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ABSTRACT
By now it is well known that the rotation angle of the ground motion has a not negligible influence on
several engineering demand parameters (EDPs), especially in case of near-fault excitations. Several
current seismic codes require that at least two horizontal ground motion components should be
considered for three-dimensional response history analysis of structures. However, they do not contain
accurate provisions about the directions of application and only recently they have included provisions
about the near-fault cases. Therefore the designer has the task of evaluating all the “relevant”
directions or the “most critical” conditions adapted to each case, in order to avoid the underestimation
of structural demand prediction. Moreover, given that the critical angle for a specified EDP varies with
fundamental period, model type and the level of inelastic behaviour, its estimation is quite difficult.
Indeed it is necessary to use a three-dimensional structural nonlinear modelling to evaluate the critical
angle for each case, with a large amount of computational efforts.
The main objective of this work is to assess the ability of simple models, i.e. linear and
nonlinear two-Degree of Freedom (2DOF) systems, to predict the most critical incidence angle. To
this aim a reinforced concrete eight story building, designed according to a past Italian code, has been
selected to represent a realistic building located in Italy. The effect of directionality on the building
response has been investigated by means on non-linear dynamic analyses considering 124 pairs of
near-fault ground motion records oriented along eight incidence angles, whose values are between 0
and 180 degrees, with an increment of 22.5 degrees. Afterwards, the effect of directionality has been
studied considering single models (2D) of the building. The results have shown that the equivalent
linear and nonlinear 2DOF models may be adequate to predict the most critical angle of incidence.
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INTRODUCTION

As is common knowledge, near-fault pulse-like ground motions may actuate large
displacements and strength demands in structures and increase the risk of earthquake-induced collapse
(Haselton et al. 2011, Liel et al. 2011). Indeed in the proximity of an active fault system, ground
motions are significantly affected by the faulting mechanism, direction of rupture propagation relative
to the site (e.g. forward directivity), as well as the possible static deformation of the ground surface
associated with fling-step effects (Kalkan and Kunnath, 2005). Many examples of extensive structural
damage from past earthquakes may be originated by the forward directivity effect. For instance the
well-known Olive View Hospital, which was affected by a significant damage during the San
Fernando, California (1971) earthquake, is one of the most important case of building collapse that
was associated with near-fault directivity (Chopra and Chintanapakdee, 2001).
Several current seismic codes require that at least two horizontal ground motion components
should be considered for three-dimensional response history analysis (RHA) of structures. However,
only recently they included provisions about the near-fault cases. The California Building Code (CBO,
2010) requires that at sites within 5 km of the active fault that dominates the hazard, each pair of
ground motion components should be rotated to the fault-normal and fault-parallel (FN/FP) directions.
Similarly, the ASCE 7-10 requires that at sites within 3 miles (~ 5 km) of the active fault that controls
the hazard, each pair of components shall be rotated to the fault-normal and fault-parallel directions of
the causative fault and shall be scaled so that the average of the fault-normal components is not less
than the maximum considered earthquake response (MCER) spectrum for the period range from 0.2T
to 1.5T (ASCE, 2010). The Eurocode 8 (UNI EN 1998-1:2005, EC8 in the following) requires that in
buildings of importance class IV, site-specific spectra including near source effects should also be
taken into account, if the building is located at a distance less than 15 km from the nearest potentially
active fault with a magnitude Ms> 6,5 (UNI EN 1998-1:2005).
At the same time there is a problem related to the direction of application. In fact it is well
known that the ground motion components’ orientation has a not negligible influence on structural
demand of buildings, especially in case of near-fault excitations (Reyes and Kalkan 2012), and the
application along the principal axes could not be the correct choice. However current seismic codes do
not include specific provisions about that. FEMA 356 prescribes the accelerograms to be applied along
the structural axes, yet no indication is given on how these axes are to be determined in complex
structures. According to EC8 (UNI EN 1998-1:2005) horizontal seismic motion should be applied
along any relevant directions and similarly, in the ASCE/SEI 7-10 (2010), the directions of application
of seismic forces shall be those which will produce the most critical load effects. Therefore the
designer has the task of evaluating all the critical directions adapted to each case, in order to avoid the
underestimation of structural demand prediction (Cantagallo et al., 2012).
This task is not only a prerogative of complex and irregular structures, in fact even for single
storey symmetric buildings without mass eccentricity the incident angle may significantly influence
the response (Tsourekas et al. 2009). For example Rigato and Medina (2007) have demonstrated that,
in general, peak inelastic deformation demands are underestimated when the horizontal components of
ground motion are applied along the principal orientations of an inelastic structure. Fontara et al.
(2012) have shown that the maximum value of the overall structural damage index does not occur
when the accelerograms act along the structural axes. Also other authors indicate that incidence
directions different from the principal building directions may lead to unfavourable dynamic responses
(Hosseini and Salemi, 2008). Indeed the critical angle for a given engineering demand parameter
(EDP) varies with fundamental period, model type and the level of inelastic behaviour, and it is
difficult to determine a priori like that of an elastic structure. Therefore it is necessary to use a threedimensional structural modelling to evaluate the critical angle for each structural case, with a large
amount of computational efforts.
In this study a three-dimensional model representing a reinforced concrete building has been
analysed by means of nonlinear time-history analyses (NLTHAs). Specifically, the building has been
subjected to a set of 124 pairs of near-fault ground motion records oriented along eight incidence
angles, whose values are between 0 and 180 degrees, with an increment of 22.5 degrees. The results,
in terms of seismic directionality effects have been interpreted and compared with those obtained with
more simple (two-dimensional) models.
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STUDIED BUILDING

A reinforced concrete eight story building, designed according to a past Italian code (DM 96,
1996), has been selected to represent an existing building located in a medium seismic zone (i.e.,
“zone 2” according to the seismic hazard classification of DM 96). Figure 1 shows two lateral views of
the building with beam spans and storey heights. The structure is a rectangular multi-bay structure
28x18 m2 in plan and 28 m high. The cross sections of the central beams are 80x24 cm2 and 100x24
cm2, while 30x60 cm2 for the beams along the perimeter (from F to H in Figure 2).
At the base of the building, the column cross section dimensions are 90x45 cm2, 50x50 cm2 and
50x35 cm2 (from A to E in Figure 2) with different orientations. From the 5th level to the top of the
building the column sections are reduced to 90x45 cm2, 40x40 cm2 and 45x30 cm2, respectively.
Figure 2 shows some details about the sections and the reinforcement.

Figure 1. Lateral views of the frame model (lengths in meters) and 3D view
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Figure 2. Cross sections and reinforcement. From A to E: columns; from F to H: beams.
The loads applied to the structure are divided into structural permanent, non-structural
permanent and imposed (live loads). The first two include the self weight of reinforced-concrete
structural members, of walls and coatings-coverings, as reported in Table 1.
The response of the selected building is evaluated via non-linear dynamic analyses run in
OpenSees 2.2.2 (McKenna 1997). Beams and columns of the structure are modelled with flexibilitybased nonlinear beam-column elements with fibre-section distributed plasticity. The masses are
concentrated at the nodes representing the beam-column joints, and the stiffness of the floors is
modelled with rigid diaphragm constraints. Damping, equal to 5%, is considered to be proportional to
mass and current stiffness. Geometric nonlinearities are included using P-Delta transformations. The
properties of the materials are shown in Table 2 and Figure 3.

Table 1. Loads
STRUCTURAL PERMANENT LOADS
Floor selfweight (h=0.24 m)
3.75 kN/m2
NON-STRUCTURAL PERMANENT LOADS
Floor (h=3 cm)
0.80 kN/m2
Screed (h=8 cm)
1.80 kN/m2
Plaster
0.30 kN/m2
Partitions
1.20 kN/m2
False ceiling and systems
1.50 kN/m2
IMPOSED LOADS
Areas for domestic and
2.00 kN/m2
residential activities

Table 2. Material properties (refer to Figure 3)
CONCRETE
fpc = fpcu = 37050 kN/m2
epsc0 = 0.002
epsU = 0.01

STEEL FOR REBARS
fy = 450000 kN/m2
E0 = 210 E+06 kN/m2
b = 0.01

(a)

(b)

Figure 3. OpenSees uniaxial materials: (a) Concrete01; (b) Steel01
The periods of the first three modes of vibration of the fixed-base frames, obtained after the
application of the gravity loads, are given in Table 3. Figure 4 shows the shapes of the first three
modes of vibration.

Figure 4. 1st, 2nd and 3rd modal shapes
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Table 3. Periods of the first three modes of vibration
N° Modal shape
1
2
3

3

Period [s]
T1 = 2.47
T2 = 1.81
T3 = 1.69

GROUND MOTIONS

The ground motion database, used as input to the nonlinear dynamic analyses of the building, consists
of 124 pairs of horizontal recordings from 27 earthquakes. The moment magnitude of these
earthquakes ranges from 5.0 (2000 Yountville earthquake) to 7.62 (1999 Chi-Chi, Taiwan earthquake)
and the site-to-rupture closest distance varies from 0.07 km to 102.39 km. The soil conditions are
mainly characterized by type C and D (as defined in the NEHRP (2003) site classification based on the
preferred Vs30 values). The database includes only strong ground motions that can be identified as
being “pulse-like”.
Each pair of horizontal recordings were decomposed to the fault-normal (FN) and fault-parallel
(FP) components. In the dynamic analyses, the 124 pairs of FN and FP components are applied to the
building in a set of 8 different directions as shown in Figure 6 (the cases q°=0° and q°=180° are the
same). Therefore, called X and Y the principal axes of the building, the FN and FP components are
additionally rotated q° away from the X axis as shown in the Figure 5. The angle q° varies from 0° to
180° with increments of 22.5°.
q =0°

CASE 1

q =22.5°

CASE 2

Y

Y

FN

CASE 6 q =112.5°

Y

FP

FP

q =90°

CASE 5

α

X

Y
FN

FN

FN

α

FP

X

α

X

X

FP

q =45°

CASE 3
Y

FN

α

FP
X

Y

FN

FN

α

q =157.5°

CASE 8

Y

Y

FP

q =135°

CASE 7

q =67.5°

CASE 4

FN

α

X

α

X

FP

X

FP

Figure 5. Set of values for the angle of incidence
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INFLUENCE OF THE INCIDENCE ANGLE

In order to investigate the effects of the ground motion direction variability on the structural
demand, two Engineering Demand Parameters (EDPs) are considered:


The Interstory Drift Ratio (IDR), with its distribution along the height and the
maximum value (MIDR) over the floors.



The maximum roof displacement (U)

The IDR parameter is computed as the maximum value over time (the record duration). For
each record, the interstory drift ratio for the ith floor is computed as:

x i  y i
hi
2

IDRi 

2

(1)

where:
xi is the drift along the X axis between the centres of mass of the ith and (i-1)th floors

yi is drift along the Y axis between the centres of mass of the ith and (i-1)th floors
hi is the interstory height
Indeed the maximum interstory drift ratio (MIDR) is the maximum IDR value along the height
of the building. Figure 6 shows the IDR distribution for a single record varying the angle of incidence,
obtained by the 3D frame modelling.

Figure 6. IDR distribution along the height varying the angle of incidence (refer to Figure 5)
One can note that the IDR assumes higher values in cases 3 and 4, related to angles of incidence
equal to 45° and 67.5° respectively. However, it is important to underline that this result is not
generalizable to all types of seismic actions, since influenced by the characteristics of the signal more
than by the properties of the structure. For instance, considering two different signals, Figure 7 shows
the MIDR values varying the angle of incidence. In the first case, signal n°16, the critical angle results
to be 45° while in the second case is 180°.
Consequently, the most critical angle of incidence is function of the type of signal. This makes
it necessary to analyze the response of the structure for each signal and for each angle of incidence,
with a high computational effort.

Figure 7. MIDR values for the two signals n°16 and 18°, varying the angle of incidence
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SIMPLE MODELS TO PREDICT THE MOST CRITICAL INCIDENCE
ANGLE
As mentioned previously, the main purpose of the study is the evaluation of the suitability of
linear and nonlinear 2DOF models, realized to be equivalent to the real structure, in predicting the
most critical incidence angles. This section present a possible procedure to set these models. Two
equivalent 2DOF models have been developed, linear and non-linear. The setting was made following
the approach proposed by EC8 (UNI EN 1998-1:2005) based on pushover curves of the structure. The
procedure adopted and the parameters used are described below.
Following the EC8, the relationship between base shear force and displacement (the “capacity
curve”) has been determined by a pushover analysis. The capacity curves are evaluated along the two
principal axes X, Y of the building. The lateral forces are applied proportionally to the first mode
shapes. The displacement is measured at the centre of mass of the roof of the building. Figure 8 shows
the two capacity curves and the bilinear equivalent ones.

Figure 8. Pushover curves along X and Y axes and their bi-linear equivalent relationships
The yield force Fy*, which represents also the ultimate strength of the idealized system, is equal
to the base shear force at the formation of the plastic mechanism. The initial stiffness of the idealized
system is determined in such a way that the areas under the actual and the idealized force –
deformation curves are equal. Based on this assumption, the yield displacement of the idealized Single
Degree of Freedom (SDOF) system dy* is given by:
 * E *
*
d y  2 d m  m* 

Fy 


(2)

where Em* is the actual deformation energy up to the formation of the plastic mechanism.
Consequently, the period T* of the idealized equivalent SDOF system can be determined by:
T  2
*

where m * 

n

 m  , with
i 1
th

i i

m *d y
Fy

*

*

(3)

mi and i which are respectively the mass and the normalized

displacement of the i floor. On the base of the capacity curves, the values used to set the equivalent
models are given in Tables 4 and 5.

Table 4. Parameters of the equivalent model along X-axis
Yield force Fy*
Yield displacement dy*
Equivalent stiffness k*= Fy*/ dy*
Equivalent mass m*
Equivalent period T*

8515 kN
0.308 m
27626 kN m-1
3083 kN m-1 s2
2.10 s

Table 5. Parameters of the equivalent model along Y-axis
Yield force Fy*
Yield displacement dy*
Equivalent stiffness k*= Fy*/ dy*
Equivalent mass m*
Equivalent period T*

6

6269 kN
0.434 m
14445 kN m-1
3246 kN m-1 s2
2.98 s

RESULTS

First of all, the main results obtained on the influence of the incidence angle are recalled here.
Figure 9 shows the MIDR results from the studied structure under the action of the first 50 signals
varying the angle of incidence. One can see how it is not possible to evaluate a unique critical angle of
incidence, since it depends on the type of signal and not only on the structural properties. Figure 10
shows a different representation of the previous results for a restricted but significant selection of
signals.

Figure 9. MIDR values for the first 50 signals, varying the angle of incidence
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Figure 10. MIDR values for a selection of signals, varying the angle of incidence
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In order to evaluate the reliability of the predictive models and the accuracy of using them in
place of the more complex 3D frame model, different variables have been considered (Table 6).
Table 6. Description of the variables
U3DMAX
U2DOF_LMAX
U2DOF_NLMAX
q3DMAX
q2DOF_LMAX
q2DOF_NLMAX
U3D(X)
MIDR3D(X)

Maximum response displacements (at the top of the building)
evaluated by the 3D frame model
Maximum response displacements
evaluated by the linear and nonlinear equivalent models, respectively
Critical angles of incidence, one for each signal,
which provide the U3DMAX
Critical angles of incidence, one for each signal,
which provide the U2DOF_LMAX and the U2DOF_NLMAX, respectively
MIDR and maximum displacements U at the top of the building, obtained by
the 3D frame model using a generic X value as angle of incidence

The following comparisons (from (a) to (f)) have been performed in order to show the relation
between the 3D model and the 2D models results. As measure of dependence between the different
quantities listed in Table 6, a simple linear regression has been made, with correlation coefficient R
(Figures 11, 12 and 13).
a) U3DMAX vs. U2DOF_LMAX, to compare linear 2DOF maximum displacement results with those
calculated by the 3D model.
b) U3DMAX vs. U2DOF_NLMAX, to compare nonlinear 2DOF maximum displacement results with
those calculated by the 3D model.
The above comparisons show that the nonlinear model provides better results than the linear one,
with R2 of about 0.83 (Figure 11).

Figure 11. Correlation between displacement results
c) MIDR3D(q3DMAX) vs. MIDR3D(q2DOF_LMAX), to compare MIDR results calculated by the q3DMAX
with those obtained using the q2DOF_LMAX .
d) MIDR3D(q3DMAX) vs. MIDR3D(q2DOF_NLMAX), to compare MIDR results calculated by the
q3DMAX with those obtained using the q2DOF_NLMAX .

Figure 12. Correlation between MIDR results
e) U3D(q3DMAX) vs. U3D(q2DOF_LMAX), to compare the results in terms of displacement U calculated
by the q3DMAX with those obtained using the q2DOF_LMAX .
f) U3D(q3DMAX) vs. U3D(q2DOF_NLMAX), to compare the results in terms of displacement U
calculated by the q3DMAX with those obtained using the q2DOF_NLMAX .

Figure 13. Correlation between MIDR results
Three different models was used to evaluate the critical angles. The c) and d) cases show the
MIDR3D evaluated by using q3DMAX , q2DOF_LMAX and q2DOF_NLMAX critical angles in order to evaluate
the reliability of the models. The e) and f) cases show the same comparison using the U3D quantity.
Figures 12 and 13 also show a measure of dispersion given by two parameters  and . For
instance, in the case c)  and  are the mean and standard deviation of the  variable, given by



MIDR 3 D ( 2 DOF _ L MAX )
MIDR 3 D ( 3 D MAX )

Similar ratios have been used for the other cases.
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CONCLUSIONS

This paper analyses the response of an eight story building subjected to several ground motion records
applied at different incidence angles, ranging between 0 and 180 degrees, with 22.5 degree increments.
The building is designed according to the Italian DM96 code in order to represent a realistic case
study. The structure is analysed using a 3D frame modelling and nonlinear time history analyses. The
ground motion inputs consist of 124 pairs of horizontal recordings decomposed to the fault-normal
(FN) and fault-parallel (FP) components.
An evaluation of the seismic directionality effects and a method to develop some simple linear
and nonlinear equivalent 2DOF models in order to predict the most critical incidence angle, avoiding
the computational duty of a 3D nonlinear analysis, are carried out in this paper.
The main results can be summarized as follows:
1. Taking a single record into account, it can be seen that the structural demand in terms of IDR
and MIDR depends significantly on the incidence angle (see Figure 6). Since the studied
structure was a plan-regular building, it can be concluded that the evaluation of incidence
angle cannot be restricted to irregular-plan buildings only.
2. Often the IDR is higher when the angles of incidence are equal to 45° and 67.5° (see Figure
6). However, varying many records, in some cases the critical angle of incidence could
drastically change (see Figures 7 and 9). Therefore it is important to underline that this result
is not generalizable to all types of seismic actions. The incident angle that causes the highest
MIDR value is influenced by the characteristics of the signal more than by the properties of
the structure.
3. Limited to this case study, the equivalent linear and nonlinear 2DOF models proved to be a
reliable instrument to predict the most critical angle of incidence: the results show a very low
dispersion of about 0.1 in case of MIDR correlation. Slightly better results are obtained in case
of top displacement comparison.
4. On the basis of the previous results, a procedure to predict the most critical incidence angle for
a structure can be the following:
 Realise a 3D nonlinear frame model of the structure
 Evaluate the capacity curves along the principal axes of the structure through a
pushover analysis supported by a modal analysis
 Set a 2DOF nonlinear equivalent model using the results of the previous analyses
 Analyze the response of the 2DOF model subjected to a ground motion record
projected to the different incidence angles, with a minimal computational effort.
 Evaluate the most critical angle of incidence q2DOF_NLMAX , which causes the maximum
displacement of the 2DOF
 Make just one NLTHA of 3d frame nonlinear model with the ground motion applied
according to the angle q2DOF_NLMAX
 Repeat the procedure for all the signals
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