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Abstract

:

In Indonesia, infrastructure, such as port facilities, has been damaged by earthquakes. Therefore, evaluating rational earthquake ground motions (EGMs) for seismic design is necessary to mitigate earthquake disasters in the future. The EGMs in the Indonesian Seismic Code are stipulated based on the ASCE standards and not on site-specific ones. This study aims to propose site-specific EGMs for the seismic design of port facilities in Indonesia. The EGM records and ground data in Indonesia were used for analysis. The EGM incidents in the bedrock were evaluated with deconvolution analysis. The obtained EGMs were amplitude-adjusted to peak ground acceleration similar to that of the EGMs in the bedrock in the Indonesian Seismic Code. A seismic response analysis considering nonlinear soil characteristics was conducted, and 144 EGMs at port sites were obtained. Considering the variation in the obtained EGMs, we propose site-specific EGMs for the seismic design of port facilities. A comparison of the proposed EGMs with those in the design code reveals that the difference between them is significant.
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1. Introduction


Indonesia is an earthquake-prone country, and Sumatra is one of its high-seismicity regions. The seismic activity in Sumatra is characterized by two geological features: the Sunda megathrust, which is an inter-plate subduction zone between the Indo-Australian and Eurasian plates, and the Sumatra fault zone that divides Sumatra into two parts [1]. Indonesia’s infrastructure (e.g., port facilities) has been damaged by earthquakes, such as the Sumatra–Andaman Islands earthquake in 2004 [2], the South Sumatra earthquake in 2007 [3], the West Sumatra earthquake in 2009 [4], and the Mentawai earthquake in 2010 [5]. Port facilities are installed on soft soils in coastal areas; therefore, they are vulnerable to earthquakes. Earthquakes that occurred in other areas, such as the 1995 Kobe earthquake [6], the 1999 Kocaeli earthquake [7], and the 2020 Samos earthquake [8], also caused severe damage to port facilities and led to the stagnation of the social economy.



Evaluating the rational earthquake ground motions (EGMs) for seismic design is necessary to mitigate seismic disasters in high-seismicity countries, such as Indonesia. The seismic design code applied to port facilities in Indonesia is SNI 1726:2019, “Seismic Design Criteria for Buildings and Other Structures” (SNI) [9]. The code provides EGMs based on ASCE 7–16 [10] and the 2017 Indonesian Seismic Hazard Maps (ISHM) [11]. We provide a brief overview of how EGMs for seismic design are set up in the SNI.



The ISHM was developed using an enhanced probabilistic seismic hazard analysis (PSHA). In the PSHA, the EGMs corresponding to a certain exceedance probability were evaluated by referring to the historical seismic data around the target area from 1900 to 2016. The distances between the target points and the reference fault planes were also referenced. Only one exceedance probability of the EGM is referred to in the SNI (2% in 50 years, with 2475 years as a return period) [9]. The exceedance probability corresponds to that of the EGM to assess the structural performance level of life safety protection in ASCE 7–16. The representative values of the EGMs shown in the ISHM are peak ground accelerations (PGAs) and spectral accelerations (SAs) with periods of 0.2 s and 1.0 s, respectively, at rock site. The waveforms used in the PSHA are not revealed.



EGM amplification occurs at sites with a sedimentary layer, and the degree of amplification differs depending on the ground condition. The shallow subsurface is classified into six site classes in the SNI (Table 1). Site class SF refers to extremely soft ground on which the construction of structures is prohibited; therefore, it is not subject to seismic design. The SAs of other site classes are obtained by multiplying the amplification factor with the SA of the rock site. The amplification factor for each site class is based on the work of Stewart and Seyhan [12]. Stewart and Seyhan [12] simply modeled the ground using data on the average shear wave velocity of the top 30 m (Vs30) and conducted a seismic response analysis. The amplification factor for seismic design was then determined as the average value of the analysis result for each ground condition.



The EGMs for seismic design shall be determined as site-specific ones [13,14]. Research examples on site-specific EGMs include those of Kim et al. [15], Nguyen et al. [16], and Nagao [17] for the EGMs of Korea, Vietnam, and Japan, respectively. No case study on site-specific EGMs has yet been conducted to replace the EGMs in the SNI. The SNI EGMs might be reasonable in terms of the PGAs for sites with thin sedimentary layers because they were determined by a PSHA considering Indonesian seismicity, and the EGM amplification only had a slight effect. However, its validity has not been confirmed for the SAs at sites with sedimentary layers. First, the ground models of Stewart and Seyhan [12] were overly simplified, and the ground data referred to were those in the United States, Japan, and other areas outside Indonesia. The amplification characteristics of EGMs strongly depend on ground profiles. Soft ground exhibits a nonlinear response during a massive earthquake. The degree of nonlinear response strongly depends on the ground profiles. Second, EGMs are governed by the source, path, and site amplification characteristics. Therefore, the ground motions observed in Indonesia must be analyzed to discuss the EGMs for seismic design in Indonesia.



This study aimed to propose site-specific EGMs for the seismic design of port facilities in Indonesia. The ground is composed of both shallow and deep subsurfaces, and the amplification factor of the EGM is much larger in the latter than in the former. Therefore, the effect of the deep subsurface should be appropriately considered for a site-specific EGM evaluation [13,17,18]. In addition, if there was information on the 3D ground structure down to the deep subsurface, EGMs were estimated using physics-based models [19,20,21,22]. However, no data on the above were available; therefore, we focused only on the shallow subsurface amplification. If there was a number of EGM records available, the horizontal-to-vertical spectral ratio (HVSR) method [23,24,25] can be applied to evaluate the site class and site amplification factors. However, the number of EGM records is very small. Accordingly, we discussed site amplification factors based on borehole data.



Port facilities are constructed on soft ground in coastal areas; thus, the SD and SE site classes were targeted. The EGM records obtained in Indonesia were collected, and the effects of the shallow subsurfaces at the observation sites were removed by a seismic response analysis to calculate the EGM incidents in the bedrock. The seismic waveforms in the bedrock were amplitude-adjusted so the PGA value agreed with that of the SNI bedrock. Next, the borehole data of the port areas in Indonesia were collected to construct ground models. The EGMs in the port areas were calculated by performing a seismic response analysis of 144 cases that considered the nonlinear characteristics of the shallow subsurfaces. Finally, we proposed EGMs for the seismic design of port facilities in Indonesia through a statistical processing of the obtained EGMs, and we compared these proposed EGMs with those in the current design code.




2. Methods


2.1. EGM Incidents in the Bedrock


Although Indonesia has experienced a number of huge earthquakes, only a few EGM records are available, and the EGM records for port areas are missing. Furthermore, the observed EGMs have been affected by the ground at the seismograph installation site; thus, they cannot be used for the seismic design of port facilities by simply adjusting the amplitudes of the observed EGMs. The effects of the shallow subsurfaces must be removed by a seismic response analysis, and the EGM incidents in the bedrock must be evaluated. In this study, nine EGM records (Figure 1, Table 2) were collected with the ground data of the observation sites. All were records of massive earthquakes with a moment magnitude (Mw) of 6.0 or larger. However, the PGAs were small due to the long hypocentral distances.



The observed EGM records contained two horizontal component records. To make the most of the limited number of EGM records, the two horizontal components were treated independently in this study. As a result, the number of EGM records was 18. Before the seismic response analysis was conducted, baseline correction was first performed, and the EGM records were tapered. Figure 2 shows the Fourier spectra of the east–west direction component of the EGMs. The Fourier spectra of MTW 1 07 S showed large amplitudes in the frequency range higher than 1 Hz because its peak ground acceleration of 0.12 g was higher than those of the other EGMs (0.015–0.04 g). Predominant frequencies covered a wide range, from 0.5 to 4 Hz, showing that EGMs with varying frequency characteristics were provided.



A frequency domain seismic response analysis that considered nonlinear soil characteristics was performed to evaluate the EGM incidents in the bedrock using the EGM records at the ground surface (deconvolution). For the shear modulus and the damping coefficient dependencies on the shear strain, we referred to Seed and Idriis [26] for sandy soil and Vucetic and Dobry [27] for cohesive soil. Figure 3 illustrates the nonlinear soil characteristics considered in this study. The dashed line expresses the sandy soil characteristics. The solid line denotes those of the cohesive soil. The blue line shows the shear modulus normalized by the initial value (G/Gmax), while the red line depicts the damping coefficient. DEEPSOIL software [28] was used for the analysis.



The collected ground data only provided the unit weight and the N-values obtained by the standard penetration test. The S-wave velocity of each soil layer was calculated using the correlation equation proposed by Imai and Tonouchi [29]. Table 3 shows the soil conditions of the Sikuai Island station as an example. For this site, the hard clay silt of the sixth layer was treated as the bedrock. Figure 4 shows the time history and the Fourier spectrum of the EGM at the ground surface and the bedrock with reference to the east–west direction component of MTW1 07 S. The predominant amplitude of 4 Hz in the EGM on the ground surface was due to the shallow subsurface; thus, the predominant frequency in the EGM incident in the bedrock was unclear.



Next, the PGA of the EGM incident in the bedrock was matched to that of the SNI at the very dense soil site of site class SC. The matched PGA was 0.40 g. Figure 5 shows the SA referring to the east–west direction component of MTW1 07 S (red line), which is compared with the SA of the SNI for site class SC (black line). In this case, the SA of the bedrock in a very short period range was larger than that of the SNI, but the SA was smaller than that of the SNI in the period band of 0.3 s or longer. The amplitudes of the individual SAs are different from that of the SA of the SNI. Regarding the SA shown in Figure 5, the large SA of MTW1 07 S in the very short period range is attributed to the comparatively large Fourier amplitude in the high-frequency range of the bedrock EGM shown in Figure 4.




2.2. EGMs in Port Areas


This study targeted four port sites in Sumatra: the Pupuk Iskandar Muda Jetty (PIM), Tarahan Powerplant Jetty (TPJ), Port of Teluk Bayur (PTB), and the Port of Kuala Tanjung (PKT) (Figure 1). Two boring data per site, which provided a total of eight data, were collected. Figure 6 shows four soil profiles. The S-wave velocities were evaluated from the N-values in a manner similar to that described in the previous section. The depths of the bedrock varied from −10 to −50 m. Only the PIM belonged to the SD site class. The other three sites were classified under the SE site class. This meant that most of the site classes of the port sites in Indonesia are classified as SE.



Figure 7 illustrates the transfer functions for the target locations. The transfer function of site class SD (PIM) showed a predominant frequency of 1.92 Hz with an amplification factor of 4.03. The predominant frequencies at site class SE ranged from 0.96 to 1.26 Hz, depicting smaller values compared to the value at site class SD. The peak amplitudes at the predominant frequencies ranged from 3.36 to 3.94. Note that the transfer functions were calculated using the initial shear modulus of the soil (i.e., before an earthquake). Using the 18 EGM incidents in the bedrock and the 8 shallow subsurface data, the 144 EGMs on the ground surfaces were calculated by a seismic response analysis that considered the nonlinear soil characteristics. The numbers of EGMs for site classes SD and SE were 38 and 106, respectively.





3. Results and Discussion


3.1. EGMs at the Port Sites


Figure 8 depicts the obtained SAs for each site class. The SA dispersion was very large for both site classes. In particular, the dispersion was large in the period band of 1.0 s or shorter for site class SD and 1.5 s or shorter for site class SE. The natural period of a quay is usually shorter than 1.5 s; therefore, this result indicated that the SA dispersion was very large in the natural period zone of the quay.



We now discuss the reason behind this large SA dispersion. Figure 9 displays the large (red line) and small (blue line) SA results together with the average + SD SA (black line) for each site class. For the SD class, the case involving a very large SA showed very large values in the period band of 0.7–1.0 s. In the other period bands, the SAs were not large compared with the average + SD SAs. A similar pattern was seen in the SE class. The SAs were very large in the period band of 1.0–1.5 s, but did not show very large values in the other period bands. In contrast, in cases with low SAs, the SAs depicted small values compared to the average + SD SAs in the entire period range. This suggests that the amplification characteristics of the shallow subsurfaces strongly affect the SA amplitudes.



Figure 10 illustrates the Fourier spectrum of the EGM incidents (blue line), the transfer function by the shallow subsurface (black line), and the Fourier spectra of EGMs at the ground surface (red line). In cases where the SA became very large, the predominant frequencies of the EGM incidents in the bedrock agreed with those of the transfer functions, resulting in large SAs at specific period bands. In cases where the SA became very small, in addition to the fact that the Fourier spectra of the EGM incidents were small, the two predominant frequencies did not agree, resulting in small SAs.



The SA variation was very large; thus, site-specific EGMs for seismic design must be set using individual ground conditions by methods such as those shown in this study. However, in many cases, the ground data at sites of interest were not obtained in detail. In such cases, the degree of coincidence between the natural period of the port facilities and that of the shallow subsurfaces must be assessed. Attention must be paid to the decrease in the shear rigidity of soft soils during massive earthquakes because it results in an increase in the natural period of the shallow subsurface. Figure 11 shows a comparison of the transfer functions before an earthquake (red line) and during earthquake (blue line) at the points shown in Figure 9a. The natural frequency decreased from the initial value of 1.28 to 0.92 Hz during an earthquake. The SA became very large when the natural period of the port facilities coincided with that of the shallow subsurface.




3.2. Proposal of SAs for Seismic Design of Port Facilities


As the SA dispersion was very large, the SAs for seismic design must be set on the conservative side. Nagao [17] pointed out that the SAs for the seismic design of Japanese highway bridges corresponded to the SAs’ average + SD level, except for a short period range. Conservative SAs for seismic design generally lead to a steep rise in the construction cost of a quay. As mentioned above, the SAs for seismic design in the Indonesian code are set to the average level of EGMs with a return period of 2475 years, which is very long compared to the design working life of infrastructure. Considering this as an engineering judgment, we propose that the SAs for the seismic design of port facilities in Indonesia be set by targeting the envelope of the average SAs. The typical shape of the SAs for the seismic design is described as follows: the SA linearly increases in a very short period range, followed by a flat curve, and decreases inversely proportional to the period in a long period range.



Figure 12 illustrates the proposed SAs (red dashed line) with the average SAs (black line), average + SD SAs (brown line), and SAs of the SNI (blue line) for each site class. Table 4 also presents the proposed SAs.




3.3. Comparison of the Proposed SA and That in the SNI


Regarding site class SD, the proposed SA was larger than that of the SNI in the period range of 0.2–2.0 s, which is the natural period range for most port facilities. The proposed SA showed a maximum value of 1.28 g in the period range of 0.2–0.8 s, whereas the maximum SA of the SNI was 0.93 g. The maximum value of the proposed SA was larger than that of the SNI by a factor of 1.38. Figure 5 shows that the SA at the bedrock was smaller than that of the SNI in the period range of 0.3 s or longer. This disagreement in the SAs suggests that the SNI underestimated the amplification factor of the EGMs for site class SD.



For site class SE, the difference between the two SAs was not obvious in the period range of 1.0 s or shorter. However, the proposed SA was larger than that in the SNI in the period range of 1.0 s or longer. At 1.5 s, the proposed SA (=0.65 g) was larger than that in the SNI (=0.54 g) by a factor of 1.20. The natural frequency of the shallow subsurface becomes lower because of the nonlinear soil characteristics during massive earthquakes. The change in the natural period is remarkable for the soft soil condition (i.e., for site class SE). The disagreement in the SAs in the long period range is attributed to the fact that we appropriately considered the nonlinear soil characteristics in the analysis. For both site classes, a reasonable seismic design of the port facilities was made possible by using the proposed SAs.





4. Conclusions


The SNI provides SAs for seismic design, but these have not been obtained with site-specific measurements. The amplification factors of the SAs were referenced from ASCE 7–16 [10], which uses EGM records and ground data obtained from sites other than Indonesia. We proposed site-specific EGMs for the seismic design of port facilities in Indonesia by performing a seismic response analysis of 144 cases using EGM records and ground data obtained in Indonesia. The main conclusions drawn from this study are as follows:




	
The site-specific SAs showed very large variation, especially in the period range of a quay. The SAs became very large when the predominant frequency of the EGM incident in the bedrock agreed with the natural frequency of the ground. The site-specific EGMs must be evaluated using a seismic response analysis that considers the ground conditions at the site of interest. Moreover, the nonlinear soil characteristics must be properly considered.



	
We studied the site-specific EGMs for seismic design for cases where the ground data at the target sites were not obtained in detail. The proposed SA targeted the envelope of the average SAs obtained in the analysis. The comparison of the proposed SAs with those in the SNI revealed that the former is larger than the latter in the period range of 0.2–2.0 s for site class SD and in the period range of 1.0 s or longer for site class SE. The SNI underestimates the amplification factor of the EGMs for site class SD. For site class SE, the SNI falls short of considering the nonlinear characteristics of the soft sediment layers. For both site classes, conducting a reasonable seismic design of port facilities was made possible by using the proposed SAs.
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Figure 1. Map. 
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Figure 2. Fourier spectra. 
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Figure 3. Nonlinear characteristics of the shear modulus and the damping coefficient. 
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Figure 4. Time history waveforms and Fourier spectra. 
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Figure 5. Comparison of SAs. 
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Figure 6. Ground data at each location: (a) PTB; (b) TPJ; (c) PKT; (d) PIM. 
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Figure 7. Transfer function: site classes (a) SD and (b) SE. 
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Figure 8. SAs in site classes (a) SD and (b) SE. The blue line represents the individual SAs. The black line denotes the average SAs. The red line expresses the average + standard deviation (SD) SAs. 
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Figure 9. Comparison of the SAs in site classes (a) SD and (b) SE. 
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Figure 10. Comparison of the spectra in (a) site class SD, large SA; (b) site class SD, small SA; (c) site class SE, large SA; and (d) site class SE, small SA. 
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Figure 11. Comparison of the transfer functions. 
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Figure 12. Proposed SAs in site classes (a) SD and (b) SE. 
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Table 1. Site class in the SNI.






Table 1. Site class in the SNI.





	
Site Class

	
Vs30 (m/s)

	
    N ¯    

	
      S u  ¯    ( kPa )    






	
SA (hard rock)

	
>1500

	
Not applicable




	
SB (rock)

	
750–1500

	
Not applicable




	
SC (very dense soil and soft rock)

	
350–750

	
>50

	
≥100




	
SD (stiff medium soil)

	
175–350

	
15–50

	
50–100




	
SE (soft clay soil)

	
<175

	
<15

	
<50




	
Any site with more than 3 m of soil that has the following characteristics:

	-

	
Plasticity index PI > 20; moisture content w ≥ 40%




	-

	
Undrained shear strength     S u  ¯     < 25 kPa










	
SF (special soil requiring site response analysis and special geotechnical site investigation)

	

	-

	
For soils with a high risk of failure or collapse under seismic loadings (e.g., liquefiable soils and quick and highly sensitive clays)




	-

	
Peats and highly organic clays with soil thickness (H > 3 m)




	-

	
Very-high-plasticity clays (H > 7.5 m) with PI > 75




	-

	
Very thick, soft/medium-stiff clays (H > 35 m) with (    S u  ¯     < 50 kPa)
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Table 2. EGM records.






Table 2. EGM records.





	No.
	Earthquake Events
	Observation Station
	Ground Motion Code
	PGA (g)
	Site Class





	1
	Mentawai 1, 2010

(Mw 7.8—focal depth: 20.1 km)
	Gadut; Kuranji; Unand
	MTW1 10 G

MTW1 10 K

MTW1 10 U
	0.037

0.026

0.037
	SC

SD

SD



	2
	Mentawai 2, 2010

(Mw 6.3—focal depth: 26 km)
	Gadut; Kuranji; Unand
	MTW2 10 G

MTW2 10 K

MTW2 10 U
	0.039

0.025

0.043
	SC

SD

SD



	3
	Southern Sumatra, 2007

(Mw 8.4—focal depth: 34 km)
	Sikuai Island
	SS1 07 S
	0.037
	SD



	4
	Mentawai 1, 2007

(Mw 7.9—focal depth: 30 km)
	Sikuai Island
	MTW1 07 S
	0.110
	SD



	5
	Mentawai 2, 2007

(Mw 7.0—focal depth: 22 km)
	Sikuai Island
	MTW2 07 S
	0.014
	SD
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Table 3. Shallow subsurface data.






Table 3. Shallow subsurface data.





	Layer
	Thickness (m)
	Soil Type
	Vs (m/s)
	Unit Weight (kN/m3)





	1
	4
	Silt sediment
	80
	17



	2
	18
	Silty clay
	141
	16



	3
	8
	Clayey silt
	161
	16



	4
	8
	Sandy silt
	186
	20



	5
	8
	Clayey silt
	195
	23



	6
	6
	Hard clayey silt
	361
	25
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Table 4. Proposed SAs.






Table 4. Proposed SAs.





	
Site Class

	
Period T (s)

	
SA (g)






	
SD

	
0

	
0.50




	
0.2

	
1.28




	
0.8

	
1.28




	
>0.8

	
0.7/(T − 0.25)




	
SE

	
0

	
0.33




	
0.3

	
0.79




	
1.2

	
0.79




	
>1.2

	
1.1/(T + 0.2)
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