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Abstract: This work investigates the influence of a sloping seismic base-isolation interface, caused by 

unintended or mismanaged construction works, on the performance of the low-tech, low-cost PVC ‘sand-wich’ 

(PVC-s) base-isolation system developed by the University of Bristol. The motivation for this study is the fact 

that the sliding characteristics of the PVC-s system may be affected by the inclination of its sliding interface, 

due to two mechanisms: (a) the reduction or increase of the sliding forces along the downward/upward 

direction of the slope, respectively, caused by gravity action and (b) the intensified variation of normal contact 

force on the isolation interface during earthquakes, as a result of the simultaneous action of both the horizontal 

and vertical accelerations. A probabilistic framework of Incremental Dynamic Analysis (IDA) is setup using a 

three-dimensional finite-element model of a PVC-s base-isolated school building to statistically study the above 

effect. Given limited allowance of unintended mat foundation inclination that varies from 0 ° to 3 °, its influence 

on the effectiveness of the PVC-s system is explored. The results indicate that the isolation interface inclination 

does not necessarily reduce nor increase the effectiveness of the PVC-s system. On the other hand, maximum 

and residual sliding displacements can be prominently affected. As the inclination angle increases, the 

maximum sliding displacement tends to increase as well. At the maximum investigated value of 3 ° inclination, 

maximum foundation sliding displacement can be factored by 2.5 to that of the flat-ground case, which is in 

line with engineering judgement. The residual-to-maxima sliding displacement ratio also gets closer to unity, 

meaning that the base-isolated building is less likely to slide upward the slope as inclination angle increases, 

again in line with intuition. Considering that controlling sliding displacement is not a primary concern in the 

typical usage scenario of PVC-s system, it is concluded that a potential accidental inclination of the underlying 

mat foundation is not undermining the effectiveness of this low-cost seismic isolation technology. 

1 Introduction 

A low-cost, low-tech, sliding-type seismic base-isolation system, termed PVC ‘sand-wich’ (PVC-s), was 

recently designed at the University of Bristol. Proof-of-concept large-scale shaking table tests were conducted 

on the University of Bristol 3 m by 3 m shaking table for prototype PVC-s systems utilising near-rigid steel 

(Tsiavos et al., 2020) and masonry (Tsiavos, Sextos, Stavridis, Dietz, Dihoru, Di Michele, et al., 2021) 

superstructure specimens. These pioneering works highlighted that the intended initiation of a dynamic sliding-

rolling mechanism of sand particles encapsulated between two hard PVC sheets, covering the full area 

underneath the building’s reinforced concrete mat foundation, can be an effective base-isolation mechanism. 

Those studies also experimentally evaluated the effective friction coefficient of the PVC-s base-isolation 
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interface, established the optimal PVC-s system configuration, and proposed construction method for the PVC-

sand-PVC profile. A ‘hybrid design’ approach was also proposed in association with the PVC-s base-isolation 

system, of which the purpose was to encourage a ‘good practice’ design for typical low-rise structures in a 

practical and economical way (Tsiavos et al., 2020; Giordano et al., 2021; Tsiavos, Sextos, Stavridis, Dietz, 

Dihoru, Di Michele, et al., 2021). Alternative sliding layers such as sand-rubber mixtures (Tsiavos et al., 2019) 

and various types of rollers (Tsiavos, Sextos, Stavridis, Dietz, Dihoru and Alexander, 2021) were also 

investigated, which gain improved sliding performance of the base-isolation layer at the cost of higher 

expenses. 

Following the proof-of-concept shaking table tests conducted for prototype PVC-s systems, experimental 

observations were extended by numerical and statistical simulations on a realistic case of a reinforced concrete 

school building in rural Nepal, which probabilistically verified the effectiveness of the PVC-s system for the 

case study school building (Sextos, Zhang and Alexander, 2022). It was considered that the concept of a low-

cost sliding foundation system should only be implemented, within a developing country context, as an 

additional layer of earthquake-proof mechanism to that of a conventional ductile building, which is capacity 

designed as normal. This is a scenario that can be faced in many parts of the world where there has no specific 

code provisions for seismic base-isolation of buildings. In such circumstances, the coupling between the 

nonlinear responses of a sliding foundation together with a yielding oscillator, which is still disputable in the 

literature (Kikuchi, Black and Aiken, 2008; Vassiliou, Tsiavos and Stojadinović, 2013), was investigated first 

analytically by solving the Equation of Motion of a simplified PVC-s base-isolated building system, then 

numerically through a probabilistic framework of Incremental Dynamic Analysis (IDA) (Vamvatsikos and 

Cornell, 2002). Given the condition that the school building is adequately designed as a ductile earthquake 

resistant structure according to local seismic code, the effectiveness of the low-cost PVC-s base-isolation 

system was verified probabilistically for ground motion intensities up to three times the design-level. 

Additionally, results confirmed that the inclusion of the PVC-s system is always beneficial regardless of the 

probable variation on sliding interface friction and building ductility levels.  

Notwithstanding the above accomplishments, it must be ascertained that the presence of the PVC-s base-

isolation system will not worsen the school building’s seismic performance in anyway due to potential 

unsatisfactory quality control or mismanagement during construction. Unintended mat foundation inclination is 

considered to be a critical construction defect that can be an immediate cause to alter the dynamic properties 

of a PVC-s base-isolated building. During construction, it is required to carve out a level ground on a non-flat 

site so to subsequently create a flat base of stabilised soil, upon which the sliding interface of the PVC-s 

system and the reinforced concrete mat foundation of the superstructure can be built. Poor control of the 

levelness of the stabilised soil may result in unintended mat foundation inclination, i.e., a sloping base-isolation 

interface, which can affect the sliding characteristics of the PVC-s system hence the seismic performance of 

the structure. 

Along these lines, the objective of this paper is to probabilistically verify the effectiveness of the PVC-s base-

isolation system considering the presence of foundation construction defect, i.e., unintended mat foundation 

inclination. The study focuses on typical school buildings in rural Nepal as they have specific layouts and 

consist of an important portfolio of infrastructure. The results are comparatively presented against a PVC-s 

base-isolated building with perfectly level base-isolation interface, as well as their non-base-isolated 

counterpart. 

2 Probabilistic analysis of a PVC-s base-isolated building with unintended ground 

inclination 

2.1 PVC-s base-isolated system and the case study building 

The low-cost PVC-s base-isolation system is illustrated in Figure 1. The fundamental design configuration 

entails the encapsulation of a predetermined amount of sand grains between two hard PVC sheets, positioned 

below a reinforced concrete mat foundation of the structure. The encapsulation of sand facilitates a sliding 

behaviour of the top PVC sheet against the bottom PVC sheet, enhanced by the low rolling resistance of the 

sand particles (Tsiavos et al., 2020). The robustness of the PVC-s base-isolation strategy is therefore 

supposedly supported by two mechanisms: Below the sliding threshold, conventional seismic design protects 

the structure through strength and ductility. If the sliding threshold is exceeded, the initiation of foundation 
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sliding sets an upper bound in the acceleration transmitted to the superstructure, as illustrated by results from 

previous proof-of-concept shaking table tests (Tsiavos, Sextos, Stavridis, Dietz, Dihoru, Di Michele, et al., 

2021). A gap exists between the edges of the mat foundation and a parapet wall reserved for mat foundation 

sliding. The parapet wall is designed as a sacrificial element, whose presence is mainly to protect the PVC-s 

base-isolation interface from daily wear and does not resist to sliding in case of a larger earthquake. 

Following the authors’ previous study (Sextos, Zhang and Alexander, 2022), the building investigated in the 

present paper employs the architectural layout of a typical rural Nepalese school building typology, commonly 

constructed after the devastating Mw 7.8 Gorkha earthquake in 2015. The school building has two storeys for 

classrooms and a third storey for the staircase accessing the roof area (Figure 2). The building is designed as 

a standard ductile earthquake resistant structure according to the Nepalese seismic code (National 

Reconstruction Authority, 2020), employing structural ductility equivalent to Eurocode 8 behaviour factor q = 

6.0 (CEN, 2004). The fixed-base fundamental period of the school building was approximately 0.36 s in both 

the horizontal directions and its total weight, including the raft foundation above the PVC-s isolation interface, 

is approximately 3,200 kN. 

 

Figure 1: Illustration of the low-cost PVC ‘sand-wich’ (PVC-s) seismic base-isolation system: (a) overview, 

(b) sectioned details. Note that the sand layer illustration in the figure is not to scale. 

 

Figure 2: Three-dimensional finite element (FE) model of the case study PVC-s base-isolated school 

building. 

2.2 Finite element model implementation 

Three-dimensional nonlinear finite-element representation of the studied PVC-s base-isolated school building 

is modelled using the earthquake engineering finite-element software SeismoStruct (Seismosoft Ltd., 2022) 

(Figure 2). The reinforced concrete superstructure, having a behaviour factor q = 6.0, is modelled inelastically 

employing force-based plastic hinge frame elements and fibre sections. The mat foundation of the school 

building is assumed rigid and is represented by constraining the bottom nodes of the 12 first-storey columns 

using a 6-degree-of-freedom (DOF) rigid-link. The mat foundation is then linked to the ground node via a 

constitutive model describing the 3-DOF translational behaviour of the PVC-sand-PVC seismic base-isolation 

interface. The equivalent frictional coefficient μ of the sliding interface is assumed to be 0.2, in line with previous 

experimental observations for prototype PVC-s systems (Tsiavos et al., 2020). A more detailed description of 

finite-element model implementation can be found in (Sextos, Zhang and Alexander, 2022). 
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The modelling of unintended mat foundation inclination is illustrated in Figure 3. It is assumed that the 

inclination of the PVC-s base-isolation interface is on x-axis only and can be described using a single 

parameter, inclination angle θ. A positive value of θ indicates the ground inclination is sloping down the 

negative x-direction. When θ is non-zero, the known gravity force G of the building, including the mat 

foundation, can be decomposed into two components, Gx and Gz, one parallel and the other perpendicular to 

the PVC-s base-isolation interface. Gx becomes part of the driving force to initiate sliding, whereas Gz is the 

new normal force that creates frictional resistance on the PVC-s base-isolation interface. Similarly, the known 

horizontal earthquake force Fh at any moment can be decomposed into Fhx and Fhz, and the known vertical 

earthquake force Fv into Fvx and Fvz. Given that the inclination angle θ due to unintended or mismanaged 

construction works is unlikely to be larger than 3 °, three different levels of θ are considered in this study: θ = 

1 ° representing moderate mat foundation inclination, θ = 2 ° representing significant mat foundation inclination, 

and θ = 3 ° representing extreme mat foundation inclination. It is noted that even for the extreme case of θ = 

3 °, cos(θ = 3 °) ≈ 0.9986 still very closely approximate unity. It is therefore possible to simplify the f inite-

element modelling of unintended mat foundation inclination: Instead of explicitly model the inclined ground as 

well as the sloping PVC-s base-isolation interface, the base-isolation interface is modelled as normal (i.e., level 

to the flat ground) but simulated using adjusted input forces. The adjusted input forces, based on the adjusted 

coordinate system x`-z` as illustrated in Figure 3, are calculated as follows: 

 
 −𝐺𝑥` = −𝐺𝑥 = −𝐺 ∙ sin(𝜃) (1) 

 −𝐺𝑧` = −𝐺𝑧 = −𝐺 ∙ cos(𝜃) ≈ −𝐺 (2) 

 𝐹ℎ𝑥` = 𝐹ℎ𝑥 = 𝐹ℎ ∙ cos(𝜃) ≈ 𝐹ℎ (3) 

 𝐹ℎ𝑧` = 𝐹ℎ𝑧 = 𝐹ℎ ∙ sin(𝜃) (4) 

 𝐹𝑣𝑥` = 𝐹𝑣𝑥 = 𝐹𝑣 ∙ sin(𝜃) (5) 

 𝐹𝑣𝑧` = 𝐹𝑣𝑧 = 𝐹𝑣 ∙ cos(𝜃) ≈ 𝐹𝑣 (6) 

where θ is the mat foundation inclination angle, taking values of 0 °, 1 °, 2 °, or 3 °; Gx` and Gz` are the forces 

parallel and normal to the PVC-s base-isolation interface induced by the total gravity force G; Fhx` and Fhz` are 

the forces parallel and normal to the PVC-s base-isolation interface induced by the horizontal ground motion 

action Fh; Fvx` and Fvz` are the forces parallel and normal to the PVC-s base-isolation interface induced by the 

vertical ground motion action Fv. 

For the corresponding non-base-isolated school building, the numerical implementation is identical except for 

the boundary condition at the bottom is fixed to the natural ground, in which case the possible ground 

inclination has no effect to structural responses. In all models, with or without the PVC-s system, soil-structure 

interaction is not taken into consideration. A 5 % Rayleigh damping is employed based on the first two x-axis 

vibration modes of each numerical model.  

 

Figure 3: Illustration of finite element (FE) implementation of the unintended mat foundation inclination. 

Unintended PVC-s mat foundation inclination is assumed on x-axis only, where the building tends to slide 

down the negative x-direction. 
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2.3 Incremental Dynamic Analysis (IDA) 

The 30 ground motions used in IDA (Vamvatsikos and Cornell, 2002) are identical as those delineated in 

(Sextos, Zhang and Alexander, 2022). They were selected from the PEER NGA-West 2 database (Ancheta et 

al., 2013) assuming ground condition of Nepalese Soil Type A (roughly corresponds to Eurocode 8 Ground 

Type B or C). The selected ground motions contain three-axis acceleration excitation and the orientation-

independent RotD100 component (Boore, 2006) of the two orthogonal horizontal components of the ground 

motion Sa,h(T1) was used as the ground motion intensity measure (IM). According to Nepalese seismic design 

code (National Reconstruction Authority, 2020), the design-level elastic spectral acceleration of the case study 

school building can be calculated as 1.1 g. The scaling range of IM is chosen up to three times the design-

level ground motion, i.e., up to 3.3 g. 

The engineering demand parameter (EDP) of maximum storey one interstorey drift dstorey1 is used to evaluate 

the seismic performance of the school building, as storey one (the ground floor) is where structural damage is 

found to be concentrated, thus thresholding the structural condition of the overall building. In addition, the 

effectiveness of the PVC-s base-isolation system is expressed as a drift reduction ratio Dstorey1: 

 

 𝐷𝑠𝑡𝑜𝑟𝑒𝑦1 =
𝑑𝑠𝑡𝑜𝑟𝑒𝑦1,𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑑𝑠𝑡𝑜𝑟𝑒𝑦1,𝑃𝑉𝐶−𝑠

𝑑𝑠𝑡𝑜𝑟𝑒𝑦1,𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙
 (7) 

where dstorey1,PVC-s is the first storey maximum drift of the PVC-s base-isolated building; and dstorey1,Conventional is 

the first storey maximum drift of the corresponding conventional building. A higher value of Dstorey1 is beneficial 

as it implies a higher degree of seismic damage mitigation. For the sake of conducting statistical analysis, it is 

assumed that dstorey1 follows lognormal distribution and Dstorey1 follows normal distribution, and all dstorey1 values 

exceed 10 % are taken as 10 %. Damage states can be predicted based on dstorey1, which link descriptions of 

the building state with reference to certain dstorey1 values. Various interstorey drift values were proposed in the 

literature to classify building damage states, especially predicting the collapse state, of which the 

corresponding storey drift values range from 2.5 % to 8.0 % for similar low-rise reinforced concrete moment 

resisting frames (Ghobarah, 2001, 2004; Liel and Deierlein, 2008; Haselton et al., 2011; Uma et al., 2011; 

Kassem, Mohamed Nazri and Noroozinejad Farsangi, 2020; Zhou et al., 2021). Based on these references, 

dstorey1 = 5.0 % is taken as the threshold of likely structural collapse in this study.  

The sliding responses of the PVC-s base-isolated system are evaluated using two EDPs, namely, the 

maximum absolute PVC-s sliding displacement |δPVC-s,max| and the PVC-s residual-to-maximum displacement 

ratio ΔPVC-s,residual. The former dictates whether pounding between the raft foundation and the sacrificial 

perimeter parapet wall would occur. Residual displacement is critical when assessing whether the building can 

be immediately operational after an earthquake event (including pre-shocks, the mainshock and aftershocks) 

or the utilities (such as water supply and drainage pipes, electricity connections) crossing the gap are damaged 

and need repair. Statistically, it is assumed that |δPVC-s,max| follows lognormal distribution and ΔPVC-s,residual 

follows the two-parameter Beta distribution (Walck, 2007).  

3 Numerical results 

3.1 Time history responses 

X- and y-axis time history responses of the PVC-s base-isolated school building subjected two earthquake 

ground motions, RSN1402 and RSN4850 (RSN: Record Sequence Number in the PEER NGA-West 2 

database (Ancheta et al., 2013)), are respectively given in Figure 4 and Figure 5. The ground motions are 

scaled so that the orientation-independent RotD100 component (Boore, 2006) of the two orthogonal horizontal 

components of the ground motion Sa,h(T1) equals to 2.2 g, twice the design-level ground motion intensity 

calculated for the case study school building. Structural responses are represented in these figures using time 

histories of storey one interstorey drift δstorey1(t), i.e., the red curves, whereas dynamic responses of the PVC-

s base-isolation system is reflected by time histories of PVC-s system sliding displacement δPVC-s(t), i.e., the 

black curves. The results are presented comparatively between two cases of mat foundation inclination angle 

θ, respectively, θ = 0 ° (the PVC-s base-isolation interface is perfectly level) and θ = 3 ° (the PVC-s base-

isolation interface has extreme inclination due to mismanaged construction). 

Under both ground motion excitations, the presence of unintended mat foundation inclination has resulted in 

increased foundation sliding displacements on the x-axis. During earthquakes, the sloping tends to increase 
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foundation sliding on the negative x-direction and prohibit those on the positive x-direction. Given the mat 

foundation inclination in addition to the known lack of any recentring capability for the PVC-s system, the 

maximum x-axis PVC-s sliding displacement changed from +0.051 m to -0.311 m for ground motion RSN1402 

and from -0.091 m to -0.350 m for ground motion RSN4850. This is in line with engineering intuition, 

considering that the unintended mat foundation inclination is implemented in the finite-element models 

assuming sloping down the negative x-axis only. Nevertheless, it is also noted that the dynamic responses of 

the superstructure, in terms of interstorey drift, is not necessarily reduced nor increased due to mat foundation 

inclination. For ground motion RSN1402, the x-axis maximum absolute interstorey drift increases from 0.96 % 

to 1.07 % when θ = 3 °, whereas for ground motion RSN4850 the response decreases from 2.38 % to 1.66 %. 

The moments at which interstorey drift maxima occur are found to be approximately the same, regardless of 

foundation inclination angle θ. 

On the other hand, it is noted that the y-axis responses of the PVC-s base-isolated school building are also 

strongly influenced by the assumed x-axis-only mat foundation inclination. Due to the inclination of PVC-s 

base-isolation interface within the x-z plane, variation of the force parallel to the PVC-s base-isolation interface 

in the x-z plane (i.e., the driving force of x-axis sliding) is dependent not only on the x-axis but the z-axis 

earthquake ground motion. In the same way, variation of normal contact force (i.e., the force governing the 

sliding threshold, on x- and y-axis) on the base-isolation interface is now also dependent on both the x- and z-

axis earthquake ground motions. While the mechanism occurs in the x-z plane, the resultant variation on sliding 

threshold influences both the x- and y-axis dynamic responses of the base-isolated school building. For 

earthquake ground motion RSN1402, the maximum of interstorey drift δstorey1(t) increased while the maximum 

of PVC-s sliding displacements δPVC-s(t) decreased. For ground motion RSN4850, the maximum of δstorey1(t) 

decreased while the maximum of δPVC-s(t) increased but occurred on the other direction. It is believed that the 

influences of the above phenomena on seismic demand of the superstructure and on sliding behaviour of the 

PVC-s system are of random nature. At certain moments, the sliding threshold of the PVC-s system may be 

increased to the point beyond which a sliding action that would have occurred is now prohibited or delayed, 

leading to an increased instantaneous seismic demand on the superstructure, and vice versa. 

 

Figure 4: X- and y-axis time history responses of storey one interstorey drift δstorey1 [%] and PVC-s sliding 

displacement δPVC-s [m] for ground motion RSN1402 at intensity of Sa,h(T1) = 2.2 g, given mat foundation 

inclination angles of θ = 0 ° or θ = 3 °. 
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Figure 5: X- and y-axis time history responses of storey one interstorey drift δstorey1 [%] and PVC-s sliding 

displacement δPVC-s [m] for ground motion RSN4850 at intensity of Sa,h(T1) = 2.2 g, given mat foundation 

inclination angles of θ = 0 ° or θ = 3 °. 

3.2 Effect of mat foundation inclination on interstorey drift responses  

The predicted dstorey1 are very similar between the four PVC-s base-isolated buildings, regardless of the 

variation in θ. This is quantitively reflected, in Table 1, by the ratio of dstorey1 values between one of the three 

non-zero θ cases and the case θ = 0, i.e., dstorey1,θ > 0 °/dstorey1,θ = 0 °. It is found that the effectiveness of the PVC-

s system is not necessarily improved or reduced for a ground motion given each Sa,h(T1)-θ combination. From 

a probabilistic point of view, the average and median values of dstorey1,θ > 0 °/dstorey1,θ = 0 ° under each Sa,h(T1)-θ 

combination all closely approximate unity, meaning that the effect of unintended PVC-s system mat foundation 

inclination is statistically negligible. 

 
Table 1: Ratio of storey one maximum interstorey drifts between cases with unintended PVC-s mat 

foundation inclination and the flat foundation case, dstorey1,θ > 0 °/dstorey1,θ = 0 ° [%]. Colour in each cell 

represents the effect of unintended mat foundation inclination: red indicates foundation inclination reduces 

system effectiveness, green indicates foundation inclination benefits system effectiveness, yellow indicates 

cases where dstorey1 > 10 % regardless of the foundation inclination angle θ. 

No. of 
GM 

 Sa,h(T1) = 1.1 g  Sa,h(T1) = 2.2 g Sa,h(T1) = 3.3 g  

PVC-s, θ 
= 1 ° 

PVC-s, θ 
= 2 ° 

PVC-s, θ 
= 3 ° 

PVC-s, θ 
= 1 ° 

PVC-s, θ 
= 2 ° 

PVC-s, θ 
= 3 ° 

PVC-s, θ 
= 1 ° 

PVC-s, θ 
= 2 ° 

PVC-s, θ 
= 3 ° 

1 117.0% 114.7% 120.2% 85.2% 102.6% 110.9% 92.5% 91.4% 88.2% 

2 97.5% 97.3% 95.5% 98.5% 99.0% 106.4% 93.7% 95.7% 102.6% 

3 97.1% 92.7% 91.1% 106.7% 103.4% 106.8% 112.7% 104.0% 99.9% 

4 101.8% 101.9% 110.1% 104.2% 102.8% 104.0% 96.7% 87.0% 104.9% 

5 105.1% 113.6% 121.4% 85.0% 80.4% 84.8% 111.3% 101.9% 102.5% 

6 101.9% 104.2% 108.9% 87.0% 91.1% 97.2% 101.9% 89.4% 100.8% 

7 104.4% 108.7% 110.9% 110.1% 104.3% 102.6% 78.9% 88.7% 89.8% 

8 99.4% 101.2% 94.2% 89.9% 88.8% 96.0% 93.9% 102.6% 106.1% 

9 102.9% 105.1% 101.1% 91.6% 97.5% 93.8% 107.9% 92.9% 102.9% 

10 105.4% 103.3% 104.8% 104.3% 106.1% 86.0% 107.0% 112.0% 94.0% 

11 97.3% 93.5% 95.5% 95.0% 101.3% 98.9% 97.4% 107.6% 106.0% 

12 101.1% 101.3% 99.2% 99.4% 96.4% 96.0% 101.4% 97.7% 97.8% 

13 94.6% 94.7% 93.9% 100.9% 105.7% 102.2% 92.2% 96.0% 92.7% 

14 97.7% 93.8% 89.0% 92.4% 102.3% 105.3% 107.1% 99.8% 97.0% 

15 94.7% 89.6% 84.6% 111.2% 131.5% 131.8% 83.2% 102.6% 98.5% 

16 100.7% 95.6% 90.4% 128.0% 110.9% 121.4% 102.5% 104.7% 103.9% 

17 97.0% 88.5% 93.9% 101.3% 117.0% 116.8% 110.5% 116.8% 126.5% 

18 99.1% 97.1% 96.0% 97.0% 104.9% 93.1% 107.6% 95.4% 99.0% 
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19 103.2% 104.9% 106.6% 100.9% 101.1% 90.2% 105.0% 97.5% 101.3% 

20 87.4% 100.3% 105.2% 102.7% 95.9% 75.1% 124.1% 112.8% 124.5% 

21 101.0% 102.4% 98.9% 97.7% 99.2% 92.5% 97.9% 99.2% 104.1% 

22 83.8% 93.4% 99.6% N/A N/A 53.2% N/A N/A N/A 

23 102.9% 103.5% 99.7% 101.5% 104.6% 102.0% 101.2% 102.6% 112.6% 

24 100.2% 97.7% 92.8% 103.5% 105.6% 102.9% 103.3% 104.2% 105.5% 

25 101.3% 101.9% 102.2% 109.6% 113.1% 114.3% 144.0% 149.3% 187.3% 

26 104.9% 107.5% 119.1% 101.5% 107.1% 109.5% N/A N/A N/A 

27 102.6% 93.5% 96.8% 88.8% 100.6% 94.0% 97.7% 88.3% 102.4% 

28 91.2% 113.9% 109.1% N/A N/A N/A N/A N/A N/A 

29 100.7% 103.6% 113.7% 96.8% 104.6% 96.4% 106.1% 94.6% 99.7% 

30 97.2% 101.1% 104.8% 104.9% 94.7% 107.9% N/A N/A N/A 

Average 99.7% 100.7% 101.6% 99.9% 102.4% 99.7% 102.6% 101.2% 105.0% 

Median 100.7% 101.2% 99.6% 100.5% 102.4% 101.0% 101.3% 100.0% 101.1% 

3.3 IDA curves 

Results are statistically summarised by comparative IDA curves (Figure 6 to Figure 9) in the range of ground 

motion intensities up to Sa,h(T1) = 3.3 g (the vertical red dotted curves in the figures mark one-, two-, and three-

time the design-level intensity). IDA curves are presented in terms of the four EDPs employed in this study, 

namely: the maximum storey one interstorey drift dstorey1, the drift reduction ratio Dstorey1, the maximum absolute 

PVC-s sliding displacement |δPVC-s,max|, and the PVC-s residual-to-maximum displacement ratio ΔPVC-s,residual. 

The IDA curves of dstorey1 (Figure 6) and Dstorey1 (Figure 7) are found to be effectively independent to the 

variation of θ within the examined range of 0 ° ≤ θ ≤ 3 °. Regardless of the variation on θ, the reduction on 

seismic demand provided by the PVC-s system is evident, both at and beyond the design-level ground motion 

intensity. As an example, at Sa,h(T1) = 3.3 g, the probability of likely structural collapse is statistically estimated 

at 56 % for the conventional school building (i.e., without seismic base-isolation) and reduced to only around 

27 % for its PVC-s base-isolated counterparts. It is also found that the effectiveness of the PVC-s base-

isolation system is at its highest (median value of interstorey drift reduction Dstorey1 ≈ 50 %) between 

approximately 1.2 to 2.0 times the design-level ground motion intensity for the case study school building. The 

value of Dstorey1 can be always kept above 40 % for ground motions up to three times the design-level intensity. 

When the ground motion intensity is weaker than the design-level, seismically induced forces are expected to 

be safely withstood by the superstructure itself regardless of the existence of a seismic base-isolation system. 

On the other hand, the presence of any unintended inclination on the PVC-s base-isolation interface strongly 

affects its sliding performance. It is found that the median value of |δPVC-s,max|, as well as the associated 

statistical dispersion, tends to increase monotonically with respect to ground motion intensity Sa,h(T1) (Figure 

8). The |δPVC-s,max| IDA curves also confirm that the reserved sliding gap of 0.35 m around the mat foundation 

is adequately realistic for PVC-s systems with no (θ = 0 °), moderate (θ = 1 °), or even significant (θ = 2 °) mat 

foundation inclinations. Under the circumstances of extreme mat foundation inclination (θ = 3 °), the median 

|δPVC-s,max| can be factored by 2.5 to that of the flat-ground case and the probability of pounding between the 

mat foundation and the non-structural perimeter parapet wall is relatively high, around 24 % at Sa,h(T1) = 2.2 g 

and around 40 % at Sa,h(T1) = 3.3 g. Nevertheless, the effect of parapet wall pounding on the seismic demand 

of the main structure is expected to be negligible. This is because the parapet wall is a light, sacrificial element, 

of which the resistance to pounding is designed to be minimal. 

When there is no mat foundation inclination (θ = 0 °), the PVC-s residual-to-maximum displacement ratio ΔPVC-

s,residual (Figure 9) is characterised by median value of around 75 % with high statistical dispersion. The high 

dispersion can be attributed to the fact that the motion of a flat sliding system is reminiscent to a random walk. 

On the other hand, with the inclusion of mat foundation inclination, the values of ΔPVC-s,residual tend to increase 

towards unity and the dispersion tends to reduce. At extreme mat foundation inclination (θ = 3 °), ΔPVC-s,residual 

is almost always approximately 100 % with very little dispersion at and beyond the design-level ground motion 

intensity. This indicates that the foundation inclination is significant such that almost all sliding actions of the 

PVC-s system happen at the downward direction of the slope, whereas upward sliding is mostly prohibited. 

The phenomenon is in agreement with intuition, considering the fact that the PVC-s base-isolated building on 

an inclined mat foundation can be well represented by Newmark’s analogy of sliding rigid block on frictional 

floor (Towhata, 2008), where the downward motion tends to be accumulated. This accumulation of downward 

motion can also be confirmed by the examples of x-axis sliding responses of the inclined PVC-s system as 

shown in Figure 4 and Figure 5. 
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Figure 6: IDA curves (16 %, 50 % and 84 % fractiles) of maximum interstorey drifts of storey one dstorey1 [%] 

for unintended mat foundation inclination angles θ from 0 ° to 3 °. 

 

Figure 7: IDA curves (16 %, 50 % and 84 % fractiles) of storey one drift reduction ratio Dstorey1 [%] for 

unintended mat foundation inclination angles θ from 0 ° to 3 °. 
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Figure 8: IDA curves (16 %, 50 % and 84 % fractiles) of maximum absolute PVC-s sliding displacement 

|δPVC-s,max| [m] for unintended mat foundation inclination angles θ from 0 ° to 3 °. 

 

Figure 9: IDA curves (16 %, 50 % and 84 % fractiles) of PVC-s residual-to-maximum displacement ratio 

ΔPVC-s,residual [%] for unintended mat foundation inclination angles θ from 0 ° to 3 °. 
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4 Conclusions 

The influence of a sloping seismic base-isolation interface, caused by unintended or mismanaged construction 

works, on the seismic performance of a typical Nepalese three-storey reinforced concrete school building 

protected by the low-tech, low-cost PVC ‘sand-wich’ (PVC-s) base-isolation system developed by the 

University of Bristol is investigated in this study. The effectiveness of the low-cost PVC-s base-isolation system 

is probabilistically verified for unintended mat foundation inclination angles up to 3 °. The following key 

observations are summarised: 

• Performance of the low-cost, low-tech PVC-s base-isolation system is considered robust to probable 

unintended mat foundation inclinations, i.e., mat foundation inclination angle θ ≤ 3 °. By means of 

probabilistic Incremental Dynamic Analysis (IDA), it is found that unintended foundation inclination due 

to mismanaged construction works does not necessarily reduce nor increase the seismic demand on 

the superstructure, thus presenting very minimal statistical impact to the effectiveness of the PVC-s 

system. 

• Displacement responses of the PVC-s system can be strongly affected by potential mat foundation 

inclination. Foundation sliding actions are more likely to occur on the downward direction, whereas 

upward sliding can be prohibited or delayed. As a result, the values of maximum PVC-s sliding 

displacement and its statistical dispersion tend to increase as the mat foundation inclination angle 

increases. The residual-to-maxima sliding displacement ratio also tends to get closer to unity. This issue 

cannot be self-mitigated by the PVC-s system since it is not designed to have recentring capabilities. 

Nevertheless, given the low-cost, low-tech nature of the PVC-s system, controlling sliding displacement 

is not regarded a primary concern in its typical usage scenario. 

• The dynamic properties of the PVC-s base-isolated school building is altered by the existence of 

unintended mat foundation inclination in two aspects. The first aspect is the alteration of the forces that, 

respectively, govern the normal contact force on the PVC-sand-PVC sliding interface and drive potential 

foundation sliding on the sloping direction (in the x-z plane). The second aspect is the alteration of PVC-

s system sliding threshold on all directions due not only to the vertical ground motion but also the 

horizontal acceleration aligning the sloping direction. The resultant dynamic interaction between 

responses parallel and perpendicular to the sloping direction is believed to be of random nature. 

The PVC-s system is an efficient and robust alternative to some of the more high-tech seismic base-isolation 

technologies, particularly in cases where the latter cannot be applied widely for economic reasons. This study 

addressed the key question of how the critical construction defect of mat foundation inclination may influence 

the effectiveness of the PVC-s base-isolation system and proved that the system can be safely implemented 

for actual design and construction.  
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