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Abstract: The seismic response of acceleration-sensitive non-structural components in buildings has 
attracted the attention of a significant number of researchers over the past decade. This paper pro-
vides the results which improve the state-of-knowledge of the influences that higher vibration 
modes of structures and nonlinearity of non-structural components have on floor acceleration de-
mands. In order to study these influences, a response-history analysis of a code-designed twelve-
storey reinforced concrete building consisting of uncoupled ductile cantilever shear walls was con-
ducted. The obtained absolute floor accelerations were used as a seismic input for linear elastic and 
nonlinear non-structural components represented by simple single-degree-of-freedom systems, and 
the main observations and findings related to the studied influences along the building height are 
presented and discussed. Additionally, the accuracy of the method for the direct determination of 
peak floor accelerations and floor response (acceleration) spectra recently co-developed by the first 
author was once again investigated and validated. A brief summary of the method is provided in 
the paper, along with the main steps in its application. Being relatively simple and sufficiently ac-
curate, the method (in its simplified form) has been recently incorporated into the draft of the new 
generation of Eurocode 8. 

Keywords: higher modes; nonlinear non-structural components; peak floor accelerations; floor re-
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1. Introduction 
Seismic response of acceleration-sensitive non-structural components (NSCs) in 

buildings, often referred to as secondary systems or equipment, attracted the attention of 
a significant number of researchers over the past decade. Extensive research efforts re-
sulted in journal papers that improve the state-of-knowledge (e.g., [1–12]) and represent 
an important addition to the studies reported in the past, whose brief overview was pro-
vided in [13]. In practice, floor acceleration demands are expressed through peak floor 
accelerations (PFAs) and floor response (acceleration) spectra (FRS). Generally, due to the 
fact that an “accurate” determination of PFAs and FRS involves time-consuming re-
sponse-history analysis (RHA), in the first parametric studies conducted in the past, only 
a small number of input parameters was varied, which resulted in limited outcomes. Over 
time, parametric studies became more robust and complex, which significantly improved 
the understanding of floor acceleration demands and served as a solid basis for the devel-
opment of approximate procedures and code-oriented formulas. However, some ques-
tions still need to be resolved, and the influences of higher vibration modes of structures 
and nonlinearity of NSCs represent the most important ones. Therefore, they were the 
main focus of the study presented in this paper. 
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In an early study, Kelly [14] investigated PFAs and FRS in twelve linear elastic and 
nonlinear buildings with different numbers of storeys by performing RHA. It was ob-
served that higher modes influenced the response and that nonlinear structural behaviour 
significantly reduced the peak values of FRS related only to the fundamental mode. 
Hadjian [15] conducted a study of floor accelerations at lower storeys in cantilever and 
relatively rigid structures in order to examine the effectiveness of the application of the 
conventional modal combination methods. It was shown that the application of the Square 
Root of Sum of Squares (SRSS) combination rule may lead to an underestimation of accel-
erations at lower storeys due to the effects of higher modes. Rodriguez et al. [16] con-
ducted a parametric nonlinear RHA on cantilever wall buildings with three, six and 
twelve storeys. The analysis showed that maximum PFAs almost always occurred at the 
top floor and that structural nonlinearity reduced them. 

While the influence of structural nonlinearity was widely analysed in the past, up 
until this moment only a few studies took into account nonlinear behaviour of NSCs. Viti 
et al. [17] presented a computational scheme for the development of non-linear floor re-
sponse spectra, which turned out to be reduced compared to the linear elastic ones. Adam 
and Fotiu [18] considered the response of bilinear elastic-plastic single-degree-of-freedom 
(SDOF) NSCs attached to a planar bilinear elastic-plastic multi-degree-of-freedom (MDOF) 
building. Villaverde [19] proposed an approximate method for the estimation of the re-
sponse of NSCs in buildings by considering both structural and NSC nonlinear behaviour. 
Chaudhuri and Villaverde [20] conducted an extensive parametric study which took into 
account linear and nonlinear SDOF NSCs attached to flexible and rigid code-designed 
spatial steel moment-resisting frame buildings. Tamura et al. [21] confirmed that nonlin-
ear behaviour of SDOF NSCs leads to significant reductions in the required yield strength. 
In the code-oriented version of the method for the direct determination of FRS proposed 
by Vukobratović and Fajfar [22], it was shown that the NSC nonlinear response reduces 
FRS values. Obando and Lopez-Garcia [23] examined the behaviour of nonlinear (elastic-
perfectly plastic) SDOF NSCs with different ductility demands and damping mounted on 
linear elastic MDOF concrete and steel structures in terms of inelastic displacement ratios 
(IDRs). Anajafi et al. [24] developed inelastic floor spectra for the design of NSCs sensitive 
to accelerations. Kazantazi et al. [25] proposed an approximate formula for the estimation 
of strength reduction factors for light nonlinear NSCs.  

The influences of higher (structural) modes and nonlinearity of NSCs on PFAs and 
FRS were examined in this paper, within a code-designed twelve-storey reinforced con-
crete (RC) building consisting of uncoupled ductile cantilever shear walls. In addition, the 
accuracy of the method for the direct generation of PFAs and FRS previously proposed 
by Vukobratović and Fajfar [22] was once again investigated. The proposed methodology 
provides a practical solution, which conforms to code-based approaches and is able to 
take into account the contribution of higher modes in the PFA and FRS estimates (when it 
comes to PFAs, it represents an alternative to methodologies presented in e.g., [26,27]). 

The properties of the considered structure are given in Section 2. Description of the 
adopted structural and NSC models, input parameters for the RHA, and a brief summary 
of the direct method and its step-by-step application are provided in Section 3. The ob-
tained results and corresponding comments are presented in Section 4. The main conclu-
sions of the study are provided in Section 5. 

2. Description of the Analysed Structure 
A spatial twelve-storey RC building was considered in the analysis. It was symmet-

rical in plan, and regular both in plan and elevation, as shown in Figure 1. According to 
the Part 1 of Eurocode 8 [28], the structural type of the building is an uncoupled wall 
system. Walls were denoted as W1, W2 and T. Even though the dimensions of walls W1 
and W2 were the same, axial loads in them were different. A constant storey height was 
equal to 300 cm. Concrete C30/37 (Eurocode 2, Part 1-1 [29]) and steel B500B were used, 
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with the moduli of elasticity equal to 33 and 200 GPa, respectively, and characteristic com-
pressive and yield strengths equal to 30 and 500 MPa, respectively. 

A high ductility class (DCH) was chosen in the seismic design [28]. At each floor, a 
40 cm thick RC flat slab was considered, and permanent and variable loads amounted to 
12.0 and 3.0 kN/m2, respectively. Snow was not taken into account. Seismic action was 
defined through a design spectrum obtained from an elastic spectrum and a behaviour 
factor q. Type 1 elastic spectrum for soil type C was taken into account (soil factor S = 1.15, 
TB = 0.20 s, TC = 0.60 s and TD = 2.0 s) with the design ground acceleration ag = 0.25 g (peak 
ground acceleration PGA amounted to 0.29 g). For the chosen ductility class, the q factor 
was determined as the product of a basic value of behaviour factor q0 (equal to 4.0) and an 
overstrength factor αu/α1 (equal to 1.1), and it amounted to 4.4 for both principal (X and 
Y) directions. The reinforcement data was omitted on purpose, in order to keep the scope 
of the paper in an acceptable range. However, note that the authors will gladly provide 
all reinforcement data to interested readers. 

 
Figure 1. Plan of the considered twelve-storey RC building (dimensions in cm). 

3. Analysis Overview 
Values of floor acceleration demands were obtained from the RHA and code-oriented 

version of the method for the direct generation of PFAs and FRS previously developed by 
Vukobratović and Fajfar [22]. In both cases, the results for the Y direction were presented. 
It should be noted that they were obtained based on an assumption that the mass of NSC 
is at least a hundred times smaller than the structural mass, which justifies an uncoupled 
analysis of the structure and NSC (see e.g., ASCE 4-98 [30]). 

The most important parameters related to the properties of the adopted structural 
and NSC models and seismic input, along with the brief description of the direct method 
and its step-by-step application for the considered building, are provided in the following 
text. 

3.1. Properties of the Considered Structural and NSC Models 
3.1.1. Structural Model 

The spatial mathematical structural model consisted of beam-column elements as-
signed to each wall at each floor, and of floor slabs which were modelled as rigid dia-
phragms, according to the provisions of Eurocode 8 [28] and the actual slab thickness. 
Reduced values of bending and shear stiffness were considered in the analysis, and they 



Buildings 2021, 11, 38 4 of 20 
 

amounted to the half of the corresponding stiffness of the uncracked cross-sections. At the 
first eleven floors, the masses amounted to 378 t, and the mass moments of inertia 
amounted to 20,465 tm2, whereas at the top floor, the mass amounted to 392 t, and the 
mass moment of inertia amounted to 21,223 tm2. Thus, the total weight of the structure 
was equal to 45,500 kN. Masses and mass moments of inertia were applied at the mass 
centres (CM), which were assumed to be in the centres of gravity at each floor, as shown 
in Figure 1. Being irrelevant for the study presented in this paper, accidental torsional 
effects were neglected. 

Selected results of the modal analysis are shown in Table 1, and they correspond to 
the first nine modes, in which more than 90% of the mass was employed in both transla-
tional directions (MX and MY denote effective mass ratios in X and Y directions, respec-
tively). From the presented results, it can be seen that the first, fourth, and seventh modes 
were translational in the X direction; that the second, fifth, and eight modes were transla-
tional in the Y direction; and that the third, sixth, and ninth modes were torsional, as in-
dicated in the first column of Table 1. 

Table 1. Periods of vibration (T) and effective mass ratios (MX and MY) for the first nine modes. 

Mode T (s) MX (%) MY (%) 
1X 1.52 64.5 0 
2Y 1.45 0 64.6 

3torsion 1.21 0 0 
4X 0.26 20.6 0 
5Y 0.25 0 20.6 

6torsion 0.21 0 0 
7X 0.10 7.2 0 
8Y 0.10 0 7.0 

9torsion 0.08 0 0 

Since in this paper only the Y direction is considered, from this point on, the second, 
fifth and eight modes will be referred to as the first (fundamental), second and third 
modes, respectively. This assumption is due to a similar dynamic behaviour of the case 
study building in X and Y directions, as shown in Table 1, which allowed us to hypothe-
size similar responses in both main directions. Having that defined, note that 5% Rayleigh 
damping was assumed with the respect to the first two modes. 

A lumped plasticity approach was used, with plastic hinges assigned to both ends of 
each beam-column element. Behaviour of each plastic hinge was described by an ideal 
elasto-plastic behaviour, defined through a moment-rotation relationship. The interaction 
between axial force and bending moment was not taken into account, and elastic axial, 
shear and torsional response of each beam-column element was assumed. Yield moments 
My in plastic hinges were determined from the analysis of cross-sections by considering 
the value of axial load and adopted reinforcement. The My values ranged from 1280 to 
4610 kNm in the case of the walls W1 and W2, whereas in the case of the T walls, they 
ranged from 3045 to 12,020 kNm for flange in compression, and from 11,400 to 34,850 kNm 
for flange in tension. Yield rotations θy were determined in the applied software automat-
ically, and the plastic parts of the ultimate rotations θum,pl were determined according to 
Equation (A.3) provided in the Part 3 of Eurocode 8 [31] by considering the mean value of 
the concrete compressive strength equal to 38 MPa. The θum,pl values ranged from 0.020 to 
0.022 rad in the case of the walls W1 and W2, and from 0.018 to 0.023 rad in the case of the 
T walls. It turned out that the θum,pl values were irrelevant for this study This was due to 
the fact that the applied seismic input produced the response which was far from the limit 
state near collapse (NC), i.e., the achieved ductility had a low value, far lower than the 
one corresponding to the NC limit state. 
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3.1.2. NSC Model 
A simple SDOF oscillator was assumed for the NSC model by taking into account 

linear elastic and nonlinear behaviour, represented through an ideal elasto-plastic rela-
tionship. Oscillators with periods of vibration between 0 and 4.0 s were chosen to repre-
sent a wide range of NSCs. Thus, the mass and stiffness properties were selected accord-
ingly. Several damping values were considered, and they were equal to 1, 3, 5 and 7%. In 
the case of nonlinear behaviour, a force and deformation at yield were chosen with the 
respect to the target ductility, which amounted to 1.5 and 2.0. 

3.2. Seismic Inputs for the RHA and Direct Method 
In the case of the RHA, the seismic input consisted of 30 ground motion records (with 

the mean PGA of 0.43 g), chosen so that their mean elastic spectrum for 5% damping cor-
responded to the target Eurocode 8 Type 1 elastic spectrum for soil type B (soil factor S = 
1.20, TB = 0.15 s, TC = 0.50 s and TD = 2.0 s) with the design ground acceleration ag of 0.29 g. 
The mean and target spectra were fitted between 0.10 and 2.0 s by considering Eurocode 
8 provisions in the following manner: no value on the mean spectrum was less than 90% 
of the corresponding value on the target spectrum. The detailed data of the selected rec-
ords was provided in [13]. 

Obviously, the seismic input used for the design (see Section 2), was slightly different 
than the one used in the RHA and direct method. Namely, the target spectrum described 
above was chosen so that the spectral acceleration which corresponded to the fundamen-
tal mode was equal to the one from the elastic spectrum used for the design, whereas the 
spectral accelerations which corresponded to higher modes were slightly larger. This way, 
the higher mode effects studied in this paper were more pronounced and obvious. The 
elastic acceleration spectra of individual records (solid thin grey lines), their mean spec-
trum (dashed black line) and the Eurocode 8 target spectrum (solid black line), shown in 
Figure 2, were calculated by considering 5% damping. The applied records were taken 
from the European Strong-Motion Database (Ambraseys et al. [32]). In Figure 2, their la-
bels represent waveform codes, and “xa” and “ya” denote accelerations in global x and y 
directions, respectively. 

 
Figure 2. Elastic acceleration spectra of individual records, their mean spectrum and the target Eurocode 8 spectrum (all 
obtained for 5% damping). 

Newmark’s integration method was used in the case of the RHA, by taking into ac-
count coefficients γ and β equal to 0.5 and 0.25, respectively, i.e., acceleration was taken to 
be a constant within each time step. The size of the time step was 0.005 s in all cases. In 
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the direct method, both the target and mean spectra were applied, as indicated in the fol-
lowing text. 

3.3. A Brief Summary of the Method for the Direct Determination of PFAs and FRS 
Only a brief summary of the applied direct method is provided herein, whereas its 

complete description can be found in [22]. The application of the method consists of the 
following steps: 
1. Initial calculations in terms of the elastic modal analysis have to be conducted, in 

order to determine the following dynamic properties of the structure: natural periods 
Tp,i, mode shapes φ ij and modal participation factors Γ i (i denotes the mode and j 
denotes the floor). 

2. In the case of nonlinear structural behaviour, the method needs to be used in con-
junction with the N2 method, as integrated into Eurocode 8 (for more details on the 
N2 method see Fajfar [33,34]). It is therefore assumed that nonlinear behaviour ap-
plies only to the fundamental mode. A mode shape {φ 1} is represented by the inelastic 
deformation shape, and all higher modes are treated as linear elastic. Nonlinear struc-
tural behaviour is taken into account through a ductility dependent reduction factor 
Rµ proposed by Vidic et al. [35]: 

( )
*

p *
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(1) 

In Equation (1), T*p represents the effective natural period which can be determined 
directly from the N2 method, and TC is the characteristic period of ground motion. In 
the direct method, Equation (1) applies only to the fundamental mode, whereas for 
all higher modes (i > 1), which are considered to be linear elastic, Rµ is equal to 1.0. In 
the case of positive post-yield stiffness, Rµ from Equation (1) should be divided by (1 
+ α(μ − 1)), where α is the ratio between post-yield and elastic stiffness. 

3. FRS at considered floors and for individual modes taken into account should be de-
termined as: 
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By distinguishing resonance regions corresponding to FRS peak zones and off-reso-
nance regions (zones different from the previous ones), FRS values in the latter are 
determined from Equation (2a). FRS plateau in the resonance region is determined 
from Equation (2b) as the product of the peak floor acceleration PFAij given by Equa-
tion (3), and an empirical amplification factor (AMP) for the considered mode AMPi 
given by Equation (4) (note that the third line was proposed by Sullivan et al. [36]), 
in which the NSC damping ξs is expressed in % of critical damping. Note that Se is a 
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value in the elastic acceleration spectrum which represents the seismic demand. 
Moreover, Sep,i = Se(Tp,i,ξp,i) applies to the ith mode of the structure (ξp,i denotes the 
damping value of the structure for the ith mode), whereas Se = Se(Ts,ξs) applies to the 
NSC. In the case that nonlinear structural behaviour is taken into account, T*p needs 
to be used in the direct method instead of Tp,1. The inelastic deformation shape, nor-
malized to 1.0 at the control point (usually at the roof level) has to be used in Equa-
tions (2a) and (3) instead of the fundamental mode shape {φ 1}. Γ 1 should also be de-
termined from the inelastic deformation shape. Along with the value of T*p, the ine-
lastic mode shape {φ 1} and the corresponding Γ 1 value can also be determined from 
the N2 method. In the case of a simple planar structural model with concentrated 
masses or a model which can be considered as such (e.g., the one analysed herein), 
Γ i can be determined from Equation (5), where mj is the mass at the jth floor. 

2
 ij

φ
φ

= ∑
∑

m
Γ

m
 ij j

i
j

 (5) 

In the version of the method proposed by Vukobratović and Fajfar [22], nonlinear 
behaviour of NSCs was taken into account approximately by increasing their damp-
ing, i.e., by using lower values of Ses in Equation (2a). A study reported in [22] indi-
cated that FRS values obtained for linear elastic NSCs with 10 and 20% damping ap-
proximately corresponded to floor response spectra for nonlinear NSCs when their 
ductility demands, μs, were 1.5 and 2.0, respectively, and their actual NSC damping 
was 1%. The adopted approach leads to somewhat conservative results in the case of 
higher ductility demand and/or higher damping (for latter see Section 4.2). 

4. The resulting FRS should be determined by combining the FRS values obtained for 
individual modes. In the range of the periods of NSCs from Ts = 0 up to and including 
the end of the plateau of the resonance region of the fundamental mode (Ts = Tp,1), 
the SRSS or Complete Quadratic Combination (CQC) modal combination rules are 
used. In the post-resonance region of the fundamental mode, the algebraic sum (AL-
GSUM) should be applied, with the relevant signs of individual modes taken into 
account. The upper limit of the resulting floor spectrum calculated from the AL-
GSUM is represented by the plateau obtained for the resonance region of the funda-
mental mode by using the SRSS or CQC rules. 
For the considered direction of a structure, the number of modes that needs to be 

taken into account in the method should correspond to the engagement of at least 90% of 
the total mass, which is in compliance with Eurocode 8 provisions. 

It should also be noted that the direct method equations are not intended to cover the 
ground floor, where displacements are equal to zero. However, based on physics, the PFA 
at the ground floor is equal to the PGA, and FRS is equal to the ground motion spectrum 
corresponding to the NSC damping. Thus, setting a lower limit for the resulting PFAs and 
FRS overcomes the shortcoming of the method at the ground floor. According to Hadjian 
[15], the modification of the acceleration profile, in terms of setting the PGA as the lower 
limit for PFAs at lower floors, was used in the past and was chosen as a solution for the 
direct method as well. As a reasonable approximation, a lower limit should be applied 
only to the lowest 1/4 of the building [37] (e.g., to the two lowest floors in an eight-storey 
building), and at least to the first floor in the case of buildings with less than four storeys. 
Therefore, in the applicable storeys, in the whole period range, the elastic ground response 
spectrum used as the input corresponding to the assumed NSC damping ξs should be set 
as the lower limit for the resulting FRS. In the case of nonlinear NSCs, the equivalent ξs 
should be used (10 and 20% for μs of 1.5 and 2.0, respectively), regardless of the actual ξs 
value. Consequently, the input PGA value represents the lower limit for the resulting 
PFAs. 
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3.4. A Step-by-Step Application of the Direct Method 
All steps of the application of the direct method are presented in the following text. 

It should be noted that PFAs and FRS were determined at mass centres (CM). In the direct 
method, only the first three modes were generally considered (more than 90% of the mass 
was engaged in them, see Table 1), with the exception of Section 4.1 (the determination of 
PFAs) in which both three and all modes were considered, due to the reasons discussed 
below. 

3.4.1. Elastic Modal Analysis 
Natural periods (Tp,i), mode shapes (φ ij) and modal participation factors (Γ i) for the 

first three modes are presented in Table 2, in which mode shapes were normalized to 1.0 
at the top floor. 

Table 2. Periods of vibration (Tp,i), mode shapes (φ ij) and modal participation factors (Γ i). 

Mode (i) 1 (elastic) 2 (elastic) 3 (elastic) 1 (nonlinear) 
Tp,i (s) 1.45 0.25 0.10 1.54 

φ i1 0.01 −0.11 0.36 0.04 
φ i2 0.05 −0.32 0.82 0.10 
φ i3 0.10 −0.55 1.11 0.16 
φ i4 0.17 −0.76 1.06 0.24 
φ i5 0.25 −0.89 0.66 0.32 
φ i6 0.34 −0.91 0.05 0.41 
φ i7 0.44 −0.82 −0.55 0.51 
φ i8 0.55 −0.60 −0.92 0.60 
φ i9 0.66 −0.28 −0.91 0.70 
φ i10 0.77 0.11 −0.50 0.80 
φ i11 0.89 0.55 0.20 0.90 
φ i12 1.0 1.0 1.0 1.0 
Γ i 1.47 −0.70 0.35 1.47 

3.4.2. Pushover Analysis of the Structure 
A pushover-based N2 method (as provided in Eurocode 8) was used to take into ac-

count the structural nonlinear behaviour in the direct method. According to Eurocode 8, 
at least two vertical distributions of lateral loads should be applied. Since initial calcula-
tions showed that the relevant response, with regard to the seismic demand for the con-
sidered (Y) direction, was obtained through the application of the lateral load pattern re-
lated to the fundamental mode shape, in the following text only the results which corre-
spond to it are presented. 

Calculated and idealized pushover curves are shown in Figure 3a. Note that the base 
shear force was normalized by the total weight of the structure, W, and that the roof dis-
placement was normalized by the height of the structure, H. The mass of the equivalent 
SDOF system (m*) and transformation factor Γ amounted to 1990 t and 1.47, respectively. 
It can be seen from Table 2 that Γ was equal to the modal participation factor Γ 1 from the 
elastic modal analysis. This equality was achieved because lateral loads were based on the 
fundamental mode, and the mode shape at the top floor was normalized to 1.0. As men-
tioned above, in the direct method the inelastic displacement shape should be used, along 
with the corresponding value of Γ 1 determined below. The yield force (F*y), yield displace-
ment (D*y) and period (T*p,1 = T*p) of the idealized SDOF system amounted to 2893 kN, 8.8 
cm and 1.54 s, respectively. The capacity diagram and the demand spectrum are shown 
in Figure 3b, from which it can be seen that the seismic demand for the equivalent SDOF 
system (D*t) amounted to 16.5 cm, whereas the demand for the MDOF system, in terms of 
the target roof displacement, amounted to Dt = Γ⋅D*t = 24.3 cm. Since T*p > TC, Rµ = µ = 1.9 
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(see Equation (1)). The vector of inelastic deformation shape obtained for the target dis-
placement Dt, determined as the ratio of floor displacements and Dt, is given in the last 
column of Table 2, and the corresponding value of Γ 1 amounts to 1.47. The differences in 
Γ values obtained for the assumed (linear elastic) and calculated (inelastic) displacement 
shapes are usually negligible, as is the case here, where they turned out to be equal. It 
should be noted that in the next step of the application of the direct method (the determi-
nation of PFAs and FRS), besides the values of inelastic deformation shape {φ 1} and cor-
responding Γ 1, the T*p,1 value should be used instead of Tp,1 in relevant equations. 

 
Figure 3. Results of the N2 method: (a) calculated and idealized pushover curves (MDOF system) and (b) capacity dia-
gram, demand spectrum and displacement demand (SDOF system). 

3.4.3. Determination of PFAs and FRS 
The values of peak floor accelerations for the considered modes were obtained from 

Equation (3) and are provided in Table 3 along with the values of Sep,i and Rµ for each 
mode. By considering the obtained PFA values, which represent the FRS values for infi-
nitely stiff NSCs (Ts = 0), FRS for the considered modes were determined from Equations 
(2a,b) by using the amplification factors from Equation (4). 

Table 3. Values in the elastic acceleration spectrum (Sep,i), reduction factors (Rµ) for each mode, 
and individual and combined values of peak floor accelerations (PFAs) at each floor. 

Mode (i) 1 2 3 SRSS Comb. 
Sep,i (g) 0.28 0.87 0.57 - 

Rµ 1.9 1.0 1.0 - 
PFAi1 (g) 0.01 0.07 0.07 0.10 
PFAi2 (g) 0.02 0.19 0.16 0.25 
PFAi3 (g) 0.03 0.33 0.22 0.40 
PFAi4 (g) 0.05 0.46 0.21 0.51 
PFAi5 (g) 0.07 0.54 0.13 0.56 
PFAi6 (g) 0.09 0.55 0.01 0.56 
PFAi7 (g) 0.11 0.50 −0.11 0.52 
PFAi8 (g) 0.13 0.37 −0.18 0.43 
PFAi9 (g) 0.15 0.17 −0.18 0.29 
PFAi10 (g) 0.17 −0.07 −0.10 0.21 
PFAi11 (g) 0.19 −0.33 0.04 0.38 
PFAi12 (g) 0.22 −0.61 0.20 0.68 
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3.4.4. Resulting PFAs and FRS 
Resulting values of PFAs were obtained by the SRSS combination rule, and they are 

given in the last column of Table 3. For comparison, an additional combination approach 
was used, as presented in Section 4.1. Note that the bolded combined values in Table 3 are 
the ones smaller than the direct method’s input PGA of 0.35 g, which in the method rep-
resents the lower limit for the resulting PFAs at lowest floors, as discussed in Section 3.3. 
The resulting PFA values at the 9th and 10th floors, which actually correspond to the RHA 
results shown below, confirm that the lower limit should be applied only at the lowest 
floors. This issue will be further discussed in the following text. 

When it comes to FRS, the combination approach discussed in Step 4 of Section 3.3 
was used, i.e., in the range of the periods of NSCs from Ts = 0 up to and including the end 
of the plateau of the resonance region of the fundamental mode (Ts = Tp,1), the SRSS com-
bination rule was used. In the post-resonance region of the fundamental mode, the AL-
GSUM was applied, with the relevant signs of individual modes taken into account. The 
upper limit of the resulting FRS calculated from the ALGSUM was represented by the 
plateau obtained for the resonance region of the fundamental mode by using the SRSS 
rule. Finally, at the lowest three floors (see Section 3.3) in the whole period range, the 
elastic ground response spectrum used as input was set as the lower limit for the resulting 
FRS. In the following section, the obtained RHA and direct values of PFAs and FRS were 
compared. 

4. Results and Discussion 
4.1. Peak Floor Accelerations 

The direct PFAs shown in Table 3, both individual (denoted as “mode 1”, “mode 2” 
and “mode 3”) and combined by the SRSS rule (denoted as “direct”), are presented in 
Figure 4a. Note that they were normalized to the PGA of the direct input, equal to 0.35 g. 
Even though the direct PFAs are approximate, they provide a fairly accurate picture of 
the influence of the considered individual modes along the height. By looking at the size 
of the normalized PFAs, it is obvious that the second mode dominates the response along 
the building height. Among the considered modes, at floors 2nd to 8th, 11th and 12th, the 
largest values of PFAs come from the second mode, at the 9th floor all modes produce 
similar PFAs, whereas at the 10th floor the fundamental mode dominates the response. 
These observations are also confirmed by the size of FRS peaks shown in Section 4.2. When 
it comes to the 1st floor, the influences of the second and third modes are the same. Nev-
ertheless, it will be seen from the results shown in Section 4.2 that the 1st floor is rather 
specific when it comes to the influence of individual modes. 
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Figure 4. (a) PFAs from the direct method and (b) a comparison of the PFAs from the direct method and RHA. 

In Figure 4b, the direct, mean, mean plus and mean minus standard deviation values 
of the PFAs obtained from the direct method and RHA are presented (denoted as “direct”, 
“RHA”, “RHA + σ” and “RHA − σ”, respectively). As it can be seen, they were not nor-
malized because the PGA values of the mean (0.43 g) and target (0.35 g) spectra were 
different. The PGA values of the target and mean spectra are also marked in Figure 4b, 
denoted as “direct PGA” and “RHA PGA”, respectively. 

The RHA results presented in Figure 4b confirm the fact that higher modes strongly 
influenced the PFAs along the height and very clearly indicate that at the two lowest 
floors, the value of PFA was controlled by the input PGA. As a matter of fact, it turned 
out that at the 1st floor, the PFA and PGA values were completely equal. It can also be 
seen that the PFA values between the 8th and 11th floors were lower than the PGA. It 
should be noted that such an occurrence is not solely related to cantilever structures, but 
can take place in frames as well (see e.g., Pinkawa et al. [38]). Regardless of a slightly 
different modelling approach, the obtained distribution of PFAs along the height is very 
similar to the one obtained by Rodriguez et al. [16] in a twelve-storey cantilever building, 
in which the nonlinear response at the base of the walls was represented by the Takeda 
hysteretic behaviour. Namely, as stated in Section 3.1.1, for the analysis presented in this 
paper, the nonlinear response was not allowed only at the base, but along the whole build-
ing height, and the simple elasto-plastic behaviour was assumed in plastic hinges instead 
of some hysteretic behaviour which might be more appropriate for cast-in-place concrete 
walls. The agreement of the obtained RHA results with the ones reported by Rodriguez 
et al. [16], to a certain extent, justifies the adopted modelling approach. This is particularly 
true when it comes to the elasto-plastic behaviour in plastic hinges, adopted for the sake 
of simplicity, and due to the fact that preliminary analyses showed that the applied seis-
mic input resulted in a moderate ductility demand. 

A comparison of the “direct” and “RHA” results shown in Figure 4b generally indi-
cates a very good agreement between the PFA values obtained by the two applied ap-
proaches from the 4th to the 12th floor, with some slight non-conservatism at the 10th 
floor. Nevertheless, at the 10th floor the direct PFA was still larger than the “RHA − σ” 
value. At the lowest three floors, the direct method led to non-conservative results, espe-
cially when the lower limit for PFAs (equal to the “direct PGA”) was not applied. For 
some time now, it is a well-known fact that when it comes to absolute accelerations, the 
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SRSS combination rule can produce unrealistic results when applied to higher modes at 
lower floors. As previously noted by Hadjian [15], at lower floors of cantilever structures 
the SRSS rule can lead to PFAs that are smaller than the PGA, which is an unexpected 
result due to the fact that the base acceleration should be equal to the PGA. The presented 
results confirm this fact. The reasons for the aforementioned shortcoming of the SRSS rule 
application were outlined in [15] and will not be further discussed here. Furthermore, be-
sides the drawback of the SRSS rule, the direct method led to non-conservative results at 
the lowest floors also because the input PGA values used for the direct and RHA ap-
proaches were different, and because not all modes were taken into account (which is a 
common approach used in approximate direct procedures).  

In order to support the facts regarding the direct PFAs obtained at lower floors, the 
direct method was once again applied by minimizing or excluding the unfavourable in-
fluences of the above mentioned factors: (1) the mean spectrum was used as the seismic 
input instead of the target spectrum (the ductility demand in the fundamental mode re-
mained the same), (2) all modes were taken into account, and (3) the SRSS rule was re-
placed by Gupta’s method coupled with the Missing Mass method. These methods are 
commonly used for the analysis of structures in the nuclear industry (see e.g., USNRC 1.92 
[39]), where the influence of higher modes cannot be neglected. A complete overview of 
both combination methods, along with the practical guidelines for their application, was 
provided in [13]. The obtained results are shown in Figure 4b, and they are denoted as 
“direct*”. 

It can be seen from Figure 4b that at the lowest floors, the “direct*” results represent 
a significant improvement compared to the “direct” ones, i.e., their agreement with the 
PFAs obtained from the RHA is much better. From the 4th up to the 9th floor, a slight 
conservatism is incorporated in the “direct*” approach, leading to the PFAs that are still 
significantly lower than the “RHA + σ” values, which means that they can be considered 
as acceptable. Between the 10th and 12th floors the “direct*” PFAs are in a very good 
agreement with the RHA values, and the above discussed non-conservatism of the “di-
rect” PFA at the 10th floor is somewhat reduced. 

Overall, it can be stated that the “direct*” approach leads to a better estimation of the 
RHA PFAs in comparison to the “direct” one, especially at lower floors. Nevertheless, 
unless the lower limit equal to the PGA is applied, the obtained results at the first three 
floors are not satisfactory. In other words, the forming of the envelope of the “direct*” 
PFAs and “RHA PGA” at the two lowest floors would lead to an acceptable result. On the 
other hand, a quite similar result would be obtained if only the “error” in the seismic input 
was eliminated from the “direct” results and the lower limit for PFAs equal to “RHA 
PGA” was taken into account. By considering this fact, it can be concluded that the current 
formulation of the direct method, which incorporates (1) the application of a limited num-
ber of modes, (2) simple combination rules and (3) setting the lower limit for PFA (and 
FRS) values at lower floors, is appropriate for practical application. 

4.2. Floor Response Spectra 
FRS obtained from the RHA and direct method are shown in Figures 5 and 6 for 

characteristic floors. Both the RHA and direct results apply to the NSC damping ξs = 3% 
and to linear elastic (μs = 1.0) and nonlinear NSCs with ductility demands, μs, of 1.5 and 
2.0. The results obtained from the RHA are denoted as “RHA, μs = 1.0”, “RHA, μs = 1.5” 
and “RHA, μs = 2.0”, and the corresponding results obtained from the direct method are 
denoted as “direct, μs = 1.0”, “direct, μs = 1.5” and “direct, μs = 2.0”. Besides FRS, in Figure 
5, the input elastic ground response Eurocode 8 spectra used in the direct method for 
NSCs with ξs equal to 3, 10 and 20% corresponding to μs of 1.0, 1.5 and 2.0, respectively, 
are also shown at the 1st floor and are denoted as “Ses, μs = 1.0”, “Ses, μs = 1.5” and “Ses, μs 
= 2.0”, respectively. Note that in Figures 5 and 6, the scales on the y axes are not unified, 
i.e., they are chosen so that the best visibility of the results is achieved. 
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Figure 5. A comparison of FRS from the RHA and direct method for the 1st (a), 4th (b) and 8th (c) floors and input elastic 
ground response spectra used in the direct method (shown only at the 1st floor). 
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Figure 6. A comparison of FRS from the RHA and direct method for the 9th (a), 10th (b) and 12th (c) floors. 

Note that application of the Eurocode 8 spectra for the direct method input intro-
duced a certain “error” in its results due to the fact that there is a difference between the 
mean spectrum of the selected ground motions and the Eurocode 8 spectrum used as the 
target. In other words, the accuracy of the direct method would be better if the mean spec-
tra of the selected ground motions were used for the structure and NSCs as the input for 
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the method. This was not done here since the method is intended for practical applica-
tions, in which engineers most commonly deal with code-defined spectra, instead of with 
mean spectra corresponding to a particular set of ground motions. 

In Figure 5 the results obtained for the 1st, 4th and 8th floors are presented. The re-
sults obtained for the 1st floor confirm the findings and observations from the previous 
section in which the PFAs were studied, i.e., the direct method formulas produced FRS 
values too low for both the linear elastic and nonlinear NSCs. Again, the main reasons for 
this lie in the difference between the applied direct and RHA inputs, the fact that only 
three modes were taken into account, and the problems related to the application of the 
SRSS rule at lower floors. Setting of the elastic ground response spectrum used as the in-
put for the lower limit of the FRS values produced very good results for the linear elastic 
and nonlinear NSCs. The differences between the RHA results and Ses values in the whole 
period range strongly resemble the differences between the mean and target spectra plot-
ted in Figure 2. In other words, the non-conservatism of the Ses values, most pronounced 
in the case of the linear elastic NSCs, is a consequence of the difference between the ap-
plied inputs in the RHA and direct method and can therefore be considered as justified. 
By looking at the shape of the RHA FRS, the fact that the 1st floor is rather specific, which 
was outlined above, becomes quite obvious. 

The results obtained for the 2nd floor were not shown here, but they were similar to 
the ones obtained for the 1st floor. Namely, when it comes to the RHA, the peaks related 
to higher modes were clearly visible, whereas the direct results improved in comparison 
to the 1st floor, i.e., the direct FRS values were larger and closer to the RHA and Ses values. 

The results obtained for the 3rd floor (not presented here) showed similar trends to 
the ones obtained for the 4th floor, presented in Figure 5. From the RHA FRS peaks ob-
tained at the 4th floor, it can be seen that the second mode dominated the response, fol-
lowed by the third and first modes (respectively), for both linear elastic and nonlinear 
NSCs. It should be noted that, even though not strongly accentuated, the peaks related to 
the first mode can be observed in the case of the NSCs with ductility demands (μs) equal 
to 1.0 and 1.5 (the latter is not so obvious due to the figure size), whereas in the case when 
μs = 2.0, the peak cannot be seen. With the exception of very low values of Ts, the reduction 
of the FRS obtained for the nonlinear NSCs (comparing to the linear elastic ones) is quite 
obvious, especially in the resonance regions, and it increases with the increase of the duc-
tility demand. This observation confirms findings of Vukobratović and Fajfar [22]. It can 
also be seen that even a small ductility demand of μs = 1.5 led to the significant reduction 
of the FRS peaks. The results of the direct method are in a very good agreement with the 
RHA results in all considered cases. In the case of the linear elastic NSCs, the direct FRS 
provided an excellent estimate of the spectral peaks for all modes, whereas in the case of 
the nonlinear NSCs, a slight conservatism can be observed in the resonance region of the 
second mode. 

Practically, all observations related to the 4th floor also apply to the 5th, 6th and 7th 
floors (for which the results are not shown here), despite the fact that the direct PFAs 
overestimated the RHA ones (note that the PFA is not the only parameter that influences 
FRS). Even though similar can be said for the 8th floor as well, the obtained results are 
shown in Figure 5 because at the 8th floor the influence of the first mode starts to increase, 
and the influences of the higher modes start to reduce. In short, the peaks of the RHA FRS 
related to the first mode are now visible for all values of μs, noting that in the case of μs = 
2.0 the peak is not strongly pronounced. Nonlinear behaviour of NSCs led to the beneficial 
reduction of FRS values in the same manner as commented above. The accuracy of the 
direct FRS again turned out to be very good in the whole period range. 

The results obtained for the 9th, 10th and 12th floors are shown in Figure 6. The sizes 
of the RHA FRS peaks obtained in the case of the 9th floor indicate that all modes have 
similar influence. In the case of the nonlinear NSCs, in an absolute manner, the peak re-
duction was the largest in the case of the first mode, whereas it was similar in the case of 
the second and third modes. The applied direct method provided a good estimate of the 



Buildings 2021, 11, 38 16 of 20 
 

FRS in all cases, with somewhat larger conservatism in the resonance region of the first 
mode for the nonlinear NSCs, and in the region between resonances of the first two modes 
for both linear elastic and nonlinear NSCs. 

The only floor at which the first mode dominated the response was the 10th floor, for 
which the results are presented in Figure 6. From the RHA FRS, it can be seen that in the 
case of the linear elastic NSCs, the size of the peak related to the first mode was approxi-
mately two times larger than the peaks related to the higher modes. In the case of the 
nonlinear NSCs with μs = 1.5, this difference was significantly smaller, whereas in the case 
when μs = 2.0, the peak values obtained for all modes were similar. When it comes to 
higher floors, the direct method produced the weakest results right on the 10th floor, es-
pecially in the period range between the resonances of the first and second modes, in 
which obvious non-conservatism is present in all considered cases. 

The 11th floor (the results are not shown here) represented a “transition” between 
the 10th and 12th floors, in the true sense of the word. The influence of the first mode 
reduced, the influence of the second mode increased, and the influence of the third mode 
practically vanished. For all considered NSC ductility demands, the direct method led to 
results of a very good accuracy in the whole period range. 

Finally, by judging the size of the RHA FRS peaks at the 12th floor (shown in Figure 
6), it is obvious that the second mode is the most significant one, and that the influences 
of the first and third modes are similar. The obtained RHA results show similar trends as 
the ones obtained for the 8th floor, with noticeably larger FRS values in the whole period 
range. The results obtained from the direct method provided a very good estimate of the 
FRS in all cases, with slight non-conservatism present in the region between resonances 
of the first two modes for the linear elastic NSCs and negligible non-conservatism for the 
nonlinear NSCs with μs = 1.5. 

As mentioned in Section 3.3, the consideration of the nonlinear NSC behaviour 
through an equivalent (increased) damping adopted in the direct method is sometimes 
conservative. Selection of the equivalent damping values of 10 and 20% for the μs equal to 
1.5 and 2.0 (respectively) was based on the results obtained for the actual NSC damping 
of 1% (see [22]). Practically, this means that an increase in actual damping values leads to 
an increased conservatism in the direct FRS. However, the level of conservatism can gen-
erally be characterized as acceptable. In order to support such a claim, the RHA FRS for 
the nonlinear NSCs with μs equal to 1.5 and 2.0 and damping values ξs equal to 1, 3, 5 and 
7% obtained at the 12th floor are compared with the corresponding direct FRS. The results 
are shown in Figure 7, in which the notation follows the logic of the previous ones. 



Buildings 2021, 11, 38 17 of 20 
 

 
Figure 7. A comparison of FRS from the RHA and direct method obtained at the 12th floor for the nonlinear non-structural 
components (NSCs) with μs = 1.5 (a) and μs = 2.0 (b), and various damping values. 

For the NSCs with μs = 1.5, the RHA results presented in Figure 7 indicate that an 
increase in actual damping led to the reduction of the FRS values mainly in the resonance 
regions of higher modes (especially the second one). This is even more obvious in the case 
of the NSCs with μs = 2.0, which confirms the well-known fact that an increase in the duc-
tility demand reduces the influence of the actual damping. In the terms of accuracy, the 
direct method provided similar results for both considered ductility demands. It turns out 
that for ξs of 1%, the direct FRS slightly underestimate the peaks of RHA FRS related to 
higher modes and that there is some negligible non-conservatism in the period range be-
tween the resonance regions of the first and second modes for both considered ductility 
demands. The direct method provided somewhat conservative results in the period range 
corresponding to the second half of the plateau of the first mode resonance region, which 
is more obvious when μs = 2.0. With the exception of this conservatism, for both NSC duc-
tility demands, the direct FRS are in a very good agreement with the RHA FRS obtained 
for ξs equal to 3%, as previously presented in Figure 6. As a matter of fact, the same actu-
ally applies to ξs of 5 and 7% as well, with some additional conservatism in the resonance 
region of the second mode (note that this additional conservatism is negligible in the rest 
of the period range). 

The results presented in Figure 7 support the previous recommendation by Vukobra-
tović and Fajfar [22], which states that, in the cases of nonlinear NSCs with ductility de-
mands equal to 1.5 and 2.0, a good estimation of the RHA FRS values can be obtained by 
using the equivalent ξs values equal to 10 and 20% (respectively) in the direct method. 
Even though in the case of FRS values related to ξs ≠ 1% such assumption generally leads 
to conservative results, it may be regarded as acceptable, primarily due to the fact that in 
most practical cases it is hardly possible to make a reliable estimation of the NSC damping 
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and ductility. While the damping values of common NSCs in nuclear power plants are 
provided in [40], there is a lack of practical guidelines for NSCs in ordinary buildings, for 
which ξs = 5% is usually chosen in practice. Some recent studies (see e.g., [41]) indicate 
that ξs values smaller than 5% should be used, which was taken into account in the study 
presented in this paper. 

5. Conclusions 
Results of the response-history analysis conducted on a code-designed twelve-storey 

reinforced concrete building consisting of uncoupled ductile cantilever shear walls were 
used for the investigation of the influences that higher structural vibration modes and 
nonlinearity of non-structural components have on floor acceleration demands. The ap-
plied seismic input consisted of thirty ground motion records, which were chosen to fit 
the target Eurocode 8 spectrum. Based on the assumption that the mass of non-structural 
components is at least a hundred times smaller than the structural mass, the absolute floor 
accelerations obtained from the building’s response were used as the seismic input for 
linear elastic and nonlinear non-structural components represented by single-degree-of-
freedom systems. 

The higher mode effects and the influence of nonlinear behaviour of non-structural 
components along the building height were examined on peak floor accelerations and 
floor response spectra, for whose direct determination the first author of this paper has 
recently co-developed a relatively simple code-oriented method. The application of the 
method was presented in a step-by-step manner, its accuracy was once again investigated 
and, in particular, the influence of the first three modes in one main direction was consid-
ered (second, fifth and eight modes, with reference to the dynamic behaviour in Y direc-
tion). 

The distribution of peak floor accelerations indicated a strong influence of higher vi-
bration modes (especially the second one) along the building height. As in some previous 
studies, it was observed that at the lowest floors, the input peak ground acceleration dic-
tates the acceleration demands, while at higher storeys, peak floor accelerations can even 
be lower than it. It should be noted that the latter observation is not solely related to can-
tilevers but applies to high frames as well. Therefore, it can be treated as a general obser-
vation. 

The study of floor response spectra led to the same observations regarding the mode 
influence. Very interesting results were obtained at the 1st floor, where floor spectra prac-
tically corresponded to the input ground motion spectra. It was observed from the size of 
spectral peaks that the second mode dominated the response along the height, i.e., the 
peaks related to the second mode were the largest at floors 2nd to 8th, 11th and 12th. The 
size of peaks obtained at the 9th floor indicated a similar influence of all modes, and it 
turned out that the only floor at which the fundamental mode dominated the response 
was the 10th floor. Interestingly, the lowest seismic demands were observed right at the 
9th and 10th floors. The obtained results indicate that the ignorance of the influence of 
higher modes can lead to a serious underestimation of seismic demands in the case of non-
structural components sensitive to accelerations. 

With the exception of very low values of periods, the nonlinear behaviour of non-
structural components, even with a low ductility demand of 1.5, led to a beneficial reduc-
tion of floor response spectra, especially in the resonance regions. As expected, the reduc-
tion increased with the increase in the ductility demand (in this paper, the ductility de-
mand of 2.0 was also investigated). It was also shown that the increase in the ductility 
demand reduced the influence of the actual damping of the component. It is interesting 
to note that only at the 10th floor, where the response was dominated by the fundamental 
mode, it was observed that the ductility demand increase tended to eliminate the differ-
ences in the sizes of spectral peaks corresponding to individual modes. Namely, at this 
floor, the response contribution arising from the second mode is negligible compared to 
the one corresponding to the first mode. It should also be noted that a reliable estimation 
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of the damping and ductility demand of non-structural components is not straightfor-
ward. The presented results obtained for different damping values and ductility demands 
provide a useful insight into the differences which may occur in practice. 

For the building and range of non-structural components considered in this paper, 
the accuracy of the method for the direct determination of peak floor accelerations and 
floor response spectra, previously co-developed by the first author, turned out to be very 
good along the building height. Since the direct method (in its simplified form) has been 
recently incorporated into the draft of the new generation of Eurocode 8, this paper may 
serve as a useful guide for its future applications. 
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