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Fig. L. Pounding damages between adjacent structures,
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(€)2011 christchurch Earthquake[3]
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Regular basic

Irregular combination (with an increase

Irregular combination (with an increase

combination in the height of the first story to 4.5 m) in the height of the first story to 5.5 m)
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7
*R*R *R.*I(4.5) *1(45).*R  *I(45).*1(45) *R.*I(55) *I(65)*R *I(5.5).*I(5.5)
Table 1. Adjacent frames combinations under consideration
(S 5508 b adlg0) JouS oz 355,55, Vo liaselie Y g
Number  Earthquake name Year Station PGA@) Mw R(km) Tp(s)
1 Imperial Valley-06 1979 El-Centro Array#4 061 653 705 461
2 Northridge-01 1994 Newhall-Fire Sta 018 669 592 103
3 Northridge-01 1994  Newhall-W Pico Canyon Rd. 033 6.69 548 2.40
4 Northridge-01 1994 Rinaldi Receiving Sta 0.08 6.69 6.50 1.23
5 Northridge-01 1994 Sylmar-Converter Sta East 058 6.69 519 3.52
6 Kobe, Japan 1995 KIMA 105 690 096 0.95
7 Kobe, Japan 1995 Takarazuka 094 690 0.27 1.42
8 Landers 1992 Yermo Fire Station 010 728 2362 750
9 Imperial Valley-06 1979 El-Centro Array#6 065 653 135 3.83
10 Northridge-01 1994 Jensen Filter Plant 012 6.69 543 3.52
11 Imperial Valley-06 1979 EC Country Center FF 032 653 731 451
12 Imperial Valley-06 1979 EC Meloland Overpass FF 044 653 0.07 3.34
13 Morgan Hill 1984  Coyote Lake Dam(SW Abut) 023 619 053 0.95
14 Loma Prieta 1989 Gilory - Gavilan Coll 025 693 9.96 1.79
15 Loma Prieta 1989 LGPC 084 693 388 439
16 Northridge 1994 Westmoreland 040 6,70 2900 0.30
17 Northridge-01 1994  Jensen Filter Plant Generator 012 6.69 543 3.52
18 Northridge-01 1994 Sylmar-Converter Sta 065 6.69 535 3.47
19 Northridge-01 1994  Sylmar-Olive View Med FF 045 669 530 3.10
20 Kocaeli, Turkey 1999 Gebze 030 751 1092 5.78

PGA: Peak Ground Acceleration

Mw: Moment Magnitude

R:Closest distance from the recording site to the ruptured area Tp: Predominant Period

Table 2. Characteristics of the 20 near-field earthquake records (perpendicular components to fault)
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Fig. 3. Time history of displacement for regular frames
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Fig. 5. Demand of separation gap angle for the regular frame(left) in combination with irregular frames(right)
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Regular Separation Coefficients of Coefficients Coefficients
basic ; anale *IH.*RL variation *RH.*IL of variation *IH.*IL of variation
combination 93P and I(4.5) I(5.5) I(45) 1(55) I(45) 1(55)
18RH.16RL 0.005 18IH.16RL 1.50 2.13 18RH.16IL 087 050 18IH.I6IL 125 146
16RH.14RL 0.006 161H.14RL 1.40 1.87 16RHI4IL 079 036 16IHI4IL 105 095
12RH.10RL 0.007 12IH.10RL 1.40 1.87 12RHIOIL 075 029 12IHI0IL 101  0.89
14RH.12RL 0.007 141H.12RL 141 1.93 14RHI2IL 084 042 14IHI2IL 112 126
20RH.18RL 0.007 20IH.18RL 1.38 1.85 20RH.I8IL 094 062 20HI8IL 119 134
8RH.6RL 0.008 8IH.6RL 147 2.04 8RH. 6IL 045 136 8IH. 61L 083 092
10RH.8RL 0.008 10IH.8RL 1.38 1.83 10RH.8IL 086 044 10IH.8IL 115 125
6RH.4RL 0.010 61H.4RL 141 2.47 6RH.4IL 053 119 61H.41L 099 147
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4RH.2RL 0.013 4]H.2RL 1.38 1.84 4RH.2IL 080  1.09 41H.2IL 121 098
18RH.12RL 0.013 18IH.12RL 122 1.44 18RH.12IL 106 104 18IHI2IL 114 126
20RH.14RL 0.013 20IH.14RL 123 1.45 20RH.I4IL 106 103 20H14IL 114 126
14RH.8RL 0.014 14IH.8RL 1.26 156 14RH.8IL 109 105 14I1H.8IL 119 132
16RH.10RL 0.014 161H.10RL 1.23 1.46 16RH.IOIL 102 088 16IH.I0IL 110 1.06
10RH.4RL 0.015 101H.4RL 1.33 1.80 10RH.41L 109 087 101H.41L 124 133
12RH.6RL 0.015 121H.6RL 1.24 154 12RH.61L 095 0.79 121H.61L 104 102
20RH.12RL 0.015 201H.12RL 121 141 20RH.I2IL  1.09 113 20HI2IL 115 127
12RH.4RL 0.016 121H.4RL 1.31 1.68 12RH.AIL 110 105 12IH.41L 122 141
18RH.10RL 0.016 18IH.10RL 121 1.39 18RH.I0IL 105 098 18HI0IL 111 115
14RH.6RL 0.017 141H.6RL 1.27 155 14RH.6IL 101 087 14I1H.61L 110 1.15
16RH.8RL 0.017 16I1H.8RL 122 1.42 16RH.8IL 111 1.09 161H.8IL 117 126
6RH.2RL 0.018 61H.2RL 121 2.06 6RH.2IL 103 074 61H.21L 112 154
14RH.ARL 0.018 14IH.4RL 1.29 171 14RH.4AIL 111 116 14IH.4IL 125 152
16RH.6RL 0.018 161H.6RL 1.24 1.49 16RH.61L 104  1.00 161H.61L 112 121
18RH.8RL 0.018 181H.8RL 1.22 143 18RH.8IL 112 116 181H.8IL 117 1.30
20RH.10RL 0.018 201H.10RL 1.20 138 20RH.I0IL 109 106 20HI0IL 113 121
16RH.2RL 0.019 161H.2RL 1.21 161 16RH.2IL 117 130 161H.21L 135 1.76
16RH.ARL 0.019 16IH.4RL 1.30 1.63 16RH.4IL 115 122 16I1H.41L 128 156
8RH.2RL 0.020 8IH.2RL 1.18 1.30 8RH.2IL 097 0.90 8IH.2IL 104 115
12RH.2RL 0.020 12IH.2RL 111 1.39 12RH.2IL 097 103 12IH.2IL 113 142
14RH.2RL 0.020 14IH.2RL 1.19 1.80 14RH.2IL 112 122 14IH.2IL 136  1.87
18RH.2RL 0.020 18IH.2RL 1.39 1.88 18RH.2IL 126 141 18IH.2IL 150 197
18RH.6RL 0.020 18IH.6RL 1.25 150 18RH.6IL 105 107 18IH.6IL 113 1.26
20RH.8RL 0.020 20IH.8RL 1.21 1.42 20RH.8IL 113 119 20IH.8IL 118 131
10RH.2RL 0.021 10IH.2RL 1.12 1.63 10RH.2IL 100 097 10IH.2IL 116 147
18RH.4RL 0.021 18IH.4RL 1.30 1.68 18RH.4IL 116 125 18IH.4IL 129 156
20RH.2RL 0.023 20IH.2RL 1.39 1.88 20RH.2IL 1.25 1.37 201H.21L 1.49 1.93
20RH.6RL 0.023 20IH.6RL 1.25 153 20RH.6IL 104 107 20IH.61L 113 1.26
20RH.4RL 0.024 20IH.4RL 132 1.69 20RH.4AIL 116 123 20IH.4IL 131 159

Table 3. Coefficients of variation demand of separation gap angle in all adjacent combinations relative to the regular basic combination
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Abstract:

In crowded cities, building structures are usually constructed in close proximity to one another because of restricted
availability of space. In many cases, every building in a block is in full or partial contact with its neighboring
buildings. Because of insufficient separations, their different heights and seismic-resisting systems collision can
occur between adjacent buildings during strong ground motions. This collision can make partial or general damages
to the structural elements and accelerate their failure by affecting their stiffness. This phenomenon is commonly
referred to as structural pounding. Pounding between inadequately separated buildings has been observed in most
previous major earthquakes. Each time pounding occurs, building structures will sustain short duration large impact
force not specifically considered in conventional designs. The severity of the impact depends on the dynamic
characteristics of the adjacent buildings in combination with the earthquake characteristics. options to minimize the
effect of pounding have to do with the decreasing of lateral motion by joining adjacent buildings at critical positions
so that their motion could be in-phase or by increasing the damping capacity of building pounding by means of
energy dissipation, for example, by passive structural control systems. Modern seismic design codes have many
pioneering provisions on the non-linear behavior of structures, but amongst others, they do not consider structural
pounding, a phenomenon with strong non-linearities, for which codes usually suggest a sufficient separation between
adjacent buildings.

On the one hand, irregularity in lateral stiffness (a soft or very soft story) due to the different use of the first floor of
the building is one of the most common types of irregularity. Aiming to prevent such collisions, these study
estimates demand of separation gap angle at the highest level of collision between two adjacent structures in regular
steel moment frames with irregularity in the lateral stiffness (with changes in the height of the first floor) under
seismic records of a near-field earthquake. Models were considered as two-dimensional, ductile, steel moment
frames of 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20-story 3-span buildings. In order to create an irregularity in the lateral
stiffness on the first floor, the height of this story was increased from 3.5 m to 4.5 and 5.5 m while the cross-section
of the column at the first two stories was kept unchanged. These frames can be placed alongside in seven binary
groups considering priority in the arrangement. Each group represents 100 different binary arrangements of the
frames. In total, 700 cases of various adjacency were studied. The OPENSEES software was used to analyze the
dynamics of the nonlinear history considering 20 perpendicular components to the fault with a progressive
orientation of near-field earthquake records of pulse-like faults. The results suggest the increase in the irregularity in
the lateral stiffness in the first floor of the building can increase the separation gap angle. On average, the
combination of regular and irregular frames with the first-floor height of 4.5 and 5.5 m, is increased 1.19 and 1.38
times, respectively, compared to the combinations of regular frames. Moreover, among various adjacent
combinations of regular and irregular frames, in case the taller structure is associated with lateral stiffness (soft floor),
the average increase in the separation gap angle is larger than other cases.

Keywords: Separation Gap Angle, Collision Level, Irregularity of Lateral Stiffness, Adjacent Buildings, Time
History Analysis.
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