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Seismic retrofit performance of one-story wooden structure
 using 3-D collapsing analysis
 *Tomiya Takatani1) and Hayato Nishikawa2)
 1) Dept. of Civil Engineering & Architecture, Nat’l Institute of Tech., Maizuru College, Maizuru 625-8511, Japan
 2) Education and Research Supporting Center, Nat’l Institute of Tech., Maizuru College, Maizuru 625-8511, Japan
 1) [email protected] 2) [email protected]
 ABSTRACT
 When the seismic performance behavior of a wooden structure is investigated by a numerical analysis, the wooden structure’s collapsing behavior needs for consideration of the extremely non-linear properties of wooden members breaking or being dispersed, and this kind of collapsing process simulation of a wooden structure during a strong earthquake ground motion can be conducted by a collapsing process analysis based on the Distinct Element Method. In order to investigate not only the seismic response performance but also the effective seismic retrofit countermeasure of an old Japanese–style one-story kindergarten wooden structure, 3-D seismic collapsing process analysis of the wooden kindergarten structure before/after seismic retrofit against a strong earthquake ground motion with the Japan Meteorological Agency seismic intensity of “6 upper” level was carried out in this paper. 1. INTRODUCTION
 It is well known in Japan that there are so many Japanese-style wooden structures and they have much lower seismic performance against a strong earthquake ground motion with the Japan Meteorological Agency (JMA) seismic intensity of “6 upper” level. It is very important for structural engineers to take account of a seismic response of the Japanese-style wooden structure in the design process of seismic retrofit, because a relationship between the seismic performance ratio and the seismic response of wood-en structure can play a key role in making an effective countermeasure in the design process of a seismic retrofit for wooden structure. When the seismic performance be-havior of an old Japanese-style wooden structure built before 1981 is investigated by a
 1)
 Professor 2)
 Technical Staff
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numerical analysis, the wooden structure’s collapsing behavior needs for consideration of the extremely non-linear properties of wooden members breaking or being dispersed, and this kind of collapsing process simulation of a wooden structure during a strong earthquake ground motion can be conducted by a collapsing process analysis. Seismic collapsing analysis of wooden structure can be carried out by a structural analysis soft-ware “Wallstat” (Nakagawa et al. 2010, Nakagawa 2011) based on the Distinct Element Method proposed by Cundall and Strack (1979). Takatani (2014a, 2014b), Takatani and Nishikawa (2014a, 2014b) reported seismic collapsing analyses for various old Japanese-style wooden structures with a low seismic performance in order to verify an appropriateness of each seismic retrofitting countermeasure against a strong earth-quake ground motion.
 By the way, one of the authors has already developed a seismic retrofitting method (ACM method, “BRACE-X”) of the old Japanese-style wooden structure with a low seismic performance by means of an advanced composite material, which consists of Carbon Fiber Reinforce Plastic material, other steel instruments and epoxy resin (Ta-katani, 2012). Seismic retrofitting method using “BRACE-X” was applied to two Japa-nese-style one-story kindergarten wooden structures of both a nursing building and an administrative one in 2014. Vibration measurement using an oscillator measurement system was conducted for two one-story kindergarten wooden structures before/after seismic retrofit to evaluate the seismic performance of two Japanese-style one-story kindergarten wooden structures before/after their seismic retrofits.
 In order to investigate not only the seismic response performance but also the effec-tive seismic retrofit countermeasure of two old Japanese–style one-story kindergarten wooden structures, 3-D seismic collapsing process analysis of the wooden kindergarten structure before/after seismic retrofit was carried out using a strong earthquake ground motion with the JMA seismic intensity of “6 upper” level. Two strong earthquake ground motion wave records with the JMA seismic intensity of “6 upper” level are employed in 3-D seismic collapsing process analysis for two old Japanese–style one-story kinder-garten wooden structures. The JMA Kobe wave and the JR Takatori one were meas-ured in the 1995 Hyogo-ken Nanbu Earthquake. The effect of the earthquake motion spectrum on the difference of seismic response behavior of wooden structure can be numerically investigated in this paper. 2. OUTLINE OF ONE-STORY KINDERGARTEN WOODEN STRUCTURES AND THEIR SEISMIC RETROFITS
 Figure 1 shows a layout plan of two Japanese-style kindergarten wooden structures.
 There are a nursing building and an administrative one in this kindergarten, which were built by a Japanese traditional wooden framework construction method in 1971. The nursing building structure has an area of 549m2, 5.20m eaves height, 7.25m maximum height, 51.7m width and 12.5m depth. Also, the administrative building structure has an area of 211m2, 3.05m eaves height, 5.25m maximum height, 32.3m width and 6.65m depth. There are two open spaces and two passages between the nursing building and the administrative one in this kindergarten.
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Table 1 shows seismic performance ratios of the nursing building structure for both X (long-side) and Y (short-side) directions. This seismic performance ratio is defined by a possession strength of the wooden structure to its necessary resistance strength. In general, a wooden structure does not collapse if its seismic performance ratio is more than 1.5, and it roughly does not collapse if its seismic performance ratio is 1.0 to 1.5. Also it has a possibility to collapse if its seismic performance ratio is 0.7 to 1.0.
 Judging from Table 1, the nursing building has a high possibility to collapse for X (long-side) direction against a strong earthquake motion with the JMA seismic intensity of “6 upper” level. Photo 1 shows elevation views of the nursing building structure retro-fitted with “BRACE-X”. Seismic retrofit elevation plan of the nursing building structure is indicated in Figure 2. 14sets of “BRACE-X” were employed in the seismic retrofit of this nursing building structure.
 On the other hand, Table 2 indicates seismic performance ratios of the administra-tive building structure for both directions. It is found that the administrative building structure has a high possibility to collapse against a strong earthquake motion. Photo 2 shows elevation views of the administrative building structure retrofitted with “BRACE-X”. Seismic retrofit elevation plan of the administrative building structure is indicated in Figure 3. 11sets of “BRACE-X” were employed in the seismic retrofit of the administra-tive building structure.
 Figure 1. Layout of one-story kindergarten wooden structures (unit: mm)
 Nursing Building
 Administrative Building
 X
 Y
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Table 1. Seismic performance ratio of one-story kindergarten wooden structure (Nursing Building)
 Direction
 Necessary resistance strength
 Possession strength Seismic performance
 ratio
 First floor
 X (long-side) 353.82 (kN) 232.17 (kN) 0.65
 Y (short-side) 366.46 (kN) 170.49 (kN) 0.46
 Photo 1. View of one-story kindergarten wooden structure retrofitted with “BRACE-X” (Nursing building)
 Figure 2. Seismic retrofit elevation plan of one-story kindergarten wooden structure (Nursing building, unit : mm)
 North side West side East side
 Seismic Retrofit
 “BRACE-X”
 South side
 West side East side
 North side
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Table 2. Seismic performance ratio of one-story kindergarten wooden structure (Administrative Building)
 Direction
 Necessary resistance strength
 Possession strength Seismic performance
 ratio
 First floor
 X (long-side) 138.65 (kN) 60.30 (kN) 0.43
 Y (short-side) 121.32 (kN) 44.98 (kN) 0.37
 Photo 2. View of one-story kindergarten wooden structure retrofitted with “BRACE-X” (Administrative building)
 Figure 3. Seismic retrofit elevation plan of one-story kindergarten wooden structure (Administrative building, unit : mm)
 South-west side South-east side North-west side
 Seismic Retrofit
 “BRACE-X”
 South side
 West side East side
 North side
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3. VIBRATION EXPERIMENTAL RESULTS OF ONE-STORY KINDERGARTEN WOODEN STRUCTURES
 Vibration experiment using an oscillator-measurement system was conducted for both the nursing building structure and the administrative one. Photo 3 shows meas-urement instruments including an oscillator, two preamplifiers, a data logger and servo-type accelerometers, and Photo 4 indicates a sketch of vibration measurement in both kindergarten wooden structures. Table 3 indicates the outline of instruments used in a
 (a) Measurement system (b) Oscillator (c) Sensor
 Photo 3. Vibration measurement system using an oscillator system
 Photo 4. A sketch of vibration measurement system
 Table 3. Outline of instruments in oscillator-measurement system
 Instrument Name Outline
 Oscillator
 Maximum Vibration Force: 490N Maximum Acceleration : more than 9.8G Maximum Velocity : more than 100cm/s Maximum Displacement : more than 150mm Driving Power Type : Eternal Magnetic Type
 Electric Power Amplifier Frequency Range : 0.1Hz – 4,000Hz Input Impedance : more than 80kΩ Output Impedance : less than 5.0Ω
 Real Time Vibration Analysis Device (DSA-PHOTON)
 Frequency Range : Maximum 21,000Hz A/D Transformation : 24-bit resolution D/A Transformation : 24-bit resolution
 Real Time Vibration Wave Controlling System (DSA-RTPro)
 Vibration Output Function, FFT Analysis Function, Long Term Vibration Recording Function, Measurement Data Editing Function
 Servo-type Accelerometer (V405-BR)
 Measurement Range : +-30m/s2, Resolution 1x10-6 m/s2
 Preamplifier (PA-9102) Frequency Range : 0.3 – 45 Hz
 Table 4. Natural frequency measurement results before and after seismic retrofit (Hz)
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(Oscillation measurement)
 Short-side direction Long-side direction
 Before After Before After
 Administrative building 8.44 8.44 11.88 12.81
 Nursing building 5.94 6.72 8.28 8.91
 Table 5. Natural frequency measurement results before and after seismic retrofit (Hz) (Microtremor measurement)
 Short-side direction Long-side direction
 Before After Before After
 Administrative building 8.44 8.59 11.99 13.12
 Nursing building 5.94 6.62 8.16 9.34
 vibration experiment of both kindergarten wooden structures.
 Table 4 shows a natural frequency for each kindergarten structure before/after a seismic retrofitting countermeasure by “BRACE-X”, and the first natural frequencies in both short-side and long-side directions are indicated in Table 4, too. Microtremor measurement was conducted at the same time to make a comparison between oscilla-tor-measurement results and microtremor ones, and a natural frequency for each kin-dergarten structure before/after a seismic retrofitting countermeasure is shown in Table 5. It should be noted from these tables that natural frequency values obtained from os-cillation measurement are almost the same as those obtained from microtremor meas-urement. On the other hand, a natural frequency of the surface ground layer on which both kindergarten structures were built is about 1.05Hz, which was obtained from a mi-crotremor measurement system. Actually, the surface ground layer is a soft clay layer with a depth of about 40m, and also is easy to vibrate by earthquakes.
 Consequently, because the natural frequencies of both one-story kindergarten structures are different from the natural frequency of the surface ground layer, there may not cause a resonance phenomenon between the kindergarten structures and the surface ground layer. 4. SEISMIC COLLAPSING RESULTS OF ONE-STORY KINDERGARTEN WOODEN STRUCTURES
 In this paper, structural analysis software of “Wallstat” is employed in order to inves-tigate seismic response behavior and collapsing process of wooden structure during a strong earthquake ground motion. This software has an original analysis technique (Nakagawa et al. 2010) using the basic theory of the Distinct Element Method (Cundull and Strack, 1979), and can be taken into consideration the extremely non-linear proper-ties of timber members breaking or being dispersed.
 4.1 Input Earthquake Ground Motion in Seismic Collapsing Analysis
 Seismic collapsing process analyses of two one-story kindergarten wooden struc- Table 6. Earthquake ground motion wave records
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Record Name IJMA Peak Ground
 Acceleration (cm/s2)
 Peak Ground Velocity (cm/s)
 fp (Hz) Duration (s)
 JMA Kobe 6.4 818 91 1.43 30
 JR Takatori 6.4 657 126 0.81 30
 fp : peak frequency of root mean square value of Fourier acceleration spectrum
 (a) JMA Kobe
 (c) JR Takatori
 Figure 4. Displacement waves and their Fourier acceleration spectra tures, the nursing building and the administrative one, are carried out in this paper. Two strong earthquake ground motion wave records with the JMA seismic intensity of “6 up-per” level indicated in Table 6 are employed as an input earthquake ground motion da-ta in the seismic collapsing analysis. These wave data were measured in the 1995 Hy-ogo-ken Nanbu Earthquake. The effect of the earthquake motion spectrum on the dif-ference of seismic response can be investigated by using two earthquake wave records with the same level intensity which has a different peak frequency in Fourier accelera-tion spectrum. Figure 4 illustrates two displacement waves employed as an input earth-quake motion data in the seismic collapsing analysis, which are calculated from two earthquake ground motion records indicated in Table 6.
 On the other hand, there exists a boring data of the surface ground layer with a depth of 39m near this kindergarten. Based on the “DYNEQ” program proposed by Yo-shida et al. (1996), an assumed earthquake ground motion was calculated from this ground boring data in this paper using the earthquake motion wave on the engineering bed rock with a shear wave velocity of 400m/s, which is notified by the Ministry of Land, Infrastructure, Transport and Tourism in Japan. The JMA intensity level, a peak accel-eration, a peak velocity, a peak frequency and duration time of this assumed earth-
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quake ground motion are indicated in Table 7, and a displacement wave calculated from the acceleration data and its Fourier spectrum are indicated in Figure 5.
 Table 7. Assumed earthquake ground motion wave
 Name IJMA Peak Ground
 Acceleration (cm/s2)
 Peak Ground Velocity (cm/s)
 fp (Hz) Duration (s)
 T-city wave 6.0 622 87 0.49 30
 Figure 5. Displacement wave and its Fourier acceleration spectrum (T-city wave)
 4.2 Seismic Collapsing Results
 Figure 6 shows a timber framing model of the nursing building structure, which is employed in 3-D seismic collapsing process analysis. Two framing models for the nurs-ing building structure before/after seismic retrofit are indicated in this figure, and consist of frames, walls and braces including timber diagonal bracing elements and “BRACE-X”. Seismic response behaviors at three points of A to C shown in Figure 6(a) during an earthquake motion are numerically investigated in this paper.
 Figure 7 indicates a timber framing model of the administrative building structure, which is employed in seismic collapsing analysis. Two framing models for the adminis-trative building structure before/after seismic retrofit are illustrated in this figure, and consist of frames, walls and braces including timber diagonal bracing elements and “BRACE-X”. Seismic behaviors at three points of A to C shown in Figure 7(a) during an earthquake motion are investigated in this paper.
 Figure 8 illustrates seismic collapsing behavior of the nursing building structure be-fore seismic retrofit during a strong earthquake ground motion of the JMA Kobe wave. It is found that the left part of the nursing building structure starts to collapse after 5 se-conds and completely collapses by 8 seconds, and also the roof of play room in the center part of the nursing building structure collapses by 10 seconds. This may be be-cause the displacement wave in shown in Figure 4(a) has a large amplitude in each component between 2 seconds and 10 ones.
 Seismic collapsing behavior of the nursing building structure before seismic retrofit during a strong earthquake ground motion of the JR Takatori wave is indicated in Fig-ure 9. The left and right parts of the nursing building structure start to collapse after 4.5 seconds and the walls in the both left and right parts of the nursing building structure start to collapse after 6.5 seconds, and also the walls of play room in the center part of the nursing building structure start to collapse after 8 seconds. It should be noted that
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the seismic damage to the nursing building structure for the JR Takatori wave is much larger than that for the JMA Kobe wave because the maximum peak velocity of JR Ta-katori wave is much larger than that of JMA Kobe wave. In general, seismic damage to wooden house is larger with the increase of the maximum velocity of an earthquake ground motion (Sakai et al., 2002). Although a peak frequency of the nursing building structure is quite different from peak frequencies in both the JMA Kobe and the JR Ta-katori waves, the nursing building structure before seismic retrofit may easily collapse against a strong earthquake ground motion with a maximum velocity of more than 80cm/s.
 On the other hand, Figure 10 shows seismic collapsing behavior of the administra-tive building structure before seismic retrofit during a strong earthquake ground motion of the JMA Kobe wave. Although the seismic performance ratio of the administrative building structure is smaller than the nursing building structure, the area of the adminis-trative building structure is much smaller than that of the nursing building structure. Therefore, the roof part does not collapse completely and the seismic damage starts to cause in the wall parts of the administrative building structure after 2 seconds. Seismic damage to the roof and the wall occurs during a strong earthquake motion.
 Seismic collapsing behavior of the administrative building structure before seismic
 (a) Before seismic retrofit (b) After seismic retrofit Figure 6. Framing plan of kindergarten wooden structure (Nursing building)
 (b) Before seismic retrofit (b) After seismic retrofit Figure 7. Framing plan of kindergarten wooden structure (Administrative building)
 Point A
 Point B Point C
 Point A
 Point B
 Point C
 X
 Y
 Z
 X
 Y
 Z
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Figure 8. Collapsing behavior of one-story kindergarten wooden structure during a strong earthquake motion (JMA Kobe wave, Nursing building)
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Figure 9. Collapsing behavior of one-story kindergarten wooden structure during a strong earthquake motion (JR Takatori wave, Nursing building)
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Figure 10. Collapsing behavior of one-story kindergarten wooden structure during a strong earthquake motion (JMA Kobe wave, Administrative building)
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Figure 11. Collapsing behavior of one-story kindergarten wooden structure during a strong earthquake motion (JR Takatori wave, Administrative building)
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retrofit during a strong earthquake ground motion of the JR Takatori wave is indicated in Figure 11. The right part of the administrative building structure starts to collapse af-ter 4 seconds and completely collapse after 10 seconds because of a large damage to the wall of the right part. After 10 seconds the left part of the administrative building structure starts to collapse and also the staff room collapse after 11.5 seconds. The administrative building structure before seismic retrofit may easily collapse against a strong earthquake ground motion with a maximum velocity of more than 130cm/s. Figure 12 illustrates the seismic collapsing results of both the nursing building structure and the administrative one with seismic retrofit using “BRACE-X” after a strong earth-quake ground motion. There may be almost no seismic damage to the nursing building structure against two strong earthquake motions. Although seismic damage to the wall and roof parts of the administrative building structure occurs after a strong earthquake ground motion, the administrative building structure does not collapse completely against the JR Takatori wave. It should be found that the seismic retrofit by “BRACE-X” for both the nursing building and the administrative one may be more effective on the seismic behavior against a strong earthquake ground motion with the JMA seismic in-tensity of “6 upper” level.
 JMA Kobe wave JR Takatori wave (a) Nursing building structure with seismic retrofit
 JMA Kobe wave JR Takatori wave (b) Administrative building structure with seismic retrofit
 Figure 12. Seismic collapsing behavior of one-story kindergarten wooden structure with
 seismic retrofit after a strong earthquake motion
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Figure 13 indicates seismic response behaviors at points A, B and C in the nursing building structure before/after seismic retrofit during the JMA Kobe wave, whose meas-uring points are shown in Figure 6(a). Seismic response behavior before seismic retrofit at each point for Z direction has a large displacement after about 7 seconds because of a collapse of the nursing building structure. On the other hand, seismic response be-havior after seismic retrofit at each point is less than 0.3m for each direction.
 Figure 14 illustrates seismic response behaviors at points A, B and C in the nursing
 Before seismic retrofit After seismic retrofit (a) A point
 Before seismic retrofit After seismic retrofit (b) B point
 Before seismic retrofit After seismic retrofit (c) C point
 Figure 13. Seismic response behavior of kindergarten wooden structure during a strong earthquake ground motion (Nursing building, JMA Kobe)
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building structure before/after seismic retrofit during the JR Takatori wave. Seismic re-sponse behavior before seismic retrofit at point A for Z direction has a large displace-ment after 6 seconds because of a collapse of the left part of the nursing building struc-ture. There is a large displacement for Z direction and X (long-side) one in seismic re-sponse behaviors at points B and C, respectively. On the other hand, seismic response behavior after seismic retrofit at each point is less than 0.4m for each direction, and es-pecially seismic response behavior at each point for Z direction is much smaller than other directions.
 Before seismic retrofit After seismic retrofit (a) A point
 Before seismic retrofit After seismic retrofit (b) B point
 Before seismic retrofit After seismic retrofit (c) C point
 Figure 14. Seismic response behavior of kindergarten wooden structure during a strong earthquake ground motion (Nursing building, JR Takatori)
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Figure 15 indicates seismic response behaviors at points A, B and C in the adminis-trative building structure before/after seismic retrofit during the JMA Kobe wave. Seis-mic response behaviors before seismic retrofit for X (long-side) direction at points A and C is much larger than other directions, and seismic response behavior before seismic retrofit at point B for Y (short-side) direction is much larger than other directions. This is because point B is located on the roof of an entrance hall of the administrative building structure. On the other hand, seismic response behavior after seismic retrofit at each point is almost the same as that before seismic retrofit and also is less than
 Before seismic retrofit After seismic retrofit (a) A point
 Before seismic retrofit After seismic retrofit (b) B point
 Before seismic retrofit After seismic retrofit (c) C point
 Figure 15. Seismic response behavior of kindergarten wooden structure during a strong earthquake ground motion (Administrative building, JMA Kobe)
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0.4m except a seismic response at point B for Z direction. Figure 16 illustrates seismic response behaviors before/after seismic retrofit at
 points A, B and C in the administrative building structure during the JR Takatori wave. Seismic response behaviors before seismic retrofit at points B and C for Y (short-side) and Z directions have a large displacement after 11 seconds because of a collapse of the center and right parts of the administrative building structure. On the other hand, seismic response behavior after seismic retrofit at each point is less than 0.8m for each direction, and especially seismic response behavior at each point for Z direction is
 Before seismic retrofit After seismic retrofit (a) A point
 Before seismic retrofit After seismic retrofit (b) B point
 Before seismic retrofit After seismic retrofit (c) C point
 Figure 16. Seismic response behavior of kindergarten wooden structure during a strong earthquake ground motion (Administrative building, JR Takatori)
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much smaller than other directions. Figure 17 shows the seismic collapsing results of the administrative structure be-
 fore/after seismic retrofit using “BRACE-X” after a strong earthquake ground motion. Seismic damage to the administrative structure after seismic retrofit is slightly smaller than before seismic retrofit, because the maximum velocity of T-city wave is less than that of the JMA Kobe wave. While the seismic collapsing result of the nursing structure with seismic retrofit has no damage against T-city wave indicated in Figure 5, and then its seismic result is not indicated in this paper. This is because a peak frequency in Fourier acceleration spectrum of T-city wave shown in Figure 5(b) is smaller than those in both the JMA Kobe and JR Takatori waves indicated in Table 6. Accordingly, seismic retrofit for the administrative building may be more effective on the seismic response behavior against a strong earthquake ground motion with the JMA seismic intensity of “6 upper” level.
 Before seismic retrofit After seismic retrofit Figure 17. Seismic collapsing behavior of one-story kindergarten wooden structure with seismic retrofit after a strong earthquake motion (Administrative building, T-city wave)
 Consequently, it should be found that 3-D seismic collapsing process analysis of
 wooden structure will numerically investigate whether the wooden structure after seis-mic retrofit is much safer than before seismic retrofit or not. This implies that 3-D seis-mic collapsing process analysis for an old wooden structure may have a high potential to judge an effective seismic retrofit for the wooden structure with a low seismic perfor-mance against a strong earthquake ground motion with the JMA seismic intensity of “6 upper” level. 5. CONCLUSIONS
 In this paper, the seismic performance of Japanese-style kindergarten one-story wooden structure built by a Japanese traditional wood framed-based construction method was confirmed by not only 3-D seismic collapsing analysis but also a vibration measurement. 3-D seismic collapsing process analysis for one-story wooden structure before/after seismic retrofit was conducted using two earthquake ground motions with the JMA seismic intensity of “6 upper” level, in order to investigate not only the seismic
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response performance but the effective seismic retrofit countermeasure of an old Japa-nese–style one-story kindergarten wooden structure.
 In summary, the following conclusions can be made based on the results presented in this paper. (1) Seismic performance of an old Japanese one–story kindergarten wooden structure
 before/after seismic retrofit against a strong earthquake ground motion with the JMA seismic intensity of “6 upper” level can be numerically simulated by 3-D seismic col-lapsing process analysis.
 (2) An effective seismic retrofit countermeasure for an old Japanese–style one-story kindergarten wooden structure with a low seismic performance against a strong earthquake ground motion may be confirmed by 3-D seismic collapsing analysis.
 This collapsing process analysis has a significant potential to find when and where
 to break or collapse at first in an old wooden structure during a strong earthquake mo-tion. There is a high possibility to propose an optimum seismic retrofit of old wooden structure by 3-D seismic collapsing process analysis. In order to make some concrete conclusions on the seismic performance of a Japanese traditional wooden structure, further investigation of seismic collapsing process phenomenon of several wooden structures may be needed. ACKNOWLEDGMENT
 The authors would like to thank Mr. R. Nishimura at National Institute of Technology, Maizuru College, Mr. M. Ohbayashi, Mr. H. Kawahara and Mr. K. Nakai at Kawashima Construction Co. Ltd. for their cooperation at an oscillation experiment of two Japa-nese-style one-story kindergarten wooden structures. REFERENCES Cundall, P. A. and Strack, O. D. L. (1979), “A discrete numerical model for granular as-
 semblies”, Géotechnique, 29(1), 47-65. Nakagawa, T. (2011), “Development of analysis method for collapsing behavior of
 wooden post-and-beam house during earthquake”, Building Research Data, Build- ing Research Institute (in Japanese).
 Nakagawa, T., Ohta, M. (2010), “Collapsing process simulations of timber structures under dynamic loading III: Numerical simulations of the real size wooden houses”, Journal of Wood Science, 56(4), 284-292.
 Nishikawa, H. and Takatani, T. (2013). “Seismic response evaluation of new wooden house by collapsing process analysis”, Proceedings of the 2013 World Congress on Advances in Structural Engineering and Mechanics (ASEM13), Jeju, Korea.
 Sakai, Y., Koketsu, K. and Kanno, T. (2002), “Proposal of the destructive power index of strong ground motion for prediction of building damage ratio”, Journal of Structur-al and Construction Engineering, Architectural Institute of Japan, No.555, 85-91 (in Japanese).
 Takatani, T. (2012). “Load-displacement relationship of ACM wooden-house retrofitting brace”, Proceedings of World Conference on Timber Engineering (WCTE 2012),

Page 22
						

Auckland, New Zealand. Takatani, T. (2014a). “Collapsing analysis of an old wooden house against a strong
 earthquake ground motion”, Proceedings of World Conference on Timber Engineer-ing (WCTE2014), ABS408, Quebec, Canada.
 Takatani, T. (2014b). “Seismic Collapsing analysis of two-story wooden house, Kyo-machiya, against strong earthquake ground motion”, Proceedings of the 2014 Inter-national Conference on Civil Engineering, Energy and Environment (CEEE 2014), 81-89, Hong Kong, China.
 Takatani, T. and Nishikawa, H. (2014a). “On seismic behavior of Japanese-style three-story wooden hotel during a strong earthquake ground motion”, Proceedings of the 2014 World Congress on Advances in Civil, Environmental, & Material Research
 (ACEM2014）, W3F.1.SM459_115F, Busan, Korea.
 Takatani, T. and Nishikawa, H. (2014b). “Seismic collapsing analysis of Japanese-style 3-story wooden hotel”, Proceedings of the 2nd Australasia and South East Asia Conference in Structural Engineering and Construction (ASEA-SEC2), 277-282, Bangkok, Thailand.
 Yoshida, N. and Suetomi, I. (1996), “Seismic response analysis program of horizontal multi-layered soil by equivalent linearizing method: DYNEQ”, Report of Satoh Kogyo Institute, No.22, 61-70 (in Japanese).



					
LOAD MORE                                    

            


            
                
                

                

                
                
                                

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Back to the Garten (Macdonald & Breunig)

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Recetas Ina Garten

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Potsdamer Straße Botanischen Garten & Residences

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Seismic Isolation of Multi-Story Frame Structures Using Spherical 

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Seismic Analysis & Design of 10 Story RC Building

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Lessons Learned from Seismic Analysis of a Seven-Story Concrete 

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Seismic response of multi-story structure with multiple 

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            seismic evaluation of 4-story reinforced concrete structure by non 

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Cultivating a "Garten" of Citizens

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            soil-structure interaction effects on seismic response of multi-story 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            SEISMIC PERFORMANCE OF AN INSTRUMENTED SIX-STORY …

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Offener Garten Saison 2013 - Moabit-Ost

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Parc garten in korea

                            Travel
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Dr. Heather L Garten Embry-Riddle Aeronautical University Worldwide Garten Solutions, LLC [email protected]

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            SEE GARTEN GEHÄUSE

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Seismic Vulnerability of Four Soft-Story Woodframe …Seismic Vulnerability of Four Soft-Story Woodframe Index Buildings and their Retrofits Prepared for Applied Technology Council

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            UN PHOTO/MARK GARTEN

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Birchmeier Garten Sortiment / Assortiment jardin 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Approximate Seismic Analysis of Multi-story Buildings with ... · Approximate seismic analysis of multi-story buildings with mass and stiffness irregularities ... perform a structural

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Welcome to Boat of Garten Boat of Garten Trails · Welcome to Boat of Garten Boat of Garten Trails Discover the Osprey Village For information on paths, local events, ... providing

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Parc(Garten) in Korea!

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            GRAF Technikpaket Garten-Komfort · GRAF Technikpaket Garten-Komfort DE Installationsanleitung GRAF Technikpaket Garten-Komfort >> Seite 3-6 EN Instruction for installation GRAF Technical

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            TWO-DIMENSIONAL SEISMIC ANALYSIS OF MULTI-STORY …

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            GARANTIA Katalog Katalog-Garten en 2012

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Seismic response of a ten story concrete building 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            3 Story Seismic Analysis

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            NEES-Soft:  Seismic Risk Reduction for Soft-Story  Woodframe  Buildings

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            SEISMIC EVALUATION OF 4 -STORY REINFORCED CONCRETE 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Natursteine fuer Garten und Haus

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Mitigating the seismic pounding of multi-story buildings 

                            Documents
                        

                    

                                            

        

    


















    
        
            	About us
	Contact us
	Term
	DMCA
	Privacy Policy


            	English
	Français
	Español
	Deutsch



            
                

				STARTUP - SHARE TO SUCCESS

				            

        

    












	



