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1. Introduction 
 

Precast concrete diaphragms have shown poor 

performance during major earthquakes. Especially in the 

1994 Northridge earthquake, collapse of several precast 

concrete parking structures was due to failures of the 

diaphragm (Iverson and Hawkins 1994). Since then, 

understanding of the behavior of precast diaphragms has 

been steadily improved through extensive analytical and 

experimental research. It has been realized that the behavior 

of precast diaphragms is complex: (1) the inertial forces in 

diaphragms can be significantly higher than the one used in 

current design provisions (Rodriguez et al. 2002), even after 

yielding of the lateral force resisting system (LFRS) 

(Fleischman et al. 2002); (2) force paths in the diaphragm 

can be complicated (Wood et al. 2000); (3) most precast 

diaphragm reinforcement is under non-proportional 

combined axial and shear force (Lee and Kuchma 2008) 

(Farrow and Fleischman 2003) (Zhang et al. 2011); and (4) 

diaphragm flexibility can amplify inter-story drifts of the 

gravity columns far away from LFRS (Fleischman et al. 

1998) (Fleischman and Farrow 2001) (Belleri et al. 2015).  

A new seismic design methodology (DSDM TG 2014) 

(BSSC IT6 2014) was proposed for the precast concrete 

diaphragm and has been codified in ASCE-7 (2016) and 

Ghosh et al. (2017). This methodology is developed based 

on extensive analytical and experimental research 

(Fleischman et al. 2013). This methodology adopts seismic  
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design factors applied on top of current diaphragm design 

forces (ASCE-7 2010). These factors are aimed to produce 

diaphragm design strengths aligned with different seismic 

performance targets. These factors were established through 

extensive parametric studies (Zhang and Fleischman 2016). 

These studies used a simple evaluation structure with a 

single-bay rectangular diaphragm.  

The simple evaluation structure is suitable for 

establishment of the design factor over comprehensive 

structural geometry and design parameters. However, these 

design factors need to be validated for prototype structures 

with realistic layouts which have much more complicated 

force paths than the simple evaluation structure. The 

implementation of the design factor to the prototype 

structure requires further investigation. This paper presents 

diaphragm design of several precast concrete parking 

structures using the new design methodology and design 

factors. The design factors were evaluated for their 

applicability to the design of the precast concrete parking 

structure through nonlinear dynamic time history analyses. 

The seismic behavior and performance of the diaphragm 

were investigated for the precast parking structures. 

 

 

2. Diaphragm design methodology 
 

The design methodology aligns the diaphragm design 

force with performance targets under earthquakes (DSDM 

TG 2014). Three design options are available with different 

performance targets: (1) Elastic design option targets elastic 

diaphragm response at maximum considered earthquake 

(MCE); (2) Basic design option targets inelastic diaphragm  
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response at MCE with a maximum allowable deformation 

limit (5mm) in diaphragm reinforcement; and (3) Reduced 

design option targets inelastic diaphragm response at MCE 

with a maximum allowable deformation limit (10mm) in 

diaphragm reinforcement. The limits for the diaphragm 

reinforcement in basic and reduced design options were 

defined from a reliable deformation capacity exhibited in 

full-scale isolated diaphragm reinforcement tests (Ren and 

Naito 2013). 

The performance targets are achieved by applying 

diaphragm force amplification factors () on top of a 

baseline design force (FD). The baseline design force is 

calculated from the current diaphragm design acceleration 

at top floor, Fpn/Wn, where Fpn is the diaphragm design force 

and Wn is the floor weight at top floor (ASCE-7 2010). The 

new design methodology uses different design patterns 

along the structural height for different types of buildings 

(DSDM TG 2014). For parking structures, the baseline 

force (FD) is equal to WnFpn/Wn for top floor and 0.68 

WxFpn/Wn for other floors, where Wx is the floor weight at 

floor x. 

The diaphragm force amplification factors are defined as 

E for elastic, D for basic and R for reduced design 

options. The equations for determining these factors have 

been developed in Zhang and Fleischman (2016) 

Elastic:         

0.1])0.3(04.01[75.1 235.0 −−= ARNE  
(1a) 

Basic:         

0.1])0.3(03.01[75.1 220.0 −−= ARND  

(1b) 

Reduced:         

0.1])5.2(03.01[10.1 230.0 −−= ARNR  

(1c) 

where N is number of story (limited as 12), AR is diaphragm 

aspect ratio (limited as 4.0) and  is a factor considering 

the overstrength of the lateral force resisting system, which 

is calculated as 

 

 

4.0/log5.21 NLFRS+=
 

(2) 

where LFRS is the lateral force resisting system 

overstrength factor. 

In addition to the diaphragm force amplification factor, 

a shear overstrength factor (v) is included in the design in 

order to preclude non-ductile failure modes (Zhang and 

Fleischman 2016). This factor is applied to the diaphragm 

design shear force obtained using the amplified diaphragm 

design force. It serves as a capacity design factor for the 

shear reinforcement. The shear overstrength factor can be 

determined as 

  Elastic:     0.1=vE  (3a) 

Basic: 40.142.12.1 13.0 = −ARvB  
(3b) 

Reduced: 96.192.15.1 18.0 = −ARvR  
(3c) 

 
 

3. Design of precast concrete parking structures 
 

3.1 Selected precast concrete parking structures 
 

Two precast Concrete parking structures were selected 
for evaluating the design methodology and diaphragm 
seismic response from a portfolio of prototype structures 
developed in Fleischman et al. (2005). The two selected 
structures are 4-story parking garages with exterior and 
interior shear wall layouts in the transverse direction 
respectively (See Fig. 1). Both structures have a footprint of 
91.44 m x 54.86 m, resulting in three sub-diaphragms with 
91.44 m18.29 m of each. Precast diaphragm units are 3.66 
m wide and are spanned in the transverse direction between 
spandrel beams and interior beams at ramp landing or lite 
walls at ramp span. The floor-to-floor height is 3.2 m for 
the typical floor and 4.88 m at the 1st floor. Both structures 
have thirty-four interior lite walls flanking the central ramp 
in the longitudinal direction and four shear walls in the 
transverse direction. 

 

  
(a)  Exterior shear wall (b)  Interior shear wall for Seattle site 

Fig.1 Plan of prototype structures 
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3.2 Design of lateral force resisting system 

 

The seismic design of the lateral system elements was 

based on the codes in place at the initiation of the study 

(ASCE-7 2010). Two seismic design sites were considered: 

Knoxville, KN representing a seismic design category C 

and Seattle, WA representing a seismic design category D. 

The exterior shear wall structure was designed for the 

Knoxville site. The interior shear wall structure was 

designed for both Knoxville and Seattle sites. The seismic 

design parameters are listed in Table 1. Nonlinear flexural 

response is assumed to be concentrated at the base of the 

wall. The shear wall base section is designed for bending 

moment, including the effects of the axial load from wall 

self-weight. The shear wall was designed to meet the 

required design strength (Mb) without overstrength at base 

(LFRS ≈1.0). The shear wall design is shown in Table 2. 

 
3.3 Design of precast concrete diaphragm 
 

The design of precast concrete diaphragm follows the 

new design methodology presented in Sec. 2. The 

diaphragm baseline design force (FD) was first calculated 

for Knoxville and Seattle sites in two orthogonal directions 

as shown in Table 3. The floor weight at top floor is lower 

than other floors since only half of the ramp is included in 

the weight calculation of the top floor.  

The diaphragm design factors were calculated using 

N=4 and  LFRS =1.0 (see Table 2) by Eqn. 1 for  and 

Eqn.3 for v. For exterior shear wall structure, the 

diaphragm aspect ratio AR=L/d=91.44/18.29=5.0 is larger 

than the limit in Eqn. 1; hence AR=4 was used. For interior 

shear wall structure, AR=L’/d=62.18/18.29=3.4. Five cases 

of diaphragm design were considered: three were 

considered for the exterior shear wall structure at Knoxville 

site using the three different design options; the other two 

were considered for the interior shear wall structure with 

the elastic design option for Knoxville site and the reduced  

 

 

design option for Seattle site. The calculated diaphragm 

design factors for all the five cases are shown in Table 4. 

Table 5 shows the amplified diaphragm design force (FD) 

for two selected cases as examples. The design force was 

distributed into the sub-diaphragms (North, South and 

Ramp) using the tributary floor weight of each sub-

diaphragm. 

The diaphragm force transfer path could be much more 

complicated in the parking garage structure than the simple 

beam method used in the current design code (PCI 2004). 

Therefore, free body diagrams were developed to calculate 

the diaphragm internal forces (Mu, Nu and Vu) at each joint 

from the diaphragm design force (FD) obtained in Table 5. 

Table 6 shows the free body diagram and diaphragm 

internal force calculation equations for the north/south sub-

diaphragm of the exterior shear wall structure loaded in the 

transverse direction as an example. The free body diagram 

was built by considering the force distribution and reactions 

at diaphragm boundaries. Similar free body diagrams and 

equations were developed for the exterior shear wall 

structure loaded in longitudinal direction and for the interior 

shear wall structure loaded in both directions (DSDM TG 

2014). The diaphragm internal force was calculated 

independently for two orthogonal directions (transverse and 

longitudinal). The higher internal force between two 

directions was used for the diaphragm reinforcement 

design. 

An interaction equation (Eqn. 4) considering combined 

effects of moment, axial and shear forces was used to size 

the diaphragm reinforcement to resist the diaphragm 

internal forces calculated from Table 6. 
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(4) 

In Eqn. 4, f and v is strength reduction factor taken as 

0.9 and 0.85 respectively (DSDM TG 2014). The shear 

overstrength factor (v) from Table 4 was used in Eqn. 4 to 

Table 1 Seismic design parameters 

Site SDS SD1 SDC 
Prototype 

structures 

Lateral force resisting system 
R 0 Cd 

Direction Type 

Knoxville 0.45 0.16 C 

Exterior shear 

wall 

Transverse Ordinary RC wall 5 2.5 4.5 

Longitudinal Intermediate precast bearing wall 4 2.5 4 

Interior shear 

wall 

Transverse Ordinary RC wall 5 2.5 4.5 

Longitudinal Intermediate precast bearing wall 4 2.5 4 

Seattle 1.05 0.48 D 
Interior shear 

wall 

Transverse Special RC wall 6 2.5 5 

Longitudinal Special precast bearing wall 5 2.5 5 

 

Table 2 Design of lateral force resisting system 

Site Direction Mb (kN-m) Vb (kN) Lw (m) tw (m) Quantity, m Mns (kN-m)  LFRS, mfMns/Mb 

Knoxville 
Transverse 73753 6770 7.62 0.305 4 20387 1.00 

Longitudinal 92192 8465 2.44 0.305 34 2999 1.00 

Seattle 
Transverse 188246 17357 9.14 0.305 4 52954 1.01 

Longitudinal 225896 20826 3.05 0.305 34 7517 1.02 
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Table 3 Calculation of diaphragm baseline design force 

(FD) 

Site Direction 
Fpn  
(kN) 

Floor weight FD (kN) 

Top, Wn  
(kN) 

Others, Wx  
(kN) 

Top  
floor 

other  
floors 

Knoxville 
Transverse 2144 24594 27779 2144 1647 

Longitudi

nal 
2678 24594 27779 2678 2057 

Seattle 

Transverse 5894 24732 27917 5894 4524 

Longitudi

nal 
7073 24732 27917 7073 5429 

 

Table 4 Determination of diaphragm design factors 

Prototype structure Site E D R vE vB vR 

Exterior shear wall Knoxville 2.73 2.24 1.55 1.0 1.20 1.50 

Interior shear wall 
Knoxville 2.82 - - 1.0 - - 

Seattle - - 1.63 - - 1.54 

 

Table 5 Amplified diaphragm design force 

Prototype 

structure 

Design 

Option 
Direction Floor 

FD (kN) 

Total North/South Ramp 

Exterior 

shear 

wall at 

Knoxville 

Elastic 

Transverse 
Top 5851 2200 1452 

Others 4494 1498 1498 

Longitudinal 
Top 7308 2747 1813 

Others 5613 1871 1871 

Interior 

shear 

wall at 

Seattle 

Reduced 

Transverse 
Top 9588 3605 2379 

Others 7359 2453 2453 

Longitudinal 
Top 11506 4325 2855 

Others 8831 2944 2944 

 

 

Table 6 Example free body diagram and internal force 

calculation equations 

 

Fig. 2. Example diaphragm reinforcement at top floor: (a) 

primary; (b) secondary. 

 

 
Fig. 3. 3D-FE model of the exterior shear wall structure 

 

 

amplify the design shear force. The Mn, Nn and Vn are the 

nominal diaphragm joint moment, axial and shear strength 

calculated from the nominal axial and shear strength of 

diaphragm reinforcement (DSDM TG 2014). The 

diaphragm reinforcement contains chord connector to 

primarily resist the moment and axial force; and shear 

connector to primarily resist the shear force. In this study, 

pour strip chord (rebar in a cast-in-place strip) was selected 

as the chord connector. JVI Vector, a proprietary precast 

flange-to-flange connector, was selected as the shear 

connector. The nominal shear and axial strength of the pour 

strip chord and JVI vector were determined from the 

individual diaphragm connector tests (Naito and Ren 2013). 

As an example, the resultant diaphragm reinforcement 

detail is shown in Fig. 2a for the top floor of the exterior 

shear wall structure using the elastic design option.  

Diaphragm secondary reinforcement, such as diaphragm 

to spandrel beam connector, diaphragm to interior beam 

connector, and diaphragm to wall connector, was also 

designed using Eqn. 4 with the reactions at boundaries of 

the free body diaphragm (See Table 6). Fig. 2b shows the 

diaphragm secondary reinforcement detail at the top floor 

for the exterior shear wall structure with the elastic design 

option as an example. As seen, #4 angled bar connectors 

were sized using Eqn. 4 in the most places except that  
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Fig. 4 Discrete connector model: (a) detail; (b) model. 

 

Table 7 Information of ground motions 

Site EQ # Earthquake 
Magnitu

de 

Scale 

factor 

PGA (g) 

Trans. 

(y) 

Long. 

(x) 

Knoxville 

KN1 Landers, USA, 1992 7.3 0.60 0.147 0.091 

KN2 
Nahanni, Canada, 

1985 
6.8 0.35 0.352 0.394 

KN3 Tabas, Iran, 1978 7.4 0.58 0.234 0.189 

Seattle 

SE1 
Cape Mendocino, 

USA, 1992 
7.1 0.65 0.973 0.676 

SE2 
Northridge, USA, 

1994 
6.7 0.60 0.506 0.363 

SE3 
Western Washington, 

USA, 1979 
7.1 2.00 0.560 0.329 

 

 

flexible C-shape angles with slotted holes were selected for 

the ramp to lite wall connection. The C-shape angle permits 

relative sliding and opening deformation to mitigate the 

potential incompatible displacements of the ramp and the 

flat.  

 

 

4. Analytical modeling 

 

Nonlinear time history analysis (NLTHA) was 

performed using three-dimensional finite element (3D-FE) 

models of the prototype structure. 

 

4.1 Prototype structure model 
 

The 3D-FE model of the exterior shear wall structure is 

shown in Fig. 3. The interior shear wall has the similar 

model other than the position of the shear wall.  The model 

was created using the general-purpose FE program ANSYS. 

The 3D-FE model includes all the elements presented in the 

structure including the primary (vertical plane) LFRS 

elements (shear wall or lite wall), gravity system columns, 

precast floor units, interior beams and spandrel beams on 

the floor system perimeter. These structural members were 

modeled as elastic elements: LFRS (wall and lite wall) was 

modeled as shell elements with cracked-section concrete 

properties; precast floor units were modeled as plane stress 

elements; and precast interior beams, spandrels and 

columns were modeled as beam/column elements with 

gross-section concrete properties due to the effects of 

prestressing. The nonlinear response was introduced 

through nonlinear springs at the base of the LFRS, and with 

discrete nonlinear connector elements in the diaphragm 

(refer to Sec. 4.2). 

 

4.2 Discrete diaphragm model 
 

Precast diaphragm behavior is highly dependent on the 

response of the connectors in the floor system and thus is 

not easily captured using the monolithic diaphragm models 

typically available in design office structural analysis 

packages, or smeared crack and concrete plasticity damage 

models widely used for modeling of nonlinear behaviors of 

other monolithic concrete members (Zhu et al. 2018) 

(Tulebekova et al. 2019). For this reason, discrete 

diaphragm models were developed for precast floor systems 

with connector elements placed at discrete locations along 

the diaphragm joint that directly represent the diaphragm 

connectors. The detailed model formulation is discussed in 

Wan et al. (2015) and Zhang et al. (2016). Each of the 

connectors between precast units was discretely modeled 

using an assemblage of nonlinear springs, links and contact 

elements (See Fig. 4) which possess tension-shear coupling 

and nonlinear cyclic-degrading effects (pinching, strength 

and stiffness degradation). Similar approach was also used 

for modeling of soil-structural interaction (Zhang et al. 

2018). The model is based on a planar diaphragm model 

developed for nonlinear static “pushover” analysis 

(Fleischman and Wan 2007) and extended for NLTHA 

(Zhang et al. 2011). The properties used to construct the 

connector elements are determined on the basis of 

experimental data from full-scale physical tests of 

individual precast connectors (Ren and Naito 2013). 

Likewise, the calibration and validation of the models were 

based on physical testing, including hybrid (Zhang et al. 

2011) and shake table tests (Schoettler et al. 2009) (Zhang 

et al., 2019). 

 

4.3 Ground motions 
 

The 3D-FE models were subjected to bi-directional 

earthquake inputs in transverse and longitudinal directions. 

Three historical ground motion pairs were selected for each 

site as shown in Table 7. The scaling of the ground motion 

pairs followed the ASCE-7 (Section 16.1.3.2) procedure: 

The average of the square root of the sum of squares 

(SRSS) 5% damping spectra does not fall below 1.3 times 

the corresponding ordinate of the design response spectrum 

by more than 10% for each period between 0.2T and 1.5T, 

where T is the fundamental period of structure. The SRSS 

response spectra of scaled ground motion pairs are shown in 

Fig. 5. As seen, the average of the SRSS response spectra 

meets the ASCE-7 requirement within the period range: 

0.2Tmin to 3.0Tmax, representing the minimum and maximum 

fundamental periods among the prototype structure designs. 

Between the two ground motion pairs, the stronger  
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component was applied in the transverse direction and the 

other component was applied in the longitudinal direction. 

This arrangement is to evaluate the most unfavorable 

condition since the seismic demands of the precast concrete 

diaphragm are mainly originated from the earthquake in the 

direction parallel to the precast panel, i.e. the transverse 

direction. The maximum demand from the three earthquake 

analyses at MCE was used to evaluate the prototype 

structure performance. 
 

 

5. Analytical Results 
 

This section presents the demand of diaphragm under 

the maximum considered earthquakes from the bi-

directional earthquake simulations with comparisons to the 

design targets discussed in previous sections. The results 

presented in this section are the maximum of response from 

the three earthquake inputs. 

 

5.1 Diaphragm inertial forces 
 

Diaphragm inertial force is an important measurement 

for the diaphragm seismic design especially for the elastic 

design option. Diaphragm inertial force demands for two 

prototype structures (exterior and interior shear wall 

structures) at Knoxville site with elastic design option are 

discussed in this section.  

Figure 6 shows the diaphragm total inertial force 

demand at each floor in (a) transverse and (b) longitudinal 

direction for the exterior shear wall structure. The envelope 

demand represents the maximum and minimum ever 

reached during the simulation and the profile demand 

represents instantaneous values at a time when top floor 

reaches the absolute maximum force. The amplified 

diaphragm design force from Table 5 is also indicated in the 

Fig. 6. As seen in Fig. 6, the diaphragm design force can 

safely cover the maximum diaphragm inertial force demand 

at all floor levels in both directions. In longitudinal 

direction, the diaphragm design force significantly 

overestimates the diaphragm inertial force because the  

 

 

smaller component of the ground motion pair was used in 

this direction. The profile demand showing a second mode 

response distribution indicates that the diaphragm response 

is controlled by the higher mode response rather than 1st 

mode, as previously observed in (Rodriguez et al. 2002). 

Figure 7 shows the diaphragm inertial force envelope of 

each sub-diaphragm at each floor in the transverse direction 

for the exterior shear wall structure. The amplified 

diaphragm design force of each sub-diaphragm from Table 

5 is also indicated in the Fig. 7. As seen in Fig. 7a, the 

design forces of north and south sub-diaphragms represent 

the diaphragm inertial force demand very well. The design 

force of ramp overestimates the diaphragm inertial force 

demand (See Fig. 7b) because of the uneven distribution of 

the diaphragm inertial force demand among sub-

diaphragms. 
Figure 8 shows the total diaphragm and north sub-

diaphragm inertial force demand at each floor in the 
transverse direction for the interior shear wall structure. 
Similar trends and observations can be found in Fig. 8 as 
the exterior shear wall structure. Also noticed in Figs. 6-8, 
the diaphragm design force distribution along the building 
height can reasonably match the diaphragm inertial force 
envelope during the earthquake. 

 

5.2 Diaphragm internal forces 
 

The diaphragm internal force is evaluated in this section 

for the exterior shear wall structure designed with elastic 

design option and is compared to the design internal force 

from the free body diagram. 

Figure 9 shows the diaphragm internal force in north 

sub-diaphragm (the most critical sub-diaphragm) at the top 

floor of the exterior shear wall structure. As seen in Fig. 9, 

the diaphragm has a complicated internal force distribution 

including significant axial (tension), moment and shear. The 

design force has a reasonable match to the demand from the 

earthquake simulations except that the earthquake 

simulation produces an asymmetrical distribution possibly 

due to non-uniform distribution of reactions between the 

diaphragm and lite wall. This asymmetrical distribution in  

  
(a) Seattle (b) Knoxville 

Fig. 5 5% damping SRSS response spectrum at design basis earthquake level. 
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turn causes the design axial force overestimates but the 

design moment underestimates the diaphragm internal force 

demand for a half span. Since the diaphragm design 

includes combined effects of axial force and moment, the 

diaphragm overall performance in the simulation is still 

within the expected target (refer to Fig. 12).   
 

 

 

Figure 10 shows the diaphragm internal force in the  

ramp at the top floor of the exterior shear wall structure. 

Similar complicated internal force distribution is observed 

in the ramp as the north sub-diaphragm. The design internal 

force from the free body diagram shows a reasonable match 

to the demand from the earthquake simulations.  

  
(a)  Transverse direction (b)  Longitudinal direction 

Fig. 6 Diaphragm total inertial force demand of the exterior shear wall structure 

  
(a) North/south sub-diaphragms (b) Ramp 

Fig. 7 Diaphragm inertial force envelope in the transverse direction of the exterior shear wall structure 

  
(a) Diaphragm total (b) North sub-diaphragm 

Fig. 8 Diaphragm inertial force demand in the transverse direction of the interior shear wall structure 
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A similar interaction calculation (See Eqn. 5) as the 

design interaction equation (Eqn. 4) was used to evaluate 

the combination of the diaphragm internal force demand 

discussed above. In Eqn.5, MFE, NFE and VFE represent the 

maximum diaphragm internal force demand (moment, axial 

and shear) from the earthquake simulation. Mn, Nn and Vn 

represent the diaphragm design strength used in Eq. 4. 
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Figure 11 shows the diaphragm internal force ratios 

between earthquake simulation demands and diaphragm 

joint nominal strength for each individual internal force and 

M-N-V interaction at a critical joint of the top floor of the 

exterior shear wall structure. Although the diaphragm 

individual internal force demands are considerably lower 

than the nominal strength, the combined effect of the  

 

 

diaphragm internal forces brings the joint close to its design 

strength (M-N-V reaching unity), though not repeatedly, 

during the earthquake. 

Figure 12 shows the diaphragm internal force interaction 

(M-N-V) at top floor (the most critical floor) of the exterior 

shear wall structure designed with the elastic design option. 

As seen in Fig. 12, the interaction demand is under but 

close to 1.0, which indicates the validation of using Eqn.4 

to consider the combined diaphragm internal force demand.  
 

5.3 Diaphragm joint deformation 
 

Diaphragm joint deformations are important 

measurement since they directly reflect the local 

deformation demand on the diaphragm reinforcement, 

especially for the basic and reduced design options where 

inelastic response is expected in the diaphragm 

reinforcement. 

Figure 13 shows the maximum chord opening at all  

 

Fig. 9. Diaphragm internal force in north sub-diaphragm at top floor: (a) axial; (b) moment; (c) shear. 

 

Fig. 10. Diaphragm internal force in ramp at top floor of the exterior shear wall structure: (a) axial; (b) moment; (c) shear. 

 

Fig. 11. Diaphragm internal force time history of the critical joint at top floor for the exterior shear wall structure. 

 

Fig. 12. Diaphragm internal force interaction (M-N-V) at top floor of the exterior shear wall structure. 
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joints of all floors for the interior shear wall structure using 

the reduced design option. The yield opening and allowable 

limit for the reduced design are indicated as horizontal 

dotted and dashed lines respectively in the Figure. As seen 

in Fig. 13, the chord connector significantly yields at many 

locations but all connectors are safely within the allowable 

limit (10 mm) as expected from the design methodology. 

The larger demand occurs at the outer side of the north and 

south sub-diaphragms where the moment and axial 

(tension) forces are significant (refers to Fig. 9).  

Figure 14 shows the maximum shear sliding at all joints 

at each floor level for the exterior shear wall structure 

designed with the basic design option. Although the chord 

reinforcement is allowed to yield in opening in basic and 

reduced design options, the shear sliding of shear connector 

(JVI) is expected to remain elastic during the earthquake for 

all design options. As seen in Fig. 14, all of joints exhibit a 

sliding demand less than the yielding sliding of JVI 

connector except for one joint in the flat region of ramp at 

top floor (see highlighted dot). This slightly exception is 

due to non-uniform distribution of shear sliding demand 

along the joint (refer to Fig. 15c). The connector was 

modeled with degradation behavior (see Fig. 15b). The joint 

seems can survive the earthquake without brittle failure 

under the help of other JVI connectors which still remain  

 

 

elastic. Therefore, the design seems acceptable.  

Figure 15 shows the diaphragm reinforcement response 

for the most critical connector or joint. As seen in Fig. 15a, 

the chord connector has significant inelastic opening, but 

the maximum demand is less than the corresponding  

allowable limits for basic and reduced design option. Figure 

15b shows inelastic sliding response in the JVI connector 

but the strength degradation is not significant. The inelastic 

sliding demand is due to the non-uniform distribution along 

the joint as shown in Fig. 15c. 

 

5.4 Demands in diaphragm secondary 
reinforcement 

 

Diaphragm secondary reinforcement connects 

diaphragm and other structural components including 

internal beams, spandrel beams, shear walls and lite walls. 

The new design methodology does not directly link the 

design to demand targets for the secondary reinforcement. 

However, the deformation demand of the secondary 

reinforcement needs to be limited within its deformation 

capacity. 

Figure 16 shows deformation (opening and sliding) 

demand in the diaphragm secondary reinforcement at top 

floor for the exterior shear wall structure with the elastic  

 

Fig. 13 Maximum chord opening for the interior shear wall structure designed with the reduced design option 

 

Fig. 14 Maximum JVI shear sliding for the exterior shear wall structure designed with the basic design option 

 

Fig. 15 Diaphragm reinforcement response: (a) chord in tension; (b) JVI in shear; (c) joint sliding 
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Fig. 16 Deformation demand in diaphragm secondary 

reinforcement at top floor: (a) opening at north; (b) sliding 

at north; (c) opening at south; (d) sliding at south 

 

 
Fig. 17 Deformation demand in the diaphragm to wall 

connector for the exterior shear wall structure: (a) 

opening; (b) sliding. 

 

 
Fig. 18 Deformation demand in the diaphragm to wall 

connector for the interior shear wall structure: (a) opening; 

(b) sliding. 
 
 

design option. The diaphragm secondary reinforcement 

presented in Fig. 16 includes the diaphragm to internal 

beam connector, the diaphragm to lite wall connector and 

the diaphragm to spandrel beam connector. The yield 

deformation of the angled bar connector is indicated as 

dotted line in the figure. As seen in Fig. 16, a couple of 

inelastic response is observed in the diaphragm secondary 

reinforcement even though the primary diaphragm 

reinforcement is designed to remain elastic (elastic design 

option). 

Both opening and sliding demands grow for the 

diaphragm to internal beam connector as one moves inward 

along the internal beam (small demands near the exterior 

shear wall; large demands near the ramp termination). The 

reason for this trend is the nature of the end moment and 

shear flow actions across the joint between the diaphragm 

and internal beam due to the bending of the north flat sub-

diaphragm, as was described previously in (Fleischman et 

al. 1998).  

 The north/south sub-diaphragm (outer side) to lite wall 

connection remains elastic while the ramp diaphragm (inner 

side) has large opening and sliding demand due to the use 

of the flexible C-shape angle. The opening response of 

diaphragm to spandrel beam connector remains elastic 

while the sliding demand exceeds the yield deformation to 

accommodate flexural deformation in the diaphragm span 

caused by the large moment and axial force, as discussed in 

(Wan et al. 2012).  

 Figure 17 shows the maximum deformation demand 

profile in the diaphragm to shear wall connector for the 

exterior shear wall structure with the elastic design option. 

As seen in Fig. 17a, the opening demands are significantly 

less than the connector yield opening. This implies that the 

lite walls successfully limit the orthogonal force demands 

on the wall, and that the out-of-plane flexibility of the shear 

wall is sufficient to limit the opening demands on the 

connector. As seen in Fig. 17b, the sliding deformation 

demands are within the elastic range at most locations 

except for the SW wall at the top floor (adjacent to the roof 

level down-ramp landing). This slight yielding is due to a 

non-uniform sliding distribution among the connectors as 

similarly observed in Fig. 15c. 

Figure 18 shows the maximum deformation demand 

profile in the diaphragm to shear wall connector for the 

interior shear wall structure with the elastic design option. 

As seen in Fig. 18a, on the contrary to the exterior shear 

wall structure, the opening demands indicate some 

connectors are slightly yield in SE and NW wall due to 

combined (longitudinal) axial forces in the diaphragm and 

the in-plane negative moment acting on the wall. As seen in 

Fig. 18b, the sliding deformation demands are within the 

elastic range at all locations. 
 

5.5 Design targets verification 
 

This section presents the parametric results for different 

diaphragm design options to verify the design targets in the 

new design methodology.  

Figure 19 shows the maximum demand of the 

diaphragm inertial force and the joint shear force. The 

diaphragm inertial force is normalized by the baseline 

design force (FD, refer to Table 3). The joint shear force is 

normalized by the amplified design joint shear force (Vu, 

refer to Table 6) without the shear overstrength factor (v).  

The diaphragm force amplification factor () and shear 

overstrength factor (v) are indicated as grey lines in Fig. 

19a and 19b respectively.  

As seen in Fig. 19a, the maximum diaphragm inertial 

force demand is higher than the force in current design code  
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for all cases. For the elastic design option, the amplified 

diaphragm design force is higher than the maximum 

demand as expected in the design target. For inelastic 

diaphragm design (basic and reduced design options), the 

maximum diaphragm inertial force is higher than the 

amplified diaphragm design force due to the strain 

hardening and plastic redistribution after the yielding of the 

diaphragm.  

As seen in Fig. 19b, the maximum joint shear force is 

higher than the design shear force (Vu) without shear 

overstrength except for the elastic design option, which 

indicates the necessary of applying shear overstrength 

factors for basic and reduced design options. The proposed 

shear overstrength factors in the new design methodology 

effectively bound the maximum joint shear demand for the 

basic and reduced design options. 

 

 

Figure 20 shows the maximum demand along the 

structural height of the diaphragm joint opening and sliding 

for different design options. The yield deformation and 

allowable limits are indicated as vertical dashed lines in the 

Figure. As seen in Fig. 20a, the diaphragm joint opening 

demand is less than the yielding opening for the elastic 

design option and is within the allowable limits for the basic 

and reduced design options. Figure 20a indicates that the 

diaphragm inelastic deformation design targets for the 

different design options are met during the earthquake 

simulations. As seen in Fig. 20b, the diaphragm sliding is 

slightly higher than the yield sliding at the top and bottom 

floors. This slightly yielding response in shear is not 

expected in the design targets. However, this response is 

caused by non-uniform distribution of the sliding along the 

joint as discussed in Section 5.3. The joint seems able to 

 
Fig. 19 Max diaphragm demands for different design options: (a) inertial force; (b) joint shear force. 

 
Fig. 20 Max joint deformation demand for different design options: (a) opening; (b) sliding. 

 
Fig. 21 Max joint deformation demand of the diaphragm to wall connector: (a) opening; (b) sliding. 

 

 
Fig. 22 Max joint deformation demand of the diaphragm to internal beam/spandrel beam connector: (a) opening; (b) sliding 
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redistribute and resist the shear demand without brittle 

failures as implied in Fig. 19b. 

As discussed in Section 5.4, inelastic response is 

expected in the diaphragm secondary reinforcement even 

for the elastic design option. Figures 21 and 22 summarize 

the maximum opening and sliding demand in the diaphragm 

secondary reinforcement: diaphragm to wall connectors 

(See Fig. 21) and diaphragm to internal beam or spandrel 

beam connectors (See Fig. 22). It has been recommended in 

the design the new methodology that the diaphragm 

secondary reinforcement should possess inelastic 

deformation capacity not less than the value shown in Fig. 

21 and Fig. 22 (DSDM TG 2014). 
 
 

6. Conclusions 
 

A new seismic design methodology was proposed for 

precast concrete diaphragms. This methodology adopts 

seismic design factors applied on top of current diaphragm 

design forces to produce diaphragm design strengths 

aligned with different seismic performance targets. This 

paper presents diaphragm design of several precast concrete 

parking structures using the new design factors and 

evaluates the validation of the design factor through 

nonlinear dynamic time history analyses. The seismic 

behavior and performance of the precast diaphragm were 

investigated for the precast concrete parking structures 

designed with the new design methodology.  

The following conclusions can be made regarding the 

general behavior of the diaphragm observed in the 

earthquake simulations of the precast concrete parking 

structures: (1) diaphragm inertial force does not follow the 

1st mode response distribution; the largest demand occurs at 

the top floor; (2) the force transfer path in the diaphragm is 

much more complicated than the simple beam theory used 

in the current design code; this complicated path results in 

combined axial, moment and shear forces in the diaphragm 

joint; (3) diaphragm inelastic joint opening demand spreads 

out among many locations; the largest demand is observed 

in the outer face of the north and south sub-diaphragms 

under the combined tension and moment; (4) the diaphragm 

can remain elastic in shear sliding in the most locations 

except that localized yielding of diaphragm joint under 

shear sliding is observed due to non-uniform distribution of 

the sliding demand along the joint; (5) inelastic deformation 

response is observed in the diaphragm secondary 

reinforcement at multiple locations even for the elastic 

design option. 

The following conclusions can be made for the seismic 

performance of the diaphragm in precast concrete parking 

structures relative to the design targets in the new design 

methodology: (1) the diaphragm force amplification factors 

calculated from Eqn. 1 are able to fulfill the diaphragm 

design targets for different design options; (2) the 

diaphragm shear overstrength factors calculated from Eqn. 

3 can prevent brittle shear failure in the diaphragm; (3) the 

proposed diaphragm design force distribution along the 

building height can reasonably represent the maximum 

diaphragm inertial force distribution under earthquakes; (3) 

the free body diagram method proposed in the new design 

methodology can reasonably catch the diaphragm internal 

forces under earthquakes; (4) the proposed interaction 

equation (Eqn. 4) is suitable for sizing the diaphragm 

reinforcement under combined axial, moment and shear 

forces; (5) it is recommended to impose deformation 

capacity requirement for the design of diaphragm secondary 

reinforcement. 
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CC 

 

 

Notations 
 

AR = diaphragm aspect (span to depth) ratio; 

a = depth of diaphragm; 

b = width of precast unit of the diaphragm; 

cd = deflection amplification factor; 

d = depth of sub-diaphragm; 

FD = diaphragm bas 

Fpn 
= diaphragm design force at top floor in 

current code;eline design force; 

L = diaphragm span; 

L’ = diaphragm ramp span; 

Lbeam = span of internal beam; 

Lw, tw = depth, thickness of shear wall; 

Mb = design base moment of shear wall; 

MFE, NFE, VFE 
= diaphragm joint internal moment, axial 

and shear force demand; 

Mn, Nn, Vn 
= diaphragm nominal joint moment, axial 

and shear strength; 

M-N-V 
= diaphragm joint demand under 

combined forces; 

Mns = shear wall nominal flexural strength; 

Mu, Nu, Vu 
= diaphragm design internal moment, 

axial and shear forces; 

m = number of shear walls in plan; 

N = number of stories; 

Nbeam, Vbeam 
= diaphragm axial, shear reactions at the 

internal beam; 
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NlW = diaphragm axial reaction at the lite wall; 

R = response modification coefficient; 

T = fundamental period; 

Tmin, Tmax  
= minimum, maximum fundamental per

iod of the prototype structure; 

Vb = design base shear of shear wall; 

VSW 
= diaphragm shear reaction at the shear 

wall; 

Wn = floor weight at top floor; 

Wx = floor weight at floor x; 

w = distributed diaphragm design force; 

f, v = flexural, shear strength reduction factor; 

 
= correction factor considering lateral 

force resisting system overstrength; 

0 = System overstrength factor; 

LRFS = lateral force resisting system; 

 VE,VB,VR  
=diaphragm shear overstrength factor for 

elastic, basic, reduced design options; 

, V 
=diaphragm force amplification, shear 

overstrength factor; 

E, D, R 
=diaphragm force amplification factor for 

elastic, basic, reduced design options. 
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