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Abstract: Seismic regulations of developing countries are often grounded on rules of more expe-
rienced countries. The Lebanese regulations refer to four foreign codes, this excess of guidelines
generating confusion and conflicting design choices. Moreover, the scarcity of earthquakes recorded
in the Lebanese area makes it difficult to obtain suitable sets of spectrum-consistent accelerograms
for dynamic analyses. Sorting through the reference regulations and the indications for their local
application, this paper derives and compares all the design response spectra allowed by the Lebanese
code. Consistent with the design response spectra of the two codes that are still in force (of the
four referred to), some suites of spectrum-consistent accelerograms are derived. Based on the Arias
intensity, a general procedure is also proposed to reduce the time duration of the accelerograms,
while saving the earthquake energy content and, thus, the reliability of the results. Full-length and
short-length spectrum-consistent accelerograms are thus made available for the Lebanese design.
With reference to a two-dimensional model some comparisons between response-spectrum-based
and earthquake-based analyses are provided, which showed that the Lebanese code allows different
safety levels for earthquake-resistant buildings. The paper provides a very useful contribution to
researchers and designers that are involved in the protection of the Lebanese building heritage from
seismic hazards, and it also provides data and tools that can be more generally exploited in other
seismic areas.

Keywords: Lebanese seismic design; spectrum-consistent Lebanese earthquakes; energy-saving
cutting procedure; short-length accelerograms

1. Introduction

Design response spectra (DRS) and spectrum-consistent earthquakes (SCEs) are pow-
erful tools to design earthquake-resistant structures. According to codes, static or dynamic
methods of analysis may in fact be adopted to assess the seismic performance of new or
existing buildings. Some such methods are based on DRS while some others apply SCEs
to perform numerical analyses. Typically, static methods derive the horizontal design
loads directly from the DRS, while dynamic methods may refer either to DRS or to SCEs.
Seismic methods may also be linear or non-linear, depending on whether the structural
material is modelled through a linear–elastic or an elastic–plastic behavior. The simplest
method proposed by codes is the linear–static one, which applies a pattern of static loads
proportional to the masses and to the DRS accelerations; it generally gives less accurate
results [1]. The non-linear–static method (also known as Pushover Analysis) applies a
pattern of increasing static loads to the structure until targeted inelastic displacement levels
are reached [2]. On the other hand, linear–dynamic methods are basically two. The first
one is the Modal Response Spectrum Analysis (MRSA) which combines the maximum
contributions of the most significant vibration modes of a structure as taken from the DRS.
It is usually assumed to be the reference method by codes [3], and is widely adopted for the
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seismic assessment of new and retrofitted buildings [4]. The second method is the Linear
Time-History Analysis (LTHA), which directly integrates the linear differential motion
equations of the system under SCEs. The most powerful code-compliant method to assess
the seismic behavior of a structure is the Non-Linear Time-History Analysis (NLTHA),
which is based on integrating the non-linear differential equations of motion under SCEs.
This method can be applied to any kind of structure and material, leading to very useful
results, e.g., [3,5,6]. The SCEs can be also used to perform Incremental Dynamic Analyses
and to build fragility curves [7].

Since SCEs are design earthquakes which must be consistent with the DRS, all the
above-mentioned methods, directly or indirectly, refer to the DRS. This means that the
accurate definition of the DRS is of paramount importance both to design new earthquake-
resistant buildings and to assess the seismic vulnerability of existing buildings. DRSs
are provided by codes as a function of some parameters accounting for seismic hazard,
geological and topographical conditions, limit states, damping ratio, behavior factors, life
cycle and use categories. On the other hand, a database of recorded ground motions should
be at researcher’s disposal to obtain suitable suites of synthetic SCEs. Inconsistencies in
codes in the definition of DRS [8,9], as well as unavailability of suitable seismic records
for the dynamic analyses are some of the obstacles that may compromise the seismic
design/assessment of buildings.

This kind of risk might affect the Lebanese seismic design. Crossed by an active
fault which extends from the Red Sea to Turkey, Lebanon lies in an extremely important
tectonic system that generated the catastrophic Kahramanmaras 2023 earthquake, mainly
affecting Turkey and Syria. Lebanon introduced seismic regulations only recently [10,11].
Such regulations mostly refer to four seismic codes of foreign countries, this leading to
unclear and/or conflicting instructions for the response spectrum definition. In addition,
practitioners or researchers who want to carry out time-history analyses, also face the
difficulty of finding suitable records of Lebanese earthquakes [12]. On the other hand,
available records relevant to earthquakes occurring along other strike–slip faults, such as
the San Andreas fault, have different features and are characterized by different geological
mechanisms from the earthquakes affecting the Eastern Mediterranean coastal region. Thus,
referring to those records may lead to inconsistent results.

This paper mainly has a twofold purpose. The first one is to derive and compare the
different DRS allowed by the Lebanese code. The second purpose is to obtain suitable sets of
spectrum-consistent accelerograms to be used for dynamic analyses of Lebanese structures.
The matter of selecting sets of accelerograms that are compatible to given design spectra is
of the utmost importance to carry out time-history seismic analyses. Many studies dealt
with this matter, see e.g., [13–18], and most codes provide rules and suggestions for this
purpose. A recent paper proposed a site-specific estimation of strong ground motions in the
Lebanese area [19], and also showed that the Lebanese norm may give unsafe amplification
factors for short period structures. In [20], a probabilistic study of the Lebanese seismic
hazard was performed to provide design requirements.

Two main issues should be addressed when deriving sets of spectrum-consistent
ground motions: (a) referring to earthquakes that are representative of the seismogenic
characteristics of the involved area; (b) obtaining the shortest possible accelerograms to
reduce the computational burden of the analyses, particularly when they are non-linear
ones. Both such issues are addressed in the present paper. Issue (a) is addressed by
performing wide research in seismic databases to find earthquakes recorded in the Lebanese
area, and proper elaborations of the selected records to obtain sets of spectrum-consistent
accelerograms. Issue (b) is addressed by proposing a procedure that allows to suitably
cut given spectrum-consistent earthquakes and obtain effective and energy-saving shorter
accelerograms. Based on the Arias intensity, this procedure takes into consideration the
intensity limits proposed by [21]. A reducing time step method was also proposed in [22],
which extended a previously proposed method to non-linear systems [23]. The procedure
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proposed in the present paper is an alternative viable method that is shown to be rather
effective and easily performed with the help of commercial programs.

With reference to the two codes presently still in force (of the four referred to by the
Lebanese code), suitable sets of full-length and short-length spectrum-consistent accelero-
grams are obtained and made available for the Lebanese design. A final investigation is
provided to compare the results obtained by carrying out MRSAs, with reference to the
different allowed DRS, and LTHAs under the short-length SCEs.

2. Seismicity of Lebanon

The tectonic complexity of the Eastern Mediterranean area is well known, see Figure 1a.
Lebanon lies astride the Dead Sea Transform Fault (DSTF) in a region of complex tectonic
plate interaction, where there are three major plates (the Arabian, African and Eurasian
Plates) and two sub-plates (the Anatolian and Sinai subplates) [20]. The DSTF is a strike–
slip fault between the African and the Arabian plates [24], which extends South–North
approximately 1000 km from the north of the Gulf of Aqaba through Wadi Araba, the Dead
Sea, the Jordan valley, the Beqaa valley, and merges eventually at the east of the Anatolian
fault [25]. It can be divided into two main sections joined by a restraining bend along
Lebanon, where it splits into five main fault branches: the Yammouneh, Roum, Serghaya,
Rachaiya and Hasbaya faults, see Figure 1b. The activity of these faults has been the topic
of recent paleoseismic [10,11] and geodetic [26] investigations which indicated that such
faults are still active. Lebanon experienced many major earthquakes during its history.
The 1759 one, that hit Beirut and Damascus may be considered the most destructive of
the modern era. More recently, the 1956 earthquake was a destructive multiple-shock
earthquake (5.3 and 5.5 Richter degrees) with its epicenter located in the Chouf District. A
list of some of the strongest Lebanese earthquakes is provided in Table 1, as obtained from
the literature [27–30].
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Table 1. Some of the strongest Lebanese earthquakes.

Date Location Magnitude

1 9 July 551 A.D. Phoenicia (Roman Province), Byzantine Empire (now Lebanon) 7.5

2 15 August 1157 Hama, West central Syria >7.0

3 29 June 1170 Idlib, Northwestern Syria >7.0

4 20 May 1202 Southwestern Syria 7.6

5 30 October 1759 Ottoman Syria part known today as Lebanon 6.7

6 25 November 1759 Ottoman Syria part known today as Lebanon 7.4

7 26 April 1796 Ladhikiya, Southwestern Syria 6.6

8 13 April 1822 Aafarine, Beqaa, Lebanon 7.4

9 3 April 1872 Amik golu, Beqaa, Lebanon 7.2

10 29 September 1918 Northwest of Tartus, Syria 6.6

11
16 March 1956 Southeast of Baabda, Mohafazat Mont-Liban, Lebanon 5.3

16 March 1956 Southwest of Zahle, Mohafazat Béqaa, Lebanon 5.5

12 26 March 1997 Nabatîyé et Tahta, Mohafazat Nabatîyé, Lebanon 5.0

13 15 February 2008 Tyros, South Governorate, Lebanon 5.1

3. Design Response Spectra for Lebanon

The first Lebanese seismic design rules were introduced in the early 1990s. Govern-
mental decrees N. 646, N. 14293, and N. 7964, issued in 2004, 2005 and 2012, respectively,
provided the seismic design rules which are currently adopted in Lebanon. Based on such
decrees, the Lebanese Standards Institution (LIBNOR) issued the Standard NL135 [31]. The
latter assumes the same seismic hazard for the whole Lebanese territory, classifying it as a
2c seismic zone. NL135 also instructs the designer to refer to (i) the French Norm PS92 [32],
(ii) the Uniform Building Code (UBC) [33] or (iii) the International Building Code (IBC) [34],
while announcing the adoption of (iv) the Eurocode 8 (EC8) [35] as the only seismic code
in Lebanon.

To sum up, three different seismic design lines are currently allowed by Lebanese
NL135, while a fourth one is mentioned as the future unique reference code. It is worth
noting that some of the codes referred to by Lebanese NL135 are obsolete in their countries.
This is the case of PS92, which is not in force anymore in France, where presently EC8 is the
reference code. On the other hand, IBC is a recent code which incorporates other previous
USA codes, including UBC. The latter is, however, still widely used in some developing
countries such as Lebanon.

To get a complete picture of the seismic design tools allowed in Lebanon, the DRS
relevant to PS92, UBC, IBC are derived in the following Sections 3.1–3.3. In addition, the
DRS obtained from EC8 are provided in Section 3.4. All the DRS meet the Lebanese NL135
and LIBNOR recommendations and have been built under the assumptions listed below.

Assumption 1. Only the elastic design response spectra are considered.

Assumption 2. The reference peak ground acceleration (PGA) is taken as equal to 2.5 m/s2.

Assumption 3. A period range 0 s–4 s will be considered here in the spectra.

Assumption 4. A damping ratio of 5% is considered.

Assumption 5. The vertical seismic action is neglected.

It is worth noting that Assumption 1 and Assumption 2 are mandatory. The first one,
in fact, derives from the final purpose of this study which is obtaining SCEs for transient
dynamic analyses. The acceleration records must in fact be obtained by referring to the
elastic (and not to the reduced). On the other hand, Assumption 2 meets the Lebanese code
recommendations which assume a seismic zone factor Z = 0.25 and thus PGA = 2.5 m/s2.
Regarding Assumption 3, it should be noted that 0 s–4 s is the range where the fundamental
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period of buildings typically falls, and in fact some codes, like the EC8 (see Section 3.4),
confine the use of the design response spectra to this range. As far as Assumption 4 is
concerned, it is noted that 5% is taken by most codes as a reference value for the damping
ratio, this value being a realistic one for reinforced concrete and steel buildings. On the
other hand, it is assumed this value would lead to conservative results for more dissipative
materials such as masonry or timber. Finally, Assumption 5 is justified by the fact that
the vertical component of the ground motion slightly affects buildings and, according to
seismic codes, it should be accounted for only in particular cases (e.g., long-span bays,
floor beams supporting columns, bridges). It is worth noting, however, that the vertical
component of the earthquake might influence the post-elastic performance of some kinds
of buildings [36].

It is worth noting that for the sake of a comprehensive study, the DRS obtained
from PS92, UBC, IBC and EC8 will be derived in this section and compared in Section 4,
according to the Lebanese NL135 code. In contrast, when deriving the SCEs and reducing
them in Sections 5–7, reference only to IBC and EC8 will be given. The motivations of this
choice are: (i) IBC is currently the reference code for the seismic design in USA, where
UBC is not mandatory anymore; (ii) PS92 is an obsolete code in France, where EC8 is
presently the reference code for the seismic design; (iii) EC8 is expected to be the only code
which the Lebanese seismic design will be based on in the near future; (iv) almost all the
Lebanese engineering schools refer to IBC and/or to EC8; (v) reference to IBC and EC8 is
also typically used in the literature when dealing with Lebanese seismic design [19,20,37].

3.1. Design Response Spectra According to PS92

According to Annex A of PS92, the following formulas should be used to obtain the
four branches of the normalized elastic design spectrum in terms of acceleration Se as a
function of the period T:

Se(T) = An τ [(RA + (R M − RA)]

(
T
TB

)
for 0 < T ≤ TB (1)

Se(T) = An τ RM for TB < T ≤ TC (2)

Se(T) = An τ RM

(
TC
T

)
for TC ≤ T ≤ TD (3)

Se(T) = An τ RM

(
TC
T

)(
TD
T

)
for T ≥ TD (4)

Here An is the nominal peak ground acceleration (taken as equal to 2.5 m/s2 according
to Assumption 2), while τ denotes the topographic amplification factor, the values of which
may range between 1 and 1.4, depending on the downstream and upstream slopes of the
site, the greater the slope the higher the value of τ. Both the lowest and the highest values
of τ are used here to obtain the DRS for the two extreme topographical conditions.

Four site types, namely S0, S1, S2 and S3, are considered by PS92, depending on the
ground characteristics and on the depth of the soil layer above the bedrock. Three soil
categories are classified by PS92, namely a (good or very good mechanical characteristics),
b (medium mechanical characteristics) or c (low mechanical characteristics). Site S0 en-
compasses rock-like soils and/or layers of a soil not exceeding 15 m deep; site S1 includes
more than 15 m deep a soil layers and/or less than 15 m deep b soil layers; site S2 includes
soil b with depth between 15 m and 50 m and/or less than 10 m soil c layers; site S3 is
characterized by more than 50 m deep layers of b soil and/or layers of c soil with depth
between 10 m and 100 m. The reader may refer to PS92 for a more detailed description of
the different site and soil types.

The horizontal normalized elastic DRS relevant to the four site types and to τ = 1
and τ = 1.4 are provided in Figures 2a and 2b, respectively. The spectra are obtained by
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assuming the values given in Table 2 for the characteristic periods TB TC and TD and for
the parameters RA and RM, all these values being in accordance with the Lebanese code
indications. It can be noted that on the third branch of the spectra the accelerations (and
thus the design forces) are higher for softer soils, which is due to the well-known soft soil
amplification effect.
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Table 2. Values of the parameters according to Table A.1 of Annex A of PS92 [32].

Soil Type TB TC TD RA RM

S0 0.15 0.30 2.67 1.00 2.50

S1 0.20 0.40 3.20 1.00 2.50

S2 0.30 0.60 3.85 0.90 2.25

S3 0.45 0.90 4.44 0.80 2.00

3.2. Design Response Spectra According to UBC

When reference to the Uniform Building Code (UBC) is made, the DRS can be obtained
through the following formulas giving the horizontal absolute acceleration Se as a function
of the period T:

Se(T) =
(

1.5 ∗ Ca

T0

)
∗ T + Ca for T ≤ To (5)

Se(T) = 2.5 ∗ Ca for To < T ≤ Ts (6)

Se(T) =
Cv

T
for T ≥ Ts (7)

Here To and Ts are the characteristic periods at the end and start of the different
spectrum branches. They are defined as:

T0 = 0.2 ∗ Ts (8)

Ts =
Cv

2.5Ca
(9)

The coefficients Ca and Cv depend on the soil conditions at the site and on the seismicity
of the region. Their values are provided in Table 3 as obtained according to NL135 for
the five site classes considered by UBC, namely, A, B, C, D and E. The site classes are
characterized by the kind of soil and the average shear wave velocity at 30 m depth (Vs30).
Table 4 collects the main characteristics defining the different site classes. The reader may
refer to UBC for further details about the characteristics of site classes. The resulting five
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spectra are displayed in Figure 3a. In addition to Equations (5)–(7), a further formula is
also given by UBC which defines a branch of the spectra for values of period exceeding 4 s.
According to Assumption 3 of Section 3, this branch is not considered in this study.

Table 3. Values of the parameters for different site classes (according to UBC, IBC and NL135).

Site Class
UBC IBC

Ca Cv S1 Ss Fa Fv

A 0.20 0.20 0.4 1.2 0.8 0.8
B 0.25 0.25 0.4 1.2 1.0 1.0
C 0.29 0.40 0.4 1.2 1.0 1.4
D 0.32 0.47 0.4 1.2 1.0 1.6
E 0.35 0.74 0.4 1.2 0.9 2.4

Table 4. Site classes according to UBC and IBC.

Site Class

Average Properties at 30 m Depth

Shear Wave Velocity Standard Penetration Resistance Undrained Shear Strength

vs,30 (m/s) NSPT (blows/30 cm) Su (kPa)

A >1500 - -
B 760–1500 - -
C 360–760 >50 >100
D 180–360 15–50 50–100
E <180 <15 <50
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3.3. Design Response Spectra According to IBC

The International Building Code (IBC) gives the following formulas to build the DRS in
terms of horizontal absolute acceleration Se(T):

Se(T) = SDS ∗
[

0.4 + 0.6 ∗
(

T
T0

)]
for T ≤ To (10)

Se(T) = SDS for To < T ≤ Ts (11)

Se(T) = SD1/T for T ≥ Ts (12)

IBC also gives a fourth branch of the spectrum that applies for values of period
exceeding 4 s, similarly to UBC. This branch will not be considered here, according to
Assumption 3. The values of SDS, SD1 T0 and Ts can be obtained through the formulas:

SDS =
2
3
∗ SMS (13)
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SMS = Fa ∗ Ss (14)

SD1 =
2
3
∗ SM1 (15)

SM1 = Fv ∗ S1 (16)

T0 = 0.2
SD1

SDs
(17)

Ts =
SD1

SDs
(18)

The values of the parameters S1, Ss, Fa and Fv are provided in Table 3, in accordance
with NL135, for the five site classes defined in Table 4 (the same classes are referred in fact
by IBC and UBC). The DRS obtained through Equations (10)–(18) and Table 3 are displayed
in Figure 3b, which are the same for the two main horizontal directions. It is noted that
on the third branch of the IBC spectra the design acceleration increases as the mechanical
properties of the soil decrease (as PS92). The UBC spectra follow the soft soil amplification
rule all over the period range instead. When comparing Figure 3a,b, it can be inferred that,
for the Lebanese design, UBC is almost always less conservative than IBC (site classes A, B
and C), or similarly conservative (site class D).

3.4. Design Response Spectra According to Eurocode 8

The NL135 standard announced the transition to Eurocode 8 as the exclusive seismic
code applicable in Lebanon within the next five years. In view of this, French Universities
instruct on EC8, and engineers incorporate it into their designs of buildings by adopting
parameters identical to those assumed for PS92.

The DRS in terms of horizontal absolute acceleration Se(T) are given by EC8 as follows:

Se(T) = ag S
[

1 +
T
TB

(2.5η− 1)
]

for 0 < T ≤ TB (19)

Se(T) = 2.5 ag S η for TB < T ≤ TC (20)

Se(T) = 2.5 ag S η

[
TC
T

]
for TC ≤ T ≤ TD (21)

Se(T) = 2.5 ag S η

[
TCTD

T2

]
for TD ≤ T ≤ 4 s (22)

Here ag is the reference peak ground acceleration, taken equal to 2.5 m/s2 according
to Assumption 3, while η is a damping correction factor given by

η =
√

10/(5 + ξ) ≥ 0.55 (23)

ξ being the damping ratio taken equal to 5% according to Assumption 4. The EC8
Type 1 shape for the elastic response spectrum is chosen. The use of two alternative shapes
of DRS (Type 1 or Type 2) is in fact allowed by EC8. When the seismic hazard of the
most contributing earthquake for the considered site has a surface-wave magnitude not
greater than 5.5, Type 2 is recommended, otherwise Type 1 should be better used. Since the
magnitude of Lebanese earthquakes may even greatly exceed 5.5, as can be inferred from
Table 1, the Type 1 shape is here assumed for the elastic DRS, this choice being on the safe
side. Five ground types are considered by EC8, as recalled by Table 5. The values of the
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soil factor S and of the periods TB, TC and TD for the Type 1 shape and for the five ground
types are recalled in Table 6. The EC8 design spectra obtained for the five ground types
and relevant to both the horizontal components are plotted in Figure 4. Similarly, to PS92
and IBC, EC8 follows the soft soil amplification rule in the third branch of the spectra.

Table 5. Ground types according to EC8.

Ground Type

Average Properties at 30 m Depth

Shear Wave Velocity Standard Penetration Resistance Undrained Shear Strength

vs,30 (m/s) NSPT (Blows/30 cm) cu (kPa)

A >800 - -
B 360–800 >50 >250
C 180–360 15–50 70–250
D <180 <15 <70

E Soil profile consisting of a surface alluvium layer with vs values of type C or D and thickness varying between 5 m and 20 m,
underlayed by stiffer material with vs,30 > 800 m/s

Table 6. Values of the parameters for the Type 1 response spectrum (according to EC8).

Ground Type S TB (s) TC (s) TD (s)

A 1.00 0.15 0.4 2.0
B 1.20 0.15 0.5 2.0
C 1.15 0.20 0.6 2.0
D 1.35 0.20 0.8 2.0
E 1.40 0.15 0.5 2.0
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Figure 4. Lebanese horizontal design response spectra as obtained according to EC8 for the five soil
types (A, B, C, D, E) and 5% damping ratio.

4. Comparing Lebanese Design Response Spectra

In the present section the DRS to which NL135 refers are compared in order to check
the different safety levels allowed by the Lebanese design rules. For this purpose, the four
main categories listed in Table 7 were assumed as giving a good correspondence between
the site/ground classifications made by PS92, UBC, IBC and EC8. It is worth noting that a
clear equivalence can be held between the EC8 and the UBC/IBC classification [30], while
a straightforward correlation cannot be easily assigned between PS92 and the other codes.
Both EC8 and IBC classify sites based on the average shear wave velocity, denoted as
vs,30, calculated within the uppermost 30 m of the soil strata. In contrast, the French PS92
employs diverse depth criteria for its site classification. To ensure a suitable comparative
analysis, a standardized depth of 30 m was here considered, facilitating the harmonization
of site/ground classifications of IBC and EC8 with that of PS92. This led to deriving the
four primary categories outlined in Table 7. A representation of the DRS for each of these
categories, along with two specified values of the PS92 topographical factor τ, is presented
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in Figure 5. The diagrams on the left (Figure 5a,c,e,g) refer to τ = 1 and those on the right
(Figure 5b,d,f,h) to τ = 1.4.
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Figure 5. Comparison between the design spectra given by the considered codes for different soil
types: (a) Category A with τ = 1 for spectra of PS92, (b) Category A with τ = 1.4 for spectra of
PS92, (c) Category B with τ = 1 for spectra of PS92, (d) Category B with τ = 1.4 for spectra of
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Appl. Sci. 2023, 13, 12990 11 of 27

Table 7. Correspondence table for the different site/ground categories.

Category
Site/Ground Class/Type

PS92 UBC/IBC EC8

A
S0 A

AS1 B
B

S2
C B

C D C
D S3 E D

The comparisons provided in Figure 5 show that different design seismic forces can be
considered for structures with similar dynamic properties (fundamental period T) and for
the same site/ground type. This may lead to different safety levels in the Lebanese design.

5. Suites of Earthquakes Consistent with the Lebanese DRS

Suitable earthquakes are needed to carry out time-history analyses for the seismic
design/assessment of new/existing buildings. Codes give instructions on how to obtain
accelerograms consistent with the reference design spectrum, which is related to the seis-
micity of the site. Artificial or real records can be used for this purpose. In the present
work, reference to real records was made to obtain some suites of spectrum-consistent
accelerograms for the Lebanese seismic design. The suites are obtained referring only to
the IBC and the EC8 elastic design response spectra, according to the motivations given
in Section 3. The motivations of this choice are: (i) IBC is currently the reference code for
the seismic design in USA, where UBC is not mandatory anymore; (ii) PS92 is an obsolete
code in France, where EC8 is presently the reference code for the seismic design; (iii) EC8 is
expected to be the only code which the Lebanese seismic design will be based on in the
near future.

The procedure to obtain the spectrum-consistent accelerograms consists of the follow-
ing three main steps.

5.1. Step 1. Collecting Suitable Records

Preliminary research of suitable records was made by exploring ESM [38] and COS-
MOS [39] databases and confining the attention to earthquakes that occurred in the
Lebanese area. Since very few records are found for Lebanon, the research was extended to
a wider area of the Middle East region, also including the Dead Sea, the Mediterranean
Sea, Syria, and Turkey. Among the several earthquakes retrieved, thirteen have been finally
selected as suitable enough for the purpose. The criteria for this choice mainly involved
identifying a significant number of recorded strong ground motions that occurred along
the DSTF, which is the strike–slip fault zone where Lebanon lies. This was assumed to
guarantee the chosen earthquakes have similar characteristics, belonging to the same seis-
mogenic source. Table 8 lists the selected earthquakes, which are here labelled from E1
to E13. Each earthquake is decomposed into a couple of records giving the acceleration
in the two main horizontal directions (the vertical component is neglected according to
Assumption 5 of Section 3). Such a collection of earthquakes will be exploited to obtain
suites of appropriate synthetic accelerograms. It can be noted that some of the earthquakes
listed in Table 8 have a low magnitude value. In consideration of the scarcity of records,
however, such lower-magnitude earthquakes have been considered. This is not a limit
since the elaboration process described in Step 2 leads, in any case, to spectrum-matched
final synthetic records. The matching process, in fact, is based on code DRS that account for
the actual seismicity of Lebanon and the expected peak ground acceleration level. Thus,
the final accelerograms that are eventually obtained through the synthetization procedure
are stronger than the original ones and typically correspond to earthquakes with more than
5.5 magnitude. Suitably matching the original earthquakes is advised when there is a lack
of instrumental records.
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Table 8. Suite of earthquakes chosen to obtain the accelerograms consistent with the design spectra.

Id. Station Code Event ID Location Date Magnitude

E1 UJAP EMSC-20140524_0000020 Dead Sea 24 May 2014 4.3 (ML)
E2 GHAJ EMSC-20180704_0000036 Dead Sea 7 April 2018 4.1 (MW)

E3
MSBI

EMSC-20180704_0000512 Dead Sea 7 April 2018 4.7 (MW)UJAP

E4
GHAJ

EMSC-20190626_0000058 Dead Sea 26 June 2019 4.0 (MW)MSBI
E5 IZR IL-1984-0002 Dead Sea 24 August 1984 5.3 (MW)

E6
KRKR

SY-1996-0001 Jordan–Syria 24 December 1996 5.5 (MW)SUAN

E7
3101

TK-2006-0033 Jordan–Syria 29 March 2006 4.1 (MW)3103
E8 EIL EMSC-20110220_0000203 Red Sea 20 February 2011 3.7 (ML)

E9
CMRD

EMSC-20200415_0000051 Syrian Coast 15 April 2020 4.7 (mb)SLFK
E10 KRTS EMSC-20200403_0000177 Syrian Coast 3 April 2020 4.7 (MW)
E11 KRTD EMSC-20130726_0000002 Central Turkey 26 July 2013 4.3 (MW)

E12
BOZY

EMSC-20120511_0000032 Cyprus Rgion 11 May 2012 5.3 (MW)KRTD

E13
OSC1

EMSC-20170108_0000026 Cyprus Rgion 8 January 2017 4.1 (ML)OSC2

5.2. Step 2. Obtaining Suites of Spectrum-Consistent Earthquakes

Codes recommend using a suite of SCEs when carrying out time-history analyses.
A minimum number of three earthquakes is suggested by EC8 as well as by ASCE 7-16 [40],
to which IBC refers on this matter. Should a suite of seven earthquakes be considered, both
codes allow the averaging of the results from the seven analyses. Different methods can
be used to find the most appropriate set of ground motions, ranging from just a selection
of real records based on their seismological characteristics to more powerful matching
procedures that are carried out in the frequency domain through wavelet adjustments over
one or multiple target spectra [41]. The number of records required to obtain a stable and
unbiased estimate of the inelastic response of a structure was found to significantly depend
on the method adopted [42]. When simpler methods like those that scale the accelerograms
to the target spectral acceleration are applied, a higher number of accelerograms is needed.
This number can be reduced when the Spectral Matching (SM) method is applied instead.
The scarcity of recorded ground motions in a country may thus be a reason to adopt the
SM method [43]. The SM changes both the amplitude and the frequency content of the
earthquake to make its response spectrum match the target design one, this procedure
generally leading to more stable results [42]. The addition of wavelets has the same
advantages provided by the Fourier adjustment with the extra benefit of introducing less
energy into the ground motion and preserving the non-stationary characteristics of the
original ground motion [41]. Based on previous studies [44–46], an effective SM algorithm
was developed by Abrahamson [47], and subsequently refined by Hancock et al. [41].

Due to the rarity of strong recorded earthquakes in the Lebanese area and to the higher
effectiveness of the SM method with respect to other methods, the latter is adopted in
the present study. Based on the Abrahamson–Hancock algorithm, the SeismoMatch [48]
application is used to obtain suites of earthquakes consistent with the IBC design spectra
(Figure 3b) and with the EC8 design spectra (Figure 4). For this purpose, the values of the
matching parameters listed in Table 9 and the earthquakes listed in Table 8 were considered
in SeismoMatch. In Table 9, the mismatch tolerance denotes the maximum allowable
discrepancy between the matched earthquake spectrum and the target one. It is noted that
SeismoMatch allows setting one single value for the mismatch tolerance, which means
giving the same value to the upper and lower bounds. EC8 suggests a 10% lower bound,
but it does not give an upper bound. On the other hand, IBC does not provide specific
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values for mismatch tolerance. The matter of ground motion selection and modification
for new building projects in the United States was recently addressed by the Building
Seismic Safety Council in FEMA P-1050 [49] as also discussed in [50]. Although a 10%
lower bound is suggested by BSSC for scaled earthquakes, no specific values are given
instead for matched earthquakes, the spectra of which are only required not to fall below
the target spectrum. It is also worth noting that some codes provide a lower and an upper
tolerance bound such as the Italian Code [51] that provides a 10% and a 30% lower and
upper tolerance limit, respectively. The absence of a prescribed upper tolerance bound
may have an impact on the seismic design, since it allows the designer to refer to sets of
spectrum-consistent earthquakes that may have very different violence levels, although
matching the same target spectrum; this matter was discussed for instance in [9] with
reference to EC8.

Table 9. Values of the matching parameters used in SeismoMatch.

Mismatch
Tolerance Max Iterations Scale Factor Min

Eigenvalue
Max Number

of Waves
Additional

Waves
Off Diagonal

Reduction Group Size

0.1 200 1 0.1 10 20 0.7 250

In this study, 10% upper and lower bounds were adopted (mismatch tolerance equal
to 0.1). This choice is also in accordance with what was assumed in other studies [50].
The number of maximum iterations was set to 200 for a scale factor of 1. The default
value was adopted for the other parameters appearing in Table 9, which are related to the
Abrahamson–Hancock algorithm [26]. Typically, the higher the maximum number of waves
for the wavelet model, the better the matching outcome, although considering more than ten
waves have no significant effect on the results. On the other hand, 20 additional waves (or
sub-iterations) are enough to prevent divergence in the Abrahamson–Hancock algorithm,
as shown in [42]. Better convergence can even be reached when the off-diagonal terms of
the response-to-time matrix do not exceed the 0.7 value recommended by SeismoMatch,
and the design spectrum is split into sub-groups, the recommended number of which is
250 [42]. Suites of SCEs were finally found according to IBC and EC8. They are presented
in Sections 5.1 and 5.2, respectively.

5.3. Step 3. Deriving Suites of Shorth-Length Accelerograms for the Numerical Analyses

The suites of SCEs derived through the synthetization procedure described in Step 2 are
generally long-time records (see for instance those provided in Sections 6 and 7). Therefore,
reducing the time-length of the SCEs can be very useful. A method to achieve such a
goal is proposed in Section 7, where the short-length IBC-consistent and EC8-consistent
earthquakes are eventually determined.

6. Earthquakes Consistent with the IBC and the EC8 Design Spectra

By following the two-step procedure illustrated above, five suites of earthquakes
consistent with the IBC design response spectra (see Figure 3b) and five other suites of
earthquakes consistent with the EC8 design spectra (see Figure 4) were derived. It is noted
that all the obtained accelerograms are baseline corrected. Figure 6 shows the spectra of the
IBC-spectrum-consistent earthquakes in the two main directions compared with the target
design spectrum for each of the five site classes. Figure 7 displays the accelerograms of
the matched earthquakes. Similarly, the spectra and the accelerograms of the earthquakes
consistent with the EC8 design spectra are provided in Figures 8 and 9 for the two main
directions. It is worth noting that the matching procedure was carried out by considering
the range 0–4 s according to Assumption 3 of Section 3. However, for a better comparison
in the highest acceleration range, a shorter range (from zero to 2 s) was considered in the
diagrams of Figures 6 and 8.
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Labelled as they are in Figures 6–9, the accelerograms are freely downloadable from
a repository that is hosting them, as indicated at the end of the paper. They can be used
for time-history (linear or non-linear) analyses of Lebanese structures. As derived from
SeismoMatch, the records have a rather long time-length. A procedure to suitably reduce
the time-length of spectrum-consistent accelerograms is proposed in Section 6.

7. Short-Length Energy-Saving Accelerograms for Numerical Analyses

Since NLTHAs generally involve a high computational demand, the ground motions
introduced in the numerical model should be as short as possible. On the other hand, when
cutting the full recorded accelerogram, the most significant peaks should be maintained
and a high enough percentage of the seismic energy of the whole event conserved. To
this end, the Arias Intensity IA can be exploited. The Arias intensity was introduced as
an indicator of the destructive potential of an earthquake, under the assumption that the
damage experienced by a structure is proportional to the energy dissipated during the
seismic event. It is defined as the integral of the dissipated energy E(ω) over the frequency
domain [52]:

IA =
∫ ω

0
E(ω) dω (24)

In the time domain, IA was expressed instead as the integral of the square acceleration
over the complete duration t of the earthquake [45]:

IA =
π

2g

∫ td

0
a2(t) dt (25)

Here a(t) is the ground acceleration, g is the gravity acceleration and td is the total
duration of the record. The Arias intensity defined by Equation (25) is like the formulation
used by Trifunac and Brady [21] when introducing the limits of the significant duration of
an earthquake.

The Arias intensity can be exploited to find the most efficient and energy-conserving
time-window of the earthquake. For this purpose, the SeismoSignal [53] program can be
used. For any given filtered and baseline corrected ground motion, this program provides
the effective duration of the earthquake corresponding to values of IA from 5% to 95%. In
the following, an example is given to illustrate how SeismoSignal can lead to obtaining a
suitable time-window of a given earthquake.

Let us refer to the two components of one of the IBC-spectrum-consistent earthquakes
displayed in Figure 7, namely IBC-C-X-E5 and IBC-C-Y-E5. Once the accelerograms (see
Figure 10a) are uploaded in SeismoSignal and the option “effective duration” is set, the
values given in Table 10 can be extracted. The diagrams in Figure 10b can also be extracted,
where the time-windows relevant to the 5–95% range of IA are highlighted in green. It
should be noted that the starting and the final values of the time-windows are different for
the two components, as can be inferred from Figure 10c. Since same-duration components
of the earthquake must be given for the analyses, a single time-window should be set.
An effective and energy-saving time-window could be defined by choosing the lowest
time value and the highest time value of the two time-windows found through the Arias
intensity procedure, see Figure 10d. Eventually the full-length accelerograms of Figure 10a
are reduced to those shown in Figure 10e which are saving 95% of the earthquake energy,
while being shortened to about 1

4 of the full length. It is noted, in fact, that saving almost
all the energy of the original ground motion is of paramount importance since the effects of
ground motions on structures are strongly related to the energy input [54].
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lower layers, consisting of 4 bars of 20 mm. 

Figure 10. Procedure to obtain a suitable time-window for time-history analyses. (a) Full-length X
and Y accelerograms; (b) Arias Intensity of the two components of the earthquake, where the range
from 5% to 95% is highlighted in green; (c) time windows corresponding to 5–95% of IA in green;
(d) final chosen time-window for the two components, in red; (e) cut earthquake components for the
numerical analyses.

Table 10. Duration and Arias Intensity for IBC-C-X-E5 (from SeismoSignal).

Earthquake Component Duration [s] Cumulative IA [m/s] Percentage of IA [%]

IBC-C-X-E5
6.19 0.3 5

11.58 6.2 95

IBC-C-Y-E5
6.81 0.2 5
7.32 4.1 95

To validate the procedure, the planar four-story building displayed in Figure 11 was
adopted as a simple archetype. The structural elements are made of reinforced concrete,
with square columns measuring 50 cm on each side, and beams with a height of 50 cm
and a base of 30 cm. Since the purpose of this validation is not to assess the design of
the elements, symmetrical longitudinal reinforcement has been assumed for the columns,
consisting of 12 bars of 20 mm and transverse bars of 10 mm spaced evenly every 10 cm.
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Additionally, the beams have symmetrical longitudinal reinforcements for the upper and
lower layers, consisting of 4 bars of 20 mm.
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Figure 11. Elevation view of the structural archetype considered to validate the procedure.

The applied loads correspond to those of a building with solid reinforced concrete slabs
measuring 15 cm in thickness, with a tributary width of the slabs of 3 m. The applied live
loads correspond to those of a residential building (2 kPa). The archetype with gravity loads
and the accelerations imposed on the supports in the X direction is shown in Figure 11.

NLTHAs were conducted by assuming that the reinforcing steel and the concrete
follow the constitutive relationships proposed by Menegotto and Pinto [55] and by Mander
et al. [56], respectively. The analyses were conducted considering only the accelerograms
consistent with the EC8 spectra (the suites plotted in Figure 8). NLTHAs were carried out
under full-length and short length accelerograms. To validate the procedure, two variables
of the seismic response of the archetype have been investigated as target parameters: the
horizontal displacement of the center of gravity of the roof level (defined by the connection
of the central column and the beam at this level) and the total shear force at the base. For
each analysis, the maximum values of roof displacement and total shear at the base were
obtained. The absolute difference between the values of such parameters calculated under
full-length and short length accelerograms was obtained. This difference (in %) and the
mean value over the seven earthquakes are provided in Table 11. It can be noted that EC8,
like other codes, advocates working with mean values instead of considering maximum
values whenever more than three accelerograms are considered for the analysis.

The results indicate that the differences between the values obtained with full-length
and short length accelerograms are relatively small. The maximum difference between the
roof displacements is 10.5% (reached for accelerogram 2 and soil type C). The maximum
difference between the shear forces is 12.8% (reached for accelerogram 4 and soil type E).
However, it is worth noting the arithmetic mean of the calculated differences does not
exceed 5% either for displacements or for base shear (see “Mean” columns of Table 11).
This validates the effectiveness of the procedure, at least for the kind of structure and the
earthquakes considered here.

All the accelerograms given in Figures 7 and 9 have been processed according to the
above suggested procedure and the corresponding short length accelerograms have been
obtained. They can be freely downloaded from a repository hosting them, as indicated
at the end of the paper. It is worth noting that, on average, the short-length EC8 and IBC
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consistent accelerograms are found to be, respectively, about 1/5 and 1/4 of the full-length
ones, although much stronger reductions are achieved for some of the accelerograms. This
time-length shortening can drastically reduce the computational time, particularly when
non-linear analyses of three-dimensional structures are involved. Some of the short-length
IBC-spectrum-consistent earthquakes were successfully used to carry out NLTHAs on a
Lebanese historical hammam and predict its post-elastic seismic behavior [57].

Table 11. Summary of the results of the non-linear time-history analyses.

Ground Type X Acceler.
Roof Displacements Total Base Shear

Abs. Diff. (%) Mean (%) Abs. Diff. (%) Mean (%)

A

1 4.8

3.6

3.7

4.3

2 3.4 3.6
3 1.9 2.9
4 2.9 3.4
5 7.8 2.3
6 2.2 5.7
7 2.3 8.8

B

1 3.3

4.1

3.4

3.9

2 9.6 5.0
3 1.9 2.9
4 3.2 2.5
5 1.5 1.6
6 5.3 7.5
7 3.8 4.3

C

1 1.7

4.7

0.1

4.1

2 10.5 4.9
3 2.1 2.8
4 9.9 11.4
5 0.8 3.5
6 4.3 1.9
7 3.8 4.3

D

1 3.3

4.6

3.5

3.3

2 1.5 7.0
3 5.2 4.0
4 5.8 1.5
5 5.8 2.7
6 9.9 3.7
7 0.4 0.7

E

1 1.4

4.6

5.9

4.9

2 9.3 1.0
3 6.9 2.4
4 2.7 12.8
5 5.1 10.6
6 1.4 1.0
7 5.7 0.4

8. Comparing the Seismic Demand Obtained from the Different Codes

A comparison is presented in this section to check the consequences of adopting one
or the other of the four different codes referred to by the Lebanese standard, namely PS-92,
UBC, IBC and EC8. For this purpose, a series of linear analyses have been conducted on
the same archetype given in Figure 11, the fundamental period of which is T = 0.39 s. This
allows for an objective weighting of the demand imposed on a structure with a fundamental
period that typically places acceleration demands on the plateau of the design spectra (or in
its vicinity), thereby allowing seismic demands to be high. Firstly, MRSAs on the archetype
have been performed, with reference to the elastic spectra given by the four codes and to the
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categories of site/soil A, B, C, D and E. The two variables assessed are roof displacements
and base shear force.

The results obtained through the MRSAs for the different codes are presented in
Figure 12. Both topographical factors τ = 1 and τ = 1.4 are considered for the PS92 spectra.
Figure 12 shows that, in general, and as expected, soft soils impose higher displacement
and force demands. Some exceptions are found for S2 and S3 soils when referring to
the PS92 standard, and for E soils and C soils when referring to IBC and EC8 spectra,
respectively. For very stiff soils (PS92-S0, UBC-SA, IBC-SA, and EC8-SA), the values of the
roof displacement are relatively uniform between the different codes, with a maximum
difference of 31.09% between the highest (EC8-SA) and the lowest (PS92-S0, τ = 1) values.
For very soft soils (PS92-S3, UBC-SE, IBC-SE, and EC8-SE), the highest difference (89.05%) is
observed once again between the results relevant to PS-92 (τ = 1) and EC8 (see Figure 12a).
Similarly, when the base shear force is concerned, a maximum difference of 31.52% and
of 90% was found, respectively, for very stiff soils and for soft soils between PS92 (τ = 1)
and EC8.
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When a topographic factor τ = 1.4 is considered in the PS92 spectra, the difference
between the roof displacements obtained with EC8 and PS92 lowers to 6.29% for very stiff
soils and to 35.03% for soft soils. Similarly, the difference between base shear forces lowers
to 6.77% for very stiff soils and to 35.55% for soft soils. It should be noted, however, that
τ = 1.4 is the maximum value of the topographical factor, provided by PS92 for very high
slopes of the site. On the other hand, no topographical factor is introduced by the other
considered codes. This leads to an inconsistency in the present comparison and, above all,
in the Lebanese design.

LTHAs have also been conducted using the seven EC8-spectrum-consistent accelero-
grams. Figure 13a presents the results obtained for the maximum roof displacements.
It is noteworthy that the values of displacements calculated through LTHAs are higher
than those obtained through MRSAs, which is typical when comparing these two types of
analyses [8]. Similarly, the results of the maximum calculated values of base shear forces
for the seven accelerograms compatible with EC8 spectra are shown in Figure 13b. Once
again, an increase in the values is observed as the soils become softer.
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9. Conclusions

This paper highlights some issues that are affecting the Lebanese seismic design and
gives hints and tools to suitably address them. A main issue is related to the excess of design
response spectra that are admitted by the Lebanese code, which may create confusion in
civil engineering practice. Another issue is the reference that is made to foreign codes that
conflict with each other and/or are not mandatory anymore in their countries. A correlated
issue concerns the difficulty to get all the parameters that are needed to obtain the Lebanese
design response spectra by following the indications of such foreign codes. In addition to
the ambiguity of the design response spectra to be adopted, there are also matters related to
the scarcity of recorded earthquakes in the Lebanese area which makes it difficult to obtain
suitable suites of spectrum-consistent earthquakes to carry out transient analyses. Finally,
even when appropriate spectrum-consistent earthquakes are found, their excessive length
may be a further cumbersome problem.

Sorting through the four codes indicated by the Lebanese code and the applicative
instructions given for each of them, this paper provides all the design response spectra that
can be used for the Lebanese design. This tidying up job, which was not fully completed
before, led to supply formulas, tables of parameters and graphs that can be very useful
for Lebanese practitioners. The comparison evidenced the differences between the many
design spectra that are indistinctly admitted by the Lebanese code which is thus found
to implicitly admit different safety levels for similar buildings grounded on the same soil
class. The comparative study also showed that the topographical effects are not accounted
for in most of the design spectra, the only code providing topographical factors being
the obsolete French code. This may add further inconsistencies to the seismic design, as
showed by the comparison of the results. Although the aim of this paper is obviously
far from giving specific design instructions, this matter being the responsibility of the
Lebanese Government, the use of two codes that are currently in force (among the four
referred to) is suggested in this paper, namely the International Building Code (IBC) and
the Eurocode 8 (EC8). The first one is the official seismic code in the USA as well as a
reference code in many other countries, like Chile. The second one is the reference code for
many of the European countries and it is even announced to be the only future reference
code in Lebanon. When EC8 is the Lebanese reference code, it is suggested to also provide
topographical factors to obtain different design response spectra for different topographical
conditions, as it is done, for instance, by the Italian code.
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To address the matter of lack of proper accelerograms to be used for the seismic
assessment of the Lebanese structures through time-history analyses, wide research in many
seismic databases was carried out which eventually led to finding some strong earthquakes
that occurred along the Dead Sea Transform Fault. Those records were assumed to be
seismogenically representative of the seismic events occurring in Lebanon. By elaborating
them, both in the time and in the frequency domain, suitable sets of accelerograms that are
consistent with the design response spectra of IBC and of EC8 are found for the different
considered soil categories. The synthetization process was carried out through a spectral
matching method by considering a 10% upper and lower mismatch tolerance.

Since the time length of such accelerograms is typically rather long, which implies
a large computational burden, the matter of shortening the spectrum-consistent accelero-
grams was also addressed in the paper. Based on the Arias intensity of a given earthquake,
a procedure is proposed, which can be implemented with the help of commercial match-
ing tools. This procedure was shown to drastically reduce the duration of the horizontal
components of a given earthquake while saving 95% of its energy content. On average, the
short-length EC8- and IBC-consistent accelerograms are found to be, respectively, about
1/5 and 1/4 of the full-length ones. The effectiveness of the procedure was validated
by applying full-length and short length accelerograms to a 2D archetype building and
comparing some key parameters. On average, an error less than 5% was found which
shows the effectiveness of the procedure, at least for the type of building and the suites
of earthquakes considered. Wider future investigation of 3D models of various structural
typologies under earthquakes from other seismic regions is needed to definitively validate
the general efficacy of the proposed procedure. As obtained from this procedure, the
corresponding ten suites of short length accelerograms are made freely downloadable
from the repository. They can be profitably exploited to reduce the burden of linear and
non-linear time-history analyses of Lebanese structures, while saving the effectiveness of
the results.

By referring to an archetype building, linear response-spectrum-based and earthquake-
based analyses are finally carried out to highlight the different levels of safety allowed by the
Lebanese code. The results reveal that the various international codes considered for design
in Lebanon exhibit comparatively consistent values for very stiff soils, with a maximum
difference slightly exceeding 30%. However, for soft soils, this difference increases to
values approaching even 90% when the lowest topographical factor is assumed for the
French spectra. In pursuit of an appropriate seismic-resistant design, it is recommended
to employ the spectra of EC8 and its corresponding accelerograms, as they yield higher
demand values for both displacements and base shear forces with respect to the other
considered codes.

The data and the tools provided, together with the examples discussed, make the
content of this paper of great impact for the seismic design/assessment of new/existing
structures in Lebanon, thus significatively contributing to the seismic protection of the
Lebanese building heritage. On the other hand, the highly promising procedure to reduce
the accelerogram length could be exploited to expedite the non-linear time-history analyses
of buildings in any other earthquake-prone country.
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