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SUMMARY: This paper presents a numerical model for the dynamic analysis of planar
structures with seismic base isolation using a layer of stone pebbles. Following a brief
presentation of the previously developed numerical model for structural analysis, the
developed constitutive model for the stone pebble layer and the constitutive model for
simulating the foundation-isolation layer coupling surface are presented. The model is based
on a relatively small number of parameters, some of which were determined experimentally.
The numerical model was verified by simulating the performed shake-table tests of simple
structural models based on an aseismic layer of stone pebbles, and good agreement between
the experimental and numerical results was observed. Finally, further verification and
improvement of the presented constitutive models are outlined.
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1 Introduction

An earthquake is one of the deadliest natural disasters and many countries are located in
earthquake-prone regions. Developing countries are more vulnerable to this hazard because
people live in areas with high risk of natural disasters (unsafe urban areas). Further, the poor
construction of buildings makes them prone to damage in the event of a disaster [Zorn, 2017].
In particular, approximately 60,000 people are killed annually in earthquakes worldwide,
with approximately 90% of the deaths occurring in developing countries [OECD, 2008]. For
the last 60 years, the application of seismic isolation for earthquake hazard mitigation has
been intensively investigated. Various types of base isolators such as elastomeric bearings,
lead rubber bearings, rubber bearings, friction pendulum bearings, and dampers [Kelly, 1996]
[Naeim and Kelly, 1999] [Lomiento et al., 2013] [Calvi et al., 2016] [Avossa and Pianese,
2017] [Castaldo and Ripani, 2017] [Petrone et al., 2017] [De Domenico, 2019] have been
investigated in detail, and have begun to be used regularly in developed countries. In
addition, innovative energy dissipation devices based on lattice metamaterials have been
proposed [Amendola et al., 2016a] [Amendola et al., 2016b] [Fabbrocino et al., 2016] [Titirla
et al., 2017] [Fraternali et al., 2018]. Owing to conventional base isolator limitations
(significant installation cost, highly engineered product, and maintenance during use), their
application is limited in low-income regions [Tsiavos et al., 2019a]. Therefore, an alternative,
simple, low-cost, environmentally friendly, and efficient system for low-income regions is
needed [Banovic¢ et al. 2020a]. One such solution is a seismic base isolation with a unique,
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engineered layer below the building foundation for seismic hazard mitigation, known as the
geotechnical seismic isolation (GSI) system [Tsang, 2008]. This solution is particularly
relevant for developing countries due to its viability and simplicity, with an acceptable
reduction of seismic forces on the structure. Some important studies dealing with low-cost
seismic isolation are briefly presented below.

The performance of sand and gravel layers for seismic base isolation was tested using shake-
table experiments [Teherani and Hasani, 1996] [Anastasopoulos et al., 20123]
[Anastasopoulos et al., 2012b] [Radni¢ et. al., 2015] [Patil et al., 2016] [Banovi¢ et al., 2018a]
and numerical studies [Zhao et al., 2016]. More recently, Tsiavos et al. [2020a] conducted a
large-scale experimental study exploring the beneficial effect of the encapsulation of sand
grains between two PVC surfaces on the initiation of sliding and the dissipation of seismic
energy between the surfaces. Furthermore, a gravel cushion below a high-rise bridge pier was
applied [Pecker et al., 2001] [Pecker et al., 2003] [Steenfelt et al., 2015], with adopted
rocking motion as a seismic hazard mitigation technique [Sorrentino et al., 2006] [Sorrentino
et al., 2008] [Makris, 2014] [Makris, 2018] [Chung et al., 2019] [Chen et al., 2020].

Tsang [2008] conducted a numerical study on the use of a rubber-soil mixture (RSM) as a
low-cost base isolation system, and named it the GSI system. Following this work, numerous
researchers have examined the behavior and performance of RSM through several numerical
studies [Tsang, 2009] [Mavronicola et al., 2010] [Tsang et al., 2012] [Panjamani et al., 2015]
[Bandyopadhyay et al., 2015] [Pitilakis et al., 2015] [Brunet et al., 2016] [Forcellini, 2017]
[Tsiavos et al., 2019b] [Tsang and Pitilakis, 2019] [Forcellini, 2020] [Pistolas et al., 2020]
[Dhanya et al., 2020] [Hernandez et al., 2020] and experimental studies [Xiong and Li, 2013]
[Xiong et al., 2014] [Dhanya et al., 2019] [Tsiavos et al., 2019a] [Tsiavos et al., 2020b]. For
example, Tsiavos et al. [2019a] experimentally tested a sliding layer consisting of a
deformable sand-rubber granular mixture as a seismic isolation strategy for low-rise, small-
footprint buildings in developing countries. Moreover, Tsang and Pitilakis [2019] developed
a simple and efficient lumped-parameter analytical model for analyzing the dynamic soil-
foundation-structure interaction of the GSI system.

Kuvat and Sadoglu [2020] proposed asphalt—sand mixtures as an alternative GSI material.
The dynamic properties of the geomaterial were investigated by cyclic triaxial experiments.
Hadad et al. [2017] reported on the seismic performance of kart tires filled with elastomeric
recycled materials as base isolators for application in developing countries. The proposed
seismic isolators were analyzed via horizontal tests with static and dynamic loadings to
determine the horizontal stiffness, hysteretic behavior, and long-term performance. Dhanya et
al. [2019] proposed the use of geogrid reinforcement to improve the bearing capacity,
settlement, and rotational aspects of a shallow foundation resting on a layer of scrap tire—sand
mixture under static loading conditions. They reported that the bearing capacity of the layer
can be increased up to three times by providing double-layered geogrid reinforcements with a
substantial reduction in settlement.

A smooth high-density polyethylene geomembrane as the base isolation material in
earthquake hazard mitigation was tested by Yegian and Lahlaf [1992]. Following this work,
Yegian and Kadakal [2004] tested various smooth synthetic materials that can serve as
seismic protection by absorbing energy through sliding. In particular, Kalpakci et al. [2018]
tested a UHMWPE geomembrane, based on the study of Yegian and Kadakal [2004]. An
artificial soil layer with low shearing resistance, which allows the slipping of the building
under the action of strong seismic motions was proposed by Doudoumis et al. [2002]. Other
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interesting applications consist of soil replacement by the thermal insulation layer and
geofoam [Murillo et al., 2009] [Azinovi¢ et al., 2014] [Azinovi¢ et al., 2016] [Koren and
Kilar, 2016] [Karatzia et al., 2017] [Azzam et al., 2018].

This paper’s authors published several papers [Banovi¢ et al., 2018b] [Banovi¢ et al., 2019]
[Banovi¢ et al., 2020a] [Banovi¢ et al., 2020b] on the possibility/efficiency of applying a
layer of natural stone pebbles under the building foundation for seismic base isolation. First,
they reported the results of a preliminary shake-table study [Banovi¢ et al., 2018b], where
models of stiff and medium-stiff buildings were exposed to four different seismic excitations.
The results of the study showed that a layer of pebbles, compared to the rigid base, can
significantly reduce the peak acceleration and strains/stresses of the model, with acceptable
displacements. Following this work, they started an extensive shake-table campaign to
investigate the possibility of using a layer of stone pebbles for the seismic isolation of low-
rise buildings in developing countries.

To determine the optimal pebble layer, Banovi¢ et al. [2019] conducted a shake-table study
on the effects of several layer parameters (the layer thickness, the fraction of pebbles, the
pebble compaction, the pebble moisture, the vertical contact stress below the foundation, and
the effect of repeated excitations) on the layer aseismic efficiency on the sliding rigid block.
The following characteristics of the pebble layer were optimal for practical applications:
pebble fraction &y = 16-32 mm, pebble layer compaction MS = 30 MPa, and pebble moisture
hm = 10 %. Furthermore, they tested the efficiency of the adopted layer on four models with
different stiffnesses [Banovi¢ et al., 2020a] and foundation sizes [Banovi¢ et al., 2020Db],
under four different earthquake accelerograms. First, they reported that the efficiency of the
considered seismic isolation system decreased with a decrease in model stiffness and that this
concept shows great potential for increasing the structural seismic resistance. In addition,
compared to the smaller foundation, the larger foundation resulted in a reduced rocking effect,
higher earthquake forces, and lower bearing capacity of the tested models, with respectable
efficiency (reduced strain/stress, displacement, and increase of the ultimate bearing capacity
of the model) for the considered seismic base isolation compared to the foundation on a rigid
base.

Although much effort has been invested in recent years in the development of suitable
seismic base isolation in developing countries, not enough has been done to develop suitable
numerical models to simulate seismic isolation. Some numerical models, whether presented
as part of experimental studies or independently, can be found in [Mavronicola et al., 2010]
[Tsang, 2012] [Pitilakis et al., 2015] [Brunet et al., 2016] [Zhao et al., 2016].

This paper presents and verifies the developed numerical model for dynamic analysis of
planar structures with seismic base isolation using a layer of stone pebbles. The model is an
extension of the previously developed numerical model for the dynamic analysis of 2D
structures without seismic isolation developed by [Radni¢ et al., 2011] and later improved by
[Radni¢ et al., 2012] [Baloevi¢ et al., 2016a] [Baloevi¢ et al., 2016b] [Radni¢ et al., 2016]
[Smilovi¢ Zulim et al., 2018] [Baloevi¢ et al., 2019] [Smilovi¢ Zulim et al., 2019] [Smilovi¢
Zulim and Radni¢, 2020]. The model is extended with a constitutive material model for
simulating the behavior of a stone pebble layer during an earthquake, and modeling the
foundation-seismic isolation interaction. The finite element method (FEM) was used for
spatial discretization of the structure and isolation layer. In addition to simulating the most
important nonlinear effects of individual construction materials (concrete, reinforcement,
structural steel, masonry, and pebbles), it is possible to simulate the effect of large
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displacements and construction of the structure in stages. The numerical model is based on a
small number of parameters, and is primarily intended for practical applications.

The model is verified using shake-table tests of seismically isolated simple models [Banovié
et al., 2020b] and can be considered reliable. However, further verification is needed.

Section 2 presents a brief overview of the stress state at the top of the aseismic pebble layer
below the foundation. The numerical model for the dynamic analysis of 2D structures and the
developed constitutive model for the simulation of the aseismic layer are presented in Section
3. Section 4 presents the results of the experimental tests conducted to determine the basic
parameters of the constitutive model of the pebble layer. The verification of the presented
numerical model using shake-table tests of simple structural models on the aseismic layer is
presented in Section 5. Finally, the most important conclusions of the study are presented in
Section 6.

2 Mechanical properties of the aseismic layer and stress state at the
layer top

Full-scale buildings are most often based on a foundation slab, or the walls and columns are
based on individual foundations (so-called strip footing or column footing). Accordingly, the
aseismic layer can be constructed on the entire ground floor of the building or below its
individual vertical load-bearing elements. The distribution scheme of vertical normal stress oy
and shear stress 7 below the foundation slab or individual foundation on the seismic layer in
the planar model is shown in Figure 1. In general, the vertical force N, bending moment M,
and shear force Q can be transmitted at the foundation-substrate contact. The distribution of
normal and shear stress under the foundation strongly depends on the eccentricity of the
vertical force e in relation to the middle of the foundation of length B. If e = 0, then the
foundation is loaded with a centric compressive force N, which causes vertical compressive
stress at the top of the aseismic layer ov,0. AS M increases, e increases, and the distribution of
normal oy and shear stress 7 below the foundation changes. The vertical tensile stress as well
as shear stress, cannot be transmitted in the part where the foundation is lifted from the
substrate. The assumed linear oy distribution below the foundation is valid only for a rigid
foundation with a soft isotropic substrate. The schematically shown z stress distribution is in
accordance with the possibility of shear transmission as a function of ov.

With the same axial force N, the maximum compressive stress below the foundation
progressively increases with increasing e. For the same force Q, the maximum shear stress
also increases progressively. External forces on the foundation are in balance with the
resultant force from the stress beneath the foundation.

In earthquake action, the horizontal inertial forces resulting in the transverse force Q can
reach a high level relative to force N, depending on the intensity of the earthquake and the
dynamic characteristics of the building. Thus, M, resulting from the action of N, can cause a
very large e so that N and Q can be transmitted over a very small length of the contact surface
of the foundation with substrate b. In this part of the aseismic layer, very large, normal and
shear stresses coexist. For e = B/2, the foundation overturns, and the stress in the substrate
theoretically tends to infinity. During an earthquake, foundation rocking occurs, that is,
alternating lifting and rotation of the foundation. As the depth of the aseismic layer increases,
stresses oy and t decrease.

The seismic layer under the foundation can be affected simultaneously by large vertical
compressive and horizontal shear stresses, which can increase significantly in relation to the

40



INGEGNERIA SISMICA — INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

corresponding compressive and shear strengths of the seismic substrate. Therefore, it is
necessary to know the actual stress—strain behavior of the aseismic layer and the bearing

capacity at different ov— ratios.

Horizontal normal stress on can also occur in the shallow aseismic layer due to lateral soil
resistance and friction between the pebbles and the bottom of the foundation. This stress is
significantly smaller than the vertical compressive stress ov. The top of the seismic layer is at
a very small depth from the top of the surrounding soil, and the lateral soil is regularly
significantly deformable. Because of the relatively low level of on in relation to oy, its
influence on the ultimate bearing capacity of the seismic substrate is ignored here, which is

on the side of greater safety.
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Stone pebbles of fractions 4-8 mm, 8-16 mm, and 16-32 mm [Banovi¢ et al., 2019] were
tested to determine the optimal layer properties. Based on the performed tests, a fraction of
16-32 mm and a layer thickness of 0.3 m were adopted as optimal (Figure 1). Pebbles are
typically granular materials with very complex stress—strain behavior. The behavior of the
layer significantly depends on the compaction, which changes under load as well as with the
type of applied load. As there is no cohesion between the pebbles, even a well-compacted
layer of pebbles has no tensile strength. The pebble layer is anisotropic, with pronounced
differences in strength and stiffness/strain in the vertical and horizontal directions.
Nevertheless, the strength and modulus of elasticity of the pebble layer in the vertical
direction are usually higher than those in the horizontal direction. As with all granular
materials, the vertical compressive strength of pebbles is highly dependent on the magnitude
of the horizontal lateral pressure. Likewise, the shear strength of the pebble layer strongly
depends on the magnitude of the compressive stress. If there is no vertical pressure, the
horizontal shear strength of the pebbles disappears.

The following conclusions from previous research need to be highlighted [Banovi¢ et al.,
2020a] [Banovic¢ et al., 2020b]. The presented seismic base isolation is effective only for very
stiff and stiff structures based on natural solid ground. For soft structures, as well as for very
stiff and stiff structures on soft soil, the isolation is not efficient or even detrimental.

Hence, the presented seismic base isolation using stone pebble layer is effective for buildings
with T < 0.3 s - 0.4 s. (where T is the fundamental free oscillation period of the structure
without interaction with the ground) and if the substrate on which the isolation is constructed
is stiff natural soil (rocky soil, marl, stone, etc.).

3 Numerical model

As mentioned in Section 1, the complete numerical model for the dynamic analysis of planar
structures with seismic base isolation using a layer of pebbles is coupled with a previously
developed and well-tested model for the analysis of structures without seismic isolation. Here,
we developed a constitutive model for simulating the behavior of the pebble layer and
foundation-pebble layer coupling surface. The most important characteristics of the basic
numerical model and the adopted constitutive models for materials (reinforced concrete, steel,
and masonry) are briefly described in Section 3.1. The developed constitutive model for stone
pebbles is presented in Section 3.2, while the developed constitutive model for the simulation
of the foundation-isolation layer coupling surface is presented in Section 3.3.

3.1 Numerical model for dynamic analysis of planar structures

Numerical model for the analysis of planar structures without seismic isolation was
developed by [Radnic¢ et al., 2011] and later improved by [Radni¢ et al., 2012] [Baloevi¢ et
al., 2016a] [Baloevi¢ et al., 2016b] [Radni¢ et al., 2016] [Smilovi¢ Zulim et al., 2018]
[Baloevi¢ et al., 2019] [Smilovi¢ Zulim et al., 2019] [Smilovi¢ Zulim and Radni¢, 2020]. In
this paper, the model will be presented in abbreviated form due to limited space.

FEM was used for spatial discretization of the structure and the isolation layer, assuming a
state of plane stress. In addition, it is assumed that the observed system remains a continuum
in all phases of deformation. Basic 8-node “serendipity” 2D elements were used to discretize
the structure and isolation layer (Figure 2). Further, the reinforcement passing through a 2D
element is simulated by a 1D element.
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Figure 2 - Adopted finite elements for spatial discretization [Radni¢ et al., 2012]

Contact between basic elements can be simulated with 2D six-node contact finite elements of
small thickness. In addition, a 1D bar (two-node) element can simulate possible
reinforcement that passes through the contact surface. The sliding, separation, and penetration
of the contact surface can be simulated with 2D contact elements.An updated Lagrangian
formulation for geometric nonlinear analysis was used. The finite difference method is
adopted for temporal discretization, with implicit, explicit, or implicit-explicit Newmark's
algorithm, developed in iterative form by Hughes et al. [1979] is used for the solution of the
dynamic equilibrium equation. Newton-Raphson initial and tangential stiffness methods can
be used to solve the system of nonlinear equations. The convergence criterion of the iterative
procedure is defined as a function of the increase in displacement increment.

The constitutive model for concrete simulates the nonlinear behavior of concrete in
compression and tension (Figure 3). In compression, the elastoplastic behavior with linear
unloading behavior is assumed. The yield criterion is defined as a function of stress and the
crushing criterion as a function of strain. In tension, elastic behavior is assumed until the
uniaxial tensile strength/strain of concrete is reached. Subsequently, the appearance of cracks
was assumed.
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Figure 3 - Adopted constitutive model for concrete [Radni¢ et al., 2012]
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The opening and closing of cracks, which were modeled as smeared, was simulated. Possible
states of concrete cracks are shown in Figure 4a, and the crack model is shown in Figure 4b.
Further, the tensile and shear stiffness of the cracked concrete were modeled (Figure 5).
Within a 2D concrete element, the reinforcement is simulated with a 1D bar element. An
elastoplastic stress—strain model of reinforcement steel was adopted, with a linear behavior
during unloading (Figure 6). The slippage of reinforcement in relation to concrete has not
been simulated.
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Figure 4 — Simulation of cracks in concrete [Radni¢ et al., 2012]: (a) Cracks pattern; (b)
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The constitutive model for masonry is analogous to that for concrete. A macro model of
masonry was used, in which the complex interactive behavior of masonry elements and
mortar in vertical and horizontal joints was modeled with a representative material of
equivalent properties.

This approach allows the use of larger finite elements, as well as simpler and faster analyses.
It is possible to use an isotropic or orthotropic model of masonry behavior. The orthotropic
behavior model allows analyses with different load-bearing and stiffness parameters in the
vertical and horizontal directions (Figure 7). The effect of biaxial compressive stresses on the
limit bearing capacity of masonry has not been modeled.

Crack model for masonry is analogous to the crack model for concrete (Figure 4). The
collapse of the masonry due to the shear stress in the horizontal plane is modelled (Figure 8).
The shear stiffness of cracked masonry is modeled similar as for concrete (Figure 9).

The behavior of structural steel is simulated by an elastoplastic constitutive model in
compression and tension (Figure 10). The Von Mises yield criterion is defined as a function
of stress, and the failure criterion as a function of strain. Linear behavior was adopted during
unloading.

:D ~
™ g S fin _
tension-compression Tf . . vertical direction cracking
Y £ tension-tension —— horizontal direction f, [+{= cracking
ML . h 4
! — crackin v h
frln,c T h g am.c amx fm"
) g fh o ) [ [ h é|h11‘l 'E;'u Elﬂ'
‘A m,t | ‘ Em
g |
=) |
& = | ‘ o
5 3 | —Ime
Z e ? —
E g | crushing
‘@ compression-tension |
v (vertical) ] | ,
] v
E | Eﬂ]
8 | ,
1 f" l ————— fm.c
h (horizontal) l{ m,c - —r
yielding | crushing  yielding
(i) 2D model (ii) 1D model

Figure 7 - Adopted orthotropic constitutive model for masonry [Radnié¢ et al., 2012]
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Figure 10 - Adopted steel constitutive model [Baloevi¢ et al., 2016a]

3.2 The constitutive model for stone pebble layer

The complex behavior of this granular material is described by the simplified constitutive
model shown in Figure 11, and is intended for engineering applications in practice. The
pebble layer is modeled as a homogeneous orthotropic elastoplastic material, where the main
directions of anisotropy are vertical (v) and horizontal (h).

Figure 11 presents the adopted relation between normal vertical and horizontal stresses and
strains, separately for 1D-presentation and 2D-presentation. Symbols in the figure denote the
following: ov, on normal vertical and horizontal stress; v, en normal strains; f,, f» compressive
strengths; Ev, En modulus of elasticity; e, gen yield strains; euy, eun limit compressive strains.
As can be seen from Figure 11, it was assumed that pebbles could only transmit compressive
stress. In addition, the influence of lateral pressure on the vertical strength of the pebbles is
not included. It should be noted that the possible lateral pressure in a thin layer of pebbles is
usually very small. Thus, the linear—elastic behavior in compression is assumed until the
compressive strength f,, fn is attained, that is, the yield strains eey, €en are attained,
respectively. After the yield criterion has been satisfied, an ideal plastic behavior is adopted.
The pebble crushing criterion is defined by the limit compressive strains eyy, eun. Linear
behavior was adopted during unloading. As the pebbles were treated as a homogeneous
continuum, the opening of the cracks in tension and their closing in compression were
monitored. It should be noted that these cracks are fictitious, that is, they simulate the pebble
displacement under tension stress. A model of fixed distributed cracks was adopted, which
was modeled as for concrete and masonry [Radni¢ et al., 2012]. Assuming elastic behavior,
Equation (1) and Equation (2) apply:

Eey™ fv/Ev (1)
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Figure 11 - Adopted constitutive model for stone pebbles: (a) Normal stress-normal strain
relation; (b) Shear stress-shear strain relation; (c) Shear strength-normal stress relation

ep= S/ En (2)
The orthotropic coefficient co is defined by:
co= E,/E, =f,/f. 3
Wherein valid:
Eh Vi :Ev vV, (4)
Co :Vv/vh (5)

where v, and v, are Poisson’s ratios for the horizontal and vertical directions, respectively.
The relationship between shear stress r and shear strain y is presented in Figure 11. An
elastoplastic relation is also assumed. Symbols in the Figure have the following meaning: z,,
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shear strength, G shear modulus, y,=17,,/G yield shear strain, and y limit shear strain. Linear
behavior was adopted during unloading. In shear, the yield criterion is also defined as a
function of stress, and the crushing criterion as a function of strain, analogously adopted for
normal stress.

The shear modulus of pebbles G is defined by:

G=1/[(1+vp) /By + (1+v) /E,] (6)

Further, the shear stress-normal stress relation for pebbles is also presented in Figure 11. The
relation t-o, is approximated by a cubic parabola passing through points A, B, and C.
Symbols in the Figure have the following meaning: ¢ pebble friction angle, and g, , vertical
compressive stress at which the maximum shear strength of the pebbles z, is achieved. Thus,
the tangent to the stress—strain curve at point A is at an angle ¢, while at point B, the tangent
of the curve is horizontal. In the lack of experimental data, o,,=0.8f and 7,=0.3f is

assumed in this study. Thus, if the ratio z-o, is such that it is below the assumed curve, the
shear bearing capacity criterion is satisfied. Otherwise, “the current” shear stress 7 is reduced
to the curve for “the current” o, and a further iterative procedure is performed with G = 0
(plastic yielding). The shear failure criterion for that point is defined when y>y .

3.3 Constitutive model for simulation of foundation-pebble layer coupling
surface behavior

2D six-node contact finite elements were used to simulate the foundation-pebble layer
coupling surface. Contact elements can transmit compressive normal and shear stresses. The
constitutive model for these elements is presented in Figure 12. The normal stress—normal
strain relation for the contact element o, .- ¢, . (Figure 12) is identical to that for the pebble
layer (Figure 12). Further, the shear stress—shear strain relation (Figure 12) is analogous to
that in Figure 12, where the values of Tme Ve Ve depend on the foundation surface

roughness, that is, the foundation construction technology.

In the previously performed experiments [Banovi¢ et al., 2018b] [Banovi¢ et al., 2020a]
[Banovi¢ et al., 2020b], the foundation of the model was prefabricated with a smooth bottom
surface. Therefore, the above values are lower than those in Figure 11. If the foundation was
to be concreted on site, directly at the top of the pebble layer into which the concrete would
penetrate, the stated values z,,, . Vet Ve would be larger than the corresponding ones within

the pebble layer. In this case, the above-mentioned parameters can be adopted for the pebble
layer because the thickness of the contact element is very small.

The adopted model of the shear strength of the contact elements is shown in Figure 12. It is
analogous to that in Figure 11, that is, following the above stated on the influence of the
foundation surface roughness. In the case of concreting the foundation on site, it can be
assumed that 7, ., ¢_ are equal to z,, ¢, respectively. In the case of a smooth bottom surface of

the foundation, z,., ¢_ has a lower value than z,, ¢.
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Figure 12 — Adopted constitutive model for foundation-pebble layer coupling surface: (a)
Normal stress—normal strain relation; (b) Shear strength—shear strain relation; (c) Shear
stress—normal stress relation

4  Experimental tests for determining the parameters of the pebble layer
and foundation-pebble layer coupling surface constitutive models

A limited number of experimental tests to determine the main parameters of the presented
constitutive model of pebbles and the constitutive model of the foundation-pebble layer
coupling surface were performed. More extensive experimental tests and improvement of the
pebble layer constitutive model for the influence of different levels of horizontal stress are
planned to continue urgently.

4.1 Some parameters of the pebble layer

The shear strength of the pebble layer for constant levels of vertical effective stress was
determined using a large-scale direct shear test. For the constant o, stress state, the shear
stress—shear displacement (strain) relation was determined through continuous monitoring of
the horizontal shear force until the shear failure of the sample. The shear strength of the
sample was determined for a wide o, spectrum, ranging from 50 kPa to 600 kPa. Based on
the normal stress—shear stress relation, the friction angle ¢ of the pebbles was determined.

In addition to the classic direct shear test, the pebbles were tested only for vertical stress,
without applying a horizontal force. Testing was performed in a direct shear box, and a
normal stress—normal strain curve was derived. The vertical strains of the pebbles were
calculated based on the measured vertical displacement. Further, based on the measured
horizontal strains of the metal shear box, the horizontal stress of the pebbles was calculated.
Based on these data, the initial modulus of elasticity in the vertical and horizontal directions
and Poisson’s ratios for the horizontal direction were calculated. In addition, the bulk density
of the pebbles was measured.

Basic data on the apparatus used to perform the direct shear test are shown in Figure 13. Two
horizontally fixed and middle horizontally movable metal square shear boxes, with internal
dimensions of 300 mm x 300 mm and height of 120 mm, were used.
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Figure 13 — Large-scale direct shear apparatus: (a) Photography of experimental setup, (b)
Basic data of the adopted setup

Shear boxes are formed from welded steel sheets and provide extremely small lateral
displacements/strains even for very high vertical pebble stresses. It can be concluded that for
vertical loading, the pebbles are in a stress—strain state of vertical stress with prevented
horizontal strain. Prior to performing each test, the pebbles were first loaded with a vertical
force to ensure compaction MS = 30 MPa. After maintaining a constant vertical force for 15
min, the sample was unloaded and then loaded with vertical force to the level of the
considered constant g,. After maintaining the designed stress o, for 10 min, a horizontal
shear force was applied until the shear failure of the pebble sample.

The measured quantities during the direct shear testing are presented in Figure 14. The
vertical force V, horizontal force H, displacements v, u, and strain ¢; were measured.

As stated above, prior direct shear tests, the pebbles were tested only with vertical stress,
without applying a horizontal force. Normal stress—normal strain curve derived from that test
is presented in Figure 15. The relationship between the vertical stress o, and the average
vertical strain of the pebbles ¢, = v/h over the entire height of the specimen / =300 mm for
vertical stress is presented in Figure 15. The stress was calculated in relation to the initial
shear box area, which remained unchanged with increasing force V.

With the exception of the initial part of the diagram, where the "adjustment” at the initial load
of the pebbles occurs, the behavior at low vertical compressive stress is almost linear. The
average modulus of elasticity of the pebbles in the vertical direction is Ey = 270 MPa. As the
normal stress increases, the normal stress—normal strain curve becomes increasingly
nonlinear and the tangent modulus of elasticity Ey decreases. However, it should be noted that
even under such a low o, horizontal lateral compressive stress g;, occurs on the pebbles
because of the prevented lateral strain of the shear box. Based on the measured lateral strain
of the box for o, = 0.5 MPa, it is estimated that the shear box opposes the approximate
horizontal lateral pressure o;, = 0.24 MPa. Thus, in the performed experiments, in addition to
the uniaxial pressure, the sample was exposed to a lateral pressure of approximately half the
vertical pressure, which does not correspond to the conditions of the pebble stress according
to Figure 1.
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Figure 14 — Measured quantities Figure 15 — Normal stress—normal strain curve due to
during direct shear testing testing of a stone pebble in shear box subjected to normal
stress only (without shear force)

Assuming that the horizontal strain of the pebbles is completely prevented from the action of
normal stress in the shear box and elastic behavior, the following expression yields

en = op/Ep-vyro,/E, =0 (7
and:
v =(oy°E,)/ (0, E}) (8)

Assuming the isotropic elastic behavior of the pebbles in the performed test with prevented
lateral strain, from Equation (8) for g, = 0.5 MPa and g;, = 0.24 MPa yields

vy=0,/0, =0.24/0.50=0.48 9)

where v, is very close to the so-called coefficient of resting pressure on the non-deformable
vertical wall from the horizontal ground pressure. Assuming the orthotropic coefficient of the
real pebble layer according to Figure 1 as co = En/Ev = v/ vh = 2, yields

v,=0.48/2=0.24 (10)

E, =270/ 2 =135 MPa (11)
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ome results of the direct shear tests are shown hereinafter. The shear stress—horizontal
displacement curve due to direct shear testing of stone pebbles subjected to different vertical
stresses o, is presented in Figure 16. If an average shear stress z, is calculated as

t,=H/ (A ) (12)

where H is the shear force, An is the net cross-sectional area of the pebble sample exposed to
the vertical pressure, and if the average shear deformation y_is expressed as

y, =u/h (13)

where u is the horizontal displacement of the middle metal shear box, h; is its height, and the
7,7y, relation shown in Figure 17 is valid.

The actual (curvilinear) and previously defined uniform distribution of shear stress in the
horizontal cross-section of the pebble sample is shown in Figure 18. The resulting shear force
for both of these shear-stress distributions is equal (shear stress integral on the shear surface).
The normal stress—shear stress relation is presented in Figure 19. For low levels of o, this
relation is approximately linear, while with increasing, o, it is increasingly nonlinear. The
slope of the normal stress—shear stress curve is the angle of internal friction of the pebbles ¢,
which decreases with increasing normal stress. The initial ¢ is approximately 48°, which is
close to the value experimentally determined by Indraratna et al. [2011] for similar gravel
materials. For o, = 0, the actual shear strength of the pebbles disappears. The experimentally
determined strength for this case is due to the influence of the shear box, the loading speed,
and other imperfections of the experiment. Once again, it is important to note that in this
experiment, the pebbles were exposed to both vertical pressure and biaxial lateral pressure of
close to 50% of the vertical pressure. Such a stress state does not correspond to the actual
stress state of the pebbles under the building foundation, where they are predominantly
exposed to uniaxial pressure and shear.

900 =5 =30%ra — o F00Kra] | T 900 =5 =50kPzs = o,-400kPa
— o,= 100 kPa Gv= 500 kPa — 0,=100kPa — o,= 500 kPa
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Horizontal displacement u [mm] Shear strain ya [*/g0]
Figure 16 — Shear stress—horizontal Figure 17 — Shear stress—shear strain curve
displacement curve due to direct shear due to direct shear testing of stone pebbles
testing of stone pebbles subjected to subjected to different vertical stresses o,

different vertical stresses o,
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Therefore, the relation o,-t according to Figure 19 does not apply to the problem considered
in Figure 1. The actual o,-t relation for this problem is closer to the adopted diagram
according to Figure 11 and is planned to be experimentally determined soon by a different
approach. The bulk density of the pebbles compacted to MS = 30 MPa was y,, = 1680 kg/m?.

S > B Experiment ! !
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600 B
= 500 } i
] g
S 400
s
% 300
g
B 200
\7 \Y%
Shear stress in section 1-1: 100 (--
—
d v T
Average / ! 0
Real Normal stress ov [kPa]
Figure 18 — Shear stress distribution in Figure 19 — Shear stress—normal stress
section 1-1 relation and frictional angle ¢ derived from

direct shear testing

4.2 Some parameters of the foundation-pebble layer coupling surface

The friction angle ¢ of the pebble layer subjected to different vertical stresses against a
smooth prefabricated foundation interface was measured through experimental testing, as
shown in Figure 20. A concrete prism with ground plan dimensions of 0.5 m x 0.5 m with
variable additional weight at the top was adopted. The normal stress—shear stress relation
derived from the previously mentioned experimental setup is presented in Figure 21. Based
on the experimental results, ¢ = 27° was adopted. Clearly, there is a large difference between
p.and ¢ = 48°,

The values of the parameters of the foundation-pebble layer coupling surface were calculated
using the mechanical parameters of the pebble layer as

TO,CZ((DC/(Do)Tm (13)
G.=~(¢./9,)G (14)
1 =(00/9.)7, (15)

where z,,, G, y , ¢ refer to the pebble layer, and 7, ., G, y, ., ¢ to the foundation-pebble layer
coupling surface behavior, respectively.
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Figure 20 — Experimental setup: rigid concrete block Figure 21 — Normal stress—shear
with smooth contact surface designed to slide against stress relation for experimental setup
the pebble layer to determine friction angle ¢, according to Figure 20

5  Verification of the presented numerical model

The numerical model for dynamic analysis of planar structures presented in Section 3, with
the developed constitutive models for the stone pebble layer and the foundation-layer contact
surface, was verified using shake-table tests of simple structural models based on an aseismic
layer of stone pebbles. In this study, only the model of a very stiff building M1 and the model
of a stiff building M [Banovi¢ et al., 2020b] are considered, whose data are shown in Figure
22. The model column is made of a square cross-section steel tube, with a rigid concrete
block of m = 1000 kg on the column top. The models have a concrete foundation, dimensions
1.2 m x 0.7 m x 0.3 m, which is based on an aseismic layer with the following characteristics:
thickness hp = 0.3 m, fraction ¢,=16-32 mm, compaction MS = 30 MPa and humidity hm =
10%. A more detailed description of the conducted experimental tests can be found in
[Banovi¢ et al., 2020b]. The models were exposed to horizontal accelerations of four
accelerograms (artificial accelerogram-AA, accelerogram Petrovac-AP, accelerogram Ston-
AS, and accelerogram Banja Luka-ABL), as shown in Figure 23.
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Figure 22 — Considered models previously tested by shake-table: (a)Very stiff model M1, (b)
Stiff model My, (c) Measured quantities during shake-table testing
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All accelerograms were scaled to equal peak ground acceleration (PGA) = 0.3 g. An artificial
accelerogram-AA was created to match the elastic response spectrum according to Eurocode
8 [2004], for earthquake type 1 and soil type A. The AA is generated using SIMQKE
software [1976], as a superposition of sine functions. Time-histories of AP, AS, and ABL
earthquakes were acquired from the European Strong-Motion Database [Ambraseys et al.,
2001]. The presented numerical model was verified using a simulation of 10 conducted
experimental tests (Table 1). The spatial discretization of the models is presented in Figure 24.

Table 1- Performed numerical simulations of experiments

_— Model
Excitation
M1 M>
AA + +
AP + + One-time base
AS + + excitation with PGA=0.3 g
ABL + +
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AA + + of AA excitation
until model collapse
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Figure 23 — Applied horizontal base excitations: (a) Accelerograms, (b) Elastic response
spectrum
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Thin contact elements were used at the foundation-pebble layer contact surface. A mesh of
regular finite elements was used. It should be noted that the concrete block at the top of the
column and the concrete foundation are rigid. Therefore, these elements are simulated with
elastic behavior and extreme strengths to simplify and shorten dynamic analyses. The
parameters of steel, stone pebbles, and contact element constitutive models are presented in
Table 2. The dominant part of energy dissipation (damping) was modeled through the
adopted nonlinear constitutive models of materials and the nonlinear model of geometry
(large displacements). The rest of the energy dissipation that cannot be simulated by adopted
nonlinearities was modeled via Rayleigh viscous dumping. In the performed numerical
simulations of experimental tests with lower PGA levels, the viscosity damping coefficient
was not included. For tests with successive application of excitation until model failure, this
coefficient was taken as 1.0%.

e e e e e e
N I I I

e T

;
;

(a) (b)
Figure 24 — Spatial discretization by finite elements: (a) M1 model, (b) M2 model

Table 2- Adopted basic parameters of steel, stone pebbles, and contact elements constitutive
models

Steel
E (GPa) fe, steet (MPa) ft, steel (MPa) Vsteel Eseer [00]
200 520 520 0.3 20
Stone pebbles
Ev En fy fh Tm Euv Eun G Yy 0

(MPa) (MPa) (MPa) (MPa) (MPa) " U Ol Phd (MPa) [ P L

270 135 6.0 3.0 1.8 0.24 0.48 20 40 64.3 100 48

Contact element: foundation-pebble layer coupling surface
= (M Pa) fuc (M Pa) Tmec (M Pa) V. Euc [O/oo] Gc (M Pa) Vue [0/00] ?, [O]
270 6.0 1.01 0.24 20 36.17 177 27

Only some results of the performed dynamic analyses are presented, and these are discussed
below. A comparison of the time sequence of experimentally determined and numerically
obtained results of measured accelerations, displacements, and strains for AA excitation at
PGA = 0.3 g is presented in Figure 25. This sequence is quite identical for both models as
well as the correlation of the measured peak values (see Table 3). Deviations in the
"frequencies™ of the time response of quantities a, uz, &; between the experiment and the
numerical model is due to the difference in their stiffness and material properties, model
parameters (spatial and temporal discretization, convergence criterion, etc.), and due to other
influential parameters. It should be noted that the numerical model obtains a slightly stiffer
construction of the physical model, resulting in slightly higher accelerations and strains and
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smaller displacements. This is probably due to the inadequacy of the adopted constitutive
models of materials, overestimated values of strengths and modulus of elasticity, design

parameters, etc.

Although the stresses on the bottom of the steel column are in the elastic region, owing to the
nonlinear behavior of the seismic layer and the nonlinear behavior at the foundation-seismic
isolation coupling surface, the obtained numerical results can be considered acceptable,
especially the peak values according to Table 3.
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Figure 25 — Comparison of experimentally determined and numerically obtained results for
applied AA accelerogram (PGA = 0.3 g): (a) Horizontal acceleration of the mass at the
column top, (b) Horizontal displacement of the mass at the column top, (c) Vertical strain on
the right bottom side of the steel column
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A comparison of the time history of the experimental and numerical results for a, uz, ¢; under
the action of an ABL accelerogram with PGA = 0.3 g is shown in Figure 26. A good
agreement between the experimental and numerical results can also be spotted, similar to
those in Figure 25 and Table 3 for the AA accelerogram.

A comparison of the peak values of measured quantities determined using the experimental
model and calculated using the presented numerical model for applied excitations at PGA =
0.3 g is presented in Table 3.
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Figure 26 — Comparison of experimentally determined and numerically obtained results for
applied ABL accelerogram (PGA = 0.3 g): (a) Horizontal acceleration a of the mass at the
column top, (b) Horizontal displacement u of the mass at the column top, (c) Vertical
strain ¢; on the right bottom side of the steel column
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It can be observed that for the short predominant period, impact accelerograms AS and ABL,
the deviations of the experimental and numerical values are slightly larger than those for the
accelerograms with a larger predominant period (AA and AP). Nevertheless, these deviations
can still be considered within acceptable limits.

A comparison of the artificial accelerogram PGA at which the physical and numerical models
collapsed, with a successive increase in the acceleration Aag max = 0.05 g, is presented in
Table 4. It can be noted that the PGA values at the collapse of the experimentally tested
model are slightly higher than the values at the collapse of the numerical model. Thus, in the
considered examples, the numerically obtained PGA values are conservative in relation to the
experiment, which may not be the case in many other examples. The difference in the
experimental and numerical values of PGA is relatively small, especially when we consider
that numerous nonlinearities in the structure progressively occur before its failure.

Table 3- Comparison of some peak values of experimentally determined and numerically
obtained results for one-time base excitation (PGA = 0.3 g)

AA AP AS ABL
Rel. Rel. Rel. Rel.
Model My Exp. Num. error Exp. Num. error Exp. Num. error Exp. Num. error
[%] [%] [%] [%]

a[ms?] 10.18 1117 9.7 9.90 1074 84 1073 1234 15 841 996 184
&1 [%o0] 0.040 0.043 75 0040 0.042 5.0 0.042 0.047 119 0.030 0.035 16.7
uz [mm] 795 7.52 5.7 520 481 75 700 597 172 500 442 131

Model M,

a[ms?] 11.86 1317 100 1417 1589 121 789 886 109 722 924 141
<1 [%oo] 0.870 0962 111 1020 1121 99 0587 0660 124 0537 0.606 128
uz [mm] 33.75  30.7 94 404 371 82 175 151 159 125 1041 16.7

Table 4- Comparison of the PGA of the artificial accelerogram at which the physical and
numerical model collapsed

Model M Model M;
Exp. Num. EXxp. Num.

PGA [g] 0.55 0.50 0.45 0.40

6 Conclusions

This paper briefly presents the previously developed numerical model for the dynamic
analysis of planar concrete, steel, and masonry structures based on FEM. The model was then
extended with developed constitutive models of the stone pebble aseismic layer behavior and
the foundation-pebble layer coupling surface behavior. The numerical model is based on a
relatively small number of parameters and is intended for practical application. The
verification of the numerical model was performed on several previously performed shake-
table tests of simple models of very stiff and stiff building on an aseismic layer of pebbles,
with four different earthquake accelerograms. A good agreement was observed between the
experimental and numerical values of the measured accelerations, displacements, and
strains/stresses, both for lower PGA levels and for structural collapse at higher PGA levels.
However, further verification of this model is needed, as well as its improvement.
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SUMMARY: Questo articolo presenta un modello numerico per l'analisi dinamica di
strutture planari con isolamento sismico alla base utilizzando uno strato pietrame. Dopo una
breve presentazione del modello numerico sviluppato in precedenza per I'analisi strutturale,
vengono presentati il modello costitutivo sviluppato per lo strato di pietrame e il modello
costitutivo per la simulazione della superficie di accoppiamento strato di fondazione-
isolamento. Il modello si basa su un numero relativamente piccolo di parametri, alcuni dei
quali sono stati determinati sperimentalmente. Il modello numerico € stato verificato
simulando i test su tavola vibrante eseguiti su semplici modelli strutturali basati su uno strato
antisismico di pietrame, ed é stata osservata una buona concordanza tra i risultati
sperimentali e numerici. Infine, vengono delineate ulteriori verifiche e miglioramenti dei
modelli costitutivi presentati.
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