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ABSTRACT 

This article presents a comprehensive study on directivity effects and impulsive signals in near-fault ground 

motions, focusing on the case of the Kahramanmaraş earthquake in February 2023. The study investigates 

the impact of polarisation on pulse-type and non-pulse-type ground motions by computing spectral 

acceleration values for 180-degree rotated components. The results demonstrate that pulse-type ground 

motions exhibit higher spectral acceleration values and higher levels of polarisation, particularly in the period 

ranges close to the pulse period. The findings highlight the significance of directivity effects in seismic hazard 

analyses and emphasise the need for accurate assessment of directivity effects in seismic design procedures.  

https://doi.org/10.5459/bnzsee.1689  

INTRODUCTION 

On February 6, 2023, at 04:17 local time (01:17 GMT), an 

earthquake with a moment magnitude (Mw) of 7.7 occurred on 

the Eastern Anatolian Fault Zone (EAFZ) in Turkey. The 

earthquake had an epicenter located in Pazarcık-

Kahramanmaraş (N37.288°, E37.043°), approximately 40 km 

northwest of Gaziantep and 33 km southeast of 

Kahramanmaraş, with a focal depth of 8.6 km. Subsequently, 

nine hours later, at 13:24 local time (10:24 GMT), a second 

earthquake with a moment magnitude of 7.6 hit the Ekinözü-

Elbistan-Kahramanmaraş region. The epicenter of the second 

earthquake was in (N38.089°, E37.239°), approximately 98 km 

northwest of Adıyaman and 62 km northeast of 

Kahramanmaraş, with a focal depth of 7.0 km. The earthquake's 

moment tensor solution indicates that the movement on the NE-

SW oriented faults was mostly left-lateral strike-slip. The strike 

orientation is 233°, and the dip angle is 74° [1-5]. The initial 

seismic data suggests that the earthquake began on the Narlı 

Segment, south of EAFZ, and then propagated northward to the 

main branch of the fault. The earthquake subsequently ruptured 

the Pazarcık-Erkenek fault segments towards the NE direction 

and the Amanos segment towards the SW direction. This 

earthquake is an example of a complex earthquake structure that 

involves multiple ruptures as a result of the interaction of two 

separate fault systems: the East Anatolian Fault Zone and the 

East Mediterranean Ridge. The rupture propagated in two 

directions, with one segment propagating to the north-northeast 

and the other to the south-southeast. The northern end of the 

rupture exhibited thrusting, while the southern end exhibited 

strike-slip faulting.  

If a seismometer is positioned in the direction of the fault's 

forward rupture, the recorded velocity may show a large, long-

period pulse, known as a "directivity effect" [6-8], which is of 

great interest to earthquake engineers due to its unique impact 

on structures. These types of ground motions can be seen 

mostly in the fault-normal component of ground motion (for 

strike slip cases) within a range of 25 up to 30km distance from 

the fault.  

The directivity effect is a result of the interaction between the 

seismic waves and the irregularities in the rupture surface, such 

as the geometry and roughness of the fault surface, and the 

heterogeneity of the rocks in the vicinity of the fault. As the 

rupture propagates along the fault, the seismic waves radiate 

outward from the rupture front. The waves traveling at a 

velocity close to the rupture propagation velocity, in the 

direction of rupture propagation, result in seismic waves 

arriving in a more coherent and focused manner, leading to high 

amplitude and short duration pulses. This is known as the 

forward directivity effect. On the other hand, the backward 

directivity occurs when the rupture propagates away from a site. 

This results in seismic waves that are more dispersed and arrive 

over a longer period, leading to a different ground motion 

profile. The directivity effect can be significant for structures 

located within a certain distance from the fault, where the 

amplified waves can impose larger demands and consequently 

greater damage to the structures.  

In addition to the directivity, the ground motion polarisation 

effect known as directionality can also be critical specially in 

near-fault pulse-type ground motions, as in some of the rotated 

orientations. These ground motions can apply a significant 

demand on the structure (sometimes up to three times greater 

than the geometric mean component in the case of the 

maximum rotated component) [9-11]. The maximum rotated 

component is the orientation in the ground motion which 

exhibits the strongest pulse signal which was first introduced by 

Shahi and Baker (2014) [12]. Previous algorithms for 

classifying pulse-like ground motions typically considered the 

motion in a single orientation. Shahi and Baker (2014) [12] 

introduced an improved algorithm capable of identifying pulses 

at any orientation within multicomponent ground motions. 

Their method uses continuous wavelet transforms of two 

orthogonal components to pinpoint the orientations most likely 

to contain a pulse. These wavelet transform results are then used 

to extract pulses from the identified orientations. The 

orientation with the strongest pulse signal is referred to as the 

maximum rotated component. The detailed process of the 

pulse-identifying algorithm of Shahi and Baker (2014) [12] is 

discussed in the upcoming sections. 

For example, in strike-slip earthquakes, the fault-normal 

orientation (perpendicular to the fault trace) is the component 

in which the directivity effect is mostly pronounced. This means 
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that the velocity waveform will show a long-period impulsive 

signal in this direction, which can be particularly damaging to 

structures while in the fault-parallel orientation (parallel to the 

fault trace) lower amplitudes with less destructive effects can 

be observed.   

In order to understand the importance of the issue consider a 

fault that passes through a metropolitan area with thousands of 

high-rise buildings. The possibility that some of these high-rise 

buildings will be exposed to records containing pulses (caused 

by directivity or local soil effects) is quite significant. In 

addition, due to a large number of high-rise buildings in big 

cities, it can be assumed that some of these buildings will be 

exposed to the maximum rotated component of the earthquake 

record containing the pulse, so that the possibility is by no 

means far-fetched and cannot be ignored. However, the most 

common Ground Motion Prediction Equations (GMPEs) like 

NGA-West1 [13, 14] and NGA-West2 [15, 16] GMPEs utilize 

horizontal spectral ordinates having equal probability in all 

orientations [e.g., GMRotI50 or GMRotD50 horizontal 

component definitions as proposed in Boore et al. [17] and 

Boore [18] in seismic hazard calculations and earthquake load 

estimations.  

Now the key question is that what if the maximum rotated 

component of a near-fault pulse-type ground motion hits the 

high-rise building which has been designed with common 

seismic design spectra and has been evaluated through 

nonlinear time history analysis with horizontal as-recorded 

pairs of ground motions? While the limited number of seismic 

design codes obligate to use the fault-normal and fault-parallel 

components in nonlinear time history analysis and performance 

evaluations (ASCE/SEI 7-10) the most common building codes 

do not have such requirements. On the other hand, it is shown 

that even the fault-normal and fault-parallel components do not 

lead to the most critical responses and do not provide maximum 

responses for all earthquake demand parameters simultaneously 

[19]. It should be noted that the 2009 edition of the NEHRP 

provisions [20] as well as the 2010 edition of the ASCE 7-10 

standards [21] have started to use the maximum direction 

component in the definition of horizontal design spectrum since 

the collapse probability would be reduced for structures 

designed against maximum direction spectral demands (BSSC 

2009) [20]. 

Numerous studies in existing literature tackle the issue of 

directionality in order to reconcile the definitions of horizontal 

components. Beyer and Bommer [22], for instance, offer a set 

of expressions that can be used to convert one definition of the 

horizontal component to another. Among these definitions, they 

suggest empirical expressions to convert GMRotI50 to the 

maximum of the horizontally rotated component 

(GMRotD100), without distinguishing between recordings 

obtained near the fault or far from it. Chang et al. [23] quantified 

velocity pulses, categorized their effects, corrected pulse-like 

motions, and determined orientations of the strongest pulses, 

highlighting limitations in PGV-based orientation predictions. 

Huang et al. [24] examine the relationships between geomean-

based (GMRotI50) and maximum direction horizontal 

component definitions specifically for records obtained near the 

fault. Shahi and Baker [12] propose conversion expressions for 

horizontal components between GMRotD50 and GMRotD100, 

without making any distinctions regarding records associated 

with directivity or non-directivity.  

Directionality Effect in Ground Motions 

The significance of ground motion components in structural 

design has evolved significantly in recent earthquake 

engineering practices. Early seismic codes primarily utilized 

the geometric mean of acceleration spectra for design spectra. 

However, modern standards such as ASCE-7 (2022) [25] now 

emphasise the use of the maximum spectral acceleration 

component, driven by the substantial variations observed when 

ground motion is rotated. This phenomenon, known as 

polarisation or directionality in earthquake engineering, 

underscores the importance of considering spectral amplitude 

variations across different directions. 

It is common to conflate directionality with directivity, 

although they represent distinct concepts. Directionality refers 

to the polarisation effect, where spectral amplitudes vary with 

direction, whereas directivity relates to the appearance of 

velocity waveform pulses due to rupture propagation towards 

the site. 

This study investigates and compares the significance of 

polarisation and the maximum rotated component for pulse-

type ground motions with respect to non-pulse-type 

counterparts. The rupture propagation pattern and the good 

spatial distribution of stations around the causative faults of the 

Kahramanmaraş earthquake have provided valuable 

information about the near-fault ground motions. Since the 

faults that caused the earthquake pass through the cities like 

Kahramanmaraş and Osmaniye several buildings in these cities 

are supposed to experience the directivity effect due to their 

location with respect to fault trance and rupture propagation 

pattern. 

Classification of Ground Motions and Analysis of 

Directivity Effects 

The first step in this study involved the classification of the 

selected ground motions into pulse-type and non-pulse-type 

categories. The classification of ground motions into pulse-like 

or non-pulse-like categories presents a challenging task due to 

the presence or absence of visible pulses in the velocity time 

history. An approach developed by Baker [26] and later refined 

by Shahi and Baker [12] was employed to identify pulse-like 

ground motions using the wavelet analysis method, based on 

the analysis of a single component of the time history recording. 

In 2014, Shahi and Baker [12] proposed an improved algorithm 

capable of classifying multi-component ground motions as 

pulse-like or non-pulse-like. This approach utilizes wavelet 

transform results from two orthogonal components of ground 

motions to detect potential pulses from all orientations and 

subsequently identifies the orientation with the strongest 

impulsive signal. 

In this study, the acceleration time series associated with 

stations located within 100 km distance from the epicenter of 

the main earthquake (Mw 7.7) were downloaded from the 

AFAD [40]. This data was utilized to identify the stations that 

recorded ground motions exhibiting directivity effects. Initially, 

the Baker [26] algorithm was applied to identify the pulses in 

the FN and FP components. Subsequently, the Shahi and Baker 

[12] algorithm was used to confirm the maximum rotated

components of the ground motions displaying directivity

effects. The spatial distribution of the stations exhibiting

directivity effects was then analysed to gain a better

understanding of the rupture propagation pattern and finite fault

mechanism. The spatial distribution of the stations displaying

directivity effects aligns well with the rupture propagation

pattern, as reported in METU/EERC [27]. The calculation of

source-to-site geometrical parameters for each station and the

subsequent discussion of the results were also conducted.

In the subsequent phase of the study, the spectral acceleration 

values were computed for the 180-degree rotated ground 

motion components to investigate and assess the impact of 

polarisation on pulse-type and non-pulse-type ground motions. 

The results indicate that the spectral acceleration values of 

pulse-type ground motions surpass those of non-pulse-type 

ground motions with similar source-to-site distance and local 
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site effects. Furthermore, the results reveal that pulse-type 

records exhibit higher polarisation levels compared to non-

pulse records, particularly in the period ranges close to the pulse 

period. As anticipated, the pulses are more discernible in the 

fault normal components rather than the fault parallel 

components. The findings of the study provide valuable insights 

into the behaviour of complex earthquakes and underscore the 

significance of directionality in directivity-induced near-fault 

ground motions. The observed amplification in the direction of 

rupture propagation highlights the necessity for accurate 

assessment of directivity effects in seismic hazard analyses. 

This is consistent with previously conducted research such as 

the directivity models of NGA-WEST2 which illustrate ground 

motion amplification values up to 2.2 which confirms that this 

effect cannot be ignored in seismic hazard assessments [28]. 

Understanding Impulsive Signals in Earthquake Ground 

Motions 

Various phenomena can cause impulsive signals in earthquake 

ground motions, with the most common phenomenon known as 

forward rupture directivity. The shear dislocation typically 

propagates at velocities close to the shear-wave velocity when 

a fault ruptures. Seismic waves emitted from different points 

along the rupture front can arrive almost simultaneously at near-

source sites aligned with the propagation path, leading to the 

interference manifested as a double-sided velocity pulse. 

Pulse-like ground motions can also result from other 

phenomena, including fling step and basin or site effects. Fling 

step refers to the static offset experienced by sites near the fault 

plane, which can be caused by either wave propagation 

generated from finite dislocation or the plastic response of near-

surface materials. The ground displacement time series exhibits 

a one-sided pulse due to this static offset [29]. Interference 

effects arising from wave entrapment phenomena observed at 

the edges of alluvial basins and narrowband signal 

amplification caused by site effects [30, 31] can also generate 

monochromatic waveforms with characteristics similar to 

directivity-induced pulse-like ground motions. However, the 

occurrence of pulse-like ground motions is not guaranteed at all 

sites near the fault rupture, as it primarily depends on the site-

to-source geometry and focal mechanism [32]. While pulse-like 

records used to be rare in older ground-motion databases due to 

the scarcity of near-source records, recent seismic events 

occurring amidst dense accelerometric networks have provided 

increasing numbers of such examples [33, 34]. 

Various methodologies have been proposed in the literature to 

classify the pulse of ground motion, such as Baker [26], Shahi 

and Baker [12], Tang and Zhang [35], Zhai et al. [36], and [37]. 

These methods utilize empirical criteria, spectral-shape-based 

criteria, and energy considerations to detect pulse-like features 

in seismic waveforms. However, since these methods rely 

solely on information obtained from the ground-motion record, 

it is not always possible to attribute the detected pulse-like 

features to specific source-related phenomena like forward 

rupture directivity. Therefore, a more cautious approach is 

recommended, which involves using an automated algorithm to 

parse the ground-motion records and then manually 

characterizing the records through visual inspection of spectral 

and waveform shapes as an additional classification criterion. 

The basis for this approach is the pulse indicator (PI) score, 

calculated using the continuous wavelet transform algorithm 

proposed by Baker [26] (Equation 1): 

𝑷𝑰 =
𝟏

𝟏+𝒆−𝟐𝟑.𝟑+𝟏𝟒.𝟔(𝑷𝑮𝑽 𝒓𝒂𝒕𝒊𝒐)+𝟐𝟎.𝟓(𝒆𝒏𝒆𝒓𝒈𝒚 𝒓𝒂𝒕𝒊𝒐)                    (1) 

The PGV ratio is obtained by dividing the peak ground velocity 

(PGV) of the residual record by the PGV of the original record. 

The residual waveform is obtained by subtracting the extracted 

pulse-type waveform from the original waveform, and 

represents the remaining ground motion components that are 

not captured by the pulse. Similarly, the energy ratio is 

computed by dividing the energy of the residual record by the 

energy of the original record. The energy of the signal can be 

determined by calculating the cumulative squared velocity or 

by summing the squared discrete wavelet coefficients. In cases 

where the far-field records exhibit straightforward motion, the 

resulting velocity time history may resemble a pulse subjected 

to filtering by the soil's inelastic properties. To eliminate these 

far-field pulse-like motions, Baker recommended imposing a 

PGV threshold greater than 30 cm/s on the records. To 

quantitatively classify a record as near-fault, the following 

criteria proposed by Baker [26] should be met: 

• The pulse indicator of the record should be greater than 

0.85. 

• The pulse should arrive early in the velocity time history. 

The cumulative squared velocity (CSV) of both the original and 

extracted pulses should be calculated, and at least 10% of the 

total CSV of the extracted pulse should occur before 20% of the 

total CSV of the original signal CSV. 

The PGV of the record should be greater than 30 cm/s. 

Ground motions with a PI value between 0.15 and 0.85 fall into 

an ambiguous range and require classification as either pulse-

like or non-pulse-like through visual inspection and expert 

opinion. The PI value alone can sometimes be misleading in 

identifying pulse-like ground motions. For instance, in cases of 

multi-pulse ground motions, the wavelet analysis method may 

yield small PI values despite the presence of apparent impulsive 

signals in the ground motion. This discrepancy occurs because 

the PGV ratio and energy ratio values are close to 1 in multi-

pulse signals, resulting from high PGV residual and Energy 

residual values. Consequently, Equation 1 produces lower PI 

values. This situation highlights the importance of visual 

inspection in the classification process. 

Application of Baker’s Method on Kahramanmaras 

Earthquake Mw7.7 in February 2023 

On February 6, 2023, a significant earthquake struck the 

Pazarcık-Kahramanmaraş region, measuring 7.7 on the moment 

magnitude scale. The tremors were detected by a 

comprehensive network of 280 strong motion stations that are 

operated by the Disaster and Emergency Management 

Authority of Turkey (AFAD [40]). These stations were 

strategically positioned within a range of 436 km from the 

epicenter and were designed to capture ground motion data 

accurately. Of the 30 stations considered for investigation, 4 

stations due to the presence of improper signals and 4 stations 

with Rrup greater than 50 km were excluded from the study. 

The remaining 22 records were subjected to rigorous analysis 

to identify the characteristics of the ground motion (Table 1). 

Of these, 11 records were classified as non-pulse, while 11 

records demonstrated impulsive characteristics.  

These ground motions were rotated to the fault-normal (FN) 

and fault-parallel (FP) orientations using the following planer 

transformation equations [38]: 

𝒖̈𝑭𝑷 = 𝒖̈𝟏 𝐜𝐨𝐬(𝜷𝟏) + 𝒖̈𝟐 𝐜𝐨𝐬(𝜷𝟐)  

(2) 

𝒖̈𝑭𝑵 = 𝒖̈𝟏 𝐬𝐢𝐧(𝜷𝟏) + 𝒖̈𝟐𝐬𝐢𝐧(𝜷𝟐) 

where β1 = αstrike−α1, β2 =αstrike−α2, αstrike is the strike of the fault 

as shown in Figure 1, α1 and α2 are the azimuths of the 

instrument axes (here equal to 0 and 90 degrees respectively 

since the seismometers are installed in NS-EW direction). 

Stations displaying directivity indications satisfy the source-to-
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site geometric parameters conditions defined by Somerville et 

[39] (Table 1). According to Somerville et al. [39] X.cos() 

should be greater than 0.5 and  less than 45 on average in the 

forward-directivity region for Mw>6.5 and for T>0.6s in which 

X(=s/FL) is the length ratio for strike-slip faults and  is the 

azimuth angle between the fault plane and ray path to site for 

strike-slip faults. Station 4615 is situated precisely alongside 

the Narli segment [40]. Due to the differing azimuth and rupture 

direction compared to the main fault strand, this segment 

demonstrates independent behaviour in terms of rupture 

propagation.  

Figure 2 shows data from accelerometric stations that were 

positioned within 100 km of the epicenter and recorded both 

ordinary and pulse-like ground motions during the M 7.7 

mainshock. The figure provides a clear visual representation of 

the spatial distribution of the two types of ground motions and 

highlights the importance of source-to-site geometric 

parameters in the emergence of directivity-induced impulsive 

signals.  

Figure 2 clearly illustrates that stations exhibiting directivity 

effects are predominantly situated in the southwest region, 

aligning with the direction of rupture. The rupture originates 

from the epicenter, denoted by the yellow star on the 

corresponding segment in the figure, and subsequently 

propagates towards the southeast along the designated 

segments. This pattern further supports the finite fault rupture 

system proposed in the preliminary report of METU/EERC 

[27]. 

 

Figure 1: Source to site geometric parameters for strike-slip faults (FN =Fault-normal; FP =Fault-parallel). 

Table 1: List of downloaded records (stations). 

Station Latitude Longitude Vs30 (m/sec) Rrup (km) Theta(degree) s (km) FL (km) X=s/FL X.Cos(Theta) 

  Pulse-like recorded motions  

3134 36.8276 36.2049 374 27.97 13 119.00 254.80 0.47 0.45 

3137 36.6929 36.4885 688 2.29 1 118.29 254.80 0.46 0.46 

3139 36.5838 36.4144 272 3.68 2 132.60 254.80 0.52 0.52 

3143 36.8489 36.5571 444 0.00 0 101.05 254.80 0.40 0.40 

3145 36.6454 36.4064 533 0.00 0 127.97 254.80 0.50 0.50 

4615 37.3868 37.1380 484 0.00 0 13.84 32.42 0.43 0.43 

4616 37.3755 36.8384 390 2.87 5 37.87 254.80 0.15 0.15 

4624 37.5361 36.9177 280 11.85 10 69.05 254.80 0.27 0.27 

4625 37.5387 36.9819 346 31.00 19 86.51 254.80 0.34 0.32 

8002 37.1916 36.5620 430 11.62 26 23.55 254.80 0.09 0.08 

8003 37.0842 36.2694 350 8.56 23 19.45 254.80 0.08 0.07 

  Non-pulse-like recorded motions  

2707 36.9309 36.5738 558 0.00 0 90.76 254.80 0.36 0.36 

2709 37.1285 36.6705 555 0.00 0 67.11 254.80 0.26 0.26 

3144 36.7569 36.4857 485 0.00 0 112.16 254.80 0.44 0.44 

4611 37.7472 37.2843 731 18.87 132 -16.80 254.80 -0.07 0.04 

4617 37.5855 36.8303 574 20.29 40 24.08 254.80 0.09 0.07 

4618 37.6001 36.8723 715 16.88 39 20.78 254.80 0.08 0.06 

4620 37.5857 36.8985 484 21.00 46 19.95 254.80 0.08 0.05 

4621 37.5935 36.9291 714 16.07 42 17.71 254.80 0.07 0.05 

4629 37.2874 36.7887 382 0.00 0 45.91 254.80 0.18 0.18 

4630 37.3449 36.8060 347 4.08 6 41.66 254.80 0.16 0.16 

4632 37.2560 36.7737 428 0.00 0 38.44 254.80 0.15 0.15 
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Figure 2: Accelerometric stations that recorded both ordinary and pulse-like ground motions during the M 7.7.                          

The star represents the earthquake epicenter. 

Table 2: Results of pulse identification for stations. 

Station ID 
PGV 

Original 

Maximum Rotated Ground Motion Fault Normal Direction 

PI 
Pulse 

Period 

PGV 

Residual 

Angle btw H1 and 

Strongest Orien. 
PI Pulse Period 

PGV 

Residual 

3134 46.00 1.00 10.01 30.60 139 0.17 5.57 30.79 

3137 84.89 1.00 9.14 51.30 123 0.04 13.76 63.27 

3139 155.81 1.00 3.05 83.21 108 1.00 2.80 136.78 

3143 149.69 1.00 7.15 100.39 137 0.01 15.62 59.41 

3145 139.36 1.00 4.19 61.30 16 1.00 4.16 111.45 

4615 130.72 1.00 5.17 46.91 112 0.92 3.84 78.60 

4616 100.55 1.00 7.94 54.81 139 0.62 3.36 62.70 

4624 67.08 0.30 4.98 54.17 76 0.45 4.98 73.65 

4625 53.82 0.77 4.52 49.76 82 0.64 6.12 72.73 

8002 40.18 1.00 8.81 27.46 150 0.00 1.43 27.10 

8003 28.99 0.99 10.17 27.59 122 0.00 10.09 28.95 

The methodology employed to analyse the ground motion data 

is described in detail below. The process consisted of utilizing 

the methods proposed by Baker [26] and Shahi and Baker [12], 

which facilitated the accurate identification of various types of 

observed ground motion during the earthquake. The specific 

steps undertaken are outlined as follows: 

Directivity Effect: Application of Baker’s Methods [12,26] 

For each horizontal ground-motion record, we employed the 

continuous wavelet transform algorithm proposed by Baker 

[26]. The record was rotated across all non-trivial orientations, 

spanning 180°. Subsequently, the pulse indicator (PI) score was 

calculated. Table 2 presents the results, indicating that 11 

records were identified as exhibiting an early-arriving pulse 

using Baker's method [26]. In this context, the pulse period 

refers to the pseudo-period of the most significant constituent 

wavelet present in the pulse-like ground motion. The PI score, 

ranging from 0 to 1, serves as a measure of the degree to which 

the local wavelet representation explains the velocity amplitude 

and energy content of the motion. 

Higher PI scores indicate a greater likelihood of impulsive 

characteristics, while lower scores suggest ordinary ground 

motions without pulse-like features. According to the original 

algorithm, ground motions with PI scores equal to or greater 

than 0.85 are classified as pulse-like, while scores between 0.15 

and 0.85 are considered ambiguous. Upon analysing the data, 

two sets of ground motions from Station 4624 and Station 4625 

were identified as pulse-type waveforms through visual 

inspection. However, these two ground motions differ from 

other sets that are also verified as pulse-type. Specifically, at 

Station 4624, the waveform exhibits a very clear multi-pulse 

signal, whereas the directivity motions display a single 

dominant pulse. The pulse indicator parameter (Equation 1), 

used as a quantitative measure, can verify waveforms with a 

single clear pulse as pulse-type ground motion. This parameter 

employs the PGV Ratio and Energy Ratio to determine the 
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presence of a pulse. However, it can be misleading when 

earthquake signals contain multiple pulses. Even if the main 

pulse is extracted from the original signal, the PGV value of the 

residual signal remains high due to the presence of a second 

pulse. Consequently, the PGV Ratio will still be high, resulting 

in lower PI values, even though the existence of a pulse in the 

signal is evident. This scenario occurred at both Station 4624 

and Station 4625. As demonstrated in Figure 3, the presence of 

a pulse is evident in the earthquake waveform of Station 4624, 

despite the lower PI values resulting from its multi-pulse nature. 

Therefore, these two ground motions from Station 4624 and 

Station 4625 are classified as pulse-type, non-directivity ground 

motions. 

Figure 4 depicts the decomposition process employed on the 

ground motion component recorded at Station ID 8002 during 

the Mw 7.7 Kahramanmaras Earthquake. The figure showcases 

the original and residual ground velocity time histories 

following rotation at an azimuth of 150°. As a result of this 

rotation, a pulse period of 8.81 seconds is obtained. It is worth 

noting that the initial segment of the record contains the 

majority of the seismic energy, which serves as an indication of 

a pulse-like ground motion. This observation suggests that the 

ground motion at Station ID 8002 exhibits characteristics 

consistent with a pulse-like waveform. 

Figure 5 displays the acceleration and velocity time series of the 

Fault Normal Component (FN) for the Mw 7.7 earthquake 

record at the same Station (8002). Despite the clear presence of 

an impulsive signal in the maximum rotated orientation, a 

distinct pulse signal is not visually identifiable in the fault-

normal component, particularly at the beginning of the velocity 

waveform, which is expected in directivity ground motions. The 

wavelet analysis results also confirm this visual observation, 

showing a PI value of 0 in the fault normal case. Therefore, the 

fault normal component should be categorized as non-pulse-

type ground motion. This example underscores the importance 

of considering polarisation (directionality) when evaluating 

near-fault pulse-type ground motions. 

Pulse Period 

The response of oscillators and structures is significantly 

influenced by the pulse period. When a pulse is present, systems 

with periods similar to the pulse period exhibit greater 

amplification in the response spectrum and structural response. 

Since wavelets lack a precise definition of period, the pulse 

period is determined by identifying the period associated with 

the highest Fourier amplitude of the wavelet, also known as the 

pseudo-period. In cases where multiple potential pulses exhibit 

pulse-like characteristics, the dominant pulse (with the highest 

wavelet coefficient) is selected, and its period is considered 

representative of the pulse period at a specific location. The 

amplification of spectral acceleration (Sa) resulting from the 

presence of a pulse-like feature in ground motion depends on 

the pulse period. Previous studies have shown a correlation 

between the pulse period and earthquake magnitude, which has 

been modelled using the modified classification algorithm [26, 

39, 41, 42]. In order to investigate the relationship between 

pulse period and earthquake magnitude, Shahi and Baker [12] 

calculated the periods of all identified pulses. The period 

associated with the highest Fourier amplitude of the extracted 

pulse was considered as the measure of the pulse period, 

following the approach described by Shahi and Baker [12]. In 

cases where ground motions exhibited pulses in various 

orientations, the average period of all identified pulses was used 

as the representative pulse period (Tp) for the record. A linear 

regression analysis was conducted between the natural 

logarithm of Tp and the earthquake magnitude, resulting in the 

following equation representing their relationship: 

𝝁𝒍𝒏𝑻𝑷
= −𝟓. 𝟕𝟑 + 𝟎. 𝟗𝟗𝑴                                                     (3) 

 

 

Figure 3: Time series of ground acceleration and velocity for the Mw 7.7 earthquake record at Station 4624.
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Figure 4: Time series of ground velocity showing the maximum first PI (Pulse Indicator) value at the orientation with the highest 

score for the Mw 7.7 earthquake record at Station 8002. 

Figure 5: Time series of ground acceleration and velocity showing the fault normal direction (FN) for the Mw 7.7 earthquake 

record at Station 8002. 



188 

 

 

Figure 6: Pulse period versus earthquake magnitude (Modified from [28] - Figure 2.8). 

Figure 6 (Modified from [43]) presents the average Tp and 

magnitude (M) values, along with the equation-derived 

relationship, in addition to the observed pulse period of the 

Kahramanmaras Earthquake. The median Tp (6.36 s) for the 

pulse period of the Kahramanmaras Earthquake aligns well with 

Equation 3, which predicts a median Tp value of 6.63 s for a 7.7 

magnitude earthquake. 

Local Site Effect 

The behaviour of soil significantly influences ground motion 

during earthquakes, making it crucial to consider its impact. 

Pulse-type ground motions are recorded at stations with softer 

soil types, where the Vs30 values range from 272 m/s to 688 

m/s, with a mean value of 417 m/s. In contrast, non-pulse-type 

ground motions are observed at stations with a broader and 

stiffer range of soil types, where the Vs30 values range from 

347 m/s to 731 m/s, with a mean value of 543 m/s. 

If the pulse period of the ground motion is close to the natural 

period of the soil profile, the amplitude of the impulsive signal 

is expected to be amplified by local site effects. Soft soil basins 

amplify ground motions in higher period ranges. When the 

ground motion itself contains long-period impulsive signals due 

to directivity, this amplification becomes more crucial. 

Additionally, the effect of period elongation should not be 

ignored when the soil experiences strong ground motion and 

enters the nonlinear behaviour phase. 

The natural period of soil is the period that the soil exhibits in 

the linear phase or during small deformations, referred to as the 

small-strain natural period. When the soil profile experiences 

strong excitation, its period can vary significantly from the 

small-strain natural period. As a result, a degraded-soil period, 

at least twice as long as the profile's small-strain natural period, 

can emerge. This degraded-soil period encompasses a broad 

range of periods with high response-spectral values. Therefore, 

the seismological effects of forward rupture directivity could be 

intensified due to soil amplification. Consequently, the 

amplification of seismic waves caused by the structure of the 

soil may further intensify the motion, making the effects of 

forward rupture directivity even more pronounced and resulting 

in a greater impact on the region. 

It is worth noting that while this observation is significant, it is 

not the primary focus of our research, and a more detailed 

analysis is necessary to reach conclusive results. 

A Discussion on Directionality Effect 

In this earthquake, the selected records were divided into two 

categories: pulse and non-pulse. In this section, the importance 

of polarisation (directionality) will be examined for these two 

groups. Accordingly, the acceleration spectra were calculated 

for the resultant obtained by rotating the dual components of all 

records by 180 degrees. Thus, we have 180 acceleration spectra 

for each record. Among these 180 spectra, naturally, they 

encompass the response of all the components such as the as-

recorded components (EW-NS), fault-normal (FN), fault-

parallel (FP) components, geometric mean (GM), GMRotD50, 

and GMRotD100 in terms of spectral acceleration response. 

Additionally, the maximum rotated component [12] defined 

earlier was also computed for the pulse-type records. To 

compare these, we selected stations with compatible Rrup, 

Vs30, and source-to-site geometries. The slight differences in 

Vs30 and Rrup values can influence the overall amplitude of 

ground motions. However, the primary focus of this study was 

on the polarisation characteristics rather than absolute 

amplitudes. This comparison is meaningful because 

polarisation is primarily influenced by the directional 

characteristics of the ground motion waveform and is less 

sensitive to variations in amplitude due to soil type and rupture 

distance. 

Figures 7a and 7b present pulse-type records at stations 3143 

and 3139, with Vs30 values of 272 and 444 m/s, and pulse 

period values of 7.15 s and 3.05 s, and Rrup values equal to 3.68 

and 0 km, respectively. Non-pulse-type records are selected 

from stations 2709 and 4629, with Vs30 values of 555 and 382 

m/s, respectively. The Rrup is 0 km for both of these stations. 

For a detailed presentation of polarisation beneath the spectra, 

polar plots were drawn for non-pulse records at periods of 2.5s, 

5.0s, 7.5s, and 10s (Figure 7). In the case of pulse-type records, 

polar plots were also drawn at the same periods, but the one 

closest to the pulse period value (Tp) was displayed at the Tp 

value. For instance, for station 3143 (pulse-type), the Tp value 

is 7.15s. The data obtained for the 7.15s value were presented 

in the polar plots instead of 7.5s, and this plot was highlighted 

in blue. As observed in Figure 7, the spectral values of pulse-

type records are higher compared to non-pulse records, and 

polarisation is more pronounced in pulse-type records. The 

maximum rotated and fault-normal directions are also depicted. 

Particularly at the Tp value, the fault-normal direction is closer 

to the maximum rotated direction. 
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Figure 8: GMRotD100/GMRotD50 ratios for pulse-type (a) and non-pulse-type (b) of records. Comparison of the median values 

of pulse-type and non-pulse-type records (c). 

The analysis of the 180-degree rotated spectra gives us a good 

idea of how polarized the records are. Although there is no a 

rigorous quantitative parameter for the polarisation 

measurement, GMRotD100/GMRotD50 ratio can give a 

generic insight about it. Here, we calculated the 

GMRotD100/GMRotD50 ratio for both types of records to 

demonstrate that polarisation is higher in pulse-type records. 

Figure 8a displays the ratio for the pulse-type ground motions 

and the corresponding median value of these ratios, while 

Figure 8b displays the ratios and the median value for non-

pulse-type sets. As seen from these two figures, the 

GMRotD100 value can reach up to 20% higher than the 

GMRotD50 value for both pulse-type and non-pulse-type 

records. Figure 8c compares the median values of pulse-type 

and non-pulse-type records. When comparing the median 

values up to a period of 3 seconds, the ratios for pulse-type and 

non-pulse-type records are approximately the same. However, 

for periods larger than 3 seconds, pulse-type records show 

higher median ratios compared to non-pulse records.  

This clearly indicates that pulse induces more polarisation 

because these intervals correspond to pulse periods. The results 

are consistent with previous findings for example Caltrans 

Seismic Design Criteria (SDC) [44], where the use of maximum 

direction (RotD100) horizontal spectral ordinates suggests an 

additional 15% to 25% spectral amplification compared to 

previously suggested amplifications to fully account.  

The pronounced polarisation observed in pulse-type records, as 

evidenced by higher GMRotD100/GMRotD50 ratios, 

especially at longer periods, suggests that pulse-like ground 

motions may exhibit distinct directional properties that could 

impact structural response differently than non-pulse motions. 

This polarisation behaviour underscores the importance of 

considering waveform characteristics beyond spectral 

amplitudes in seismic hazard assessment and engineering 

design. Future research could further explore the implications 

of polarisation for structural resilience and inform mitigation 

strategies tailored to pulse-like ground motion scenarios. 

CONCLUSION 

This article presents a comprehensive study on directivity 

effects and impulsive signals observed in near-fault ground 

motions, focusing on the case of the Kahramanmaraş 

earthquake in February 2023. The earthquake was a complex 

event involving multiple ruptures on the Eastern Anatolian 

Fault Zone and the East Mediterranean Ridge. The study aims 

to investigate the significance of polarisation in directivity-

induced pulse-type ground motions and assess the behaviour of 

pulse-type ground motions compared to non-pulse-type 

motions. To classify the ground motions, a wavelet analysis-

based approach developed by Baker (2007) and Shahi and 

Baker (2014) was utilized. The analysis revealed the presence 

of directivity effects in the fault-normal (FN) and fault-parallel 

(FP) components of the recorded ground motions. Spatial 

distribution analysis of stations exhibiting directivity effects 

provided insights into the rupture propagation pattern and finite 

fault mechanism. Furthermore, the study assessed the impact of 

polarisation on pulse-type and non-pulse-type ground motions 

by computing spectral acceleration values for rotated 

components. The results demonstrated that pulse-type motions 

exhibit higher polarisation levels and higher spectral 

acceleration values compared to non-pulse motions. Overall, 

this research sheds light on the behaviour of complex 

earthquakes, emphasizing the importance of considering 
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directivity effects in seismic hazard analyses and seismic design 

procedures. The findings highlight the necessity of accurate 

assessment and understanding of impulsive signals in near-fault 

ground motions to enhance the resilience of structures against 

earthquake-induced damage. 
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