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Abstract

This investigation compares the guidelines for seismic safety-checking with limited number of
records provided in the current and upcoming versions of Eurocode 8 (EN 1998-1:2005 and
prEN 1998-1:2023) for the case of historical masonry buildings. A case study representative of
stiff monumental buildings is modelled in OpenSees using 3D macroelements to account for in-
plane (IP) and out-of-plane (OOP) effects. Ten suites of motions are defined according to the
version of the code, the seismological constraints accounted for in the preselection process, the
range of matching in the period domain, and the matching strategy, either uniform scaling or
spectral matching. Additionally, selection is performed in soil profiles B and C to examine the
effect of soil amplification. Non-linear time-history analyses are conducted, and the distribution
of numerical data is analysed for each set. Based on the numerical findings of this research,
some important observations regarding the consideration of seismological constraints, match-
ing range, and the minimum number of records, are provided for the selection and scaling of
earthquake motions for seismic evaluation of historical masonry buildings.

Keywords: Historical masonry buildings; Eurocode 8; Ground motion selection and scaling;
Spectral matching; Non-linear analysis; Out-of-plane response.
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1 INTRODUCTION

The selection and scaling of seismic inputs is recognised as a main source of bias and uncer-
tainty in the assessment of engineering structures through non-linear dynamic analyses [1].
State-of-Art reviews concerning the principal methodologies for the selection of ‘appropriate’
sets of records for earthquake assessment of structural systems were conducted by Katsanos et
al. [2], and more recently by Caicedo et al. [1]. Both of them examined different strategies for
the selection and scaling of real records to match a target spectrum defined by code provisions
or alternative targets such as the uniform hazard spectrum (UHS) [3,4] and the conditional mean
spectrum (CMS) [5,6]; intensity measure (IM) based selection for probabilistic assessment [7—
12]; and the utilisation of artificial signals as an alternative to ground motion selection and
scaling [13-18]. Either because of large complexity or excessive time consumption, in the case
of probabilistic approaches, almost none of the above-mentioned techniques are common in
conventional engineering practice. To tackle this limitation, seismic codes, such as Eurocode 8
[19], American Standards ASCE/ SEI 41-13 [20] and ASCE/SEI 7-10 [21], or the New Zealand
Standard NZS 1170.5:2004 [22], provided simplified guidelines for selection and scaling of
input motions. Yet, there are not many investigations available in the literature addressing seis-
mic safety-checking through code-compliant sets of records.

Sextos et al. [23] quantified the impact of the Eurocode 8’s approach on the structural per-
formance of an irregular Reinforced Concrete (RC) building damaged during the Lefkada 2003
earthquake in Greece. Koboevic et al. [24] studied the influence of selection and scaling match-
ing the 2005 National Building Code of Canada (NBCC 2005) [25] UHS on the median inelastic
brace deformations of a four-story concentrically braced steel frame. Michaud and Léger [26]
tested the effectiveness of seven scaling methods and two spectral matching approaches with
the NBCC 2005 UHS considering historical and simulated records. Later, Ergun and Ates [27]
highlighted the large variability with respect to scaled sets of far-field and near-field ground
motions following the criteria for time domain scaling provided in ASCE 7-05 and Eurocode 8.
Araujo et al. [28] compared code-based selection methods [19-22] with emphasis on the num-
ber of records required for the estimation of the mean seismic response. Karimzadeh et al. [29]
studied the effects of ASCE/ SEI 7-16 and Eurocode 8 selection criteria on estimating the seis-
mic demand of an unreinforced masonry shear wall. Jalayer et al. [30] pointed out that the
average code-based safety-checking could end up being unconservative with respect to perfor-
mance-based procedures because of epistemic uncertainties referred to the record-to-record var-
iability (i.e., when the number of records is small). More recently, Vuoto et al. [31] generated
geometrical models of architectural heritage, exemplified by the Temple of Vesta in Tivoli, and
adopted code-based selection criteria to study the impact of local failure mechanisms through
nonlinear dynamic analyses.

This paper explores the seismic safety-checking of historical masonry buildings subjected to
bi-directional loading while comparing the code-based guidelines for earthquake selection and
scaling delivered in current and upcoming versions of Eurocode 8 [32]. The case study building
corresponds to a two-storey stiff monumental heritage structure modelled in OpenSees [33] to
account for in-plane (IP) and out-of-plane (OOP) failure mechanisms through three-dimen-
sional macroelements [34]. The effects of non-linear floor-to-wall connections and wall-to-wall
interlocking are also considered in the models [35]. Ten sets of accelerograms are defined by
alternating the Eurocode 8 version, seismological constraints, range of matching, and matching
strategy (i.e., uniform scaling, US; or spectral matching, SM). Two alternative soil classes,
namely B and C according to Eurocode 8 [32] soil classification, are investigated. The non-
linear response obtained through time-history analyses is thoroughly investigated in terms of
mean and dispersion for each set and soil class. Some important remarks are drawn concerning
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the ground motion selection and scaling oriented to the safety-checking of historical masonry
buildings.

2 CASE STUDY DEFINITION AND NUMERICAL MODELLING

2.1 Building description

The Holsteiner Hof building is a 2-storey stone masonry building representative of stiff mon-
umental heritage structures. The building has a regular rectangular plan with dimensions of
26.00 m x 14.00 m. The height of each storey is 4.50 m. Wall and spandrels thicknesses are 60
cm and 30 cm, respectively. Triangular gables at the top have a thickness of 45 cm. The floor
system is composed of timber beams, simply supported on the walls in the shorter direction,
and a layer of planks nailed directly to the beams. Hence, horizontal forces are assumed to be
transferred as friction forces. The roof system is composed of a wooden truss structure. Minor
retrofitting interventions were reported during 1976-1979 that, in general, did not modify the
structural system.

2.2 Modelling approach

The three-dimensional macroelement formulation introduced by Vanin et al. [34] for mod-
elling the IP and OOP response of masonry walls is adopted for the large-scale representation
of the building. The macroelement is available in the OpenSees library [33] and it is formulated
as a one-dimensional element with two nodes at the element ends and one additional node at
the midspan. The macroelement is able to capture the IP and OOP response through three sec-
tional models applied at the element ends and at the central section which can reproduce defor-
mation across the main axes. Furthermore, P-A formulation is considered to capture the
nonlinear geometrical effects. Considering the rotations and lumped shear deformations at the
central node, drift values can be calculated individually for flexural and shear deformations.
Exceeding the limits in drift values will lead to the loss of lateral strength of the element.

Deformable timber floors cannot be idealised as rigid diaphragms. Thus, the floor system is
modelled using orthotropic elastic membranes with higher stiffness in the direction of the beam
span, and a lower stiffness in the other direction. The membrane definition is given by the two
moduli of elasticity in the orthogonal directions, shear modulus, and thickness of the diaphragm.
Although the floors are assumed to be linear elastic, the floor-to-wall connections are modelled
to account for nonlinear behaviour and potential connection failure at the beam support that can
result in the OOP failure of a pier element. Zero-length elements are used to model the frictional
interfaces and possible relative displacement between the nodes. Sliding is allowed in the per-
pendicular direction to the wall while pounding in the opposite direction. Finally, a zero-length
wall-to-wall interface with linear elastic behaviour in compression, no crushing, and a finite
tensile strength with exponential softening is used to simulate the formation of vertical cracks
and separation of the orthogonal walls due to poor interlocking, which might lead to potential
OOQRP failure of the macroelement.

Table 1 summarises the modelling parameters assumed as the mean or median values re-
ported by [36]. Additional modelling parameters such as the pre-peak deformability in shear
(Ge), drift at 20% force capacity loss, and residual friction coefficient (ur) are defined after
literature survey [37-40].

Table 1. Masonry and modelling parameters.

Parameter Unit Definition Mean value
Masonry Parameters
Em [Pa] Modulus of elasticity [37-39] 3.5 x 109
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Gm [Pa] Shear modulus [37-39] 1.5 x 109*

fem [Pa] Compressive strength [37-39] 1.3 x 106

Cm [Pa] Cohesion [37-39] 2.33 x 105*

Hm [-1 Friction coefficient [37-39] 0.25*

P [kg] Density [37-39] 2000
Modelling Parameters

Kfioor [-1 Floor stiffness factor [41,42] 1*

fw [-] Wall-to-wall connection factor [43] 1*

Utw [-] Floor-to-wall friction coefficient [44] 1*

Oc flexure [-] Drift capacity in flexure [45] 0.01035*

Oc,shear [-] Drift capacity in Shear [45] 0.007*

¢ [-] Damping ratio [35] 0.05

Note: (") symbol over the values, denotes median value taken from a lognormal distribution.

For the non-linear dynamic simulations, a 5% proportional Rayleigh damping is assumed. A
secant stiffness damping model is adopted to avoid overdamping in the OOP failure mechanism,
and to capture the full OOP rocking response. Figure 1 depicts the Holsteiner Hof building, and
numerical modelling developed in OpenSees using 3D macroelements. The vibration periods
computed for the first three modes are 0.16 s, 0.14 s, and 0.12 s, respectively.

(a) Holsteiner Hof, main facade. (b) 1% vibration mode, T1 =0.16 s.

(c) 2" vibration mode, T2 =0.14s. (d) 3 vibration mode, T3=0.12s.

Figure 1. Holsteiner Hof building and numerical model using 3D macroelements.
3 GROUND MOTION SELECTION AND SCALING

3.1 EN 1998-1-1:2004

Current version of the code stablished that the suite of accelerograms for non-linear dynamic
analyses should meet the following conditions: (i) a minimum of three accelerograms should
be used; (ii) the mean of the zero-period spectral response acceleration values should not be
smaller than the value of agS for the site in question; and (iii) in the range of periods between
0.2T1 and 2T4, the mean 5% damped elastic spectrum, calculated from all time histories, should
not be less than 90% of the corresponding value of the 5% damped elastic response spectrum.
Section 4.3.3.4.3 of the code states that if the response is obtained from at least seven non-linear
time-history analyses, the average of the response quantities from all these analyses should be
assumed as the structural demand. Otherwise, the most unfavourable value of the response
guantity among the analyses should be used. It is also specified that for three-dimensional
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analyses, the same accelerogram cannot be used simultaneously along both horizontal direc-
tions, and the description of the seismic motion may be made using artificial, recorded or sim-
ulated accelerograms.
On the other hand, the elastic response spectrum, Se, defined in EN 1998-1-1:2004 [19] for
the horizontal components of the seismic action is defined by:
a,S [1+T—7}; (;72.5-1)] if 0<T<Ty
agSn2.5 ; if Tg<T<T¢

S,(T)=
D agSn2.5 [<] 1 if Te<T<Ty,

)]

agSn2.5 [*52] 1 if Tp<T=4s

where T is the vibration period of a linear SDOF system; aq is the design ground acceleration
on type A ground, agr, multiplied by an importance factor yi; Ts and Tc are the lower and upper
limits of the period in the constant spectral acceleration branch; Tp is the value defining the
beginning of the constant displacement response range of the spectrum; S is the soil factor; and
n is the damping correction factor with a reference value of # = 1 for 5% viscous damping. In
general, this shape is well-known and easy to reproduce by practitioners in the fields of struc-
tural and earthquake engineering.

3.2prEN 1998-1-1:2023

Annex D provides detailed criteria for selection and scaling of input accelerograms for re-
sponse-history analyses. The selection should account, as far as possible, for the regional tec-
tonic environment, earthquake magnitude (Mw), source-to-site distance, and local conditions of
the recording site, relevant to the return period of the seismic actions of interest. The minimum
number of input motions may be reduced to three, for low and very low seismic action classes,
considering the most unfavourable peak response; otherwise, a minimum of seven sets of input
motions must be used and the average peak response should be considered for estimating the
seismic action effects. Simulated and artificial accelerograms are both allowed in the prEN
1998-1-1:2023 edition. Real ones are preferred in regions with available records from qualified
strong-motion databases. Subsequently, the following numerical constraints are provided: (i)
The spectral accelerations of the selected accelerograms should approach the elastic response
spectrum in the matching range 0.2 T1 to 1.5 Ty; (ii) The scaling factor should not be larger than
2.0 nor smaller than 0.5; (iii) In the matching range 0.2T1—1.5Ty, the ratio of the average re-
sponse spectrum to the target response spectrum should fall within the band from 0.75 to 1.3
and should have an average value larger than 0.95; (iv) In the matching range 0.2T1—1.5Ty, the
individual spectrum of each accelerogram of the suite should not be out of the £50% of the
target spectrum; (v) The suite of motions should not contain simultaneously two components
of the same record, and no more than two records from the same earthquake.

In addition to uniform scaling, spectral matching is also allowed. Regarding multi-dimen-
sional analyses, it is specified that compatibility of the horizontal components to the target
spectrum should be verified based on the geometric mean of the horizontal spectral accelera-
tions of records, and the orientation of the horizontal components with respect to the principal
directions of the structure may be arbitrarily selected. Additionally, in the second-generation of
Eurocode 8 the horizontal components of the seismic action are given by:
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Sa .
% [ (I-T )+TB'TJ L TA<T<T,
Ts-Th UACREN Fr I TA< B

Se(T): 77Sa 5 lfTB§T<TC (2)

SpTp
n—r s if Te<T<Tp

ST .
WTD? s if T=2Tp

Sa = FTFaSa,RP (3)

where S, is the maximum response spectral acceleration (for 5% damping) corresponding to
the constant acceleration range of the elastic response spectrum; Sg is the 5%-damped response
spectral acceleration at the vibration period Tg = 1s; Fr is the topography amplification factor;
Ta is the short-period cut-off associated with the zero-period spectral acceleration; and Fa is
the ratio of S, to the zero-period spectral acceleration. the values of S,rp and Sgrp are taken
directly from spectral acceleration maps.

3.3 Sets of records

The derived suites of records depend on the Eurocode version (a and b subindex are assigned
to first- and second-generation of Eurocode, respectively) in addition to the seismological con-
straints, range of matching, and matching strategy. The seismological constraints can be con-
sidered as “Fully” or “Relax”. When the “Fully” flag is activated, all constraints referred to My,
R, and Vs3o are accounted for. On the contrary, only My and Ryg are considered if seismolog-
ical constraints are set as “Relax”. The matching range on the other hand refers to 0.2T:—2T;
and 0.2T,—1.5T; for the current and upcoming versions of the Eurocode, respectively. In this
sense, the selection depends on the fundamental period of the structure, and it is independent
for each building. Additionally, the effect of improving the compatibility with the target spec-
trum within the entire domain will be also examined. The range of matching is indicated in the
column “Domain” as “Range” or “Entire”. Lastly, the matching strategy refers to constant-
amplitude uniform scaling (US) or spectral matching (SM), for which the academic version of
the SeismoMatch v2024 is used. The ten suites of motion are defined in Table 2 and shown in
Figure 2 and Figure 3 for soil profiles B and C (i.e., V3o values in the range 360 — 800 and 180
— 360 m/s, respectively). Additional seismological conditions are set as Mw > 4.5; Rjg> 15 km;
and no pulse-like records [46]. The values agr = 0.15g, S.rp = 0.35g, and Sgrp = 0.10g, needed
for deriving the target spectra, were taken from the maps available in the EFEHR Hazard web
platform based on the latest European Seismic Hazard Model 2020 (ESHM20) [47] for a site
of coordinates (-8.673, 37.102) with moderate to high hazard in accordance with Macedo and
Castro [48].

Table 2: Definition of the suites of records for non-linear time-history analyses.

Set Constraints Domain Strategy
1a,1b Fully Range us
2a, 2b Relax Range us
3a3b Fully Entire us
4a 4b Relax Entire us

5a 5b Fully Entire SM
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Figure 2: Sets of records — Soil type B.
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Figure 3: Sets of records — Soil type C.

4  ANALYSIS OF RESULTS

Figure 4 and Figure 5 show the numerical results in terms of max(A,) and max(Vs), for soil
types B and C, respectively. Box-whisker diagrams are employed show the distribution of nu-
merical data for each set of ground motion records. The shape of the box provides a clean rep-
resentation of the general trend of the data emphasising the median values of each ground
motion set. The whiskers (the lines extending from the box on both sides) extend to the mini-
mum and maximum data values of EDP. Outliers are identified as the values that fall above or
below the end of the whisker. Additionally, collapse and non-collapse observations are depicted
independently within the plots to show a more consistent statistical representation of the data
(collapse is identified with a multiplier of records numbers, in case more than one collapse is
found). As in [49], asymptotic values of 40.00 mm and 4000 kN are set to denote the global
collapse in terms of max(A,) and max(Vb) metrics. For soil type B, the median of the max(A,)
ranges between 2.84 mm for set 2b and 11.54 mm for set 4a (See Figure 4a); while the median
of max(Vb) in Figure 4b oscillates between 1640 kN and 2400 kN, in reference to the same sets,
2b and 4a, respectively. Further, sets 1b and 2b (i.e., US with full and partial consideration of
seismological constraints targeting the new shape of the soil B spectrum) lead to the highest
dispersion in terms of max(A,) and max(Vs). The maximum non-collapse observations are made
in sets 4a and 3a, and they correspond to max(A,) = 34.62 mm, and max(Vs) = 3763 kN. Like-
wise, the minimum values are max(A,) = 1.97 mm, and max(Vp) = 1325 kN, both observed in
set 1a. In opposition, the lowest dispersion for both EDPs is achieved by set 5a (i.e., SM to the
old shape of the soil B spectrum) with median values max(A,) = 7.38 mm, and max(Vs) = 2240
KN.
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On the other hand, the amplification in soil shape C leads to more collapse cases, mainly in
sets 2a and 1b. The median max(A,) computed for soil type C varies from 2.64 mm in set 1a up
to 13.94 mm for set 4b. Alike, the median value of max(Vp) oscillates between 1660 kN for set
la and 2750 kN for set 2b. The largest dispersion, or record-to-record variability, is observed
within sets 4b and 2b for the max(A,) and max(Vy), respectively. The peak value of max(A,)
corresponds to 29.63 mm, observed in set 3b, although sets 2b and 3b lead to comparable values.
Similarly, max(Vp) = 3565 kN is computed within set 1a. Minimum values of both EDPs are
obtained in set 2a corresponding to max(A,) = 1.80 mm, and max(Vs) = 1345 kN. Set 2a also
leads to the lowest record-to-record variability in terms of max(A,), although that distribution
corresponds only to 4 non-collapse observations. Instead, when accounting for all seven records,
set 5a provides the smallest dispersion, as in the case of soil type B. In terms of max(Vs), set 5b
(i.e., spectral matching to the soil C spectrum shape) shows the lowest dispersion.
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5 CONCLUSIONS

The code-based safety evaluation of historical masonry buildings subjected to bi-directional
horizontal earthquake loads was examined. Numerical model of two-storey stiff historical
building was developed in OpenSees accounting for the in-plane (IP) and out-of-plane (OOP)
effects of masonry walls, as well as non-linearity in floor-to-wall and wall-to-wall connections.
The targets for selection of the input motion were defined based on the spectral shapes provided
in the EN 1998-1-1:2004 and prEN 1998-1-1:2023 versions of Eurocode 8 for soil types B and
C. Ten sets of motions were defining differing according to the code edition, seismological
constraints in the preselection phase, range of matching, and matching strategy (i.e., uniform
scaling or spectral matching).
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Aimed at reducing the dispersion of the seismic response, the matching strategy should target
the full period domain and not just a range defined around the fundamental elastic period, Ty,
since higher modes and period lengthening because of cumulative damage play a relevant role
in the dynamic behaviour of historical masonry constructions. Similarly, whenever possible,
seismological constraints should be accounted for in the preselection process. Spectral match-
ing to the elastic design spectrum defined either in the EN 1998-1-1:2004 and prEN 1998-1-
1:2023 versions of Eurocode 8 led to higher estimations of the median response. Alternative
less conservative targets are encouraged such as uniform hazard spectrum and conditional mean
spectrum. In general, the findings suggest that the minimum number of records that are needed
for a reasonable estimation of the “zrue” mean seismic demand should be increased to a value
larger than seven. Future work should focus on the application of probabilistic methods on
representative masonry archetypes to provide complementary guidance in the process of ground
motion selection that is often based only on engineering experience.
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