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Abstract 

This paper addresses the selection and scaling of earthquake time histories for analysing ma-
sonry structures’ Out-Of-Plane (OOP) response according to the 2018 Turkish Building Earth-
quake Code (TBEC-2018) guidelines. Ground motion simulations are proposed for regions 
with limited seismic networks or lacking information regarding recorded accelerograms for 
large-magnitude events. Selection and scaling procedures are automatised according to the 
TBEC-2018 recommendations. The pre-selection is conducted according to specific seismolog-
ical characteristics, and the optimal scaling factors of individual records are computed using 
a metaheuristic optimisation based on the Differential Evolution Method (DEM). Two sets of 
records (11 real and 11 simulated) are generated and used as input to conduct non-linear dy-
namic analyses. A U-shaped masonry prototype is adopted as a structural benchmark. The 
structural response is monitored with an emphasis on the OOP response.  

Keywords: Selection and Scaling, Ground motion simulation, Masonry Structures, OOP Re-
sponse, Metaheuristic optimisation. 
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1 INTRODUCTION 

 Earthquakes have the potential to severely damage historic masonry structures. In order to 
preserve their structural integrity, advanced numerical models can be utilised to simulate po-
tential ground shaking scenarios and implement appropriate conservation measures. In the last 
decade, numerical models, either based on the discrete element method or Finite Element 
Method (FEM), have been extensively used for non-linear dynamic analysis of Historical Ma-
sonry Structures (HMS) [1–6]. Discrete element method is particularly suitable for modelling 
large displacement static or dynamics problems. However, FEM is still the most common ap-
proach because of the large spread among practitioners and researchers, despite the limitations 
of modelling masonry as a homogeneous material [4,7–10]. FEM or DEM are adopted in con-
junction with non-linear time history analysis to integrate the equations of motion and deter-
mine the structural behaviour. Besides developing a reliable numerical model, the selection of 
an earthquake input representative of local hazard is a major challenge that might cause uncer-
tainty in assessing the seismic performance of a given structure [11]. In this regard, most rele-
vant seismic codes provide simplified guidelines for scaling and selecting motion records, 
which have been adopted in past research to evaluate moment-resistant frame structures or 
bridges [12,13]. However, practitioners tend to use real accelerograms for code-based design 
validations, which on occasion might be a cumbersome task because of the lack of recorded 
accelerograms, specifically for the case of large-magnitude events in European regions. To 
overcome this limitation, simulation techniques have been implemented to reproduce synthetic 
motions. Ugurhan and Askan [14] performed stochastic simulation based on the dynamic corner 
frequency approach [15], considering the Duzce (Turkey) Earthquake that took place on No-
vember 12th of 1999 (Mw 7.1). Similarly, stochastic simulation has been employed for other 
historical records, such as the 9th of July 1998 Faial Earthquake (Azores, Portugal) [16].  

On the other hand, some authors performed validations on synthetic records. Galasso et al. 
[17] addressed the validation of hybrid broadband simulation against historical events by con-
sidering the response of multiple degrees of freedom systems. Bijelić et al. [18] focused on 
validation through comparative assessments of building performance using sets of recorded and 
simulated motions. Similarly, Tsioulou et al. [19] compared the seismic demand of inelastic 
single-degree-of-freedom systems of hazard-compatible recorded ground motions to the de-
mand of stochastic ground motion modified to match the same target hazard. Furthermore, other 
investigations adopted simulated records to address engineering and design-related problems. 
Among them, Karimzadeh et al. [20] performed non-linear time history analyses of multi-story 
reinforced concrete frames under synthetic records reproduced after the April 6th of 2009 L′Aq-
uila, Italy, earthquake. Recently, the research by Zhong et al. [21] implemented site-specific 
simulated accelerograms to conduct ASCE 7-16 code-based design checks and performance-
based assessment of a 20-story RC moment frame and a 42-story shear wall building. 

 In this regard, this paper aims to address the seismic assessment of masonry structures by 
using suites of real and simulated records generated according to TBEC-2018 provisions. The 
paper is divided as follows. Section 2 presents the derivation of sets of real and simulated mo-
tions based on the TBEC-2018 criteria. Section 3 provides a description of the numerical model 
and FE modelling implementation. The discussion of the results of the non-linear dynamic anal-
yses with a focus on the out-of-plane (OOP) direction is presented in Section 4. Finally, section 
5 delivers some relevant conclusions of the study. 

2 GROUND MOTION SCALING AND SELECTION 
The specific recommendations for selection from TBEC-2018 can be summarised as (i) A 

minimum of 11 acceleration records should be considered for the analysis; (ii) The spectral 
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matching should be carried out in the range 0.2T1-1.5T1, where T1 is the fundamental period of 
the structure; (iii) In the range of matching, the mean spectrum computed from each individual 
record should be above 1.0 times the code elastic response spectrum for 1- and 2-D analyses or 
1.3 for 3-D analyses; (iv) Individual scaling factors lower than 1.3 should be considered. The 
following subsections describe the process of formulating these guidelines as a constrained op-
timisation problem and the subsequent selection of both, real and simulated records, to match 
the target design spectrum. 

2.1 Algorithm for selection and scaling 
The code-based selection and scaling of groups of acceleration records are handled as a 

constrained optimisation problem. For this purpose, the Sum of Square Error (SSE) between 
the mean and target spectral acceleration (Sa) spectra is defined as follows: 

𝐹(𝑥) = 	'(𝑆𝑎!"#$(𝑇%) − 𝑆𝑎&"'(𝑇%))(
$

%)*

 (1) 

where n is the number of vibration periods considered in the matching domain. 
This function is the main objective for minimising to achieve convergence with the target 

design spectrum. Nonetheless, additional constraints should be taken into consideration to cre-
ate a global optimisation problem with penalty functions. The first one is referred to as a lower 
bound for the mean spectrum normally established as 90% with respect to the target spectrum 
as in [22,23]. An upper bound for the mean spectrum can be defined to construct the generalised 
first constraint in the form: 

𝐶!(𝑥) = 	

⎩
⎪
⎨

⎪
⎧𝑙𝑜𝑤𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$% −min 8

𝑆𝑎"#$%(𝑇&)
𝑆𝑎'$()#'(𝑇&)< = ; 	𝑖𝑓	min 8𝑆𝑎"#$%(𝑇&) 𝑆𝑎'$()#'(𝑇&)< = < 𝑙𝑜𝑤𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$%	

max 8𝑆𝑎"#$%(𝑇&) 𝑆𝑎'$()#'(𝑇&)< = − 𝑢𝑝𝑝𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$%; 𝑖𝑓	max 8
𝑆𝑎"#$%(𝑇&)

𝑆𝑎'$()#'(𝑇&)< = > 𝑢𝑝𝑝𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$%
0; 	𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (2) 

Analogously, a second constraint is defined, this time for lower and upper limits regarding 
each individual record: 

𝐶!(𝑥) = 	

⎩
⎪
⎨

⎪
⎧𝑙𝑜𝑤𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$ −min 8

𝑆𝑎"#$(𝑇")
𝑆𝑎%&'()%(𝑇")< = ; 	𝑖𝑓	min 8𝑆𝑎"#$(𝑇") 𝑆𝑎%&'()%(𝑇")< = < 𝑙𝑜𝑤𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$	

max 8𝑆𝑎"#$(𝑇") 𝑆𝑎%&'()%(𝑇")< = − 𝑢𝑝𝑝𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$; 𝑖𝑓	max 8
𝑆𝑎"#$(𝑇")

𝑆𝑎%&'()%(𝑇")< = > 𝑢𝑝𝑝𝑒𝑟	𝑏𝑜𝑢𝑛𝑑"#$
0; 	𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (3) 

This constraint was originally proposed in the work of Macedo and Castro [24] to reduce 
the individual mismatch, so called record-to-record variability. Therefore, the global optimisa-
tion problem yields the final form: 

𝐹(𝑥) = 	'(𝑆𝑎!"#$(𝑇%) − 𝑆𝑎&"'(𝑇%))(
$

%)*

+ 𝐶*(𝑥) + 𝐶((𝑥) (4) 

An additional penalty should be imposed when the same ground motion, or event, is con-
sidered more than one in the set. However, a different approach is adopted to decrease the com-
plexity of the objective function. First, a series of seismological conditions (i.e., source 
mechanism, magnitude, source-to-site distance, and soil conditions) are considered to apply a 
scenario-based filter to the dataset. Then, the SEE between the acceleration spectrum and the 
target spectrum is computed, considering the two horizontal components of each record. The 
filtered set is reorganised by ranking the SEE of each record from lowest to largest in the two 
directions of analysis, and just the component with the lowest SEE is considered for the next 
stage. Finally, records from the same event are dropped from the dataset saving only the record 
of the event with the highest (unscaled) compatibility to the target code spectrum. 

Next, a vector x is introduced as follows: 
𝒙 = 	 {𝑥*, 𝑥(⋯𝑥+}, (5) 
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where the value of xi denotes the ith scaling factor affecting the ith record in a set of N accelero-
grams, in such a way that the Samean(T) vector can be calculated as: 

𝑆𝑎!"#$(𝑇) =
∑ 𝑥% 	𝑆𝑎%$-%(𝑇)
+
%)*

𝑁  (6) 

where 	𝑆𝑎%$-is the individual spectra acceleration and N is the number of records, and xi is the 
scaling Factor (SF) of the ith record. 

The optimisation problem is now aimed at determining the SFs that will reduce the total 
cost defined earlier in Equation 4. To solve this optimisation problem, the DEM metaheuristic 
technique is adopted [25]. 

2.2 Target elastic response spectrum 
The city of Istanbul has been selected as location to derive site-specific target spectra con-

sidering a standard design earthquake ground motion (10% probability of exceedance in 50 
years and return period Tr = 475 years), denoted as earthquake level DD-2 in the TBEC-2018. 
For the sake of simplicity, the dimensionless spectral acceleration values SS=0.977 and 
S1=0.270 were taken directly from the parameters reported by Işık et al. [26]. These values are 
utilised for estimating local ground effect coefficients Fs and F1, the design spectral acceleration 
coefficients SDS and SD1, and corner periods TA and TB. The site-specific design spectrum is 
computed for a soil class ZC with shear-wave velocity to a depth of 30 meters (Vs30) values 
oscillating in the ranges 360-760 m/s and 180-360 m/s, following the procedure specified in the 
TBEC-2018. 

2.3 Selection of real records 
A dataset composed of 1520 three-component recorded accelerograms from various regions 

in Turkey is considered. For this purpose, two well-known datasets are adopted, including the 
reference database for seismic ground motion in Europe (RESORCE), [27] and the Turkish 
Accelerometric Database and Analysis System [28]. The fully integrated dataset consists of 37 
earthquake scenarios, with the dominant fault mechanism being strike-slip. Although Mw 
ranges from 2.8 to 7.6, the most frequent magnitudes are in the range of 4.8-5.2 and 6.4-6.8. 
The stations are distributed within Joyner and Boore distances (RJB) of up to 744 km and Vs30 
between 131-1862 m/s. 

Regarding the selection process, a first scenario-based filter is applied to the complete da-
taset by fixing some significant seismological parameters (fault mechanism = strike-slip; Mw ≥ 
5.5; fault depth ≤ 40 km; RJB ≥ 15 km; and Vs30 in the range 360–760 m/s). The reduced dataset 
is reorganised according to the SSEs, and the component with less SSE with respect to the target 
design spectrum is selected. Subsequently, records from the same event with the largest values 
of SSE are removed from the dataset, and only the first 11 records (best candidates) are taken 
for the fitting process.  

The TBEC-2018 restricts the scaling factors for the modification of real accelerograms to 
an upper value of 1.3. Nevertheless, and as expected based on the experiences of previous re-
search [29], using SFs lower than 2 led to a poor representation of target spectra. Thus, the 
searching domain of SFs is fixed in the range of 0.5-5.0. Moreover, the lower and upper bounds 
for the mean spectrum are set as 1.0 and 1.20 times the target design spectrum, respectively. 
The spectral mismatch of individual records is limited to ± 50% relative to the target spectrum 
following Macedo and Castro [24] suggestions. Figure 1 shows the results after scaling 11 real 
records according to TBEC-2018. Although a good level of matching of the mean spectrum 
with the target is observed in the relevant domain 0.2T1-1.5T1, some values of the mean are 
below the target spectrum, specifically in the short period range. This behaviour is attributed to 
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the lack of real accelerograms meeting all the imposed conditions in the scenario-based filtering 
as well as the limitations of SFs up to 5.0. Similar results were reported in [24] where the im-
plementation of metaheuristic techniques led to suites of records that minimises as better as 
possible the cost function although not all constraints are fully met in the process. 

 

 
Figure 1. Selection of 11 real records using DE metaheuristic according to TBEC-2018 regu-

lations. 

2.4 Selection of simulated records 
The dataset of simulated ground motions used in this study consists of 7358 time-series 

from simulations performed in different regions in Turkey, including Istanbul, Duzce, Van, 
Afyon, and Erzincan. Among these regions, Duzce, Van, Afyon and Erzincan simulation pa-
rameters are validated against previous events [14,30–32] while for Istanbul, the parameters for 
the hypothetical scenarios are validated against ground motion models [33]. For all regions, 
three distinct soil types characterised by mean Vs30 values of 255, 310, and 520 m/s were con-
sidered in the simulations. The dataset contains scenarios with Mw ranging from 5.0 to 7.5 and 
RJB values up to 270 km. For Duzce simulations, the Mw values of the scenario events are 5.0, 
5.5, 6.0, 6.5, 7.0, 7.1, and 7.5. For Erzincan simulations, Mw values include 5.0, 5.5, 6.0, 6.5, 
7.0, 7.1, and 7.5. For Istanbul, Mw values are 5.0, 5.5, 6.0, 6.5, 7.0, and 7.4, while for Afyon, 
the Mw range includes 5.0, 5.5, 6.0, 6.5, 6.6, and 7.0. Finally, for the scenario events in Van, 
the Mw values are 5.0, 5.5, 6.0, 6.5, 7.0, and 7.1.  

All of the simulated datasets are constructed using the stochastic finite-fault method as de-
veloped by Motazedian and Atkinson [15]. In this approach, the rectangular fault plane is di-
vided into multiple sub-faults, each of which is treated as a stochastic point source. Then, the 
contribution of each sub-fault is summed up in the time domain with kinematic time delays. 
This method has been efficiently employed for many regions in the world to simulate the ground 
motions of large earthquakes.  

As with the real records, the preliminary selection is applied to the full simulated ground 
motion dataset considering the same seismological conditions. The SSEs are also computed, 
and the records are organised accordingly. However, the selection stage of the earthquake com-
ponent with a smaller deviation from the target spectrum can be omitted since the simulations 
are carried out to obtain only a 1-component time-series. Figure 2 depicts the results of the 
metaheuristic optimisation of the 11 best candidate records to match the target spectrum, con-
sidering the same boundaries for the mean spectrum and individual spectra. 
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Figure 2. Selection of 11 simulated records using DE metaheuristic according to TBEC-2018 

regulations. 
For the selection process of simulated records, it was possible to limit the value of SFs up 

to 2.0, equally achieving an acceptable level of fitting with the target spectrum. These results 
agree with the discussion presented by Zhong et al. [21] arguing that simulated records repro-
duce with better accuracy spectral shapes, and therefore, large scaling is not required. Table 1 
summarises the selected records alongside their seismological features and SFs. From Table 1 
it might be observed that the distribution of SFs is coherent with the distribution of PGA. Real 
accelerograms exhibit lower values of PGA with higher SFs. An opposite observation is valid 
for the simulated time-series with higher PGA values; therefore, a better match with the target 
spectrum is obtained.  

 
Table 1. Seismological characteristics and scaling factors of selected records. 

Record 
Nº 

Depth 
[km] Comp Mw Vs30 

[m/s] 

RJB  
[km] 

PGA 
[m/s2] SF 

Real records 
1 8.06 N-S 6.8 450 17.86 2.36 2.61 
2 15.90 N-S 7.6 701 38.00 2.65 3.48 
3 6.09 E-W 5.6 363 15.00 2.46 2.64 
4 10.00 S49E 7.0 652 41.00 1.01 4.97 
5 14.30 E-W 5.6 481 54.00 1.00 4.97 
6 20.00 E-W 6.3 366 52.00 1.32 4.89 
7 15.00 E-W 6.0 369 31.00 0.70 5.00 
8 10.00 E-W 6.7 433 62.00 0.86 5.00 
9 15.00 N-S 6.1 520 43.00 0.53 4.99 
10 11.20 N-S 7.1 616 17.00 0.52 4.99 
11 5.00 N-S 6.1 529 30.00 0.55 4.98 

Simulated records 
1 8.50 — 7.0 520 18.28 3.70 1.74 
2 9.50 — 7.0 520 15.90 4.67 1.82 
3 7.00 — 6.5 520 18.19 4.92 2.00 
4 11.23 — 7.5 520 16.37 3.41 1.87 
5 9.50 — 6.6 520 18.19 3.16 1.67 
6 8.00 — 6.5 520 15.93 2.08 1.91 
7 11.23 — 7.1 520 17.88 2.84 2.00 
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8 7.00 — 6.0 520 16.21 2.02 1.95 
9 6.74 — 7.0 520 17.89 1.69 2.00 
10 8.00 — 6.0 520 15.83 2.06 2.00 
11 9.55 — 7.0 520 215.98 1.32 1.99 

3 PROTOTYPE DESCRIPTION AND FE MODELLING IMPLEMENTATION 
A U-shaped masonry prototype is adopted as a structural benchmark in this study. Figure 3 

depicts the geometry and overall characteristics of the masonry prototype, which is an abstrac-
tion of a single-nave church commonly encountered in earthquake-prone areas of Europe and 
the Middle East. It is worth noting that these masonry structures have been reported to be among 
the most damaged typologies in post-earthquake surveys [34]. 

To account for masonry non-linearities, the Concrete Damage Plasticity (CDP) method, 
which couples plasticity with a scalar-based damage model [35], is adopted. A linear softening 
descending branch is used to represent the quasi-brittle nature of masonry in tension. In com-
pression, a plateau is observed after the compressive strength, followed by a linear type of sof-
tening. When softening is active, damage variables are introduced to reduce the initial 
(undamaged) elastic modulus, as expressed by the following equations: 

𝝈𝒄 = (𝟏 − 𝒅𝒄)𝑬𝟎(𝜺𝒄 − 𝜺𝒄
𝒑𝒍) 

𝜎2 = (1 − 𝑑2)𝐸3(𝜀2 − 𝜀2
45) 

(7) 

where 𝐸3 is the elastic modulus of the undamaged masonry, 𝜎% is the effective stress value; d is 
the damage parameter relating the effective stress with the corresponding inelastic strain, 𝜀% is 
the total strain value, and 𝜀%

45 is the inelastic (plastic) strain value. The subscript 𝑖 reads as 𝑐 or 
𝑡, if associated with the compressive or tensile regime, respectively. A scalar-based damage 
model describes the damage in tension 𝑑2 (cracking) and compression 𝑑6 (crushing), which can 
assume a value between zero (no damage) and one (fully damaged). Under cyclic loading, the 
masonry structure may experience some loss of stiffness during the unloading phase due to 
cracking and crushing. To account for non-linear masonry behaviour, the CDP method has been 
adopted. This method assumes a non-associative flow rule that is represented by a Drucker-
Prager hyperbolic function and relies on physically based parameters for accurate modelling. 
Material properties adopted in the numerical analysis are reported in Table 2. 
Table 2. Material properties and model parameters. 
 

𝐸J[MPa] 𝜈 𝜌 [kg m-3] Dilatation angle Eccentricity 𝑓KJ 𝑓LJ⁄  𝐾L Viscosity parameter 
1000 0.2 1450 10° 0.1 1.16 2/3 0.002 

        
Compressive behaviour Tensile behaviour 

Stress [MPa] Inelastic strain 𝑑L Stress [MPa] Inelastic strain 𝑑M 
2.20 0 0 0.150 0 0 
2.60 0.005 0 0.001 0.003 0.9 
0.20 0.012 0.9 0.001 0.010 0.9 
0.20 0.020 0.9 - - - 
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Figure 3. Overall geometry of the U-shaped prototype. 

To model damping effects, in this work, the Rayleigh damping model has been adopted. 
The Rayleigh model approximates the damping coefficient as a linear combination of mass 
and stiffness, and a damping ratio equal to 3%. The fundamental period of the structure is 
equal to 0.28 s. 

4 RESULTS 
This section examines the results of the non-linear dynamic analyses, which have been con-

ducted by using both real and simulated records in the OOP direction of the façade at both 
polarities. A total of 44 non-linear dynamic analyses are being performed to compare response 
measures. The results are categorised as “Real” and “Simulated” in Figure 4, which shows their 
distributions. It is noteworthy that the simulated records provide a more conservative prediction 
for both base shear and maximum displacement. 

 
Figure 4. Overall geometry of the U-shape prototype. 

5 CONCLUSIONS  
This paper addresses the selection and scaling of real and simulated ground motions for the 

analysis of the OOP response of masonry structures according to the TBEC-2018 provisions. 
The selection process is formulated as a constrained optimisation problem where the DEM me-
taheuristic technique is applied to derive the optimal scaling factors of individual records. Two 
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sets of records (11 real and 11 simulated) matching the DD-2 ZC spectrum in Istanbul city were 
selected as input to conduct non-linear dynamic analyses for a U-shaped masonry prototype. 
Simulations are accomplished through the stochastic finite-fault simulation approach based on 
a dynamic corner frequency concept. The masonry non-linearities were considered by means 
of the CDP method.  

Regarding the selection process, the mean of both sets exhibited close fitting with the target 
spectrum in the relevant domain 0.2T1-1.5T1, although not all constraints were fully met in the 
optimisation process. In addition, lower SFs were reported for the case of simulated time-series 
denoting a better match with the target spectrum. The numerical results of the 22 non-linear 
dynamic analyses conducted for the benchmark structure reveal a clear trend for simulated rec-
ords to provide a more conservative prediction when analysing shear base and maximum dis-
placement metrics. The findings of this investigation assert that the implementation of a 
simulated suite of ground motion records exhibits great potential in earthquake engineering 
applications, particularly with respect to the seismic evaluation of masonry structures. 
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