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ABSTRACT OF THE THESIS 

 

Design and Modeling Issues Related to Diaphragms of Tall Buildings 

 

by 

 

Gian Carlo Isidro Piatos 

Master of Science in Civil Engineering 

University of California, Los Angeles, 2017 

Professor John Wright Wallace, Chair 

 

 

Floor diaphragms on transfer levels of tall buildings typically experience significant shear 

and flexural demands and complex local behavior as they are used to re-distribute large seismic 

forces among vertical lateral force resisting structural elements. For Performance Based Seismic 

Design (PBSD), it is important that rational procedures are used to estimate diaphragm demands 

and a comprehensive approach is used for the design of diaphragm components (i.e., chords, 

collectors, drags). However, various modeling and design methodologies are used in engineering 

practice, potentially leading to significant discrepancies in estimated diaphragm seismic demands. 

In order to address current design and modeling issues related to transfer diaphragms of tall 

buildings, the objectives of this research are to: 1) provide improved guidance of stiffness 
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modeling of diaphragms as function of demand, 2) investigate the sensitivity of diaphragm 

demands to modeling approach (i.e., elastic versus nonlinear elements) and geometry 

discretization, 3) provide guidance on extracting design forces from finite element analysis, and 

4) provide guidance on use and interpretation of diaphragm demands when simplified models are 

used (e.g., strut and tie, beam model) and compare them with results obtained from finite element 

analysis. For this study, a structural model of a recently completed design of a tall building located 

in Los Angeles is used. Diaphragm demands are assessed and compared systematically for both 

global and local responses for seven pairs of MCE ground acceleration response histories for a 

variety of modeling approaches and assumptions according to the aforementioned research 

objectives.  

Based on analysis results and comparisons between different model configurations as well 

as effective stiffness values no general trend was determined. It has been found that forces reported 

by the analytical model not only depend on the model configuration and effective stiffness value 

used, but the location of the section cut and the demand of interest as well. Due to this, 

recommendations were unable to be made for diaphragm modeling. However, when comparing 

different methods of extracting diaphragm demands, trends had been found and recommendations 

based on worst case scenario and consistency between different loading directions were provided.  

Additionally, when comparing forces obtained using simplified methods against results 

from the analytical model, forces are either underestimated or overestimated. These results 

depended on what type of floor response was used for the simplified methods (i.e. translational 

versus rotational floor acceleration). Therefore, the considered simplified models are currently 

unable to accurately estimate diaphragm demands from a finite element analysis. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 General 

 

The most commonly used lateral-load resisting structural systems in tall buildings designed 

nowadays on the west coast of the U.S. is reinforced concrete (RC) core wall, as it has been proven 

to provide sufficient strength, stiffness and ductility to resist strong earthquakes, as well as it has 

shown to be the most economical for construction. Besides main building tower, tall buildings 

typically also include podium levels that are used for retail and parking purposes. While seismic-

induced forces in a tower are resisted by the RC core, additional RC walls are commonly used 

within the podium levels to resist corresponding earthquake loads. Therefore, at certain levels, 

commonly referred to as transfer levels, significant amount of seismic forces are being transferred 

between the RC core and podium or basement walls due to abrupt change of stiffness along the 

height of the building. Horizontal transfer of seismic forces occurs through floor diaphragms. 

Therefore, reliable analytical approaches are necessary to accurately estimate seismic demands on 

components of structural diaphragms to ensure safe and economical structural design. 

Perform 3D (CSI, 2005) is the most commonly used commercial software in the U.S. for 

nonlinear analysis of RC structures, and is widely used for PBSD of tall buildings. This 

computational platform incorporates a number of model elements and material models suitable for 

simulation of nonlinear behavior of steel and RC structural components. Perform 3D has become 
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particularly popular particularly in the U.S. because the backbone relationships used to define 

nonlinear behavior of structural components and materials are compatible with backbone 

relationships proposed by ASCE 41-13 (ASCE, 2013) standard, which allows direct 

implementation of PBSD methodologies in engineering practice. 

In current tall-building design practice, structural diaphragms are typically modeled as 

flexible elements with distributed mass at podium levels and several levels above the transfer level 

(i.e., at levels where abrupt change of stiffness occurs), whereas tower diaphragms are generally 

modeled as rigid diaphragms with lumped translation and rotational mass. Modeling of flexible 

diaphragms is performed using linear elastic shell elements available in Perform 3D that are 

capable of simulating element membrane action. In these model elements effective shear stiffness 

needs to be defined, where value of 0.5GAeff is commonly used to account for cracking. 

Although the approach described above is well established and used in engineering practice, 

the following design/modeling issues and inconsistencies have been observed in recent tall 

building design projects: 

1. Commonly used value of 0.5GAg for effective shear stiffness in elastic shell elements 

representing floor diaphragms is chosen arbitrary, and variations in this parameter could affect 

seismic demand significantly. Therefore, sensitivity of diaphragm demands to the choice of 

effective shear stiffness needs to be investigated and documented. 

2. Elastic elements are not capable of capturing the effect of concrete cracking, which can be 

localized in the areas of high seismic demands (e.g., around the RC core), which could affect 

shear and axial slab demands. Current modeling approaches do not consider strain/stress 

concentrations. Therefore, the distribution of local diaphragm behavior needs to be 
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investigated into more details by using nonlinear elements that capture nonlinearity of 

materials (e.g., cracking/yielding). 

3. Relatively coarse mesh is used to model structural diaphragms, where element dimensions 

could be as large as 20.0 ft. This could lead to averaging of seismic demands in the diaphragm, 

which can result in potential underestimation of demands used for design. In addition, these 

large elements are commonly connected only to corners (ends) of the RC core walls, spanning 

over several wall elements because wall elements are typically smaller than diaphragm 

elements. Therefore, sensitivity of seismic demands with respect to mesh size and element 

connectivity needs to be investigated and documented. 

4. Effect of modeling rigid versus flexible diaphragm on tower floors could impact seismic 

demands on seismic forces in diaphragms at both tower and podium levels.  

5. Effect of modeling of ramps at parking levels on wall and diaphragm demands is not 

investigated and documented. 

6. Simplified approaches are commonly used to obtain design forces on diaphragm components 

such as beam analogy and strut & tie approach. Although these calculation procedures are 

reasonable for diaphragms with simple geometry, it is not clear if these approaches are 

appropriate for complex geometry of tall building diaphragms, particularly on transfer levels. 

Therefore, it is necessary to conduct comparison between seismic demands obtained using 

simplified approaches and finite element analysis results. 

7. Several different approaches have been observed in engineering practice to extract forces to 

obtain demand forces from the FE analysis (location and extent of the section cuts, using 

additional elements) to design components of the diaphragm.  
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8. According to current design recommendations, inertial forces below the grade are disregarded 

as corresponding mass is not included in the nonlinear model; alternatively only mass tributary 

to the RC core was considered. The effect of modeling entire mass below the grade on seismic 

demand on walls and diaphragms needs is not investigated and documented. 

 

1.2 Scope 

 

The research presented in the following chapters intends to address some of the issues and 

inconsistencies found in practice. One such issue is to investigate the sensitivity of diaphragm 

demands to various modeling configurations and input parameters. This investigation includes 

comparing the use of elastic elements versus nonlinear elements. When modeled, transfer level 

diaphragms typically use elastic elements in order to capture their behavior under seismic loading. 

As stated earlier, elastic elements are unable to capture effect of concrete cracking, stress/strain 

concentration and the effect of nonlinear material behavior on diaphragm demands. Additionally, 

effect of effective shear stiffness values will be studied. As stated earlier, a value of 0.5GAg is 

arbitrarily used. Other effective shear stiffness values are investigated to study their effect on 

demands extracted from FE analysis. To determine the sensitivity of diaphragm demands to these 

parameters, models are created using elastic element and nonlinear element with different effective 

shear stiffness values to capture diaphragm demands and compared. Based on these comparisons, 

practical recommendations are provided on modeling diaphragm behavior for PBSD. 

In addition to the sensitivity study to different modeling configurations, a study on different 

section cut options will also be done. As discussed previously, several approaches were observed 

in practice to obtain the demand forces from the finite element analysis. These different options 
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are explored in this study and compared with each other to determine their impact on diaphragm 

demands. Based on the results of the modeling configuration and force extraction studies, 

recommendations are provided for practical use. These recommendations are to address the issues 

found in typical engineering practice related to the analysis and design of diaphragms in tall 

buildings. 

Another topic that is to be investigated is the use of simplified methods to estimate 

diaphragm demands. For PBSD, a nonlinear time-history analysis with seven pairs of ground 

motions is typically used to determine the demands the building will experience over its lifetime. 

However, such an analysis is long and complicated and delay the design process. With the use of 

simplified methods, an engineer can quickly determine the demands the diaphragm may 

experience and do a preliminary design of the reinforcement that may then be verified later in the 

analytical model. As stated earlier, such methods are reasonable for diaphragms with simple 

behaviors and geometries but not for more complex diaphragms. However, the validity of these 

methods even for simple diaphragms has not been investigated. Additionally, the use of a rigid 

diaphragm assumption for a tower level has not been validated. Therefore, along with investigating 

the effect of using flexible diaphragms to model the tower level, use of simplified methods to 

estimate demands for both tower level and transfer level are compared with results from FE 

analysis. These comparisons are used to determine whether these simplified methods are a valid 

way of estimating diaphragm demands for both simple and complex diaphragms. 
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1.3 Organization 

 

This thesis is divided into seven chapters. Chapter 2 provides background on current 

recommendations and guidelines used by practicing engineers. A description of the building model 

used is provided in Chapter 3. Details such as model configurations, material models, floor mesh, 

and section cuts used are provided in this chapter. Chapter 4 discusses the results of the analysis 

and compares the outputs of model configurations. Chapter 5 explores simplified methods to 

estimate diaphragm demands. The envelopes obtained from these methods are then compared with 

the envelopes based on the finite element model discussed in chapter 4. Chapter 6 evaluates trends 

found in the comparisons in chapter 4 and provides recommendations on modeling diaphragms as 

well as how to extract each diaphragm demands. Lastly, Chapter 7 presents a summary and 

conclusions of the findings as well as possible improvements for future studies.  
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CHAPTER 2 

 

BACKGROUND 

 

2.1 Performance-Based Design of Tall Buildings 

 

Implementation of performance-based methodologies in seismic design of tall buildings has 

become very common in the past 10 years, whereas in some locations of the United States (e.g., 

west coast), the use of this methodology is mandatory. The Performance-Based Seismic Design 

(PBSD) methodology includes time-history analysis of a detailed nonlinear model of the lateral 

load resisting system of a tall building using either 7 or 11 ground motions spectrally matched to 

a site-specific response spectrum. Results of time-history analyses are then compared with pre-

determined performance objective criteria (e.g., PEER/ATC-72, LATBSDC) for the MCE-level 

earthquake to verify the structural design. Guidelines for nonlinear modeling and acceptance 

criteria is based on experimental results on structural components and analytical research to 

provide state-of-the-art modeling and behavior assessment approach for structural components of 

tall buildings. Therefore, the reliability and accuracy of design is greatly dependent on the 

robustness of the analytical models used for modeling of the lateral-load resisting system. While 

modeling of the linear elastic response characteristics of systems with even complex geometry is 

not a significant challenge in structural design, there is still a significant need for reliable modeling 

approaches towards robust simulation of the nonlinear hysteretic behavior of RC structural 

components.  
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2.2 Current Modeling Practices of Diaphragms 

 

Several guidelines are available that provide suggestions on how to model diaphragms in 

tall buildings. These guidelines provide suggestions for different diaphragm flexibility 

assumptions and where each is applicable. The figure below shows a comparison between the 

different flexibility assumptions when the diaphragm is idealized as a beam. In addition to this, 

some guidance is provided in regards to element size, mass distribution and element nonlinearity 

when finite elements are used to model the diaphragms.  

Figure 2-1: Diaphragm Flexibility Assumptions: a) Flexible Diaphragm, b) Semi-Rigid 

Diaphragm, c) Rigid Diaphragm 

a)

b)

c)
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For diaphragms that are expected to experience complex behavior (e.g. transfer levels, 

irregular floor plan, large openings, etc.) use of a finite element model is suggested with a 

suggested range of 0.15G to 0.50G used for the effective stiffness modifiers as recommended by 

the NEHRP Technical Brief on diaphragms.  The LATBSDC Guidelines further explains that 

these stiffness modifiers be used to evaluate the backstay effect for collapse prevention 

evaluation. The guidelines suggest an upper-bound model using the upper-bound stiffness be 

used to determine diaphragm forces and a lower-bound model using lower-bound stiffness be 

used to determine forces in the foundation. In addition to these the guidelines state, that floor 

diaphragms must be modeled using “realistic stiffness properties”. 

In addition to the property modifiers, several suggestions are made in regards to the 

diaphragm mesh in order to obtain accurate results. Size of elements used in the mesh may affect 

both accuracy of the results as well as length of the analysis runtime (PEER-ATC 72). Where use 

of a coarse mesh may result in unrealistic forces, a very fine mesh may cause excessive run 

times. Additionally, for vertical lateral force resisting elements modeled with finite elements, 

diaphragm element nodes are to be aligned with the vertical element nodes. 

For the floor mass to be used in the analysis, lumped masses are to be used when using a 

rigid diaphragm assumption. However, when assuming semi-rigid behavior, it is suggested that 

the mass at each level using this assumption be distributed according to the actual mass 

distribution over the floor. Additionally, linear elements have been suggested to be used if the 

diaphragm is intended to remain elastic. Use of nonlinear elements is said to be unnecessary if 

the diaphragms are designed to stay elastic. 
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2.3 Simplified Diaphragm Analysis Approaches 

 

In addition to use of a finite element analysis, there are more simplified methods to 

estimate diaphragm demands. One such approach suggested by the NEHRP Technical Brief is 

the equivalent beam model. This method treats the diaphragm as a horizontal beam spanning 

between rigid supports. The rigid supports are a representation of the vertical lateral force 

resisting elements. The load applied onto this equivalent is the inertial force of caused by the 

floor mass accelerating and is applied as a uniformly distributed load.  

A variation of this approach is using spring supports rather than rigid. The stiffness of 

these supports corresponds to each vertical lateral force resisting element as shown in the figure 

below. This approach is more suitable for use in single-story buildings as the stiffness of the 

vertical lateral force resisting elements are more easily calculated. For multi-story buildings, the 

spring stiffness can be determined by creating a computer model with unit loads to determine the 

floor displacements.  

Figure 2-2: Beam Analogy with Spring Supports 
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These methods to estimate diaphragms however, do not take into account any complex 

behaviors the diaphragms experience. Additionally, openings in the diaphragms are disregarded 

when analyzed as a beam. For this use of the strut-and-tie method may be used to establish the 

load path in the diaphragms. Use of this method is useful when there are discontinuities in the 

diaphragm such as openings as shown in the figure below. However, use of such a method is 

much more difficult than using a beam analogy due to the numerous load paths that are possible.  

 

Figure 2-3: Strut-and-Tie Method for Diaphragms 
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CHAPTER 3 

 

BUILDING MODEL DESCRIPTION 

 

3.1 Building Description 

 

Residential building including a 38-story concrete tower structurally attached to a 7-story 

concrete podium structure (2 stories below the grade) is used for the purpose of this study. The 

residential tower has an approximate plan dimension of 128 ft × 90 ft, whereas the podium levels 

have an approximate plan dimension of 150 ft × 268 ft. Gravity load carrying elements include RC 

slabs, used at levels 1 (10 inch thick) and 6 (12 and 14 inch thick), and post-tension concrete slabs 

used at remaining levels (8 inch at tower versus 7 inch at parking levels); concrete compressive 

strength of slab elements is 6,000 psi. Gravity columns with compressive strength varying from 

8,000 psi at lower levels to 5,000 psi at upper levels are also used to carry gravity load; column 

sizes are 24 in. × 32 in. for typical exterior columns and columns that support only the podium 

levels, as well as 36 in. × 36 in. for tower columns below the podium level. 

Main lateral load resisting system is a RC coupled core walls used along the entire height of 

the residential tower, as well as rectangular walls used in the podium (Figure 3-1a). Podium walls 

are used below level 6 with concrete compressive strength of 8,000 psi, whereas 12 inch thick 

basement walls with concrete compressive strength of 5,000 psi are used below level 2 (grade 

level), as illustrated in Figure 3-1. Major transfer of seismic forces between vertical lateral-load 

resisting structural components occurs at level 6 as podium walls below this level cause abrupt 

change of stiffness of the structural system in vertical direction (Figure 3-1a). This level also serves 

as amenity deck that supports significant seismic mass (e.g., soil, trees, pool, etc.), significant 
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inertial forces are generated and transferred during earthquake. For these reasons, particular 

attention in this study is given to modeling and assessment of seismic demands at level 6. 

Figure 3-1: Considered Building: a) Lateral-load Resisting System, b) Elevation View 

 

Structural design of all building is performed in line with Section 104.11 of the 2009 

International Building Code (IBC, 2009) and 2010 California Building Code (CBC, 2010) 

following the 2011 Edition of “An Alternative Procedure for Seismic Analysis and Design of Tall 

Buildings Located in the Los Angeles Region” (LATBSDC, 2011). PBSD methodology used for 

the building design included comparing relevant seismic force and deformation demands on lateral 

load resisting system, obtained from seven time-history analyses of a detailed nonlinear model of 

the building structure generated in software Perform 3D (CSI, 2005), against acceptance criteria 
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defined by LATBSDC (2011) on component and system level. Final building design and 

corresponding nonlinear model are used as basis for this study. 

 

3.2 Ground Motions 

 

Set of seven ground motions is applied to the nonlinear building model in two perpendicular 

directions. Four local and three distant events were selected from the PEER Ground Motion 

Database (2013) that have similar magnitude and closest distance to events that control the hazard 

in the period range of interest at the MCE hazard level. Selected ground motions were scaled to 

match the MCE site-specific response spectrum over the period of 0.01 to 6.0 seconds in 

accordance with the LATBSDC (2011) guidelines and ASCE 7-05. Target spectrum and seven 

ground motion spectra used for nonlinear time-history analyses are shown in Figure 3-2.  

       

Figure 3-2: Site-specific Ground Motions Spectra 
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3.3 Nonlinear Model Description 

 

Nonlinear model of the lateral load resisting system is generated using software Perform 3D 

(CSI, 2005), which is the most commonly used commercial software for nonlinear structural 

analysis in the U.S. Structural components comprising the nonlinear model were RC core walls, 

podium walls and basement walls, coupling beams, slabs at selected levels, slab outriggers, and P-

Delta columns. RC core walls and podium walls were modeled using nonlinear shear wall elements 

available in Perform 3D, which is a fiber-based nonlinear model where flexural behavior is 

simulated using vertical nonlinear steel and concrete fiber elements, while shear behavior is 

uncoupled from flexural behavior and is modeled as linear elastic with effective shear stiffness of 

0.5GAeff. Coupling beams are modeled using linear elastic beam elements with effective flexural 

stiffness according to ASCE 41 (ASCE, 2010) to account for cracking and a nonlinear shear hinge 

to simulate the coupling beam hysteretic behavior as described by Naish et al. (2010). Floor slabs 

are modeled as flexible at levels P02-L10, whereas at the remaining levels the assumption of rigid 

floor diaphragm is used. Flexible floor diaphragms are simulated using linear-elastic shell elements 

with effective shear stiffness of 0.5GAeff and small out of plane stiffness. Overview of modeling 

approach is shown in Figure 3-3a, whereas baseline model of the transfer level 6 diaphragm is 

presented in Figure 3-3b. Described nonlinear building model is used as the baseline model in this 

study to conduct comprehensive analytical modeling studies using various modeling assumptions 

and parameters to address aforementioned research objectives, as described in the following 

section. 
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Figure 3-3: Perform 3D model: a) Elevation, b) Transfer level 6 

 

3.4 Considered Diaphragm Demands 

 

Structural design of floor diaphragms includes providing sufficient section capacity at 

various locations to resist shear and flexural seismic demands, as well as to ensure that transfer of 

the shear forces between the RC core and diaphragm is possible. In this process, it is crucial to 

assess realistically seismic forces at critical locations. Although simplified analysis methods (e.g., 

beam analogy, NEHRP Technical Brief No. 3) could provide reasonable estimation of seismic 

demands for floor diaphragms characterized with simple geometry, for tall buildings these 

approaches might not be appropriate due to complex diaphragm geometry and configuration of 

core walls and podium walls, presence of parking ramps, and variations of slab thickness; however, 

application of simple hand calculation is still a common practice. More realistic approach for 

calculation of diaphragm seismic forces involves extracting seismic demands from time-history 

analyses on a detailed FE model of the building. This is typically done by reading internal element 
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forces from number of user-defined section cuts to assess demand necessary to provide reliable 

structural design. The following seismic demands are typically considered, as illustrated in Figure 

3-4:  

1) Transfer between shear wall and diaphragm (Figure 3-4a). Force transfer is accomplished 

primarily through shear friction between the core walls and the slab, whereas the remaining force 

is transferred through bearing action on compression side and drag reinforcement on tension side.  

2) Shear demand in the slab (Figure 3-4b). Shear capacity of the slab needs to be sufficient to 

resist shear demand at critical locations. 

3) Flexural demand in the slab (Figure 3-4c). Tension and compression demands in the slab 

need to be assessed and additional so-called chord reinforcement might be necessary to resist these 

demands. 

Figure 3-4: Considered seismic demands around RC core for loading in N-S Direction: 

a) Shear transfer between core and diaphragm, b) Shear demand in slab, c) Flexural 

demand in slab 

 

In considered study, several options to extract mentioned forces from the FE model are 

considered. Section cuts are made at various locations to assess shear and flexural demands in the 

slab, as well as force components of the shear transfer between the core and the slab (shear friction, 
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drag, and baring). The following sections explain all options for extracting various diaphragm 

demands from the FE model. 

 

3.4.1 Shear Transfer Between Core and Slab 

First option in extracting is shear transfer forces, also referred to as drag force, is referred 

to as a “direct method”. Section cuts are made using two elements and placed at the face of each 

wall pier as shown in the figure below. Force extracted will be perpendicular to section cut and 

parallel to wall pier of interest. This is the force that is coming in and out of the corewall and into 

the slab.  

 

Figure 3-5: Section Cuts Considered for Drag force extraction: a) “Direct Method”, b) 

“Indirect Method” 

 

Second explored referred as “indirect method”. Section cuts are made using slab elements 

to either side of the wall pier. Force that is extracted is parallel to both the section cut and the 

wall pier of interest. This force is taken as the force coming into the slab from the corewall and is 

assumed to be the same as the force from the “direct method”. 

 

a) b)
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3.4.2 Slab Shear Demand 

 

For slab shear demand, section cut options explored are to determine best way to capture 

shear due to shear friction. The two section cuts explored in the study are referred to as a “short 

cut” and a “long cut” and are shown in the figure below.  

 

Figure 3-6: Section Cuts Considered for Slab shear extraction 

 

The “short” section cut makes a cut that is the same length as each wall pier. This cut is meant to 

extract the forces that are acting directly along the wall pier. The “long” section cut uses the 

same elements as the “short” cut as well as an additional element on each side. These additional 

elements are meant to capture the shear force coming into the wall diagonally. This additional 

diagonal shear is assumed to come from the drag reinforcement at each face of the wall.  
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3.4.3 Slab Flexural Demand 

 

For the slab flexure, the chord force is extracted using a “direct” and “indirect”. The two 

different cuts used are shown in the figure below. The “indirect” method, shown on the left, 

requires a section cut be made across the length of the slab.  The moment about the vertical axis is 

extracted from this cut and the chord force is calculated by dividing the moment by the moment 

arm as shown in the figure. Use of this method assumes that both the compression and tension 

chord are equal.  

 

Figure 3-7: Section Cuts Considered for Chord force extraction: a) “Direct Method”, b) 

“Indirect Method” 

 

The second method, shown to the right, creates section cuts at the ends of the slab. This 

method directly extracts the chord forces for slab flexure. However, unlike the “indirect” method, 

the compression and tension chord may not be equal. As this method uses individual section cuts, 

the forces may change according to the element sizes and location and therefore the moment arm 

may be different than the one assumed in the “indirect” method.  

a) b)
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3.5 Considered Modeling Parameters 

 

To investigate sensitivity of estimated diaphragm seismic demand to various model 

formulations used to represent the structural diaphragm, two model elements available in Perform 

3D are considered: 1) elastic shell element commonly used in practice, and 2) general wall element. 

In the elastic shell element, in-plane behavior is based on membrane shell element, whereas out-

of-plane behavior is modeled similarly to an elastic beam element (Figure a, see Perform 3D user 

manual for details). On the other hand, general wall element is capable of capturing nonlinear 

flexural behavior in two orthogonal directions by representing axial/flexural behavior using 

uniaxial material models for steel and concrete, whereas shear response is represented using user-

defined force-deformation backbone relationship that is uncoupled from the flexural responses 

(Figure b).  

 

Figure 3-8: Considered model elements: a) Elastic shell element, b) General wall 

element (CSI, 2005) 

 

Modeling of flexible diaphragms using both the shell element and the general wall element 

involves definition of effective shear stiffness for membrane (shear) action, where 0.5GAeff is 

commonly used to account for cracking (versus using uncracked shear stiffness). This is 

appropriate for the areas of moderate shear demands (moderate cracking), whereas effective shear 
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stiffness in diaphragm regions where high shear demands are expected (e.g., in the proximity of 

RC core) this value might be too high. As shown by previous studies (e.g., Kolozvari and Wallace, 

2015), estimated seismic shear demand in RC structural components can be considerably sensitive 

to the choice of effective shear stiffness when analytical models that do not capture shear-flexural 

interaction are used. Therefore, sensitivity of seismic demands to effective shear stiffness is 

investigated by comparing diaphragm seismic demands obtained using effective shear stiffnesses 

of 0.15GAeff, 0.25GAeff and 0.5GAeff using two considered model elements. In addition, the effect 

of using elastic shell element versus inelastic fiber element is investigated by comparing seismic 

demands from the time-history analyses obtained using two conceptually different modeling 

approaches. 

 

3.5.1 Material Models 

As mentioned previously, general wall element uses uniaxial material models for steel 

and concrete. Both materials are modeled with nonlinear behavior using expected properties and 

backbone curves based on Los Angeles Tall Building Seismic Design Council Guidelines. Steel 

reinforcement modeled using trilinear backbone with no strength degradation as shown in figure 

below.  
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Figure 3-9: Reinforcing Steel Backbone 

For concrete material, Saatcioglu-Razvi model used to determine uniaxial behavior of 

concrete in compression. Concrete material in Perform 3D uses a trilinear backbone curve with 

strength degradation. The parameters for this material were calibrated to match the Saatcioglu-

Razvi stress-strain curve as shown in the figure below. 

 

Figure 3-10: Concrete Backbone Curve 

 

The last component of the general wall element is for modeling the shear behavior. Shear 

modeling parameters are calculated using concrete properties. Like concrete and steel material, 
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shear behavior is modeled with nonlinear parameters. However, based on preliminary studies, 

using shear capacity of concrete according to ACI 318 of 8√f’c, leads to model instability before 

analysis is complete. This is due to the specified shear capacity being exceeded. In order to avoid 

this, an artificially high shear capacity of 15√f’c is used to ensure that shear behavior of diaphragm 

remains elastic. Additionally, shear stiffness used for this behavior is according to the effective 

shear stiffness values specified previously for this study. The shear material used in the analysis 

model is shown in the figure below. 

Figure 3-11: Conventional Shear Backbone Curve 

 

3.5.2 Diaphragm Mesh 

For this study, the transfer diaphragm mesh has been modified from the original. The 

transfer level diaphragm has been modified such that a finer mesh with more rectangular shaped 

elements are used. Additionally, some nodes have been moved to align with the nodes of the 

shear wall elements. Although having a finer mesh will increase the runtime of the analysis, the 
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results extracted from the section cuts will be much more accurate. Additionally, this mesh will 

help in evaluating the use of the simplified methods explored in this study, as the shear force and 

bending moments will be used for the comparison. Shown below is the mesh used for the 

diaphragm as well as the locations of the nodal masses for the transfer level. 

 

 

Figure 3-12: Transfer Level: a) Original Mesh, b) Current Mesh and Nodal Mass 

Locations 

a)

b)
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For a typical tower level, the diaphragm was assumed to be rigid and therefore no mesh 

was made for these levels. However, one of the objectives of the study is to evaluate the use of 

simplified methods in comparison to a finite element analysis. This study is to be done for not only 

the transfer level, but a typical tower level as well.  Therefore, a mesh was created for a tower level 

using only elastic shell elements.  

In the rigid diaphragm assumption, the lumped nodal masses located along gravity 

elements were used for the tower level. For the finite element analysis, in order to obtain accurate 

results, the floor mass was redistributed to all the nodes that make up the floor mesh. The floor 

mesh as well as the locations of the nodal masses are shown in the figure below.  

 

 

Figure 3-13: Tower Level Mesh and Nodal Mass Locations 
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CHAPTER 4 

 

ANALYSIS RESULTS 

 

4.1 General 

 

The various model configurations and input parameters for the sensitivity study are 

analyzed using a nonlinear time-history analysis in Perform 3D. The forces of interest are then 

extracted from the section cuts created in the model and are compared with each case to 

determine a discernable trend between each model case. This chapter provides a discussion about 

the change of the diaphragm response to each model configuration as well as any side effects 

caused by the different configurations and input parameters. 

 

4.2 Sensitivity of Seismic Demands to Effective Shear Stiffness Parameters 

 

Sensitivity of diaphragm demands to various modeling parameters are discussed in this 

section. Modeling parameters discussed include using elastic versus inelastic elements as well as 

various effective shear stiffness values used. Based on observations for each demand parameter a 

trend will be established in order to make recommendations in regards to modeling. 
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4.2.1 Shear in the Slab 

 

Shown below is the average plus and minus the standard deviation of the slab shear due 

to a nonlinear time-history analysis of seven ground motions. The shear forces shown are for 

portions of the slab near the core wall as that is expected to experience the highest shear.  

 

Figure 4-1 Slab Shear Sensitivity: a) Section cut locations, b) modeling configurations 

comparison 

In general, the model using inelastic elements report higher forces than the one using 

elastic elements. When using effective shear stiffness of 0.15G, the forces between the elastic 

and inelastic model are nearly the same. For other values, the trend is not as clear. From the plot, 

it can be seen that the amount of discrepancy between the elastic and inelastic models when 

using either 0.25G or 0.50G depends where the section cut is being taken. 

a) b)
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When looking at either model configuration (i.e. elastic model or inelastic model), there 

is no trend that can be established when looking at the demand sensitivity to effective shear 

stiffness used. In some locations a higher effective shear stiffness results in higher demand, while 

in others it leads to decreased demand. 

 

4.2.2 Drag Force 

 

Shown below is the average plus and minus the standard deviation of the drag force due 

to a nonlinear time-history analysis of seven ground motions. The drag forces shown are for 

portions of the slab against the face of the core wall. These forces include both the compression 

and tension drag that is coming into and out of the wall piers. 

 

 

 

 

a)
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Figure 4-2 Drag Force Sensitivity: a) Section cut locations, b) compression drag, c) 

tension drag 

b)

c)
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From the plots shown, there is not a very clear trend in regards to the modeling 

configuration are effective shear stiffness values used. In regards to the compression drag, the 

elastic model reports higher forces than the inelastic model with some exceptions. Additionally, 

it appears that for some locations, regardless of effective shear stiffness used, the forces between 

the model configurations appear to be close. 

When looking at the tension drag, the inelastic model is reporting higher forces than that 

of the elastic model. This may be due to the steel reinforcement experiencing strain hardening in 

some locations as the general wall element allows the modeling of the reinforcement. However, 

this is only occurring in the north and south piers. In the west and east piers the forces between 

the modeling configurations are nearly the same. Another explanation to this is that the drag 

forces are transferring between the north and south piers as well as a ramp wall that begins at this 

level. 

 

4.2.3 Chord Force 

 

 

Shown below is the average plus and minus the standard deviation of the chord force due 

to a nonlinear time-history analysis of seven ground motions. The chord forces shown are for 

portions of the slab that are between wall piers. The chord force is taken as the moment at each 

cut divided by the moment arm. The figure on the left represents the chord forces due to the 

maximum positive moment and the figure on the right is for the maximum negative moment. 
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Figure 4-3 Chord Force Sensitivity: a) Section Cut Locations, b) chord force 

 

In general the inelastic model is reporting higher forces than the elastic model. This may 

be due to the steel reinforcement that has been modeled in the inelastic elements. The largest 

discrepancies occur in section cut 2, where for all the effective shear stiffness values used, the 

inelastic model forces are twice that of the elastic model. In section cut 1 with an effective shear 

stiffness of 0.15G, the inelastic and elastic forces are nearly the same.  

a)

b)
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Unlike, the other demands, there is a much clearer trend in regards to the effective shear 

stiffness value used. However, this is only true for the elastic model and not the inelastic model. 

Additionally, like the slab shear, the trend also seems to be dependent on where the section cut is 

taken.  

In section cut 1, use of a higher effective shear stiffness results in lower chord forces 

being reported. In section cut 2, there is a bell-shaped trend occurring with shear stiffness of 

0.25G reporting the highest forces.  

 

4.3 Sensitivity of Seismic Demands Obtained from Various Section Cuts 

 

This section discusses the sensitivity of diaphragm demands when the forces are 

extracted using different section cuts. From a preliminary investigation of multiple tall building 

projects, each project had a unique method for extracting each diaphragm demands from their 

respective models. This section attempts to address this variation in force extraction and makes 

observations to each demands sensitivity for the different methods. This section will address 

forces reported by both the elastic and inelastic models, but will focus on models that use an 

effective shear stiffness of 0.25G.  
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4.3.1 Shear in the Slab 

 

The two methods that will be discussed is in regards to the length of the section cut: 

either using a cut that is the same length as the nearest wall pier or extending it by one element 

on each side. This is because there may be some shear force coming in diagonally, but as to how 

much is unknown. Shown in the figure below is the comparison between these two kinds of 

section cuts.  

Figure 4-4 Slab Shear Section Cut Comparison 

Like in the previous section covering the slab shear, the inelastic model is reporting 

higher forces than the elastic model for both types of section cuts. Additionally, the shorter 

length section cut is reporting higher forces than the longer cut. This result may be due to the 

shear in the additional elements being in the opposite direction than the elements next to the pier 

thereby reducing the total force in the cut.  
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4.3.2 Drag Force 

 

For the drag force, there will be two methods: a direct force extraction and an indirect 

method by way of calculating the demand. The direct method was used in the previous section 

that discussed the drag force. The demand is extracted directly from two elements that are right 

by the face of each wall pier. 

For the indirect method, a length wise section cut is made next to each wall pier. The 

force extracted is the shear force along the length of the slab itself. It is assumed that a portion of 

that total shear goes to shear friction while the rest is drag force. Therefore, the drag force is 

determined by taking the ratio of the total slab length and the length of the slab on each side of 

the wall face times the force extracted from the length wise cut. 

 

Figure 4-5 Drag Force Section Cut Comparison a) Compression Drag, b) Tension Drag 

 

a)
b)
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In the above figures, the forces from the direct and indirect method for determining the 

drag force are compared. For the north and south piers, the indirect method is reporting higher 

forces. This may be due to the drag forces occurring along the longitudinal direction of the slab. 

From the plan view, it can be seen that the core is offset to the right of the slab thereby leaving a 

large portion of slab to the left of the core wall. With the use of the indirect method, this leads to 

more than 50% of the force extracted from the lengthwise cut being taken as a drag force. 

Therefore, for this situation the indirect method can be considered an overestimation or 

underestimation as it is dependent on where the core is located.  

For the east and west piers, both the direct and indirect methods report nearly the same 

forces. This is due to the slab being in the approximate center in the transverse direction. 

Therefore, the length of the slabs on each side of the wall pier are approximately the same.  

 

4.3.2 Chord Force 

 

Like the drag force, the chord force will have two methods explored: a direct force 

extraction and an indirect method by way of calculating the demand. In the previous section 

about the chord force, the indirect method was used. This method involves taking a length-wise 

section cut along the slab and extracting the moment from it. This moment is then divided by the 

moment arm, which is taken as 80% of the section cut length.  

The direct method involves making smaller section cuts located where the chord forces 

are assumed to be and extracting the axial force from those cuts. The figure below shows an 

example of this.  
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Figure 4-6 Chord Force Section Cut Comparison 

 

The figure shown above compares the forces extracted using the two methods described. 

As there are two sides that need to be considered for the chord force, a compression and tensions 

chord, there are going to be two cases shown for the direct method. For the indirect method, the 

compression and tension chord are assumed to be the same. 

Based on the figure shown, the direct method is reporting higher forces in general. This is 

because, the force extracted is most likely located at the center of each section cut. This may lead 

to a shorter moment arm than the one assumed in the indirect method. Additionally, this shows 

that using the direct method is dependent on element size as well as number of elements used. 
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4.4 Bending Moment and Shear Envelopes 

 

This section will briefly discuss the bending moment and shear envelopes that are 

obtained from the analysis model. The envelopes for both the transfer level as well as a typical 

tower level are discussed and then compared with simplified methods in a later section. The 

models used to generate these envelopes use only the elastic shell element for the diaphragms 

along with an effective shear stiffness of 0.15G. 

In order to generate these envelopes, length-wise section cuts are made along every line 

of elements in each direction in the model. The time history response for each cut is then 

arranged according to their location along with the relative location of each cut. Then, a software 

such as MATLAB is used to create the envelope by overlaying each plot at each time step on top 

of each other. Alternatively, the maximum and minimum values can be extracted and plotted 

instead. 

Shown in the following figures are the shear force and bending moments for both the 

transfer level and the typical tower level in both orthogonal directions 
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Figure 4-7 Transfer Level Envelopes: a) N-S Shear Force, b) N-S Bending Moment, c) E-W 

Shear Force, d) E-W Bending Moment 

 

 

 

a) b)

c) d)
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Figure 4-8 Tower Level Envelopes: a) N-S Shear Force, b) N-S Bending Moment, c) E-W Shear 

Force, d) E-W Bending Moment 

 

a) b)

c) d)
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CHAPTER 5 

 

COMPARISON OF SEISMIC DEMANDS OBTAINED FROM FINITE 

ELEMENT ANALYSIS AND SIMPLIFIED APPROACHES 

 

This chapter discusses utilizing simplified methods to estimate diaphragm demands. 

These methods are meant to provide a quick way to determine forces that diaphragms will 

experience without the use of a computer model in order to provide preliminary reinforcement 

layout. Assumptions made as well as what floor responses considered are discussed in this 

chapter. The methods discussed are applied to both the transfer level as well as a typical tower 

level diaphragm and then compared with the moment envelopes discussed in the previous 

chapter. 

5.1 Beam Analogy 

 

The method explored in this study is by idealizing the diaphragm as a beam. This method 

allows the use of simple structural analysis methods by taking the diaphragm as a beam with the 

vertical lateral force resisting elements as rigid supports. The loading applied to the beam comes 

from the inertial force due to the floor mass accelerating. This inertial force is applied as a 

uniformly distributed load in each orthogonal direction of the diaphragm as shown in the figure 

below. 

Figure 5-1 Beam Analogy for Simplified Diaphragm Analysis 



42 
 

One thing to note is that by applying the inertial force as such, the mass is assumed to be 

uniformly distributed along the floor. However, for the transfer level this is not true as there is 

both a floor portion and a roof portion at this level. In one direction of loading, this non-uniform 

distribution of mass is not seen so the inertial force can be distributed uniformly. In the other 

direction, the loading scheme shown below is more appropriate. 

Figure 5-2 Beam Analogy for Simplified Transfer Diaphragm Analysis 

This loading scheme takes into consideration that one area of the diaphragm has more 

mass. The loads for this scheme are determined by using a ratio between each region’s respective 

mass to the total floor mass. 

Two loading cases are considered: 1) applying only the inertial force 2) applying both 

inertial force and moment. The first case is what is normally considered when determining the 

force that is to be applied to the diaphragm. Two situations are explored with this: use of the 

ASCE7 equivalent lateral force method and using the average floor acceleration response from 

Perform 3D. These forces are then applied to the diaphragm using the methods explained 

previously. 

The second case takes into consideration the torsion that the building experiences and the 

moment that results from that. As the building used for this study is a tall building, it is more 
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prone to twisting. In order to determine the shear and bending due to this inertial moment, a 

partial bowtie loading is applied to the beam as shown in the figure below.  

 

Figure 5-3 Application of Inertial Moment: a) Inertial moment, b) Force Couple due to 

Inertial moment, c) Distributed Load due to Force Couple 

In order to determine the magnitude of this loading scheme, a force couple that equals the 

inertial moment must be calculated. The forces are then applied as a triangular loading with an 

inflection point midspan.  

 

5.1.1 Use of Inertial Force Only 

 

The first case explored is using applying only the inertial force to the diaphragm. As 

discussed previously, the ASCE7 equivalent lateral force method and the average floor 

accelerations from Perform 3D are used to determine the loads applied to the diaphragms. In the 

figure shown below are the forces that are to be applied to each diaphragm in the building based 

on ASCE7. It can be seen that the forces for the tower levels are approximately the same while 

a)

b)

c)
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there is a large increase when it reaches the transfer level. This is due to the higher seismic mass 

at that level since it has both a roof and floor portion. 

Figure 5-4 ASCE7 Diaphragm Force along Building Height 

For the Perform 3D accelerations, a node near the center of mass is used to extract the 

maximum and minimum acceleration responses for each ground motion. The acceleration used 

for the analysis is the average of the absolute maximums for each floor. Shown in the figure 

below, is the average accelerations along the height of the building for each orthogonal direction 

Figure 5-5 Perform 3D Average Floor Acceleration Response along Building Height 
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From the figure, the average floor accelerations reported by Perform 3D are 

approximately the same for every level. The exceptions to this are the floors near the base. As 

these levels are closest to the ground, the accelerations that these levels experience are the same 

as each ground motion used in the analysis.  

As the ASCE7 forces, Perform 3D acceleration response and the floor mass of the towers 

are approximately the same, the choice of which tower level to investigate is trivial. For this 

study, level 18 is used. Shown below are the shear force and bending moment diagrams due to 

the ASCE7 forces and the Perform 3D accelerations. These diagrams are overlayed with the 

section cut force envelopes discussed in the previous chapter.  

a) b)
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Figure 5-6 Tower Level Envelope with Translational Response Only: a) N-S Shear force, 

b) N-S Bending Moment, c) E-W Shear Force, d) E-W Bending Moment 

 

Based on the figures above, use of the beam analogy not only underestimates, the 

magnitude of the forces, but is also unable accurately match the shape of the envelope reported 

by Perform 3D. 

The beam analogy is now applied to the transfer level. Like the tower level, the forces 

from ASCE7 and the acceleration responses from Perform 3D are used to determine these force 

c) d)
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diagrams which are then overlayed with the section cut force envelopes. The envelope 

comparisons for each orthogonal direction are shown in the figure below. 

Figure 5-8 Transfer Level Envelope with Translational Response Only: a) N-S Shear force, 

b) N-S Bending Moment, c) E-W Shear Force, d) E-W Bending Moment 

 

Like the tower level, the simplified method is unable to capture the shape of the envelope 

reported by the Perform 3D section cuts. However, in regards to the absolute maximum forces 

for this level, not all the envelopes underestimate the Perform 3D forces. The two shear 

a) b)

c) d)
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envelopes nearly match the envelopes of the section cut forces, with exception of the ASCE7 

envelope.  

 

5.1.2 Use of Inertial Force and Inertial Moment 

 

The second loading case, tries to take into account the inertial moment due to twisting of 

the building. For this case, only the acceleration responses from Perform 3D are used. However, 

the absolute maximum rotational acceleration is not used together with the absolute maximum 

translational acceleration. This is because these two responses may not occur simultaneously as 

well as it may overestimate the forces too much. Instead two cases are explored: 1) use of the 

maximum translation with the corresponding rotation 2) use of the maximum rotation and 

corresponding translation. 

Shown below is the envelopes when using the maximum translation with the 

corresponding translation for the tower level. 

 

 

 

 



49 
 

 

Figure 5-9 Tower Level Envelope with Max Translational Response and corresponding Rotation: 

a) N-S Shear force, b) N-S Bending Moment, c) E-W Shear Force, d) E-W Bending Moment 

 

As shown above, the inclusion of the corresponding rotational response to the maximum 

translation has increased the magnitude of the force diagrams. Rather than underestimating the 

Perform 3D forces, the use of the beam analogy now overestimates them. However, in one of the 

orthogonal directions, the beam analogy is very close in estimating the forces from Perform 3D 

a) b)

c) d)
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making an overestimation of less than 20%. This shows that including the rotational response of 

the floor may better estimate the demands the diaphragm experiences, however this so only true 

for one of the orthogonal directions. 

The second loading scenario for the tower level, use of the maximum rotation and 

corresponding translation, is shown in the figure below. 

Figure 5-9 Tower Level Envelope with Max Rotational Response and corresponding 

Translation: a) N-S Shear force, b) N-S Bending Moment, c) E-W Shear Force, d) E-W Bending 

Moment  

a) b)

c) d)
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From the figures shown above, using the maximum translation greatly increases the 

forces determined using the beam analogy method and therefore overestimates the Perform 3D 

forces by a large margin.  

For the transfer level, the same loading cases are applied. The first case, use of the 

maximum translation and the corresponding rotation is shown below. 

Figure 5-10 Transfer Level Envelope with Max Translational Response and corresponding 

Rotation: a) N-S Shear force, b) N-S Bending Moment, c) E-W Shear Force, d) E-W Bending 

Moment 

a) b)

c) d)
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In comparison to using only the translational response, the translational response with the 

corresponding rotation is approximately the same. This is not unexpected as the transfer level is 

much stiffer than the tower level due to the increased number of lateral force resisting elements 

at this level. As the diagrams are essentially unchanged from the previous section, the previous 

observations hold true for this loading case for the transfer level.  

For the second loading case for the transfer level, the diagrams are shown in the figure 

below. 

a) b)
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Figure 5-12 Transfer Level Envelope with Max Rotational Response and corresponding 

Translation: a) N-S Shear force, b) N-S Bending Moment, c) E-W Shear Force, d) E-W Bending 

Moment  

 

As mentioned previously, the transfer level is much stiffer and therefore the addition of 

the rotational response isn’t as significant as was in the tower level. However, what is being seen 

in the figures above is that for the North-South direction the magnitude of the envelopes are 

decreased while in the East-West direction they are slightly increased.  

Because the rotational response has a reduced contribution compared to the tower level, 

the effect it has on the envelopes may or may not be more noticeable. Additionally, since the 

rotational response has a reduced contribution, the direction in which the inertial moment is 

applied onto the equivalent beam may play a more significant role. 

c) d)
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CHAPTER 6 

 

RECOMMENDATIONS FOR PRACTICAL APPLICATIONS. 

 

This chapter provides recommendations on the modeling of diaphragms in tall buildings. 

Based on the results of the studies in the previous chapters, recommendations are provided for 

use in practical applications to analyze and design diaphragms when using a performance based 

seismic design methodology. These recommendations are meant to provide guidance to 

practicing engineers on what modeling parameters to use to best capture diaphragm behavior. 

Additionally, several options are provided on how to best determine each diaphragm demand 

used in design as well as use and interpretation of simplified methods to estimate diaphragm 

demands. 

6.1 Modeling Configuration 

 

Sensitivity of demands to modeling configuration (i.e. elastic elements vs. inelastic 

elements) and effective shear stiffness values were studied. Based on results from a nonlinear 

time-history analysis in Perform 3D, each demand showed unique trends. Therefore, an overall 

recommendation cannot be made that is applicable to all diaphragm demands.   

For shear in the slab, use of inelastic elements generally reported higher forces than 

model with elastic elements. Additionally, higher effective shear stiffness values when using 

inelastic elements resulted in higher forces however this was not the same trend seen when using 

elastic elements. In some locations use of higher effective shear stiffness values resulted in lower 
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slab shear demand. Another observation made is that when using 0.15G effective stiffness, 

results between elastic and inelastic model were nearly the same. If obtaining worst case scenario 

forces, use of inelastic elements with 0.5G effective stiffness is recommended.  

For drag forces, use of elastic shell elements reported higher compression forces while 

inelastic elements reported higher tension forces. However, this is only true for the forces along 

the East-West direction. In the North-South direction, elastic and inelastic models are nearly the 

same. This is because in the longitudinal direction, core wall forces are transferring between the 

core wall to a nearby ramp wall. This are between the walls is creating a high concentration of 

forces due to the transfer between these walls. Therefore, when there are no walls within close 

proximity of each other (i.e. no force transfer), then either elastic or inelastic elements may be 

used to for determining drag forces. But when there is significant transfer forces occurring in the 

slab, inelastic elements will report higher compression forces while elastic elements will report 

higher tension forces. 

For chord forces, inelastic elements reported higher forces than elastic elements.  This 

may be due to the inelastic elements capturing the nonlinear behavior of the steel reinforcement 

in the diaphragm. In regards to the use of effective shear stiffness used, there was no trend that 

was consistent between the maximum positive and negative moments. Therefore, the only 

recommendation that can be provided for the chord force is that inelastic elements be used.  
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6.2 Section Cut Options 

 

Different section cut options were explored for each diaphragm demand. For this study 

only shear stiffness of 0.25G was used. For slab shear, section cut options explored how much 

diagonal shear contributed in shear friction demand near the core wall. Based on the results, 

including the diagonal shear had actually reduced the demand for both elastic and inelastic 

models. Therefore, section cuts equal to the length of the wall pier should be used to obtain the 

worst case scenario for the slab shear.  

For drag forces, an “indirect” and “direct” method of extracting the forces were 

compared. Based on the results transverse direction forces extracted using the “direct” method 

were the same whether elastic or inelastic elements were used. This is because the core is located 

in the approximate center in the transverse direction while it is offset in the longitudinal 

direction. Results obtained using the “indirect” method are dependent on where the wall is 

located and can therefore either underestimate or overestimate forces if the wall is not located 

centrally. For consistent results, it is best to use the “direct” when extracting drag forces from a 

wall. 

For chord forces, the “direct” method reported higher forces than the “indirect” method. 

However, the moment that corresponds to the forces reported by the “direct” method may be 

inaccurate as the moment arm may be incorrect. This is due to where the chord force is located in 

the section cut, which is dependent on the number of elements as well as element size used in the 

section cut. Therefore, it is recommended to use the “indirect” method when determining the 

chord forces in the diaphragm.  
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6.3 Use of Simplified Methods 

 

In addition to the sensitivity studies performed, simplified analysis methods were 

explored to provide a way to estimate diaphragm demands without the need for a finite element 

model. Only one method was explored with different approaches in determining the load that is 

to be applied to the diaphragm. 

Bases on the comparisons in the previous chapter, the use of a beam analogy to estimate 

diaphragm demands is not viable. By using the beam analogy in order to determine the 

diaphragm demands, the force envelopes obtained typically underestimated the section cut forces 

from Perform 3D. The only exception to this was the North-South Shear force for the transfer 

level, where it overestimated the forces by a small margin. Therefore, analyzing diaphragms as 

beams will not yield the same demands as a finite element analysis.  

 

6.4 Additional Observations 

 

This section provides additional observations made during the study. These observations 

were made based on experiences during the modeling and analysis phase. These include such 

items as information required to create the model as well as duration of the analysis. Based on 

these observations additional recommendations are provided. 

The first observation is in regards to information needed to create the diaphragm 

elements. When using elastic shell elements to model diaphragm behavior only information 

regarding the membrane and out-of-plane bending is required to define the behavior of this 
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element. This information is essentially the effective bending and shear stiffness of the 

diaphragm, which can be obtained based on peer reviews suggestions.  

When using inelastic elements, particularly the general wall element. Non-linear behavior 

of concrete and steel need to be provided. Modeling these behaviors is not difficult as they are 

used for other structural elements as well. In addition to this, diaphragm reinforcement needs to 

be known in order to properly capture axial and bending behavior when using general wall 

element. Therefore, a preliminary design for the diaphragm reinforcement is required in order to 

model the diaphragm with inelastic elements. 

Another issue that was noticed during the study is the analysis runtime. When using 

elastic elements to model the diaphragm, a nonlinear time-history analysis with seven ground 

motions takes three days to complete. However, when using inelastic elements, the analysis 

runtime increases to approximately two weeks. Due to this, use of inelastic elements to model 

diaphragms may delay the design process.  
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CHAPTER 7 

 

SUMMARY AND CONCLUSIONS 

 

The objectives of this study were to investigate diaphragm demand sensitivity to different 

modeling parameters and exploring simplified methods to determine these demands. The study 

used a tall building that has been designed using Performance Based Seismic Design 

methodology in accordance to the LATBSDC Guidelines. The study explored demand sensitivity 

to model configuration as well as effective shear stiffness and attempted to provide 

recommendations to practicing engineers. 

 

7.1 Overview of Analytical Model 

 

 

The building used in this study was a 38-story residential building attached to a 7-story 

concrete podium structure. The building was designed using PBSD according to the LATBSDC 

guidelines. In accordance to the guidelines, a nonlinear time-history analysis using Perform 3D 

was used to determine the forces the building would experience. 

For the purposes of the study, the same model used in the design was taken and modified 

in accordance to the different objectives that were to be explored. As per the objectives, only the 

diaphragms, namely the transfer level and a typical tower level, had been modified from the 

original. All other aspects of the building such as the vertical lateral force resisting system, floor 

mass, ground motions, etc. were left unchanged. 
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7.2 Analytical Model Results 

 

 

Based on analysis results, there is no clear trend when using different modeling 

configurations or effective shear stiffness values. There were some trends unique to each demand 

that were observed, such as use of inelastic elements reported higher tension drag forces while 

elastic elements reported higher compression drag forces. However, no general trend (e.g. 

models with 0.50G have twice as much demand as models with 0.25G) was observed that 

applied to all diaphragm demands investigated. 

The trends that were observed were used to provide recommendations to modeling the 

diaphragms. Since each demand had a unique trend, general modeling recommendations that 

were applicable to all demand parameters were unable to be provided. Rather, a unique 

recommendation had to be made for each demand. This, leads to having to create multiple 

models for each demand. 

In addition to the input parameters, sensitivity of diaphragm demands to different section 

cuts were also explored. Two options were explored for each demand and were compared with 

each other in order to determine which option would be provide results usable for design. Based 

on the comparisons for each demand, the section cut which provided the worst case scenario 

forces as well as being consistent with each orthogonal direction was recommended for use. All 

recommendations provided are discussed in the previous chapter. 
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7.3 Use of Simplified Methods to Estimate Diaphragm Demands 

 

 

Based on the comparison between the simplified methods proposed and the results from 

the analytical method, the simplified methods are unable to accurately estimate the demands 

from a finite element analysis. Currently, only one method had been explored which was 

analyzing the diaphragms as beams with rigid supports. Loading on these beams were the floor’s 

inertial force applied as a uniformly distributed load. 

When analyzing diaphragms using the aforementioned method, using either ASCE7 

equivalent lateral force method or Perform 3D floor response, forces were underestimated in 

comparison to the force envelopes obtained using section cuts. Additionally, the shape of the 

envelopes obtained using the beam analogy did not match the envelopes created from using the 

section cut forces.  

In order to try to reduce the discrepancy in the magnitude as well as better capture the 

envelope shape, the inertial moment was also considered. When using this in addition to the 

inertial force, the resulting envelopes greatly overestimated the section cut envelopes for the 

tower level. However, in the transfer level the addition of the inertial moment either had no 

effect or further underestimated the section cut envelopes.  

The reason that analyzing the diaphragms as beams does not seem to correspond to the 

model results may be due to the assumptions made. Some of the assumptions made were 

assuming that both the beam and the supports were taken as rigid. Additionally, the opening in 

the diaphragm wasn’t taken into account. Use of these assumptions may have contributed to the 

inability of the beam analogy to accurately estimate the forces from Perform 3D.  
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7.4 Future Studies 

 

Based on the studies conducted and the results obtained, further studies are required to 

better understand diaphragm behavior. As mentioned previously, use of Perform 3D for this 

study did not provide any general trends that could be established. When looking at one of the 

demands (e.g. slab shear), results not only seemed to depend on the elements and shear stiffness 

values used, but also where the section cuts were located. Despite the mesh being modified such 

that smaller more rectangular elements were used, section cuts in the East-West direction had 

different trends than cuts in the North-South direction for different model configurations. 

Additionally, use of inelastic elements to model diaphragms had increased analysis runtime 

leading to delays in post-processing and evaluation of results. 

In order to either better establish a trend or confirm the results of this study, a more 

sophisticated finite element analysis software will be used. One benefit of using such software is 

that the shear-flexure interaction in the diaphragms may be captured. In Perform 3D, these 

behaviors were uncoupled which led to stability problems in the model. When using nonlinear 

elements along with the shear capacity provided by ACI 318, the model becomes unstable and is 

unable to converge on a solution when nonlinear shear behavior is used. In order to perform the 

study, an artificially high shear capacity had to be used in order to keep shear behavior linear. 

With the use of a software such as OpenSees, the nonlinear shear behavior of the diaphragm may 

be modeled. Modeling this behavior may address the issues that were found when doing the 

shear stiffness sensitivity study and may provide an actual trend. Additionally, localized 

stress/strain behaviors as well as crack patterns may be better predicted.  
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In addition to this, other simplified methods, will be explored to determine whether the 

diaphragm demands can be estimated without the use of a finite element analysis model. The 

beam analogy method that was explored in this study tended to underestimate the forces from the 

model. However, this may be due to the assumption that the supports were rigid. The effect of 

using spring supports is an option that may be considered and may address the problems seen 

when using the rigid support assumption. Another method would be to analyze the diaphragms 

using the strut-and-tie method. Use of this method may help with how the force is distributed 

around openings as well as how forces are transferring between the core wall and the transfer 

level diaphragm. However, use of this method may be more difficult due to the numerous 

possible load paths.  
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