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ABSTRACT

In this study, the seismic drift demand of torsionally-unbalanced RC frame
structures in low-seismicity regions is estimated accounting for torsional resistance by
transverse frames perpendicular to the direction of ground motion by using the
acceleration-displacement response spectrum diagram and the planar analysis approach
proposed by Lam et al. (2016). The ratio of the maximum edge drift to the central drift
(Amax/Qo) of two torsionally-unbalanced structures with two different plan aspect ratios are
presented by increasing the torsional irregularity for the structural response to
acceleration, velocity, and displacement controlled excitations. The torsional resistance
by the transverse frame is expected to reduce the ratio of Ayax/Ao. The ratios of Amax/Ag
accounting for the torsional resistance by the longitudinal and transverse frames are
80~90% of those considering the torsional resistance by the longitudinal frame only. The
linear time history analyses were also conducted using the MDOF system to verify the
drift demands obtained from the planar analysis approach using the SDOF structure. The
Amax/A ratios for the MDOF system are larger than those for SDOF system, and the ratio
increases up to approximately 125% with the increasing the number of the story from five
to ten due to their having different vertical modal distributions.

1. INTRODUCTION

Past earthquake events demonstrated that the level of damage and collapse to
the building was closely related to the drift demand. Particularly, the drift demand at a
certain part of an asymmetric-plan (torsionally-unbalanced, TU) structure having a
torsional irregularity can be significantly larger than those required by symmetric-plan
(torsionally-balanced, TB) structures.
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In current building design codes (ASCE 7-10 and KBC 2016), torsional
irregularity is defined to exist where the maximum story drift, A, at the end of the
structure is more than 1.2 times the average of the story drifts, Ao, at the two ends of
the structure. At this point, an accidental torsion, T,, is included to account for
uncertainties in the actual location of the centers of mass and stiffness, the rotational
component of ground motions, and other uncertainties not explicitly considered. For the
TU structures assigned to the seismic design category D, the modal spectrum analysis
or seismic response history analysis should be carried out by applying the amplified T,
even though the height of the structure is less than 20m or six stories. It seems to be
complicated for the low-rise building structures in low-to-moderate seismicity regions.
The use of the accidental torsion, T,, is also questionable for the control of deformation
and damage. (Lee and Hwang 2015)

Lam et al. (2016) suggested a simplified method for assessing seismic drifts of
low-rise TU building structures in lower seismicity regions using the acceleration-
displacement response spectrum (ADRS) diagram. This approach is valid only for
assessment of linear elastic behavior but can represent the design demand for lower
seismicity regions. However, the contribution of the transverse frame perpendicular to
the direction of excitation to torsional resistance was ignored.

In this study, the seismic drift demand of TU structures in low-seismicity regions
is estimated accounting for torsional resistance by transverse frames (X-direction)
perpendicular to the direction of ground motion (Y-direction) by using the simplified
method proposed by Lam et al. (2016). These results are obtained under the
assumption of the single-degree-of-freedom (SDOF) systems. Thus, the drift demands
are verified by the comparison of the results of modal time history analyses of multi-
degree-of-freedom (MDOF) frame structures.

2. ASSESSMENT OF SEISMIC DRIFT DEMANDS OF SDOF TU STRUCTURES

2.1 Simplified method considering the effect of transverse frames

Displacement demands are of key interest in the sizing and detailing of structural
elements for earthquake resistance. The drift demand for the TB building structure
assumed to be SDOF structure is simply predicted and verified using the ADRS
diagram overlaid on capacity diagrams as shown in Fig. 1. However, the dynamic
behaviors of the torsionally-unbalanced building inevitably lead to non-uniform
displacement demands of the lateral resisting planes of the system. To predict the
displacement demands for the torsionally-unbalanced building structure, Lam et al.
(2016) suggested a simplified method for assessing seismic drift demands of the SDOF
torsionally-unbalanced structure.

The maximum drift demand at the center was obtained from the ADRS diagram,
and the critical ratio of displacements at the edge to that of the center in the structural
plan, A/Ao, was estimated by adapting a planar analysis approach. It was established
with the modal responses for the torsional modes coupled with the translation. In this
study, the method is expanded to the general case including the contributions of
transverse frames, which is perpendicular to the direction of excitation, to torsional
resistance as shown in Fig. 2.
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Before the simplified method is introduced, the SDOF structural model is assumed
to be rectangular in plan with width 2B and with the center of stiffness (CS) offset from
the center of the building by the eccentricity (es) as shown in Fig. 2. The torsional
stiffness parameters, by, by, and b, defined in Fig. 2 and Eq. (1) are used to represent
the torsional stiffness properties of the model. The higher the b value, the higher the
torsional stiffness of the lateral supporting elements in relation to their collective
translational stiffness (Lam et al. 2016).
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The simplified equations given by Lam et al. (2016) to calculate the frequency
ratio, A;, and the normalized torsional rotation, 8;are derived by assuming only the effect
of the longitudinal frames. However, the simplified equations in Eqgs. (1) to (2) are
derived by considering the effect of both longitudinal and transverse frames (Fig. 2).

The relationship of natural frequencies between the TB and TU structures is given
in Eq. (2). The TU structure always has two or three coupled translational and torsional
modes. The example model in Fig. 2 has the two coupled modes due to the asymmetric
plan in the Y direction. Using the relationship of natural frequencies (Eqg. (2)), the
equation of motion for the SDOF plan asymmetric structure is given by Eq. (2), which is
normalized by the mass radius of gyration, r, to generalize the lateral and torsional
stiffness. The stiffness matrix is determined by the static eccentricity, es/r, and the
parameters a and b/rin Eq. (1). The normalized displacement vector is also derived in Eq.
(4). Based on these definitions, the time history of modal displacement at the edge +B
and -B can be derived from Eq. (5), which is composed of the normalized torsional
rotation and displacement time history of the SDOF system, Uq;(t). All parameters used in
Egs. (1) to (5) are defined in the last section. More details on the procedure are given in
Lam et al. (2016).

The maximum drift demands of the asymmetric structure are presented regarding
the ratio of displacement at the edge to center, A/Ay, expressed as functions of the
frequency ratio, A;, and the normalized torsional rotation, 6;, for acceleration, velocity,
and displacement controlled conditions as given in Egs. (6) to (8). The maximum drift in
Egs. (6) to (8) is obtained from the combination of the modal displacements defined in
Eqg. (5) by using the square root of the sum of the squares (SRSS) method. The
maximum value of time history displacement, Uq; (max), can be determined by the
response spectral displacement (RSD) in the ADRS diagram (Fig. 1(b)) depending on
where the natural period (T) and damping ratio (¢) are the acceleration, velocity, and
displacement controlled ranges.
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2.2 Seismic drift demands with different degrees of torsional irregularity

The simplified method for assessing seismic drifts is applied to two example
single-story TU structures with different plan aspect ratios, Plan types I and I, in Figs.
4(a) and (b), respectively, which have an asymmetric planin the Y direction. The ratio
of A/Ap at the stiff and flexible edges for the acceleration, velocity, and displacement
controlled conditions is calculated by increasing the value of es with varied values of
torsional stiffness, b/r = 1.15 to 1.68. Even if the value of eg increases, the total
torsional stiffness is kept constant with decreasing the torsional contribution by the X-
directional frames expressed as the ratio a. The higher values of b/r than 1.47 in Plan
Type I and 1.37 in Plan Type Il are obtained from the ratio a being larger than 1. The
maximum displacement demands, Ap, of TB building structures at periods, T = 0.5, 1.0,
and 2.5s, obtained from the ADRS diagram (Fig. 3) by the structural response to
acceleration, velocity and displacement controlled excitations are presented in Fig. 5. A
height corresponding to each period is derived from the equation of approximate period
in KBC 2016.

The maximum displacement ratios of A/Ap at the flexible edges of the SDOF
structure with Plan Types | and Il for the acceleration, velocity, and displacement
controlled conditions (Egs. (6) to (8)) are presented in Figs. 6 and 7. In the
acceleration (Figs. 6(a) and 7(a)) and velocity (Figs. 6(b) and 7(b)) controlled
conditions, the ratio of A/Agincreases as the value of es increases. The curves of A/A
for the displacement-controlled condition in Fig. 6(c) and 6(c) are not the same trends
of those for the acceleration and velocity controlled conditions. In the displacement
controlled conditions, the ratio of A/Agis within the upper limit of 1.32 and 1.48 in the
Plan Type | and Il, respectively, regardless of the torsional stiffness despite the much

larger value of es/2B.
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3. VERIFICATION OF DRIFT DEMAND BY COMPARISON WITH ELASTIC TIME
HISTORY ANALYSES OF MDOF STRUCTURES

3.1 Analytical modeling of MDOF example building structures

The drift demands in Figs. 6 and 7 are obtained under the assumption of the
SDOF systems. In this chapter, therefore, the drift demands are verified by the
comparison of the results of modal time history analyses of MDOF frame structures.
The example structures are ordinary TU RC frame structures with Plan types | (two by
two bays) and Il (two by four bays), shown in Figs. 4(a) and (b), respectively. Each plan
type has two numbers of stories, five and ten, which are related to the acceleration and
velocity controlled conditions, respectively, in Fig. 5. The story height of structures is
3m, and the width of each bay was 5m. The design concrete strength, fc, is 21 MPa.
For all cases, the lateral stiffness is determined by the vertical elements (columns) only.
The size of columns is given in Table 1 for each plan type with esx/2B =10% and 25%,
respectively. The seismic weight includes the dead load as given in Table 2.

The periods for the TB and TU structures are also given in Table 2. In the case of
TU, there are two coupled modes between the Y-directional translation and torsion, and
the periods, T;, (where j is representing the coupled modes) were calculated using
T=21m/Awy (EQ. (2)) in Table 2. The X-directional translational mode is not dealt in this
study, so the two coupled modes are called the first and second modes for
convenience.

Linear modal time history analyses were performed for the eight example
structures. The nine input ground motions (Table 3) were selected from PEER NGA
Database (2012) to represent the design earthquake (DE) in Korea as shown in Fig. 8.
The damping ratio was assumed to be 5%. A rigid floor diaphragm with all the seismic
mass (Table 2) was lumped at the center of mass of each floor.

Table 1. Summary of the column properties
Plan type | (B=10m) Plan type II (B=20m)
esx/2B =10% | esx/2B =25% | esx/2B =10% | esyx/2B =25%
Column size” | Stiff side 550x740 480x870 720x780 560x960
(unit: mm) | flexible side | 590x600 570x520 780x610 700x490

Table 2. Mass and period for TB and TU structures

Plan Seismic TB structure TU structure

esx/2B | Condition . Translational Coupled mode 1 Coupled mode 2

type weight (kN) mode, T, (sec) Ty, (sec) Ty, (sec)

0% 5-story* 4,740 0.374 0.392 0.289

| % [ 10-story* 9,610 0.720 0.754 0.556

o0 |55V 4,650 0.371 0.477 0.266

° [ 10-story 9,420 0.713 0.91 0.508

0% 5-story 9,550 0.330 0.356 0.253

' [ 10-story 19,400 0.637 0.687 0.488

- 5-story 9,140 0.324 0.477 0.223

[ 10-story 18,500 0.623 0.919 0.429

* 5-story and 10-story structures are related to the acceleration and velocity controlled conditions.
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Table 3. Summary of input ground motions* (PEER 2013)

Earthquake Name | Year Station Name Mag. HypD PGA PGV PGD
(Mw) | (km) (9) | (cm/s) | (cm)
M1 Kern County 1952 Taft Lincoln School 7.36 46.20 0.16 17.00 8.04
M2 Loma Prieta 1989 |Anderson Dam (Downstream)| 6.93 | 31.80 | 0.24 | 2150 | 11.60
M3 Northridge-01 1994 LA- Cypress Ave 6.69 | 3760 | 022 | 11.90 | 2.95
M4 | Chi-Chi, Taiwan-03 | 1999 TCU122 620 | 2570 | 0.19 | 23.40 | 1250
M5 L'Aquila, Italy 2009 GRAN SASSO (Assergi) 6.30 16.80 0.15 8.56 2.10
M6 Chuetsu-oki 2007 | Tokamachi Matsunoyama 680 | 51.30 | 011 | 1720 | 6.58
M7 Kern County 2008 Minase Yuzawa 6.90 26.20 0.25 14.70 4.08
M8 Loma Prieta 1992 | Morongo Valley Fire Station 6.46 | 32.10 | 0.14 | 15.40 | 3.50
M9 Northridge-01 2010 SPFS 7.00 | 3390 | 0.16 | 20.90 | 12.70
* The soil class for all ground motions is C.
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Fig. 8 Response spectra of the input ground motions

3.2 Seismic drift demands of MDOF building structures

Table 4 presents the values of Anax and Agand the ratio of Amax/Ao from the time
history analyses using nine different ground motions. All the Amax occurred at the
flexible edge. The values of Anax and Ag are taken at the same instant time. For the
SDOF system, the value of Ap in Egs. (6) and (7) is equal to the RSD value
corresponding to the period, Ty, in the ADRS (Fig. 1(b)). The RSD values for the period
of the 5-story structures are about 15mm, and those of the 10-story structures are
about 40mm. For the MDOF system, the Amaxand Agin Table 4 are not the roof drift but
the interstory drift, so the values of displacement for the SDOF and MDOF systems
cannot be compared at the same level.
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In Table 4, the ratio of Anax/Ao is quite different due to the difference of input
ground motions. In the case of the 5-story PI-10, the minimum ratio of Amax/Ao was 1.33
under M4, and the maximum ratio of Amax/Ao Was 1.86 under M5. So, the mean values
of Amax @and Ag and the mean ratio of Anax/Ag Were calculated to minimize the effect of
input motions. All ratios exceed the design limit value, 1.2, in ASCE 7-10 and KBC
2016. The ratio of Amax/Ao increases as the number of stories and the value of esy
increase at the same plan type.

Table 4. Maximum edge drift ratio Amax/Ap Obtained from elastic time history analysis
PI-10: Plan type | with es/2B = 10%
condition M1 M2 M3 M4 M5 M6 M7 M8 M9 Mean
Amax 5-story* 6.31 6.25 6.22 4.20 4.40 2.71 7.01 8.07 6.88 5.78
(mm) | 10-story* | 8.78 | 9.00 [ 4.22 | 11.70 | 3.14 6.82 | 5.32 | 13.00 | 12.7 | 8.29
Ao 5-story 464 | 460 | 4.48 | 3.16 | 2.36 2.02 | 467 | 554 | 4.46 | 3.99
(mm) 10-story 5.40 5.55 2.37 9.26 2.18 4.27 2.24 8.78 8.60 5.41
5-story 1.36 1.36 1.39 1.33 1.86 1.34 1.50 1.46 1.54 1.46
10-story | 1.63 1.62 1.78 | 1.26 1.44 1.60 | 2.37 148 | 1.47 | 1.63
PI-25: Plan type | with e /2B = 25% |
condition M1 M2 M3 M4 M5 M6 M7 M8 M9 Mean
Anax 5-story 11.40 | 11.60 | 11.20 | 8.15 4.26 5.46 9.60 6.32 | 11.00 | 8.77
(mm) 10-story | 12.90 | 13.00 | 6.07 | 14.70 | 4.02 7.46 9.79 | 11.80 | 21.40 | 11.20
Ao 5-story 6.11 6.20 6.67 5.00 2.17 3.48 4.56 3.92 6.49 4.95
(mm) 10-story 5.90 6.02 2.96 7.31 2.22 4.56 4.68 6.73 | 12.10 | 5.83
5-story 1.86 1.87 1.68 1.63 1.96 1.57 2.1 1.61 1.69 1.78
10-story | 2.19 | 2.16 | 2.05 | 2.01 1.81 1.63 | 2.09 1.75 | 1.78 | 1.94
P1I-10: Plan type Il with es/2B = 10%
condition M1 M2 M3 M4 M5 M6 M7 M8 M9 Mean
Amax 5-story | 6.60 | 6.74 | 408 | 6.26 | 440 | 271 | 7.01 | 807 | 6.88 | 5.86
(mm) 10-story | 9.33 | 9.37 | 5.29 | 10.20 | 3.33 752 | 6.49 | 9.06 | 14.60 | 8.35
Ao 5-story 408 | 417 | 2.34 | 3.29 | 3.60 185 | 5.00 | 5.08 | 474 | 3.79
(mm) 10-story | 4.82 | 4.89 | 2.14 | 5.26 1.81 464 | 393 | 551 | 8.05 | 4.56
5-story 1.62 1.61 1.75 1.90 1.68 1.53 1.75 1.62 1.88 1.70
10-story 1.93 1.91 2.47 1.93 1.84 1.62 1.65 1.65 1.82 1.87
P1I-25: Plan type Il with es/2B = 25%
condition M1 M2 M3 M4 M5 M6 M7 M8 M9 Mean
Amax 5-story 11.90 | 12.10 | 12.70 | 9.11 4.26 5.46 9.60 6.32 | 11.00 | 9.15
(mm) 10-story | 14.10 | 14.20 | 6.79 | 15.80 | 4.97 8.37 | 10.90 | 12.10 | 22.90 | 12.30
Ao 5-story 5.69 | 558 | 5.63 | 4.30 1.62 3.09 | 452 | 338 | 592 | 441
(mm) 10-story | 4.82 | 496 | 2.85 | 7.21 | 2.24 414 | 549 | 582 | 1040 | 5.33
5-story 2.09 2.16 2.25 2.12 2.92 211 2.29 2.04 2.09 2.23
10-story 2.93 2.87 2.38 2.20 2.22 2.02 1.99 2.08 2.20 2.32
* 5-story and 10-story structures are related to the acceleration and velocity controlled conditions.

AmaxlAO

AmaxlAO

Ama)(lAO

Ama></A0

3.3 Comparison of seismic drift demands

Table 5 presents the ratio of Anax/Ao for three different cases. The first case is
SDOF systems by considering only the effect of the longitudinal (Y-dir.) frame. The
second case is the SDOF systems by considering the effect of longitudinal (Y-dir.) and
transverse (X-dir.) frames. The third case also considers the effect of longitudinal and
transverse frames, but it is MDOF systems. The value of b/r for all cases is 1.25. In the
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first case, the ratio of Apax/Ap at b/r =1.25 was not given, so the ratios were obtained by
a linear interpolation between b/r =1.2 and 1.3.

Effect of transverse frames (Case 1 versus Case 2) The lateral resistance of
transverse frame is expected to reduce the ratio of Anax/Ao. However, the plan aspect
ratio also affects the ratio of Apax/Ao. When the plan aspect ratio increases from 1 to 2 in
Case 2 with increasing the ratio of a (=Kx/Ky), the ratios of Ayax/Agincrease. The ratios
of Amax/Ao for Case 2-Plan type | are smaller than those for Case 1 regardless of the
height of the structure, while the ratios of Amax/Agfor Case 2-Plan type Il are similar or
larger than those for Case 1.

Comparison between SDOF and MDOF (Case 2 versus Case 3) The ratios of
Amax/o for the MDOF system are larger than those for SDOF system except the case of
PI-25. The ratios of Anax/Aoin Case 2 in the VC range (10-story) are smaller than those
in the AC range (5-story), while the ratios of Anax/Agin Case 3 increase as the number
of story increases. This difference is due to their having different vertical modal
distributions in the first two coupled modes as shown in Fig. 9.

Table 5. Comparison of seismic drift demands

AmaXIAO
DOF Case fylsg ex2B  DIf  bJr o ) AC VC
Y (5-story)  (10-story)
Longitudinal frames only 10% 0 0 1.50 1.50
Case 1l | am et al., 2016) 250 T 0 2.00 1.85
SDOE Both longitudinal and | 10% 1.05 0.486 1.39 1.34
Case 2 transverse frames o 25% 1.25 1.12 0.334 1.84 1.55
(Fig. 6(a) and (b), 7 (a) 10% ) 1.13 0.714 1.60 1.52
Il
and (b)) 25% 1.18 0.414 2.32 1.83
| 10% 1.05 0.486 1.46 1.63
Both longitudinal and 25% 1.12 0.334 1.78 1.94
MDOF Case 3 transverse frames I 10% 1.25 1.13 0.714 1.70 1.87
25% 1.18 0.414 2.23 2.32

* 5-story and 10-story structures are related with the acceleration and velocity controlled conditions (AC and VC).
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(@) Acceleration controlled condition (5-story) (b) Velocity controlled condition (10-story)
Fig. 9 Vertical mode shapes in the first two coupled modes
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4. CONCLUSIONS

The seismic drift demand of the torsionally-unbalanced structures in low-

seismicity regions is estimated accounting for torsional resistance by transverse frames
is estimated in this paper. The followings are main features of this paper:

1)

)

3)

The maximum edge displacement ratios, Amax/Ao, at the flexible edges of two
torsionally unbalanced structures with a different plan aspect ratio, 1 and 2, are
presented by increasing the static eccentricities, esx/2B, up to 50% by the
structural response to acceleration, velocity, and displacement controlled
excitations. In the acceleration and velocity controlled conditions, the Anax/Ao ratio
at the flexible edge linearly increases as the value of es increases, which exceeds
2.0 at es = 25% in the acceleration controlled condition. In the displacement
controlled condition, however, the Amax/Ao ratio is less than the upper limit of 1.3
and 1.5 for the plan aspect ratio 1 and 2, respectively, regardless of the value of
torsional stiffness.

The torsional resistance by the transverse frame is expected to reduce the ratio
of Amax/Ao. For the plan aspect ratio 1, the ratios of Anax/Ag accounting for the
torsional resistance by the longitudinal and transverse frames are 80~90% of
those accounting for the torsional resistance by the longitudinal frame only.
However, the plan aspect ratio (geometric property) also affects the ratio of
Amax/Ao. As the plan aspect ratio increases from 1 to 2 with increasing the
torsional resistance of transverse frame, the ratios of Amax/Aoincrease over those
accounting for the torsional resistance by the longitudinal frame only.

The drift demands obtained from the planar analysis approach using the SDOF
structure were verified by performing linear time history analyses using the
MDOF system. Nine input ground motions were selected corresponding to the
design earthquake in Korea. The mean ratio of Anax/Ao for the MDOF system are
larger than those for SDOF system, and the ratio increases up to approximately
125% with the increasing the number of stories from five to ten. The difference is
due to their having different vertical modal distributions in the first two coupled
modes.
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