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This study presents a large-scale shaking table investigation aimed at the development of a dual, low-cost hybrid
design approach for the reduction of seismic damage in developing countries. The introduction of a novel seismic
isolation strategy, defined as ‘PVC sand-wich’ seismic isolation lies in the core of the proposed hybrid approach.
The latter relates to conventional, ‘good practice’ design (including steel wire mesh wall retrofit and connecting
ties) that permits strength-based resistance to lateral loads for intensity up to the design earthquake combined
with a sliding ‘fuse’ mechanism that is triggered once the above threshold is exceeded. A three times scaled-down
seismically isolated masonry model of a prototype structure located in Nepal is designed, constructed according
to the proposed design approach and tested to earthquake ground motion excitations on a 3 m x 3 m shaking
table. The efficiency of the proposed design approach is assessed through the experimental investigation of the
seismically isolated structure, while the seismic response of the corresponding unretrofitted masonry structure is
simulated numerically. The results demonstrate that the PVC sand-wich isolation mechanism can be a promising
alternative to more expensive damage mitigating solutions.

1. Introduction

The documented damage and casualties due to the destructive 2015
Gorkha earthquake [1] have highlighted the necessity for the design of
locally resourced, low-cost, yet efficient, engineering measures to miti-
gate seismic risk [2] in developing countries [3].

The seismic isolation of structures using frictional [4] or elastomeric
devices [5] has been well established in the last decades as an efficient
means to reduce seismic damage in developed countries [6-8] and
applied in a wide variety of structural systems [9-13] due to its ability to
protect the structure above a predetermined critical acceleration
threshold. Nonetheless, the financial resources required for the imple-
mentation of existing seismic isolation techniques are prohibitive in
developing countries.

Thus, a breadth of different low-cost seismic isolation systems based
on soil and recycled rubber have been proposed; Gazetas [14] and
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Anastasopoulos et al. [15] have introduced the concept of plastic
hinging within the foundation-soil system to promote a rocking form of
isolation, which was extended to liquefiable soils by Karatzia et al. [16]
and to limestone sand by Banovic et al. [17]. Recognizing the environ-
mental advantages due to the use of rubber recycled from car tyres,
Tsang et al. [18,19] and Mitoulis et al. [20] have explored the use of
soil-rubber mixtures for the design of low-cost seismic isolation. Tsiavos
et al. [21] have investigated experimentally the use of a sand-rubber
mixture for the development of a low-cost sliding seismic isolation
system, characterized by a friction coefficient y=0.4.

Evidently, a significantly lower value of friction coefficient y=0.2
has been observed during the experimental investigation of the rolling-
sliding motion of structures. The mechanisms of rolling friction have
been examined in detail by Amontons [22], Tabor [23] and Eldredge
and Tabor [24]. O’Rourke et al. [25] have demonstrated experimentally
that the presence of a rolling mechanism initiated between sand
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particles and a relatively soft polymer surface, such as PVC (PolyVinyl
Chloride), decreases the interference and interlocking between the sand
particles. Fang et al. [26], Dietz [27] and Lings and Dietz [28] have
presented the criteria according to which sand particles exhibit sliding
or rolling movement when they are sandwiched between two interfaces.
The experimentally observed rolling movement was found to be initi-
ated at a lower average friction coefficient, albeit associated with higher
friction fluctuations over time, compared to the sliding movement. A
more recent experimental investigation of the strength of polypropylene
against granular materials by de Leeuw et al. [29] aimed at the design of
offshore engineering projects has corroborated this favourable frictional
behavior between sand particles and polymer materials. Nevertheless,
this attractive sand-polymer behavior has not been utilized in the past
towards the design of a novel seismic isolation system.

The design of such a novel seismic isolation system necessitates the
determination of several design parameters, such as the frictional
strength of the sliding interface. However, the friction coefficient char-
acterizing the strength of a wide variety of existing seismic isolation
systems manifests a significant design variation range as shown by
Furinghetti et al. [30]. Moreover, the quality control in the field is linked
to several uncertainties related to the nature of the selected materials
and the insufficiency of advanced technical equipment in developing
countries, which does not allow for a project-specific testing of the static
and dynamic behavior of the seismic isolation system. Within this
context, a potential underestimation of the frictional strength of a
sliding seismic isolation system could significantly inhibit the activation
of sliding and the robustness of the proposed seismic isolation. The
reduced efficiency and activation of the isolation system could in turn
damage the seismically isolated structure. In the case of masonry
structures, which constitute an important percentage of new and exist-
ing structures in developing countries [1,2], this damage is commonly
related to out-of-plane-failure of unreinforced masonry walls. ElGawady
et al. [31], Shermi and Dubey [32] and Kouris and Triantafillou [33]
have proposed the use of welded wire mesh for the seismic retrofitting of
these structures against out-of-plane failure.

The aforementioned uncertainties related to the inaccurate estima-
tion and control of the properties of a low-cost seismic isolation system
for developing countries and the potential impact of this inaccurate
estimation on the seismic damage of structures necessitate the integra-
tion of several seismic protection mechanisms in a wider hybrid design
approach.

Along these lines, this study aims at synthesizing the benefits of three
independent seismic protection mechanisms in a hybrid design
approach for developing countries: The first mechanism comprises an
innovative seismic isolation system, which is defined as PVC ‘sand-wich’
(PVC-s) seismic isolation and is based on the presented attractive initi-
ation of sliding-rolling behavior of sand particles between two PVC
surfaces. This mechanism is designed to protect the structure from
earthquake ground motion intensities exceeding the friction coefficient
of the sliding interface. The second and third component of the approach
include the attachment of a steel wire mesh and steel ties on the surface
of the outer walls of the structure for their seismic protection against in-
plane and out-of-plane failure. These two mechanisms facilitate the
seismic protection of the structure for earthquake ground motion in-
tensities smaller than the friction coefficient of the sliding interface and
allow for a secondary seismic protection system in case of no activation
of the seismic isolation. The combined action of these mechanisms aims
to respond to the challenge of a robust and low-cost design strategy for
seismic damage mitigation in developing countries.

The efficiency and the beneficial role of the activation of the PVC-s
seismic isolation for a large-scale steel structure subjected to an
ensemble of earthquake ground motion excitations of varying frequency
characteristics has been experimentally demonstrated by Tsiavos et al.
[34]. However, the combined action of the three aforementioned
mechanisms for the protection of a masonry structure from seismic
damage has not been experimentally investigated in the past. The
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efficiency of the combination of the three mechanisms presented above
towards the protection of masonry structures from seismic damage is
evaluated in this study through the conduction of large-scale shaking
table tests at University of Bristol. A seismically isolated structure ret-
rofitted using all the seismic protection mechanisms of the hybrid design
approach is subjected to four different earthquake ground motion in-
tensities. A numerical simulation of the seismic response of an unre-
trofitted masonry structure in Nepal with the same geometry is
presented to determine the amount of seismic damage that would have
been prevented in the unretrofitted structure by the use of the seismic
protection mechanisms proposed in this study. This comparison aims to
highlight the efficiency of the low-cost hybrid design approach pre-
sented in this study towards the reduction of seismic damage in devel-
oping countries.

2. Low-cost hybrid design (LC-HD): concept and application to a
prototype structure

The prototype structure, presented in Fig. 1, is a typical one-storey
masonry school building located in Nepal. The horizontal dimensions
of this structure are 4 m x 6 m, while the height is 3 m. The thickness of
the masonry walls is 30 cm.

The prototype structure is seismically retrofitted using the novel
design approach proposed in this study, defined as Low-Cost Hybrid
Design (LC-HD). The three independent seismic protection mechanisms
of the design approach are illustrated in Fig. 1: The PVC ‘sand-wich’
seismic isolation, the steel wire mesh and the steel ties.

2.1. PVC ‘sand-wich’ seismic isolation

2.1.1. Mechanism and properties

The first seismic protection mechanism of the LC-HD design
approach comprises an innovative seismic isolation system, defined as
PVC ‘sand-wich’ seismic isolation. The PVC ‘sand-wich’ (PVC-s) seismic
isolation is based on the inclusion of a thin layer of sand grains between
two PVC surfaces. This configuration enables a sliding-rolling
displacement of the upper PVC surface relative to the bottom PVC sur-
face at a friction coefficient 4 = 0.2. This sliding-rolling motion between
the two surfaces creates a seismic energy dissipation mechanism, which
reduces substantially the acceleration response of the isolated structure
for earthquake ground motion intensities higher than 0.2g. This novel
seismic isolation system belongs to the family of Geotechnical Seismic
Isolation (GSI) systems as defined by Tsang and Pitilakis [19].

2.1.2. Application

The proposed construction process for the application of this seismic
isolation system to the prototype structure is the following: An excava-
tion at a depth of 20 cm and horizontal dimensions 100 cm wider than
the dimensions of the structure is performed first. This excavation fa-
cilitates the placement of a 15 cm thick hardcore layer allowing for the
formation of a flat, rigid base below the sliding surface of the structure
and a 5 cm thick sand layer. The hardcore layer that creates a rigid base
below the seismic isolation system can comprise the construction of an
unreinforced blinding layer. Therefore, the presented seismic isolation
system leads to a substantial decrease of reinforced concrete volume
compared to fixed-based conventional buildings, founded on large
reinforced concrete footings. Furthermore, the presented seismic isola-
tion system consists of only one reinforced concrete slab and an unre-
inforced blinding layer and facilitates a significant reduction of
reinforced concrete volume compared to the existing highly engineered
seismic isolation systems, requiring the construction of two reinforced
concrete slabs above and below the seismic isolation system. This rein-
forced concrete volume reduction compared to the existing fixed-based
and seismically isolated structures elucidates the resource efficiency of
the presented novel seismic isolation system.

A 20 cm thick and 30° inclined gravel layer is placed above the
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Fig. 1. Application of the Low-Cost Hybrid-Design (LC-HD) approach to a prototype structure located in Nepal.

surrounding soil and around the sand layer to function as a stopper in
the case of an unintended, excessive sliding motion of the structure. A
polythene membrane is placed around the sand layer, thus preventing
any material exchange between the layer and the surrounding soil. A
PVC sheet is founded on the 5 cm thick sand layer to create the bottom
surface of a ‘sand-wich’ configuration (Fig. 1). A thin layer of sand grains
is uniformly distributed above the bottom PVC sheet using a 2 mm sieve,
positioned at a height of 30 cm above the bottom PVC sheet. The upper
PVC layer is then placed above the deposited sand grains, thus creating
the upper surface of the ‘sand-wich’ configuration. A 20 cm thick con-
crete slab is casted on the upper 6 mm thick PVC surface, which remains
as a permanent formwork above the sand layer. After the concrete slab
hardens, the masonry structure can be constructed on the top of the slab.

2.2. Steel wire mesh

2.2.1. Mechanism and properties

The steel wire mesh is widely available at a low price and commonly
used in developing countries, such as Nepal [35]. Therefore, the use of
this mesh for seismic retrofitting of structures can create an efficient,
low-cost seismic protection mechanism, which can significantly increase
the resistance of unreinforced masonry walls to an out-of-plane failure
during a strong earthquake ground motion excitation [31-33].

2.2.2. Application

The recommended steel wire diameter for the application of the steel
mesh is 2 mm, while the recommended grid is 50mmx50mm. The mesh
is continuously attached to both sides of each wall of the structure, bent
on the top of the walls and bolted on the outer side of the concrete slab of
the structure. The fixation of the mesh on the inner side of the walls is
performed through its placement below an additional course of bricks,
positioned above the concrete slab. The masonry walls are plastered
after the attachment of the steel wire mesh.

2.3. Steel ties

2.3.1. Mechanism and properties

The steel ties comprise steel rebars that connect the opposite walls of
the structure, thus providing an additional lateral restraint against the
out-of-plane failure of masonry walls during an earthquake ground
motion excitation. They are locally available at a low cost in developing

countries.

2.3.2. Application

Steel tie-bars threaded at their ends, are installed through holes and
fixed on the facades of two opposite masonry walls of the prototype
structure after the attachment of the steel mesh. The diameter of the
steel ties that is recommended in this study is 6 mm.

2.4. Alternative configurations

2.4.1. Light roof

The construction of masonry structures with a light roof was exten-
sive in Nepal after the 2015 Gorkha earthquake due to the ease of its
application for Temporary Learning Centers (TLCs) enabling the
continuation of the school function after the earthquake. A more per-
manent use of the existing light roof system is proposed in this study as a
means of seismic mass and seismic demand reduction towards the pro-
tection of masonry structures from seismic damage.

2.4.2. High-strength mortar

The use of mortar with high-strength for the joints of the masonry
walls of the structure is highly recommended in this study. The pro-
duction of high-strength mortar can be implemented through the use of
ordinary Portland cement, which is available in Nepal, with a cement to
sand ratio of 1:4.

2.4.3. Strong corners

A well-constructed connection characterized by high interlocking
between the bricks at the corners of the walls of masonry structures is
recommended in this desigh approach. This construction technique is
beneficial for the increase of the capacity of the walls against out-of-
plane failure due to the activation of the shear resistance of the lateral
walls before the occurrence of out-of-plane failure.

3. Experimental setup
3.1. Description of the components of the investigated structural system
A three times scaled-down 2.3t masonry model of the prototype

structure is designed and constructed to facilitate the large-scale
experimental investigation of the Low-Cost Hybrid-Design approach.
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This experimental investigation is performed on the 3 m x 3 m, six-
degree-of-freedom shaking table of University of Bristol. The experi-
mental setup is presented in Fig. 2.

The length scale factor between the model and the prototype is 1/3.
The brick size and mortar joint thickness are maintained between the
model and the prototype structure: The 10cm x 6cm x 21.5 cm di-
mensions of the clay bricks and the 1 cm thick cement mortar joints used
for the construction of the masonry model are selected to represent the
brick dimensions and the mortar joint thickness that are commonly used
for the construction of masonry structures in Nepal. However, the design
of the model structure goes a step further and proposes the use of high-
strength cement mortar, which is widely available in Nepal. The use of
cement mortar with a cement to sand ratio value of 1:4 for the con-
struction of the model masonry structure has led to a compression
strength value of 6.6 MPa. This value, obtained through a compression
test of mortar prisms at University of Bristol is significantly higher than
the documented values of compression strength of 1.58 MPa for mud-
mortar joints, obtained from experimental testing of mortar samples
corresponding to low-strength Nepalese masonry structures [36]. Phaiju
and Pradhan [37] determined experimentally in Nepal the compression
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strength value for a cement mortar of the same cement to sand ratio with
the one used in this study (1:4) as 3.8 MPa. The cement-based high--
strength mortar chosen in this experimental investigation can be applied
on the site of the structure with appropriate guidance. However, the
proposed LC-HD approach does not require the implementation of a
specific model construction, but a mechanism of sliding beyond a spe-
cific earthquake ground motion intensity that is not dependent on the
strength of the structure. Within this frame, the high strength of the
structure investigated in this study is selected to demonstrate the high
performance of a well-built structure, but most importantly to elucidate
the beneficial role of the PVC ‘sand-wich’ seismic isolation.

The constructed masonry test structure characterized by the above
described mechanical and geometrical properties was based on a 20 cm
thick reinforced concrete base slab. The latter was resting on the PVC
‘sand-wich’ configuration, consisting of one upper 2 m x 1.3 m, 6 mm
thick PVC sheet, an enclosed thin sand film and two bottom 2 m x 1.3 m,
6 mm thick PVC sheets, positioned symmetrically along the centroid of
the bottom slab. The properties of the sand used in this study are sum-
marized in Table 1. The amount of sand encapsulated between the two
PVC sheets corresponds to a sand surface density of 750 g/m? with
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Table 1

Properties of the Leighton Buzzard 14-25 sand used in this study.
Specific Void Void Mean size Cy= Cg= D3/
gravity ratio emqx ratio emin Dsp [mm] Dgo/D1o DgoD1o
GS
2.65 0.84 0.53 0.883 1.439 0.996

respect to the projection area of the upper PVC surface on the bottom
PVC surface. This sand surface density value was experimentally opti-
mized [34] to yield a friction coefficient y between the PVC sheets and
the sandwiched sand equal to the design acceleration (in g) of the pro-
totype structure in Nepal. The experimentally investigated seismically
isolated structural system is founded on a 3 m x 3 m, 5 cm thick sand
layer of the properties shown in Table 1 that was confined within a
confinement box as shown in Fig. 2. The sand was deposited with
zero-height drop, leading to a measured density of 1580 kg/m>. The
sand layer is laterally enclosed by four C-shaped steel girders, which are
fixed on the sides of the shaking table. A polythene membrane was
placed between the girders and the sand layer (Fig. 2 [34]) to impede
potential leakage of sand during the experimental investigation. The
membrane was glued to timber sheets attached to the shaking table
(Fig. 2 [34]) to prevent any unintentional sliding between the polythene
surface and the shaking table.

The construction of the test-structure is illustrated in Fig. 3. The first
step is building the walls using high-strength mortar and strong corners
with high interlocking between the bricks (Fig. 3b). The second step is
the attachment of the steel wire mesh. The 50mmx50mm steel wire
mesh is attached to each of the walls of the constructed structure.
Timber beams are bolted on the top course of the masonry walls to allow
the placement of the roof of the structure. The steel mesh is bent above
these timber beams on the top of the walls, thus enabling a continuous
attachment on both sides of each wall and bolted on the surface of the
concrete slab below each wall on both sides (Fig. 3d). After the fixation
of the steel mesh on the four walls, the walls are plastered using a
gypsum layer (Fig. 3e), thus following the current practice for masonry
walls in Nepal and creating the maximum cohesion between the steel
mesh and the masonry walls.

The third step of the application of the LC-HD approach is the
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placement of four steel ties with a diameter of 6 mm through the con-
structed timber beams. The steel ties are fixed using bolts attached to the
timber beams as shown in Fig. 3f. The placement of a simplified light
timber roof on the top of the masonry walls is the last step of the
application of the LC-HD approach before the positioning of the con-
structed structure, shown in Fig. 4. The use of a timber roof was chosen
in these tests due to its easy transportability to and from the shaking
table. However, the proposed design approach recommends the use of a
light steel roof, which is already commonly used in Nepal.

3.2. Instrumentation

The acceleration and displacement response of the structure to the
earthquake ground motion induced by the shaking table is measured
through a dense grid of 27 uniaxial accelerometers and 100 displace-
ment sensors, shown in Fig. 5. The three-dimensional motion of the
displacement sensors (sensor size: 13.568 mm x 13.680 mm) is tracked
by three infrared displacement cameras at a resolution of 0.1 mm. The
synchronisation between the acceleration and displacement tracking
systems enabled the accurate quantification of the response of the
structure during the applied ground motion excitation.

3.3. Dimensional analysis

The dimensional analysis performed in this study facilitates the
preservation of the similitude between the behavior of the experimen-
tally investigated model and the prototype structure. Three dimen-
sionless ratios I1j, I1y and I3 were determined in this study as the
fundamental parameters that govern this similitude: The ratio I1; = ug/
ag (u being the static friction coefficient, a, is the peak ground acceler-
ation of the ground motion excitation and g the acceleration of gravity)
quantifies the acceleration required for the initiation of the rolling-
sliding behavior of the interface (ug) with respect to a, Special
emphasis is given in the design of the model structure on the mainte-
nance of the same vertical stress for the foundation ¢/, = 9 kPa with
respect to the prototype structure. The equivalent vertical stress condi-
tions between the foundation stress on the model and the prototype
structure facilitate the preservation of the frictional characteristics of the
rolling-sliding interface, expressed through the friction coefficient u

.

Fig. 3. Application of the Low-Cost Hybrid-Design (LC-HD) approach to the model structure.



A. Tsiavos et al.

Soil Dynamics and Earthquake Engineering 146 (2021) 106675

Fig. 4. Constructed experimental setup.

[28]. Hence, the ratio I1; is maintained between the two structures for
ground motion excitations of the same a,. The ratio ITy = T,/T; repre-
sents the relation between the flexible-base period T, of the structure
over the predominant period of the excitation Tg, defined as the period
where the 5% velocity spectrum attains its maximum [38]. The model
structure was designed to have a fixed-base vibration period Ty = 0.1s,
equal with the corresponding value of the prototype structure. A
white-noise test with amplitude A = 0.05g and vibration frequency
range f = 0-100Hz is performed for the determination of the
flexible-base vibration period T, of the structural system. The experi-
mentally estimated value was Ty = Ty, = 0.1s, showing no occurrence of
soil-structure interaction due to the low thickness of 5 cm of the sand
layer below the bottom PVC surface, which is not adequate to elongate
the vibration period of the structure. The desirable similarity between
these periods and the design fixed-base period of the prototype structure
leads to the preservation of the ratio Il between the model and the
prototype structure for ground motion excitations of the same frequency
content. The ratio [13 = t/h is the ratio of the thickness t of the masonry
walls compared to their height h. This ratio has been determined as a
fundamental parameter that influences significantly the out-of-plane
behavior of masonry walls during earthquake ground motion excita-
tion. The design of the 100 cm tall walls of the model structure with a
thickness of 10 cm leads to a ratio I13 = t/h = 10cm/100 cm = 0.1. The
corresponding value of this ratio for the prototype structure, designed
with 30 cm thick, 300 cm tall masonry walls is [13 = t/h = 30cm/300 cm
= 0.1, thus maintaining the similitude between the masonry model and
the prototype structure. The aforementioned variables, dimensionless
ratios and scale factors used in the dimensional analysis are summarized
in Table 2.

3.4. Testing protocol

Four different earthquake ground motion intesities are used for the
experimental investigation of the dynamic response of the structure
presented in Fig. 2. The Chi-Chi 1999 recorded ground motion excita-
tion, obtained from the PEER ground motion database [39] was scaled to
four different peak ground acceleration levels ag: 0.2g, 0.4g, 0.6g and
0.8g, as shown in Table 3. The selected ground motion record corre-
sponds to a near-field motion with a pulse period T, = 1.3s. The accel-
eration response spectrum for a; = 0.4g and the Fourier spectrum of the
motion are shown in Fig. 6. The upper bound level of the scale factor has
been selected to represent ground motion intensities that exceed the
design hazard level in developing countries of high seismic hazard, such

as Nepal, which corresponds to an intensity a; = 0.4g. A further increase
of the ground motion intensity was not performed due to its expected
low probability of occurrence. The model was excited in the Y-Direction
of the experimental setup shown in Fig. 2.

4. Experimental investigation of the seismically isolated
structure

The model structure was subjected to four different earthquake
ground motion intensities shown in Table 3. The efficiency of the pro-
posed PVC ‘sand-wich’ seismic isolation system as a core element of the
proposed LC-HD approach is illustrated through the demonstration of
the seismic response of the structure for three earthquake intensity
levels.

The acceleration response on the top of the structure (mean value
obtained by the accelerometers M1, M2 at the top of the structure shown
in Fig. 5) subjected to the scaled Chi-Chi 1999 ground motion excitation
with ag = 0.4g is shown in Fig. 7.

The desirable capping of the acceleration response due to the rolling-
sliding response of the upper PVC layer against the bottom layer man-
ifested itself at an acceleration level of 0.2g, as shown in the response of
the structure during sliding (Fig. 7b). This seismic intensity level did not
cause any damage to the structure designed using the proposed LC-HD
approach as anticipated given the activated mechanism of sliding. The
maximum sliding displacement of the structure (relative to the motion of
the table) corresponding to this response was measured 9 cm, while the
residual displacement was 6 cm (Fig. 8).

The initiation of sliding at an acceleration level of 0.2g was consis-
tently observed during the excitation of the structure by the scaled Chi-
Chi 1999 ground motion excitation with a; = 0.6g shown in Fig. 9.
Interestingly, a different acceleration pulse has become critical for the
sliding response of the structure subjected to this excitation, triggering a
displacement of the structure on the opposite direction (Figs. 9b and
10b). As shown in Fig. 10, the maximum relative displacement attrib-
uted to this response is 16 cm and the corresponding residual value is 4
cm.

The response of the test structure due to its excitation by the stron-
gest scaled Chi-Chi 1999 earthquake ground motion presented in this
study with a; = 0.8g is shown in Fig. 11. The structure exhibits a
repeatable rolling-sliding motion in both directions for successive pulses
in this case (Fig. 11b), corresponding to the systematically observed
acceleration cap of 0.2g in both directions (+/— Y). This potentially
disastrous ground motion has not triggered any observed damage to the
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Table 2
Variables and scale factors used in dimensional analysis.
Variables Scale Variables Scale Dimensionless Scale
factors factors ratios factors
Length L 1/3 Acceleration 1 I = pg/ag 1
a
Time t 1 Vertical stress 1 My =Ty/T, 1
OJV
Vibration 1 Friction 1 I3 =t/h 1
period T coefficient y
T

structure due to the activation of the PVC ‘sand-wich’ seismic isolation
and the combined contribution of the seismic protection mechanisms,
inherent in the LC-HD approach. As expected, this strong ground motion
excitation led to the highest sliding displacement demand in the struc-
ture, reaching a maximum value of 24 cm and a residual value of 15 cm,

Table 3
Testing protocol of recorded earthquake ground motion intensities used in this
study (PEER NGA Database, 2018 [39]).

No. Date Earthquake M, R Component  Scaled
and Site (km) a, (8)
1 September Chi-Chi, 7.6  2.69 CHYO080-E 0.2
21, 1999 CHY080
2 September Chi-Chi, 7.6 269 CHY080-E 0.4
21,1999 CHY080
3 September Chi-Chi, 7.6  2.69 CHYO080-E 0.6
21, 1999 CHY080
4 September Chi-Chi, 7.6 269 CHY080-E 0.8
21, 1999 CHY080

shown in Fig. 12. This significant sliding displacement demand of
structures subjected to long-period ground motion excitation due to the
pseudo-static action of the long-period seismic loading has been pre-
sented by Tsiavos et al. [40-42], Tsiavos and Stojadinovic [43] and
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Fig. 6. (a) Acceleration response spectrum and (b) Fourier spectrum of the scaled Chi-Chi 1999 ground motion.
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Fig. 7. (a) Full and (b) enlarged acceleration time history response at the top of the masonry structure (mean value obtained by the accelerometers M1, M2 at the top
of the structure shown in Fig. 5) due to the applied Chi-Chi 1999 recorded ground motion excitation with a; = 0.4g.
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Fig. 8. (a) Full and (b) enlarged rolling-sliding displacement time history response of the structure (relative to the motion of the shaking table) due to the applied
Chi-Chi 1999 recorded ground motion excitation with a; = 0.4g.

Yaghmaei-Sabegh et al. [44]. towards the reduction of the seismic acceleration demand in the su-
perstructure has been elucidated in the experimental investigation of the

5. Numerical investigation of the unretrofitted, fixed-based behavior of the seismically isolated masonry structure. However, the
structure high strength of the experimentally investigated superstructure cannot
lead to a direct assessment of the prevention of the potential seismic

The consistent, beneficial behavior of the proposed LC-HD approach damage of a standard unreinforced masonry structure through the use of
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Fig. 9. (a) Full and (b) enlarged acceleration time history response on the top of the masonry structure (mean value obtained by the accelerometers M1, M2 at the top
of the structure shown in Fig. 5) due to the applied Chi-Chi 1999 recorded ground motion excitation with a; = 0.6g.
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Fig. 10. (a) Full and (b) enlarged rolling-sliding displacement time history response of the structure (relative to the motion of the shaking table) due to the applied

Chi-Chi 1999 recorded ground motion excitation with a; = 0.6g.
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Fig. 11. (a) Full and (b) enlarged acceleration time history response on the top of the masonry structure (mean value obtained by the accelerometers M1, M2 at the
top of the structure shown in Fig. 5) due to the applied Chi-Chi 1999 recorded ground motion excitation with a, = 0.8g.

the presented design approach. Hence, a numerical model of the unre-
inforced, fixed-based masonry structure (URM) of the same dimensions
with the experimentally tested structure (Fig. 13b) is developed in this
study using the Finite Element Modelling (FEM) software Kratos

Multiphysics [45,46]. The application of the load to the fixed-based
structure, shown in Fig. 13b, includes an incrementally increasing
static horizontal load acting at 2/3 of the height of the wall through a
stiff plate, representing the acting point of an equivalent seismic force.
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Chi-Chi 1999 recorded ground motion excitation with a; = 0.8g.

Experimental Setup-Masonry Structure retrofitted using LC-HD
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Fig. 13. (a) Layout of the experimental setup of the retrofitted masonry structure and (b) numerical model of the unretrofitted, fixed-based masonry structure

(Dimensions in mm).

This numerical extrapolation is performed to show if the sliding mech-
anism alone would have prevented damage of an actual URM structure
or a combination of the sliding mechanism with the retrofitting mea-
sures proposed in LC-HD approach is required for the protection of the
URM structure from seismic damage.

The numerical model of the fixed-based structure, shown in Figs. 13b
and 14a, is based on the FE discretization of bricks with continuum
nonlinear elements and mortar with interface nonlinear elements
(Fig. 14b [45]). The FE mesh size used for this numerical model was 3
cm. The model is founded on the multisurface plasticity approach,
defining three failure surfaces for shear, tension and compression

10

(Fig. 14c [45]). The tensile and compression stress-strain material laws
that govern the inelastic behavior of the discretized elements are pre-
sented in Fig. 14d and e, respectively [45]. The hardening and softening
ranges of the compressive behavior are defined by three quadratic Bézier
curves, whose form and shape are determined by the control
stress-strain points (c-¢), presented in Fig. 14e.

5.1. Calibration of masonry model

The numerical model simulates the seismic response of an unrein-
forced prototype masonry structure that is constructed with the
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Fig. 14. (a) FE numerical model of the structure, (b) Discretization scheme (reprinted from Ref. [45]), (c) Tensile stress-strain behavior (reprinted from Ref. [45])

and (d) Compressive stress-strain behavior (reprinted from Ref. [45]).

following means and strength: mud-mortar, low construction quality
and no attachment of steel ties, thus representing a weak interconnec-
tion between the walls as presented by Al Shawa et al. [47]. This
low-strength mortar has been used in Nepal for the construction of the
majority of the existing masonry structures in the past decades and is
considered as a major source of the observed damage of these structures
during the 2015 Gorkha earthquake [1,48]. The compression strength of
mud mortar has been investigated through the conduction of numerous
compression tests in Nepal. Indicative results from these compression
tests conducted by Maskey et al. [36] are shown in Table 4. However,
there is still a lack of experimental results and large amount of uncer-
tainty on the value of the mortar tensile strength and the corresponding
fracture energy, which are significant for the quantification of the
out-of-plane behavior of masonry walls. A numerical model is always
affected by model and aleatory uncertainties that influence the struc-
tural performance of structures [49,50]. Therefore, the numerical model
presented in this study was calibrated based on the results obtained
during the shear compression tests of 70cmx35cm, 70 cm tall wallets
performed by Maskey et al. [36] in Nepal. The experimental setup
applied in these tests and the design plans are shown in Fig. 15a,
Fig. 15b, while the numerical model of the wallet using Kratos is illus-
trated in Fig. 15c.

The numerically simulated deformed shape of the wallet for a top
horizontal displacement of 1.5 mm and the experimentally derived
pushover force-displacement curve obtained during the static Pushover
excitation of the wallet [36] for an applied vertical load of 1ton (vertical
stress = 0.04 MPa) are presented in Figs. 15d and 16, respectively. The
material parameters shown on Table 4 have been calibrated to match the
experimentally derived pushover force-displacement curve. As shown in
Fig. 16, the experimentally derived results are in very good agreement
with the numerically reproduced static pushover response of the struc-
ture. Therefore, the material parameters presented on Table 4 have been
chosen for the simulation of the static response of the presented nu-
merical model of the unretrofitted masonry structure (Figs. 13b and 14a)
to an incrementally applied static horizontal force.

Table 4
Material parameters of the numerical model.

5.2. Static pushover analysis of the model structure

The conduction of the static pushover analysis of the calibrated nu-
merical model aims to elucidate what would be the seismic response of a
fixed-based, unreinforced masonry structure (Fig. 13b) subjected to
different levels of seismic hazard without the implementation of the
proposed LC-HD approach. In this context, the numerical determination
of the earthquake intensity that would trigger an out-of-plane failure of
masonry walls as one of the most common failure mechanisms observed
in 2015 Gorkha earthquake (Fig. 17) is of utmost importance.

A Newton-Raphson iteration scheme with a residual-based conver-
gence criterion is used for the analysis. The numerically derived push-
over force-displacement response of the unretrofitted fixed-based
structure (Figs. 13b and 14a) and its bilinear idealization based on the
principle of equal energy are demonstrated in Fig. 18. Three different
damage states DS1, DS2 and DS3 have been identified to reflect the
evolution of seismic damage in the structure for different top horizontal
displacement levels: DS1 is quantified by the exceedance of 70% of the
yield displacement (0.75, = 0.001 m) in the bilinear curve and manifests
itself by the local exceedance of the tensile strength of the mud mortar
between the walls, indicating initiation of cracking at the interface of the
walls and deviation from the elastic stiffness of the model structure. DS2
is quantified by the displacement § = 0.0038 m corresponding to the
maximum strength of the masonry structure characterizing the
debonding of the facade wall from the transverse walls and the out-of-
plane strength of the wall. DS3 is determined by the ultimate displace-
ment capacity of the structure (§, = 0.0158 m) and manifests itself by
the collapse of the facade wall after its complete separation from the
transverse walls.

The transformation of the presented pushover force-displacement
curves to a capacity S;-Sq acceleration-displacement spectrum of an
equivalent SDOF system (ESDOF) facilitates the evaluation of the
seismic performance of the structure for different earthquake intensity
levels. The aforementioned transformation has been performed using
the modification factors presented by Giordano et al. [48] and Doherty
et al. [51]. The proposed formulation shown in Eq. (1) and (2) is based
on the discretization of the wall in a predetermined number of elements
n with mass m; and displacement §;.

Compression strength f . Tensile strength f % Elasticity modulus E Poisson Fracture Energy-compression  Fracture Energy-tension  Density (kg/
(MPa) (MPa) (MPa) ratio v (N/mm) (N/mm) m?)
brick 11.03 2 3874 0.11 80 0.016 1768
mortar  1.58 0.02 794 0.25 6 0.08 1705

11
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Fig. 15. (a) Experimental setup in Nepal reprinted from Ref. [36], (b) Design plans of the setup (Dimensions in mm), (c) Numerical simulation of the setup using
Kratos Multiphysics and (d) Deformed shape of the wallet due to the applied loading for a top horizontal displacement of 1.5 mm.
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The Chi-Chi 1999 ground motion transformed to a S;-Sgq spectrum
(Fig. 19) is chosen to represent the seismic acceleration demand during a
hypothetical excitation of the fixed-based, unretrofitted model structure
at two different intensity levels of the Chi-Chi 1999 ground motion
excitation shown on Table 3: a; = 0.4g and a, = 0.6g.

The N2 [52] performance-based seismic design and evaluation pro-
cedure is followed for the intersection of the idealized capacity pushover
curve of the ESDOF system with the corresponding demand spectrum for
the determination of the seismic performance of the structure at
different intensity levels. The identification of this intersection, defining
the performance point of the ESDOF structure for a seismic intensity of a
PGA ag = 0.4g is shown in Fig. 20.

As presented in Fig. 20, the demand spectrum intersects the idealized
capacity curve of the ESDOF system at a displacement Sy = 0.84 mm (Eq.
(3)), reaching 90% of the yield displacement of the system. This
displacement of the ESDOF system corresponds to a top displacement of
1.26 mm in the model structure (Eq. (2) and (4)), corresponding to the
Damage State 1 (DS1) according to Fig. 18. Therefore, the Chi-Chi 1999

Fig. 16. Calibration of the numerical model based on experimental data.
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Fig. 20. Intersection of capacity-demand spectra using the N2 method for a PGA a, = 0.4g.

ground motion excitation of the fixed-base, unreinforced model struc-
ture with a a; = 0.4g can lead to the initiation of cracking on the walls of
the masonry structure (DS1).

Sapca=0.4g) = 0.84mm 3
3
A(pGa=0.4g) = (E) Sa(Pca=o.4g) = 1.26mm 4

The efficiency of the proposed seismic isolation system presented in
this study on the capping of the maximum acceleration response at a
level of 0.2g is illustrated on Fig. 20, thus showing the beneficial effect of
the system on the reduction of seismic damage compared to the response
of the fixed-based, unretrofitted structure.

The seismic performance of the fixed-based, unretrofitted model
structure, subjected to the Chi-Chi 1999 ground motion corresponding
to ag = 0.6g is elucidated in Fig. 21.

As presented in the figure above, the strength of the ESDOF system is
lower than the seismic demand in this case, thus inducing the inelastic
response of the structure. This inelastic behavior, characterized by a
reduction factor R, = 1.41 leads to an ESDOF displacement of 3.76 mm
(Eq. (5)), which corresponds to a top displacement of 4.22 mm on the
model masonry structure. Evidently, this top displacement demand
would lead to a severe damage of the structure for the a; = 0.6g, as
shown in Fig. 18. The capping of the maximum acceleration of the
structure at 0.2g using the PVC-s seismic isolation, leading to a pre-
vention of the damage of the structure compared to the fixed-base case,
is shown on Fig. 21.

0.008 0.01 0.012 0.014
Sde T. 1.31mm 0.69s
Sutpea=0.6) :Ri (1 + (R, — UF) T (1 +(141-1) 15) =3.76mm
y . .
)
3
A(pea—0.65) = <5> Sa(pca=0.6g) =4.22mm (6)

6. Conclusions

This study presents the design, the application and the large-scale
experimental investigation of a low-cost hybrid design approach (LC-
HD) for seismic damage mitigation in developing countries. The design
of an innovative seismic isolation strategy, defined as PVC-‘sand-wich’
(PVC-s) seismic isolation lies in the core of the proposed LC-HD
approach. This seismic isolation strategy is based on the inclusion
(‘sand-wiching’) of a predetermined amount of sand grains between two
PVC surfaces. This inclusion triggers a consistently observed rolling-
sliding behavior of the structure founded on this PVC-s configuration,
when subjected to earthquake ground motion excitation of intensity
greater than 0.2g. However, the design approach proposed in this study
is of a hybrid nature: The engineering of additional low-cost retrofitting
measures aims at protecting the structure for earthquake intensities
lower than the aforementioned sliding acceleration threshold of 0.2g.
These measures include the attachment of a steel mesh and steel ties on
masonry structures and additionally recommended good construction
practices such as the placement of a light roof, the use of high-strength

2
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—Pushover curve
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9 1.4 - * Intersection
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Fig. 21. Intersection of capacity-demand spectra using the N2 method for a PGA a, = 0.6g.
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mortar and the design of well-interconnected corners between the ma-
sonry walls.

The efficiency of the presented hybrid design approach consisting of
the combination of the PVC-s seismic isolation and the aforementioned
retrofitting measures has been experimentally tested in this study. A
three-times scaled down model of a masonry structure, designed using
the LC-HD approach has been subjected to four different amplitudes of
earthquake ground motion excitation. The initiation of significant
rolling-sliding behavior at a desirably low friction coefficient of 0.2 was
observed for ground motion intensity levels exceeding the amplitude
threshold of 0.2g. The combined effect of the capping of the maximum
acceleration response of the structure through the proposed seismic
isolation and the additional retrofitting measures has led to no mani-
festation of seismic damage and complete seismic protection of the
structure even for ground motion excitations, exceeding the intensity
level of 0.8g.

The illustration of the seismic damage on the corresponding unre-
trofitted, fixed-based masonry structure subjected to the same earth-
quake intensity levels with the undamaged isolated structure has been
performed through a FEM numerical investigation. The numerical
model simulates the seismic response of an unretrofitted structure con-
structed with low-strength mortar joints and weak interconnection be-
tween the walls at the corners. A static horizontal load has been
incrementally applied on the structure to determine its pushover force-
displacement response. Three different damage states have been defined
to illustrate the seismic performance of the structure at different top
displacement levels. The results of this simulation indicate initiation of
cracking on the unretrofitted model structure at a seismic intensity a; =
0.4g and severe damage of the structure at a seismic intensity a; = 0.6g.

The comparison of the response of the unretrofitted, fixed-base
structure with the response of the same seismically isolated structure
designed with the LC-HD approach yields initial evidence on the benefits
of this design approach towards the low-cost protection of structures
from seismic damage. The activation of the PVC-s seismic isolation at ag
= 0.2g has been observed through the experimental investigation pre-
sented in this study, indicating a potential seismic protection of struc-
tures from damage at ground motion excitations above this intensity
level. Within this context, the numerically illustrated damage of the
unretrofitted, fixed-based structure, initiated at a; = 0.4g is experi-
mentally not observed due to the activation of the PVC-s seismic isola-
tion system. However, the proposed LC-HD approach entails the use of
an ensemble of seismic protection mechanisms (steel wire, steel mesh)
and utilization of good construction practices (high strength mortar,
strong corners), which can protect the structure from seismic damage,
even for the unintended scenario of no activation of the PVC-s seismic
isolation system.

The experimental investigation of the seismic behavior of the pre-
sented masonry structure for varying intensities was conducted through
the scaling of one earthquake ground motion record. Therefore, the in-
fluence of the variation of the ground motion frequency characteristics
on the dynamic response of the masonry structure is not addressed in
this study. Within this frame, the findings presented in this study can be
generalized though the experimental investigation of the response of a
seismically isolated masonry structure and the corresponding fixed-
based structure to a wide range of earthquake ground motion records.
Furthermore, the experimentally investigated masonry structure is an
one-storey system with a limited number of degrees of freedom. Hence,
the consideration of a structure of more degrees of freedom by future
experimental studies would extend substantially the application range of
the obtained results to more types of structures. The selection of the
properties of the PVC and sand towards the optimization of the frictional
and sliding behavior of the PVC-sand interface according to the type of
the seismically isolated structure could also be addressed by future
studies to provide a selection protocol that further improves the
attractive frictional characteristics of the PVC-s seismic isolation. The
earthquake ground motion excitation of an unreinforced masonry
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structure of low strength subjected to a wide ground motion ensemble is
scheduled to be performed using the shaking table of University of
Bristol, thus further increasing the impact of the proposed LC-HD design
approach.
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