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Abstract 

This research utilizes recorded strong-motion acceleration data to assess the Alternative 
Design Provisions for Diaphragms per ASCE/SEI 7-22 Section 12.10.3. The design acceleration 
coefficients computed using the Alternative Design Provisions are compared with the peak floor 
accelerations in buildings included in the California Strong Motion Instrumentation Program. 
Buildings within the California Geological Survey Network with recorded maximum peak floor 
accelerations larger than 0.2g are considered. Preliminary observations on the magnitude and 
distribution of the design acceleration coefficients over the height of buildings are presented. 

Introduction 

Floor diaphragms and their connections to the vertical elements of the seismic force-
resisting systems are critical components of earthquake-resistant buildings. Underestimating the 
level of seismic-induced horizontal forces to which the diaphragms are subjected to could be 
catastrophic. The loss of the ability of the connections of diaphragms to transfer forces to the 
seismic force-resisting system could lead to local collapse of the floor or complete collapse of 
the building. More specifically, diaphragm collapses were observed after the Northridge 
earthquake due to the loss of connections between floor diaphragms and the vertical elements of 
precast concrete buildings and the vertical elements of tilt-up-wall buildings (Fleischman et al. 
(2013), Iverson and Hawkins (1994), Tilt-up-Wall Buildings (1996)). After the 2010-2011 
Christchurch earthquakes, excessive damage and collapse of floor diaphragms were attributed to 
inadequate integrity of the load path, underestimation of seismic-induced horizontal forces, and 
poorly understood interactions between floor diaphragms and walls, supporting beams, and 
reinforced concrete (RC) moment frames (Gonzalez et al. (2017), Scarry (2014), Kam et al. 
(2011)). The complex interactions between diaphragms and other structural elements results to 
unpredictable seismic response of buildings which often lead to damage of structural members 
that are designed to remain undamaged (Kam et al. (2011), Bull (2004), Wallace et al. (2012), 
Henry et al. (2017)).  

Earthquake numerical simulations of buildings have shown that the seismic-induced 
horizontal forces in floor diaphragms can be large relative to the strength of the floor 
diaphragms. These excessive forces can lead to an inelastic and potentially non-ductile response 
of the diaphragms (Fleischman and Farrow (2001)). The contribution of second and higher mode 
responses in the total dynamic response of buildings (termed higher mode effects) may 
contribute to the excessive forces and floor total accelerations (Sewell et al. (1986), Chopra 
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(2007)). For instance, it has been shown that high floor accelerations due to the higher mode 
effects can be expected in buildings with seismic force-resisting systems that develop a flexural 
yield mechanism at the base, such as flexural-dominant RC structural walls (Chopra (2007), 
Priestley and Amaris (2012), Wiebe sand Christopoulos (2009), Panagiotou and Restrepo (2009), 
Tsampras (2016)). 

The Alternative Design Provisions for Diaphragms per ASCE/SEI 7-22 Section 12.10.3 
provide estimates of the seismic-induced horizontal forces that can be used to design floor 
diaphragms. These force estimates were developed based on analysis of experimental data from 
shaking table tests (Panagiotou et al. (2011), Chen et al. (2016)) and earthquake numerical 
simulations (Choi et al. (2008), Fleischman (2013)). These force estimates consider the higher 
mode effects. Thus, it is expected that they should result in a more accurate estimate of the 
seismic-induced horizontal forces for the design of floor diaphragms. 

Recently, the California Strong Motion Instrumentation Program (CSMIP) funded a 
project that aims to utilize recorded acceleration data to validate the seismic design provisions 
for diaphragms and assess the effect of higher-mode responses on the seismic response of 
earthquake-resistant buildings. This paper presents preliminary analysis results of the ongoing 
project. The design equations per ASCE/SEI 7-22 Section 12.10.3 are summarized. A 
preliminary assessment of the effect of the design parameters 𝑁𝑁, 𝑅𝑅, 𝛺𝛺0, and 𝑧𝑧𝑠𝑠 (defined later) on 
the design acceleration coefficients for an assumed structural system is presented. The 
instrumented buildings under consideration in this preliminary analysis are introduced. Buildings 
within the California Geological Survey Network (CE) that have more than 12 stories and have 
been subjected to maximum peak floor accelerations larger than 0.2g are considered in this 
preliminary analysis. A method that is available in the literature (Şafak and Çelebi 1990) is used 
to estimate the location of the center of rigidity over the height of a building. This method is 
validated by replicating calculations given in Şafak and Çelebi (1990). The recorded acceleration 
data used in this preliminary analysis are transformed to the center of rigidity. A comparison 
between the design acceleration coefficients and transformed measured peak floor accelerations 
is performed. Conclusions based on the preliminary analysis results are presented. 

ASCE/SEI 7-22 Section 12.10.3 Alternative Design Provisions for Diaphragms 

In-plane seismic design forces for diaphragms, including chords, collectors, and their 
connections to the vertical elements are given in Section 12.10.3 Alternative Design Provisions 
for Diaphragms of the ASCE/SEI 7-22. The in-plane seismic design forces are defined as 

𝐶𝐶𝐹𝐹𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑝𝑝 𝑤𝑤𝑝𝑝𝑝𝑝 ≥ 0.2 𝑆𝑆𝐷𝐷𝐷𝐷𝐼𝐼𝑒𝑒𝑤𝑤𝑝𝑝𝑝𝑝 
𝑅𝑅𝑠𝑠

(1) 

where 𝐶𝐶𝑝𝑝𝑝𝑝 is the design acceleration coefficient at level 𝑥𝑥, 𝑤𝑤𝑝𝑝𝑝𝑝 is the weight tributary to the 
diaphragm at level 𝑥𝑥, 𝑅𝑅𝑠𝑠 is the diaphragm design force reduction factor, 𝑆𝑆𝐷𝐷𝐷𝐷 is the design, 5% 
damped, spectral response acceleration parameter at short periods, and 𝐼𝐼𝑒𝑒 is the building 
importance factor. The distribution of design acceleration coefficients over the normalized 
building height is presented in Figure 1. In this figure, 𝑁𝑁 is the number of stories above the base, 
ℎ𝑝𝑝 is the height above the base to the level 𝑥𝑥, ℎ𝑛𝑛 is the vertical distance from the base to the 
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highest level of the seismic force-resisting system (SFRS) of the structure, and 𝐶𝐶𝑝𝑝0 is the 
diaphragm acceleration coefficient at the base. 𝐶𝐶𝑝𝑝0 is computed as 

𝐶𝐶𝑝𝑝0 = 0.4𝑆𝑆𝐷𝐷𝐷𝐷𝐼𝐼𝑒𝑒 (2) 

𝐶𝐶𝑝𝑝𝑝𝑝 is the diaphragm design acceleration coefficient at 80% of ℎ𝑛𝑛 calculated as 

𝐶𝐶𝑝𝑝𝑝𝑝 = max (0.8𝐶𝐶𝑝𝑝0, 0.9Γ𝑚𝑚1Ω0𝐶𝐶𝑠𝑠) (3) 

where Γ𝑚𝑚1 = 1 + 𝑧𝑧𝑠𝑠(1 − 1/𝑁𝑁)/2 is the first modal contribution factor, Ω0 is the overstrength 
factor, and 𝐶𝐶𝑠𝑠 is the seismic response coefficient in accordance with Section 12.8.1.1 of the 
ASCE/SEI 7-22. The term 𝐶𝐶𝑝𝑝𝑛𝑛 is the diaphragm design acceleration coefficient at ℎ𝑛𝑛 computed 
as 

𝐶𝐶𝑝𝑝𝑛𝑛 = �(Γ𝑚𝑚1Ω0𝐶𝐶𝑠𝑠)2 + (Γ𝑚𝑚2𝐶𝐶𝑠𝑠2)2 ≥ 𝐶𝐶𝑝𝑝𝑝𝑝 (4) 

where  

𝐶𝐶𝑠𝑠2 = �min � 𝐼𝐼𝑒𝑒𝐷𝐷𝐷𝐷1
0.03(𝑁𝑁−1) ; (0.15𝑁𝑁 + 0.25)𝐼𝐼𝑒𝑒𝑆𝑆𝐷𝐷𝐷𝐷; 𝐼𝐼𝑒𝑒𝑆𝑆𝐷𝐷𝐷𝐷� , 𝑁𝑁 ≥ 2

0                                                     , 𝑁𝑁 = 1
 (5) 

is the higher mode seismic response coefficient and Γ𝑚𝑚2 = 0.9𝑧𝑧𝑠𝑠(1 − 1/𝑁𝑁)2. 𝑁𝑁 was previously 
defined and 𝑧𝑧𝑠𝑠 is the mode shape factor defined in Section 12.10.3.2.1 of the ASCE/SEI 7-22. 

Figure 1 Calculation of the design acceleration coefficients in buildings with 𝑁𝑁 ≤ 2 and in buildings with 𝑁𝑁 ≥ 3 (Figure 12.10-2 
in ASCE/SEI 7-22) 

Effect of Parameters 𝑵𝑵, 𝑹𝑹, 𝛀𝛀𝟎𝟎, and 𝒛𝒛𝒛𝒛 

This section presents the effect of the primary design parameters in the values of 𝐶𝐶𝑝𝑝𝑝𝑝. An 
example building with constant story height of 10.0 [ft] is assumed. 𝑆𝑆𝑠𝑠 = 1.93[𝑔𝑔] and 𝑆𝑆1 =
0.75[𝑔𝑔], and Class D site as defined in ASCE/SEI 7-22 are also assumed. The varying 
parameters are the following: 𝑁𝑁 = 10, 20, 30, 40, 50 , 𝑅𝑅 = 4.0, 4.5, 5.0, 5.5. , 6.0, Ω0 =
2.0, 2.2, 2.4, 2.6, 2.8, 3.0 and 𝑧𝑧𝑠𝑠 = 0.3, 0.7, 0.85, 1.0. The results of the sensitivity analysis are 
shown in Figure 2 for 𝑅𝑅𝑠𝑠 = 1. The first plot shows the results for varying 𝑁𝑁 and constant 𝑅𝑅 =
5.0, Ω0 = 2.6, and 𝑧𝑧𝑠𝑠=1.0. The second plot shows the results for varying 𝑅𝑅 and constant 𝑁𝑁 = 20, 
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Ω0 = 2.6, and 𝑧𝑧𝑠𝑠=1.0. The third plot shows the results for varying Ω0 and constant 𝑁𝑁 = 20, 𝑅𝑅 =
5.0, and 𝑧𝑧𝑠𝑠=1.0. The fourth plot shows the results for varying 𝑧𝑧𝑠𝑠 and constant 𝑁𝑁 = 20, 𝑅𝑅 = 5.0, 
and Ω0 = 2.6. 

The fundamental period of the structure is estimated using the equations given in Section 
12.8.2.1 of the ASCE/SEI 7-22. This fundamental period is used to compute the seismic response 
coefficient 𝐶𝐶𝑠𝑠 from the design acceleration spectrum. As 𝑁𝑁 increases the fundamental period 
increases, 𝐶𝐶𝑠𝑠 at the fundamental period decreases and, as a result, 𝐶𝐶𝑝𝑝𝑝𝑝 overall decreases as shown 
in Figure 2. As 𝑁𝑁 increases Γ𝑚𝑚1 and Γ𝑚𝑚2 tend to 1 + 𝑧𝑧𝑠𝑠/2 and 0.9𝑧𝑧𝑠𝑠, respectively, as shown in 
Figure C12.10-3 in ACSE 7-16 Section C12.10.3.2. Note that there is a considerable reduction of 
the parameter 𝐶𝐶𝑝𝑝𝑝𝑝 from 𝑁𝑁 = 20 to 𝑁𝑁 = 30. For 𝑁𝑁 ≥ 30, the variation of 𝐶𝐶𝑝𝑝𝑝𝑝 with respect to 𝑁𝑁 is 
not appreciable. The variation of 𝐶𝐶𝑠𝑠 with respect to the value of period is lower within the range 
of longer periods, and consequently the variation of 𝐶𝐶𝑝𝑝𝑝𝑝 is lower within the range of longer 
periods. In addition, 𝑁𝑁 also affects the higher mode seismic response coefficient 𝐶𝐶𝑠𝑠2 governed by 
the term 𝐼𝐼𝑒𝑒𝑆𝑆𝐷𝐷1/0.03(𝑁𝑁 − 1). 

Figure 2 Design acceleration coefficients 𝐶𝐶𝑝𝑝𝑝𝑝. The number of stories 𝑁𝑁, the response modification factor of the structure 𝑅𝑅, the 
overstrength factor 𝛺𝛺0, and the mode shape factor 𝑧𝑧𝑠𝑠 effect 

Parameters 𝑅𝑅 and Ω0 directly affect the contribution of the first mode to the 𝐶𝐶𝑝𝑝𝑝𝑝 values. 
Figure 2 shows that an increase of 𝑅𝑅 results to a reduction of the 𝐶𝐶𝑝𝑝𝑝𝑝 values. An increase of Ω0 
results to an increase of the 𝐶𝐶𝑝𝑝𝑝𝑝 values. These results are consistent with the fact that the inelastic 
response of SFRS (i.e., R is larger than 1) reduces the level of force responses in the building, 
and the overstrength in the inelastic response of SFRS increases the level of force responses in 
the building. 

The mode shape factor 𝑧𝑧𝑠𝑠 is positive linearly related to the modal contribution factors Γ𝑚𝑚1 
and Γ𝑚𝑚2. 𝑧𝑧𝑠𝑠 affects more the value of Γ𝑚𝑚2 compared to the value of Γ𝑚𝑚1. Therefore, an increase 
of 𝑧𝑧𝑠𝑠 results to a higher increase in the value of 𝐶𝐶𝑝𝑝𝑛𝑛 compared to the value of 𝐶𝐶𝑝𝑝𝑝𝑝 as shown in 
Figure 2. 𝑧𝑧𝑠𝑠 captures the differences in the distribution of inelastic deformation over the height of 
different types of seismic force-resisting systems (Section C12.10.3.2 of the ASCE/SEI 7-22). 
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Buildings Considered in Preliminary Analysis 

A set of fourteen instrumented buildings that are part of the California Strong Motion 
Instrumentation Program (CSMIP) were selected to compare their peak floor accelerations to the 
design acceleration coefficients defined in the previous section. More specifically, the buildings 
considered in this preliminary study have more than 12 stories, they were designed assuming risk 
category II, and soil class D and C, they belong in the California Geological Survey Network 
(CE), and they have been subjected to ground motions that resulted to recorded floor 
accelerations larger than 0.2g. Twenty cases of analysis that consider unique combinations of 
building stations and seismic events are defined in Table 1. Table 1 lists the station of 
measurement, recorded seismic event, design date, design code, number of stories, building risk 
category, site class, spectral response acceleration parameter at short periods 𝑆𝑆𝑠𝑠, and spectral 
response acceleration parameter at a period of 1 [s] 𝑆𝑆1 for each analysis case. These spectral 
acceleration parameters are obtained based on the building location in terms of latitude and 
longitude given on the Center for Engineering Strong Motion Data (CESMD) website 
https://www.strongmotioncenter.org/ and the risk category defined in terms of the building use or 
occupancy. 

Table 1 Analysis case, station of measurement, recorded seismic event, design date, design code, number of stories, building risk 
category, site class, spectral response acceleration parameter at short periods 𝑆𝑆𝑠𝑠, and spectral response acceleration parameter 

at a period of 1 [s] 𝑆𝑆1 

Case Station Recorded 
seismic event 

Design 
date 

Design 
code** 

No. 
of 

stories* 

Risk 
Category 

Soil 
Class 

𝑆𝑆𝑠𝑠[g] 
***** 

𝑆𝑆1[g] 
***** 

1 CE14654 Northridge (1994) 1985 UBC-82 14 II D 1.851 0.652 
2 CE24236 Whittier (1987) 1925 -- 14 II D 2.092 0.750 

3 CE24322 
*** Northridge (1994) 1964 -- 13 II D 1.962 0.700 

4 CE24322 Encino (2014) 1964 -- 13 II D 1.962 0.700 
5 CE24464 Northridge (1994) 1967 LABC-66 20 II C 2.082 0.747 
6 CE24566 Northridge (1994) 1971 -- 12 II C 2.090 0.762 
7 CE24569 Northridge (1994) 1961 LABC-60 15 II C 1.993 0.710 
8 CE24601 Landers (1992) 1980 -- 17 II C 1.978 0.705 
9 CE24601 Northridge (1994) 1980 -- 17 II C 1.978 0.705 

10 CE24602 Sierra Madre (1991) 1988-90 -- 52 II C 1.967 0.700 
11 CE24602 Northridge (1994) 1988-90 -- 52 II C 1.967 0.700 
12 CE24602 Chino Hills (2008) 1988-90 -- 52 II C 1.967 0.700 
13 CE24643 Northridge (1994) 1967 -- 19 II D 2.082 0.744 
14 CE24643 Northridge (1994) 1967 -- 19 II D 2.082 0.744 
15 CE24680 Encino (2014) 1965 LABC-64 14 II D 2.270 0.720 
16 CE57357 Mt. Lewis (1986) 1972 -- 13 II D 1.530 0.523 

17 CE57357 
**** Loma Prieta (1989) 1972 -- 13 II D 1.530 0.523 

18 CE58480 Loma Prieta (1989) 1964 -- 18 II D 1.500 0.600 
19 CE58483 Loma Prieta (1989) 1964 -- 24 II C 1.802 0.686 
20 CE58639 Berkeley (2018) 1975 UBC-73 13 II C 1.865 1.865 

* Number of stories above the ground level
** Design code given in the building station websites. UBC: Uniform Building Code. LABC: Los Angeles Building Code.
*** The building was strengthened with friction dampers after the 1994 Northridge Earthquake.
**** 96 dampers were installed after the Loma Prieta Earthquake to reduce building movement.
***** 𝑆𝑆𝑠𝑠 and 𝑆𝑆1 are obtained based on the building location and Risk Category.

https://www.strongmotioncenter.org/
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Based on the design date (and design code when available), seismic force-resisting 
systems (SFRS) defined in Table 12.2-1 of the ASCE/SEI 7-22 are assumed for the analysis 
cases given in Table 1. Table 2 lists the assumed seismic force-resisting system, the 
corresponding response modification coefficient 𝑅𝑅, and overstrength factor 𝛺𝛺0. The considered 
SFRS are: Precast RC shear walls (SFRS A5), steel concentrically braced frames (SFRS B2), 
steel moment-resisting frames (SFRS C3), RC moment-resisting frames (SFRS C6), and dual 
systems (steel concentrically braced frames and moment-resisting frames (SFRS E1), and RC 
shear walls and moment-resisting frames (SFRS E8)). Additionally, Table 2 lists the approximate 
fundamental period used to compute the seismic response coefficient 𝐶𝐶𝑠𝑠. These periods are 
estimates of the actual periods of the buildings based on approximate equation provided in 
ASCE/SEI 7-22. In future work, the authors are planning to estimate the periods using 
identification methods based on the recorded data (Moaveni et al. (2011), Harris et al. (2015), 
Xiang et al. (2016), Astroza et al. (2016)). 
 

Table 2 Assumed seismic force-resisting systems, response modification coefficients 𝑅𝑅, overstrength factors 𝛺𝛺0, and the 
approximated fundamental periods 𝑇𝑇 

Case 
Assumed Seismic  
Force-Resisting  
System (SFRS)* 

Response  
modification  

factor 𝑅𝑅 

Overstrength 
factor Ω0 

Approximated  
fundamental period 

𝑇𝑇 ≈ 𝑐𝑐𝑢𝑢𝑇𝑇𝑎𝑎 [s] 
1 E1 6.0 2.5 1.421 
2 E8 5.5 2.5 1.193 
3 C6 5.0 3.0 2.206 
4 C6 5.0 3.0 2.206 
5 C6 5.0 3.0 2.572 
6 C3 4.5 3.0 2.363 
7 C3 4.5 3.0 2.825 
8 A5 4.0 2.5 1.198 
9 A5 4.0 2.5 1.198 

10 B2 6.0 2.0 3.876 
11 B2 6.0 2.0 3.876 
12 B2 6.0 2.0 3.876 
13 C3 4.5 3.0 3.454 
14 B2 6.0 2.0 1.865 
15 E8 5.5 2.5 1.266 
16 C3 4.5 3.0 2.564 
17 C3 4.5 3.0 2.564 
18 C3 4.5 3.0 3.036 
19 E8 5.5 2.5 1.594 
20 A5 4.0 2.5 0.976 

* The SFRS nomenclature refers to Table 12.2-1 of the ASCE/SEI 7-22. 
** The upper limit of the approximated fundamental period 𝑐𝑐𝑢𝑢𝑇𝑇𝑎𝑎  given in Section 12.8.2.1 of the ASCE/SEI 7-22 is used as the 
fundamental period 𝑇𝑇 in the computation of the seismic response coefficient 𝐶𝐶𝑠𝑠. 
 
 It is noted that at this time the preliminary analysis considers a limited number of 
buildings. The authors will expand the scope of the analysis to include a larger number of 
buildings. 
 

Estimation of Floor Accelerations at the Center of Rigidity 
 
The torsional component of the seismic response of buildings may contribute to the floor 
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total accelerations measured away from the center of rigidity of the buildings (e.g., sensor 18 on 
the 49th floor of the CE24602 building station shown in Figure 3). This contribution of the 
torsional response to the floor total acceleration is more important for buildings with asymmetric 
floor plans in which the center of mass is expected to be located eccentrically with respect to the 
center of rigidity. In this study, the recorded floor total accelerations are decomposed to two 
horizontal translational components of accelerations and one torsional component of 
accelerations at the center of rigidity. At the center of rigidity, the horizontal translational floor 
accelerations are theoretically independent of the torsional floor accelerations. In this study, 𝐶𝐶𝑝𝑝𝑝𝑝 
values are compared to the horizontal translational accelerations computed at the center of 
rigidity using the accelerations measured at the location of the sensors. 

 
The location of the center of rigidity at a floor of a building primarily depends on the 

elastic properties of the structural system. However, the actual location of the center of rigidity is 
affected by the nonstructural components and the inelastic response of the building. Şafak and 
Çelebi (1990) proposed a method to compute the center of rigidity from recorded acceleration 
data. This method is used to compute the location of the center of rigidity in this paper. 

 
Theoretically, the translational motions are not correlated with the torsional motion at the 

center of rigidity. However, due to measurement errors and considering the possibility of having 
coupled translational-torsional modes in buildings, the cross-correlation is different to zero when 
recorded translational floor accelerations and torsional floor accelerations are compared. Based 
on this, Şafak and Çelebi relaxed the condition of zero cross-correlation. Şafak and Çelebi 
proposed to minimize the cross-correlation in function of the feasible coordinates of the center of 
rigidity. 

 
To apply the method proposed by Şafak and Çelebi (1990), the measurements must 

satisfy the following conditions: (1) At least three measurements are required; (2) the 
measurements should be obtained from a minimum of two different point locations on the floor; 
(3) the directions of the measurements should not intersect at one point; and (4) the directions of 
measurements should not be parallel. Then, it is assumed that the data is measured at points 𝑃𝑃 
and 𝑄𝑄 with coordinates (𝑥𝑥𝑝𝑝, 𝑦𝑦𝑝𝑝) and (𝑥𝑥𝑞𝑞, 𝑦𝑦𝑞𝑞), respectively. Considering that the seismic response 
of the building results in torsion that can be assumed to be small (i.e., small angle 
approximation), the translational and torsional motions of a point 𝐺𝐺 (𝑥𝑥𝑔𝑔, 𝑦𝑦𝑔𝑔) located in another 
point on the floor plane can be computed as  

 
𝑈𝑈𝑔𝑔 = 𝑈𝑈𝑝𝑝 + �𝑦𝑦𝑝𝑝 − 𝑦𝑦𝑔𝑔�𝜃𝜃
𝑉𝑉𝑔𝑔 = 𝑉𝑉𝑝𝑝 − �𝑥𝑥𝑝𝑝 − 𝑥𝑥𝑔𝑔�𝜃𝜃

      (6) 

 
where (𝑈𝑈𝑝𝑝,𝑉𝑉𝑝𝑝) and (𝑈𝑈𝑔𝑔,𝑉𝑉𝑔𝑔) are the translational motions of the points P and G, respectively, and 
𝜃𝜃 = −(𝑈𝑈𝑝𝑝 − 𝑈𝑈𝑞𝑞)/(𝑦𝑦𝑝𝑝 − 𝑦𝑦𝑞𝑞)= (𝑉𝑉𝑝𝑝 − 𝑉𝑉𝑞𝑞)/(𝑥𝑥𝑝𝑝 − 𝑥𝑥𝑞𝑞) is the floor torsional rotation (independent of 
the coordinate reference). Note that, for the implemented criterion, 𝐺𝐺 is considered equal to the 
center of rigidity when the cross-correlation between 𝑈𝑈𝑔𝑔 and 𝜃𝜃 termed 𝑅𝑅𝑈𝑈𝑔𝑔𝜃𝜃(𝑡𝑡, 𝜏𝜏), or the cross 
correlation between 𝑉𝑉𝑔𝑔 and 𝜃𝜃 termed 𝑅𝑅𝑉𝑉𝑔𝑔𝜃𝜃(𝑡𝑡, 𝜏𝜏), are minimum. In general, the cross-correlation 
for nonstationary functions is a function of both time 𝑡𝑡 and correlation lag 𝜏𝜏 , however, it is 
assumed that 𝑅𝑅𝑈𝑈𝑔𝑔𝜃𝜃 and 𝑅𝑅𝑉𝑉𝑔𝑔𝜃𝜃 are functions of 𝜏𝜏 only. Alternatively in the frequency domain, the 
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coherence function between 𝑈𝑈𝑔𝑔 and 𝜃𝜃 termed Γ𝑈𝑈𝑔𝑔𝜃𝜃(𝑓𝑓), or the coherence function between 𝑉𝑉𝑔𝑔 and 
𝜃𝜃 termed Γ𝑉𝑉𝑔𝑔𝜃𝜃(𝑓𝑓), can be minimized to find the location of the center of rigidity. At the center of 
rigidity these motions are expected to be incoherent, but the results could be affected by the 
frequency content. Şafak and Çelebi (1990) proposed to use the area under the coherence 
function as an approximate frequency-independent measure defined as shown below 

 
𝐿𝐿𝑈𝑈𝑔𝑔𝜃𝜃 = ∫ Γ𝑈𝑈𝑔𝑔𝜃𝜃

2∞
0 (𝑓𝑓) 𝑑𝑑𝑓𝑓  and  𝐿𝐿𝑉𝑉𝑔𝑔𝜃𝜃 = ∫ Γ𝑉𝑉𝑔𝑔𝜃𝜃

2∞
0 (𝑓𝑓) 𝑑𝑑𝑓𝑓    (7) 

 
where 
 

 Γ𝑈𝑈𝑔𝑔𝜃𝜃
2 (𝑓𝑓) =

�𝐷𝐷𝑈𝑈𝑔𝑔𝜃𝜃(𝑓𝑓)�
2

𝐷𝐷𝑈𝑈𝑔𝑔𝑈𝑈𝑔𝑔(𝑓𝑓)𝐷𝐷𝜃𝜃𝜃𝜃(𝑓𝑓)
  and  Γ𝑉𝑉𝑔𝑔𝜃𝜃

2 (𝑓𝑓) =
�𝐷𝐷𝑉𝑉𝑔𝑔𝜃𝜃(𝑓𝑓)�

2

𝐷𝐷𝑉𝑉𝑔𝑔𝑉𝑉𝑔𝑔(𝑓𝑓)𝐷𝐷𝜃𝜃𝜃𝜃(𝑓𝑓)
    (8) 

 
and 𝑆𝑆𝑙𝑙𝑚𝑚(𝑓𝑓) is the cross-spectrum of the corresponding 𝑙𝑙 and 𝑚𝑚 signals (power spectra or auto-
spectra when 𝑙𝑙 = 𝑚𝑚). 
 

Figure 4 shows the results of the calculation of the coherence area that are used to 
estimate the center of rigidity of the 49th floor of the building station CE24602 (see Figure 3) for 
the recorded seismic events: Sierra Madre (1991), Northridge (1994), and Chino Hills (2008) 
(cases 10, 11, 12, respectively, in Table 1). The sensor coordinates with respect to the center of 
geometry of the floor plan are estimated from the schematics shown in Figure 3. Table 3 lists the 
coordinates that minimize the coherence areas for each seismic event. These coordinates are 
estimates of the coordinates of the center of rigidity for each seismic event. As expected, the 
actual location of the center of rigidity depends on the considered seismic event. The estimate of 
𝑦𝑦𝑔𝑔 coordinate is similar using accelerations from the three seismic events (between 4.68 [ft] and 
6.24 [ft]). The estimate of 𝑥𝑥𝑔𝑔 coordinate is 24.96 [ft] considering the seismic event Sierra Madre 
(1991) and it shifts to 35.88[ft] considering the seismic event Northridge (1994). 
 

Table 3 Coordinates of the center of rigidity of the 49th story 

Case Seismic event 
Center of rigidity coordinates 

𝑥𝑥𝑔𝑔 [ft] 𝑦𝑦𝑔𝑔 [ft] 
10 Sierra Madre (1991) 24.96 4.68 
11 Northridge (1994) 35.88 6.24 
12 Chino Hill (2008) 35.88 4.68 

 
In the case in which an instrumented floor has only two orthogonal measurements, such 

as the 14th floor of the CE24602 building station shown in Figure 3, the torsional rotation cannot 
be computed. In these cases, the two orthogonal measurements of acceleration are used in this 
preliminary study. 

 
In the future, the authors are planning to compare the results obtained from the presented 

method used to estimate the location of the center of rigidity against the location of the center of 
rigidity estimated using the structural floor plans of buildings.  
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Figure 3 Cases 10, 11, and 12: moment frame building (https://www.strongmotioncenter.org/cgi-
bin/CESMD/stationhtml.pl?stationID=CE24602&network=CGS) 

Figure 4 Coherence area versus trial center of rigidity coordinates of the 49th floor. Caso 10: Sierra Madre earthquake (1991), 
Case 11: Northridge earthquake (1994), and Case 12: Chino Hill earthquake (2008) 

Comparison between Design Acceleration Coefficients and Measured Peak Floor 
Accelerations 

Once the responses at the center of rigidity are obtained, the peak horizontal floor 
accelerations at the instrumented floors are computed. The objective of this preliminary analysis 
is to compare the magnitude of the peak floor accelerations with the 𝐶𝐶𝑝𝑝𝑝𝑝 values and graphically 
identify the floors in which higher amplifications of recorded peak floor accelerations with 
respect to the peak ground accelerations are observed. The preliminary analysis does not 
compare the distribution of peak floor accelerations over the height of the building with the 
distribution of 𝐶𝐶𝑝𝑝𝑝𝑝 values over the height of the building. This is because the inelastic response 
of buildings expected under the design level ground motions may limit the higher mode effects 
on the peak floor accelerations. Therefore, a comparison between the distribution of peak floor 
accelerations and the distribution of 𝐶𝐶𝑝𝑝𝑝𝑝 values over the height of the building requires recorded 
ground motions with intensities close to the seismic design level intensity. Most of the buildings 

https://www.strongmotioncenter.org/cgi-bin/CESMD/stationhtml.pl?stationID=CE24602&network=CGS
https://www.strongmotioncenter.org/cgi-bin/CESMD/stationhtml.pl?stationID=CE24602&network=CGS
dbrown
Sticky Note
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considered in this preliminary analysis are not subjected to recorded ground motions with 
intensities close to the design level intensity. Nevertheless, additional buildings in the CSMIP 
dataset with recorded total accelerations close to the design level intensity will be included in 
future analysis. For these additional buildings, the distribution of peak floor accelerations versus 
the distribution of 𝐶𝐶𝑝𝑝𝑝𝑝 values will be compared. 
 

Figure 5 shows the distribution of the peak floor accelerations and the corresponding 
values of 𝐶𝐶𝑝𝑝𝑝𝑝 over the normalized height of the buildings. Figure 5 shows the results for each 
analysis case grouped based on the seismic force-resisting system of each building. The square 
and triangular markers represent the peak floor accelerations in 𝑥𝑥 and 𝑦𝑦 directions, respectively. 
The solid circular markers are the corresponding 𝐶𝐶𝑝𝑝𝑝𝑝 values for the analysis cases. Analysis 
cases 3 and 4; 8 and 9; 10, 11, and 12; and 16 and 17 correspond to the same building station 
subjected to different seismic event. Thus, the 𝐶𝐶𝑝𝑝𝑝𝑝 values for these analysis cases overlap. Cases 
13 and 14 correspond to the same building station but with different seismic force-resisting 
system per direction of analysis. In the longitudinal direction of this building the SFRS is a steel 
moment frame (SFRS C3) and in the transverse direction of this building the SFRS is a steel 
concentrically braced frame (SFRS B2). As a result, there are two different distributions of 𝐶𝐶𝑝𝑝𝑝𝑝 
values for this building. Table 4 lists the maximum ratio of the measured peak floor accelerations 
over the 𝐶𝐶𝑝𝑝𝑝𝑝 values for all the analysis cases. This ratio is termed Maximum M/D ratio. 

 
Table 4 Maximum floor acceleration Measured-Design (M/D) ratios 

Case Maximum M/D ratio Case Maximum M/D ratio 
1 0.52 11 0.80 
2 0.23 12 0.52 
3 1.56  13 1.25 
4 0.81 14 1.24 
5 0.66 15 0.51 
6 0.51 16 0.73 
7 0.47 17 0.82 
8 0.29 18 0.78 
9 0.52 19 0.53 

10 0.45 20 0.33 
 
Figure 5 shows that the peak floor accelerations do not exceed the 𝐶𝐶𝑝𝑝𝑝𝑝 values for most of 

the cases considered in this analysis, except for Cases 3, 4, and 13 which are discussed at the end 
of this section. Accordingly, all the M/D ratios presented in Table 4 are lower than one (except 
for Cases 3, 4, and 13). These results are consistent with the fact that the intensity of the recorded 
ground motions to which the buildings were subjected to are lower than the seismic design level 
intensity. Thus, if these buildings had been designed following the current alternative design 
provisions for diaphragms, the induced inertial forces for the recorded seismic events would have 
been expected to be lower than the diaphragm design strengths. 

 
Figure 5 shows an amplification in the peak total accelerations at the higher floors of the 

buildings that are subjected to the larger ground motion intensities in the SFRS A5 and B2 
analysis cases. Similar amplification is observed in the peak total accelerations along the 𝑥𝑥-
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direction in Cases 5 and 19 that correspond to SFRS C6 and E8, respectively. This amplification 
is not identified in the SFRS C3 analysis cases. 

 

 
Figure 5 Diaphragm design acceleration coefficients versus peak floor accelerations at the center of rigidity comparison.  

 
Cases 10, 11 and 12 correspond to the same building station (CE24602) subjected to 

three different recorded ground motions (Sierra Madre (1991), Northridge (1994), and Chino 
Hills (2008)). These analysis cases demonstrate that the distribution of peak floor accelerations 
over the height of the building depends on the intensity of the ground motions. A larger 
amplification in the roof acceleration is observed in the upper floors in the 𝑦𝑦-direction of Case 11 
compared to the other two analysis cases. Case 11 corresponds to the recorded seismic event 
with the largest seismic intensity for this building station (Northridge seismic event). The authors 
are currently working on the comparison of the seismic-induced spectral accelerations with the 
design spectral accelerations. 
 

The maximum peak floor accelerations were recorded at the second floor in Cases 3, 4, 
and 13. The distribution of peak floor accelerations over the height of the building in Case 14 
abruptly increased after the first floor. The observations associated with the above-mentioned 
analysis cases are attributed to the structural irregularities over the height of the buildings. 
Performance-based assessment of these buildings could be used to estimate the diaphragm design 
forces. 
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Conclusions 
 

This paper presented a summary of the ASCE 7-22 alternative design provisions for 
diaphragms. Results from a limited sensitivity analysis of the design acceleration coefficients 
(𝐶𝐶𝑝𝑝𝑝𝑝) with respect to parameters 𝑁𝑁, R, Ω𝑜𝑜, and 𝑧𝑧𝑠𝑠 were presented. The instrumented buildings 
considered in this preliminary analysis were introduced. A method to estimate the location of the 
center of rigidity over the height of a building using recorded acceleration data proposed by 
Şafak and Çelebi (1990) was introduced. A comparison between the values of the design 
acceleration coefficients and the measured peak floor accelerations transformed at the center of 
rigidity was performed. 

 
The preliminary analysis shows that the recorded peak floor accelerations of the buildings 

in this study are generally smaller than the 𝐶𝐶𝑝𝑝𝑝𝑝 values. The recorded peak floor accelerations in 
buildings with vertical irregularities were larger than the 𝐶𝐶𝑝𝑝𝑝𝑝 values. The distribution of the peak 
floor accelerations over the height depends on the ground motion intensity. Future analyses will 
include larger number of buildings to derive detailed conclusions with respect to the recorded 
peak floor accelerations compared to the 𝐶𝐶𝑝𝑝𝑝𝑝 values. 
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