Amirkabir Journal of Civil Engineering

Amirkabir J. Civil Eng., 54(6) (2022) 457-460
DOI: 10.22060/cee}.2021.20426.7421

Predictive equations for fundamental period of steel moment frames considering the
effects of irregularity in the floor plan and height and soil-structure interaction

M. J. Hamidia®, F. Nejabati

Department of Civil, Water and Environmental Engineering, Shahid Beheshti University, Tehran, Iran

Review History:

Received: Aug. 17,2021
Revised: Oct. 13, 2021
Accepted: Nov, 19, 2021
Available Online: Dec. 02, 2021

ABSTRACT: Robust estimation of the fundamental elastic period of the buildings is essential for
obtaining realistic seismic base shear. Seismic design codes provide a variety of equations to calculate
the fundamental elastic period of vibration for steel moment frame buildings. The empirical equations
are mainly based on the building height and do not take into account the effects of irregularity and
soil-structure interaction. In this paper, an empirical predictive equation is developed to estimate the
fundamental elastic period of steel moment frames. The predictive equation includes parameters that

represent irregularity effects and soil-structure interaction. The database used in this study consists
of architectural and geotechnical data for 45 building cases. The proposed predictive equation shows
satisfactory accuracy. The predicted results are then compared to the values obtained from Iranian
2800 seismic design code, ASCE7-16 and UBC-97. The proposed predictive equation is also verified
by 10 fundamental elastic periods obtained from analytical models. The fundamental elastic period
was derived using the predictive equations that are specifically more accurate for mid- and high-rise
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buildings compared to seismic design codes. The values obtained from seismic codes are well below the  Soil-structure interaction, 2800 seis-

realistic values for the buildings.

mic design code

1- Introduction

Earthquake is one of the risks that can cause irreparable
loss of life and property. The response of any structure in
the elastic state relies solely on the fundamental period and
damping ratio of the structure. In the nonlinear regime also,
the fundamental period of the structure is one of the most
important parameters in the quantification of the seismic
response of structures; In the initial analysis stage for
seismic design, it is necessary to accurately estimate the
fundamental period of vibration of the building in order to
calculate the base shear force. The equation stated in the
Earthquake Design Regulations (2800) [1] to calculate the
fundamental period of buildings is obtained by modification
to the equations of various regulations such as UBC [2]. In
the equation presented in Iranian Standard 2800 (Fourth
Edition), among the structural specifications, only the
height of the building is considered, which can reduce the
accuracy of the recent equation because, for two buildings
of the same height with different dimensions in the plan and
different heights and conditions of the building soil, they
yield an identical fundamental period. Also, in 2014, Yang
and Adeli [3] analyzed 24-moment frame models, including
regular, irregular in plan, and irregular in height, to provide
an experimental equation to estimate the period time of steel
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moment frame, in addition to the height of the building, it uses
the Parameters of the ratio of average height to maximum
floor height and also the ratio of the average dimension to the
maximum dimension in the desired direction.

2- Methodology

Given the above issues, the parameter of height and the
consideration of irregular effects on the plan and height of
the building in the experimental equation of fundamental
period can greatly impact its accuracy. In this paper, first
by extracting the fundamental period, architectural and
geotechnical information of 23 real moment frame steel
structure (Table 1) has estimated the experimental equation
of the main period time by considering irregular effects in
the plan and height and interaction and comparing it with
the equation between 2800, ASCE7-16 [4] and UBC-97
standards. Then, the proposed equation was validated using
10 fundamental periods obtained from analytical modeling of
real structures in Tehran (Table 2).

In Tables 1 and 2, H is the height of the structure in meters
from the base level, & /h  ratio of average floor height
to maximum floor height, D _ /D, ratio of the average
building dimension to the maximum available dimension, 4
/A, is the ratio of the average floor area to the maximum
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Table 1. Mean and standard deviation of experimental data

Helght(m) have/ hmax Dave/D max A ave/Amax Vis30/ Vinax T(sec)
Mean 36.22 0.79 0.95 0.84 0.25 1.61
SD 21.61 0.19 0.12 0.19 0.09 0.89
Table 2. Mean and standard deviation of analytical data
Helght(m) have/ Rmax Dave/Dmax A ave/Amax Vs30/ Vinax T(sec)
Mean 37.85 0.83 0.91 0.71 0.37 1.89
SD 11.5 0.07 0.06 0.14 0.09 0.54

available area, and V, /V Shear waves speed up to a depth

of 30 meters from the site to it
maximum speed of shear wave

Equation 1 shows the empirical equation with the above-
mentioned 4 dimensionless variables along with the height of
the building for a more accurate estimate of the period time:
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provided by ASCE7-16 and the real periodicity values.
(c) Shows the period time values provided by UBC-97 and
the real period time values, as is clear from these forms,
equation proposed by 2800, ASCE7-16, UBC-97 standards
do not have acceptable accuracy, forms, equation proposed by
2800, ASCE7-16, UBC-97 standards do not have acceptable
accuracy, especially for values of period time greater than 2
seconds, and the proposed equation have a favorable estimate.

s maximum. In this paper, the
s is 1500 meters per second.

044 025 3- Results and Discussion

Figure 1 shows the values of predicted fundamental period
values obtained by Equation 1 proposed in this paper, the
values obtained using 2800, ASCE7-16 and UBC-97 seismic
codes, all versus the measured fundamental period values for
experimental database.
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Fig. 1. Comparison of fundamental periods obtained from Equation 7, 2800, ASCE7-16 and UBC-97 seismic codes
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Fig. 2. Comparison of fundamental periods for numerical cases obtained from Equation 7, 2800,
ASCE7-16 and UBC-97 seismic codes

Figure 2 shows the values of predicted fundamental period
values obtained by Equation 1 proposed in this paper, the
values obtained using 2800, ASCE7-16 and UBC-97 seismic
codes, all versus the derived fundamental period values for
the numerical database.

As clearly shown in the Figures, equations proposed by
2800, ASCE7-16, UBC-97 standards do not have acceptable
accuracy, especially for values of period time greater than 1.5
seconds, and the proposed equation has acceptable accuracy.

4- Conclusion

In this paper, an empirical equation is developed for
estimating the fundamental period of the steel frame
buildings. The proposed equation has acceptable accuracy.
The following results indicate the accuracy of the proposed
equation compared to the existing seismic code equations:

1. The root mean square of error (RMSE) for training the
proposed formula for 45 field databases is 0.2, the RMSE for
test data is equal to 0.18, the RMSE of the equation prescribed
by 2800 is equal to 0.62, the value for ASCE7-16 equation is
equal to 0.5, and for the UBC-97 equation is equal to 0.54.

2. The RMSE of the proposed equation for 10 data from
the numerical dataset equals 0.36. The corresponding value
for the 2800 seismic code equals 0.74, the value for ASCE7-
16 seismic code equals 0.63 and the value for UBC-97 seismic
code is equal to 0.66.

3- The coefficient of determination (R’) for training the
proposed equation for 45 field databases equals 0.96. The

corresponding value for the testing dataset with the proposed
equation test, the 2800 seismic code equation, the ASCE7-
16 seismic code equation, and the UBC-97 seismic code
equation are all equal to 0.95.

4- The coefficient of determination (R?) for training the
proposed equation for 10 numerical databases equals 0.91.
The corresponding value for the testing dataset with the
proposed equation test, the 2800 seismic code equation, the
ASCET7-16 seismic code equation, and the UBC-97 seismic
code equation are all equal to 0.90.

Medium- and high-rise steel moment frame structures
located in the descending region of the reflection spectrum
benefit the most from the proposed equation by the reduction
in the base shear force.
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Fig. 1. a) Displacement of the equivalent single degree of freedom structure on soft soil b) Displacement of the equivalent
single degree of freedom structure on the rigid foundation
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Table 1. Summary of 23 building models data under the excitation of major earthquakes

o, e olibslas  HM)  hwe/hmx  Dwe/Duads  DPud/Dmady  Awd/Amax  Viso/Vmax  Te(sec) T, (sec)
1 San Jose 3 15.09 0.92 1 1 1 0.43 0.69 0.73
2 Fmii?sco 4 16 0.97 1 1 0.92 0.18 0.66 0.61
3 Red lands 7 28.58 0.97 0.72 0.55 0.45 0.17 1.46 1.55
4 Burbank 6 25.15 0.79 1 1 1 0.29 1.35 1.36
5  LongBeach 7 27.74 1 1 1 1 0.15 1.11 1.37
6 Beri:fdim 9 35.84 0.73 1 0.63 0.61 0.23 2.16 1.92
7 Pasadena 12 51.21 1 0.71 0.83 0.48 0.29 2.06 2.07
8 San Jose 12 52.76 0.6 1 1 0.7 0.18 2.1 2.04
9 Pasadena 12 54.51 0.62 0.79 0.79 0.63 0.29 1.85 2.1
10 Los Angeles 16 71.93 0.53 0.91 0.63 0.57 0.26 3.09 3.23
11 Long Beach 17 87.78 0.4 1 1 0.93 0.21 3.72 3.62
12 Long Beach 7 27.74 1 1 1 1 0.15 1.19 1.5
13 Burbank 6 25.15 0.79 1 1 1 0.29 1.36 1.38
14 Burbank 6 25.15 0.79 1 1 1 0.29 1.32 1.3
15 Los Angeles 19 82.3 0.47 1 1 1 0.17 3.89 -
16 San Jose 3 15.09 0.92 1 1 1 0.43 0.67 0.69
17 San Jose 3 15.09 0.92 1 1 1 0.43 0.69 0.69
18 San Jose 12 52.76 0.6 1 1 0.7 0.18 2.22 2.22
19 San Jose 12 52.76 0.6 1 1 0.7 0.18 2.23 2.23
20 San Jose 12 52.76 0.6 1 1 0.7 0.18 2.05 2.16
21 Benf;‘fdino 3 12.6 0.88 1 1 1 0.2 0.5 0.46
22 Richmond 3 14.07 0.99 1 1 1 0.28 0.63 0.74
23 Richmond 3 14.07 0.99 1 1 1 0.28 0.6 0.76
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Fig. 3. Symbolic regression flowchart for the proposed equation
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Table 2. Comparison of the fundamental period obtained from Equation 7 and the measured fundamental

period listed in "Table 1" (longitudinal and transverse directions)

“90, H (m) T, (sec) T,(sec) T, (sec) T,y (sec) (5b) Sl sl Catal anl g
(ail) (ail)
1 15.09 0.69 0.73 0.72 0.72 0.03 0.01
2 16 0.66 0.61 0.87 0.87 0.21 0.26
3 28.58 1.46 1.55 1.38 1.56 0.08 0.01
4 25.15 1.35 1.36 1.24 1.24 0.11 0.12
5 27.74 1.11 1.37 1.44 1.44 0.33 0.07
6 35.84 2.16 1.92 1.55 1.90 0.61 0.02
7 51.21 2.06 2.07 2.16 2.02 0.10 0.05
8 52.76 2.1 2.04 2.33 2.33 0.23 0.29
9 54.51 1.85 2.1 2.40 241 0.55 0.31
10 71.93 3.09 3.23 2.88 3.38 0.21 0.15
11 87.78 3.72 3.62 3.89 3.89 0.17 0.27
12 27.74 1.19 1.5 1.44 1.44 0.25 0.06
13 25.15 1.36 1.38 1.24 1.24 0.12 0.14
14 25.15 1.32 1.3 1.24 1.24 0.08 0.06
15 82.3 3.89 - 3.80 - 0.09 -
16 15.09 0.67 0.69 0.72 0.72 0.05 0.03
17 15.09 0.69 0.69 0.72 0.72 0.03 0.03
18 52.76 2.22 2.22 2.33 2.33 0.11 0.11
19 52.76 2.23 2.23 2.33 2.33 0.10 0.10
20 52.76 2.05 2.16 2.33 2.33 0.28 0.17
21 12.6 0.5 0.46 0.72 0.72 0.22 0.26
22 14.07 0.63 0.74 0.75 0.75 0.12 0.01
23 14.07 0.6 0.76 0.75 0.75 0.15 0.01
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Table 3. Comparison of the fundamental period obtained from 2800 seismic code and the measured fundamental
period listed in "Table 1" (longitudinal and transverse directions)

(5) Blho sl (dy6) Shian sl
35 H (m) T(sec) Ty(sec) T2s00 (sec) 5b) Sl s re) Gliae s

(al) (asb)
1 15.09 0.69 0.73 0.61 0.08 0.12
2 16 0.66 0.61 0.64 0.02 0.03
3 28.58 1.46 1.55 0.99 0.47 0.56
4 25.15 1.35 1.36 0.90 0.45 0.46
5 27.74 1.11 1.37 0.97 0.14 0.40
6 35.84 2.16 1.92 1.17 0.99 0.75
7 51.21 2.06 2.07 1.53 0.53 0.54
8 52.76 2.1 2.04 1.57 0.53 0.47
9 54.51 1.85 2.1 1.60 0.25 0.50
10 71.93 3.09 3.23 1.98 1.11 1.25
11 87.78 3.72 3.62 2.29 1.43 1.33
12 27.74 1.19 1.5 0.97 0.22 0.53
13 25.15 1.36 1.38 0.90 0.46 0.48
14 25.15 1.32 1.3 0.90 0.42 0.40
15 82.3 3.89 - 2.19 1.70 -
16 15.09 0.67 0.69 0.61 0.06 0.08
17 15.09 0.69 0.69 0.61 0.08 0.08
18 52.76 2.22 2.22 1.57 0.65 0.65
19 52.76 2.23 2.23 1.57 0.66 0.66
20 52.76 2.05 2.16 1.57 0.48 0.59
21 12.6 0.5 0.46 0.53 0.03 0.07
22 14.07 0.63 0.74 0.58 0.05 0.16
23 14.07 0.6 0.76 0.58 0.02 0.18
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Table 4. Comparison of the fundamental period obtained from ASCE7-16 seismic code and the measured fundamental
period listed in "Table 1" (longitudinal and transverse directions)

(Job) Gl sllas  ((0559) Bllao slas

@, H (m) T.(sec) Ty(sec) Tascer-16 (sec) (40) (asith)
1 15.09 0.69 0.73 0.63 0.06 0.10
2 16 0.66 0.61 0.67 0.01 0.06
3 28.58 1.46 1.55 1.06 0.40 0.49
4 25.15 1.35 1.36 0.96 0.39 0.40
5 27.74 1.11 1.37 1.03 0.08 0.34
6 35.84 2.16 1.92 1.27 0.89 0.65
7 51.21 2.06 2.07 1.69 0.37 0.39
8 52.76 2.1 2.04 1.73 0.37 0.31
9 54.51 1.85 2.1 1.77 0.08 0.33
10 71.93 3.09 3.23 2.21 0.88 1.02
11 87.78 3.72 3.62 2.60 1.12 1.02
12 27.74 1.19 1.5 1.03 0.16 0.47
13 25.15 1.36 1.38 0.96 0.40 0.42
14 25.15 1.32 1.3 0.96 0.36 0.34
15 82.3 3.89 - 2.47 1.42 -
16 15.09 0.67 0.69 0.63 0.04 0.06
17 15.09 0.69 0.69 0.63 0.06 0.06
18 52.76 2.22 2.22 1.73 0.49 0.49
19 52.76 2.23 2.23 1.73 0.50 0.50
20 52.76 2.05 2.16 1.73 0.32 0.43
21 12.6 0.5 0.46 0.55 0.05 0.09
22 14.07 0.63 0.74 0.60 0.03 0.14
23 14.07 0.6 0.76 0.60 0.00 0.16
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Table 5. Comparison of the fundamental period obtained from UBC-97 seismic code and the measured fundamen-
tal period listed in "Table 1" (longitudinal and transverse directions)

. (Fob) Glhs slhs  (o656) Blhao glbs
@93, H (m) T.(sec) Ty(sec) Tupc.97 (sec)

(ail) (ail)
1 15.09 0.69 0.73 0.65 0.04 0.08
2 16 0.66 0.61 0.68 0.02 0.07
3 28.58 1.46 1.55 1.05 0.41 0.50
4 25.15 1.35 1.36 0.96 0.39 0.40
5 27.74 1.11 1.37 1.03 0.08 0.34
6 35.84 2.16 1.92 1.25 0.91 0.67
7 51.21 2.06 2.07 1.63 0.43 0.44
8 52.76 2.1 2.04 1.67 0.43 0.37
9 54.51 1.85 2.1 1.71 0.14 0.39
10 71.93 3.09 3.23 2.11 0.98 1.12
11 87.78 3.72 3.62 2.45 1.27 1.17
12 27.74 1.19 1.5 1.03 0.16 0.47
13 25.15 1.36 1.38 0.96 0.40 0.42
14 25.15 1.32 1.3 0.96 0.36 0.34
15 82.3 3.89 - 2.33 1.56 -
16 15.09 0.67 0.69 0.65 0.02 0.04
17 15.09 0.69 0.69 0.65 0.04 0.04
18 52.76 2.22 2.22 1.67 0.55 0.55
19 52.76 2.23 2.23 1.67 0.56 0.56
20 52.76 2.05 2.16 1.67 0.38 0.49
21 12.6 0.5 0.46 0.57 0.07 0.11
22 14.07 0.63 0.74 0.62 0.01 0.12
23 14.07 0.6 0.76 0.62 0.02 0.14
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Table 6. Comparison of 45 field results (Equation 7, Standard 2800, Standard ASCE7-16, Standard UBC-97)

3] T ylis] YA ASCE7-16 UBC-97
R? 0.96 0.95 0.95 0.95 0.95
R? adjusted 0.95 0.86 0.79 0.86 0.82
RMSE 0.2 0.18 0.62 0.5 0.54
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a)Fundamental Elastic Period from Eq.7
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Fig. 4. Comparison of fundamental periods obtained from Equation 7, 2800, ASCE7-16 and UBC-97 seismic codes
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Fig. 6. MRF-IRHP-10 frame model Fig. 5. MRF-IRP-10 frame model
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Fig. 8. MRF-IRP-13 frame model Fig.7. MRF-IRP-14 frame model
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Fig. 9. MRF-IRP-3 frame model
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Table 7. Data of 5 steel moment frame models

0w awll MRF-IRP-10 MRF-IRHP-10 MRF-IRP-14 MRF-IRP-13 MRF-IRP-3
S (5950 LW (S5 95o sl 590!
el ol 10 10 14 13 3
H(m) 38.76 33.1 51.15 47.55 18.7
have/ Bmax 0.8 0.72 0.84 0.84 0.93
(D uvo/Dimax)x 0.91 0.94 0.94 0.94 1
(Duwve/Dinax)y 0.94 0.76 0.91 0.94 0.86
A ave/Amax 0.82 0.73 0.44 0.78 0.78
Vi30/ Vinax 0.46 0.36 0.25 0.3 0.47
Ty (sec) 1.64 2 2.57 2.36 1
T, (sec) 1.72 1.84 2.4 2.38 1
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Table 8. Comparison of the fundamental period obtained from Equation 7 and the fundamental period listed in
"Table 7" (longitudinal-transverse direction)

o 3bw awlls H (m) T, (sec) T,(sec) Tex (sec) T,y (sec) (s eﬂ“ slod (edr0) e slis
(asb) (al)
MRF-IRP-10 38.76 1.64 1.72 1.59 1.57 0.05 0.15
MRF-IRHP-10 33.1 2.00 1.84 1.44 1.58 0.56 0.26
MRF-IRP-14 51.15 2.57 2.40 1.93 1.96 0.64 0.44
MRF-IRP-13 47.55 2.36 2.38 2.03 2.02 0.33 0.36
MRF-IRP-3 18.7 1.00 1.00 0.79 0.85 0.21 0.15

(oo 55-Fob sliwly) ¥ Jauan ;3 0uwi 0315 Cgld loj g YA+ 3 luili! alasly 51 ael Cowd 4 gl o dunns o A Jgus

Table 9. Comparison of the fundamental period obtained from 2800 seismic code and the fundamental period listed in
"Table 7" (longitudinal-transverse direction)

( ) . |l lh" ( - ) . ll lh"
03w awlid H (m) T.(sec) Ty(sec) T2s00 (sec) S ) < s ) ¢
(auibi) (4
MRF-IRP-10  38.76 1.64 1.72 1.24 0.40 0.48
MRF i‘ORHP - 331 2.00 1.84 1.10 0.90 0.74
MRF-IRP-14  51.15 2.57 2.40 1.53 1.04 0.87
MRF-IRP-13  47.55 2.36 238 1.45 0.91 0.93
MRF-IRP-3 18.7 1.00 1.00 0.72 0.28 0.28
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Table 10. Comparison of the fundamental period obtained from ASCE7-16 seismic code and the fundamental period
listed in "Table 7" (longitudinal-transverse direction)

(Job) Blls sllas ((05,6) Sllan (sl

o}l.w awlld H (m) Tx(sec) Ty(sec) TASCE7-I6 (SeC)
() (asit)
MRF-IRP-10  38.76 1.64 1.72 135 0.29 0.37
MRF iIORHP' 33.1 2.00 1.84 1.19 0.81 0.65
MRF-IRP-14  51.15 2.57 2.40 1.69 0.88 0.71
MRF-IRP-13  47.55 2.36 2.38 1.59 0.77 0.79
MRF-IRP-3 18.7 1.00 1.00 0.75 0.25 0.25
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Table 11. Comparison of the fundamental period obtained from UBC-97 seismic code and the fundamental period
listed in "Table 7" (longitudinal-transverse direction)

(Fob) Gllao s (b e) oo gl

o)'Lu Al H (m) Tx(sec) Ty(sec) Tusc-97 (SeC)
(asib) ()
MRF-IRP-10  38.76 1.64 1.72 133 031 0.39
MRFiIORHP - 33.1 2.00 1.84 1.18 0.82 0.66
MRF-IRP-14 5115 2.57 2.40 1.63 0.94 0.77
MRF-IRP-13  47.55 2.36 2.38 1.54 0.82 0.84
MRF-IRP-3 18.7 1.00 1.00 0.77 0.23 0.23

(UBC-97 5 sitisl ASCET-165,1.5biao! (FA+ + 3 lailics! (V) alasl, ) (55U oto 0313 Vo g dumgliio .Y Jgoia

Table 12. Comparison of 10 numerical results (Equation 7, Standard 2800, Standard ASCE7-16, Standard UBC-97)

&olpiin alal, YA ASCE7-16 UBC-97
R’ 0.91 0.9 0.9 0.9
R? wijusted 0.75 0.7 0.75 0.73
RMSE 0.36 0.74 0.63 0.66
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Fig. 10. Comparison of fundamental periods for numerical cases obtained from Equation 7, 2800, ASCE7-16
and UBC-97 seismic codes
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Fig. 11. Comparison diagram of the reflection coefficient obtained for the fundamental period of Equation 7 and the
2800 seismic code
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Table 13. Comparison of the reflection coefficient for 10 numerical data with equation 7

o3l awbils ojbw (b ©alid ploj Jloslinl b Gljb cu ps Vakul) jloslnl bbb cups (1) QUL cul b (o SMiST ws )0
MRF-IRP-10 0.91 0.96 5.83
MRF-IRHP-10 0.81 0.96 18.39
MRF-IRP-14 0.69 0.82 19.65
MRF-IRP-13 0.72 0.80 11.41
MRF-IRP-3 1.37 1.58 14.87
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Table 14. Comparison of reflection coefficient results of 10 numerical data with 2800 seismic code

Hlosliiwl b bzl cu 0o

03l duslicdy 03w (b 9l loj 3l eslawl b U3 o po (DU 3k cul o (oomd WS o)
YAees,lastiwl
MRF-IRP-10 0.91 1.16 27.7
MRF-IRHP-10 0.81 1.27 55.95
MRF-IRP-14 0.69 0.99 43.23
MRF-IRP-13 0.72 1.03 42.17
MRF-IRP-3 1.37 1.81 32.09
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