a plate and following the same steps of the experi-

ment.[23] These points represent the optimum HDR bearings locations to isolate vibrations on the slab.

Therefore, the ABAQUS commercial software was utilized to develop the FE model (FEM) of the considered slab panel and evaluate the slab

response under applied load in various modes of vibration. The four edges of the upper slab were simply supported and the resulting shape modes

were detected. The modal analysis with a natural frequency set in the steps module was performed over the floating slab layer with 10 shape

modes.

F IGURE 2 (a–c) Rubber-floating slab with different forms of rubber layer (unit: mm)[22]

F IGURE 3 Side-view of proposed High Damping Rubber (HDR) bearing of a single rubber layer without steel shims
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Modes 8 and 9 of the response, which resulted at natural frequencies of 386.27 and 517.13 Hz, respectively, were the last two symmetrical

shape modes, where their contour plot graphs (Figure 5a,b) revealed the transition regions of zero deformation (colored in blue). The combination

of the blue regions of the two shape modes created four nodal points (in red circles), which were positioned at a quarter the span of the plate

from each edge (Figure 5c) and highlighted the optimum location of the HDR bearings. Figure 6 demonstrates the developed HRCISS.

F IGURE 4 Location of High Damping Rubber (HDR) bearings at nodal points of the floating slab

F IGURE 5 (a–c) Detecting nodal points via natural frequency test
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2.1.3 | Frequency ratio and target period of the hybrid slab

By assuming the floating slab with the vibrating generator machine and isolation layer beneath as an SDOF and positioned on the structural slab

as the rigid support, the dynamic force of the machine will be transmitted through the rubber layer to the rigid slab in the bottom and then to the

overall frame.

The ratio between the dynamic load amplitude for the vibration generator machine to the static force (the weight of the machine) is called

the transmissibility ratio (Tr), which depends on the frequency ratio, β and damping ratio, ξ. Transmissibility, as stated by Hejazi and Tan,[24] is

expressed as follows:

Tr¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ξβð Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�β2
� �2þ 2ξβð Þ2

q ð1Þ

The effect of β and ξ on the Tr is shown in Figure 7. Based on this graph, a frequency ratio higher than SQRT 2 (β > √2) and a damping ratio

more than zero (ξ>0) results in the transmissibility ratio to be less than 1 (Tr ≤ 1). This indicates that the dynamic load due to the operation of

the vibration generator machine that transfers from the slab to the frame is less than the static load of the machine.

Thus, there is no dynamic load effect of the vibration generator machine on the frame. However, a limited amount of rubber damping is

required to diminish the transferred force since the use of high damping material results in high stiffness, and the system would be too rigid,

F IGURE 6 The developed Hybrid Rubber-Concrete Isolation Slab System (HRCISS) with the generating machine installed on it

F IGURE 7 Mechanism of the proposed Hybrid Rubber-Concrete Isolation Slab System (HRCISS)
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enabling all the force from the machine to pass to the bottom slab. Therefore, by considering the Tr vs. β chart, as depicted in Figure 7, the β

should exceed √2 to obtain a Tr ratio of less than 1. The β is the resultant of the applied load frequency by installed equipment to the natural fre-

quency of the system (β=ω/ωf). Hence, a Tr of less than 1 can be achieved by decreasing the natural frequency of the system in comparison to

the natural frequency of the vibrating machine through proper flexibility in the system. This is possible when a layer of rubber is applied between

the floating slab and the structural slab beneath in which the rubber material will dampen the vibration amplitudes.

In order to examine this proposition, a natural frequency test was conducted numerically on the considered floating slab with and without a

rubber isolation layer with an input machine vibration of 50 Hz (which is a typical frequency of generating machines). The results have shown the

considerable decrement in natural frequency from 174.1 Hz for the frame with rigid slab system to 8.6 Hz for the frame in which the rubber layer

was utilized. Then the transmissibility ratio (Tr) is determined for both slabs utilized with vibration generator machine of 50 Hz input (typical fre-

quency of vibration generator machines). In case of rigid frame, the transmissibility ratio (which depends on frequency ratio and damping ratio),

will be higher than 1 (according to the figure below), whereas the frame with rubber layer reduced the natural frequency, and since the frequency

ratio (which is the forced frequency of the machine to the natural frequency of the frame) is increased; hence, Tr is shifted below 1, which indi-

cates that output amplitudes (for structure) will be less than the input amplitudes of the machine. Figure 8 shows the two mentioned shape modes

of the floating slab with and without the isolation layer. However, a β smaller than √2 results in a Tr value greater than 1, which indicates that the

transferred dynamic force from the slab to the frame is more than the static weight of the machine. Since it is hazardous to the building structure,

a special design is required to resist the transferred dynamic loads.

2.1.4 | Initial process for design of the HDR bearings

The HDR bearings design was based on the load and displacement capacities and the mass of the floating slab and vibrating machine. As shown in

Figure 8, the natural frequency test was conducted via the FEM on the floating slab with and without the rubber layer. The presence of HDR

bearings showed a reduction in the frequency, which resulted in an extended period and β that led to the decreased Tr of the system.

The dimensions of the HDR bearing design were based on the load capacity of the floating slab. The equation for the shear force capacity

according to the ACI 318-08 (Section 11.11.2.1) is as follows:

Vc ¼ 2þ4
β

� �
λ

ffiffiffiffiffi
fc0

p
bod ð2Þ

where Vc is defined as the maximum shear force in concrete without shear reinforcement, β represents the ratio between the long and short sides

of the column cross-section, fc0 is the compressive strength of the concrete, bo is the perimeter of the support, and d is the effective depth of

the slab.

Hence, the shear force capacity for a 100-mm RC slab with a 200-mm width is Vc = 476 kN. Since Vu is less than or equal to 0.5 ;Vc, where

;=0.75, the factored shear force is equal to Vu=143 kN. The dimension of the HDR square bearings was calculated based on the following

condition.

F IGURE 8 Shape modes of floating slab with and without rubber layer
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The thickness of the HDR bearings was fixed to 60 mm due to the low elevation of the horizontal actuator. From Equation (2), for a 100%

shear strain, the shear stiffness for a single rubber bearing was calculated as Kh = 0.58 kN/mm. Assuming that the shear modulus of the HDR

bearing, G is equal to 0.4 and for 60-mm thickness, the loaded area of the HDR bearing, A will be approximately equal to 150 mm:

Kh ¼ F=Δ¼GA
t

ð3Þ

where Kh is the shear stiffness of the rubber bearing in the horizontal direction, F is the force applied horizontally on the bearing, Δ is the displace-

ment in the horizontal direction, G is the rubber shear modulus, A is the loaded area of the rubber bearing, and t is the rubber bearing thickness.

Therefore, the HDR bearing dimensions were considered as square section with 150-mm side length, 60-mm thickness, and a shape factor of

0.625 for each bearing. The bearings were covered with steel plates with an individual section dimension of 340 mm � 340 mm and 10-mm thick-

ness on the top and bottom faces, which connect the bearings with the two concrete slab panels.

2.2 | Application of HRCISS

HRCISS was developed and installed within existing constructions to provide a controlled system that isolates the source of vibrations from the

structural elements and eliminates the damage potential of the building. The system was designed with simple elements comprising a layer of

reinforced concrete and a set of rubber bearings to disconnect the vibrating machine from the rest of the construction.

The FEM was utilized to equip the developed HRCISS in a lab-sized prototype three-story one-bay building. The multistory building was made

of 3000-mm � 3000-mm RC flat slabs of 115-mm thickness and 200-mm � 200-mm square-section columns placed at the corners of the flat

slabs. The three-story building was fixed to the ground and the HRCISS was installed to the structural slab of the building stories. The geometry

and dimension of the building are shown in Figure 9. The horizontal and vertical protocols, which were in accordance with the ACI T1.1-01[25]

standard, were designed to mimic the pressing and releasing of a rotary machine. The cycles were repeated three times for the vertical protocol

only. In contrast, the cycles for the horizontal protocol were not repeated during the FE simulation in order to shorten the processing time since

the repeated cycles showed no outcome differences in the software.

A series of 3D interior and exterior vibrations were subjected to the building in separate test scenarios. The interior loadings consist of lateral

and vertical machine-induced vibrations, as shown in Figures 10 and 11, and were applied on the midpoint of the upper (floating) slab. Since the

F IGURE 9 A side view of the three-story, one-bay building of RC flat slabs and square-section columns
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vertical stiffness of the HDR bearing was much higher than the horizontal direction, therefore, different displacement amplitudes for the

machine-floating slab were defined and applied to the corresponding horizontal and vertical directions, whereas the exterior loadings that include

3D acceleration-time history components of the 1940 El Centro earthquake (Figure 12) were subjected at the base level of the buildings.

Figure 13 illustrates the cyclic and seismic loadings and their application located within the three-story structure.

The lower horizontal stiffness allows the upper slab to move in a wider range during the lateral pushing and pulling, while the higher vertical

stiffness restricts the vertical displacement to lower amplitude ranges. Additionally, since there was no upward movement for the slab due to the

weight of the slab and the machinery, the vertical load was applied only in the downward pushing direction before the force is released to return

the slab to the unloaded condition. Hence, the applied displacement history was considered as a half-cycle in the downward direction (Figure 11).

2.3 | Evaluation of the low shape factor

The effect of low shape factors ranging between 0 and 2 on the performance of the developed isolation system was investigated in a three-story

building. In addition, five HDR bearings with a fixed loaded area and a thickness range between 30 and 90 mm with 15-mm increments were ana-

lyzed. Details of each of the five HDR bearings are listed in Table 1.

As mentioned in the previous section, the three-story building was subjected to interior vibrations in the form of horizontal and vertical cyclic

loadings (Figures 10 and 11). The artificial vibration mimics the actual vibration of a rotary machine to assess its ability to control vibrations trans-

fer from the machines to the structural elements, whereas the exterior vibrations in the form of seismic excitations (Figure 9) were applied at the

base of the building to evaluate the capability of the HDR bearings to protect the machines from ground motion.

3 | MODELING

The ABAQUS was used as the FE software to model and simulate the proposed HRCISS and the lab-sized three-story building. The Concrete

Damage Plasticity (CDP) approach was employed for the nonlinear concrete to model the slab layers using the C35/45 concrete following previ-

ous work[26] (Figure 14).

Although the concrete performance was not expected to exceed beyond the elastic part of the nonlinear concrete since the slab was

designed to resist the vibrating machine loads, the nonlinear properties of the concrete were defined during the modeling to evaluate any

F IGURE 10 Horizontal cyclic protocol for the three-story one-bay building

F IGURE 11 Vertical half-cyclic protocol for the three-story one-bay building
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possibility of nonlinear response under the applied cyclic loadings. The CDP model was mentioned in software documents to be designed for con-

crete subjected to cyclic loading. Two types of steel material were designed as reinforcement and plates with yield strength values of 400 and

600 MPa, respectively. Tables 2 and 3 list the properties of both steel and concrete used in the modeling. These values are taken from conducted

F IGURE 12 (a–c) Acceleration-time history components of El Centro 1940 earthquake

F IGURE 13 Machine-induced cyclic vibrations and seismic vibrations in the three-story building
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experimental tests in this study in order to validate their values in the modeling. A 3D homogeneous part with eight-node brick, reduced integra-

tion (C3D8R) element type was used to produce the concrete slab layers, bearing covering plates, and loading plate, whereas a wire type part was

used to develop reinforcing rebars with T3D2 element type for meshing.

Lastly, the HDR was designed as a hyperelastic material with the coefficients obtained from the experimental test data of soft compound

HDR that fits the proposed composite.[27] The circular bearing was 125 mm in diameter and consisted of 12 layers of rubber with a total thickness

of 30 mm (2.5 mm thick for each layer) and 11 layers of steel shims of 1 mm thickness with two covering steel plates with its deformed shape

under horizontal shear (Figure 15).

The test data that consist of uniaxial, biaxial, planar, and volumetric change tests, as shown in Figure 16, were applied in the numerical soft-

ware to determine the suitable coefficients to design the rubber material. Once the data were entered, several strain energy equations were

TABLE 1 Details of HDR bearings of different shape factors for 3D vibration testing

Test

no.

Specimen

name

Story in which HRCISS is

installed

Number of HDR

bearings

Side length of bearing

(mm)

Thickness of bearing

(mm)

Shape

factor

1 3S1B-30-1 1st 4 150 30 1.250

2 3S1B-30-2 2nd

3 3S1B-30-3 3rd

4 3S1B-45-1 1st 4 150 45 0.833

5 3S1B-45-2 2nd

6 3S1B-45-3 3rd

7 3S1B-60-1 1st 4 150 60 0.625

8 3S1B-60-2 2nd

9 3S1B-60-3 3rd

10 3S1B-75-1 1st 4 150 75 0.500

11 3S1B-75-2 2nd

12 3S1B-75-3 3rd

13 3S1B-90-1 1st 4 150 90 0.417

14 3S1B-90-2 2nd

15 3S1B-90-3 3rd

Abbreviations: HDR, High Damping Rubber; HRCISS Hybrid Rubber-Concrete Isolation Slab System.

F IGURE 14 Behavior of Concrete Grade C35/45

TABLE 2 Properties of steel

Steel properties Reinforcement steel Plates steel

Density (kg/m3) 7850 7800

Young's modulus of elasticity, E (GPa) 210 200

Poisson's ratio, ν 0.25 0.2

Yield strength (MPa) 600 400

FAYYADH AND HEJAZI 11 of 36
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gained (Figure 17) and the coefficients of the equation with the least errors were selected. The reduced polynomial equation (N = 2) was used as

it was stable for all cases in the FE program.

Validation for the rubber material was performed via the HDR bearing modeling and the application of the same cyclic horizontal displace-

ment that was used in the experiment. The cyclic displacement ranged from 50% to 400% shear strain of the circular bearing. As shown in

TABLE 3 Properties of concrete

Concrete C35/45

Elasticity: Elastic

Density (kg/m3) 2500

Young's modulus of elasticity, E (GPa) 34

Poisson's ratio, ν 0.2

Plasticity: CDP

Dilation angle 30

Eccentricity 0.1

fb0/fc0 1.16

K 0.6667

Viscosity parameter 0

Compressive yield stress (MPa) 45

Tensile yield stress (MPa) 3.2

F IGURE 15 Yoo's soft High Damping Rubber (HDR) bearing re-modeled in the finite element (FE) software before and after loading

F IGURE 16 Test data of High Damping Rubber (HDR) (soft compound)[27]
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Figure 18, the resulted reaction forces with respect to the displacement depict a strong correlation with the actual test data up to 200% shear

strain (60 mm displacement), thus validating the design of the HDR model.

Figure 19 illustrates the simulated HRCISS model with the embedded steel reinforcement and the tool-meshed model, while Figure 20 shows

the three-story and the HRCISS in the first story. RC flat slabs with a size of 3000 mm � 3000 mm � 115 mm were designed for the story floors,

which were supported by four 200-mm � 200-mm square-sectioned columns at the corners and tied to the slabs using the Tie Constraint. Bound-

ary conditions were set as fixed constraints at the bottom surface of the ground level columns (Ux = Uy = Uz = 0).

4 | VALIDATION OF NUMERICAL MODELING WITH EXPERIMENTAL TESTING

For the verification of the installed FEM in the multistory building, two identical specimens of the HRCISS were manufactured, namely, HC and

VC, to validate two numerically designed HRCISS specimens, HF and VF; for cyclic horizontal and vertical testing, respectively. The dimensions

F IGURE 17 (a–d) Test results of various strain energy equations

FAYYADH AND HEJAZI 13 of 36
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were similar to the 3S1B-60 building from Table 1. First, the two FE specimens, HF and VF, were tested numerically under cyclic displacement-

controlled loads. Then, the two specimens were manufactured using the materials, as shown in Table 4.

The four HDR bearings were connected to the slab layers by ;20-mm steel bolts that have already been embedded in the concrete during

the specimen casting. Steel shims were absent in the HDR bearing for the two specimens to reduce the compressive stiffness of the bearings

(Figure 21).

In each slab layer, the longitudinal and transverse bars were in the same length and number and welded together to form a mesh. The rein-

forcement of the upper slab (for the horizontal testing) was placed 25 mm from the top face of the mold during the casting of the concrete since

it will be flipped upside down once it is connected to the HDR bearings. This ensures that it is positioned 25 mm from the bottom face of each

slab layer during the two testing procedures. Figure 22 shows the reinforcement in the wooden mold before casting in each slab layer was per-

formed. A 300-mm square steel plate with 10-mm thickness was placed in the top face of the upper concrete slab layer during the casting pro-

cess. It was then connected to the steel mesh layer via U-shaped steel bars and welded to both the steel plate and the mesh, as the upper layer

was flipped upside down and tied above the lower layer (Figure 23). The plate was connected to a steel I-beam, which in turn was tied to the hori-

zontal actuator before the test was performed. In addition, ;20-mm steel bolts were bent into an L-shape and welded to the steel mesh pointing

upwards in each slab for the lateral displacement test and extended 20 mm out of the slab surface to pass through the holes and tied in the steel

F IGURE 18 Shear force-displacement values for test results and the finite element (FE) results

F IGURE 19 (a–c) The numerically simulated Hybrid Rubber-Concrete Isolation Slab System (HRCISS) specimen

14 of 36 FAYYADH AND HEJAZI
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covering plates of the HDR bearings. In addition, four plastic tubes with 50-mm diameter and 150-mm thickness were placed at the corners of

the mold with 100-mm distance apart from each other to create 50-mm holes to fix the lower slab to the strong floor via ;50-mm bolts during

the test. However, for the vertical displacement test, the bolts were omitted since the HDR bearings undergo vertical motion, which prevents any

slab lateral movement over the bearings (Figure 24).

Experimental testing using the horizontal and vertical dynamic actuators was conducted on the HC and VC specimens. Two dynamic actua-

tors comprising the MTS and Shimadzu dynamic actuators with 300 load capacity (Figure 25) were employed to examine the dynamic response of

the proposed HRCISS specimens in the vertical and horizontal directions, respectively. A loading plate was placed on the top surface of the upper

slab to transfer and distribute the vertical actuator force to the upper slab. The lower slab of specimen HC was fixed to the strong concrete floor

via 50-mm steel bolts that extended 100 mm above the lower layer of the top face. Thus, the dimension of the upper layer was minimized to

avoid contact with the bolts during the lateral pushover and pullover phases. The horizontal actuator was linked to the top face of the upper layer

using a steel link with an I-section beam and two plates; one was bolted to the actuator and the other was bolted to the perpendicular plate con-

nected to the top of the slab panel. Meanwhile, the specimen VC was supported at the four corners of the steel supports with a size of

200-mm � 200-mm plan and loading was applied on a steel plate that was in contact with the top face of the upper slab layer. The horizontal

cyclic protocol was designed with a maximum amplitude of 60 mm due to the limited range of the horizontal actuator. The vertical half-cyclic pro-

tocol was similar to that in Figure 11. Specimen HC was tied to the strong floor and connected to the horizontal actuator via a steel I-beam

welded to the upper slab loading plate (Figure 26a), while specimen VC was simply supported and the actuator was in contact with the loading

plate tied to the upper slab (Figure 26b).

F IGURE 20 3D model of the three-story, one-bay building with Hybrid Rubber-Concrete Isolation Slab System (HRCISS) in the first story

TABLE 4 Physical material properties

Type
Shear modulus
(MPa)

Compressive strength
(MPa)

Tensile strength
(MPa)

Young's modulus
(GPa)

Elongation at
break (%)

Tear resistance
(kN/m)

Soft

HDR

0.4–0.6 - ≥13 - ≥400 ≥7

Concrete - 46.94 (28 days) 3.2 34 - -

Steel - - 677 210 - -

Abbreviation: HDR, High Damping Rubber.

FAYYADH AND HEJAZI 15 of 36
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The comparison between the numerical and experimental results in terms of the force-displacement and deflection of the lower slab showed

good agreement for both horizontal and vertical cyclic testing, respectively. However, the shear force reaction of specimen HC showed a decline

in the last cycle, which could be due to the shear punching failure in the concrete. Figures 27 and 28 present the similarities in the force-

displacement backbones for HC and HF and VC and VF as well as the deflection of the structural slab for VC and VF. Although the backbones

diverged at some displacements, the errors in values were less than 10%. Thus, the model can be utilized to investigate the effect of shape factors

within the multistory building.

5 | FEM RESULTS OF THE SHAPE FACTOR EFFECT

5.1 | Interior vibrations testing

Interior vibrations include the vibrations induced by the generating machines and acting on the foundation slab beneath them. These vibrations

are transferred into the structural slab and may cause damage to the whole building. Therefore, the HDR bearings in the hybrid system were

installed to isolate the machine and its foundation slab (the floating slab) from the structural elements of the multistory building in order to

dampen the vibration amplitudes. By maintaining the same loaded area of the HDR bearings, the effect of the bearing thickness on the isolation

was examined for five shape factor values.

5.1.1 | Shape factor effect under horizontal cyclic loading

The FE testing on the three-story one-bay building was performed by subjecting the floating slab of the HRCISS to the horizontal cyclic

displacement-controlled loading on a reference point (RP). The RP is the midpoint of the steel loading plate that is attached to the top face of the

upper slab. The shear force was measured as the reaction force to the applied horizontal cyclic displacement on the upper slab.

The results revealed the influence of the varying shape factor on the dynamic response of the HRCISS. A closer look at Figure 29 shows that

the shear reaction force is high during the pushover and low during the pullover. This difference creates hysteretic loops, which indicate a certain

F IGURE 21 Side view and top view of rubber bearing for half-cyclic compression test

16 of 36 FAYYADH AND HEJAZI
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degree of damping in the rubber. The distinct force-displacement hysteretic loops of each specimen highlight roles of shape factor and story level

in which the machine is installed on the shear stiffness, particularly the damping and deformation, which are discussed in the following section.

a. Shear stiffness

Shear stiffness is defined as the peak shear force divided by the respective maximum horizontal displacement. For buildings with HRCISS in

the same level, the effect of the shape factor was exceptional, where HDR bearings provided less shear stiffness when their shape factor was

F IGURE 22 (a and b) Details of steel mesh

F IGURE 23 Steel bolts and steel load plate embedded inside upper slab for horizontal test before casting

FAYYADH AND HEJAZI 17 of 36
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decreased. This was valid for all buildings with the same level of the hybrid system. The reduced shape factor indicates the thicker HDR bearing,

which increases the shear strain for a certain amount of stress and may result in lower shear stiffness in the bearings. Figure 30 illustrates the

shape factor effect of different HRCISS level. Although the shear stiffness of the rubber bearings in the second and third stories increased slightly

F IGURE 24 Lower slab after casting

F IGURE 25 (a and b) Schematic test setup layout

18 of 36 FAYYADH AND HEJAZI
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with the increase of the shape factor, the HDR layer in the first story showed a drastic augmentation in shear stiffness from 0.323 to 0.677 kN/

mm as the shape factor increased.

Moreover, a higher story level of HRCISS led to a lower shear stiffness of the HDR bearings up to a certain shape factor. This could be due to

the different masses carried by the structural slabs of the respective level. In general, lower stories carry greater masses compared to upper

stories, which can intensify the reaction forces on the floating slab and subsequently lead to higher shear stiffness.

b. Shear energy dissipation and damping ratio

The hysteresis in the shear force-displacement indicates a certain amount of energy being dissipated and in turn a certain degree of damping.

It was observed that HDR bearings with higher shape factors dissipated more energy and the vibration was more damped. However, the energy

dissipated was much higher in the second story bearings with shape factors up to 0.625, followed by the first and third story bearings, respec-

tively. In contrast, the energy dissipated was greater in lower stories when the shape factor values were above 0.625 (Figure 31a). This is due to

F IGURE 26 (a and b) Comparison between experimental and finite element (FE) specimens testing

F IGURE 27 (a and b) Comparison in response between HC and HF

FAYYADH AND HEJAZI 19 of 36
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variation of the base shear distribution on the different story levels. When the bearings are mounted in the second or third story levels (where

shear is lower), the bearings with lower shape factors (less shear stiffness) are able to perform better in dissipating the low shear energy in those

levels. However, in the opposite case, when the bearings are installed in the 1st story level (where the shear is at its highest value), the bearings

F IGURE 28 (a and b) Comparison in response between VC and VF

F IGURE 29 (a–e) Shear force-displacement for buildings with HDRBs of different shape factor and different story level installation

20 of 36 FAYYADH AND HEJAZI
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with higher shape factors (higher shear stiffness) dissipate the shear energy in that level more efficiently. Similarly, the respective damping ratio in

the hybrid system was largely affected by the shape factor, as demonstrated clearly in Figure 31b. A higher shape factor caused more vibration to

dampen at certain HRCISS level. It was also found that the damping was higher for the mid-story hybrid system compared to the upper and lower

stories. This finding was associated with the fixed middle structural floor from top and bottom faces, which led to a more stable hysteretic perfor-

mance of the HDR bearings.

c. Shear deformation

The applied horizontal cyclic loading on the floating slab of the three-story one-bay building with different shape factors and machine story

level resulted in the lateral story drift in the positive and negative directions (Figure 32). The shape factor largely affected the story drift of the

building, while the different installation levels of the HRCISS led to a distinct story drift pattern, as depicted in Figure 33. When the HRCISS is

installed in the higher levels (third level), the lateral drift of the rooftop decreases in comparison to the structure drift when the HRCISS is installed

either in first or second levels. Although the rooftop drift was the least for building with rubbers mounted in the third story, the lateral inter-story

drift in the lower stories of the building is less than the inter-story drift of the top story, which results in rotation in columns of the top story to be

more than rotation in columns of the lower stories. HDR bearings with lower shape factors caused the least lateral drift in the building stories, sig-

nifying the impact of the shape factor on the drift for HRCISS in lower stories. In short, the lower the levels of the hybrid system, the less the col-

umns rotate. The Lateral Story Displacements (LSDs) of the multistory building with the hybrid system of different shape factors showed the

impact of the HDR on reducing the deformations compared to the lateral drifts in conventional buildings. Table 5 lists the maximum LSDs of each

building story and the reduction value with respect to the conventional building. Apparently, the HDR was more effective in reducing the lateral

drifts, especially for higher shape factors, when the hybrid system was installed in lower stories. The result could be due to the shorter distance

between the ground level and the source of vibration, which creates less momentum on the building and hence less rotation and drift.

F IGURE 30 Effect of bearings shape factor on shear stiffness of Hybrid Rubber-Concrete Isolation Slab System (HRCISS) in different story
levels

F IGURE 31 (a and b) Dissipated energy and damping ratio for Hybrid Rubber-Concrete Isolation Slab System (HRCISS) bearings with
different shape factors and installed in different story levels
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When the HRCISS is installed in the higher levels (third level) the lateral drift of the rooftop decreases in comparison to the rooftop drift when

the HRCISS is either installed in first or second levels. Although the rooftop drift was the least for building with rubbers mounted in the third

story, the lateral inter-story drift in the lower stories of that building is less than the inter-story drift of the top story, which results in columns of

the top story rotating more than the lower stories columns, whereas for the building with rubber bearings installed in the first story, the rooftop

drifts the most but the lateral inter-story drift of the lower stories is bigger, and hence, the columns will rotate less in the top story.

Based on Figure 34, higher shape factors caused more increment in the lateral story drift when the hybrid system was installed in lower

stories. The drift increment remained low as long as the hybrid system was installed at upper stories. In addition, the differences in drift values of

the three stories were less compared to multistory buildings with lower-level systems, signifying fewer inter-story drifts and as a result, less

F IGURE 32 (a–e) Lateral deformation of three-story one-bay buildings with different bearing shape factors and machine-equipped story level

22 of 36 FAYYADH AND HEJAZI
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F IGURE 33 (a–c) Maximum lateral drift of each story of multistory buildings with different bearings shape factors

TABLE 5 Reduction values percent of LSD of hybrid buildings with different shape factors compared to LSD of conventional building

HRCISS-equipped story Story

Reduction in lateral drift with respect to conventional building (%)

H = 30 mm H = 45 mm H = 60 mm H = 75 mm H = 90 mm
S = 1.25 S = 0.833 S = 0.625 S = 0.5 S = 0.416

1st 1st 56.98 77.28 90.69 96.04 97.16

2nd 47.64 69.69 86.64 93.78 95.51

3rd 43.61 66.14 84.69 92.69 94.71

2nd 1st 35.74 49.59 65.75 72.21 81.32

2nd 33.14 46.24 61.68 67.6 76.2

3rd 30.71 43.63 59.19 64.92 73.55

3rd 1st 26.69 38.03 53.09 62.12 73.17

2nd 22.8 32.68 45.81 53.31 62.13

3rd 20.88 30.02 42.32 49.02 56.95

Abbreviations: HRCISS Hybrid Rubber-Concrete Isolation Slab System; LSD, Lateral Story Displacement.
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column rotation. This finding was the opposite for higher story-level isolation systems, where the upper story drifts further from the lower story

and resulted in higher column rotations and more vulnerability to structural damage.

5.1.2 | Shape factor effect under vertical half-cyclic loading

The application of the vertical half-cyclic loading on the floating slab in the multistory building has a relatively similar effect on the deflection of

the structural slab, regardless of the hybrid system level. The same outcome for the buildings with machine equipped in the first, second, and third

stories elucidates that the level of the story is not very influential on the performance of the hybrid system under compressive cyclic loading.

a. Compressive stiffness

The compressive force resistance (stiffness) of each hybrid system is presented in Figure 35. These force-displacement relationships repre-

sent the behavior of the HDR bearings with different shape factors under the half-cyclic loading on the floating slab. A slight drop in the reaction

force was detected for all specimens during the force releasing stage, which clarifies the absence of the hysteretic loops and the approximately

linear action. Similar to the shear stiffness, the compressive stiffness was directly proportional to the shape factor, as observed in Figure 36. This

F IGURE 34 (a–c) Effect of bearings shape factor on maximum Lateral Story Displacement (LSD) in multistory buildings in different story
levels

F IGURE 35 Compressive force-displacement in multistory building with different shape factors under vertical half-cyclic loading
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reveals that the system is more flexible with a lower shape factor due to the thicker rubber at the loaded area, which can minimize the transfer of

vibration to the structural slab and eventually reduce the deflection.

b. Compressive energy dissipation and damping ratio

Comparable to the compressive stiffness, the energy dissipation in the HDR bearings increased with the increasing shape factor (decreasing

rubber thickness), which in turn led to more damping. This was probably due to the increased vertical stiffness that produced higher compressive

force for a certain compressive strain and hence augmenting the dissipated energy. Figure 37 displays the dissipated energy and damping values

with respect to the shape factor values. The findings showed that energy was stored when the rubber was thicker rather than being dissipated.

Nevertheless, the amount of dissipated energy was very low and negligible.

c. Compressive deformation

Although thicker rubber led to less damping and reaction force on the floating slab, the resulting deflection decreased in the structural slab

beneath. Figure 38 highlights the vertical deformation in the midpoint of the floating and structural slabs for each shape factor value.

The two deformation lines in the figure represent the vertical displacement of the floating slab and the deflection of the structural slab,

respectively. Despite that the deformation in the 3S1B-30 specimen was reduced by only 0.9%, the reduction in deformation rapidly increased by

34.73% for the 3S1B-90 specimen.

Furthermore, the deflection in the edges, quarter-points, and midpoints of the structural slabs of different shape factor systems are depicted

in Figure 39. The results showed that HDR bearings with thicker rubber layers were more effective in reducing the deflection in the lower slab

layer. The deformed isolators of each building under compression are shown in Figure 40.

F IGURE 36 Effect of shape factor on compressive stiffness of Hybrid Rubber-Concrete Isolation Slab System (HRCISS) in multistory building
under half-cyclic loading

F IGURE 37 Effect of shape factor on dissipated energy and damping ratio of Hybrid Rubber-Concrete Isolation Slab System (HRCISS) in
multistory building under vertical half-cyclic loading
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5.2 | Exterior vibrations testing

In this section, the influence of the shape factor on the HRCISS performance under exterior vibrations within a multistory building was investi-

gated. The exterior vibrations were represented by 3D seismic components subjected at the building base.

Practically, the HDR bearings between the floating slab under the vibrating machine and the structural slab beneath have a dual function. The

first function was to isolate the machinery from the induced vibrations at the building base and transmitted through the columns up to the

F IGURE 38 (a–e) Midpoint deflection of structural and floating slabs in buildings with HDRBs of different shape factor

F IGURE 39 Deflection at mid, quarter and edge points of the structural slab in the multistory building with different rubber thickness (shape
factors)
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structural slab. Hence, the first task for the floating rubber-slab and the machine was to serve as a tuned mass damper (TMD) that mitigates the

vibrations in the building stories and eventually minimizes the lateral and vertical deformations in the structural slabs. The second task was for the

HRCISS to decouple vibrations on the floating slab, similar to a base-isolation (BI) system.

5.2.1 | HRCISS performance as tuned mass damper (TMD)

a. Effect of shape factor under El Centro North–South (N_S) horizontal seismic component

The lateral deformation of each story in the multistory building under the seismic loading in the north_south direction is shown in Figure 41.

Comparisons between the different shape factors were based on the maximum lateral drift of the building's rooftop.

Additionally, Figure 41 a shows the horizontal drifts for the buildings with machine equipped in the 1st story in the direction of the North–

South (N_S) component for the isolated and non-isolated buildings.

The vibration amplitude in some of the hybrid buildings exceeded that of the conventional building for a specific time period. This observation

was also recorded in buildings with machines equipped in the second and third stories. Figure 42 illustrates the peak values of the rooftop lateral

drift for the buildings with hybrid systems of different shape factors (bearing thickness) and different story level with respect to the conventional

buildings.

F IGURE 40 Close-up of High Damping Rubber (HDR) bearings deformation under cyclic compression in the multistory building with
different rubber thicknesses (shape factors)
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Figure 42 illustrates the effect of bearing thickness (shape factor) on the rooftop's maximum lateral drift in comparison with the buildings with

non-isolated machines. Notably, the maximum lateral drift of hybrid buildings was reduced for buildings with bearings thicker than or equal to

60 mm (S ≥ 0.625). This is the case in buildings with HRCISS mounted in first, second, and third story level. However, the maximum drift in the

third story-equipped hybrid building was also reduced for bearings with 45-mm thickness (S=0.833).

The peak drifts in 3S1B-60-1, 3S1B-75-1, and 3S1B-90-1 were reduced by 17.63%, 26.48%, and 0.45%, respectively, with respect to

3S1BC-1. While the maximum drift increased slightly in both 3S1B-30-1 and 3S1B-45-1 by 4% and 13.58%, respectively. In a similar scenario, the

peak displacements in 3S1B-60-2, 3S1B-75-2, and 3S1B-90-2 dropped by 10.13%, 37.8%, and 2.22% to the lateral drift of 3S1BC-2 and

increased by 10.53% and 14.4%, respectively, whereas in buildings with HRCISS mounted in the third story, the rooftop peak drift was reduced in

3S1B-45-3, 3S1B-60-3, 3S1B-75-3, and 3S1B-90-3 by 12.64%, 18.4%, 36.42%, and 5.86% and rose by 15.2% in 3S1B-30-3 with respect to

3S1BC-3.

The maximum amplitude of the rooftops was reduced in the hybrid buildings with bearings of lower shape factors but increased slightly above

the conventional building's peak displacement for higher shape factors. This could be resulted from the varying mass, damping, and stiffness of

the different rubber bearings, which can reduce the drift amplitudes for some thicknesses and increase it for the others under specific external

stimulation (earthquake),[28] such in case of 30- and 45-mm bearings, which resulted in higher maximum amplitudes than the conventional build-

ings. Additionally, the difference in reduction values of lateral drifts for hybrid systems mounted in different story levels may be a result to the dis-

tinct shear value in the structural slabs, of each story level, connected to the rubber bearings, and floating slab above.

b. Shape factor effect under El Centro East–West (E_W) horizontal seismic component

The East–West (E_W) acceleration-time history component of the 1940 El Centro earthquake strikes the building in the z-direction. As shown

in Figure 43, the three-story one-bay building under such excitation deformed laterally. The story drift of the upper floor of the all five considered

hybrid isolated buildings was compared with the conventional non-isolated building.

Although the E_W component is similar to the N_S component for hitting the building laterally, the HDR bearings in the z-direction decreased

the maximum lateral displacement for all the hybrid buildings compared to the non-isolated. The decrement rate was different for the different

shape factors and was the lowest for bearings with 60-mm thickness. The HRCISS was most effective in reducing lateral drifts when installed in

the first story, especially for bearings thicker than or equal to 60 mm, while it had a slight influence for thinner bearings (S ≥ 0.833).

F IGURE 41 (a–c) Shape factor effect on the rooftop lateral displacement of the three-story one-bay building in the N_S direction

28 of 36 FAYYADH AND HEJAZI

 15417808, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tal.1995 by U

niversity O
f T

he, W
iley O

nline L
ibrary on [17/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F IGURE 42 (a–c) Maximum rooftop lateral displacement in the N_S direction for buildings with isolated and non-isolated machines with
bearings of different shape factors and mounted in different story levels

F IGURE 43 (a–c) Shape factor effect on the rooftop lateral displacement of the three-story one-bay building in the E_W direction
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For the first story-installed rubber layer, the reduction of the story drifts for 3S1B-30-1 to 3S1B-90-1 were 8.27%, 5.32%, 44.46%, 41.15%,

and 37.34%, respectively, compared to 3S1BC-1. Meanwhile, the reduction in drift with respect to 3S1BC-2 were 8.95%, 0.82%, 5.26%, 26.71%,

and 9.12% for 3S1B-30-2 to 3S1B-90-2, in respective order. Likewise, for the hybrid system set in the upper story beneath the vibrating machine,

the lateral drift values slightly dropped in comparison to 3S1BC-3 to 3.65%, 0.67%, 0.96%, 15.46%, and 6.53% for 3S1B-30-3, 3S1B-45-3, 3S1B-

60-3, 3S1B-75-3, and 3S1B-90-3, respectively. Figure 44 demonstrates the reduced drift amplitudes with respect to the conventional.

In contrast to the lateral drifts under N_S component, the bearings installed in the first story under the E_W component had the highest drift

reduction rate while the bearings set in the third story under the N_S component had the highest drift reduction rate. The contradicted behavior

under the N_S and E_W components could be a result of the distinctive acceleration values for specific time periods of the two components that

are striking the building simultaneously and leading to opposite outcomes.

c. Shape factor effect under El Centro up–down (U_D) vertical seismic component

According to the plotted pattern of the vertical midpoint displacement of the structural slab of each building shown in Figure 45, the struc-

tural slab of the conventional building recorded the least deflection. This may be due to the less mass carried by the slab compared to other hybrid

buildings that contain HDR layers in addition to the floating slab and the vibrating machine mass. Although the extra mass of the bearings caused

an apparent increment in the deflection, the difference between the displacement amplitudes during the vertical pushing and release decreased

for hybrid buildings compared to the conventional building slab. The rate at which the difference in vibration dissipates depends on the shape fac-

tor of the HDR bearings. This was valid for all HRCISS levels, as the behavior of the structural slabs was not largely affected by the level of the

story, where the machine and the hybrid system were installed. Buildings with the smallest bearing thicknesses, H = 30 mm and H = 45 mm

(corresponding to the highest shape factors, S = 1.25 and S = 0.833) recorded less deflection but a higher difference between the vibration ampli-

tudes. In contrast, buildings with higher bearing thickness (lower shape factors) resulted in more deflected structural slabs and smaller gradual dif-

ferences in vibration over time.

Nevertheless, buildings 3S1B-90-1, 3S1B-90-2, and 3S1B-90-3 showed less deflection with respect to two other buildings of smaller bearing

thickness. Notably, the structural slab of all hybrid buildings, except for buildings with 60- and 75-mm bearings thickness, displaced vertically to a

certain value within the first second of the earthquake vertical component and afterward vibrate within the same displacement value range.

F IGURE 44 (a–c) Shape factor effect on the rooftop lateral displacement in the E_W direction for different Hybrid Rubber-Concrete
Isolation Slab System (HRCISS) levels
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However, buildings 3S1B-60 and 3S1B-75 showed distinct behavior, where their structural slabs displaced downwards, which corresponded

gradually with the seismic excitation but the range of their vibration amplitudes decreased with respect to time. The structural slab of the conven-

tional buildings 3S1BC1, 3S1BC2, and 3S1BC3 was the least vertically displaced but measured the largest vibration amplitudes difference.

5.2.2 | HRCISS performance as a base-isolation (BI)

As an isolation layer, the HDR bearings under the floating slab and the generating machine separate the floating slab above and the structural slab

beneath. The soft and damping characteristics of the rubber layers help to reduce the vibration amplitudes transmitting from the structural slab to

the isolated slab, therefore protecting the vibrating machinery from seismic deformation. The shape factor has a marginal influence on the reduc-

tion in vibration amplitudes between the structural and floating slabs under the N_S, E_W, and U_D components of the 1940 El Centro earth-

quake. Table 6 shows the reduction of the 3D deformation of the floating slab with respect to the structural slab deformations. A specific pattern

can be seen in all three directions. The lateral and vertical displacements values of the floating slab decreased in a building with the same shape

factor value with the increment in the level of the machine-equipped story compared to the structural slab of that story. However, the reduction

value for buildings with the same machine-equipped story level increased with the augmentation in the HDR bearing thickness (decrement in

shape factor). The relationship between the different bearings' story levels and shape factors is portrayed in Figure 46.

6 | APPLICATION OF HRCISS ON A TWO-STORY TWO-BAY BUILDING

For further validation of the current model, a real-life as-built RC frame with a shaker at top story, which was experimentally tested and studied

by Shin et al.[29] is selected for the FE modeling. The frame is a two-story two-bay building (Figure 47) with dimensions' details demonstrated at

Figure 48. The frame was designed using the FE software and the dimensions and material properties were defined based on the real structure.

Then the HRCISS (with rubber bearings with 60-mm thickness) (similar to the experimental specimens in current research) was installed in the

F IGURE 45 (a–c) Shape factor effect on the midpoint vertical displacement in the structural slab of the three-story one-bay building in the
U_D direction
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middle of the top floor in the same location of the shaker in the real structure (Figure 49) and the sine pulse SP8 (of 203 mm amplitude) was

applied on the HRCISS slab.

The analysis results in terms of lateral displacement of the 1st and 2nd stories for the structure with HRCISS are shown in Figure 50a.

Accordingly, the peak inter-story drift ratio of frame utilized with HRCISS slab were calculated and compared with results of the retrofitted struc-

ture by Shin et al.[29] as shown in Figure 50b. These results illustrate the peak inter-story drifts of both frames and indicates that the reduction in

drift in both story levels of the structure occurred where the developed rubber bearings were used. This demonstrates that dissipating effect of

the sine pulse on the structure by rubber bearings outperforms in comparison to the retrofitting of the structure's columns, which is very costly.

The reduction in the peak inter-story drifts for the first and second stories were about 12.15% and 6.22%, respectively compared to the

retrofitted building.

TABLE 6 Effect of shape factor on the 3D deformation value in floating slab with respect to the structural slab respective deformation

El Centro 1940 component Machine-equipped story

Deformation reduction (%)

H = 30 mma H = 45 mm H = 60 mm H = 75 mm H = 90 mm
S = 1.25 S = 0.833 S = 0.625 S = 0.5 S = 0.416

N_S 1st 8.95 11.24 14.6 15.89 17.03

2nd 7.67 9.06 11.8 13.64 16.73

3rd 7.38 7.88 10.97 11.76 14.11

E_W 1st 10.2 11.84 15.02 16.36 17.54

2nd 9.73 10.14 10.88 12.31 13.94

3rd 8.79 9.04 9.46 10.22 10.87

U_D 1st 10.46 10.83 11.45 11.74 12.06

2nd `10.31 10.57 11.21 11.34 11.88

3rd 10.18 10.44 10.95 11.1 11.63

aH: HDR bearing thickness, S: Shape factor, N_S: North south, E_W: East west, and U_P: Up and down.

F IGURE 46 (a–c) Effect of shape factor on deformation reduction in the floating slabs for the three-story one-bay buildings under El Centro
1940 3D components
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7 | LIMITATIONS AND ADVANTAGES OF THE PROPOSED HRCISS SLAB

The limitations of the proposed system can be summarized as follows:

i. This system is applicable to vibrations with low to moderate frequency since there is no action by rubber component in applied high fre-

quency vibrations with negligible movement.

F IGURE 47 Four identical two-story, two-bay frames[29]

F IGURE 48 Test frame details[29]
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ii. The proposed system functions for vibrations with amplitude range between 50% and 200% shear strain of rubber thickness due to rubber

properties.

iii. The proposed system is applicable for flat slabs only and for inclined slabs the rubber performance may affected by the overturning

moments.

iv. The system composes four rubber bearings only due to the nodal points determined by the natural frequency test on square plates.

v. The proposed system is designed to carry low to moderate masses since the rubber material has been used only. Hence, to accommodate

heavy payloads, the vertical stiffness of the HDR bearings can be increased by implementing the steel shims.

F IGURE 49 (a and b) The two-story two-bay as-built frame modeled and meshed via finite element (FE)

F IGURE 50 (a and b) Peak displacement and inter-story drift ratios of the Hybrid Rubber-Concrete Isolation Slab System (HRCISS)-mounted
frame and the column-retrofitted frame by Shin et al.[29]
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Whereas the limitations of this research work are summarized as follows:

i. In the experimental testing, applied vibration amplitude to the specimens is limited due to restriction of stroke for the horizontal and vertical

actuators. However, the slabs are cracked before experience of maximum stroke of actuator.

ii. Dimension of the lower slab in experimental test was dependent on the arrangement of bolts in the strong floor, whereas the upper slab's

size is minimized (in comparison to the lower slab) in order to avoid of any contact with the strong floor bolts during pushing and pulling

operation.

iii. Conducting experimental test simultaneously for both horizontal and vertical movement for the slab was not done due to limitation of facili-

ties for connecting the two actuators to the slab at the same time. Therefore, experimental tests have been done individually for horizontal

and vertical movement using two identical slabs.

iv. This study focused on implementing square rubber bearings, however circular rubber bearings may exhibit different response. Also, dimen-

sion of rubber bearing (rubber section area) may lead to different responses.

v. Since conducting full scale experimental testing for the frame with proposed slab with rubber bearing is required special equipment, there-

fore only FE method was used for simulation of three-story one-bay building and investigate its response under applied loads.

vi. In this study only three-story frame equipped with proposed slab system has been considered to study due to limited computational facilities;

however, application of the slab with rubber bearing in high rise buildings may lead to the more interesting results.

The advantages of the proposed HRCISS slab system can be summarized as follows:

i. Simple design and low cost for manufacturing of the square-section rubber bearings (without of the steel shims).

ii. The capability of installing the proposed isolation slab system in existing buildings without the need of reconstruction.

iii. The system can carry low to medium weight machines and extendable to accommodate heavy machines by adding steel shim plates to the

rubber bearing.

iv. The proposed HRCISS slab able to exhibit dual performance to dissipate vibrations of the generating machines as isolator system and also

diminish effect of ground motion and structural excitation as TMD.

v. The proposed system is acting against applied bi-axial excitation (both horizonal and vertical movement) to protect the structure under

applied realistic loads.

8 | CONCLUSION

This study has successfully investigated the development of the HRCISS for building structures subjected to multidirectional vibrations on various

story levels and determined the effect of shape factors in the proposed system under horizontal and vertical vibrations. Several significant findings

that can be highlighted are as follows:

1. The shape factor of the HDR bearings demonstrated a huge effect on the dynamic response of the HRCISS under both interior and exterior

vibrations when applied in a multistory building.

2. Under interior vibrations (machine-induced 3D vibrations), the lateral drift of the three-story one-bay building decreased with the decrement

of shape factor with as buildings with machines and HRCISS installed in the 1st story recorded more reduction.

3. Likewise, the deflection in the structural slab under the HRCISS decreased for lower shape factor bearings. However, the reduced deflection

was not largely influenced by the level of the machine-equipped story. Additionally, the rubber layer became stiffer in shear and compression

directions with a higher shape factor.

4. HDR bearings with higher shape factors showed a tendency to dissipate more energy in the shear and compression for lower machine-

equipped story levels.

5. The damping ratio also increased for higher shape factors in all directions. A lower leveled machine-equipped story becomes more damped in

compression. However, the damping ratio was the highest for HRCISS installed in the second story.

6. The shape factor was notably influential on the 3D deformation under exterior vibrations (seismic induced vibrations), where the HRCISS func-

tioned as a TMD.

7. Lateral drift in the N_S and the E_W directions were slightly reduced with the reduction in the shape factor and rose again for the 90 mm

HDR bearings (corresponding to the lowest shape factor, S = 0.416) and the largest decrement for the 75-mm HDR bearings (S = 0.5). The

HRCISS equipped in the first story achieved the optimal reduction for both lateral directions, while the decreasing shape factor led to a more

deflected structural slab under the vertical seismic component up to the maximum deflection for the 75-mm HDR bearings. However, the dif-

ference between the maximum and minimum displacement amplitudes decreased with the decreasing shape factors.
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8. In the case of HDR bearings functioning as a BI, the shape factor decrement increased the deformation reduction in the structural slabs of the

machine-equipped stories with respect to the floating slab deformation in all three dimensions.

9. The HRD bearings reduced the peak inter-story drift when applied numerically on an as-built two-story two-bay frame compared to an actual

retrofitted identical frame.
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