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Abstract

Modelling of soil shear rupture due to an earthquake is not generally implemented in the common codes for 1D seismic response
analysis. It requires the use of advanced plasticity-based constitutive models of soil, that are often neglected in practice. A good
balance between simplicity and reliability can be achieved with methods based on simplified formulations of the mathematical
equations and of the constitutive models. The paper presents a computer code based on this philosophy conceived, addressed and
optimised to reliably model both the ‘transient’ seismic response (‘stick” mode) and the permanent deformation mechanisms
accounting for the coupled effects of deformability and strength (‘slip” mode). The code can be adopted to evaluate the seismic
performance of different geotechnical systems that can be reasonably approximated to a 1D problem. In the paper, the code is
applied to model a soft-storey failure occurred in a framed structure heavily damaged during a strong-motion earthquake.
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1. Introduction

The 1D seismic site response can be performed using different numerical methods for the solution of the ground
motion equations, depending on the subsoil discretization approach (i.e. continuous layers vs. finite elements) and
on the adopted cyclic soil-behaviour model (i.e. linear equivalent vs. non-linear methods) [1]. The most widespread
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computer codes describe partially dynamic soil behaviour and do not guarantee a reasonable solution of the ground
motion equations when large strains and failure conditions are reached. These aspects can be modelled by advanced
computer codes implementing plasticity-based constitutive models for the dynamic soil behaviour. In practice, these
are not widespread, because these models often require cumbersome calibration through detailed laboratory cyclic
tests and their effectiveness can be significantly reduced if they are not implemented with an appropriate numerical
formulation. In addition, the achievement of failure conditions is a singularity of the system that cannot be evaluated
with numerical methods which assume the continuity and the differentiability of the stress and strain variables.

A good-working compromise is adopting a simplified description of both the mathematical equations and of the
constitutive soil model. To this aim, the procedure proposed by [2] based on stick-slip dynamics, was extended with
more general assumptions and implemented in the SCOSSA (Seismic COde for Stick-Slip Analysis) code [3]. The
paper summarizes the model formulation and describes its application to simulate the damage occurred in a framed
structure during I’ Aquila Earthquake in 2009.

2. The stick-slip model

The adopted dynamics of the stick-slip model refers to a lumped mass system, reproducing the seismic response
of a vertical soil column either horizontally layered (Fig. 1) or sloped. Two stages of dynamic analysis can be
identified: in the first (“stick’) phase, the potentially unstable mass cumulates vibrational kinetic energy, that is
converted into a frictional sliding mechanism during the second (‘slip’) stage.

In the stick phase, the seismic response in terms of absolute displacements, u,, to a base ground motion, {ig, can be
computed by integrating the MDOF system equation:

Mi, +Cu, +Ku, =f (1)

where M, C and K are the mass, damping and stiffness matrices, f is the vector of applied forces.
The forces, T, acting on a generic s layer are:

T=-mu, -1"M_i ®)

where the first term is the inertial force induced by the absolute acceleration at the s-th layer, Us, while the second
results from the non-uniform relative acceleration profile, U, within the sliding mass, referred to Us.

a) b) (A) ‘stick’ condition (B) ‘slip’ condition
T & . m
il r k.,
N Cs%
H, Q) r
T c@m,
" k21, ©
T. 7 7.3  — E
Poss| tayer 1™ K [ C g o

H| b T Dayers ) e Ol
)| B layerJ 0 Vsj0 6oy 0 G ’ E 7
- () '
T i I T
el eEEE Toi
T vesok a ¥, Lo—xa ' L

//////

7

Fig. 1. (@) The MDOF system adopted in this study. (b) ‘Stick’ and “slip’ conditions in a two-mass system; (c) purely hysteretic behaviour; (d)
dynamic response of the system.
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The subscript ‘S’ indicates sub-matrices and sub-vectors with index from 1 to (s-1); 1 is the unity vector.

At every time increment, the code checks if the inertial force, resulting from Eq. (2), is greater than or equal to the
reaction of plastic slider, r, i.e. the resistance corresponding to the achievement of the limit shear force, T, = mra,, at
each layer (where: mr=total mass above the s layer base; a, =yield acceleration). In such a case, the ‘slip’
conditions are triggered at the s layer base, and the equation of motion for the mass above this sliding surface (layer
1 to s-1) is given by the expression:

M, +Cgli+ Kgu = —Mg 1 (U +, ., ) 3)

while the response of the underlying (n-s+1) layers can be computed through a reduced system like that of
Eqg. (1). Along the sliding surface, the equilibrium during the slip is expressed by:

—m, (U, +Uy,,)—1" Ml =—m;a, 4

Substituting Eq. (4) in Eq. (3), the equation for the “slip’ conditions is obtained as:
(MS—%MS-1-1TMSJU+CSu+KSu:Msl-ay (5)

Solving Eq. (5) in terms of nodal relative acceleration, U, the sliding acceleration time histories, Uys.1, at the base
of the (s-1)" layer are obtained from Eq. (4). The relative sliding displacement, uys, is computed by integrating
twice the corresponding acceleration, as long as the sliding velocity, uys.1 is greater than 0. The above algorithm
was implemented in the numerical code SCOSSA, in which the discretization of the subsoil profile into a lumped
parameters system is optimized with reference to the soil shear wave velocity and the maximum input frequency [4].

The viscous damping matrix, C, is defined according to the full Rayleigh damping formulation [5] and the non-
linear hysteretic response of the springs is modelled with an extended version of the modified hyperbolic model,
MKZ [6], with original or modified Masing rules [7,8].

Figure 1b illustrates the performance of the constitutive model for the generic (s-1)" layer. The masses s-1 and s
are connected by a non-linear hysteretic spring (ks.1), a viscous dashpot (cs1) and a plastic slider (rs). Under static
load, the MKZ model uses two relationships: Fy,(y) for first loading (e.g. 0-1 in Fig. 1c) and F(y) for unloading-
reloading paths (e.g. 1-1’ in Fig. 1c). The limiting strength is reached asymptotically when MKZ model degenerates
to the hyperbolic stress-strain relationship. In dynamic ‘stick” conditions (see pattern A and the corresponding point
on the reloading curve in Fig. 1d), the current value of shear stress, z, is computed considering the dynamic
equilibrium of soil column (Eg. 1). As a consequence, the y-t relationship deviates from the purely hysteretic
response (dashed line in Fig. 1d), shows rounded edges (point 1) and possibly reaches the limit strength (point 2)
attaining the ‘slip conditions’ (pattern B in Fig. 1b). Thereafter, the shear stress holds constant until the system
accumulates plastic straining, while the hysteretic response of the spring results into a small unloading-reloading
cycle (Fig. 1d), induced by the application of modified Masing rules. Due to slippage, the subsystem above the
sliding base is characterized by an actual value of the shear strain in a generic instant (indicated as y~ in Fig. 1b,d)
lower than the total strain, y.

3. Application case

The above procedure was applied to model the seismic response of a soil-building system deeply investigated
after the Abruzzo earthquake of April 6, 2009 (M,, = 6.3). Figure 2 shows the studied area, where seven similar r.c.
buildings had suffered an uneven damage: two buildings collapsed suffering a soft-storey mechanism, while the
remaining five showed only minor, non-structural damages. The area, located at the toe of Pettino mountain, is
entirely settled on weathered and fine debris fan (Fig. 3), overlying a gravelly debris layer, that covers a finer
alluvial silt on the top the calcareous bedrock.
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Fig. 2. Map of the studied area with the details of the non uniform damage [9].

Figure 3a shows the results of the P1 down-hole test executed near to the buildings (see Fig. 2).

The non-linear soil behavior was modeled through the variation of the normalized stiffness, G/G,, and damping
ratio, D, versus shear strain, y (Fig. 3b), obtained experimentally through laboratory tests on similar soil sample
taken in the Aterno valley [10].

The reference input motion was back-figured from the recorded mainshock at AQG station, located at the top of a
moderately steep slope of weak partially fractured rock at about 1.5 km from Pettino site. Therefore, to estimate the
reference bedrock motion, the ground motion recorded at AQG needed to be preliminarily reduced for a topographic
amplification factor (1.2 was considered to be pertaining to the slope) and then projected along the directions normal
(FN) and parallel (FP) to the fault that generated the event. Thereafter, both components were deconvoluted to the
bedrock, considering the shear wave velocity profile obtained by a down-hole test carried out near the AQG station
[11], obtaining the signals plotted in Figure 3c.

The formulation of SCOSSA permitted the dynamic analysis of the system consisting of the layered soil and the
multi-storey building, modelling this latter as a continuous equivalent medium as well as the underlying soils. The
structure was considered as a shear-type frame, with only the inertial masses of the rigid slabs and beams
contributing to the actions on the columns. Information about the building foundations were not available; therefore,
the mass and the stiffness of foundation structures were supposed as embedded in those of the first soil layer.

The analysed frame can be considered as representative of the average structural typology of the damaged
buildings. It consists of three slabs, with inter-story of 3 m, and of 8 columns (0.3x0.5 m) with elastic modulus
E = 27000 MPa [12]. The stiffness of the floors were obtained from the force-displacement diagrams (‘capacity
curves’) of the pushover analysis (Fig. 4a).
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Fig. 3. (a) Layering and shear wave velocity profile obtained by a down-hole test in the Pettino area. (b) Non-linear properties of soils used in the
numerical analyses and (c) acceleration time history of I’Aquila Earthquake recorded at AQG station, deconvoluted at bedrock and projected
along the c1) fault normal (FN) and c2) fault parallel directions (FP).
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Fig. 4. (a) Push-over capacity curves, (b) fitting of stiffness reduction with modified hyperbolic model (MKZ) and hysteretic damping estimated
using modified Masing criteria [11].

In particular, the initial stiffness, Go, is the slope of the capacity curve at small displacements interpreted in terms
of stress-strain relationship: namely, the storey force was divided by the frame footprint area (A; = 8.4 m?) and the
shear strain was approximated with the ratio between the floors relative displacement and their inter-storey height.
The first no-infill floor resulted characterized by an initial shear modulus, Gy, equal to 86 MPa, while that of the
filled floors was equal to 985 MPa.

From the capacity curves, it was possible to evaluate the decay curve of the normalized stiffness as a function of
shear strain, according to the modified hyperbolic model (MKZ) implemented in SCOSSA (Fig. 4b). The decay of
stiffness obtained applying the MKZ fit to both pushover curves interpolates the points of the capacity curve quite
satisfactorily at shear strains higher than 0.03%. The curve derived for the second and the third floors correctly
describes the pre-peak behavior; however, the post-peak phase was not described with the same relationship,
because the extended Masing criteria cannot reproduce a softening behavior, unless defining an adequate decay law
of the initial stiffness. Therefore, the MKZ relationship can be considered as effective in the monotonically
increasing part of the capacity curve, i.e. provided that the shear forces induced on the columns do not reach the
peak values; such an assumption was then verified in the results of the numerical analyses. The hysteretic damping-
strain curves estimated using the Masing criteria coherently describe a more pronounced dissipative behaviour for
the infilled structure with respect to that without infill.

The contribution of viscous damping was neglected for the structure, while the achievement of shear failure
conditions was modelled by introducing a plastic slider, for each soil layer and for each floor of the structure. The
limit stress value was respectively derived from the soil strength parameters and from shear force corresponding to
the maximum of the floor capacity curves. The results of the analyses are shown in Figure 5 in terms of peak
acceleration profiles for both FN (a, b) and FP (c, d) components.

The analyses were performed considering free-field conditions (green dotted lines) and two structural patterns for
the first structural level, i.e. with (blue dashed lines) or without (red solid lines) infill walls.
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Fig. 5. Peak acceleration (a, c) and shear strain profiles (b, d) for different ground motion components and soil-structure patterns.
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A significant reduction of the motion in the first soil layer with respect to the free field conditions is observed for
both structural patterns, in particular with the FN input motion. The ‘no-infill’ pattern shows a considerable
reduction of the peak acceleration at the slab levels, due to the high strain values reached at the first ‘soft storey’, as
Figures. 5b-d show. More in detail, the maximum inter-storey strain was equal to approximately 3.65% and 1.92%,
for the FN and FP components respectively, corresponding to a maximum displacement of the first slab
approximately equal to 10.9 cm and 5.2 cm. In general, the reduction of the surface motion observed in both SSI
analyses can be ascribed to the increase of soil strain, due to the high reduction of stiffness in the uppermost soil
layer (for infill pattern) or of the first structural level (for no-infill pattern).

4, Conclusions

A lumped parameters model accounting for non-linear soil behaviour was implemented in the computer code
SCOSSA, in order to assess the dynamic ground motion and the sliding displacements of a 1D soil layering, as well
as aiming at including simplified structural models in the seismic response analyses. A soft-storey failure, occurred
in a framed structure during the I’Aquila Earthquake, was modelled. In the analyses of the soil-structure system, it
was considered a building with three floors, the first of which without infill. The results clearly showed the
occurrence of a failure mechanism at the first structural level, with a strain increase capable to damp the motion and
the inertial actions transmitted to the overlying floors. This mechanism is almost exclusively associated with the
mechanical behavior of the elements of the first level. Despite the significant simplifications introduced in this
simulation, the results seem compatible with the soft-storey mechanisms observed on the most damaged buildings.

To assess the role of infill walls, the same analyses were performed considering the fully filled frame. The
structural stiffening induced an increase of the slab acceleration, and a significant reduction of the surface ground
motion. The reduction of the surface motion observed in both SSI analyses can be ascribed to the increase of soil
strain, due to the high reduction of stiffness at the first structural level (for no-infill pattern) or in the uppermost soil
layer (for infill pattern). The strain level induced, however, were not high enough to induce any sliding mechanism
in the soil.

Further developments for improving the reliability of the dynamic response of soil-structure systems might be the
use of more refined structural capacity models and the introduction of suitable foundation model elements.
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