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Abstract

The paper investigates directionality effects of ground motions in the context of dynamic soil-
structure interaction (DSSI) analyses. The problem addressed corresponds to a nonlinear soil
deposit, overlaying firm ground, where the input motion was derived from an acceleration time
history recorded at a rock outcrop. A simplified procedure is proposed to incorporate directionality
effects. The main objective is to identify in advance the incidence angle producing the maximum
response of a structure for a given earthquake. Results from the simplified procedure were
evaluated by comparison with what is called here the complete rotational approach, where the
behaviour of the structure, as a function of the incidence angle of the input motion, is derived
through a large number of nonlinear dynamic soil-structure interaction analyses. The obtained
results show the importance of considering directionality effects in DSSI analyses. The maximum

response of the system was reasonably captured with the simplified approach.

1. Introduction
Earthquake ground-motions are recorded in three orthogonal components: two horizontal
(normally N-S and E-W) and one vertical. These as-recorded time histories are usually employed
to derive input motions for dynamic analyses [1-3]. However, the intensity of ground motions is
not uniform in all directions. In the case of as-recorded accelerograms, their intensity will depend
on the orientation of the sensor. Such orientation rarely corresponds to the direction in which
maximum intensities occur and, therefore, the maximum response of a given system generally takes
place for an intermediate unknown angle. This dependence on orientation is commonly known as
directionality effect of ground motions.

Over the past two decades, directionality effects have received considerable attention. Research

has been performed to assess these effects on recorded ground motions [4,5], intensity measures



and their influences on the development of ground motion prediction equations [6—9], seismic
demands of buildings [10—16], probabilistic damage assessment [17], directivity effects in near-
fault regions [18-20], horizontal-to-vertical spectral ratios [21-23], seismic risk assessment of
highways [24], and the performance of bridge foundations [25].

As shown in [10,11,16], directionality effects can be addressed in time-history-based dynamic
analyses by using a number of linear combinations of the two horizontal as-recorded components
as input motions. In this way, peak response parameters can be determined as functions of the
rotation angle. This method is called here the complete rotational approach (CRA). However,
dynamic analyses are generally computationally expensive, especially when nonlinear behaviour
is considered. For this reason, some simplified approaches have been developed to incorporate
directionality effects without the need of performing a large number of analyses [11,26]. For
instance, a spectral matching technique was employed by Pinzén et al. [11] to derive input motions
accounting for directionality. However, in most of these studies, directionality effects are taken
into account in the seismic performance of buildings without considering the soil-structure
interaction.

Let us consider the case of a dynamic soil-structure interaction analysis (DSSI), where a soil
deposit (nonlinear) exists resting on firm ground (bedrock), and the input motion was derived from
a ground motion recorded at a rock outcrop. In this case, directionality cannot be addressed directly
in the input motion since site effects modify the response [27]. The angle where the maximum
response of the structure occurs varies significantly from that estimated from the input motion
applying simplified procedures. Certainly, directionality effects could be addressed applying the
CRA; however, DSSI analyses are by far more computationally expensive compared to structural

dynamic analyses preventing the use of the CRA in most cases.



In this paper, a simplified alternative is evaluated to incorporate directionality effects in DSSI
by means of finite element (FE) analyses. The main objective is to identify in advance the angle
that produces the maximum response of the soil-structure system for a given seismic action and,
therefore, to perform only one DSSI analysis. Site effects are incorporated through free-field
simulations, where the CRA is applied; free-field simulations are quite inexpensive compared to
full DSSI analyses. The assumption explored is that the incidence angle that generates the
maximum value of an intensity measure (IM), at the top of the soil deposit (free-field), will cause
the maximum response of the structure. The IMs explored are: (1) the peak ground acceleration
and peak ground velocity (PGA and PGV), (2) the PGV/PGA ratio, (3) the Arias intensity (Al), (4)
the specific energy density (SED), (5) the cumulative absolute velocity (CAV), the angle that
makes the response spectrum closest to RotD100 (i.e. the RotI100 spectrum as defined by Boore
[28]), and (7) the spectral response for the fundamental period of the structure (SArf). RotD100
and Rotl100 are orientation-independent intensity measures, proposed by Boore [8], based on the
spectral response of the rotated horizontal components. These intensity measures eliminate the
effect of the sensor orientation as a component of epistemic uncertainty. Here, Rot refers to
rotation, D and I means period-dependent and —independent respectively, and 100 refers to the
100™ percentile of the rotated spectra (more details on these IMs are described in section 4.2.5).
These IMs were selected since they are commonly employed, both in the development of seismic
hazard studies [29], and in the estimation of the expected damage of structures (e.g. correlations of
these IMs with the Damage Index and Inter-storey Drift Ratios [30], and with the Seismic Indices
of Destructiveness [20]). Results from the simplified procedure were evaluated by comparison with
the CRA. In addition, the effect of different seismic actions, thicknesses of the soil deposit and the

number of storeys were evaluated.



2. Case study

A sketch of the problem addressed is depicted in Fig. 1, where the input motion, applied at the base
of the FE model, is derived from an acceleration time history recorded at a rock outcrop; situations
where the available accelerograms were recorded on top of the soil deposit are not considered here.
The different incidence angles are obtained from the linear combination of the two horizontal as-
recorded components of the considered acceleration time histories, by performing a usual
coordinate transformation. The structure considered is a steel frame building rigidly connected to
a concrete raft foundation. The soil deposit corresponds to a medium to dense sandy layer overlying
a bedrock. Analyses were performed using the FE code PLAXIS 2D [31], where the soil was
characterised using an elastoplastic constitutive model. Details regarding the input motion, the
surface structure, and the FE model are given in the following sections.

In the base case, a 30 m thick soil deposit was considered since the average shear wave velocity
over the top 30 m (Vg3,) is a commonly used parameter for site classification in seismic codes
[32,33]. The influence of parameters such as the soil layer thickness, the input motions, and the
number of storeys were also studied in this research. Three different groups of analyses were
considered (see Table 1). In the first group, the 30 m thick soil and three different acceleration
records were employed. In the second, the soil layer thickness was varied, and values of 10, 20,
and 30 m were considered; one of the seismic actions of the first group was used here. Finally, in
the third group, the analyses were performed with buildings of 3, 4 and 5 storeys using the same

seismic action as the one used in the second group analyses.

2.1. Input motions
Input motions were derived from horizontal as-recorded components of the Friuli (1976),

Campania (1980), and Umbria (1997) earthquakes in Italy. The recording stations are all located



on rock outcrops, which are assumed to correspond to the bedrock underlying the soil deposit. The
ground motion records and site specifications were obtained from the European Strong-Motion
database [34]. In this work, ground motions were selected considering only their capacity to excite
significantly the soil-structure system. For more specific cases, for which the specific site is known,
site-specific ground motions should be used according to the seismic hazard of the area.

Fig. 2 shows the acceleration time histories of the two horizontal components of the selected
accelerograms. The Friuli earthquake ground motion was recorded at the TLM1 station on May 6,
1976. The earthquake had a moment magnitude (Mw) of 6.5 and a recorded PGA of 350 cm/s?
(obtained from the as-recorded components). The Campania earthquake (Mw = 6.9) was recorded
at the STR station (November 23, 1980) and registered a PGA of 316.8 cm/s>. Finally, the Umbria
earthquake was recorded at the NCR station on September 26, 1997 with Mw = 6.0 and a PGA of
745.4 cm/s?,

On the other hand, ground motion accelerations show great variability in time and space. For
instance, if we ignore the vertical component, this variation takes place only on the horizontal
plane. Then, the maximum acceleration will generally occur at an orientation that is different from
those observed in the as-recorded accelerograms. These features can be observed in Fig. 3, where
the acceleration hodogram for the two horizontal accelerograms recorded at TLM1 station, after
the Friuli earthquake, is depicted. The true PGA is 463.3 cm/s? and occurs at an azimuth of 319°.
For Campania and Umbria records, the true PGA are 326.6 and 834.4 cm/s? respectively.

Thus, in order to account for different incidence angles, rotated input motions, a;(t, 6) and
ay(t,0), were derived from linear combinations of the two horizontal as-recorded

components, a, (t) and a,(t), as a function of the rotation angle 0:

a;(t,0) = a,(t)cosO + a,(t) sin O (1)



ay(t,0) = —a;(t)sinf@ + a,(t) cos b (2)
where t is the time. Pairs of a; and a;, represent different relative orientations between the ground
motion and the considered structure. However, as only two-dimensional analyses are being
considered in this work, only one of the rotated components is employed to derive the input motions
for the analyses. Therefore, iteration in the range of 0-180° degrees is required to consider all

possible, no redundant, actions in the analysed frame.

2.2. Surface structure

As mentioned before, the considered surface structures consist of a 2-, 3- and 4-storey steel frame
buildings founded on a 0.30 m thick concrete raft foundation. The columns and beams are assumed
to correspond to American wide-flange sections W16x89 and W14x68 respectively [35]. These
sections have been modelled through 2D plate-type elements, with three degrees of freedom per
node (two translational and one rotational) that follow Mindlin’s theory [36]. The behaviour of all
structural elements was assumed linear elastic and the connections between them are fully
restrained [37]. Dimensions of the 4-storey building model are shown in Fig. 4a. The dimensions
of the 3- and 5-storey buildings are the same, only removing and adding a storey respectively. The
weight of the structure, including architectural finishes and facilities, were considered as dead
loads. Live loads magnitudes were selected according to ASCE7-10 [38] provisions for office use.
100% of dead loads and 25% of live loads have been considered as inertial mass in the dynamic
analyses [38]. To account for energy dissipation in the structural elements, Rayleigh damping was
included with a and 8 coefficients selected to obtain a 2% damping ratio in the fundamental period

of the structure; a 2% damping ratio is generally recommended for steel frame buildings [39]. Note



that the employed structures have been calibrated with the 3D model used by Pinzon et al. [11] to

achieve equivalent dynamic performance.

2.3. Main features of the finite element model

As mentioned before, the soil deposit is characterised as a 30 m thick medium to dense sandy layer,
with a deep water table, overlaying a bedrock; thicknesses of 20 and 10 m were also considered.
The full soil-structure system was modelled in the FE code PLAXIS 2D [31], assuming plane strain
conditions. The FE mesh and main boundary conditions (for the 30 m thick soil deposit) are
depicted in Fig. 4b. The mesh comprises 4225 triangular 15-noded finite elements with fourth-
order interpolation and 12 integration points. The mesh is more refined in the 70 m long zone
directly under the building, where the soil-structure interaction (SSI) phenomenon mainly takes
place. The latter was verified by comparing the obtained surface response from the free field
simulation and from those considering the building. The lateral extension of the model was
considered large enough so that any unwanted wave reflections are damped before reaching the
zone where the SSI effects are relevant. Absorbing boundaries were also considered to account for
the semi-infinite nature of the ground. For the lateral faces, free-field boundaries were employed.
They consist of one-dimensional elements (for 2D problems) where the free-field response is
computed. They are coupled to the main grid through viscous dashpots, which apply normal and
shear stresses to account for the difference between the movement of the main grid (at the
boundary) and the free-field elements. At the bottom face, a compliant base was prescribed [40]
based on the use of independent dashpots in the normal and shear directions. They provide adequate
means to absorb waves approaching the boundary. Both free-field and compliant boundary

conditions are succinctly described in [31].



Since negligible modifications of the outcrop motions occur by their deconvolution through
the rock to the desired elevation, the original accelerograms recorded at rocky outcrops were
directly employed to derive input motions at the base of the FE models [41]. However, since a
compliant base was prescribed at this boundary, absorbing the downward propagating waves, only
the upward component of the motions must be applied. This is obtained by taking half of the
outcrop motions. In addition, since an acceleration history (or velocity, or displacement) would
nullify the absorbing effect of the compliant base, the input motion is given in terms of a shear

stress time history, computed as:

T = 2pVud €)
where p is the density, I} is the shear wave velocity, and 1% is the horizontal particle velocity of
the upward propagating motion. The factor of two is added because half of the stress is absorbed
by the viscous dashpots.

The Plaxis Hardening Soil model with small-strain stiffness was employed to account for the
nonlinear response of the soil [31]. The model is formulated within the framework of
elastoplasticity and includes features like small-strain stiffness degradation, a hyperbolic hardening
law, a volumetric yield cap, and a Mohr-Coulomb type limit surface. A detailed description of the
model can be found in [31,42,43]. Employed parameters are shown in Table 2. They were chosen
to represent a medium to dense sand deposit. Energy dissipation occurs in the model due to both
small-strain stiffness degradation and plastic strains. However, for small strain amplitudes,
damping is generally underestimated [42]. Therefore, Rayleigh damping was also included in the
soil elements, with a and f coefficients selected to obtain a 2% damping ratio at the fundamental
vibration period of the soil deposit. The small layer considered for the bedrock (Fig. 4b), required

to apply the proper input motion, was characterised as a linear elastic material.



After stress initialisation, a static phase was considered where the building and its foundation

were activated. Then, the dynamic analyses described in this work were performed.

3. Complete rotational approach - CRA

As mentioned before, directionality effects can be studied in DSSI analyses by performing
simulations with a number of linear combinations of the two horizontal acceleration components
of the input motion (Eq. (1)) (the vertical component is generally neglected). Increments of 1° are
usually employed, in the range of 0° and 180°. Then, the distribution of any output variable can be
plotted as a function of the incidence angle allowing the determination of the most critical
orientation for the system. However, this method entails high computational costs, and it would be
of practical interest to develop a simplified approach to assess directionality effects with fewer
computational resources.

In this work, the CRA approach was applied to all considered cases to serve as a benchmark
to evaluate the results of the simplified procedure. For each case analysed, 90 2D DSSI analyses
(using increments of 2°) were performed resulting in 630 analyses. The main monitored variable
was the horizontal roof displacement relative to the base of the building. This demand parameter
can be related to the level of structural damage [11].

Results obtained for the different cases are shown in Fig. 5 as maximum relative roof
displacement values. In the first group of analyses (Fig. 5a), results using different input motions
are compared. The seismic motions of the Friuli earthquake resulted in the largest displacements
and showed the largest difference between maximum and minimum values as functions of the
incidence angle. It is also important to notice that the variation with orientation is quite different
for each seismic action and, therefore, unconservative designs might result from using the as-

recorded components depending on the selected ground motion.



In the second group of analyses (Fig. 5b), motions of the Friuli earthquake are also employed
in combination with layer thicknesses of 10 and 20 m. Although the shape of the variation is
somewhat similar for the different cases, the maximum relative roof displacements occur at
different orientations for each of them even though the same input motion is being employed. This
result stresses the fact that directionality effects cannot be addressed directly in the input motion in
the presence of soil deposits.

Finally, in the third group (Fig. 5c), analyses were performed using the seismic action from
Friuli, but considering 3- and 5-storey buildings as surface structures. Again, the variation with
orientation differs significantly among the different analyses since the dynamic response of each
model depends on the dynamic properties of the structure. The 4-storey building resulted in the
largest displacements although, depending on the incidence angle, larger displacements can occur
in the 5-storey building. Nevertheless, note that, unlike the 3-storey building, the location of the
maxima is well defined for the 4- and 5-storey buildings, and the angles where the maxima occur
are relatively similar.

Results shown in Fig. 5 were obtained from approximately 3000 hours of computing time on
Intel Core 17-4712HQ 2.67 GHz CPUs; certainly, an excessive amount of time for conventional

engineering projects.

4. Simplified rotational approach - SRA

A simplified approach is pursued here for the prediction of the incidence angle producing the peak
response of a soil-structure system. By deriving this angle in advance, only one DSSI analysis is
required for a given seismic action compared to the large number of analyses involved in the CRA.
The assumption explored is that the angle that generates the maximum value of an intensity

measure, at the top of the soil deposit (free-field motion), would also cause the maximum response



of the structure. The motion at the surface is obtained through free-field site response analyses,
where the CRA is applied; in this way, site effects are introduced. Then, IMs, as functions of the
rotation angle, can be determined from the motion computed at the surface of the soil deposit and
from which the critical orientation between the seismic action and the soil-structure-system may

be predicted.

4.1. Free-field seismic actions computations

The application of the CRA to the free-field response implies conducting site response analyses for
each rotation angle considered. They are usually performed using frequency-domain
methodologies, to reduce calculation times, where nonlinearity is introduced through iterative
procedures [44]. However, the elastoplastic constitutive law employed here prevents the use of
frequency-domain approaches. The free-field response is addressed here through dynamic FE
analyses. However, they demand much fewer computational resources compared to full DSSI
analyses since only a slender column of soil, with special boundary conditions, is required [2].

The geometry and mesh of the free-field FE model (for the 30 m thick soil deposit) are depicted
in Fig. 6. This model shares most of the features of the full DSSI model (Fig. 4b) except for the
lateral boundary conditions, where tied degrees of freedom were employed. With these conditions,
the nodes of the left and right boundaries at the same elevation are connected so that they are
characterised by the same vertical and horizontal displacements [45].

In Fig. 7, the acceleration records of the as-recorded components (E-W 6=0°, N-S 8=90°) and
the rotated component for 8=50° of the Friuli earthquake are compared with the results of the free-
field simulations at the surface. Clearly, an amplification of the signal occurs in the three cases due
to site effects. This amplification is also evident in the response spectra (Fig. 8), where considerably

larger spectral ordinates are obtained from the free-field simulations.



4.2. Intensity measures
From the free-field time histories at the surface, the angles that produce the maximum value of
each IM are identified. The IMs explored are: (1) the peak ground acceleration and velocity, (2)
the PGV/PGA ratio, (3) the Arias intensity, (4) the specific energy density, (5) the cumulative
absolute velocity, (6) the angle that corresponds to the RotI100 response spectrum, and (7) the
spectral response for the fundamental period of the building. Then, the obtained orientations can
be compared with those from the CRA to assess the performance of each IM.

In the following sections, the determination of the critical angle, for each IM, is described.
Only results for the first group of analyses (different seismic actions) are shown. However, the
obtained results for different soil layer thicknesses (second group of analyses) and different number

of storeys (third group of analyses) are also compared with the CRA later on (see Table 4).

4.2.1. Peak ground acceleration, peak ground velocity, and PGV/PGA ratio
For a given time, the magnitude of acceleration or velocity components of a recorded motion
depends on the considered incidence angle 6. Therefore, peak values can be determined as a

function of @ as follow:
PGA,:(6) = max[|accyo(t,0)|]for¢ for 8e[0 180] 4)

PGV, (0) = max[|vel,,.(t,0)|]for¢ for 8e[0 180] (5)
where acc,o; and vel.,, are the rotated acceleration and velocity time histories of the horizontal
components. Fig. 9 shows the variation of PGA,,; and PGV, (normalised by the maximum value)

for the three ground motions considered; locations of the maxima are indicated with circles in the



figure. The variations of these two IMs are significantly different, but their maximum values occur
at somewhat similar orientations.

Tso et al. [46] use the PGV/PGA ratio as a measure of the frequency content of an earthquake
ground motion. Sucuoglu and Nurtug [47] correlated this ratio to the seismic energy dissipation
since it is linked to the duration of the dominant acceleration pulse of a near-fault impulsive motion.
Bommer et al. [48] used this ratio to estimate corner periods at which the constant acceleration
ends and the constant displacement begins on code spectra. For each rotation angle, the PGV/PGA

ratio can be defined as:

max[|velyor (¢, 0)]for ¢
max[|accyo¢(t, 0)|]or ¢

PGV,,(8)/PGA,oc(0) = for 6¢[0 180] (6)

The variation of this IM is shown in Fig. 10. The angles that generate the maximum normalised
ratios are 2°, 42° and 126° for the Friuli, Campania, and Umbria seismic actions respectively. Note
that the problem has a periodicity of 180° and, therefore, results for angles close to 0° are, in fact,
similar to those close to 180°. Consequently, similar orientations are obtained compared to Fig. 9

even though the shapes of the curves are quite different.

4.2.2. Arias intensity - Al
The Al is a measure of the severity of a ground motion defined as the total energy per unit weight
stored by a set of undamped simple oscillators at the end of a strong seismic action due to an

earthquake [49]. The Al, for a given rotated motion, is computed in the following way:

m (U
AIrot(e) = Ef accrot(tf 9)2 dt (7)

0

where g is the acceleration due to gravity and t; is the total duration of the record. The variation

of Al as a function @ is shown in Fig. 11. The angles producing the maximum value for this IM for



the first group of analyses are 164°, 44° and 104° for the Friuli, Campania, and Umbria earthquakes

respectively.

4.2.3. Specific energy density - SED
The SED [50,51] is defined as the integral of the squared velocity time history vel,; for the total

duration of the motion t; (Eq. (8)); therefore, this IM is, to some extent, analogous to the Al (Eq.
(7).

ty
SEDrou(0) = | velyo(t, 077 de (8)
0

In Fig. 12, the variation of the SED, as a function of the rotation angle, is shown. For the first group
of analyses, the angles where the maxima SED,; occur are 162°, 14° and 104° for the seismic

actions of Friuli, Campania and Umbria earthquakes respectively.

4.2.4. Cumulative absolute velocity - CAV
The CAV is an IM proposed by Reed and Kassawara [52], and it has been used to estimate the

destructive potential of strong ground motions. It is defined in the following way:

t

f
CAV,oq(6) = f |accro(t, 0)] dt ©)
0

The normalised CAV, as a function of 6 is shown in Fig. 13. The angles where the maximum value
is achieved are 164°, 52° and 128° for the accelerograms recorded during the Friuli, Campania and

Umbria earthquakes, respectively.



4.2.5. Maximum spectral response

The aim is to find the angle that generates spectral accelerations closest to the RotD100 spectrum
within a given range of vibration periods; the range considered is related to the fundamental period
of the system. The response spectrum, for a given 6, is estimated using Eq. (10). The RotD100

spectrum is the envelope of all spectra from the rotated motions (Fig. 14b and Fig. 14d).

SAot(T, ¢, 0) = max(|iiyot(t, T, €, 0) Dfor ¢ (10)

where SA,,; is a spectral acceleration from a rotated motion, i, is the acceleration response of a
single-degree-of-freedom damped oscillator, T is the vibration period, and ¢ is the damping ratio.

A penalty function is computed as follows:

Nper
1 SA.ot(Ti, €, 6) 2
enalty(0) = Z[ rot 2 _1q (11)
P Y@ Nper = SARrotp100(T'%,$)

where SArqp100 are the spectral ordinates of the RotD100 spectrum, and Np, is the number of

sample period between T; and T,. Then, the RotI100T:T2 spectrum is defined as the one obtained
from the rotated motion that minimises the penalty function. This orientation is assumed as the
critical @ for this IM.

In Fig. 14, an example of the determination of the RotI100T: T2 spectrum, using strong motion
data from Friuli earthquake, is presented. Fig. 14a and Fig. 14b show the results obtained for a
wide range of periods (between 0.0 and 2.0 s). The studied building has a predominant period of
0.95 s and, therefore, a range between 0.9 and 1.0 s has also been considered to calculate the
RotI100T:i T2 spectrum. The obtained results are shown in Fig. 14c and Fig. 14d. Note that the
critical angle varies considerably depending on the period range considered. In this study, a range

of = 0.05 s of the predominant period of the buildings was used.



4.2.6. Spectral response for the fundamental period of the building - SArt

An IM highly used in both seismic hazard studies and structural analyses is the spectral response
at the building’s fundamental period. This measure is defined as the maximum acceleration
response of a 5% damped single-degree-of-freedom linear oscillator, as shown in the following

equation:

SATf(rot) (Tf' E: 9) = maX(lurot(t: Tf' E' 9) Dfor t (12)
In fact, this approach coincides with that of section 4.2.5 if the period range is reduced to a single
value. The variation of this IM is shown in Fig. 15 for the considered seismic actions. For the Friuli

earthquake, the critical angle is 0° (or 180°), which is the same result obtained in Fig. 14c.

5. CRA and SRA comparison

In this section, the critical angles predicted with the SRA are compared with the CRA. Fig. 16
shows the relative roof displacement, as a function of the rotation angle, obtained through the CRA
for the group of analyses 1 (30 m soil layer and different input motions); the position of the
maximum values is indicated with a black square. The values obtained with the SRA, for the
different IMs, are also indicated in the figure with red circles. For the Friuli earthquake, the SRA
captured reasonably the angle where the maximum response of the building occurs (in terms of
relative roof displacements) with all the IMs (recall that the 180° periodicity implies that angles
close to 180° are also close to 0°). For the other two earthquakes, a larger dispersion is observed
between the different IMs. The PGV and the PGV/PGA ratio predicted the angles closest to the
CRA for the three earthquakes considered. The obtained critical orientations from all the analyses
performed are summarised in Table 3. In the second group of analyses (different soil thickness and

Friuli seismic actions), the PGV and PGV/PGA ratio also showed the closest values to the CRA.



Finally, in the third group of analyses (different buildings and Friuli seismic actions), the
RotI100T: T2 IM produced, on average, the closest values to the CRA, followed by the PGV and
the PGV/PGA ratio respectively. Results are coherent since RotI100T; T2 takes into account the
variation of the structure (structural behaviour) using the maximum spectral response in a range of
period close to the fundamental period of each building.

The maximum displacements obtained through the CRA and SRA are compared in Table 4;
the relative error with respect to the CRA approach is also indicated (a negative sign implies an
underestimation of the relative roof displacement). The lowest mean error (averaged over all the
considered cases) was obtained with the PGV (-2.476%), which is also the IM capturing the closest
critical angle (see Table 3). The PGV/PGA ratio, the RotI100T1T2 and the Al also achieved similar
error magnitudes. Nevertheless, the latter shows larger differences with respect to the critical angle
(Table 3). The worst performing IM was the SAts, with a mean relative error of -11.892%.

Although the SRA is not able to predict exactly neither the critical angle nor the maximum
relative roof displacement obtained with the CRA, the errors are much smaller compared to those
obtained using the as-recorded components (Table 5), which is the customary practice. The mean
errors obtained using the E-W and the N-S components for all analysed cases are -10.334% and -
25.353% respectively. When the recorded motion is polarised with one of the horizontal principal
directions of the accelerometer, the errors would be small. This situation occurred in the E-W
component of the Friuli earthquake seismic actions, where a relative error of -2.475% (4-storey
case) and -2.222% (5-storey case) were estimated. However, this is generally not the case and the
relative roof displacements can be underestimated as much as 50% if directionality effects are not

properly addressed.



6. Conclusions

In this study, the importance of considering directionality effects of ground motions in 2D DSSI
analyses has been highlighted. Two-dimensional models are widely used to perform DSSI
analyses, since they are less computationally expensive than a three-dimensional (3D) one [53—
57]. On the other hand, an important deficiency in DSSI analyses, usually performed, is that only
the as-recorded components of ground motions are adopted, without considering other angles that
could lead to a more severe structural response. These effects can be addressed by analysing the
considered problem with a number of linear combinations of the input motions for different
incidence angles. Then, the orientation producing the maximum response of the structure can be
determined; this procedure was termed here the CRA. It was found that, if directionality effects are
overlooked and only the as-recorded components are employed to derive the input motions for the
analyses, the building response (in terms of relative roof displacements) can be underestimated as
much as 50%.

On the other hand, DSSI analyses are computationally expensive preventing the use of the
CRA in most cases. In addition, already established simplified procedures to incorporate
directionality effects for structural analyses cannot be employed directly to the input motions for
DSSI analyses since site effects tend to modify the response. A simplified procedure has been
proposed here to identify, in advance, the angle that produces the maximum response of a structure
for a given seismic action and, therefore, to perform only one DSSI analysis. Site effects are
incorporated by applying the CRA to free-field site response simulations, since they are quite
inexpensive compared to full DSSI analyses. Then, the critical orientation is predicted from the
maximum value of a given IM, as a function of the rotation angle, from the motions computed at
the surface of the free-field simulations. Different IMs were evaluated, and the PGV resulted in

critical angles and relative roof displacements closest to the CRA. Although the exact values were



not predicted, the mean relative differences with respect to the CRA, in terms of roof
displacements, were only -2.476% (mean value of the considered cases); much smaller than those
obtained using the as-recorded directions.

The proposed simplified approach, using the PGV as IM, appears to be an attractive and
economical alternative to incorporate directionality effects in DSSI analyses. The high
computational cost of DSSI analyses, where the soil is characterised with an elastoplastic
constitutive model, prevents the use of a large number of earthquake records. Three acceleration
pairs, leading to 630 nonlinear dynamic analyses, have been considered adequate for the purpose
of the paper, i.e. to propose a simplified approach to predict the worst angle orientation, thus
avoiding such large number of costly dynamic analyses. Nevertheless, the procedure must be
further validated under different conditions, such as different characteristics of the soil deposit,
additional seismic actions corresponding to different kinds of earthquakes, and, of course, different
surface structures. In addition, future analyses should be performed considering 3D models and the
non-linearity properties and damage of the structure.

Although the effects of directionality should always be considered for earthquake-resistant
design and assessment, it is important to mention that using the most unfavourable incidence angle,
in each of the selected ground-motion records, could lead to over-conservative results. The specific
way in which directionality must be considered for design is not discussed in this work and deserves
further research. Nonetheless, the proposed approach, to economically determine the most

unfavourable orientation in DSSI analyses, might serve as a tool for such kind of studies.
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Fig. 1. Input motion for DSSI analyses from an acceleration history recorded at a rock outcrop
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Tables

Table 1. Cases studied.

Soil Seismic Building
Group thickness . Building  fundamental
actions .
(m) period, Tt (s)
Friuli
1 30 Campania 4-storey 0.95
Umbria
10
2 20 Friuli 4-storey 0.95
30
3-storey 0.80
3 30 Friuli 4-storey 0.95
5-storey 1.11

Table 2. Soil parameters.

Parameter Symbol Units Value
Unit weight y kN/m* 20
Small strain shear stiffness GEet kN/m? 125000
Shear strain at 0.7 G, Yo.7 - 1.5E-4
Triaxial compression stiffness Et kN/m? 40000
Primary oedometric stiffness Eref,  kN/m?> 32000
Unloading/reloading stiffness Eref  kN/m? 120000
Poisson’s ratio for
unloading/reloading Var ) 0.2
Reference pressure Dref KN/m?> 100
Rate of stress-dependency m - 0.5
Cohesion c kN/m? 0
Friction angle ¢ ° 35
Dilatancy angle P ° 5
Failure ratio R - 0.9
Stress ratio for normal Kpe . 0426

consolidation




Table 3. Critical incidence angles where the maximum relative roof displacement occurred with the CRA
and the SRA.

Group 1 Group 2 Group 3
Approach Parameter 3- 5-
Friuli Campania Umbria 10 m 20 m 30 m 4-storey
storey storey
CRA max. 8° 72° 118°  144° 136° 8° 132° 8° 175°
SRA with PGA max. 172° 4° 116°  148° 164° 172° 172° 172° 172°
SRA with PGV max. 178° 42° 122°  148° 146° 178° 178° 178° 178°
SRA with PGV/PGA max. 2° 42° 126°  150° 146° 2° 2° 2° 2°
SRA with AI max. 164° 44° 104°  154° 142° 164° 164° 164° 164°
SRA with SED max. 162° 14° 104° 166° 140° 162° 162° 162° 162°
SRA with CAV max. 164° 52° 128°  154° 142° 164° 164° 164° 164°
SRA with SATs max. 0° or 180° 48° 22° 36° 174° 0°o0r 180°  142°  0°or 180°  178°
SRA with SAret/SARretb100
. 0 (¢] (] 0 o (] 0 (o] 1340 0 o o
(Rotl100T:T>) max 0°or 180 36 70 154° 146° 0°or 180 0°or 180 178
Table 4. Comparison between the relative roof displacements obtained through the CRA and SRA.
Mean
relative
) Group 1 Group 2 Group 3 error (5 in
Approach Roof displacement %)*
Friuli | Campania | Umbria | 10 m 20m | 30m | 3-storey 4- S-storey
storey
CRA max. (m) 0.202 0.157 0.136 0.141 0.158 | 0.202 0.123 0.202 0.180 -
max. (m) 0.189 0.126 0.133 0.141 0.145 | 0.189 0.113 0.189 0.178
SRA with PGA -6.551
& with CRAmax (%) | -6.436 | -19.745 -2.206 | 0.000 | -8.228 | -6.436 | -8.130 -6.436 -1.111
max. (m) 0.197 0.152 0.135 0.141 0.151 | 0.197 0.115 0.197 0.180
SRA with PGV -2.476
& with CRAmax (%) | -2.475 -3.185 -0.735 0.000 | -4.430 | -2.475 | -6.504 -2.475 0.000
max. (m) 0.200 0.152 0.133 0.140 0.151 | 0.200 0.117 0.200 0.174
SRA with PGV/PGA -2.819
& with CRAmax (%) | -0.990 -3.185 -2.206 | -0.709 | -4.430 | -0.990 | -4.878 -0.990 -3.333
max. (m) 0.198 0.153 0.130 0.136 | 0.155 | 0.198 0.113 0.198 0.177
SRA with Al -3.455
& with CRAmax (%) | -1.980 -2.548 -4.412 | -3.546 | -1.899 | -1.980 | -8.130 -1.980 -1.667
max. (m) 0.198 0.135 0.130 0.131 0.156 | 0.198 0.107 0.198 0.175
SRA with SED -6.364
& with CRAmax (%) | -1.980 | -14.013 -4.412 | -7.092 | -1.266 | -1.980 | -13.008 -1.980 -2.778
max. (m) 0.198 0.144 0.134 0.136 0.155 | 0.198 0.113 0.198 0.177
SRA with CAV -3.853
& with CRAmax (%) | -1.980 -8.280 -1.471 | -3.546 | -1.899 | -1.980 | -8.130 -1.980 -1.667
max. (m) 0.197 0.147 0.105 0.102 0.142 | 0.197 0.106 0.197 0.18
SRA with SAt¢ -11.892
& with CRAmax (%) | -2.475 -6.369 -22.794 | -27.660 | -10.127 | -2.475 | -13.821 -2.475 0.000
SRA with SAwr/SAreb100 max. (m) 0.197 0.143 0.134 0.136 0.151 | 0.197 0.121 0.197 0.18 2209
(RotI100T:T2) § with CRAma (%) | 2475 | 8917 | -1.471 | 3546 | -4.430 | 2475 | -1.626 | -2.475 | 0.000
Mean relative error (5 in %) -2.599 -8.280 -4.963 | -5.762 | -4.589 | -2.599 | -8.028 -2.599 -1.320

*The Friuli, the 30 m and the 4-storey analyses from group 1, 2 and 3 respectively are the same analysis, therefore
only are considered once in the mean error estimation.




Table 5. Comparison between the relative roof displacements obtained through the CRA and the as-recorded

components.
Group 1 Group 2 Group 3 elz/{f:;n(g (;:laz}v)e*
Approach Roof displacement 3. >
Friuli | Campania | Umbria| 10 m 20 m 30 m | 3-storey | 4-storey
storey
CRA max. (m) 0.202 0.157 0.136 0.141 | 0.158 0.202 0.123 0.202 0.180 -
0° max. (m) 0.197 0.113 0.116 | 0.132 | 0.139 0.197 0.115 0.197 0.176
-10.334
& with CRAmax (%) | -2.475 -28.025 | -14.706 | -6.383 | -12.025 | -2.475 -6.504 | -2.475 | -2.222
As-recorded (AR)
90° max. (m) 0.133 0.138 0.132 0.066 | 0.106 0.133 0.093 0.133 0.148
-25.353
& with CRAmax (%) | -34.158 | -12.102 -2.941 | -53.191 | -32.911 | -34.158 | -24.390 | -34.158 | -17.778
Mean relative error (5 in %) -18.317 | -20.064 -8.824 | -29.787 | -22.468 | -18.317 | -15.447 | -18.317 | -10.000

*The Friuli and the 30 m and the 4-storey analyses from group 1, 2 and 3 respectively are the same analysis, therefore
only are considered once in the mean error estimation.




