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ABSTRACT: This project sought to improve the seismic performance of low-rise
buildings by the introduction of a simple, low cost seismic isolation system at the time of
construction, or re-construction. The main advantage of the friction sliding isolation layer
is that the seismic base shear force transmitted from the ground to the isolated structure
can be controlled at the level of the friction force in the sliding layer. This project tested
five potential isolation materials for their frictional features by both semi-dynamic and
dynamic shake table experiments. The materials were sand, lighting ridge pebble,
polypropylene and PVC sheet and polythene membrane. The isolation effect levels of the
materials serving as the sliding layer were obtained from the experimental results. Three
computer models, using Working Model 2D, Nonlin and SAP2000, were developed to
simulate the sliding system. Attempts were also made to verify the validity of the seismic
performance of the system theoretically solving the equations of motion for both single-
degree-of-freedom and two-degree-of-freedom sliding system.

1 INTRODUCTION

Base isolation introduces flexibility at the base of a structure in the horizontal plane, while at the same
time introducing damping elements to restrict the amplitude or extent of the motion caused by the
earthquake. Recently, there has been a growing concern about developing more economical measures
of base isolation to achieve equivalent performance to sophisticated devices, such as a low technology
and low cost method for low-rise buildings in seismic regions. The project studied the characteristics
of the friction sliding layer as base isolation. It began with the semi-dynamic tests to obtain the initial
estimations of the friction features of the potential isolation materials and continued with the dynamic
shake table tests to evaluate the seismic performances.

2 BACKGROUND

2.1 Low-rise buildings

Low-rise buildings are not usually protected by seismic isolation devices except for military or
industrial use. Such buildings tend to fall into one of the two following categories.

Category 1: Light, relatively flexible and reasonably ductile structures such as timber framed,
reinforced masonry or steel-framed buildings fall into this category. They tend to have high strength-
to-weight ratio, moderate ductility and good detailing. They present a low risk of collapse under
seismic action and would not benefit significantly from seismic isolation.

Category 2: In contrast, the second category is typified by the massive, rigid, poorly reinforced clay
brick, stone masonry or adobe structures, often with a similarly heavy roof. Ductility is negligible,
connection details often poor and large numbers of this type of structure have collapsed in poorer
regions of the world, killing many occupants. It is felt that the seismic performance of this type of
structure could be significantly improved by the introduction of a simple, low cost seismic isolation
system at the time of construction or re-construction.



2

2.2 Near-Fault Earthquakes and Sliding Bearing System

Near-fault earthquakes are often characterized by high velocity pulses and a high level of peak ground
acceleration, placing an extreme demand on isolation systems and often leave large residual
displacements after the earthquakes has passed. Northridge earthquake, January 17, 1994, was selected
for this project. The near-fault earthquake was chosen because of its high peak accelerations and large
initial velocity impulse.

Because of comparatively small height and heavy weight of the buildings considered in the study, the
overturning moments during the earthquake are not significant so that they are less likely to uplift or
tilt over, which indicates that the base of such buildings can be uncoupled to the ground. In a similar
way to the friction pendulum system, many other mechanisms have been utilized by using rollers, a
layer of sand or similar materials that would allow a building to slide during an earthquake. The
principle is that if the friction is low between the structure and its uncoupled foundation then the shear
force transferred between the two faces can be limited. Thus lower friction results in a lower response
of the superstructure.

2.3 Friction Sliding Isolation Layer

It was felt necessary to produce an economic seismic isolation for massive, rigid, poorly reinforced
clay brick, stone masonry or adobe structures with low-technology techniques required. The friction
sliding isolation layer, working as a base isolation device, was studied experimentally and
theoretically in this project. This project tested five potential materials for their frictional features by
both semi-dynamic and dynamic shake table experiments. They were sand, lighting ridge pebble,
polypropylene, PVC sheet and polythene membrane. According to the experimental results, the sand
used in this study was eliminated because of its high level friction and the isolation effect levels of the
other four serving as the sliding layer materials were obtained. The others can meet different
requirements for earthquake resistances.

3 SEMI-DYNAMIC ANALYSIS

3.1 Structural Idealization

A typical low-rise building of Category 2 can normally be idealized as a rigid block with lumped mass
m (Figure 1).

    Figure 1. SDOF Model for the Sliding System

3.2 Experimental Method

The experimental method involved placing a small concrete slab (Figure 2) on a bed of foundation
material. The slab was loaded with lead ingots to achieve the target bearing pressures (4.74kpa,
6.14kPa, 8.80kPa and 11.29kPa) and then a horizontal tensile force was applied to the slab through a
thin steel cable, forcing the slab to slide across the isolation material with a low speed of 5mm/s. By
measuring the force required to initiate and sustain sliding it was possible to determine the friction
coefficient.
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  Figure 2. Semi-dynamic test

3.3 Typical Experimental Results

Four friction coefficients were obtained by Average horizontal force/ (Total pressure × Slab bottom
area) based on the experiment results (Figure 3). The average horizontal force is the average value of
the horizontal forces to sustain the sliding motion. The average friction coefficient µ  was evaluated
by Equation (1).

Figure 3. Typical Load vs. Displacement Plots for Semi-dynamic tests [1]

4.74kPa 6.14kPa 8.80kPa 11.29kPa( ) = 
4

µ µ µ µ
µ

+ + + (1)

The average friction coefficient between the polythene membranes covered concrete and the sand were
found as 0.414sµ = ;
The average friction coefficient between the polythene membranes covered concrete and the pebbles
(diameters 6 to 8mm) were found as 0.202pµ = .

3.4 Data Analysis for Semi-dynamic tests

Judging from the experimental results, the sand used for the tests can not provide friction between the
superstructure and the base layer of a sufficiently low level. However, as there are reported cases of
sand being used successfully as an isolation layer in the past[1][5], basic soil properties of the sand
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such as particle-size distribution were presented in Appendix A in [1] so that other types of sand might
not be overlooked as potential materials. The pebble proved to be a good material for the isolation
layer in a satisfying level. The sliding motion occurred more easily on the larger grain size layer. A
thin layer of pebbles (20mm) indicated that a plain and hard base layer would be needed before
applying this isolation method.

4 DYNAMIC ANALYSIS

4.1 Experimental Method

The experimental method was using the shake table to vibrate the whole sliding system with
sinusoidal and earthquake displacement record inputs and then recording the responses by two
accelerometers installed on the timber board which was tightly connected to the slab and a third
accelerometer recorded the motion of the shake table (Figure 4).

Figure 4. Shake Table Test

Recognition of the hard plain base layer underneath the sliding layer broadened the choices of the
potential isolation material. From this point on, instead of granular materials such as pebble, thin sheet
materials with a smooth surface were given attention. On consideration of the economic factor, three
sheet materials (PTM: polythene membrane; PP: polypropylene sheet; PVC: polyvinyl chloride sheet)
were also tested.

4.2 Signal Processing and Data Scaling

A digital Butterworth filter was made in Matlab 6.0 to eliminate mechanical and electronic noise from
the shake table test recording data. It was concluded that suitable combinations of parameters (Order
n  and Cutoff frequency nω ) could be found by the trial and error method for a specific input signal.

Original earthquake displacements have to be reduced to suit the limit of the shake table by a scale
factor while the accelerations are expected to remain unchanged. In the following equations (2) to (5),
let the scale factor for displacement  D  be α  and the factor for time step be x .

Prototype velocity: 

dDv dt=  (2)

Model velocity:
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*
dD x dD xv vdt dtx

α
α α

= = × = (3)

Prototype acceleration:

dva dt= (4)

Substituting * xv v
α

=  and the scale factor x  in Equation (4) gives

Model acceleration:

2 2
*

x dv x dv xa adt dtx

α
α α

×
= = × = (5)

Equation (5) shows that after the displacements are scaled down by a scale factorα , if the
accelerations of shake table are to be kept the same as the original earthquake record (as *a a= ),
another scale factor, which, x α= , should be applied to the time step simultaneously. The numerical
and experimental demonstration of the validity of the scale factor derivation has been presented in [1].

4.3 Typical Experimental Results

Figure 5. Typical Acceleration vs. Time Plots for Shake table tests [1]

It was clear that when the accelerations of the shake table were less than a certain level
| |bg ( acceleration of gravityg = ), there was no relative motion between the slab and the layer; it can
be seen that the accelerations of the slab were largely confined in the range of bg+  to bg−  under the
earthquake. The “cut-off” effect of the layer was very obvious; the small fluctuation around the cut-off
level of the sliding accelerations was considered as a minor factor because of its fairly short
occurrence period and it could have been from the inherent noises of the system which could not be
eliminated.

4.4 Data Analysis for Dynamic tests

The seismic performances of four potential isolation layer materials were evaluated by analysing the
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experimental data from the dynamic tests. The results were presented in Table 1. Materials of suitable
isolation levels for the sliding layer can be applied to buildings with different levels of intrinsic
earthquake resistance.

Table 1. Isolation Level

Material Isolation Level(g)

Pebble(6-8mm) 0.20

Polythene membrane 0.18

Polypropylene sheet(0.8mm) 0.15

Polyvinyl chloride sheet(1.0mm) 0.10

5 COMPUTER MODELS

Three software packages (Working Model 2D 5.0, Nonlin 6.01 and SAP2000 v7.44) were used to
build the computer model for the friction sliding isolation layer simulation. Tests with both sinusoidal
and earthquake ground excitations proved that three models can all simulate the seismic performance
of the sliding system satisfactorily by delivering the horizontal cut-off sections at the aimed level in
either the acceleration or base shear response time-history traces. An SAP2000 model response
example is given in Figure 6. Details of the models are included in [1].
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Figure 6.  Base shear time-history of Sap Model (under

Northridge earthquake, January 17, 1994)

6 THEORETICAL ANALYSIS

Equation (6) is the governing equation of motion for the single-degree-of-freedom system (Figure 1).
..

m y gmµ= (6)

When the sliding system extends to a two-degree-of-freedom system (Figure 7), the motion is
described by Equation (7).

.... .

.... .

0 0

0 0

gb b b s s b b s s b b
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              + − + −               + + = −               
− −                              

(7)
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Figure 7. Coordinates System for 2DOF system

Attempts were also made to verify the validity of the seismic performance of the system in theoretical
way by solving the motion equations of both single-degree-of-freedom and two-degree-of-freedom
sliding systems. Criteria of the models incorporating a Coulomb friction layer for the initiation and
cessation of sliding were established. Numerical implementation in Matlab was partially successful.
Detailed descriptions of the theoretical analysis are presented in [1].

7 CONSTRUCTION METHOD

Based on the experimental results, Figure 8 illustrates the propositional construction plan for the use of
a friction sliding isolation layer.

Figure 8. Proposed Construction Model

The friction sliding isolation layer with low technology is considered only for the buildings of
Category 2 with small structure areas. There will be more requirements for the integrative concrete
base slab and the base layer when the area increases, which can make the cost uneconomical. On the
other hand, due to the common manufacture size, it is not possible to produce such a large piece of
sheet material to cover the whole foundation area but use certain number of paralleled long-strip
pieces to form the sliding layer. The discontinuity of the surface smoothness at the edge conjoint zones
is therefore unavoidable and it will surely increase the additional resistance and decrease the efficacy
of the sliding mechanism. The fact can be in a minor manner for small areas but it can be expected to
cause serious problems when the total area reaches certain figure.

When the sliding layer material is the LR pebble or other similar round-shaped gravels, the underside
layer of the base slab is the polythene membrane which covers the whole bottom; when the sliding
layer material is the smooth-surfaced sheet such as PVC or PP, the underside layer can consist of
several pieces of the sheet shown in Figure 9. The side with half-sheet-depth bore holes will be
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attached to the bottom of the base slab and the other will form the main sliding mechanism along with
the sliding layer surface and some lubricant. When the concrete is cast on the sheet, part of the
concrete is supposed to enter the holes due to the gravity and the slab and the underside layer can be
attached to each other accordingly.

Figure 9. Sheet with bore holes

8 CONCLUSION

The friction sliding isolation layer, working as base isolation device, was studied experimentally and
theoretically in this project. Semi-static and shake table tests were conducted on a variety of simple
sliding seismic isolation systems aimed at the protection of heavy, low-rise, ‘peasant’ type dwellings,
typically of adobe, masonry or earthen construction, capable of being built on flat, concrete foundation
slabs, below or within which the isolation layer could be constructed. The seismic performances of
four potential materials for the sliding layer were evaluated in the study. Simulation of the isolated
structure using SAP2000, Working Model 2D and Nonlin showed behaviour closely matching that
observed in the shake table tests with acceleration cut-off determined by the friction coefficient of the
sliding layer, but with quite complicated stick-slip behaviour in some cases. The occurrence conditions
of the sliding motion were established for both single-degree-of-freedom and two-degree-of-freedom
sliding system.
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