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Executive Summary

This design procedure in PART 1 is part of a new seismic design methodology for precast concrete
diaphragms. The design methodology and procedure are the product of a large multi-university research
project initiated and guided by the Precast/Prestressed Concrete Institute (PCI) can co-funded by PCI, the
National Science Foundation (NSF) and the Charles Pankow Foundation (CPF), termed the Diaphragm
Seismic Design Methodology (DSDM) project.

The primary objectives of the DSDM project, as laid out in the PCI RFP are to develop an industry-
endorsed design procedure, including:

1. The forces to which precast diaphragms are to be designed
2. The deformations to which precast diaphragms are to be designed.
3. The precast diaphragm reinforcing details that can provide this behavior.

A further objective of the DSDM project, added as a deliverable as part of supplemental funding by
the Charles Pankow Foundation, was the demonstration of viable systems for high seismic zones.

The research project, led by the University of Arizona, accomplished these goals through an
integrated experimental-analytical research program using the NSF Network for Earthquake Engineering
Simulation (NEES) Sites at Lehigh University and University of California- San Diego (UCSD).

The key outcomes of the research are:

1. The diaphragm design force levels required to keep diaphragms elastic in the design
earthquake.

2. The relationship between precast diaphragm strength and anticipated diaphragm
reinforcement' deformation demands” for different diaphragm geometries and seismic
hazard levels.

3. The required increase in diaphragm shear strength, with respect to diaphragm flexure
strength, to prevent undesirable high inelastic shear deformations in precast diaphragms.

4. The key characteristics of several typical precast diaphragm reinforcements under cyclic
tension and shear, including stiffness, strength and reliable deformation capacity.

5. New precast diaphragm reinforcement concepts providing improved cyclic performance.

The research also provided new information on: (1) The response of precast diaphragm connectors
under combined tension and shear; (2) The seismic diaphragm force profiles that occur in multi-story
structures; (3) The force paths that develop in precast floor systems, including parking structures and
office buildings; (4) The inelastic deformation patterns that develop in the diaphragm reinforcement,
including concentrated demands at columns lines. This information informed the design methodology.

The key research outcomes listed above are embodied in the design procedure as follows:

1. Diaphragm design force levels that are calibrated to different performance targets for
precast diaphragms via a diaphragm design force reduction factor, R;, applied to newly
proposed (higher) diaphragm forces”.

2. Diaphragm reinforcement and connector classifications (Low, Moderate and High
Deformability Elements or LDE, MDE, HDE) based on inelastic deformation capacity.

3. Diaphragm shear overstrength factors (£2,) to protect the diaphragm from undesirable
shear mechanisms.

" The term diaphragm reinforcement is used to refer generically to reinforcing bars or mesh in topped diaphragms,
and precast connectors in topped/untopped diaphragms.
? Deformation demands occur at joints between precast units.

3 BSSC proposal IT06-001for the ASCE7-14 Provisions.



The new diaphragm design forces, diaphragm design factors (R;, £2,) and diaphragm reinforcement
classifications (LDE, MDE, HDE) are used within a performance based design framework for precast
diaphragms, developed jointly by researchers and industry, which allows the designer three options:

1. An Elastic Design Option, where the diaphragm is designed to the highest force levels, calibrated
to keep the diaphragm elastic, not only for the design earthquake, but also in a rare maximum
event, but, in exchange for the higher design force, permits the designer to detail the diaphragm
with the ordinary (LDE) reinforcement that need not meet any deformation requirements.

This option is limited in its use through the introduction of Diaphragm Seismic Demand Levels,
which are based on building height, diaphragm geometry and seismic hazard level, and preclude
the use of the Elastic Design Option for High Diaphragm Seismic Demand.

2. A Basic Design Option, in which the diaphragm is designed to a force level calibrated to keep the
diaphragm elastic in the design earthquake, thus lower than the Elastic Design Option strength,
but requires MDE diaphragm reinforcement, specified to provide an inelastic deformation
capacity sufficient to survive the anticipated deformation demands in a rare maximum event.

This option, and the next, requires the use of a diaphragm shear overstrength factor to assure that
a non-ductile shear failure does not occur prior to the reinforcement reaching its intended inelastic
target deformation. Note that inelastic deformation is associated with joint opening due to
diaphragm flexure, not joint sliding deformation due to shear.

3. A Reduced Design Option, in which the diaphragm is designed for the lowest design force level.
Because these levels are lower than in the Basic Design Option, some yielding in the diaphragm
is anticipated in the design earthquake. The force levels have been calibrated to keep diaphragm
inelastic deformation demands in a rare maximum event within the allowable deformation
capacity for the highest classification of precast diaphragm reinforcement, termed HDE details.

The design methodology permits the designer to calculate the internal forces in the diaphragm using
the simple horizontal beam methods commonly used today. Alternatively, the internal forces (in plane
shear, moment, and in cases axial force) can be determined using free-body methods developed for
common configurations, or using the semi-rigid diaphragm option available in most design office
computer structural analysis packages. For the latter case, an estimate of diaphragm stiffness is required.
The design methodology provides approximate values of effective elastic and shear moduli (E.; Gp) for
this purpose, as well as an alternative method to directly calculate these values. Guidance for these
methods appears in PART 3 of the Seismic Design Methodology Document.

Diaphragm reinforcement must conform to the required classification of the selected design option.
Existing diaphragm reinforcement is prequalified for different classifications (LDE, MDE and HDE) and
tables of connector nominal strength and stiffness values are provided in an Appendix. A qualification
protocol is provided for classifying and determining properties of new diaphragm reinforcement. The
qualification protocol appears in PART 2 of the Seismic Design Methodology Document.
Recommendations are also given for connections in the precast floor system that are not part of the
primary diaphragm reinforcement, including connections between precast units and gravity beams.

Diaphragm reinforcement is to be provided in sufficient quantities to meet the required strength
established by the calculated internal forces. The methodology promotes a strength design for the precast
reinforcement at the joint level. In this approach, all the reinforcement across the joint is accounted
together to carry the design forces. A general interaction equation is provided to design joints under
combinations of shear, flexure, or collector actions. Many diaphragm joints are dominated by a single
force component where the equation simplifies to a direct comparison to the capacity of the connections.

In rare cases, the precast diaphragm flexibility must be evaluated to ensure that gravity system
columns remote to primary lateral force resisting elements (shear walls, moment frames) are not
susceptible to excessive inter-story drifts due to the added deflection of the diaphragm.



Design Methodology Summary:

Design

Applicability
o Seismic design of precast concrete diaphragms with and without topping slabs in general
precast concrete building construction
Objective
o Provide adequate strength and deformability of connectors between precast floor units
Method
o Calculate diaphragm force F,,, based on proposal IT06-001 for the 2014 ASCE 7
provisions, applying the appropriate diaphragm design force reduction factor R; aligned
to the desired performance targets
o Amplify the diaphragm shear forces additionally by an overstrength factor £2 to avoid
diaphragm nonductile failure modes
o Select appropriate diaphragm reinforcing based on required deformation capacity
o Check gravity system drifts as amplified by diaphragm flexibility if applicable.

Step Summary:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Design

Determine diaphragm seismic demand level (Low, Moderate, or High) based on seismic design
category (SDC), number of stories and diaphragm span.

Select diaphragm design option (Elastic, Basic or Reduced) based on diaphragm seismic
demand level, in conjunction with a diaphragm reinforcement classification (Low, Moderate, or
High deformability element - LDE, MDE, HDE).

(a) Determine the diaphragm design forces, Fpy using ASCE 7 proposal IT06-001 with
diaphragm design force reduction factors R; based on the diaphragm design option;

(b) Determine the corresponding diaphragm required strength (V,, M, and in cases N,) based on
the internal design forces at the precast joints

Design diaphragm connections for the required strength, including special provisions for shear
reinforcement overstrength (£2,) and collectors, using diaphragm reinforcement types meeting the
required diaphragm reinforcement classification (See Step B below) to provide adequate nominal
strength (§V,, ¢M, and in cases ¢Np,).

Determine diaphragm stiffness, if needed, via an effective elastic modulus (E.y) and shear
modulus (G.p), and check diaphragm-amplified gravity column drift, when applicable.

Step Summary — Preferred Connector Set for Diaphragm Reinforcement:

Step A:
Step B:

Step C:

Step D:

Select specific diaphragm reinforcement types based on a preferred connector set.

If connectors are prequalified, look up diaphragm reinforcement classification (LDE, MDE,
HDE) and properties in PART 1: Appendix 1; If not prequalified connectors, perform
qualification testing following protocols in PART 2.

Select diaphragm design option (Elastic, Basic, or Reduced) based on diaphragm seismic
demand level and diaphragm reinforcement classification for the selected connectors.

Check applicability of selected diaphragm design option and diaphragm connector set with
corresponding diaphragm seismic demand level (Low, Moderate, or High).

Steps 3-5: As above.



Seismic Design Procedure for Precast Concrete Diaphragms

Step 1: Determine diaphragm seismic demand level
(1) Three diaphragm seismic demand levels are defined: Low, Moderate, and High
(2) Diaphragm seismic demand level is based on seismic design category (SDC), number of stories 7,
diaphragm span L and aspect ratio 4AR:
e Determine SDC from structure risk category and SDS, SD1 at the site per ASCE Section 11.6
e Diaphragm seismic demand level is:

For SDC B and C: Low
For SDC D and E: See Fig. 1
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Fig. 1. Diaphragm seismic demand level.

Notes on Figure 1:
If AR>2.5 and the diaphragm seismic demand falls in Low,
it shall be moved from Low to Moderate.

If AR<1.5 and the diaphragm seismic demand falls in High,
it can be moved from High to Moderate.

(3) Diaphragm span on a floor level is defined as the larger value of:
- maximum interior distance between two LFRS elements
- twice the exterior distance between the outer LFRS element and the building free edge

(4) Diaphragm span for the structure is selected as the maximum diaphragm span on any floor in the
structure in any direction.

(5) Diaphragm aspect ratio (AR) is defined as the diaphragm span-to-depth ratio, using the
diaphragm span determined in steps (3), (4) above. Depth is defined as the floor diaphragm
dimension perpendicular to diaphragm span associated with the pair of adjacent chord lines for
the diaphragm or sub-diaphragm (See Commentary Fig. C-1).



Step 2: Select diaphragm design option and appropriate diaphragm reinforcement classification

(1) Three diaphragm design options are defined: Elastic, Basic and Reduced

(2) Diaphragm design option applicability is based on diaphragm seismic demand level, see Table 1

(3) Three diaphragm reinforcement classifications are defined: High, Moderate and Low
deformability elements

(4) Diaphragm reinforcement applicability is based on diaphragm design option, see Table 2.

(5) The applicable Diaphragm Reinforcement Classification is based on the lowest classified
reinforcement used in the diaphragm.

Table 1. Diaphragm design option

. . Diaphragm Seismic Demand level
Design Option -
Low Moderate High
Elastic Recommended | With Penalty* Not Allowed
Basic Alternative Recommended | With Penalty*
Reduced Alternative Alternative Recommended

* Diaphragm design force shall be increased by 15%.

Table 2. Required diaphragm reinforcement classification

. . Diaphragm Reinforcement Classification
Design Option -
Low Moderate High
Elastic Recommended Allowable Allowable
Basic Not allowed Recommended Allowable
Reduced Not allowed Not allowed Recommended

Comments:
=  An Elastic Design Option (EDO):
e The EDO targets elastic diaphragm behavior in the maximum considered earthquake (MCE).
e  The diaphragm force reduction factor, R, is less than unity for the EDO, reflecting a greater
strength than the BDO.
e The EDO allows the use of low deformability connections or better.
=  The Basic Design Option (BDO):
e The BDO targets elastic diaphragm design in the design basis earthquake (DBE).
e The diaphragm force reduction factor, R, for the BDO is unity, as its design intent aligns
directly with the diaphragm design forces provided in ASCE 7 proposal IT06-001.
e The BDO requires the use of moderate deformability connections or better.
= A Reduced (Force) Design Option (RDO):
e The RDO permits diaphragm yielding in the DBE
e  The diaphragm force reduction factor, R, is greater than unity for the RDO, reflecting a
lower strength than the BDO..
e The RDO requires the use of high deformability connections.

=  High deformability element (HDE): An element that demonstrates a reliable and stable maximum
joint opening deformation capacity of greater than 0.6”

=  Moderate deformability element (MDE): An element that demonstrates a reliable and stable
maximum joint opening capacity of between 0.3” and 0.6”

= Low deformability element (LDE): An element that does not meet moderate or high deformability
element requirements

= (lassification of a given diaphragm reinforcement element or connection is determined through
testing of individual elements following the cyclic testing protocols of the Precast Diaphragm
Reinforcement Qualification Procedure in PART 2 of the Seismic Design Methodology Document.




Step 3: Determine the diaphragm design forces and the corresponding diaphragm joint required strengths:

(3a) The diaphragm design forces are calculated according to the ASCE 7 using proposal 1T06-001 for
the 2014 provision, herein, termed as IT06-001:

(1) Determine the diaphragm design acceleration coefficient at level x (C,,) according to 12.11.2.1
and Figure 12.11.1 of IT06-001

(2) Determine the flexible diaphragm acceleration amplification factor at level x (o) according to
Eqn.12.11-12% of IT06-001
(3) Determine the diaphragm design force at each level according to Eqn. 12.11-1, Eqn. 12.11-2,
12.11.2.2 and Table 12.11.5-1 of IT06-001, and simplified as follow:
Fy 2o Coew,, | Ry (Eqn. 1a)
but not less than:
F,.= 0204 Spslew,, (Eqn.1b)
where:
w,, is the tributary weight of floor at level x

F,, is the diaphragm design force at level x

R, (Table 12.11.5-1 of IT06-001) = (0.7 for EDO
= 1.0 for BDO
= 1.4 for RDO

For cast-in-place equivalent diaphragms (defined in Comments below), R; is the
same as for cast-in-place diaphragms (See Table 12.11.5-1, IT06-001).

(4) For design of collectors in SDC C through F, amplify the design force by 1.5 according to
12.11.4 of IT06-001.

(5) Determine diaphragm shear overstrength factor: Qy = 1.4 R;

Comments:
= R, is alower bound (conservative) diaphragm design force reduction factor based on analytical
research whose values are:
— Calibrated to produce elastic diaphragm response in the MCE for the EDO.
— Calibrated to produce elastic diaphragm response in the DBE for the BDO, and
— 1o produce maximum inelastic opening deformation demand in the MCE not
exceeding the allowable value for a Moderate Deformability Element, 0.2”
— Calibrated to produce the maximum inelastic opening deformation demand in MCE not
exceeding the allowable value for a High Deformability Element, 0.4” for the RDO.
= A cast-in-place equivalent diaphragm is a topped precast diaphragm with the topping designed to act
as the diaphragm according to ACI 318-11 section 21.11.5 or a pretopped precast diaphragm where
all chords, collectors, and joints between precast elements are constructed of field-cast reinforced
concrete with details consistent with the requirements of ACI 318.
= Q) is applied to the required shear force in Step 4
*  For the purposes of determining C, , a ramp element will be associated with the top-most level to
which it is attached.
= See Appendix 4 for alternate design force procedure based on ASCE 7-10 diaphragm forces.

* Eliminated (i.e. set to unity) in a subsequent version of IT06-001, See Commentary for oy expression.



(3b) Determine diaphragm internal forces

Determine the diaphragm required strength (V,, M, and/or N,,) for all potential critical diaphragm joints
by applying the diaphragm design force F),, from Eqn. 1 to each floor/roof diaphragm. The diaphragm is
to be evaluated for the effects of seismic loading in each orthogonal direction individually, with the
critical set of diaphragm internal forces at a joint used to design the diaphragm reinforcement in Step 4.

Determination of diaphragm in-plane design moments, shears, and axial forces shall be consistent with
requirements of equilibrium and design boundary conditions. It shall be permitted to determine design
moments, shears, and axial forces in accordance with one of (1) through (4), as appropriate:

(1) Analysis using free-body diagrams: Internal forces at all potential critical sections in the
diaphragm can be determined by taking the applied diaphragm forces (F),,) and reactions on the
diaphragm and evaluating appropriate free-bodies around each critical section using the
principles of statics. Among these methods is the commonly-used horizontal beam analogy (See
Comments below). Diaphragm reactions can be determined based on a rigid diaphragm
assumption, flexible diaphragm assumption or bounding analyses as applicable.

(2) Semi-rigid diaphragm model: If the structural analysis model for the building includes semi-
rigid modeling of the floor and roof diaphragms, the internal forces at critical sections can be
extracted directly from the analysis model subjected to the diaphragm forces (F).

(3) Design aids: Diaphragm free-body diagrams and internal force expressions developed for
common precast structure floor configurations are provided in PART 3 of the Seismic Design
Methodology Document.

(4) Strut-and-Tie models: A strut-and-tie approach can be used to determine diaphragm internal
actions in accordance with the provisions of ACI 318 Section 18.5.

Comments:

=  The horizontal beam analogy is an equilibrium-based simplified analysis method. This method permits
a simple calculation of moments and shears by idealizing the diaphragm or segments of the diaphragm
as a beam with spans between the vertical elements of the lateral force-resisting system (LFRS).

e The beam analogy does not include the development of diaphragm tension forces that may
occur in semi-rigid models. (i.e. N, = 0 for joints not associated with collector action)

e The beam analogy does not consider deep beam effects, and will produce conservative
estimates of the lateral force actions on the diaphragm.

= The diaphragm reactions at the LFRS vertical elements for free-body analysis methods are typically
determined by considering the diaphragm rigid or flexible:

e The rigid diaphragm assumption distributes diaphragm reactions in proportion to the relative
stiffness of each LFRS vertical element. This assumption has historically been applied to
precast concrete diaphragms with aspect ratios less than 3.

e The flexible diaphragm assumption distributes diaphragm reactions in proportion to the
tributary mass of each LFRS vertical element. This assumption has historically been applied
to precast concrete diaphragms with aspect ratios greater than 3.

e A bounding analyses can be performed in which the design values are the envelope of values
obtained by assuming upper and lower bound in-plane stiftness for the diaphragm in two, or
more, separate analyses. (See PCI Seismic Design Manual)

*  For semi-rigid diaphragms, the diaphragm effective elastic moduli, E,; and G, can be estimated as
25%~35% of the uncracked concrete £ and G for the structural analysis model. These estimated
values should be verified in Step 5 after sizing the diaphragm reinforcement.

»  Further guidance on modeling the diaphragm appears in PART 3 of the Seismic Design
Methodology Document. The designer is also directed to the new ACI 318-14 diaphragm chapter.




Step 4: Design diaphragm connections for required strength.
(1) Select diaphragm connections based on required Diaphragm Reinforcement Classification.
— Diaphragm connections shall be classified using the cyclic testing protocols in the
Precast Diaphragm Reinforcement Qualification Procedure.
— See Appendix 1: Prequalified Precast Diaphragm Reinforcement to determine the
classification of commonly-used existing diaphragm reinforcement.

(2) Establish diaphragm reinforcement properties required for design including:
(a) Elastic stiffness in tension and shear: &, k,
(b) Yield strength in tension and shear: ¢, , v,
— Diaphragm connection properties shall be determined using the qualification backbones
in the Precast Diaphragm Reinforcement Qualification Procedure.
— See Appendix 1: Prequalified Precast Diaphragm Reinforcement to look up the
properties of commonly-used existing diaphragm reinforcement.

(3) Diaphragm connections at each joint between precast elements must possess sufficient total
strength (N,, V,, M,) to resist the diaphragm internal forces. The following general interaction
formula is permitted to be used for diaphragm joint design:

2 2
M, N QY
- — | | =] <10 (Eqn. 2)
¢an ¢an ¢vVn

where the strength reduction factors ¢¢ and ¢, are given in the relative material standard.

e Note: For the design of collectors and connections to the LFRS, use Eqn. 2 calculating
the required strength (V,, M, , and N,,) based on note (4) of Step 3a, and use Q, =1.0.

(4) The nominal strength of the joint for Eqn. 2 can be calculated as follows:
N, = Ztn (Eqn. 3a)
V.=, (Eqn. 3b)

where t;, and v, are the nominal tension and shear strengths of individual reinforcement elements
crossing the joint. The appropriate nominal flexural strength M, of the joint depends on the
diaphragm design option:

e For elastic design option: M, =M, (Eqn. 4a)
1+Q
e For basic design option: M, = 5 M y (Eqn. 4b)
— For reduced design option: M,=Q,M, (Eqn. 4c¢)
where:

M, is the yield moment of the precast diaphragm joint, and
L2, is the diaphragm flexural overstrength factor

— M, can be taken conservatively as 1,7 d “where 1, is the chord yield force (A, for typical chord

reinforcement and connectors) and d “is the depth between chords (See Commentary Fig. C-1).

— 4 is defined as the ratio of the diaphragm plastic moment to the diaphragm yield moment, M,/M,,
conservatively taken as /.0 for a pretopped diaphragm, and /.25 for a topped diaphragm.

— Alternately, M, and (2, can be determined from a strain curvature or pushover analysis.



Comments:

The Precast Diaphragm Reinforcement Qualification Procedure appears in PART 2 of the Seismic
Design Methodology Document.

Equation 2 pertains to the primary joints in the diaphragm, including those between precast floor
units, diaphragm-to-LFRS joints in both orthogonal direction, and internal beam joints residing
between chord lines. So-called “secondary” connections in the floor system, including diaphragm-to-
spandrel connections, spandrel-to-column connections, internal beams outside the chord lines and
ramp-to-lite wall non-diaphragm connections, DO NOT require a seismic strength design.

Note that for diaphragm joints without significant combined forces, Eqn. 2 simplifies considerably:

e In most diaphragms, there are areas strongly dominated by either shear or bending where the
interaction of the structural effects is not significant and the dominant action can be compared
directly to the capacity of the connections in the joints (¢¢ M;, > M, or ¢, V, > Q. V, ).

e  When the rigid diaphragm assumption is used, the application of the connection interaction
Eqn. 2 can be simplified by removing the axial force term as the beam analogy does not
produce separate tension in the diaphragm:

{ . 5
(k)" + (E_‘f.} % 1.0 Eqn. 2 - alt
N! Ppily @ty
e Collectors and diaphragm-to-LFRS connection can be designed directly for the diaphragm
reaction based on note (4), Step 3a and (2,=1.0, unless a rational load path method is used.
A rational method is provided for calculating the diaphragm flexural strengths M, and M, and been
embedded in a design aid program. See “Diaphragm Joint Strength Calculation” and “Design Aids for
Diaphragm Design: Spreadsheet Program” in PART 3 of the Seismic Design Methodology Document.
Deformation capacity of primary reinforcement is directly accounted in the design through the
diaphragm classification. However, deformation capacity should be considered for other connections
and reinforcement in the floor system including:
e diaphragm-to-LFRS connections, which require a different set of required deformation
characteristics than those defined by the diaphragm reinforcement classification
e diaphragm-to-spandrel connections, spandrel-to-column connections, and internal beam
connections not included in the strength design.

e Recommendations for the deformation capacity of these connections appear in Appendix 1.

The determination of diaphragm nominal strength and the use of Equation 2 are further discussed in the
Step 4 Commentary.

Step 5: Determine diaphragm stiffness and check gravity system drifts if applicable.
(1) A diaphragm stiffness calculation is required if:

o asemi-rigid diaphragm computer structural analysis model is used, or
o a gravity system drift check is required.

(2) For a semi-rigid diaphragm model, determine a diaphragm effective elastic modulus (£,;) and

shear modulus (G.p). The calculated £.rand G4 shall be checked with respect to the estimated
values in Step 3, and the analysis repeated if necessary.

(3) A check for the gravity system drift is required for certain design cases as specified in Table 3. If

Table 3. Design cases requiring drift check.

required, the procedure for the gravity system drift check is provided in Appendix 3.

Comment: A rational method has been developed for

. - = ) the diaphragm E,rand G, calculations. This method
Design Option | Cases Requiring Drift Check s embedded in aféesign o program, See
ns3 |3<ns5| n>5 “Diaphragm Joint Stiffness Calculation” and “Design
EDO - - AR>3.5 Aids for Diaphragm Design: Spreadsheet Program” in
BDO AR>3.8 | AR>3.5 | AR>3.2 PART 3 of the Seismic Design Methodology
RDO AR>3.6 | AR>3.4 | AR>31 Document for Precast Concrete Diaphragms.
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APPENDIX 1: Prequalified Diaphragm Connections

Table A-1 provides the prequalified diaphragm reinforcement including:
(1) Diaphragm Reinforcement Classification: Low Deformability Element (LDE); Moderate
Deformability Element (MDE), High Deformability Element (HDE).
(2) Pertinent reinforcement properties for use in the design procedure: elastic tension stiffness k ,
nominal tension strength t,,elastic shear stiffness k, and nominal shear strength v,

The connector identification (ID) in the first column refers to the connector labels shown in Table
2A-3 (PART 2 of the Diaphragm Seismic Design Methodology Document). Table 2A-3 in PART 2
provides a photo and schematic of each tested connector, including the prequalified connectors. The
schematic provides the major details of the connectors; however, the designer must refer to the Lehigh
testing reports (Naito et al. 2006) (Naito et al. 2007) for the full description of the connector detailing.

Table A-1. Prequalified Diaphragm Reinforcement Table

Tension Shear
ID 2A-1a. Reinforcing bars Classification ki/A tn/A Sty Stu kv/A VolA By
[K/infin?]  [ksi] [in] lin] | Kinfin®] [ksi]  [in]
B-1,
B-2, Dry chord Gr.60 LDE 1018 60  0.071 0.1 382 24.2 0.090
B-3
D Dry chord w/ flat plate Gr. 60 MDE 1018 60 0.071 0.3 382 24.2 0.090
E Pour strip chord Gr.60 HDE 1234 60 0.057 0.7 382 24.2 0.090
G Ductile ladder Gr.1018 HDE 1260 54 0.043 06 217 21.7 0.100
F Standard ASTM A185 wwr LDE 1414* 65* 0.035* 0.1* 709 39.7 0.056

* based on testing of wwr with 10” gage spacing perpendicular to joint

Tension Shear
ID 2A-1b. Connectors Classification k¢ tn Sty Stu ky Vn Sy
[kin]  [kips]  [in] [in] [kin]  [kips] fin]
Ny VI HDE 55 31 0066 06 226 181  0.082
C-2 Hairpin (#4) HDE 209 9.0 0.043 0.6 181 18.1 0.100
- Angled bar (#3) MDE 300 10.2 0.059 0.3 372 171 0.045
k; = Elastic tension stiffness k, = Elastic shear stiffness
ty = Nominal Tension strength Vi = Nominal Shear strength
Oy = Yield tension deformation dvy = Yield shear deformation
Ow = Tension deformation capacity A = Bar cross-sectional area
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APPENDIX 2: Connector Deformation Capacity

Primary Diaphragm Reinforcement: Shear and Flexural Reinforcement

Table A-2.1 lists the tension (joint opening) capacity associated with each of the Connector
Deformability Classifications used in the design methodology.

Table A-2.1 Diaphragm Reinforcement Classification

Deformability Category | Tension deformation capacity
LDE 5¢<0.3"
MDE 0.3< 8;<0.6"
HDE 0.6"< §

Primary Diaphragm Reinforcement: Diaphragm —to-LFRS Connections

The deformation capacity (8.) for reinforcement or connectors comprising the diaphragm-to-
LFRS connection shall satisfy the following condition:

5. >C,0,

where C, is a coefficient multiplier for diaphragm seismic demand level (See Table A-2.2), and J, is a
reference deformation capacity for diaphragm-to-LFRS connection (See Table A-2.3). Deformation
capacity is to be reliable and stable at the deformation capacity under cyclic loading.

Table A-2.2 Diaphragm-to-LFRS connection Coefficient multiplier C,.

Seismic Demand Level C,
Low 1.0
Moderate 1.5
High 2.0

Table A-2.3 Diaphragm-to-LFRS connections reference deformation capacity 8.

Ocb Exterior wall | Interior wall | Lite wall | Moment frame
Opening 0.05" 0.15" 0.05" 0.1"
Sliding 0.1" 0.05" 0.15" 0.1"

Diaphragm Secondary Connections Deformation Recommendations

Recommended deformation capacity for diaphragm secondary connections are the product of the
reference deformation capacities listed in Table A-2.4 multiplied by the appropriate C, factor.

Table A-2.4 Deformation capacity recommendations for diaphragm secondary connections .

. Parking Structure Regular building
Deformation
Internal beam Spandrel | Internal beam Spandrel
Opening 0.125" 0.05" 0.125" 0.075"
Sliding 0.075" 0.075" 0.05" 0.05"
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APPENDIX 3: Diaphragm Contribution to Drift

Procedure to calculate the diaphragm contribution to gravity column interstory drift:
(1) Determine the diaphragm elastic deformation (3 4;,, ) under design force (Fp;,):
- If using a free-body diagram method, obtain the maximum diaphragm deformation based on
the moment and shear diagrams obtained in Step 3b, and using the calculated E.yand G4
- If using a semi-rigid diaphragm model, extract the maximum diaphragm deformation from
the static analysis performed in Step 3b using the calculated E.rand Gy

(2) Determine the diaphragm inelastic deformation by applying the deformation amplifier (Cygin) to
elastic diaphragm deformation (0 gia, e1):
8 dia = Cadia O dia, el (Eqn. A3-1)

where for EDO: Cggi, = 1.0 Cy

for BDO: Cd,dia =1.5 CA

for RDO: Cd,dia =29 CA
and C, is the diaphragm drift P-A multiplier, C, =1+ C,(L/240)(AR/4) where C, is a
the design option factor equal to 0.06 for EDO, 0.08 for BDO and 0.10 for RDO.

(3) Determine the diaphragm induced gravity column drift by introducing a diaphragm drift
reduction factor (C, 4;,) to the diaphragm inelastic deformation (J gi,)

0 dgia = 0 4iaCr.aia /1 (Eqn. A3-2)
where h is the floor-to-floor height and C, 4;, is calculated from:
For EDO: 0.4<C, ;,, =1.11-0.134R<1.0 (Eqn. A3-3)
For BDO: 0.4<C, ,, =1.08-0.114R<1.0 (Eqn. A3-4)
For RDO: 0.4<C, ,, =1.00-0.114R <1.0 (Eqn. A3-5)

and AR is diaphragm aspect ratio as limited in Appendix 4.
(4) Check the diaphragm induced gravity column drift with design limit:
-1f04,<0.010K

-If0 dia=> 0.01 then check 06 dia T 0 LFRS
where 0  prsis 1.5 times the LFRS story drift determined per ASCE 7, 12.8.6:

If 0 4ia + 0 Lrrs < 0.04 OK

If 0 4. + 6 Lrrs > 0.04, then redesign the diaphragm to increase
diaphragm stiffness (via diaphragm reinforcement or span)

Comments:
= The C, factor is intended to account for the fact that diaphragm deformation is not directly
related to the column inter-story drift due to higher mode effects & deformation of adjacent
floor diaphragms (except for the lowest diaphragm which typically has low deformation
demand compared to upper floors).
= The C, factor is intended to account for added gravity system drift due to P-A effects.
= The diaphragm induced drift limit 0.01 is set as the difference of the estimated allowable

gravity column drift (0., = 0.04) and the expected LFRS drift (O frs = 0.03) in the MCE.

»  The 1.5 factor for Oy pgrs is to scale the code (DBE) drift to the MCE level.
=  Further guidance on performing the diaphragm deformation calculation for substep 1 above
appears in PART 3 of the Seismic Design Methodology Document.
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APPENDIX 4: Alternate Diaphragm Design Force Procedure Based on ASCE 7-10

To use the diaphragm design methodology with current ASCE7-10 diaphragm procedures, use alternate
Step 3a below in lieu of current PART 1: Step 3a, using the Fy;,, calculated in Eqn. A4-5 for F),, .

Step 3a - Alternate:

(1) Determine diaphragm force amplification factor (¥)
e For elastic design option, Y= Wg:

¥, =1.75Qn""[1-0.04(3.0— AR)*], 1.0< P, (Eqn. A4-1a)
e For basic design option, Y= ¥p:

¥, =1.75Qn"*[1-0.03(3.0— 4R)*], 1.0< ¥, (Eqn. A4-1b)
e For reduced design option, V= Wg:

¥, =1.10Qn"°[1-0.03(2.5- AR)*], 1.0< P, (Eqn. A4-1c)

where:
n is building total number of stories
AR is diaphragm aspect ratio (0.25< AR <4.0)
Q is a multiplier to consider the effect of LFRS overstrength: Q =1+2.5logQ, / n®
based on the structure system overstrength factor (€2) defined in ASCE7-10.

(2) Determine diaphragm shear overstrength factor (£2,)
e For elastic design option, (2, = Q:

Q=10 (Eqn. A4-2a)
e For basic design option, (2, = Qp:

Q, =142/ AR"" <1.70 (Eqn. A4-2b)
— For reduced design option, (2, = Q:

Q,=192/A4R"" <2.46 (Eqn. Ad-2c)

where AR is diaphragm aspect ratio:
0.25<A4AR<4.0, use4.0if AR>4.0 and use 0.25 if AR <0.25

(3) Determine Diaphragm Force Vertical Distribution (o) Factor
The diaphragm force vertical distribution factor o, , for use in Eqn. A4-4 is calculated as follows:

Parking garage with ramp: o, =1.0 for top floor , o, =0.68 for other floors
Other types of buildings: o, as determined in Table A4-1.

(4) Calculate the lateral seismic design force F, at each floor level as per ASCE 7-10 using equation
Eqn. 12.8-11 as per ASCE 7 Sections 12.8.1-12.8.3.

o Note: The approximate structure fundamental period T, in ASCE 7 Section 12.8.2 shall be used to
calculate the controlling seismic response coefficient Ci.

(5) Calculate the top level diaphragm force F),, using Eqn. 12.10-1 as per ASCE 7 Section 12.10.1.1.
e Note: The lower bound diaphragm design force 0.2Spglw,, shall apply in the calculation of I,
(ASCE 7 Section 12.10.1.1), where terms Sps, I, wy, are defined in ASCE7-05.
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(6) Calculate diaphragm design acceleration at the uppermost level 7, Cyiun
C =F,/w, (Eqn. A4-3)

dia’n

(7) Calculate baseline diaphragm force at each level x, Fpy
FDx =0y Cdia: n Wpx (Eqn A4-4)

where o, is a diaphragm force vertical distribution factor, which can be taken as 1.0, or
alternatively calculated using Appendix 4 of PART 1.

(8) Amplify the baseline diaphragm force obtained from Eqn. A4-4 by the diaphragm force
amplification factor obtained from Eqns. A4-1a-c:

F =YF,, (Eqn. 43-5)

Dia,x

Comments:
= Design equations are greater than or equal to 90% of mean data of the maximum response from
5 ground motions.
» W — Diaphragm force amplification factor used in the EDO.
—  Calibrated to produce elastic diaphragm response in the MCE.
= ¥, — Diaphragm force amplification factor used in the BDO.
— Calibrated to produce elastic diaphragm response in the DBE.
—  Wp produces maximum inelastic opening deformation demand in MCE not exceeding the
allowable value for a Moderate Deformability Element, 0.2”
* Wy - Diaphragm force amplification factor used in the RDO.
— Calibrated to produce the maximum inelastic opening deformation demand in MCE not
exceeding the allowable value for a High Deformability Element, 0.4”
=  An estimate of actual LFRS overstrength can be substituted for () in determining Q (See
Commentary Appendix 4).
= Q,is applied to the required shear force in Step 4
"  For this method, collectors should be designed for axial force equivalent to the diaphragm-to-LFRS
connection design shear, given by the maximum of (Q,V, , ,V,/'¥), unless a rational load path
method (Step 5 Commentary) is used.
= Uppermost floor level for buildings with vertical appendages (e.g. penthouses) is level containing
95% of total building weight as measured from ground. Design appendage for Cy;, at its level.
= The upper bound diaphragm design force in ASCE 7 does not apply.
= A ramp element will be associated with the top-most level to which it is attached.

Table A4-1. Diaphragm design force distribution factor (o)

Story Number Total Number of Story
1 2 3 4 5 6 7 8 9 10
1 1.00 1.00 1.00 090 0.90 090 0.90 0.90 0.90 0.90
2 1.00 1.00 090 090 0.90 090 0.90 0.90 0.90
3 1.00 0.70 080 0.83 0.80 0.83 0.84 0.85
4 1.00 0.70 0.77 0.70 0.75 0.78 0.80
5 1.00 0.70 0.60 0.68 0.72 0.75
6 1.00 0.80 0.60 0.66 0.70
7 1.00 0.80 0.60 0.65
8 1.00 0.80 0.60
9 1.00 0.80
10 1.00

Table A4.1 provides the o, values calculated for 1 to 10 story structures (See Appendix 4 Commentary for general equation).
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APPENDIX 5: Capacity Design Considerations for Precast Diaphragms

A capacity design check should be performed in an effort to achieve the desired diaphragm
ultimate mechanism, i.e., an inelastic flexural mechanism with elastic shear response. This check enforces
that the diaphragm joint nominal shear capacity is not less than the expected shear demand based on the
maximum diaphragm flexural strength:

V. >4B8M,; +M)/ L (Eqn. A5-1)
where M, and M " are the diaphragm joint nominal flexural strength at the support and midspan
respectively, and L’ is the diaphragm span between the LFRS inelastic flexure (See Commentary

Appendix 5). B is a factor to account for possible strain hardening in diaphragm reinforcement,
recommended as 1.2.
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Terminology and Notation

Note: Terms in bold represent new terminology and notation developed for the procedure. Normal font is
used for accepted or code terminology.

Terminology:
AR: Aspect Ratio
BDO: Basic Design Option
DBE: Design Basis Earthquake
DSDM: Diaphragm Seismic Design Methodology
EDO: Elastic Design Option
ELF: Equivalent Lateral Force
HDE: High Deformability Element
LDE: Low Deformability Element
LFRS: Lateral Force Resisting System
MCE: Maximum Considered Earthquake
MDE: Moderate Deformability Element
RDO: Reduced Design Option
SDC: Seismic Design Category
Notation:
Codia Diaphragm Drift Reduction Factor
C,dia Diaphragm Inelastic Deformation Amplifier
E Diaphragm Effective Young’s Modulus
F, Seismic Design Force
G Diaphragm Effective Shear Modulus
h Floor to Floor Height
k, k, Connector Tension, Shear Stiffness
L Diaphragm Span
N, V., M, Diaphragm Design Internal Forces: Axial, Shear and Moment
n Number of Stories
t,, V, Connector Tension, Shear Strength
Wi Tributary Floor Mass
O dia Diaphragm Inelastic Deformation
Sia, el Diaphragm Elastic Deformation
& Flexural Strength Reduction Factor
o, Shear Strength Reduction Factor
0,01 Allowable Gravity Column Drift
6 dia Diaphragm Induced Gravity Column Drift
O rrs Allowable LFRS Drift
Qy Diaphragm Shear Overstrength Factor
Notation for Alternate (ASCE7 10) Diaphragm Design Force Procedure:
Cliamax Maximum Diaphragm Design Acceleration
Ce Vertical Distribution Factor
Fpigx Amplified Diaphragm Design Force
Fp, Diaphragm Baseline Design Force

a; Diaphragm Force Vertical Distribution Factor
Q System Overstrength Factor

Q Diaphragm Force LFRS Overstrength Factor
4 Diaphragm Force Amplification Factor
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Preface to Commentary on the Seismic Design Procedure for

Precast Concrete Diaphragms

This preface to the Commentary summarizes the main points of the design methodology and

design factor calibration. A reader unfamiliar with the design approach adopted for the design
methodology is encouraged to first read PART 5 Section 5.2: Background on the Seismic Design
Methodology. The design factor calibration involved analytical research using models developed and
calibrated on the basis of extensive large scale physical testing, as described in PART 5: Appendix C.

Design Methodology Summary
The design methodology allows the designer three options (See Figure C-I):

L.

An Elastic Design Option (EDO) in which the diaphragm is designed to remain elastic up to the
Maximum Considered Earthquake (MCE). This objective is realized through the use of a
Diaphragm Design Force Reduction Factor R; less than unity, in conjunction with newly
proposed diaphragm forces aligned to elastic response in the DBE. In exchange for a higher
diaphragm design force, the designer can detail the diaphragm with reinforcement classified as
Low Deformability Elements (LDE), i.e. reinforcement without any deformation requirements.

A Basic Design Option (BDO) in which the diaphragm is designed to remain elastic up to the
Design Basis Earthquake (DBE). This objective is realized through the use of R, equal to unity, in
conjunction with the newly proposed diaphragm forces aligned to elastic response in the DBE.
The design requires reinforcement classified as Moderate Deformability Elements (MDE), whose
classification provide an inelastic deformation capacity sufficient to survive the anticipated
deformation demands for a BDO design in the MCE.

A Reduced Design Option (RDO) in which the diaphragm is designed with R, greater than unity,
in conjunction with the newly proposed diaphragm forces. At these design force levels, some
yielding in the diaphragm is anticipated in the DBE. In exchange for the lowest diaphragm design
force, the designer must use the highest classification of precast diaphragm reinforcement, termed
High Deformability Elements (HDE). The R, value is calibrated such that the diaphragm inelastic
deformation demands in the MCE are targeted within the HDE allowable deformation capacity.

A diaphragm shear overstrength factor (2y) is used to assure that non-ductile shear failure does not occur
prior to the diaphragm reaching its intended inelastic target deformation. Note that inelastic deformation
is associated with joint opening due to diaphragm flexure, not joint sliding deformation due to shear.

Diaphragm force

EDO
_> \P F X = : Po— . AN
focd0 - 1 Diaphragm Force
Y QW F,,
| RO " °° 4444442222
Rs=1.0 - 1 1 e —"D0 O,
YoF o - 14T :
1
RS>1O\’\FRpr' : : —
1 1 . |
F. H 1 1
px allowable ] .
: woe ! ¢ DBE /\_/Dlaphragm Deformation
1
: allowable 1 ’ MCE _
1 1 1
LDE sufficient Diaphragm deformation

Figure C-I. Schematic of Diaphragm Response indicating Diaphragm Design Options.

It is noted that prior to the introduction of the new diaphragm force proposal, these same design

intents were realized through the application of diaphragm design force amplification factors ( ¥z ,
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¥b , #r) to the current (ASCE 7-10) diaphragm forces. The original notation is also indicated in Fig. C-I,
and is maintained as an alternate design approach in Appendix 3 of the design procedure. Table C-1
below summarizes the design options available and how ASCE7-10 maps to (the proposed) ASCE7-14.

Table C-I. Diaphragm Design Options

Diaphragm Design Factors Diaphragm Strength Performance Target
Design ASCE7-10 ASCE7-14* Flexure Shear
Option (Appendix 3) (PART 1) DBE MCE DBE MCE
EDO Ye R,=0.7 Elastic Elastic Elastic Elastic
BDO ¥p R,=1.0 Elastic Inelastic Elastic Elastic
RDO Yr R,=14 Inelastic Inelastic Elastic Elastic

* Proposed through IT06-001

Calibration of Design Factors

The design factors were calibrated through analytical parameter studies. These studies involved
carthquake simulations of a precast evaluation structure to determine diaphragm seismic demands, as
described in PART 5: Appendix A1. Where these analytical results support a step in the design procedure,
they will be presented in the corresponding commentary section. Unless otherwise indicated, analytical
results shown are the mean of maximum from a suite of 5 spectrum compatible ground motions. It is
noted that the analytical research was limited to SDC C to E; no analyses were performed for SDC B.

In general, two performance targets are used to determine the factors for the design methodology
(See Table C-II): (1) elastic diaphragm response, measured in terms of the maximum diaphragm inertial
forces anticipated for a given seismic hazard; and, (b) inelastic diaphragm deformation demands,
measured in terms of the maximum expected opening of joints between precast units at the chord lines.

The performance targets are illustrated schematically using the monotonic backbones in Figure C-
II: (a) a global pushover curve of diaphragm force (Fj;,) vs. deformation (A4g); and, (b) a plot of local
demand on the critical flexure (midspan) joint, in terms of chord connector tension force (7) vs. joint
opening (). These actions are graphically displayed in the Fig. C-Ila inset.

The force-based diaphragm performance targets pertain to elastic diaphragm response, and are
indicated in Fig. C-II as grey solid circles. The deformation-based diaphragm performance targets pertain
to aligning the chord reinforcement joint opening demands to the allowable connector deformations

SMPE or 8" | as indicated by vertical trend lines in Fig. C-IIb. These allowable deformations are

defined in the Commentary for Step 2. Note that the design force amplification factors ( ¥z , ¥ , ¥r) are
replaced by diaphragm design force reduction factors R; in the current version of the design methodology.

(a) 7F ) Fmce .7 EDO BDO (b) 7T _______ ~
dia & /TMCE ---- .-
| ¢ MCE ,’ TEO |........... -
M DBE K RDQ . —- g —
Yild  /pf-Foseg .= o Tose
— . e 0 | L. Snice
Y/ B _r-—-—'}*'
I /1 L_}___{__4___*___{__}___{__} R I
¥ : Adia
L 6\
5MDE é'IIDE

Figure C-I1. Performance targets on: (a) Pushover curves; (b) Chord tension vs. opening..
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Table C-I1. Performance Targets and Metrics in Analytical Study

Design Diaphragm Performance Target Target Metric in Analysis Force Amplification
Option Force Deformation Force Deformation Factor
EDO | Elastic in MCE - Tyer =T, Ve =Tee /1,0
BDO | Elasticin DBE MDE allowable in MCE | Tose =13 Sy =6, | W =Tppe/t,p,
RDO . HDE allowable in MCE Suce =0, | Br =T, /1,p,

Gray text boxes are used throughout the Commentary to provide background information in the
form of analytical results that support the design methodology. It should be recognized that the analytical
research was performed using analytical models built, calibrated and verified through an extensive
experimental research program including isolated tests of diaphragm connectors, hybrid testing of critical
precast diaphragm joints, and a shake table test of a half-scale diaphragm sensitive precast structure. The
figures in the text box are labeled with a small “c”.

Figure c-i shows analytical results from three selected earthquake simulations from the extensive
analytical parameter study. These results are shown for the same 4-story structure with a 3.0 aspect ratio floor
plan under the same MCE level ground motion with three different diaphragm strengths: 1.39, 1.93 and 2.66
times the current (ASCE7 10) diaphragm force. Figure c-i a shows the global diaphragm force (£,,) vs.
diaphragm deformation (A4) at the top level diaphragm of the structure (See schematic in inset Figure c-i b for the
definition of these terms). Figure c-i b shows the local demands on the diaphragm reinforcement in the top level
diaphragm midspan (critical flexure) joint for these same analyses in terms of chord force 7 vs. joint opening (J)
(See schematic in inset Figure c-i b). As seen, the chord response for the strongest design (2.66 times current
code F),,) is essentially elastic (dark black lines in Figure c-i b); the chord response for the intermediate strength
design (1.93 times current code F),) of these earthquakes has a maximum opening deformation demand of 0.2”
(dark gray lines in Figure c-i b); and, the chord response for the weakest design (1.39 times current code F,,) has
a maximum opening deformation demand of 0.4” (light gray lines in Figure c-i b); These openings represent the
allowable deformation demands for the Low, Moderate and High Deformability (LDE, MDE, and HDE)
Classifications in the Design Methodology. As these demands are in the Maximum Considered Earthquake
(MCE), these design strengths therefore represent, from strongest to weakest, the Elastic, Basic and Reduced
Design Options (EDO, BDO, and RDO), as defined by the performance targets in Table C-II. Thus, the values
1.39, 1.93 and 2.66 approximate the Wg, Wp, and W, factors for this design case (they only approximate since
the factors are based on the 90% confidence interval of the average over the suites of ground motions). Finally,
these equations were converted into Rs factors for the ASCE7-14 diaphragm force proposal as described in the
commentary for Step 3a.

- 800
RDO-1.39 1500 1

= 4 ST —
5 V & (i)
i 01 02 03 04

Figure c-i. Analytical Results: (a) Diaphragm pushover curves; (b) Chord tension vs. opening.
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Verification of Design Factors

The design factors were verified through a limited set of analyses of realistic precast prototype
structures, including a 4-story precast parking structure (Fig. C-Illa) and an 8-story precast shear wall or
moment frame office building (Fig. C-IIIb), as described in PART 5: Appendix A2. Prototype structure
analytical results are used to demonstrate certain design aspects in gray text boxes in the Commentary.
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Figure C-III. Precast Prototype Structures Plan and Models: (a) Parking Structure; (b) Office Building.

Figure c-ii shows an example of how the prototype structures were used to verify the design factors developed in
the analytical parameter study. Figure c-ii a shows the total maximum diaphragm force at each level of the
prototype parking structure in the MCE. The red lines represent the maximum envelope of the forces; the blue
line is the instantaneous profile and maximum diaphragm force. The green line is the design strength produced in
the design methodology, indicated a reasonable and conservative prediction of the diaphragm force demands.
Figure c-ii b shows this same information for the forces in each sub-diaphragm (outer flats and ramp), indicating

an accurate and conservative design.
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Figure c-ii. Diaphragm inertia force in transverse direction: (a) floor total; (b) sub-diaphragm.
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Commentary on the Seismic Design Procedure for Precast
Concrete Diaphragms

This section provides a commentary for the PART 1 Design Procedure. The design procedure
involves 5 sequential steps. The commentary section is organized in the same format to provide a one-to-
one correspondence between design step and commentary. Figures in the commentary use the notation C
to distinguish them from the PART 1 design procedure figures being discussed, which are denoted in
bold. The commentary text focuses on background for the use of the design procedure. Gray text boxes
within pertinent steps of the Commentary explain how the PART 1 design factors were established based
on the analytical results from the research program, with figures labeled using a small italicized “c”.

Step 1: Determine diaphragm seismic demand level (Low, Moderate, and High).

Step 1 Description. In the first design step, the diaphragm seismic design level is established.
Three levels (Low, Moderate, and High) are defined and depend on seismic design category (SDC),
number of stories in the structure, and diaphragm geometry (span and aspect ratio).

Based on the consensus of the DSDM Task Group Design Development Team (listed in PART 5:
Sec 5.1), all diaphragm designs in SDC B and C are considered to be in the Low Seismic Demand Level.
For designs in SDC D and E, the chart in Figure 1 of PART 1 is used to determine the diaphragm seismic
demand level. The chart relates Seismic Demand Level Classification to combinations of diaphragm span,
aspect ratio, and number of building stories.

A diaphragm that would be considered in the:
1. Low Seismic Demand Level based on diaphragm length and building stories, but which possesses
an aspect ratio > 2.5, is to be moved (up) to the Moderate Seismic Demand Level.
2. High Seismic Demand Level based on diaphragm length and building stories, but which
possesses an aspect ratio < 1.5, is permitted be moved down to Moderate Seismic Demand Level.

Step 1 Commentary. The intent of the design procedure is to provide the diaphragm the proper
combination of strength and deformation capacity in order to survive anticipated seismic events. Three
different design options are provided to the designer to accomplish this objective, ranging from a fully
elastic diaphragm design to designs that permit significant inelastic deformation in the diaphragm. The
motivation for this approach is the recognition that under certain conditions, a fully elastic diaphragm
design may not be economical or reliable for precast diaphragms. Under other conditions, however, an
elastic diaphragm design will be satisfactory and may be most desirable.

The diaphragm seismic demand levels are introduced into the design procedure to help
distinguish between these different conditions, so as to guide selection of the appropriate diaphragm
design option. Thus, this classification permits enforcement of the deformation capacity measures where
needed, for instance long span diaphragms subjected to high seismic hazard, while permitting the design
to avoid such measures for cases where significant inelastic deformation capacity is unnecessary, for
instance short-span diaphragms subjected to low seismic hazard.

Diaphragm Seismic Demand Level Chart, Design Procedure Step 1: The construction of the Figure
1 chart in Step 1 of PART1 is guided by analytical results for the Basic Design Option (BDO) as follows:

The primary design target for the BDO is elastic diaphragm behavior in the Design Basis Earthquake
(DBE). This target is established by the newly proposed diaphragm forces (or using the current code forces, by
the diaphragm force amplification factor Wp). The second design target for the BDO is limiting diaphragm
inelastic deformation demands within allowable values in the Maximum Considered Earthquake (MCE). The
moderate deformability element (MDE) diaphragm reinforcement specified in the BDO design possesses an
allowable deformation of 0.2” (See Commentary, Step 2). Accordingly, in the analytical research, inelastic joint
opening demands for BDO diaphragms under MCE level hazard were evaluated with respect to this MDE
reinforcement allowable deformation. The success in achieving this second target is plotted in Figure c-1:
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Figure c-la reproduces the Figure 1 chart with markers denoting the maximum diaphragm joint
opening demand measured in the analyses for BDO designs under the MCE. Three ranges are denoted by the
markers: Triangle- demands between 0.1”- 0.2”, representing efficient and safe designs for MDE reinforcement;
Square- demands greater than 0.2”, representing unsafe designs in which the MDE allowable deformation is
exceeded; Circle- demands less than 0.1, representing inefficient designs where the MDE allowable deformation
limit is not closely approached. The results shown in Figure c-1a imply that a set of BDO designs that equally
meet the DBE target of elastic diaphragm behavior may have quite different MCE performance in terms of
inelastic deformation demands. The outcomes (unsafe, safe and efficient, inefficient) are well-predicted by the
building configuration parameters of number of stories and diaphragm length. The transitions between these
outcomes are used to designate the boundaries between High, Moderate and Low Diaphragm Seismic Demand
Levels. These classifications trigger different requirements in the Diaphragm Design Option selection of Step 2.

Though the primary parameters controlling diaphragm joint opening demand are diaphragm span and
number of stories, diaphragm aspect ratio was found to have a secondary but non-negligible effect. As seen in
Figure c-1b, a longer diaphragm (in this case L=180") with a sufficiently stocky aspect ratio (in this case
AR=1.0) can have its opening demand drop from high to moderate; likewise, a shorter diaphragm (in this case
L=60") with a sufficiently slender aspect ratio (in this case, A4R=3.0), can have its opening demand rise from low
to moderate. These diaphragm geometries could occur for a floor plan three 60" double tees deep with tributary
reinforcement across the internal beam lines (e.g. shown in Fig. C-la) and a 20" hollowcore diaphragm,
respectively. Therefore the exceptions based on AR are provided for the Figure 1 Chart in PART 1.
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Figure c-1. Diaphragm maximum joint opening for BDO designs under the MCE.

While number of stories and SDC are straightforward determinations, assigning a diaphragm span,
and consequently diaphragm aspect ratio, is more complicated, and engineering judgment may be
required, particularly for more complicated floor plans.

Diaphragm span for the structure is selected as the maximum diaphragm span on a floor in either
orthogonal direction. Most precast diaphragms contain precast units running in only one direction, and
typically the maximum span will be oriented perpendicular to the joints between the primary precast floor
units. The design methodology factors are calibrated relative to joint opening demand between the precast
floor-units, and thus based on the more typical orientation. For the procedure:

1. Diaphragm span is defined as the larger value of the maximum interior distance between two
LFRS elements and twice the exterior distance between the outer LFRS element and the building
free edge (See Fig. C-1).

2. Diaphragm aspect ratio (AR) is defined as the diaphragm span-to-depth ratio using the maximum
span calculated above. Depth is defined as the floor diaphragm dimension perpendicular to the
diaphragm span that is associated with the pair of adjacent chord lines for the diaphragm or sub-
diaphragm. This dimension is also illustrated in Fig. C-1.
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Figure C-1. Diaphragm span and aspect ratio.

The intent of the design procedure is to have a single classification for a given floor level. There
are cases where it is possible to assign multiple classifications within a floor (a diaphragm with short and
long diaphragm spans, e.g. the overhangs vs. the main spans in Fig. C-1a,c). However, this practice is not
encouraged. Likewise, the classification procedure is based on maximum diaphragm span and maximum
aspect ratio occurring at the same location in a floor. Floor configurations that do not conform to this are
considered rare and the secondary location is likely a non-controlling case.
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Likewise, the procedure intends a single classification to be assigned for the structure based on
the maximum diaphragm span/aspect ratio on any floor. This will be the typical procedure for structures
with similar floor plans up the building. However, it is recognized that for certain cases, it may be
advantageous for the designer to distinguish between conditions on different floors (podiums, shear wall
vertical cut-offs, etc.). Thus, for structures with highly variable floor plans, it is permissible to divide
floor levels in a structure into two or more distinct regions for the purposes of determining diaphragm
seismic demand classifications.

Step 2: Select diaphragm design option and associated diaphragm reinforcement classification.

Step 2 Description. In this step, one of three diaphragm design options (Elastic, Basic and
Reduced) is selected based on the Diaphragm Seismic Demand Classification determined in Step 1. The
performance targets for each design option were shown in Table C-I. The classes of diaphragm
reinforcement available in the design are then determined based on the selected diaphragm design option.

Step 2 Commentary. The Diaphragm Design Option is selected using Table 1 of PART 1. As
seen in Table 1, there is a recommended pairing between a Diaphragm Seismic Demand Classification
and a Diaphragm Design Option: Low Diaphragm Seismic demand with the EDO; Moderate Diaphragm
Seismic demand with the BDO; and, High Diaphragm Seismic demand with the RDO. As also shown in
Table 1, the designer is permitted to deviate from the recommended pairings as follows:

1. A design option involving a greater targeted deformation capacity than recommended can be
selected. Thus, both the BDO and the RDO are alternatives for the Low Seismic Demand Level,
and the RDO is an alternative for the Moderate Seismic Demand Level.

2. A design option involving less targeted deformation capacity than recommended is permitted in
certain cases, but with an added requirement. These cases include the use of EDO for the
Moderate Seismic Demand Level and BDO for the High Seismic Demand Level. For these cases,
the calculated design force must be further increased with a penalty multiplier of 15%.

3. The use of the EDO is not permitted for the High Seismic Demand Level.

The Diaphragm Reinforcement Classification is selected in Step 2 using Table 2, PART 1. As
seen in Table 2, there is a recommended pairing between the diaphragm reinforcement classifications and
a diaphragm design option: low deformability element (LDE) for the EDO; moderate deformability
element (MDE) for the BDO; and high deformability element (HDE) with the RDO. It is always allowable
to use diaphragm reinforcement with greater deformation capability than required, i.e., MDE or HDE for
the EDO; or HDE for the BDO. However, it is never permitted to use diaphragm reinforcement with
lower deformation capability than required, i.e., LDE or MDE for the RDO; or LDE for the BDO.

Diaphragm Design Option

As described above, there are recommended pairings between Diaphragm Seismic Demand
Classification and a Diaphragm Design Option. However, these are only recommendations and the other
options listed above are available. These options are discussed further here.

1. Using a design option with a greater targeted deformation capacity than the recommended design
option allows the designer to use the lower forces associated with the alternate option. Thus, the
designer may prefer to insert better connectors into the design. Likewise, there may be reasons
unrelated to the seismic design that lead to the use of better connectors, and this improved
toughness should be recognized in the design. In general, the use a better class of connectors
leads to improved structural integrity and is therefore encouraged.

2. Using a design option with a lower targeted deformation capacity than the recommended design
option is also allowed, though not strongly encouraged since it moves the design away from
higher structural integrity. This approach permits the designer the option of using a preferred set
of diaphragm reinforcement with less deformation capacity than the class associated with the
recommended option. The tradeoff is a higher diaphragm design force, not only that inherent in a

27



design option with less targeted deformation capacity, but also a further penalty increase of 15%.
The justification for the value of this penalty is discussed in the text box below.

3. Calibrated EDO diaphragm design strength values for High Seismic Demand Level were
produced in the research. However, it was viewed as unwise to allow diaphragm designs with no
structural integrity requirements in cases of high diaphragm demand, regardless of how large the
diaphragm forces are. Thus, this design case was prohibited in the design methodology.

Diaphragm Force Penalty Justification, Design Procedure Step 2:

The original intent was to allow MDE reinforcement for any BDO design. However, as described in the
previous text box, no a priori assurance for the adequacy of this condition existed since the primary BDO design
target is elastic diaphragm response in the DBE, and therefore the calibration of the BDO force level does not
directly establish limits on the diaphragm deformation demands in the MCE. This outcome was evidences in the
Figure c-1a chart, and confirms that a modification is required in the original intent because the maximum
opening demands in the MCE for certain BDO design cases do indeed exceed the MDE allowable limit of 0.2”.

A choice existed in how to modify the design methodology to resolve this non-conformance to the
design targets: (a) The allowable deformation ranges for the diaphragm reinforcement could be modified (i.e., a
more stringent deformation requirement for MDE reinforcement); (b) the diaphragm force levels could be
increased across the board (i.e., change the DBE performance target from the diaphragm yield point itself to a
lower value within the diaphragm elastic range); or (c) increment diaphragm forces only for non-conforming
cases. The first choice did not align well with the typical deformation capacities of existing connectors, and
would not produce evenly-sized deformation ranges for the LDE, MDE and HDE reinforcement classifications.
The second choice not only produces overly conservative designs for many cases, but also blurs the clean BDO
performance target of elastic diaphragm response in the DBE. For these reasons, the third choice was considered
as most desirable and realized through the design force penalty in Table 1 of PART 1.

The magnitude of the design force penalty is 15%. Figure c-2 shows the manner in which this value is
selected. The solid markers indicate the maximum opening demand for BDO designs without any force penalty,
i.e., the same data from the Figure c-1a chart plotted directly along the vertical axis. As expected, a number of
data points corresponding to BDO designs in High Diaphragm Seismic Demand have MCE joint opening
demands greater than the 0.2” allowable value for Moderate Deformability Elements. The hollow markers
indicate MCE joint opening demands for the same BDO designs with the 15% force increase. This force
increment is seen in to lower the opening demand to within the allowable limit. The same penalty is enforced in
Table 1 for use of the EDO in the Moderate Seismic Demand Level, though this provision was not based on any
quantitative analytical results.
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Figure c-2 Diaphragm maximum joint opening for BDO designs under the MCE.

28



Diaphragm Reinforcement Classification

Classification of a given diaphragm reinforcement type is determined through testing of
individual elements following the cyclic testing protocols of the Precast Diaphragm Reinforcement
Qualification Procedure (See PART 2 of the Seismic Design Methodology Document for Precast
Concrete Diaphragms). The connector’s “reliable and stable maximum joint opening deformation
capacity” as defined in the evaluation criteria of the Precast Diaphragm Reinforcement Qualification
Procedure, must be demonstrated in testing to exceed the qualification deformation of a certain
classification.

The diaphragm reinforcement classifications are high deformability elements (HDE), moderate
deformability elements (MDE), and low deformability elements (LDE). The qualification deformation
values for each diaphragm reinforcement class were selected by considering the range of the ultimate
(cyclic tension opening) deformations exhibited by the various precast diaphragm connectors examined in
the experimental program (Naito et al. 2006) (Naito et al. 2007). Based on these results, a qualification
deformation of 0.6"” was assigned for HDE reinforcement and 0.3” for MDE reinforcement. There is no
deformation requirement for LDE reinforcement.

A factor of safety of 1.5 was introduced into the design procedure by establishing the allowable
maximum joint opening value at 2/3 of the connector’s reliable and stable maximum joint opening
deformation capacity. The 2/3 factor produces maximum allowable deformations of 0.4” and 0.2"” for the
high deformability element (HDE) and moderate deformability element (MDE) respectively. No
deformation capacity requirement is needed for the low deformability element (LDE) since this
classification of reinforcement is used with fully elastic designs.

The allowable maximum joint openings are used as performance targets in the analytical
parameter studies to calibrate the design factors.

A few further comments are given about the reinforcement classification:

1. The diaphragm reinforcement classification is based on inelastic deformation associated with
joint opening due to diaphragm flexure, not joint sliding deformation due to shear.

2. The diaphragm reinforcement classification applies to the chord reinforcement and shear
reinforcement. Other reinforcement (collector/anchorages, tributary shear, and secondary
connections to spandrels) have different requirements or recommended characteristics (See
Appendix 1).

3. In meeting the required maximum deformation capacity using the testing protocols in the
Qualification Procedure, the required cumulative inelastic deformation capacity is also met.

Diaphragm Reinforcement Classification, Design Procedure Step 2:

1. The condition that the required cumulative inelastic deformation capacity is also satisfied in meeting the
required maximum deformation capacity using the testing protocols in the Qualification Procedure is
evidenced in Figure c-3. The figure shows the diaphragm cumulative joint opening demand under MCE
analyses corresponding to the design factors that produced the maximum allowable joint opening
demand. As seen, the cumulative demands are significantly lower than the cumulative deformation
capacity achieved in the cyclic tension tests, as indicated by the horizontal trend line (Naito et al. 2006)
for both the BDO and RDO.

2. It also may asked how the diaphragm classifications can be tied to allowable deformations based on
absolute deformations (0.2”, 0.4"), rather than a non-dimensional value, for instance joint rotation (e.g.
deformation divided by joint depth). To show the adequacy of this assumption, consider Figure c-4,
showing the analytical results (shown as profiles along the height of the structure) for two different
diaphragm depths (32" and 60°).
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As seen, these different diaphragm depths produce significantly different joint inelastic rotation demands (See
Figure c-4a), but these translate to essentially the same chord opening demand (See Figure c-4b), with a slightly
larger demand for the deeper diaphragm. Since most of the analyses in the parameter study were conducted at
this deeper dimension, and the difference in chord opening is small, the calibration of the design factors based on
an absolute opening deformation is considered sufficiently accurate and slightly conservative for diaphragms
with precast units of lower depths.

d (1n) 5 ;8 Ql’l_)_ _________________
2 P o= o ARA \
/ 4 T AR4 Est. cumulative capacity HDE
15 - Est. cumulative capacity MDE - AR3 el
’ -4 AR2 3 | * AR2
I < AR1 ~CARI
1 7 b
0.5 1 -
# of stories # of story
O L | 0 1 |
0 2 4 6 8 0 2 4 6 8

Figure c-3. Diaphragm cumulative joint opening demand under MCE analysis: (a) BDO design; (b) RDO design.
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Step 3: Determine the diaphragm design forces and the corresponding diaphragm joint required strengths.

Step 3a: The diaphragm design forces (F),) are calculated according to using proposal IT06-001
for the ASCE 7 2014 provisions. The IT06-001 procedure uses a diaphragm force reduction factor, R, in
order to realize the different force levels required for the EDO, BDO and RDO diaphragm design options.

Step 3a Commentary. The need for an increase in diaphragm design forces was recognized from
the outset of the research effort to develop the precast diaphragm seismic design methodology. It was
initially decided to determine these design force increases relative to current code diaphragm design
forces (initially IBC 2003 and subsequently ASCE 7-10). As such, diaphragm force amplification factors
(¥, ¥ ,%) were developed for the EDO, BDO and RDO respectively to be applied to current code
forces (See Appendix 3). During the codification process, the limitations of scaling to the current code
values became apparent:

1. Current code diaphragm forces are based on the fundamental mode, however the large
diaphragm forces identified during earthquake excitation (Fleischman et al 2002) are attributable
to higher mode effects (Rodriguez et al 2002). Thus, first and foremost, the use of current code
forces as a baseline produces inconsistent results since different designs will have a varying
relationship of the spectral acceleration for periods of the fundamental and higher modes.

2. Further, the “self-contained” nature of the original design procedure developed by the DSDM
research project, i.e. tying the diaphragm force amplification factors directly to the construction
material (that is, the ¥z, ¥p , % factors of the original procedure are directly calibrated to the
available deformation capacity of precast diaphragm reinforcement) presents some difficulties in
the codification process as in current codes, seismic design forces are controlled by one
document (ASCE 7), while material design is covered in another code (e.g. ACI 318).

3. Finally, the underestimation of diaphragm forces in current code is a material-independent issue
(See PART 5: Sec. 5.4), and thus it is conceptually inconsistent and economically punitive to
have a procedure that singles out precast construction for higher diaphragm forces.

For the reasons listed above, the BSSC IT 6 committee charged with developing a white paper on
diaphragm seismic design (Ghosh, 2012) promoted a rationally-based method for predicting diaphragm
seismic forces for all construction types for use in the ASCE-7 loading standard. This method, based on
the First Mode Reduced (FMR) method, proposed by DSDM project co-PI Restrepo (2007), is being
balloted under proposal IT06-001 for the ASCE 7 2014 provisions.

The FMR method provides a more realistic estimation of the elastic diaphragm forces in the
design basis earthquake (DBE) than current code provisions (Rodriguez et. al, 2002). With regard to its
performance target, the FMR method is nominally equivalent to the BDO design, since both target elastic
diaphragm response in the DBE. The diaphragm forces produced by the FMR method were checked
relative to the ¥} factors and indeed found to be consistent for most design cases. For limited cases where
discrepancy was observed, the underlying reasons were readily identified and rectified (See Comm., Apdx.
3). The result is DSDM BDO forces and FMR forces that are essentially aligned (See text box below).

The alignment of the DSDM BDO design forces with the FMR method allowed the original
DSDM procedure to be revised to work with ASCE 7-14 proposal IT06-001. In the revised procedure, the
different diaphragm force levels associated with the different design options (EDO, BDO, RDO) are
realized through the introduction of diaphragm force reduction factors R, as discussed subsequently in the
commentary. It is noted that while diaphragm flexibility has an effect on diaphragm forces, it was
considered more straightforward to use an upper bound value in the final ASCE 7-14 proposal IT06-001,
and thus eliminate (set to unity) the flexible diaphragm acceleration amplification factor at level x (o),
The expression for ¢ , originally in IT06-001 Eqn.12.11-12, is: az=1.0<0.3 Sypp/ Aupye+0.4<1.3.

The revised procedure aligned to the based on the FMR method is the design procedure
contained in PART 1, in anticipation of the future code revisions; the original DSDM procedure is
preserved in Appendix 3 for use with current code.
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Diaphragm Design Forces, Design Procedure Step 3a:

Figure c-5 compares the diaphragm force amplification factor (V) equations to the FMR design
equations. The W factors (found in Appendix 4) were developed in the DSDM Research and are applied to
ASCE7-10 design forces. The figure compares the FMR to the equations for %; ¥, and ¥; factors for the
EDO, BDO and RDO respectively. The vertical dimension for each design expression represents the range of
diaphragm force variation due to diaphragm flexibility. Four different seismic sites are examined for structures

up to 12 stories.
The FMR expressions are aligned to required elastic diaphragm strength for the DBE, and thus the

appropriate comparison group for the FMR is ¥, (APPENDIX 4: Eqn. A4-1b), since the BDO and FMR
method share the same performance target. The potential for mapping the ¥ equations to the FMR method is
seen to be possible, given the good agreement between W, and FMR over most of the ranges shown in Figure C-
6. As such, the design procedure was revised to use the FMR forces in place of ¥p, and use diaphragm force
reduction factors R; to realize the three performance-based design options of the BDO, EDO and RDO.
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Figure c-5. Diaphragm design acceleration comparison for different sites: ¥ vs. FMR.

Diaphragm Force Reduction Factors (R,)

The proposed IT06-001 diaphragm design force procedure implemented in Step 3(a) of PART1 is
based on the FMR method, which estimates the elastic diaphragm forces in the DBE. The IT06-001
procedure introduces a diaphragm force reduction factor, R in order to allow for other design conditions
(or intent) than strictly elastic diaphragm response in the DBE. This approach is similar to the conceptual
framework proposed by Maffei (2005) which separated the diaphragm force into factors pertaining to
dynamic amplification, force reduction based on available ductility, and overstrength (See PART 5: Sec.
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5.3). Diaphragm force reduction factors for floor diaphragms of various construction materials are found
in Table 12.11.5-1 of proposal IT06-001.

The R; factor modifies the diaphragm forces produced in an elastic diaphragm in recognition of
the ductility in the diaphragm. For certain constructions types, the factor is based on the inherent ductility
in the diaphragm. For precast diaphragms, the R, factor is aligned to the detailing requirements of the
selected design option: EDO, BDO, RDO. The R; factors for precast concrete diaphragms provided in
Table 12.11.5-1 are reproduced in Step 3(a). It is noted that these factors address precast concrete
diaphragms designed in accordance with ACI 318 (ACI, 2011).

The R, factors for precast concrete diaphragms were established based on the results of the
analytical earthquake simulation studies of experimentally-supported models conducted within the DSDM
Project. The diaphragm design force levels are aligned with the diaphragm deformation capacities
specifically for precast concrete diaphragms for the three different design options (EDO, BDO, RDO) and
corresponding design performance targets (as indicated in Tables C-I and C-II).

The diaphragm design force amplification factors ¥ originally developed were dependent on the
deformation capacity of the precast diaphragm reinforcement, calibrated directly to the deformation
patterns of precast diaphragms. These factors were a function of several design parameters including
diaphragm and building geometry (See Commentary for Appendix 3). The subsequent R, factors
developed are single value (for each design option) conservative upper bounds of the forces produced by
the ¥ equations over the range of practical designs.

In the research used to produce the ¥ factors, the relationships were developed on the basis of
diaphragm /Jocal ductility demand, that is, the deformation capacity of the diaphragm connectors or
reinforcement crossing the joints between the precast units. However, to make the ASCE 7 2014 proposal
IT06-001 procedure useful across construction materials, it was preferable to relate diaphragm force
levels to diaphragm global ductility capacity, as the localized demands and deformation capacities for
precast diaphragm are quite specific to this construction form. For this reason, the diaphragm force
relationships were first transformed from local to global ductility, where global ductility is defined as
maximum diaphragm deformation divided by diaphragm yield deformation (Refer to Fig. C-II).

The relationship between diaphragm design force levels and diaphragm local ductility demands
established in the DSDM research project, and the transformation of these relationships from local to
global diaphragm ductility are summarized in the next text box. These relationships were used to derive
the R, for precast concrete diaphragms in Table 12.11.5-1 of the ASCE 7 2014 proposal IT06-001:

In the DSDM research, precast diaphragm connectors have been extensively tested (Fleischman
et al. 2012) and have been qualified into three categories: High-deformability elements (HDE), moderate-
deformability elements (MDE) and low-deformability elements (LDE) which are required as a minimum
for designs employing the reduced design objective (RDO), the basic design objective (BDO), and the
elastic design objective (EDO), respectively.

Diaphragm

The local deformation and ductility =~ Options Connector ()’f’“” Hioeal  Hglobat Hglobal, R
.. . i = (lIl) red
capacities for diaphragm connector Category
categories are summarized in Table C-1. EDO LDE 006 1.0 1.0 058 07
Considering that the proposed diaphragm BDO MDE 02" 35 1.4 10 10

design force level (Eq. 12.11-1) targets
elastic diaphragm response at the design
earthquake, which is equivalent to design
employing BDO where ., = 3.5 at MCE
(See Table C-1), the available diaphragm global ductility capacity has to be reduced from Fig. la,
acknowledging more severe demands in the MCE,

RDO HDE 04" 7.0 2.0 1.6 1.4

Table C-1. Diaphragm Force Reduction Factors

W global, red = 017( W local — 35) +1 (Eqn C-l)
Accordingly, the R; factor can be modified from Figure c-7(b) (See Table C-1):
Rs =0.67 W global , red +0.33 (Eqn C-2)
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Diaphragm Force Reduction Factors R;, Design Procedure Step 3a:

The transformation of the diaphragm design force procedure from the original DSDM force
amplification factors to the proposed procedure was a two-step process: First, the diaphragm force amplification
factors ¥ were related to the local ductility; then the local ductility was related to the diaphragm global ductility
demand 04 to develop the final expressions.

Diaphragm R ;- W, Relationships: The diaphragm force amplification factors were first mapped to
the FMR equations by developing a relationship between a diaphragm design force reduction factor (Ry;,) and
the diaphragm (local) reinforcement ductility demand (u). Extensive analytical studies were performed
(Fleischman et al. 2012) to develop the relationship between R, and .- Ry 18 the diaphragm force reduction
factor (similar to the R, in Table 12.11.5-1) measured from the required elastic diaphragm design force at MCE
level. pyyeq 1s the diaphragm local connector ductility demand measured at MCE level.

The R i~ iocar telationship is obtained by plotting this relationship for all the analytical results in the design
factor parameter study (See Section X). Figure c-6 plots the data for every design point analyzed for a given
case (Berkeley SDC E Shear Wall structures). Each marker on the plot is the mean of maximum values from a
suite of 5 ground motions for a given design that met the performance targets. Note that these markers represent
designs that met the performance targets at any of the design options, including the EDO, BDO and the RDO.

Figure c-6 is divided into four plots; each for a different diaphragm aspect ratio. The markers
differentiate between the number of stories, as well as the DBE (hollow marker) and MCE (solid marker)
analyses. As seen, a fairly linear relationship exists for each diaphragm aspect ratio. A linear curve fit was
applied to these results, shown in Figure c-6 as a dashed black line, and can be expressed as:

R, =1+[0.11+0.015(4R —3)*] (u—1) (Eqn. C-4)
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Figure c-6. Diaphragm force reduction (Rg;,) vs. precast diaphragm connector local ductility demand p.
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The data points in Figure c-6 are calculated as follows:
=  For each successful design point, the diaphragm design force reduction factor (R;,) is calculated as
the design force amplification factor associated with elastic diaphragm response at the given level
of seismic hazard divided by the diaphragm force amplification factor for the given design option,
SO Ry, is Wg/V for the MCE and is Wp/W for the DBE

o Thus for MCE level hazard:

= EDO: Ry =VYe/VYr=1.0
= BDO: Ryia =¥ e/¥p
U RDO: Rdia =¥ E/\PR

o and for DBE level hazard:
= BDO: Rga = ¥Yp/¥p=1.0
- RDO: Rdia = lPD/‘PR

o Note that with this definition, for all cases R > 1.0.

= Likewise, for each successful design point, the diaphragm reinforcement ductility demand () is
calculated as the mean of maximum of the maximum chord opening deformation demand in the
analyses divided by the yield deformation of the chord.

o Thus for MCE level hazard:
= EDO: p=1.0.

o and for DBE level hazard:
= BDO: p=1.0.

o Note that with this definition, for all cases p > 1.0.

Diaphragm /50 - Woca Relationships:

With the relationship between diaphragm force reduction (relative to elastic response) and local
ductility (inelastic deformation demand on the precast diaphragm connectors or reinforcement) established (as
shown in Figure c-6), the diaphragm forces can now be related to diaphragm global ductility. Figure c-7 shows
these relationships as scatter plots for all the analyses performed in the analytical study (analytical results for
different diaphragm aspect ratios, AR), first as: (a) the relationship between the local ductility, measured at the
diaphragm reinforcement under maximum deformation demand, and the corresponding global ductility, Lgjopa
— W icar - Then, by relating the results in Figure c-6 and Figure c-7a, (b) the resulting relationship between the
diaphragm force reduction (relative to elastic response) to diaphragm global ductility, Rgi;-Ieioba » @S shown in
Figure c-7a. Each plot includes the proposed linear equations derived from the data.
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Figure c-7. Precast diaphragm global ductility relationships: (a) Mgiopar — 1 tocar (b) Raia=Mgiobal

Using the equations shown in Figure c-7, the R, factor is calculated for different diaphragm design options
provided the diaphragm local reinforcement ductility capacity is known.
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Figure C-2 shows the comparison of the three design option with current code for various
structures, including both a 4-story parking structure and a 8 story office building for SDC C and D.
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Figure C-2. Diaphragm Design Force Comparisons between ASCE 7-10 and proposed ASCE 7-14.

Diaphragm Shear Overstrength Factor (£2,)

Precast diaphragms typically exhibit ductile flexural response but brittle shear response. In order
to avoid brittle shear failure, elastic shear response targets are required for both flexure-controlled and
shear-controlled systems at design earthquake and MCE levels. Thus, a capacity design factor, shear
overstrength factor (€2,), is required for the diaphragm shear design. For EDO design, since the diaphragm
is expected to remain elastic under the MCE, no shear overstrength is needed. Figure C-9 shows the
analytical results for required shear overstrength factors for BDO and RDO (Shown as marks). A
simplified conservative equation is proposed as (see black lines in Fig. C-9):

O=1.4Rs (Eqn. C-3)

The shear overstrength factor Q, is scaled relative to the amplified diaphragm force, i.e. a
diaphragm designed with the appropriate diaphragm amplification ‘Y. Thus the ), factor is stacked on top
of the Y factor. In the design, the €, factor is applied directly to the required shear force (See
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Commentary Step 6). It should be noted that the €, factor is independent of the shear strength reduction
factor ¢, as it is applied to the demand side, while the ¢, factor is applied to the material capacity side.
Thus, both are applied together to provide reliable elastic shear strength under MCE demand.

Diaphragm Shear Overstrength Factors ( £2,), Design Procedure Step 3a:

The Q, values for the design procedure were determined in the analytical parameter study. The required
magnitude of €2, was calibrated to design targets through MCE analyses. Please see PART 5: Appendix Al for
full details of analytical research to determine these factors.

The shear overstrength factor values were obtained by bounding the maximum shear force V.,
occurring in the diaphragm at the critical shear joint at MCE-level hazard as the diaphragm develops a flexural
mechanism (in other regions of the floor), and scaling it by the design shear V. Accordingly:

= Oy, the diaphragm shear overstrength factor for the EDO, is taken as unity (Qg = 1.0) since the Y
factor is calibrated to the elastic force demand in the MCE.

= Qp, the diaphragm shear overstrength factor for the BDO, is taken as an upper bound on the V,,../V,
ratio for the BDO design under MCE level hazard.
= Oy, the diaphragm shear overstrength factor for the RDO, is taken as an upper bound on the V,,../V,

ratio for the RDO design under MCE level hazard. Qg is larger than Qp, due to the larger expected
diaphragm strain-hardening in the RDO.

Figure c-8 shows a scatter plot of the V,,,./V, ratios from the analytical research. The data is the mean
of the maximum response from 5 ground motions. The expression used for Q, in the design methodology, Q, =
1.4R,, is plotted as a horizontal green line in each plot, indicating conservatism relative to all design cases. Also
shown on the plot is the alternate design equations for Q, = Qg, Qp, Qr used in the original procedure for use
with ASCE7-10 (See Appendix: Eqns. A4-2a-c), superimposed as solid black lines in Fig. c-8 (See
Commentary, Appendix 4).
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Figure c-8. Diaphragm shear overstrength factor equations: (a) BDO; (b) RDO.

The analyses used to develop €2, made use of a simple evaluation structure with well-defined shear-
critical regions and flexure-critical regions. The shear overstrength, as obtained, provides an estimate of the
maximum required shear force. However, in itself it does not directly address the impact of in-plane axial force
(due to flexure or collector actions) on the precast diaphragm shear response. The effect of axial force is directly
included in the design procedure through the interaction equation (See Commentary Step 4) to determine
required diaphragm reinforcement at a joint based on internal force combinations determined in Step 3(b). It
should be further noted that while the Q, factor has been calibrated in the analytical research to provide elastic
shear response of the diaphragm in the MCE, care must be taken in ensuring the anticipated M/V ratio occurs in
the diaphragm (See “Capacity Design Considerations for Precast Diaphragms”, Commentary to Appendix 5).
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Step 3b: Determine the diaphragm internal forces.

Step 3b Description. In this step, the diaphragm internal force demands (N, V, M,) are
calculated at all potential critical joints between precast elements. The designer can select from one of
four approaches to determine these internal force demands: (1) Analysis using free-body diagrams; (2)
Semi-rigid diaphragm model; (3) Design aids; and (4) Strut-and-Tie models.

Step 3b Commentary. The transformation of the story-level diaphragm force F;,, into internal
forces within the diaphragm is viewed as a key step in diaphragm design (Clough 1982). Several methods
are available to the designer as listed above and discussed below:

Horizontal Beam Analogy

Current practice (PCI Design Handbook 2004) employs a horizontal beam analogy (Gates 1981).
The horizontal beam analogy permits a simple calculation of moments and shears as if the diaphragm
were a beam. The method permits the diaphragm, or segments of the diaphragm, to be idealized as an
equivalent beam with spans between the vertical elements of the lateral force-resisting system.

For perimeter configurations (perimeter frames or walls), the diaphragm is treated as a simple
beam in calculating a maximum moment (wuLz/S = F,L/8), shear and beam reactions (w,L/2 = F,/2). For
more complex configurations, the designer typically must consider whether the diaphragm is rigid or
flexible in determining how to apportion “beam” reactions at each wall or frame (discussed later in this
Commentary step), in order to calculate diaphragm shear and moment, or resort to semi-rigid diaphragm
models available with most commercial software packages (also discussed later in this Commentary step).
The reactions to the lateral force resisting elements are also used to determine the collector steel
requirements, which can be placed in the slab or the precast unit.

Once diaphragm shear and moment are established, the chord reinforcement (near each edge of
the diaphragm) is designed for the tension component of the couple due to in-plane diaphragm moment
and the shear reinforcement (along the joints between precast units) is designed for the shear. The
designer may often design the chord and shear reinforcement for the maximum moment and shear; the
designer can also use the moment and shear diagrams to determine bar cutoffs and different shear
connector spacing to create a more economical design.

While straightforward, the horizontal beam approach has certain limitations or assumptions that
should be understood by the designer. These include:

1. an internal force distribution assumed in the horizontal beam analogy that implicitly relies upon
elements with plastic redistribution qualities, without enforcing this characteristic.

2. the horizontal beam analogy is unable to capture complex force paths that can exist in the precast
floor system, including force combinations involving simultaneous axial, shear and moment.

3. the horizontal beam analogy does not produce an accurate force path for squat diaphragms, in
which the internal forces more closely resemble that of a deep beam.

Comments on these limitations and assumptions follow:

e The precast diaphragm design methodology enforces the same tension deformation requirement
for the shear reinforcement as it does for the chord reinforcement (See Comments for Step 4 in
PART 1) in order to ensure sufficient plastic redistribution in the diaphragm, thereby addressing
the first limitation.

e The horizontal beam method does not include the development of diaphragm tension forces that
may occur in semi-rigid diaphragm models (e.g., in computer structural analysis); while at first
consideration this may seem unconservative, the use of the simple beam moment (w,L°/8) will
produce conservative (or incases equivalent) chord demands than a semi-rigid diaphragm model;
thus relegating the second limitation to acceptable for most design cases. However care should
be taken at reentrant corners, regions of the floor under restraint, or at locations where collector
actions in one direction act together with bending actions in the other (See Commentary Step 4).

38



e The horizontal beam method does not consider deep beam effects, which also can be represented
in computer structural analysis models or strut and tie models.

Thus, the horizontal beam analogy can be considered an approximate and typically conservative
method for calculating the internal force diagrams in the precast diaphragm design methodology.
Regardless, in the absence of a computer structural analysis with semi-rigid diaphragm modeling, internal
forces at all potential critical sections in the diaphragm should be determined by taking the diaphragm
forces (F),) and reactions on the diaphragm and evaluating appropriate free-bodies around each critical
section using the principles of statics.

Alternate methods that provide more accurate results, but may be potentially more time-
consuming, and may be considered a departure from current practice, are made available to the designer
in the design methodology. These methods are discussed subsequently in this Commentary step.

Regardless of the approach, the designer has the choice in determining the internal design forces,
either: (1) calculated for their maximum values at the critical joints, and design all the joints in the floor to
this level; or (2) calculated at each diaphragm joint, for a more economical but more time-intensive
design with more variance of details in the construction procedure. It is noted that critical joints include
joints between precast units, diaphragm-to-LFRS joints in both orthogonal direction, and, depending on
the design, internal beam joints. The diaphragm internal forces are to be calculated for the effects of
seismic loading in each orthogonal direction individually. Each joint is to be designed for the set of
coinciding diaphragm internal force components from the direction that produces the more critical
condition in Equation 2 of PART 1, Step 4.

The effect of gravity load on diaphragm connector performance is considered secondary (as most
connectors are located between floor units acting as one-way slab elements, and thus vertical force
components are not expected to be significant), and thus was not considered in the experimental or
analytical research, nor included in the design procedures. These actions can be considered in cases where
important.

Rigid vs. Flexible Diaphragms

NOTE: Rigid vs. flexible diaphragms were considered in Step 3a with respect to the diaphragm
forces developed at a given level (vertical profile) of the structure. This section pertains to rigid
vs. flexible diaphragms as it affects the horizontal distribution of diaphragm forces at a given
level among the individual walls and frames that make up the lateral force resisting system.

For a diaphragm associated with by a pair of primary (vertical plane) lateral force resisting system
(LFRS) elements, for instance perimeter walls or frames, or a pair of interior walls and frames, the
calculation of diaphragm reactions is statically determinate (e.g. F),/2 for a symmetric system).

For layouts with multiple or asymmetric layouts, care must be taken in determining the internal
forces using free-bodies since the relative magnitudes of the reactions depend on the relative flexibility of
the diaphragm to the LFRS elements. For these more complex configurations, the designer typically must
consider whether the diaphragm is rigid or flexible in determining how to apportion the “beam” reactions
at each wall or frame, in order to calculate the diaphragm shears and moments, or resort to semi-rigid
diaphragm models available with most commercial software packages (discussed later in this
Commentary step).

e The rigid diaphragm assumption has historically been applied to precast concrete diaphragms
with aspect ratios less than 3. The support elements are not taken as rigid supports, but instead
distributes diaphragm reactions in proportion to the relative stiffness of each LFRS vertical
element at the diaphragm level with respect to the base of the structure. In this case, the sum of
the forces for the beam supports is equal to the total force at the level, but an imbalance in
moment that may occur is resolved by resistance provided by the vertical elements in the
orthogonal direction taking the actual and accidental torsion moments.
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e The flexible diaphragm assumption distributes diaphragm reactions in proportion to the tributary
mass of each LFRS vertical element. This assumption has historically been applied to precast
concrete diaphragms with aspect ratios greater than 3.

e Common practice is to create an envelope of force diagrams, one for a rigid diaphragm (reactions
proportional to the LFRS stiffness due to displacement compatibility), and one for a flexible
diaphragm where the reaction is distributed based on tributary area (PCI Design Handbook 2004).

e An alternate procedure is presented in the PCI Seismic Design Manual (Cleland and Ghosh 2007)
that attempts to optimize the design by tuning the LFRS stiffness to the diaphragm layout.
Bounding analyses can be performed in which the design values are the envelope of values
obtained by assuming upper and lower bound in-plane stiffness for the diaphragm in two, or
more, separate analyses. (See PCI Seismic Design Manual)

Semi-Rigid Diaphragm Model

In this approach, the designer will rely upon the computer structural analysis software model of
the building structure to determine diaphragm internal forces. Most structural analysis software provides
the option for semi-rigid modeling of the floor and roof diaphragms, thereby permitting the internal forces
at critical sections to be extracted from the analysis model.

Currently, most software packages provide a diaphragm modeling option for three-dimensional
models: (1) no diaphragm, i.e., LFRS elements act independently; (2) rigid diaphragm, i.e., all LFRS
elements at a story are subjected to a rigid body translation: u; = u, + ¢ y; , where u, is the translation of
the floor plate centroid, u; is the resulting translation of a point on the floor a distance y; from the centroid,
and ¢ is the in-plane twist of the floor (all points on the floor translate the same in the absence of torsion);
and (3) semi-rigid diaphragm, where the elastic stiffness of the floor system is modeled.

For the semi-rigid diaphragm model, design office software packages typically offer two basic
options: (1) membrane action, in which only the in-plane elastic stiffness of the floor system is modeled;
and (2) plate or shell action, in which the out-of-plane two-way bending and shear stiffness of the floor
system is modeled in addition to the membrane action. Note that in either case, the diaphragm is modeled
in two-dimensions (2D), i.e. the horizontal plane of the floor slab. For precast systems, the in-plane
stiffness should be based on the floor plate (e.g., ignore the stiffness associated with the stems of double
tees, etc.).

In employing the semi-rigid modeling option, most structural analysis programs request as input a
slab thickness and an elastic modulus (E). If shear deformations are available, which typically is a
standard feature in modern structural analysis programs, a shear modulus (G) can also be entered. Many
design office structural analysis programs now also include an option to enter orthotropic stiffness
properties Syi, S,y, Si» to account for different floor stiffness in each direction. This option is useful in
modeling precast diaphragms, which have dissimilar stiffness properties in the precast floor unit spanning
direction, and the direction perpendicular to the precast floor unit span.

In order to perform a computer structural analysis using the semi-rigid diaphragm option for
precast diaphragms, a membrane stiffness has to be assigned to the diaphragm. This property is
intorduced in Step 5 of the PART 1 design procedure once the diaphragm reinforcement has been
designed. A rational method has been provided in PART 3 (and also described in the commentary for
Steps 4 and 5) whose calculations produce diaphragm effective elastic and shear moduli, E 5 and G, For
the purposes of determining the internal forces in this step, E.rand G, can be estimated as 25%~35% of
the uncracked concrete £ and G. These estimated values are to be verified in Step 5 after sizing of the
diaphragm reinforcement. Note that the concrete cracked or uncracked elastic moduli (E,. and G.) can be
used as the properties for the semi-rigid diaphragm in the direction of the precast flooring units (i.e. S;;),
depending on the assumed effects of the prestressing in the floor plate. In this case it may be reasonable to
assign cracked modulus (0.5E,.) for double tee units and uncracked (£.) for hollowcore units, as the
effects of prestress are minor in the former and more effective in the latter.
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If the structural analysis model for the building includes semi-rigid modeling of the floor and roof
diaphragms, the internal forces at critical sections can be extracted directly from an analysis model
subjected to the diaphragm forces (F)). Currently designers rely on full 3D structure models for
reinforced concrete diaphragms in high-rise structures for cases involving transfer diaphragms (Meyer
2012). For these analyses, free-body cuts can be made at diaphragm sections along the lines of the
precast joints to determine internal forces.

There has been some debate as to how to apply the diaphragm forces, particularly in cases of a
transfer diaphragm, where the forces in the floor system at one level are dependent on the lateral loading
at each level. There is challenges in selecting the loading to apply to the structure, since the ELF pattern
F; is an instantaneous pattern, which is appropriate to apply but does not capture floor maxima, while the
diaphragm force pattern F), is a profile of maximums, and thus is not a rationale pattern to apply to the
structure. Useful methods for applying this load in design are proposed in (Sabelli et. al. 2011).

Further guidance on modeling the diaphragm and discussion of analysis techniques is found in
PART 3.

Analysis using Design Aids

Diaphragm free-body diagrams and internal force expressions developed for common precast
structure floor configurations are provided in PART 3 of the Seismic Design Methodology Document.
Design examples demonstrating the use of the Free Body Diagrams appear in PART 4.

Many precast structures share similar layouts, particularly those with challenging diaphragm
conditions (e.g. parking structures) and so it may be useful for the designers to determine free-body
diagrams for those common configurations and create spreadsheet tools to automatically calculate the
internal forces. A set of free bodies for common configurations are found in PART 3, along with a
description of spreadsheet methods to calculate the internal force diagrams from these free bodies.

It is noted that the set of free body diagrams in PART 3 involve symmetric LFRS layouts
involving pairs of primary LFRS elements (walls or frames) and thus essentially a statically determinate
system regarding the diaphragm reaction being carried by these elements (50% of the total load to each).
For more complex LFRS layouts, the designer is referred to the PCI Seismic Design Manual (Cleland and
Ghosh 2007)

Analysis using Rational Methods

Many floor layouts create diaphragms that act more similarly to a deep beam (Bull 1997) than the
Bernoulli flexural member implied in the horizontal beam assumption. Irregular floor plan configurations
(Paulay and Priestley 1992) and openings in floor systems (Moehle et al. 2010) require care in diaphragm
design. For these cases, diaphragm design may benefit from the use of rational force path methods to
determine the internal force design and reinforcement layouts. Such methods include the strut and tie
method (Schlaich et al. 1987) and the panel-stringer method (Blaauwendraad and Hoogenboom 1996).
These rational methods, effective for deep squat diaphragms, collectors, or more complex floor
configurations, can also be applied to regular floor plans (McSaveny 1997). The strut-and-tie approach
can be used to determine diaphragm internal actions in accordance with the provisions of ACI 318
Section 18.5.

Transfer diaphragms, for instance occurring over podiums or in dual systems, are not directly
covered in the design methodology. Care must be taken in carrying the large transfer forces with precast
diaphragms, including assessing the effectiveness of bond between the precast units and topping slab
(Bull 1997). These transfer conditions have led to failures in recent earthquakes (EERI 2011). See fib
(2003) and (Moehle et al, 2010) for more information.

For more information on rational methods, the reader is referred to (fib 2003), (Schlaich et al 1987),
and (Blaauwendraad and Hoogenboom 1996).
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Diaphragm Internal Forces, Design Procedure Step 3b:

Figure c-9 shows the internal diaphragm force results for the top level diaphragm of the prototype
parking structure in Figure C-Illa. The results are from the dynamic time-history analysis (earthquake
simulation) under the MCE ground motion (bi-directional components). The figure shows the force diagrams
for: (a) Diaphragm axial thrust; (b) Diaphragm in-plane Shear; and (c) Diaphragm in-plane moment, along the
north diaphragm flat (from O to L as described in Fig. C-Illa). The red lines indicate the envelope of maximum
forces that occurred during the earthquake; the blue line indicates the instantaneous force in the diaphragm at
maximum force. The green line represents the design values (N,, V, and M,) determined in Step 3b and used to
design the prototype parking structure for the analysis (for an EDO design). The method selected to determine
internal forces inthis case was the design aids provided in PART 3 of the Design Methodology. As seen, these
methods produced accurate and for the most part conservative results. Note: (1) the large axial forces (-300k)
observed at the bottom of the Fig. c-9a chart that exceed the design values (225k) are compressive and thus do
not violate the design (the N, term in the interaction equation 2 is sign sensitive and thus compression lowers
demand); (2) the maximum moment predicted is accurate but the moment diagram is offset due to the
asymmetry caused by the ramp in the parking structure.
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Fig. ¢-9. Diaphragm joint internal force comparison, Design vs. Analysis: (a) axial; (b) shear and (c) moment.

Figure c-10 reproduces the maximum response (blue line) and the design value used (green lines) for
the case depicted in Fig. 9. The red lines on the plot indicate the forces that would be produced if the horizontal
beam analogy was used in Step 3(a) instead of the design aid method (also shown for comparison as a black line
is the horizontal beam method applied with current (unamplified) code forces). As seen, the horizontal beam
method does not accurately predict the diaphragm N, V, and M. However the simple beam conditions in the
horizontal beam method are seen to significantly overestimate the diaphragm moment (Fig. c-10a). This
overestimation is sufficient to overcome the fact that the horizontal beam method does not produce any
diaphragm axial thrusts (Fig. c-10b). For this reason, the horizontal beam method can be considered typically
conservative, provided the diaphragm can redistribute the forces to the assumed equilibrium pattern, which is
enforced in the design methodology by providing deformation capacity for both the chord and shear
reinforcement (See Commentary Step 4).
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Fig. c-10. Diaphragm joint internal force comparison, Design Aid vs. Horizontal Beam: (a) moment; (b) axial and (c) shear.
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Step 4: Design diaphragm reinforcement for required strength.

Step 4 Description. In this step, diaphragm reinforcement is designed for the required strength.
This step involves: (1) selecting diaphragm reinforcement types from the appropriate classification; (2)
looking up or testing the reinforcement to determine properties; and (3) designing the diaphragm for
sufficient strength. An interaction formula is provided for the diaphragm strength design.
Recommendations are provided for deformation capacity of secondary connections in the floor system.

Step 4 Commentary:

Selecting Diaphragm Reinforcement: The diaphragm reinforcement is selected based on the
Diaphragm Reinforcement Classification determined in Step 2 of PART 1. Thus, the diaphragm
reinforcement types allowable in this step are dependent on choices made earlier in the design. In cases,
designs will involve a preferred set of precast connectors to use as diaphragm reinforcement, whether due
to availability, local practices of the precast producer, etc. In this case, the designer should begin with this
step first; bring this information to Steps 2 and 3, and perform a check on Step 1, prior to starting the
design procedure with Step 3.

Diaphragm reinforcement types that meet the Diaphragm Reinforcement Classifications are
determined using PART 2 of the Seismic Design Methodology Document for Precast Concrete
Diaphragms. In PART 2, a Precast Diaphragm Reinforcement Qualification Procedure (Naito and Ren
2011) developed in parallel with the design procedure is used to determine the diaphragm reinforcement
classification. A distinction is made in PART 2 between existing connections that have been prequalified
and connections that have not been prequalified, whether new connections under development or existing
connections that have yet to be prequalified. For the former, the Qualification Procedure has already been
applied to some commonly-used existing diaphragm reinforcement. The Diaphragm Reinforcement
Classification for these connectors appears in Table A-1 of Appendix 1 of the PART 1 Design Procedure.
For the latter, the Qualification Procedure provides specific step-by-step guidance on the testing
procedures, cyclic loading protocols, measurements and performance metrics required to determine the
different diaphragm reinforcement classifications.

Each connection group in the diaphragm has a different set of design requirements in terms of
strength and deformation as summarized in Table C-2. The PART 2 Qualification Procedure and
Appendix 1 Prequalified Connections apply to chord and shear reinforcement only. Thus, the Diaphragm
Reinforcement Classifications do not apply to diaphragm-to-LFRS connections, diaphragm-to-IT beam
connections, and the so-called diaphragm secondary connections, which include diaphragm-to-spandrel,
spandrel-to-column, and ramp-to-lite wall (non-LFRS) connections. Each of these connections are
governed by a different set of deformation requirements (See Appendix 2).

Table C-2. Design requirement for diaphragm reinforcement.

Diaphragm Internal beam
Design Requirement reinforcement  Diaphragm Collector Connection Spandr.el
to LFRS Within Outside  connection
Chord Shear
chord chord
Force Determination X X X X X' X
Interaction Equation X X X X X
Connector Classification X X
Addtl. Defo. Regs.? X X X X
! Tributary shear (VQ/I) z Allowable or Recommended: See Appendix 2

The Diaphragm Reinforcement Classifications are based on connector inelastic deformation
capacity. It should be understood that the intent of the BDO and RDO is to provide the precast diaphragm
with inelastic deformation capability related to a flexural mechanism. Thus the desired inelastic
deformation capacity is a tension deformation, related to the precast diaphragm floor joint opening
associated with in-plane flexure (and to a lesser extent in-plane axial thrust). For this reason, the key
reinforcement group with respect to the deformation requirements is the chord reinforcement, as the chord
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steel provides the primary flexure transfer in the diaphragm, and at a location along the joint in which the
maximum opening occurs due to flexure.
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concentrate at a single joint rather than be spread out among the diaphragm joints (See text box).

Figure C-3. Flexural Deformation Demands on Precast Joint.

Diaphragm Reinforcement Classification, Design Procedure Step 4:

Figure c-11 shows the pushover curves (diaphragm force vs. deformation) for two otherwise identical
precast diaphragms (same dimensions, reinforcement strength, etc.), except one possesses shear reinforcement
with fension inelastic deformation capacity; the other shear reinforcement that is nonductile in tension. The
chord reinforcement is identical. As seen by comparing PO curves A and D the global ductility of the diaphragm
is significantly affected by the tension deformation capacity of the shear reinforcement (ductility reduction from
~6 to ~ 1.5). The insets A and D show the reason: the loss of the non-ductile shear reinforcement causes the
midspan joint strength to drop below the surrounding joints, leading to a “necking” of the diaphragm
deformation demands at the midspan joint, and thus a concentration of ductility demands leading to a failure of
the chord at midspan; while the ductile shear reinforcement permits spread of the inelastic deformation demands
to surrounding joints, which share the inelastic deformation demand, leading to greater global ductility.
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Chord failure

18 20 22 24 26
Max diaphragm displacement (cm)
Fig. c-11. Effect of shear reinforcement tension deformation on diaphragm ductility.
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Diaphragm Reinforcement Properties: The diaphragm reinforcement properties required for
the design procedure are determined in conjunction with the selection of the diaphragm reinforcement
types based on the Diaphragm Reinforcement Classification. For the prequalified connections, the
pertinent connector properties are given in Table A-1 of Appendix 1 of the PART 1 Design Procedure.
For new connections, the Qualification Procedure provides specific procedures for measuring and
characterizing the appropriate connector properties through the use of a qualification backbone. Note that
these properties pertain to chord and shear reinforcement.

The diaphragm reinforcement properties that are required for design (in addition to the
deformation capacity used to determine the Diaphragm Reinforcement Classification) include:

= Yield strength in tension ¢,
=  Yield strength in shear v,

In addition, these properties may be needed depending on the design approach or conditions:
= Flastic stiffness in tension £,
= Flastic stiffness in shear &,

The first pair of properties

Tension Shear

is used in this Step 4 to determine K, o
the diaphragm strength design. / Peak strength /

b g . g . g. / ! | Peak strength
The second pair of properties is b by ; Vil
used in Step 5 to determine the | Oceurrence | /i

. P . . 0.75t L *: of yield ! 0.75vn | *: Cyclic shear w/o

diaphragm stiffness, if needed. [ L |1 \_ axial force backbone
The manner in which these j 1 Syclic tension wio - / 0.

. shear backbone .
properties are  defined for 1 ! I g

. . A | Opening || | Sliding
response in tension and shear are 1 1 — ‘ —
shown in Figure C-4. By % 8y <01
(a) Tension (b) Shear (case 1)

The strength properties
(t,, v,) are also required for the  Fig. C-4. Diaphragm Connector Properties: (a) Tension; (b) Shear.
diaphragm-to-LFRS connections.
Note at this time these values must be estimated using rational methods as they were not tested as part of
the research program. No strength or stiffness properties are required for secondary connections in the
floor system (See discussion after “Diaphragm Reinforcement Strength Design”).

Diaphragm Reinforcement Properties, Design Procedure Step 4:

Figure c-12 shows examples of experimental data from the Lehigh testing program on diaphragm
connectors. Fig. c-12a shows the cyclic axial loading of chord reinforcement in a topped precast diaphragm; Fig.
c-12b shows the cyclic shear loading of a shear connector in an untopped precast diaphragm. As seen, the
definitions of stiffness and strength described in Figure C-4 are applied to the cyclic backbone to determine the
design properties of the precast diaphragm reinforcement.
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Fig. c-12. Diaphragm Connector Cyclic Tests: (a) Chord reinforcement under tension; (b) Shear connector under shear.
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Diaphragm Reinforcement Strength Design: The diaphragm reinforcement is designed using
the interaction formula given in PART 1 Eqn. 2 and repeated below:

2 2
M Q
Ml N, [_V] <10 (Eqn. 2 from PART )
¢an ¢an ¢vr/n

The interaction equation is to be applied collectively to all the diaphragm reinforcement along the
diaphragm joint being evaluated. Using this equation, diaphragm reinforcement at a given joint must
possess sufficient nominal strength to resist the diaphragm internal design forces. In this expression, the
nominal strength (N, V, M,) is expressed as the collective axial, shear and flexural strength of all
reinforcement across the joint. Likewise, the diaphragm internal design forces are expressed as the set of
internal axial thrust, in-plane shear and in-plane moment acting at the diaphragm joint. These demands
represent the required strength and are therefore expressed with the customary notation (N,, V,, M,).

Eqn. 2 pertains to the primary joints in the diaphragm, including those between precast floor units,
diaphragm-to-LFRS joints in both orthogonal direction, and internal beam joints. A distinction is made
between internal beam connections within and outside of chord lines (Refer to Table C-2), as the latter are
not governed by tributary shear requirements. Diaphragm connections in secondary joints in the floor
system, including diaphragm-to-spandrel and spandrel-to-column connections, internal beams outside
chord lines and ramp-to-lite wall non-LFRS connections, DO NOT require a seismic strength design
using Eqn. 2, but may be required to provide deformation capacity (discussed later in this step).

It should be recognized that Eqn. 2 is a general equation intended to cover the significant force
combinations that can arise in certain regions of the diaphragm, particularly when analyzing the
diaphragm as semi-rigid using computer analysis software. While these combined force conditions should
be addressed in the design (See text box), there are many cases where Eqn. 2 will simplify considerably:

e In most diaphragms, there are areas strongly dominated by either shear or bending where the
interaction of the structural effects is not significant and the dominant action can be compared
directly to the capacity of the connections in the joints (¢¢ M, > M, or ¢,V, > Q,V, ).

e When the rigid diaphragm assumption is used, the application of the connection interaction
Eqn. 2 can be simplified by removing the axial force term as the beam analogy does not
produce separate tension in the diaphragm:

%(;ﬁ—): + (E;—): % 1,0 Eqn. 2 - alt

e Collectors and diaphragm-to-LFRS connection can be designed directly for the diaphragm
reaction based on note (4), Step 3a and ©2,=1.0, unless a rational load path method is used.

Diaphragm Strength Interaction Equation, Design Procedure Step 4:

Figure c-13 shows analytical results diaphragm connectors for a joint under significant force
combinations, in this case high moment and shear force. The joint is in the outer flat of a precast parking
structure with interior shear walls flanking the interior ramp where the ramp meets the ramp landing (See
schematic in Fig. c-13). This joint is under high shear and bending due to the interior layout of the wall; as well
as some (axial) collector action due to the lite walls (not shown) along the ramp cavity. The top plots are the
tension force vs. deformation demands on the connectors; the bottom plots are the shear force vs. deformation
demands on the connectors. The left hand plots are for a shear connectors; the right hand plots are for the chord
connector (See inset in Fig. c-13). The blue lines are the hysteretic response measured in the analyses; the red
dashed line is the monotonic backbone representing the response of the connector under a single load component
(i.e. only tension or only shear).

As can be seen, the combination of forces acting on this joint lead to: (1) significant reduction in both
the effective shear and tension force that the shear connector can transfer; and (2) a smaller but still noticeable
reduction in the effective tension and shear force that the chord connector can transfer. These results imply the
need for the force interaction equation in the design of diaphragm reinforcement in certain regions of the floor.
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Fig. c-13. Diaphragm reinforcement hysteretic response under combined forces.
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Figure c¢-14 shows the
effectiveness of the design procedure
with respect to the interaction
equation for elastic diaphragm
performance, i.e., designing to the
EDO force level. The plot shows the
maximum internal force demands in a
MCE hazard earthquake simulation of
the prototype Parking Structure with
EDO diaphragm designs.

The forces are expressed as a
design unity ratio, i.e. the ratio of
demand to strength, by replacing the
required strength (M,, N, and V,) in
the interaction equation (Eqn. 2) with
the maximum value produced by the
simultaneous values from the force
time histories M(t), N(t) and V(t)
measured during the earthquake
analysis. These values are plotted
along the diaphragm (each marker
represents a joint between precast
units) for each of the four floor levels
for the prototype structure. The north,
south and ramp sub-diaphragms are
plotted separately (refer to schematic
in Fig. c-14). Also shown on the plot
as a dashed line is the unity ratio
produced in the EDO design (showing
values less than unity where the
design produced an overstrength).

As seen in Fig. c-14, the interaction equation predicts well the force demands for the majority of joints
in the structure, with some joints at lower unity ratios (0.5-0.7), and a small number of joints close to or just
exceeding unity. Note that a design based on maximum moment and shear will be less efficient at many joints.
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Fig. c-14. Prototype Parking Structure, EDO Design, MCE Hazard: Diaphragm joint (M-N-V) demand ratio.
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Figure c-15 shows the effectiveness of the interaction equation (Eqn. 2, PART 1) for inelastic
diaphragm performance, demonstrated here for an RDO design for the prototype precast parking structure. In
this case, the interaction equation, used with the RDO R, and £, factors, is intended to provide sufficient
strength to the diaphragm that will translate into: (a) diaphragm inelastic flexural deformations under MCE level
hazard that remain below the High Deformability Element (HDE) allowable deformation of 0.4” joint opening;
and (b) diaphragm shear forces under MCE level hazard that are carried elastically. Note the distinction with the
previous example involving the EDO design (Fig. c-14), where the interaction equation in intended to directly
provide the strength required to keep the diaphragm elastic under MCE level hazard.

The Figure c-15 plot shows the maximum deformation demands on the diaphragm reinforcement for
every joint in the prototype structure: (a) the top set of plots shows the joint opening acting on the diaphragm
chord reinforcement; (b) the lower set of plots shows the relative shear deformation of the panels at each joint
(“sliding™), acting on the diaphragm shear reinforcement. Note that each set of plots shows results for each of
the parking structure sub-diaphragms (north flat, ramp and south flat) As seen in Fig. c-15a, the RDO design
produces inelastic chord deformation (opening) demands below the HDE allowable value of 0.4” at all joints in
the structure. Likewise, as seen in Fig. c-15b, the RDO design produces elastic shear response (sliding
deformation demands below the yield value) for all joints in the structure. Together, these outcomes describe
successful achievement of the RDO performance requirements. Further comment on this performance is found

later in this commentary on step 4 in the subsection pertaining to Capacity Design Considerations.
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Fig. c-15. Diaphragm reinforcement deformation demands, RDO Design, MCE Hazard: (a) chord opening; (b) shear sliding.
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Diaphragm Nominal Strength: An estimation of the diaphragm nominal shear and flexural
strength, V, and M, , must be calculated, whether using a simplified approach like the horizontal beam
method or a more involved procedure. If using the general (unreduced) interaction equation (PART 1 Eqn.
2) associated with a semi-rigid diaphragm analysis, an estimation of the diaphragm nominal axial strength
N, is also needed.

The diaphragm joint design moment strength (M,) is calculated based on the design option (EDO,
BDO, RDO), to align the diaphragm strength with the performance target (e.g. elastic or inelastic
response). In the design procedure, M, is determined using the following equations:

For Elastic Design Option (EDO): M,=M, (Eqn. 4a from PART 1)
o : 1+Q,

For Basic Design Option (BDO): M, = M, (Eqn. 4b from PART 1)

For Reduced Design Option (RDO): M,=Q,M, (Eqn. 4c from PART 1)

where M, is the nominal yield moment strength of the precast diaphragm joint and £2; is diaphragm
flexural overstrength factor. The diaphragm nominal flexural strength is considered further below:

Two diaphragm flexural limit states are illustrated in the internal force schematics of a precast
joint in Figure C-5: (a) the yield moment M,; and (b) the plastic moment M,. The former represents the
moment when the chord reinforcement, located at the end of the joint (analogous to the extreme fiber in a
beam cross-section), reaches its yield stress (and strain). Note that the reinforcement along the remainder
of the diaphragm joint will still be in the elastic range, unless the shear reinforcement yield deformation is
significantly lower than that of the chord reinforcement (See Fig. C-5a). The latter represents the moment
at which all the reinforcement along the joint has yielded (See Fig. C-5b), and thus occurs at a higher
moment, and after the joint has undergone some plastic rotation.

= Tchord= Ty = Tchord=Ty
K —= —
X7 Teom -—
My Y M — Teonn=T,
3 —
X S ]
- C - C

Figure C-5. Joint force distribution at: (a) yield moment; (b) plastic moment.

The ratio of M,/M,, that is how much larger the moment at full joint yielding is to when the
diaphragm joint reaches initial yielding (See text box), is termed the diaphragm overstrength, and
represented by the term (2, Since the yield moment M, represents the limit of the elastic range of
diaphragm response, it is associated with the EDO (Eqn. 4a). The plastic moment, associated with
developing inelastic deformation capacity in the diaphragm, is associated with the RDO, as expressed by
M,=02; M, (Eqn. 4c). The BDO employs an average value of the two limit values (Eqn. 4b).

As is typically done in current practice, the nominal yield moment M, can be taken conservatively
as 1, d "where the chord yield force £, =4 oy and d’is the depth between chords. However, depending
on the tension stiffness characteristics and the depth of the diaphragm joint, the contribution of the shear
reinforcement to the diaphragm flexural strength may be significant. Thus, it may be economically
advantageous to calculate the diaphragm joint flexural strength based on all reinforcement crossing the
joint, i.e. as shown in Fig. C-5a, though this involves a more involved calculation. This calculation can be
accomplished through a strain curvature analysis or pushover analyses as described subsequently.
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Likewise, the overstrength of the diaphragm can be ignored (£2; = 1.0) or estimated using
approximate but conservative values. The approximate values proposed in the diaphragm seismic design
methodology are 1.0 for a pretopped diaphragm, and 1.25 for a topped diaphragm. The distinction
between diaphragm construction types is made because the topped system, typically consisting of shear
reinforcement (web connectors, wire mesh or bars) that is stiffer and stronger in tension than the
pretopped system, typically has a larger flexural overstrength than the pretopped system (See text box).
L2, can be alternately determined from a strain curvature analysis or pushover analyses as described next.

Diaphragm Nominal Strength, Design Procedure Step 4:

Figure c-16 compares the response of typical topped and pretopped diaphragms of the same nominal
yield strength, M,. Figure c-16a shows the global pushover response curve (refer to inset Fig. C-I): diaphragm
force (expressed as the inertial force acceleration as a percentage of g) vs. midspan diaphragm deformation.
Figure c-16b shows the corresponding local response of the critical midspan joint: in-plane diaphragm moment
vs. rotation of the joint, indirectly expressed as the joint opening deformation at the chord.

As can be seen in Fig. c-16b, the topped and pretopped systems share the same yield moment.
However, the post-yield response of the systems is significantly different: the topped system develops significant
overstrength (a M, higher than M,), while the pretopped system develops almost no overstrength (M, = M,). This
result is due entirely to the characteristics of the shear reinforcement used in these two systems, with the typical
pretopped diaphragm using tension-compliant shear connectors (e.g. JVI Vector), whose contribution to flexure
is negligible when compared to the chord reinforcement strength; while the topped system possesses distributed
mesh reinforcement that possesses sufficient tension strength to provide a significant increment of moment
strength as the diaphragm joint moves from yield (Fig. C-5a) to plastic or ultimate flexural strength (Fig. C-5b).

As seen in Figure c-16a, the overstrength in flexural strength provided by the shear reinforcement
contribution to the critical midspan flexure joint in the typical topped diaphragm, translates directly to increased
diaphragm strength for the (flexure-contolled) topped diaphragm. It is noted that the larger overstrength
observed for the topped vs. pretopped diaphragm is due to the typical shear reinforcement used in construction;
thus it is at least theoretically possible to design a pretopped diaphragm with large overstrength, and a topped
diaphragm with lower overstrength.

It is additionally noted that the shear reinforcement will also contribute to the yield moment itself (Fig.
C-5a), with a more significant contribution in the topped case; thus the same yield moment can be achieved with
less chord reinforcement if the nominal flexural strength calculation includes the shear reinforcement (as
described in the next section).
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Figure c-16. Pushover analyses: (a) Diaphragm global response; (b) Midspan flexural response.

The approach to designing the precast diaphragm reinforcement as a group along the joint, based
on all reinforcement crossing the joint, though consistent with recent code modifications that permit the
contribution of the shear reinforcement to the diaphragm flexural strength (ACI, 2008), is substantially
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different than the procedures used in current practice The following can be included for the reinforcing
elements (connectors, bars or mesh) across the precast diaphragm joint when calculating the nominal
diaphragm strength: (a) shear reinforcement contribution to flexure; (b) chord reinforcement contribution
to shear; and (¢) diaphragm reinforcement contribution to axial force. Note that these do not need to be
considered, but are available to the designer to make the design more economical.

Diaphragm Strength and Stiffness Calculations: 1f a designer decides to take advantage of all
the reinforcement crossing the joint in determining the diaphragm nominal flexural strength, the
procedure is more involved than the simple calculations of the horizontal beam method. As such, a
rational method has been developed to determine the diaphragm joint flexural strength (and stiffness).
The method, originally appearing in (BSSC 2009), makes a reasonable estimation of the neutral axis (NA)
and employs Bernoulli principles to estimate the flexural stiffness and strength of the diaphragm.

The derivation of the method appears in “3.3 DIAPHRAGM JOINT STIFFNESS AND
STRENGTH CALCULATION” in PART 3 of the Seismic Design Methodology. The method has also been
embedded in a computer spreadsheet utility for ease of use, as described in “3.4 DESIGN AIDS FOR
DIAPHRAGM DESIGN: SPREADSHEET PROGRAM?” in PART 3 of the Seismic Design Methodology.
The Design Aid Spreadsheet is available for download with the Design Methodology Documents.

The expressions used in the rational method are summarized here in the commentary. Please
refer to PART 3 of the Seismic Design Methodology for full details of the method and spreadsheet.

Rational Method Summary: The procedure uses the panel geometry, concrete properties,
connector layout and connector stiffness and strength properties to approximate: (A) the diaphragm
stiffness; (B) the diaphragm yield moment M, and (C) the diaphragm plastic moment M,. The diaphragm
axial and shear strength can also be calculated.

Rational Method Terminology: Figure C-6 shows a schematic of the panel joint and flexural
actions indicating the notation used for dimensions and forces. The connector properties required are
those described in Table A-1 in the PART 1, Design Procedure APPENDIX 1, and labeled here in Table
C-3 to distinguish between the chord reinforcement, the shear reinforcement and a distributed topping
reinforcement, if present. The modulus of concrete £, can be taken as the full ACI 318 (2005) value.
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Figure C-6. FBD of diaphragm joint used to determine initial stiffness.

Table C-3. Design requirement for diaphragm reinforcement.

. Elastic stiffness Yield strength Yield deformation Secant stiffness
Reinforcement . . . .
Tension (k;) Shear (k) | Tension (t,) Shear (v,) Tension (Sy) Tension (tn/3y,)
Chord Kt,chord K v,chord T v,chord Vy, chord 5y,ch0rd K 't, chord
Shear Kt,conn KV,CUVIV! T-ZV,CUHVI Vy,CUﬂVl 5_}',(’0}'”1 K’I,CUVIVI
Topplng Kt,topping Kv,topping T v topping Vy,topping 5)},t0pping K ’t,topping
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A. Diaphragm Stiffness

Step 1: Determine Neutral Axis Location, ¢

| — Ay A7 — 44,4,

c= Eqn C-4
2 (Eqn C-4)
1 .
where, 4, = E(Ect/b =K, com 'S =K, iopping 15"
A2 = Kt,chord + Kt,conn /s (d - So) + Kf,fOPPiﬂg /S'.(d - 2d0) >

1

and A3:—[K,C(d—d0)+%l< /s-(d—s0)2+EK /s'(d —2d,)*]

t,conn t topping

Step 2: Determine Center of Compression, ¢

Topped diaphragm:
c,=2/3-c (Egn C-5a)

Untopped diaphragm (dry system):

K ., (c—d) +1/3-K.._/s-(c—s,)
CO — c,chord ( 0 ) c,conn ( 0 )2 (Eqn C-Sb)
KC,Chord (C _dO) +1/2 ’ Kc,conn /S ' (C _SO)
Untopped system (pour strip):
c,=c—d, (Egn C-5¢)

Step 3: Determine Diaphragm Joint Initial Rotational Stiffness, Ko

K Ktm) in,
K, :iEthzc0 + K, g (d —dy =) +—(d =5y —¢)® + " (d —c~2d,)*  (Eqn C-6)
2b 3s 3s'

t,chord

Step 4: Determine Diaphragm Joint Shear Stiffness, K,

d—2s .
K, =2K, o +( ; 0+ lev,mn +d /'K, pping (Eqn C-7)
Step 5: Determine Diaphragm Effective Elastic Modulus, E.4
E DK (Eqn C-8)
= n -
T bKy +EI a
Step 6: Determine Diaphragm Effective Shear Modulus, G
1.2bG.K
r (Eqn C-9)

¥ 126K, + AG,

Note that the E.y and G,z values represent the stiffness of one panel and joint region. If the
reinforcement varies in the diaphragm (bar cut-offs, more shear connectors at diaphragm end, etc.), the
values of E.y and G,y will be dependent on the particular joint these calculations are made. See Step 5
Commentary for acceptable techniques for approximating the overall diaphragm stiffness in these cases.
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. Diaphragm Yield Moment

Step 1: Determine Diaphragm Yield Rotation, &,

gy:min [é;/,chord/ (d—do-C), @g,conn/ (d'SO'C): é:v,topping/ (d'2 dO'C) ]

Step 2: Determine Diaphragm Joint Secant Rotational Stiffness, Ko

(Eqn C-10)

Repeat Equations C-4 to C-6 in Steps 1 to 3 of the diaphragm Stiffness Calculation using
secant stiffness (See Table C-3) rather than elastic stiffness of connectors to calculate

K’p in Eqn. C-6.

Step 3: Diaphragm Yield Moment, M,

M, =K, 0,

. Diaphragm Plastic Moment, M,
Step 1: Assume location of plastic neutral axis (20% of diaphragm depth):

c=d/5

Step 2: Determine Center of Compression, ¢

Calculate value by selecting appropriate Eqn. C-5a to C-5c.

Step 3: Calculate diaphragm plastic moment strength:

M, =T, pa(d—dy—c+c,)+T,

S +¢)+T,

0
vaamping ¢

¥,conn s 2

Step 4: Calculate diaphragm overstrength, €2, :

d—c—s, d—c—s d—-c—-2d d—c—2d0+
2

(Eqn C-11)

(Eqn C-12)

) (Eqn C-13)

92, =M,/ M, (Eqn C-14)
Diaphragm Joint Shear Strength Calculation:
The diaphragm joint shear strength is given in the design procedure are:
V,=>v, (Eqn. 3b from PART 1)

This diaphragm joint shear strength can be calculated as the sum of the yield shear strengths of all

the reinforcement across the joint:

V, =2V, ora + (d ~25% le + (—d — '2d° + le

y,conn ¥, topping
S S

(Eqn. C-15)

Note that the chord connections can contribute to both moment and shear strength. The shear
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strength of the chord may be limited by the strength of the welds or by the strength of the chord
reinforcement, as determined in testing. The values for chord shear strength in Appendix 1 are based on
the qualification testing of these details. It is acceptable to determine the shear strength for the chord
reinforcement in a topping either by shear friction, ¢fyAyu, or by the direct shear strength of the
reinforcement as dowels, ¢0.6f,A,.



The shear strength at the joint, then, can be taken as the sum of the shear strength of the chord
connectors and the summed shear strength of the shear connectors between the chords. The shear
connections can be proportioned to carry the total shear demand in the joint, but the chord connection
may still attract a portion of the shear and must be checked to ensure that chord design satisfies the
combined forces by applying Eqn. 2 from PART 1.

Diaphragm Joint Axial Strength Calculation:

If using the general (unreduced) interaction equation (PART 1 Eqn. 2) associated with a semi-
rigid diaphragm analysis, an estimation of the diaphragm nominal axial strength &, is also needed.

The diaphragm joint shear strength is given in the design procedure are:
N,=>1, (Eqn. 3a from PART 1)

This diaphragm joint axial strength can be calculated as the sum of yield tension strength of all
the reinforcement across the joint:

d—2s, d-2d,
N, =2T, pa + [T + ley,mn + (T + ley,wpping (Egn. C-16)

Diaphragm Strength and Stiffness Calculation, Design Procedure Step 4:

Figure c-17 shows pretopped diaphragm stiffness and strength values for a wide variety of diaphragm
aspect ratios and lengths. The figures compare the response of a nonlinear pushover analysis of using a finite
element model of the diaphragm that models the reinforcement at the joint discretely with values obtained from
a design calculation using the results of the rational method described in Eqns. C-4 to C-11.

In Figure c-17a a comparison of the displacement at midspan under the diaphragm design load is given
for the computer analysis versus a design calculation using the effective moduli E ¢ and G (Eqns. C-8, C-9).
As seen, the method produces a reasonably accurate match to the analysis across a range of aspect ratios,
diaphragm lengths, and diaphragm reinforcement details. In particular, the method can accurately predict
stiffness for both shear dominated (low aspect ratio) and flexure dominated (large aspect ratio) diaphragms.

Figure c-17b compares the moment strength for the diaphragm, (expressed in terms of the inertial force
acceleration that produces the nominal moment strength) produced by computer analysis to the value calculated
with Eqn. C-11 . As seen, the method again produces a reasonably accurate match to the analysis across a range
of aspect ratios, diaphragm lengths, and diaphragm reinforcement details, with slight underestimation for shear
critical diaphragms (shorter aspect ratios).
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Figure c-17. Comparison with FE analysis: (a) Diaphragm stiffness; (b) Yield strength.
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Step 5: Determine diaphragm stiffness and check gravity system drifts

Step 5 Description. In this step, diaphragm stiffness is calculated, if necessary, for: (1) semi-
rigid diaphragm models used in computer structural analysis and/or (2) to check gravity system column
inter-story drifts amplified by diaphragm flexibility. The diaphragm stiffness is expressed in the form of
an effective elastic modulus (£.;) and effective shear modulus (G.y), for ease of insertion into computer
structural analysis programs. The need for a drift calculation is determined by a check using Table 3 of
PART 1. If a drift check calculation is necessary, the procedure is found in Appendix 3.

Step 5 Commentary:

An estimation of the precast floor diaphragm elastic stiffness is required in the design procedure
when one of the following conditions exist: (1) semi-rigid diaphragm models used in computer structural
analysis, in particular those with redundant lateral force resisting layouts where diaphragm stiffness is
required in determining diaphragm internal force distributions; and (2) in long span diaphragms, where
diaphragm stiffness is required to perform a drift check on gravity system columns.

Discussion on Diaphragm Stiffness

A diaphragm stiffness calculation has not typically been part of current design. For precast
construction, the combination of higher inherent flexibility of paneled systems with the effective use of
these systems for structures with long floor spans can create a highly flexible diaphragm. Diaphragm
flexibility can impact diaphragm response in several ways, including modifying: (1) Structure Period; (2)
Diaphragm Force Magnitude; (3) Diaphragm Internal Force Path; and, (4) Gravity System Drift. Each of
these is discussed in more detail below.

Structure Period: The period of the structure will lengthen due to diaphragm flexibility. It was the
consensus of the development team that the design factors be calibrated relative to current design forces,
i.e. on the forces based on the period calculated in current design, which is based on a rigid diaphragm. In
fact, as the diaphragm maximum forces are related strongly to the higher modes, the need to tie it to the
fundamental period adjusted for diaphragm flexibility is less important than other measures. Thus the
diaphragm design force factors, though based on analyses incorporating diaphragm flexibility, are
mapped onto the response of a rigid diaphragm design. For this reason, a special calculation of period,
different than what is already done, is not required. It should be noted that for long span precast
diaphragms, the structure period including the effect of diaphragm flexibility is typically longer than the
maximum design period permitted in current code, C,T, (ASCE 7 2010). Therefore it was deemed
unnecessary to recalculate the structure period including the effect of diaphragm flexibility.

Diaphragm Force Magnitude: The magnitude of diaphragm force is affected by diaphragm
flexibility (Farrow and Fleischman 2003). The effect of diaphragm flexibility (on both diaphragm force
and drift) is a complex combination of the floor’s absolute stiffness and its relative stiffness with respect
to the LFRS (Fleischman and Farrow 2001). The effect of diaphragm flexibility on diaphragm force is
handled indirectly in the design procedure as the original diaphragm force amplification factor equations
for ASCE 7-10 include diaphragm length L and aspect ratio AR (See Appendix 4). This effect is realized
in the updated design force equations (Step 3a, PART 1) through flexible diaphragm acceleration
amplification factors (o) according to Eqn.12.11-12 of proposal IT06-001 for the ASCE 7-14 provisions.
Since the diaphragm flexibility is more significantly affected by geometry, the effect the magnitude of the
diaphragm inertial force due to the variation of stiffness caused by different diaphragm reinforcement
details is not required in determining the diaphragm amplification factor (Schoettler, 2010). It is further
noted that the most significant effect on diaphragm force is due to higher order modes (Rodriguez et al.
2002), as realized in Eqns. 3-5 through the number of stories (n) parameter and the total effect of
diaphragm flexibility (geometry and rigidity) is secondary (Fleischman and Farrow 2001) to this larger
effect (See Background Appendices A1).

Diaphragm Internal Force Path: The internal force paths that develop within the floor system can
depend on the relative shear and elastic in-plane stiffness of the floor system relative to each other, and
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the LFRS elements. (including tributary reactions to the LFRS elements) for diaphragms with redundancy
in LFRS layout, displacement compatibility conditions (dual system) or inter-story elements (e.g. ramps).
The difference in diaphragm stiffness is not critical for diaphragm internal force paths for determinate
LFRS layouts (See Background Appendices A2.4.6). However, when using the semi-rigid diaphragm
option (See Commentary Step 4) for indeterminate LFRS layouts, it is important to insert the proper
stiffness values for the diaphragm to get the proper proportion (See discussion in Commentary Step 4).

Gravity System Drift: Diaphragm stiffness is required in performing a drift check for gravity
system columns remote to LFRS elements. Most diaphragm configurations and building geometries are
such that the diaphragm does not contribute significantly to gravity system columns drifts due to
compatible displacement. However, for highly flexible diaphragms (due mostly to geometry, but also to
inherent flexibility in the precast floor system construction), gravity system columns remote to the
primary (vertical) elements of the LFRS may undergo too large of a lateral drift (Fleischman et al. 1998)
(Rhodes et al. 1997). This design check is performed in Step 5.

For precast concrete structures with long floor spans, e.g. parking structures, unacceptable gravity
column inter-story drift at regions remote to the primary LFRS might occur during a seismic event due to
the drift increment from diaphragm deformation (Fleischman et al. 1998) (Fleischman and Farrow 2001).
Therefore the gravity column inter-story drift is checked explicitly in the design procedure

Drift Check Determination

The need for a drift calculation is determined by checking the design conditions relative to the
values in Table 3 of PART 1. Table 3 provides the critical diaphragm aspect ratio where a drift check is
required, and is a function of building height and diaphragm design option (taller buildings can have more
significant gravity system drifts, and an inelastic diaphragm has a reduced stiffness after yielding, which
can contribute more to drift due to diaphragm deformation).

The relationship between diaphragm flexibility and amplified gravity system drift was determined
through analytical research, and approximated using design equations in Appendix 3. In order to simplify
the design procedure, Table 3 provides a first check to determine if that amplification is significant. Thus,
the intent of the design procedure is to only perform a drift check for cases where the diaphragm
flexibility may have an effect on the design drift. The values in the table are chosen such that the
conditions result in the gravity system drifts passing the threshold of 4% drift in the MCE for a 2% drift
of the lateral force resisting system (See text box).

Diaphragm Contribution to Drift, Design Procedure Step 5:

Table is based on the drift calculations for the evaluation structure with perimeter shear wall in SDC E.
The design space for the calculated gravity system drift is shown in Fig. c-18 for four different diaphragm
Aspect Ratios (ARs) and three different building heights (N) with an assumption of 0; ;rs=0.02. The intersection
between the limit drift (4%) and the design space is used to identify the design cases requiring the drift check.
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Figure c-18. Gravity system drift: (a) EDO; (b) BDO; (c) RDO.
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Precast Diaphragm Effective Stiffness

Equations C-8 and C-9, introduced in the commentary for Step 4 on rational methods, produce
effective moduli, an effective elastic modulus E,; and an effective shear modulus G.4 The need for both
properties arises from the non-negligible contribution of shear deformation in precast concrete floor
diaprhagms, due to aspect ratio geometry, and shear flexibility at the joints between precast units. Note
that the effective modulus values represent the combined stiffness of one panel and joint region.

Note that if the reinforcement varies in the diaphragm (bar cut-offs, more shear connectors at
diaphragm end, etc.), the values of E.;and G.; will be dependent on the particular joint these calculations
are made. The designer can attempt to analyze the diaphragm with the changing stiffness, however it
maybe more expedient to calculate an average value to use across the diaphragm.

Approximate methods to produce an average E.;and G for the diaphragm, include:

1. Use the E,; calculated at midspan, and the G, calculated at the end span. Reasonable and
quick, but will tend to underestimate diaphragm deformations for typical varying
diaphragm reinforcement layouts.

2. Use the average of the E. and G,y values calculated at midspan and end span. This is
typically a better estimate, and relaltively quick, but will tend to overestimate diaphragm
deformations for typical varying diaphragm reinforcement layouts.

3. Use a weighted average of the E.; and G,y values calculated at midspan and end span
(suggest 0.75, 0.25 for flexure; 0.25, 0.75 for shear where the first number of the pair is
the weighted value for midspan). This approach will provide a good estimate, and is still
relatively simple.

See the Commentary to Appendix 3 for different methods to calculate diaphragm deformation,
either by using the changing diaphragm stiffness, or by calculating an average value to use across the
diaphragm. It is noted that the design aid spreadsheet provided with the design methodology is capable of
producing deflection calculations based on varied stiffness at each diaphragm joint.

Effective Moduli, Design Procedure Step 5:

Figure c-19 shows the ratio of effective moduli to the gross section moduli (E., G,) for a three strory
precast structure using different diaphragm details. The effective Moduli (E.¢ and Geg) are calculated at top floor
using Equation C-8 and C-9.

As seen, the effective elastic modulus ranges from 30%~45% of the gross section elastic modulus while
the effective shear modulus ranges from 15%~45% of the gross section shear modulus.

The accuracy of these values, relative to nonlinear finite element analysis of precast diaphragms of
different geometry, was demonstrated in Figure c-17.
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Figure c-19. Effective precast diaphragm moduli for different design details.
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Commentary to Appendix 1: Prequalified Diaphragm Connections.

Table A-1 provides the classifications and connector properties for the precast diaphragm
reinforcement that was “pre-qualified” through testing in the DSDM project and other conforming testing
programs.

The classification of the particular reinforcement or connector (HDE, MDE or LDE) can be read
directly from the table.

The properties provided in Table A-1 can be directly input into Equations C-4 to C-16 to
calculate diaphragm strength and stiffness for diaphragms using the prequalified diaphragm connections.
These properties are determined based experimental data from the Lehigh testing program on diaphragm
reinforcement and connector.

Table A-la provides the values for precast diaphragm reinforcement comprised of bars, while
Table A-1b provides the same for precast diaphragm connectors. Note that while for the latter, values are
read directly (per connector), for the former the strength and stiffness properties are normalized by the
reinforcement bar area. This permits a designer to use the table for different sized bars, by multiplying the
stiffness and strength value in Table A-la by the nominal area of the reinforcement bar being used (as
well as the number of bars) before inserting into Equations C-4 to C-16.

It is anticipated that new reinforcement, once tested through the qualification protocols described
in PART 2 of the Diaphragm Seismic Design Methodology, will be added to this Appendix.

Please consult in PART 2 of the Diaphragm Seismic Design Methodology for more detailed
explanations of the prequalification and qualification protocols, and acceptance criteria.

58



Commentary to Appendix 2: Connector Deformation Capacity.

The shear and chord reinforcement are subjected to the diaphragm reinforcement classification
and thus have prescriptive deformation capacity requirements (See Table A2, Appendix 2). As indicated
in Table C-2 (Commentary for Step 4), and reproduced below in Table C-A2.1, additional deformation
requirements or recommendations exist for the connections in the floor system that are not covered by the
diaphragm reinforcement classification. Appendix 2 provides these deformation requirements - for the
diaprhragm to lateral force resisting system (LFRS) connections, and recommendations — for the so-called
“secondary” connections in the floor system: spandrel and IT beam connections; non-LFRS lite wall
connections, etc.

Table C-A2.1 Design requirement for diaphragm reinforcement.

Diaphragm Internal beam
Design Requirement reinforcement  Diaphragm Collector Connection Spandr.el
to LFRS Within Outside  connection
Chord Shear
chord chord
Force Determination X X X X X' X
Interaction Equation X X X X X
Connector Classification X X
Addtl. Defo. Regs.? X X X X
! Tributary shear (VQ/I) z Allowable or Recommended: See Appendix 2

Deformation Requirements for Diaphragm-to-LFRS Connections:

The tension deformability requirements associated with the Diaphragm Reinforcement
Classification are not applicable to the diaphragm-to-LFRS connection. Thus, the diaphragm-to-LFRS
connection has a separate set of deformation capacity requirements.

The joint between the diaphragm and the LFRS does undergo deformation demands in an
earthquake, but they do not resemble the demands occurring within the floor system. This outcome is
partially due to dominance of shear force in the total diaphragm reaction to the LFRS, which creates a
largely force-controlled design due to shear overstrength factor €, and partially due to LFRS layout
within the floor plan geometry which in most cases has limited moment demand at this joint.

In particular, the diaphragm-to-LFRS connection deformation demands are not as directly related
the design option selected, as is the case for the chord and shear reinforcement. Analytical results for
prototype structures using the design methodology indicate that most connectors within a diaphragm-to-
LFRS connection, remain elastic under MCE demand regardless of design option (EDO, BDO, RDO),
except for localized small inelastic deformation for a portion of the connectors due to non-uniform
distribution along the joint between diaphragm and LFRS (See fext box).

In essence, the connectors in the diaphragm-to-LFRS connection require a measure of inelastic
deformation capacity to allow the anchorage forces to redistribute along the LRFS. This condition occurs
primarily because while typically considered a pure shear reaction, the diaphragm “reaction” forces
observed in the analytical models tend to have a non-negligible in-plane bending component. Thus,
connectors near the end of the LFRS tend to attract larger stresses. Non-ductile diaphragm-to-LFRS
connectors would tend to “unzip” under these actions.

Thus to avoid such behavior, the diaphragm-to-LFRS reinforcement has its own set of
deformation requirements, given in Appendix 2, Table A-2.3. It was considered prudent to relate the
deformation requirements to the diaphragm seismic demand level (See Commentary Step 2). For this
reason, the analytically obtained values are multiplied by a C, factor given in Appendix 2, Table A-2.2.
The C, factor values are (1.0, 1.5, 2.0) for the low, medium and high diaphragm seismic demand levels
respectively. These values are considered conservative, and the topic require further research to better
determine the needed deformation capacity, and ability for diaphragm to LFRS connections to achieve
these opening and sliding deformations for different wall to floor connection configurations, in particular
bearing conditions, and under the out-of the-floor plane action at this interface during seismic response.
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Diaphragm —to LFRS Connection Deformation Capacity, Appendix 2:

Figure c-20 shows the LFRS deformation demands for various layouts of the Prototype Precast Office
Building (refer to Verification of Design Factors in Preface to Commentary). The values obtained in these
analyses were used to establish the reference deformation capacities for Table 4-2.3 It can also be seen that the
diaphragm-to-LFRS demands were not greatly different among different design options (See Fig. c-20), and thus
by the C, factors in Table 4-2.2 are a factor of safety, not a result directly obtained from the analytical research.
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Figure c-20. Diaphragm-to-LFRS deformation demand in the prototype office building: (a) opening; (b) sliding.

Deformation Requirements for Non-Primary Diaphragm Reinforcement:

Deformation capacity should to be considered for other reinforcement in the floor system,
including diaphragm-to-spandrel connections, spandrel-to-column connections, and internal beam
connections not included in the design. These so called “secondary” connections are not formally part of
the diaphragm design, but nonetheless will have an effect on the diaphragm response, particularly for an
inelastic diaphragm (Wan et al. 2012). The secondary connections were outside the testing scope for the
prequalified connections provided in PART 2. Thus, secondary connection deformation capacities were
estimated in the research, and could be verified in a future testing program.

The estimated deformation demands on the secondary connections were determined in the DSDM
research by introducing the secondary elements directly into the analytical models. In this way, the
analyses performed on the evaluation and prototype structures (See Preface to Commentary), primarily
for determining diaphragm design factors and reinforcement classification limits, also provide
information toward design recommendations for the diaphragm secondary connections. The secondary
connection deformation demands measured directly in the analytical research (See text box) established
deformation recommendations for connectors of nominal strength typical of standard industry connectors.

The reason that the deformation capacities are recommended rather than required at this point is
that it is unclear the ramifications of the loss of secondary connections. The loss of these connections may
change load path, modify deformation patterns on the primary diaphragm reinforcement, and decrease
diaphragm stiffness. However, since the secondary elements (spandrels, IT beams) are typically secured
directly to columns or walls, it is unclear if the loss of their connections to the floor diaphragm would lead
to collapse or global failure of the diaphragm. The key consideration may be to avoid unseating of the
precast floor units after connection failure. The impact of the loss of the secondary connections requires
further consideration, e.g. the ramifications of loss of these connections with regard to load path, seating
requirements, etc. It should be re-emphasized, however, that a LDE secondary connector (e.g. the one-
sided bar-plate) will not survive the imposed compatible diaphragm deformations witnessed in the
research, e.g. for high seismic demand cases and BDO or RDO designs (See text box).
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Deformation Requirements for Non-Primary Diaphragm Reinforcement, Appendix 2:

Figures c-21 and c-22 show the maximum deformation demands measured on secondary connections in
the prototype structure analyses (See Verification of Design Factors, Preface to Commentary). Figure c-21
shows the results for internal (IT) beams; Figure c-22 for spandrel beams. Appendix 2 recommendations for the
secondary connections (Tables A-2.4 and A-2.2) are based on the results shown in Figures c-21 and c-22.

These analyses and others (Wan et al. 2012) indicate that demands on the secondary connections are
less closely correlated to the diaphragm force than to the diaphragm deformation demand, i.e. the forces that
develop in these connections under earthquake loading is due to the imposed displacement compatibility of the
floor system. For this reason, these connections may be expected to have larger demands for diaphragms
expected to undergo larger global inelastic response (e.g. the RDO). This trend is seen in the maximum opening
and sliding in the secondary connections from the prototype structure analyses, shown for the internal beam (See
Fig. c-21) and the perimeter spandrel beams (See Fig. c-22).

The yield and failure deformations of the one-sided plate-bar connector are indicated as trend lines on
the plots. Note that inelastic deformation demands are observed in secondary connections, even for structures
with EDO diaphragm designs. Further note that in a limited number of cases, the failure deformation is
exceeded. Full details of these analyses are found in PART 5 —Background.
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Figure c-21. Maximum demand in the internal beam to precast unit connector: (a) opening; (b) Sliding.
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Figure c-22. Maximum demand in connector between spandrel and precast unit: (a) opening; (b) sliding.

Figure C-7 shows the assumed diaphragm design reaction force flows of outer sub-diaphragms
for: (a) perimeter wall parking structure; and (b) interior wall parking structure. As seen, for the perimeter
wall structure, a part of diaphragm reactions is assumed to be transferred through the internal beam joint.
However for the exterior wall structure, all of diaphragm reactions are assumed to be transferred directly
to the interior shear wall. Therefore the internal beam joint in the perimeter wall structure is designed to
resist an axial force for transferring the diaphragm reactions which results in a “strong” connector while
the internal beam joint in the interior wall structure is selected as an industry standard connector. These
design assumptions result in a higher opening demand in the internal beam joint for the interior wall

structure compared to the perimeter wall structure in the earthquake simulations (See text box, Fig c-21a).
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Figure C-7. Diaphragm reaction force flow: (a) perimeter shear wall structure; (b) interior shear wall structure.

Secondary Diaphragm Reinforcement Effect on Primary Reinforcement Demands:

Figure C-8 shows the effect of the spandrels on the join sliding and opening in the precast
diaphragm. It is important to note that the inclusion of secondary elements in the analytical models is also
central to achieving the analytical research primary goals, since the secondary elements have a non-
negligible effect on global diaphragm response and diaphragm primary reinforcement demands (Wan et al.
2012), as evidenced in the analytical and test results shown in Fig C-9. In the absence of test results, the
secondary connection characteristics had to be estimated. The characteristics were approximated as one-
sided versions of the plate-bar flange-to-flange connector tested by Pincheira et al. (1998). Thus, these
connections were given the nominal stiffness and strength expected of standard industry hardware.
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Commentary to Appendix 3: Diaphragm Drift.

Diaphragm Elastic Deformation Calculation:
Diaphragm elastic deformation can be calculated using the following methods:

(1) Simply beam analogy:

8 dia, ol =SFpL*/384E il +F /A Gt

(2) Computer Analysis Method

The same structure model and static analysis used for the diaphragm internal force calculation are
applied to obtain the diaphragm elastic deformation. The diaphragm elastic deformation measurement is
taken as the difference between the diaphragm displacement and the LFRS displacement at each floor
level. Please refer to Semi-Rigid Diaphragm Model, Commentary for Step 3b.

(3) Integration Method

This method is to integrate the shear and flexure deformation of each precast panel with the
previous calculated design shear/moment diagram and diaphragm effective moduli. The diaphragm elastic
deformation is calculated as the sum of shear and flexure deformation (d¢= d,+ ).

The shear deformation (3,) is calculated by sum of the shear deformation of each precast panel:

n
5,=12V,/ 4G,
-1
where, V; is the average shear force with the /™ panel; 4 is the gross cross-section area of precast panel;
Gy 1s the effective elastic shear modulus for i"™ panel (refer to Diaphragm Joint Stiffness Calculation”
section); and # is number of precast panels.

The flexure deformation (85) can be calculated by any accepted method, including virtual work, moment
area, conjugate beam method, etc. With the latter method, the diaphragm moment diagram is scaled by
the 1/E.ql (Ee is the effective elastic Young’s modulus and I is gross section secondary moment of inertia
for preast panel) and applied as the distributed load (w") on the conjugated beam as seen in Fig. C-10. The
diaphragm flexure deformation is the resulting moment diagram for the conjugate beam.
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Figure C-10. FBD of conjugate beam.

For methods (1) and (2), an average E.s and G for the diaphragm is needed. Please refer to
Precast Diaphragm Effective Stiffness, Commentary on Step 5.

63



Diaphragm Deformation Contribution on Drift:

For the cases requiring the diaphragm drift check, the diaphragm contribution to gravity column
inter-story drift (8,,) can be calculated as (Jyiq, i - Ouia, i-1)/h, Where O 4, i and O 4, .7 are the expected
diaphragm deformation at consecutive stories i and i-/, where diaphragm deformation is measured
relative to the LFRS drift (See Fig. C-11); and # is the floor-to-floor height. Thus, 8, is not directly
related to diaphragm deformation at a given floor level except for the 1% floor, which typically has non-
critical diaphragm deformation demand (See PART 5: Background).

Diaphragm Diaphragm LFRS

Gravity column

- 77F;g7u;g 6:1717]517215};;1(;11; agf;r;n;a;hape: (a) plan; (b) elevation.
The drift check is performed on both diaphragm deformation alone and also on total drift of the

LFRS and diaphragm together. The calculated maximum diaphragm-induced gravity column drift (6,;,) is
compared to an allowable design value. The allowable value is set as 0.01 which

considers a 0.04 limit for total gravity column inter-story drift (6.,) in the MCE, | Design Option | C,

and a 0.03 limit for LFRS inter-story drift (6 rzs). When 04, is larger than 0.01, EDO 0.06
an additional check is performed for the total gravity column inter-story drift BDO 0.08
using the 0.04 drift limit, before requiring a redesign for the diaphragm. This last RDO 0.10

check reflects consideration of cases where the expected LFRS inter-story MCE
drift may be less than its allowable limit of 0.03.

Commentary Appendix 3: Diaphragm Contribution to Drift
4 |
Figure C-23 shows structural inter-story drift profiles 5 | " CE/:
contributed by LFRS, diaphragm and total (gravity column) for a limit for |
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Fig. c-23. Maximum inter-story drift profile.

Maximum diaphragm deformation on a given floor may not occur simultaneously with maximum
diaphragm deformation on an adjacent floor, which could occur at a different time during the earthquake;
nor necessarily the maximum LFRS drift, which tends to be slightly out of phase with the diaphragm. For
this reason, a diaphragm drift reduction factor C, 4, is introduced into the maximum (added) inter-story
drift due to the diaphragm:

edia = é‘dia Cr,dia/ h (Eqn AZ-Z)

The factor C, 4., always less than unity, provides the approximate reduction in value between
maximum diaphragm deformation Jy, and the associated drift due to diaphragm deformation 8,;,.The
equations for this factor are linear curve-fits, shown as black solid lines in Fig. c-24 (See Text box)
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The maximum diaphragm deformation (J;,) in Eqn. A3-2 is the expected diaphragm maximum
deformation under MCE, which will include inelastic deformation. To allow this code check to be made
on the basis of an elastic structural analysis, the drift check follows a procedure similar to provisions in
current design codes. Accordingly, the maximum diaphragm deformation J, is calculated by multiplying
the diaphragm deformation from an elastic analysis (3 g, 1) With an inelastic deformation amplifier (C, 4,)
to account for inelastic diaphragm deformation in the MCE. The C, 4, factor is a different constant for
different design options is established based on analysis results (See text box). For the EDO, Cj4:,= 1.0
since no inelastic diaphragm deformation is expected. The diaphragm elastic deformation (0 gi,, 1) used in
Eqn. A3-1 is to be calculated using the methods described in this commentary step (See also PART 3).
Ca4iq also has a C, factor, a P-A multiplier for the gravity columns due to diaphragm-amplified drift.

Diaphragm Contribution to Drift, Appendix 3:
The equations for this factor are linear curve-fits, shown as black solid lines in Fig. c-24 which reproduces the
analysis results from the trial design factor parametric study (See Commentary Preface). The C, 4, factor for
different design options is established as a constant upper bound factor based on the BDO and RDO analysis
results (See Fig. c-25), and is unity for the EDO. Data used to create the C, multiplier is shown in Fig. c-26.
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Figure c-24. Diaphragm drift reduction factor.
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Figure c-25. Diaphragm inelastic deformation amplification factor: (a) BDO; (b) RDO.
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Commentary to Appendix 4: Alternate Diaphragm Design Force Procedure for ASCE 7-10.

Appendix 4 is an alternate procedure to PART 1: Step 3a for using the diaphragm design
methodology with the current ASCE 7-10 diaphragm forces. The alternate procedure has 8 substeps.

Appendix 4: Step 3a-Alt., Substep 1: Determine diaphragm force amplification factor (¥).

Description. The diaphragm force amplification factor (%) is determined. The ¥ factors are
applied to baseline diaphragm forces determined using the ASCE 7-10 code. Subscripts E, D and R
differentiate between the different amplification factor magnitudes required for the EDO, BDO and RDO
respectively. The equations for Wg, ¥p, and g, (Appendix 4: Eqns. A4-1a-c) take as input the following
design parameters defined in the design procedure: number of stories 7, diaphragm span length L (in feet),
and diaphragm aspect ratio AR. It is noted that AR is limited by (0.25 < AR < 4.0). The contribution of
LFRS overstrength is included via the ASCE 7-10 structure system overstrength factor (€).

The following is noted about the use of PART 1 Equation 2 with the alternate procedure: (1)
strength reduction factors of ¢ is 0.9 and ¢, is 0.85 are used; the former is the typical value used in the
current codes; the latter values was selected as per Appendix C of ACI 318 (2005); (2) N,, V,, M, contain
the diaphragm amplification factor ¥ internally; (3) the shear overstrength factor (2, is included directly
in Eqn. 2, and (4) to ensure designs are not unconservative in relation to current code, a check is
performed for collectors and diaphragm-to-LFRS connections relative to the System Overstrength Factor
Q, per ASCE 7-10.

Commentary. The magnitude of ¥ used in the design procedure was calibrated to design targets
through analysis at DBE and MCE levels (Refer to Table C-I):

= ¥y, the diaphragm force amplification factor for the EDOQ, is calibrated in the analytical research
to produce elastic diaphragm response in the MCE.

= ¥p, the diaphragm force amplification factor for the BDO, is calibrated in the analytical research
to produce elastic diaphragm response in the DBE.

= Wy, the diaphragm force amplification factor for the RDO, is calibrated to produce a maximum
joint opening demand in MCE equivalent to the maximum allowable inelastic opening
deformation of high deformability element (HDE) reinforcement of 0.4".

The Appendix 4: Eqns.. A4-la-c are simplified versions of expressions developed during the
research involving combinations of power, polynomial and exponential terms. The original expressions
are reproduced below, followed by the modifications used to arrive at the current expressions:

Original Expressions:
1.0< W, =1.70"®[1-0.04(3 - AR)*]1.05""% 0 <3.9 (Eqn. C-A4-1)
1.0<W¥, =1.65n"'[1-0.03(3— AR)*]1.05""* 0 < 2.9 (Eqn. C-A4-2)
1.0<W¥, =1.052°[1-0.03(2.5— AR)*1.05*/ "0 <22 (Eqn. C-A4-3)

where
n is the total number of stories in building,
L is the diaphragm span in ft and
AR is diaphragm aspect ratio (0.25< AR <4.0).
(L/60-4R) not to be taken larger than 1.0 nor less than -1.0.
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Diaphragm Force Amplification Factor Calibration wrt ASCE 7-10 Procedures, APPENDIX 4

Figure c-27 shows scatter plots of the results of the analytical parameter study to determine the
diaphragm design force factors (See PART 5: Appendix Al), corresponding to the diaphragm force when the
associated performance target is met for: (a) the EDO; (b) the BDO; and (c) the RDO. Also shown on the plots
are the solid line curve-fits of the analytical results that produced Eqns. C-A4-1 to C-A4-3 The data used in the
curve-fit is the mean of the maximum response from 5 ground motions applied to 24 design configuration of a
simple evaluation structure (See Calibration of Design Factors in the Preface to the Commentary). The design

equations produce values greater than or equal to 90% of mean data.
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Figure c-27. Diaphragm force amplification factor equations: (a) EDO; (b) BDO; (c) RDO.
Simpler linear (blue solid lines in Fig. c-28) and power (black solid line in Fig. c-28) curve fits were
also produced as simpler, but more conservative, alternatives to the equations in the main procedure. These

expressions, based on number of stories only, can be used in lieu of the equations in Appendix 4.
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Figure c-28. Simplified diaphragm force amplification factor equations: (a) EDO; (b) BDO; (c) RDO.
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Eqns.. A4-1a - c in Appendix 4 were created by modifying the original expressions as follows:

(1) The term [1.05™*M] which captured the effect of diaphragm span was removed, and
simply replaced by the constant value 1.05. This modification was taken in order to simplify the
design equations. Note that the effect of aspect ratio is still included in the expressions.

(2) As seen in Eqns. C-A4-1 to C- A4-3, a lower limit of unity and upper limits existed in the
original expressions. The upper limit has since been removed. There was no physical justification for
the upper limit on the diaphragm force, and better agreement is obtained between these diaphragm
design forces and the diaphragm forces in ASCE 7-14 proposal IT06-001.
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(3) The final modification to the original expressions is the inclusion of a Lateral Force
Resisting System (LFRS) Overstrength factor Q. The Q factor is a multiplier to capture the effect of

LFRS overstrength in the diaphragm design force: Q =1+2.5logQ, /n"* where Qyis the structure
system overstrength factor defined in ASCE7-10. The Q factor is further discussed below.

LFRS Overstrength Factor (£2): Based on DSDM TG consensus, the original studies were
conducted using designs with low LFRS overstrength (shear wall or moment frames designed with
M,/M, close to unity), with the effect of LFRS overstrength relegated to subsequent study. Based on
results of parallel research in the project showing the importance of the LFRS overstrength
(Rodriguez et al. 2007), a subsequent study was performed to examine this factor (See text box).

LFRS Overstrength Factor for Alternate (ASCE 7-10) Procedure, APPENDIX 4

The study on LFRS overstrength was performed using a subset of the analytical design space of the
overall design factor parameter study described in the Preface to the Commentary, and in more detail in
PART 5: Appendix Al. The overstrength study included the 2-, 4- and 6-story shear wall evaluation
structures possessing a rectangular 180" x 60" diaphragm. The structures are designed for SDC E, Berkeley,
using the BDO for diaphragm design. The analytical results shown are mean results from a suite of 5
spectrum compatible ground motions scaled to the Design Basis Earthquake (DBE). Figure c-29 shows
these results for LFRS overstrength ranging from 1.0 to 2.5. As seen, the required diaphragm force
amplification factors increase with the increase of the LFRS overstrength. The expressions for the Q
multiplier are developed using a curve fit of the data points. The Wp values based on the current design
equations that include the Q factor are shown as dashed lines in Figure c-29.
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Figure c-29. Effect of LFRS overstrength of Diaphragm Force.

Diaphragm Force for Long Period Structures:

The analytical studies used to determine the diaphragm design force amplification factors were
limited to buildings of 2, 4, and 6 story structures. This scope decision, based on DSDM TG consensus,
covered typical heights of many precast structures. Later in the project, interest arose in evaluating the
applicability of the diaphragm equations to taller structures. Accordingly, supplemental analytical studies
were performed on taller structures to examine the applicability of the design force equations (See text
box). These analyses indicated that the original DSDM Y factors were unconservative for tall structures.

Accordingly, two modifications were introduced into the Appendix 4 alternate diaphragm design
force procedure in the calculation of the baseline diaphragm design force: (1) the diaphragm baseline
design force is to be calculated on the basis of the code approximate structure fundamental period 7,
(determined per ASCE 7 Section 12.8.2), not T; and (2) in calculating the baseline force, the current code
diaphragm lower bound design force, 0.2SpsIw,, from ASCE 7 Section 12.10.1.1, is to be enforced.
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Adjustment for Long Period Structures, ASCE 7-10 Diaphragm Procedure, APPENDIX 4

The study on diaphragm forces for tall buildings followed the same approach as the original study (See
PART 5: Appendix A1), but was conducted on 8, 10 and 12 story structures. The structure had perimeter RC
shear walls designed for SDC E, Berkeley, with a rectangular plan of 180" x 60" and a BDO diaphragm design.

Figure c-30a shows the 5%-damped design acceleration spectrum for SDC E, Berkeley. Also shown on
the plot are the design periods for the structures of different number of stories, determined using ASCE 7-10: (1)
the approximate fundamental period (7,) and (2) the calculated fundamental period as limited by the code
maximum (7). Also shown is the structural second mode (7), as measured through modal analysis. It is noted
for all these structures, the actual fundamental period 7; based on modal analysis is longer than he code
maximum, and thus T for all these cases is limited by the code value.

As seen in Fig. c-30a, for shorter structures (e.g. n=4), the spectral ordinates corresponding to the first
two modes are similar; however, notice that taller structures (e.g. n=12), the spectral ordinate corresponding to
the second mode is significantly higher. This outcome implies that diaphragm design forces scaled to the design
spectrum will not have a consistent relationship to the anticipated diaphragm demand, and that ¥ factors
calibrated on shorter structures will be unconservative for taller structures, since the relative effect of the higher
modes is more significant. This last point is important as this is how the ‘¥ factors were developed. Note also
that for these same cases, the corresponding design spectral ordinates are: (1) similar for T, and T for the short
structure; and (2). different for T, and T for the taller structure, with the design spectral ordinate for T, higher.
Thus, the relationship between T, and T follows similar trends as T, and T, and will be used in adjusting the
ASCE 7-10 baseline forces to render the Appendix 4 diaphragm design procedure accurate, as will be shown.

Figure c-30b shows the analytical results for maximum diaphragm force plotted as an apparent
diaphragm overstrength factor, Wp = Fa/Fpn, Where Fray is the mean maximum diaphragm force measured in
DBE level analyses, and F,, is calculated two ways: based on T and based on T,. The a maximum diaphragm
force are the mean results from a suite of 5 ground motions. The green dashed line is the Wp value from the
design equations. As seen, for shorter structures (n=2-6), the design equation accurately represents the required
diaphragm force amplification factors applied to the baseline design force calculated, regardless of the design
period chosen, T, or T. However, for taller structures (n=8-12), the design equations only accurately represent
the required diaphragm force amplification factors applied to a baseline design force calculated using T, (blue
diamonds), while those calculated using T would require a higher Wp value than produced in the design
equations, and are thus unconservative. This outcome reflects the fact that T, better captures the spectral
ordinates of the higher modes than T. It was further noted in comparison to other methods (Restrepo and
Rodriguez, 2012), that for high-rise structures, the calculated diaphragm design force can be slightly
unconservative, even when using T,. These cases occur when the diaphragm baseline design force is less than
the current code diaphragm lower bound design force. These two observations led to the changes listed above.
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Figure c-30. (a) Design spectrum with structure periods; (b) Effect of Period used in ¥ expressions.

The need for “fixes” to the procedure based on scaling existing diaphragm design forces represents
one of the major reasons that the original diaphragm design force procedure based on ASCE 7-10 has
been relegated to the Appendix, and replaced by the rational approach of proposal IT06-001, ASCE 7-14.
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Appendix 4: Step 3a-Alt., Substep 2: Determine Diaphragm Shear Overstrength factor (£2,).
Description. A diaphragm shear overstrength factor (£2, ) is determined.

Commentary: Diaphragm Shear Overstrength Factors (£2,):

The Q, values for the design procedure were determined in the same study used to establish the ¥
factors. The required magnitude of €2, was calibrated to design targets through MCE analyses. Please see
PART 5: Appendix Al for full details of analytical research to determine these factors.

The shear overstrength factor values were obtained by measuring the maximum shear force V.,
occurring in the diaphragm at the critical shear joint at MCE-level hazard as the diaphragm develops a
flexural mechanism (in other regions of the floor), and scaling it by the design shear V. Accordingly:

= ), the diaphragm shear overstrength factor for the EDO, is taken as unity (Qg = 1.0) since the
Wi factor is calibrated to the elastic force demand in the MCE.

= Qp, the diaphragm shear overstrength factor for the BDO, is the V,,.,/V,, ratio for the BDO design
under MCE level hazard.

= (g, the diaphragm shear overstrength factor for the RDO, is the V,,,./V, ratio for the RDO design
under MCE level hazard. Qg is somewhat larger than Qp due to the larger expected diaphragm
strain-hardening in the RDO.

Note that the use of the system overstrength factor €3y: 2.5 for RC shear wall; 3.0 for moment
frame (ASCE 7 2010) in the Q expression will tend to be conservative for most of the data shown in
Figure c-31. Thus, while the use of this factor is straightforward, a designer may choose to calculate
an LFRS overstrength value directly via analytical pushover methods using expected strengths, and
use it in place of the system overstrength factor Qg in the Q multiplier expression.

Diaphragm Shear Force Overstrength Factors, Design Procedure Step 3a Alt (APPENDIX 4):

Also shown on the plot is the alternate design equations for Q, = Qg, Qp, Qg used in the original
procedure for use with ASCE7-10 (See Appendix: Eqns. A4-2a-c), superimposed as solid black lines in Fig. c-
31 (See Commentary, Appendix 4). The design equations are power curve fits of the analytical results based on
values greater than or equal to 90% of mean data. A detailed description of the development of these design
factor equations is presented in PART 5: Appendix A1.
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Figure c-31. Diaphragm shear overstrength factor equations: (a) BDO; (b) RDO.

The analyses used to generate the data in Fig. c-31 made use of a simple evaluation structure with
well-defined shear-critical regions and flexure-critical regions (See Commentary Preface and Part 5:
Background). The shear overstrength, as obtained, provides an estimate of the maximum required shear
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force. However, in itself it does not directly address the impact of in-plane axial force (due to flexure or
collector actions) on the precast diaphragm shear response. The effect of axial force is directly included in
the design procedure through the interaction equation (See Commentary Step 4) to determine required
diaphragm reinforcement at a joint based on internal force combinations determined in Step 3b. It should
be further noted that while the Q, factor has been calibrated in the analytical research to provide elastic
shear response of the diaphragm in the MCE, care must be taken in ensuring the anticipated M/V ratio
occurs in the diaphragm (See Appendix 5, Capacity Design Considerations).

The shear overstrength factor ), is scaled relative to the amplified diaphragm force, i.e. a
diaphragm designed with the appropriate diaphragm amplification ‘Y. Thus the Q, factor is stacked on top
of the W factor. In the design, the Q, factor is applied directly to the required shear force. It should be
noted that the Q, factor is independent of the shear strength reduction factor ¢, as it is applied to the
demand side, while the ¢, factor is applied to the material capacity side. Thus, both are applied together to
provide reliable elastic shear strength under MCE demand.

Appendix 4: Step 3a-Alt., Substep 3: Determine Diaphragm Force Vertical Distribution Factor (o).

Description. The vertical distribution of diaphragm forces is controlled by the diaphragm vertical
force distribution factor, a.

n<3:

a,=1.0 forall floors
3<n<6:

a,=1.0 fortop floorand a, =09 for1¥ floor

a, =0.7+02(n—-1-x)/(n—-3) for other floors (i.e. x=n-1, n-2, .... 2)
n>6

a.=1.0 for the top and 1* floor
a, =1-0.2(n—-x) fortwo floors directly below the top floor (x = n-1, n-2)

a, =0.6+03(n—2-x)/(n—4) forother floors (i.e. x=n-3, n-4, .... 2)

where is 7 the total number of stories, x is the story number and a, is the diaphragm force vertical
distribution factor.

Commentary. The story-based o, factor is intended to provide a reasonable distribution of the
diaphragm forces along the height of the structure. It is noted that the o, factor provides a different
vertical distribution that that produced by F), in current code ELF procedures.

It is also noted that in the past, researchers endorsed a constant design force distribution along the
height of the structure (Fleischman et al. 2002). The introduction of the o, factor is in recognition of the
results of earthquake simulations using more improved analytical models that incorporate certain features
into the structural models not present previously, e.g. gravity system columns.

In general, a simple but potentially overly conservative alternate approach is to use a value of
o, =1.0 at each floor. However, in order to provide a more economical design option, o, values have been
determined on the basis of results from three-dimensional nonlinear transient dynamic analysis (Zhang
and Fleischman 2012a). It is noted that the o values are based on a fairly limited sample of analyses as
described next and could benefit from a more comprehensive examination.

A distinction is made between the distribution of general building structures and parking
structures as a different distribution was obtained for each. The o, values for general building structures
are found in Appendix 4: Table A4-1.
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It is suggested that a structure with significant vertical irregularity be assigned a constant vertical force
distribution (o, = 1.0), though this suggestion is not based on any analytical research. Note also that in
using the o, factor for a parking structure, it is necessary to assign a level for a ramp sub-diaphragm. In
this procedure, such an element is considered part of the uppermost level to which it connects.

Finally, note that consistent with certain other codes and guidelines (Standards New Zealand
2004) (ASCE/SEI 41 2006), the designer is permitted to perform nonlinear time history analysis on the
particular structure under design to obtain the diaphragm forces directly. Such an approach requires
realistic models and a carefully selected suite of ground motions, as described in PART 3 of the Design
Methodology. The design procedure has been developed to avoid the need for such models and analyses.

Diaphragm Force Vertical Distribution Factor, Design Procedure Step 3a Alt (APPENDIX 4?):

Commentary Appendix 4: Diaphragm Force Vertical Distribution (a,) Factor

The o, factors were determined from the average distribution of 5 earthquake simulations for 24
separate design cases using a simple evaluation structure (See Preface to Commentary, and PART 5 Appendix
A1), and verified by a single earthquake simulation of a realistic 8-story office building under a bi-directional
ground motion (See Preface to Commentary and PART 5: Appendix A2). As an example, Fig. C-32a shows
analytical results for an 8-story shear wall and moment frame structure.

For mid-rise parking structures, the diaphragm force is maximum at the roof, and reasonably bounded
by a constant reduced value for the remainder of the lower floors (See Fig.C-32b). The a, factors for the parking
structure were established based on the results of five total analyses of realistic 4-story parking structures under
bidirectional earthquake ground motions: three with exterior transverse shear walls and lite walls (along the
ramp); one with interior transverse shear walls and lite-walls; and one with perimeter shear walls in both
directions (See PART 5: Appendix A2).
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Figure c-32. Max diaphragm force profile: (a) 8-story office building; (b) 4-story parking garage.

Appendix 4: Step 3a-Alt., Substeps 4-7: Calculate baseline diaphragm force based on ASCE 7-10.

Description. In this step, the diaphragm seismic design force is calculated by first determining a
baseline design force based on current code, and then applying the diaphragm force amplification factor.
Summarizing the steps in Appendix 4 - Step 3a, Substeps 4-7:

* The code diaphragm force F), at top level n, termed F),, is calculated according to current code

(ASCE 7-10) provisions: Eqn. 12.10-1 {Sec. 12.10.1.1}. To do this requires first calculating the

lateral seismic design force F) at each floor using Eqn. 12.8-11 {Sec. 12.8.1-12.8.3}.

= This top level diaphragm design force is converted into a maximum design acceleration
coefficient Cyion (PART 1: Eqn. A4-3) by dividing by the top level floor weight w,.
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» Then the baseline diaphragm force at each level x, Fp, , is calculated (PART 1: Eqn. A4-4)
applying this maximum design acceleration to the floor at each level, and further modifying the
value using a diaphragm force vertical distribution factor, o, , which accounts for typical

maximum inertial force profiles in multi-story structures. Tables for o, are given in Appendix 4,
Table A4-1.

The following notes are provided about the PART 1, Step 3a diaphragm design force calculation steps:

1. Substep (4): In determining the seismic design force F, per ASCE 7-10, the seismic response
coefficient C; {Sec. 12.8.3} is to be calculated using the approximate structure fundamental
period T, from ASCE 7 Section 12.8.2. This practice was explained above in the text box
associated with Fig. c-30.

2. Substep (5): In determining the top level diaphragm force per ASCE 7-10, the lower bound
diaphragm design force 0.2SpsIw,, {Sec. 12.10.1.1} shall apply in the calculation of F),. This
practice is explained below in the Commentary.

* The ASCE 7-10 upper bound diaphragm design force 0.4Spsiw,, {Sec. 12.10.1.1} does
not apply in the diaphragm design procedure.

3. Substep (6): The intent of the procedure is to define the amplification factors relative to the
current code maximum diaphragm seismic design force. The maximum equivalent lateral force F
typically occurs at the roof, however is not assured in cases of variable floor mass distribution.
Accordingly:

= A design acceleration coefficient Cyy,,, is used instead of the design force for ease of
applying to structures with non-uniform floor masses.

= A special case involves a building with a penthouses or other vertical appendage. For the
purpose of calculating the diaphragm forces in these cases, the uppermost floor level for
buildings is defined as the level containing 95% of total building weight, as measured up
from the ground floor. The appendage itself can be designed for the Cg, at its own level.

» In parking structures, a ramp element is to be associated with the top-most level to which
it is attached, for the purpose of floor weights and the design of the ramp itself.

Appendix 4: Step 3a-Alt., Substep 8: Calculate the amplified diaphragm force (relative to
ASCE 7-10).The diaphragm design force amplification factor is applied to a baseline design force based
on the current code diaphragm design force (ASCE 7-10). Thus, the amplified diaphragm design forces
are scaled relative to the current code design forces. This approach was discussed during DSDM TG
meetings at the onset of the research program, and deemed effective since it would be useful for
codification to build the new design methodology relative to existing provisions. However, it was noted
that a force amplification approach defined relative to the current code value may not be fully rational,
since the current code diaphragm design force is proportional to the seismic force reduction factor R, and
the actual diaphragm inertial force is due from a combination of modes, of which only the fundamental
mode has this direct relationship to the R factor (Rodriguez et al. 2002). The ramifications of scaling to
current code are as follows:

Current code forces are based on the first mode while maximum diaphragm forces are related to
higher mode effects, primarily the second mode (Restrepo and Rodriguez, 2012). One issue with scaling
the diaphragm design forces to current code is that the relationship between the first and second mode
design spectrum ordinates changes with building period. This fact is particularly apparent when
considering tall structures (Refer to text box Fig. c-30). Accordingly, two considerations were introduced
into the calculation of the baseline diaphragm design force in Steps 4-7: (1) the diaphragm baseline design
force is to be calculated on the basis of the code approximate structure fundamental period 7, (determined
per ASCE 7 Section 12.8.2), not T; and (2) in calculating the baseline force, the current code diaphragm
lower bound design force, 0.2Sps/w,, from ASCE 7 Section 12.10.1.1, is to be enforced.
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For the reasons stated above, an alternative diaphragm design force equation to scaling to the
existing ASCE 7-10 diaphragm forces has been proposed. This alternate method, described below, was
used to permit the precast diaphragm seismic design procedure to be used with the First Mode Reduction
(FMR) equation, developed by Restrepo and Rodriguez (2012), and proposed for the ASCE 7-14 Code
Provisions in IT06-001. A simplified version of this procedure is now included in the (main) PART 1
Design Procedure Step 3a, and described in detail in the commentary for Step 3a.

Alternate Diaphragm Design Force Procedure (basis for PART 1 procedure for 1T06-001)

The FMR design equation was developed for a design target of elastic diaphragm response under
DBE. Using the design methodology design targets, as supported by the analytical results, this design is
anticipated to produce a diaphragm reinforcement maximum inelastic deformation equal to the MDE
allowable deformation capacity (0.2”) under MCE hazard. This value is equivalent to a ductility demand
of 3.5, given the yield deformation 8,=0.0568" of the pour strip chord element measured in testing (Naito
et al. 2006). Defining the MDE ductility demand as pypg =3.5, the Ry, equation can be modified as:

Ry, =1+[0.11+0.015(4R —3)*] (1 — fypr)

where AR is the floor aspect ratio and is limited between 0.25 to 4.0; upg Mmpe and pgpg are the
allowable ductility capacity of the LDE, MDE and HDE reinforcement respectively: Recognize that the
allowable deformation values and the resulting ductility associated with each design option are then:

EDO: 6,= 9y u=1.0
BDO: §,=0.2" u=3.5
RDO: 3§,=0.4" u=7.0

Thus Ry, factor can then be directly applied to the FMR equations to obtain diaphragm design
forces using the following expression:
Fdia,x = Axwx /Rdia
where w, is the weight of floor at level x;
and A4, is the FMR diaphragm design acceleration

Diaphragm Nominal Strength, Design Procedure Step 4:

Figure c-33 shows the comparison between the diaphragm design forces (expressed as floor
accelerations) for Berkeley SDC E. Shown on the plot are: (1) markers indicating the mean of the maximums
from the analytical research results; (2) dashed lines representing the design equations from Appendix 4 (Eqns.
A4-1a-c); and (3) solid lines representing the FMR mapped design equations, the basis of IT06-001 (PART 1).
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Figure c-33. Diaphragm design acceleration comparison between Appendix 4 and PART 1 Equations.
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Commentary to Appendix 5: Capacity Design Considerations for Precast Diaphragms

The shear overstrength factor, €),, is associated with capacity design concepts in that it is included
to protect the diaphragm from undergoing a non-ductile shear failure. However, the Q, factor cannot truly
be considered a capacity design factor given the difficulty in clearly defining needed relative strengths
due to the complex internal force patterns that develop in the precast diaphragm during a seismic event.
Thus, while the Q factor has been calibrated in the analytical research to provide elastic shear response of
the diaphragm in the MCE, care must be taken in ensuring the anticipated M/} ratio occurs in the
diaphragm (See PART 5: Background).

Figure C-12 shows an example where the longitudinal walls, not part of the transverse LFRS,
actually suppress transverse bending, developing large shears. This action lowers the moment, which
would be fine in an elastic design. However, in a design procedure where lower design forces are being
allowed in return for inelastic deformation capacity, such action may redirect the inelastic action
elsewhere, including as into a shear failure. Thus for these interior LFRS elements, care must be taken to assure
a proper mechanism in the diaphragm.
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Figure C-12. Plan for a 4-story parking garage with perimeter shear walls.
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A capacity design check can be performed in an effort to achieve the desired diaphragm ultimate
mechanism, i.e., an inelastic flexural mechanism with elastic shear response. This check requires that the
diaphragm joint nominal shear capacity is not less than the expected shear demand based on the
maximum diaphragm flexural strength:

V. 24pM; +M)/L
where M, and M, are the diaphragm joint nominal flexural strength at the support and midspan

respectively, and L is the diaphragm span between the LFRS inelastic flexure (See Fig. C-13). B is a
factor to account for possible strain hardening in diaphragm reinforcement, recommended as 1.2.
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Figure C-13. FBD illustration for a capacity design check on shear.
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Collectors and Diaphragm to LFRS Connections. The interaction equation is also applied for the
design of the diaphragm-to-LFRS connections (i.e. connections between the floor and shear walls,
moment frames, etc.). Thus, shear, axial and flexural reactions are calculated for these connections, but
the overstrength factor, Q,, is applied only to the shear component. This approach is conceptually similar
to current procedures in which an overstrength factor (€,) is applied to the diaphragm-to-LFRS reaction
force, because: (1) in current code typically only the shear force is considered for the diaphragm reaction;
(2) the shear component dominates the diaphragm reaction total force. Thus, the diaphragm-to-LFRS
designs produced by this procedure are similar to current practice. Regardless, a check relative to current
code is performed to ensure that the new design procedure does not produce lower strengths than current
code (which is possible for the RDO design). With regard to collectors, if a rational strut-and-tie model is
not used, the collector should be designed for the shear force required to be transferred from diaphragm to
the LFRS using Eqn. 2 with N, and M, input as zero.

Diaphragm Capacity Design, Appendix 5:

Figures c-34 and c-35 show two cases where a sufficiently strong design may force an undesirable
mechanism in the diaphragm. In each plot, the required design strength in shown as a red line; the MCE seismic
demands observed in the analysis are dark blue lines, and the actual nominal flexural strength produced is shown
as a light blue line. Both are interior wall structures with inelastic diaphragm designs (e.g., BDO or RDO),
where the contribution of shear reinforcement supplements the flexural strength sufficiently that the diaphragm
remains elastic due to a large flexural overstrength, and approaches a shear overload failure condition.
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PART 2A. Prequalified Precast Diaphragm Reinforcement

Table 2A-1 provides the prequalified diaphragm reinforcement including:
(1) Diaphragm Reinforcement Classification: Low Deformability Element (LDE); Moderate
Deformability Element (MDE), High Deformability Element (HDE).
(2) Pertinent reinforcement properties for use in the design procedure: elastic tension stiffness k ,
nominal tension strength t,,elastic shear stiffness k, and nominal shear strength v,

The connector identification (ID) in the first column refers to the connector labels shown in Table
2A-3. Table 2A-3 provides a photo and schematic of each tested connector, including the prequalified
connectors. The schematic provides the major details of the connectors; however, the designer must refer
to the Lehigh testing reports (Naito et al. 2006) (Naito et al. 2007) for the full description of the connector
detailing.

Table 2A-1. Prequalified Diaphragm Reinforcement Table

Tension Shear
ID 2A-1a. Reinforcing bars Classification ki/A tn/A Sty Stu kv/A VolA By
[K/infin?]  [ksi] [in] lin] | Kinfin®] [ksi]  [in]
B-1,
B-2, Dry chord Gr.60 LDE 1018 60  0.071 0.1 382 242 0.090
B-3
D Dry chord w/ flat plate Gr. 60 MDE 1018 60 0.071 0.3 382 24.2 0.090
E Pour strip chord Gr.60 HDE 1234 60 0.057 0.7 382 24.2 0.090
G Ductile ladder Gr.1018 HDE 1260 54 0.043 06 217 21.7 0.100
F Standard ASTM A185 wwr LDE 1414* 65* 0.035* 0.1* 709 39.7 0.056

* based on testing of wwr with 10” gage spacing perpendicular to joint

Tension Shear
ID 2A-1b. Connectors Classification k¢ tn Sty Stu ky Vn Sy
[kin]  [kips]  [in] [in] [kin]  [Kips] fin]
2:;’ JVI HDE 55 3.1 0.066 0.6 226 18.1 0.082
C-2 Hairpin (#4) HDE 209 9.0 0.043 0.6 181 18.1 0.100
- Angled bar (#3) MDE 300 10.2 0.059 0.3 372 171 0.045
k¢ = Elastic tension stiffness k, = Elastic shear stiffness
ty = Nominal Tension strength Vy = Nominal Shear strength
Oy = Yield tension deformation Ovy = Yield shear deformation
Ow = Tension deformation capacity A = Bar cross-sectional area



Table 2A-2 Diaphragm Reinforcement Classification

Deformability Category | Tension deformation capacity
LDE 8¢<0.3"
MDE 0.3<6,<0.6"
HDE 0.6"< &

Table 2A-3 Connector Property Database
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Rectangular Slug
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Diaphragm-to-LFRS Connection Deformation Requirements

The diaphragm-to-LFRS connection has a separate set of deformation capacity requirements. The
reinforcement or connectors comprising the diaphragm-to-LFRS connection deformation capacity (8.)
shall satisfy the following condition:

5. >C,0,

where C, is a coefficient for diaphragm seismic demand level (See Table 2A-4), and J, is a reference
deformation capacity for diaphragm-to-LFRS connection (See Table 2A-5).

Table 2A-4. C, coefficient for diaphragm-to-LFRS connections.

Seismic Demand Level C,
Low 1.0
Moderate 2.0
High 3.0
Table 2A-5. Reference deformation capacity for diaphragm-to-LFRS connections.
Och Exterior wall | Interior wall | Lite wall | Moment frame
Opening 0.05" 0.15" 0.05" 0.1"
Sliding 0.1" 0.05" 0.15" 0.1"

Diaphragm Secondary Connection Deformation Requirements

The recommendations for diaphragm for diaphragm secondary connections are listed in Table
2A-6

Table 2A-6. Deformation capacity recommendations for diaphragm secondary connections.

. Parking Structure Regular building
Deformation
Internal beam Spandrel | Internal beam Spandrel
Opening 0.25" 0.10" 0.25" 0.15"
Sliding 0.15" 0.15" 0.10" 0.10"




PART 2B. Precast Diaphragm Reinforcement Qualification Procedure

This section provides a qualification procedure using experimental methods to assess the in-plane
strength, stiffness, and deformation capacity of precast concrete diaphragm connections. The
methodology is developed specifically for diaphragm flange-to-flange connections, and is intended to
provide the required properties and classification for use in the seismic design procedure in PART 1 of
the Seismic Design Methodology Document for Precast Concrete Diaphragms.

EXPERIMENTAL SETUP

Test Modules

To evaluate the performance of a precast concrete connection a test module representing the
connection and the precast concrete element it is embedded in shall be fabricated and tested. A separate
test module shall be used for each characteristic of interest. At a minimum, one in-plane shear test module,
and one in-plane tension test module shall be evaluated. It is strongly recommended to conduct multiple
tests to assess repeatability and consistency.

Modules shall be fabricated at full scale for qualification. Reduced scale connectors with appropriate
reductions in maximum aggregate size and following laws of similitude can be used as research tools to
gain knowledge but are not to be used for connector qualification. Full scale modules shall include a
tributary concrete section of at least 2 ft (0.61 m). Since the test module represents only a small portion
of a precast concrete panel, potential confinement effects are not provided and the panel may be subjected
to premature cracking. Additional reinforcement shall be used to prevent premature failure of the test
module. The additional reinforcement shall not be placed in a way that would alter the performance of the
connector. Example reinforcing strategies for the 2 ft by 4 ft (600 mm by 1200 mm) - test module is
illustrated in Figure 1. The connections should be installed and welded in the test module in accordance
with the intended guidelines.

g 4'[1219.2] .
‘ .
' . O\‘ (.l
2'[609.6] Supplemental " Support

Reinforcement  Attachment
Q‘ =)
' \\ /
X

- 2'[609.6] - Connector

Figure 1. Test module: plan view of half specimen.

Test Setup

For each connection test a multi-directional test fixture shall be used to allow for the simultaneous
control of shear, axial, and potential bending deformations at the panel joint. A possible setup is
illustrated in Figure 2. The fixture is composed of three independently controlled actuators, two
providing axial displacement and one providing shear displacement to the connection. Demand shall be



applied through displacement control of each of the three actuators. The test specimen shall be connected
to restraint beams on either end of the panel, slip between the test module and beams shall be minimized.
One support beam shall be fastened to the laboratory floor, providing a fixed end, while the other beam

rests on a low friction movable support. Vertical movement of the panel shall be restricted by providing
support under the center of each panel.
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Figure 2: Multi-directional test fixture

Instrumentation

At a minimum instrumentation shall consist of displacement and force transducers. Force shall be
measured in line with each actuator to quantify shear and axial demands on the connection. To
accommodate displacement control of the actuators feedback transducers shall be incorporated into each
actuator. Connection deformation shall be measured directly on the test module (use of actuator
transducers is not recommended due to potential slip in the test fixture). A minimum of two axial
transducers shall be used to determine the average axial opening and closing at the connection. Shear
deformation shall be determined from measurements taken at the location of the connection. Placement
of the transducers on the test module shall be at an adequate distance from the connection to minimize

damage to the transducer supports during the test history. A possible arrangement of transducers is
illustrated in Figure 2.

LOADING PROTOCOLS

Connections shall be evaluated for in-plane shear, tension, and combinations of shear with tension.

Load Control and Loading Rate

Tests shall be conducted under displacement control using quasi-static rates less than 0.05 in. / sec
(1.25 mm /sec) or through an enhanced mixed displacement and force control. All test modules shall be
tested until the specimen capacity approaches zero.



Monotonic Load Test

A monotonic test shall be performed to determine the reference deformation of the connection if a
reference is not available. The reference deformation represents the effective yield of the test module.

The monotonic shear and tension loading protocol consists of three preliminary cycles to 0.01 in.
(0.25 mm) to verify control and instrumentation operation. Following verification of the system the test
module shall be loaded under a monotonically increasing displacement until failure.

Cyclic Shear Protocol

Cyclic shear protocol consists of three preliminary cycles to 0.01 in. (0.25 mm) to verify control and
instrumentation operation. Following verification of the system the test module shall be loaded in
increasing sets of shear deformation as illustrated as in Figure 3. The tension deformation across the
joint shall be maintained at a constant level during the shear history through adjustment of the
tension/compression actuators 1 and 2. The axial deformation shall be maintained at zero or at a tension
opening of 0.1 in. (2.5 mm).

e In-plane cyclic shear tests (with a constant 0.1 in. axial opening) shall be conducted to failure to

determine stiffness and strength capacity of connection under shear loading. .
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Figure 3: Shear loading protocol

Cyclic Tension / Compression Protocol

Cyclic tension / compression protocol consists of three preliminary cycles to 0.01 in. (0.25 mm) to
verify control and instrumentation operation. Following verification of the system, the test module shall
be loaded in increasing sets of tension deformation as illustrated as in Figure 4. Due to the high
compression stiffness of connections the compression portion of each cycle shall be force limited. Each
compression half cycle shall consist of an increasing compression deformation until a force limit is
reached. The force limit for each cycle shall be equal to the max force of the preceding tension half cycle.



The shear deformation shall be maintained at zero through adjustment of the shear actuator. As an

alternate, the shear actuator may be disconnected from the setup prior to loading allowing for zero shear

force during the cyclic tension/compression history.

¢ In-plane cyclic tension tests shall be conducted to failure to determine stiffness, strength capacity and
deformation capacity of connection under tension loading. The measured tension deformation
capacity shall be used to establish the performance category of the connection.
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Figure 4: Tension/Compression loading protocol.

MEASUREMENT INDICES

Test Observations and Acquisition of Data

Quantitative data shall be recorded from the test such that interpretation can be made of the
performance of the test module. A continuous record shall be made of the force versus deformation. For
in-plane tests the axial and shear force, and deformations should be recorded. Data shall be recorded at a
minimum rate of 1.0 cycle/second. Photographs shall be taken to illustrate the condition of the test
module at the initiation and completion of testing as well as points through the testing history. Ideally
photos should be taken at the end of each group of cycles. Test history photos taken at points of interest,
such as cracking, yield, ultimate load and post-test, are adequate for most evaluations.

Reference Deformation

Experimental determination of the reference deformation, 4, shall be based on a monotonic test of a
connection test module. The reference deformation represents the effective yield deformation of the
connector. It shall be computed by taking the intercept of a horizontal line at the maximum tension force
(Tax) or shear force (V) and a secant stiffness line at 75% of the maximum measured load (Figure 4
inset). As an alternate to the monotonic test, analytical determination of the reference deformation is
allowed in accordance with section 6 and 7.



Backbone Qualification Envelope

The measured cyclic response shall be processed in accordance with the procedures outlined in
ASCE/SEI 41-06 Seismic Rehabilitation of Existing Buildings.'® Each connection shall be classified as
deformation-controlled (ductile) or force-controlled (non-ductile). This assessment shall be determined
based on the backbone curve of the response.

An envelope of the cyclic force deformation response shall be constructed from the points making up

the peak displacement applied during the first cycle of each increment of loading (or deformation) as
indicated in ASCE/SEI 41-06."® This method provides a higher estimate of strength than alternate
methods outlined in FEMA 356, in which the envelope is defined by drawing through the intersection of
the first cycle curve for all the i” deformation step with the second cycle curve of (i-1)™ deformation
step.'” The difference between the two methods is illustrated in Figure 5 for a ladder connection™.
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Figure 5: Cyclic envelope determination

The cyclic envelope shall be further simplified to a multi-segment backbone curve. The backbone
curve shall consist of a four point (Point ‘1°, ‘2°, 2a’, ‘3”) multi-linear curve as illustrated in Figure 6.
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Figure 6: Backbone Qualification curve

The backbone curve is adopted to represent a simplistic approximation of the load-deformation
response of the connection. Point 2 represents the peak envelope load. Point ‘a’ is defined as the point
where the strength first achieves 15% of peak load. Initial elastic stiffness is calculated as the secant of
strength-displacement relationship from origin to point ‘a’. Point ‘b’ is the point on the envelope curve at
a displacement 4,. The deformation 4, is the intersection of a horizontal line from the max envelope load
and the initial elastic stiffness line at 15% of the max load. Point ‘1’ represents the occurrence of yield,
which is defined by drawing a line between point ‘2’ and ‘b’ and extending back to intersect the initial
elastic stiffness line at 15% of the max load. Point ‘3’ is defined as the point where the strength is less
than 15% of the peak load. Point ‘2a’ is defined as the point where the deformation is 50% of the
summation of deformations at point ‘2’and ‘3’. The points are defined in terms of the resistance P,, P;, Py,
P, P,,, and P;, and the displacements A4,, A4;, 4,, 4, Ay, and A;. The initial elastic stiffness K, is the
secant at point a. The procedure of determination of these points is shown as follows:

10



1. Determine the force at point 2, P> = P,
2. Determine the force at point a, P, = 15%XP 4,

Determine the deformation at point a, 4, from original data.
3. Determine the initial elastic stiffness, K, = P,/4,; Determine the deformation at point b, 4, = P»/K,

Determine the force at point b, P from the original data.
5. Determine the deformation, 4,, and force, P; at point 1 using:

(PA, - P,A
— b—2 2 b) })1 =K6Al
Ke(Az_Ab)_(Pb_Pz)

1

6. Determine the force at point 3, P; = 15%xP,,,. The deformation, 43 can be found from original data.

7. Determine the deformation at point 2a, A4,, = ( 4,t43)/2 Determine the force at point 2a, P,,, from the
original data.

The backbone curve shall be classified as one of the types indicated in Figure 7. As depicted in
Figure 7, the type 1 curve is representative of ductile behavior where there is an elastic range (point 0 to
point 1 on the curve) and an inelastic range (point 1 to point 3 on the curve), followed by loss of force-
resisting capacity. The type 2 curve is representative of ductile behavior where there is an elastic range
(point 0 to point 1) and an inelastic range (point 1 to point 2 on the curve), followed by substantial loss of
force-resisting capacity. Some connections may exhibit a small peak strength with limited ductility. For
these cases the alternate type 2 curve is recommended. The type 3 curve is representative of a brittle or
non-ductile behavior where there is an elastic range (point 0 to point 1) followed by loss of strength.
Deformation controlled elements shall conform to type 1 or type 2 response with 4, > 24;. All other
responses shall be classified as force-controlled.
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\ \ \
P2t —— —— — s P2 77,2? 7777777777777777 y
R I I O R -
T
/ ‘\ If A2 < 2xA1
‘\ and A3 > 2xA1
[

\ (points 1' - 2)
\ 3,2

\
\
\ .
v use solid curve }
\
\
\

|

|

|

|

|

|

|

! 0 \ \ 0 ! 0

Al A2 A3 A Al A2 A3 A Al A2 A Al A

Type 1 Curve Type 2 Curve (Alternate) Type 2 Curve Type 3 Curve

Figure 7: Deformation curve types

Response Properties

The performance characteristics of the connector shall be quantified from the backbone response.
The following values shall be quantified.
Stiffness

The initial elastic stiffness of the connection shall be determined from the secant to yield point 1.
The previous formulation for K, shall be used.
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Deformation Capacity

The reliable and stable maximum deformation capacity is defined for design code purposes as the
connector deformation at peak load, point A, on the backbone curve, obtained in testing following the
loading protocols defined here. It is noted that the analytical calibrations were performed for a reliable
and stable maximum deformation capacity corresponding to a deformation where the strength reduces to
80% of P, , which is similar to the beam-column connection deformation capacity definition for steel
structures (AISC Seismic Provisions 2005). Thus, an added degree of conservatism is provided in the
definition proposed for the design code. When multiple tests are conducted for repeatability, the
deformation capacity for each connection test shall be used as follows. The connection deformation
capacity shall be determined as the mean value of each test deformation capacity for deformation-
controlled elements and the mean minus one standard deviation for force-controlled connections.

Deformation Category

The connection shall be classified as a low-deformability element (LDE), a moderate-deformability
element (MDE), or a high-deformability element (HDE) based on its deformation capacity in tension. The
deformation capacity as defined in 8.2.2 shall be used to classify the deformability category of the
connector in accordance Table 2A-2. The category ranges were determined from finite element analysis
of a database of diaphragm systems under a range of seismic demands’. Alternate deformation limits can
be used if supportive data is provided.

Tension Force Capacity

The tension force capacity of the connection is defined as the maximum force, P, for deformation
controlled connections and as P; for force controlled connections.

Shear Force Capacity

The intention is for the diaphragm system to remain elastic under shear demands. Consequently the
inelastic shear force capacity of connections shall not be considered. The shear force capacity shall be
computed at force level P; for all connections. Due to the existence of low stiffness connections limits
are placed on the allowable deformation at which the force capacity, P;, can be determined.

o [fthe shear deformation 4, is less than 0.25 in. (6.4 mm), the shear force capacity shall be taken as the

yield force P;.

o If the shear deformation 4, is greater than 0.25 in. (6.4 mm), the shear force capacity shall be taken as
the force value at 0.25 in. This shear force capacity can be computed as the stiffness, K,, multiplied
by 0.25 in.

Test Report

The test report must be sufficiently complete and self-contained for a qualified expert to be satisfied
that the tests have been designed and carried out in accordance with the criteria previously described, and
that the results satisfy the intent of these provisions. The test report shall contain sufficient evidence for
an independent evaluation of the performance of the test module. As a minimum, all of the following
information shall be provided:

o Details of test module design and construction, including engineering drawings.

Specified materials properties used for design, and actual material properties obtained by testing.
Description of test setup, including diagrams and photographs.

Description of instrumentation, location, and purpose.

Description and graphical presentation of applied loading protocol.
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Material properties of the concrete measured in accordance with ASTM C39°'. The average of a
minimum of three tests shall be used. The compression tests shall be conducted within 7 days of the
connection tests or shall be interpolated from compression tests conducted before and after the
connection test series.

Material properties of the connector, slug, and weld metal based on material testing or mill
certification. As a minimum the yield stress, tensile stress, and the ultimate strain shall be reported.
Description of observed performance, including photographic documentation, of test module
condition at key loading cycles.

Graphical presentation of force versus deformation response.

The envelope and backbone of the load-deformation response.

Yield strength, peak strength, and deformation capacity and connection category.

Test data, report data, name of testing agency, report author(s), supervising professional engineer, and
test sponsor.

Note: All the connections should be installed and welded in accordance with the manufacturer’s published
installation instructions. The results of the data generated shall be limited to connections built to the
specified requirements.
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PART 2C. Commentary on Precast Diaphragm Reinforcement Qualification
Protocol

This commentary is based on An Evaluation Method for Precast Concrete Diaphragm Connectors
Based on Structural Testing (Naito and Ren, 2011).

INTRODUCTION

The precast diaphragm seismic design methodology, unlike conventional force-based diaphragm
design, uses a performance-based approach that requires knowledge of the diaphragm connector stiffness,
deformation capacity, and strength to effectively and efficiently design the diaphragm system for seismic
forces. To meet this need it is critical that the connector properties be determined in a repeatable,
reproducible, and consistent manner so that existing and new connections can be utilized effectively in the
diaphragm system. The qualification protocol provides an experimental evaluation approach for assessing
the mechanical properties of embedded connections used in conventional precast concrete panel systems.
The measured responses are tied to performance levels which are used to categorize connectors in
accordance with the procedure in PART 1 of the the Seismic Design Methodology Document for Precast
Concrete Diaphragms.

Scope

This recommendation is intended to meet American Concrete Institute’s (ACI’s) Building Code
Requirements for Structural Concrete (ACI 318-08) and Commentary (ACI 318R-08) for precast concrete
connections”. As defined in Section 16.6.1.1 the adequacy of connections to transfer forces between
members shall be determined by analysis or by test. This recommendation provides test procedures for
assessing both strength and deformation capacity.

Under seismic demands connections between adjacent precast concrete diaphragms elements are
subject to combinations of shear, tension and compression. The relative combinations of these
deformation or force components are dependent on the location within the diaphragm and the presence of
discontinuities. The testing method independently determines the shear and tension performance of
connections. Alternate procedures are also provided for determination of combined interactions of shear
and tension.

Background

Precast concrete floor diaphragms are composed of large precast concrete panels connected to each
other through discrete embedded connections. These connections act to transfer vertical and in-plane
demands between panels. Vertical force demands are limited to 3 kips (13.3 kN) in accordance with
ASCE 7 [2010]'. Assurance of connector vertical capacity can be achieved through standard strength
testing. Under seismic events the floor system is subject to in-plane inertial demands which subject the

discrete connections to combinations of in-plane shear, tension and compression [Fleischman et. al.
19987~

Using traditional diaphragm design approaches, adequate in-plane force capacity is required for each
connection to safely support the expected earthquake demands. Simplified diaphragm modeling methods
are provided in the PCI Design Handbook: Precast and Prestressed Concrete’ to determine the required
shear and tension demand in each connection. Subsequent force-based connection design approaches
such as those outlined in the PCI Connection Manual for Precast and Prestressed Concrete Construction®
can be followed to size the connection required.
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To provide enhanced safety and economy in design, a new performance-based formulation for precast
diaphragms has been outlined in the Building Seismic Safety Committee TS4 [2009]’. This method relies
not only on the strength of the connections used but also on the stiffness and deformation capacities.
Under the proposed design methodology the choice of connection type is tied to the flexure and shear
over-strength factors needed by the diaphragm to meet the required level of seismic performance. While
the methodology is complex, in essence the use of connections with limited deformation capacity could
result in higher required design forces while ductile connections could allow for lower design forces. To
choose the appropriate over-strength factor thus requires knowledge on the deformation capacity of each
connection type used in the diaphragm.

Due to the variety of connections in use, analytical determination of the expected deformability is not
trivial. Connection deformation capacity under in-plane tension and shear is contingent on a series of
inelastic failure modes. These include concrete breakout, yield of the anchorage bars, flexure or torsion
of the faceplate, yield of the slug or jumper plate, fracture of the welds, or fracture of the faceplate or
anchorage as illustrated in Figure 1. The occurrence of each of these conditions is difficult to accurately
predict even with finite element methods. Furthermore each connection type exhibits variations in these
modes of failure. Consequently proper determination of the deformation capacity of connections is best
determined through experimental evaluation.

-Wej’glfl??ram?:thre"*f : ’ : — Slug-to-Faceplate
E—— ' Weld Fracture

Frracture Tad
- & e R ~Faceplate Njic dmgm
Flgure 1: Potenual in- plane failure modes in diaphragm connections

Existing Experimental Methods

A significant amount of experimental research has been conducted on evaluating response of
diaphragm connectors under in-plane demands. Initial experiments on shear mechanical connector were
conducted in 1968 when Venuti (1970)° examined 68 rebar connections. Since then many studies have
been conducted to qualify the performance of flange to flange connectors’"?. Connections were evaluated
under in-plane shear loading, in-plane tension loading, and combined in-plane shear and tension demands.
Studies were conducted both monotonically and cyclically. Most test fixtures from 1970 to 1980 were
developed to examine the connector performance under monotonic in-plane shear strength through force
control. This approach is unable to capture post-peak behavior and deformation capacity. In addition,
most studies utilized half the connection to ease installation and lower testing cost. Research has shown
that the level of axial restraint significantly affects the measured shear capacity'®. These systems were
connected to a stiff loading beam to artificially restrain the connector; unfortunately for most cases the
axial restraint provided by the loading beam was not measured. With these shortcomings, the previous
experimental approaches have limited ability to correctly quantify both the strength and deformation
properties of diaphragm connections under in-plane demands.
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Loading Protocols

Under seismic demands a floor diaphragm system is subjected to a spectrum of relative motions.
Analytical studies on the precast concrete diaphragm response to seismic demands'® have shown that the
connection displacement history is dependent on the location within the diaphragm. Connections located
at the mid-span of the diaphragm are subjected to high flexural demands while connections located at the
boundaries are subjected to high shear demands with minimal tensile opening. Connections located in
intermediate diaphragm regions are subjected to combined shear and tensile deformation demands with a
common shear-to-tension deformation ratio of 2.0. To encompass these possible motions, six
displacement protocols are possible to assess the performance of diaphragm connectors subjected to
seismic demands. These protocols include:

e  Monotonic Shear — For determination of connection shear yield and associated reference deformation
for use in the cyclic loading protocol. Monotonic tests shall be eliminated if connection yield
deformation can be estimated.

e Cyclic Shear — For determination of connector shear stiffness, strength, deformation limits, and
modes of failure.

e  Monotonic Tension — For determination of connection tension yield and associated reference
deformation for use in the cyclic loading protocol. Monotonic tests shall be eliminated if connection
yield deformation can be estimated.

e Cyclic Tension and Compression — For determination of connector tension stiffness, strength,
deformation limits, and modes of failure.

o  Monotonic Shear with Proportional Tension — Alternate protocol to assess influence of combined
tension and shear.

o Cyclic Shear with Axial Force Control — Alternate protocol to assess influence of axial confinement
on shear performance.

Cyclic Protocols

To assess the performance of diaphragm connections for use in seismic applications, evaluation shall
be conducted with cyclically increasing demands. The cyclic demand shall be applied relative to the
reference deformation of the connection to ensure that an appropriate number of elastic and inelastic
cycles are applied.

Cyclic loading protocols in accordance with Precast Seismic Structural Systems (PRESSS) program
are recommended'’. Testing with three preliminary cycles to 0.01 in. (0.25 mm) shall be conducted to
evaluate control and acquisition accuracy. The remaining protocol consists of groups of three symmetric
cycles at increasing deformation levels. Each level is based on a percentage of a reference deformation
computed from the corresponding monotonic tests.

Alternate Protocols

For cases where additional connector performance is needed, two alternative loading protocols can be
used.

Monotonic Shear with Proportional Tension

Diaphragm connections may be subject to combinations of shear and tension due to their location in
the diaphragm. A shear to tensile deformation ratio of 2.0 is recommended for web connections used in
shear dominated regions of the diaphragm. A ratio of 0.5 is recommended for chord connections in
tension dominated regions of the diaphragm. The monotonic shear with tension test consists of three
cycles of 0.01 in. (0.25 mm) in shear and a proportional tension/compression deformation (Error!
Reference source not found.). The shear and tension deformations are increased proportionally using the
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chosen constant shear-to-tension deformation ratio. The test shall be paused at each 0.1 in. (2.5 mm) of

shear deformation for observations.

e In-plane monotonic shear with proportional tension tests may also be conducted for the connections
used in intermediate diaphragm regions. In-plane cyclic shear with a target axial load tests could be
conducted if needed.

Cyclic Shear with Axial Force Control

Enhanced displacement based control protocols may be used to evaluate the connections under in-
plane shear. Standard shear displacement based protocols hold the joint opening at a fixed opening which
may result in the build-up of large axial forces. The enhanced protocols are developed to examine the
shear performance of connections under fixed levels of axial force. These test protocols provide
information that can be used to model the shear resistance of connections at various locations in the floor
diaphragm. This includes regions of high compression, tension or areas where zero axial loads are present.

All tests shall be conducted at quasi-static rates under mixed displacement and force control. The
control shall be achieved using an inner control loop and an outer control loop. The outer loop conforms
to the deformation based shear protocols shown in Figure 3. Each displacement step shall be divided into
small sub-steps of approximately 0.001 in. (0.025 mm). Each sub-step shall be applied in the inner control
loop. The inner loop is controlled in a mixed load and displacement manner. After the application of each
inner loop shear sub-step, the force in the axial actuators shall be measured. If the sum of the forces is
greater than the target axial load, the actuators shall be extended an equal amount until the axial force
equals the target. If the axial force is less than the target axial load, the actuators shall be retracted until
the axial force equals the target. An error tolerance of 500 1bf (2.2 kN) to 1000 1bf (4.5 kN) shall be used
for acceptance. Following this procedure the next sub-step shall be applied and the axial inner loop shall
be repeated. This process shall be continued until the full outer shear step is applied. Then next shear step
would be applied and the process would be repeated.

The algorithm of applying shear deformation with zero axial load is as follows:
1. Apply shear deformation step to shear actuator;

2. Read force in compression/tension actuators 1 and 2, F; and F>;
3. Compute Total force, F, = F; + F;

a. If, F,> 0, Extend actuators 1 and 2 until 7,=0

b. If, F, <0, Retract actuators 1 and 2 until ,=0

4. Go to Step 1 until target shear displacement is reached.

Reference Deformation

e A monotonic tension test shall be conducted to determine the initial reference deformation for use in
the cyclic tension tests. Two alternative (non-experimental) methods may be used for determination
of the reference deformation. (1) The reference deformation may be based on an analytical estimate
of the yield deformation of the connection. (2) The reference deformation may be based on a desired
deformation capacity for the connection. For this method, the deformation category of the connection
may be used as the reference deformation.

¢ A monotonic shear test shall be conducted to determine the initial reference deformation for use in the
cyclic shear tests. Two alternative (non-experimental) methods may be used for determination of the
reference deformation. (1) The reference deformation may be based on an analytical estimate of the
shear yield deformation of the connection. (2) The reference deformation may be based on a desired
deformation capacity for the connection.
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Multiple Tests Approach

To provide accurate stiffness, strength, and deformation capacity multiple tests for shear and tension
are recommended. The connection performance shall be tied to the number of tests conducted. The
performance of the connector shall be based on the average of the tests if: a minimum of five tests are
conducted, or at least three tests are conducted with none of the results varying more than 15 percent from
the average of the three. Otherwise the lowest measured values shall be used. Additional requirements
are recommended for determination of deformation capacity (see section 8.2.2).

Conclusions

An evaluation method for precast concrete diaphragm connectors based on structural testing is
provided. The recommendation provides a detailed procedure for determination of stiffness, deformation
capacity, and force capacity. Details on developing a test module, loading setup, load histories,
instrumentation, data reduction, reporting and performance categorization is given. Adherence to the test
method allows connection properties to be determined in a repeatable, reproducible, and consistent
manner so that existing and new connections can be quantified and utilized effectively in the diaphragm
system.

Notation

All the symbols are defined in this section.

LVDT = linear variable differential transformer

A= reference deformation, in

T e = maximum tension force, kip

Vmax = maximum shear force, kip

F = axial force read from actuator 1, kip

F>=axial force read from actuator 2, kip

F,= axial force resisted by connections, kip

P.=force at yield point on multi-segment backbone curve, kip
P,=force at point ‘a’ on the multi-segment backbone curve, kip
Py=force at point ‘b’ on the multi-segment backbone curve, kip
P;=force at point ‘1’ on multi-segment backbone curve, kip

Py=force at point ‘2’ on multi-segment backbone curve, kip

P,,=force at point ‘2a’ on multi-segment backbone curve, kip
P;=force at point ‘3’ on multi-segment backbone curve, kip

A, = deformation at point ‘a’ on the multi-segment backbone curve, in
A; = deformation at point ‘1’ on the multi-segment backbone curve, in
Ay, = deformation at point ‘b’ on the multi-segment backbone curve, in
A, = deformation at point ‘2’ on the multi-segment backbone curve, in
Ay, = deformation at point ‘2a’ on the multi-segment backbone curve, in
Az = deformation at point ‘3’ on the multi-segment backbone curve, in
K.~ initial elastic stiffness of the multi-segment backbone curve, kip/in
LDE = low-deformability element

MDE= moderate-deformability element

HDE= high-deformability element

AT = tension deformation measured across the connectors, in.
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PART 2D. Lehigh Test Database

See Table 2A-3 for connector ID Table 3 DT/DT Web Connector Performance
- - Initial Ultimate
ID Test Type Testing Notation (1;;11“- I,f_;n IE:_J (éi\. (1:5% .“LI-,“-:‘."‘. “n_:.i-;lj Stiffness Ke | Category Force
) | @D |« ) a2 |« N/ )
Temsion MT 0248 | 210 | 452 | 3200 | 412 | 66 | 5102 23 452+
N CT 0343 | 110 | 266 | 1265 | 253 | 40 | 2010 12 HDE 26.6%
Shent MV(AT=0) 0580 | 475 | 1570 | 1930 | 983 | 235 | 5077 11 157.0%
MTV(AT/AV=05) | 0330 | 582 | 1260 | 5.08 | 113.1 | 187 | 63.73 57 LDE 126.0%
Temion MT 0208 | 233 | 562 | 5334 | 195 | 86 | 12767 a1 561+
CT 0135 | 96 | 327 | 1461 | 315 | 48 | 2593 37 HDE 327+
A MV _LC(F=0) 0152 | 447 | 952 | 2819 | 281 | 141 | 11645 94 951+
- Shear CV(AT= 0)*3 0354 | 364 | 1279 | 731 | 940 | 192 | 1408 54 L DE 1270
CV LCF=0) 0171 | 364 | @22 | 101 | 528 | 123 | 880 7 g2 2%
CV LC(F=10kip) 0197 | 610 | 1226 | 314 | 437 | 180 | 1238 96 122.6%
Temsion MT 0100 | 793 | 1665 | 838 | 1238 | 250 | 2419 220 \DE 16657
MTV(AT/AV=05) | 0159 | 597 | 1508 | 953 | 289 | 225 | 2804 143 150.8*
B-1 MTV(AT/AV=05) | 0302 | 701 | 1413 | 7.11 | 693 | 212 | 23.28 70 141.5*
Shear MV(AT=0) 0213 | 640 | 2419 | 305 | 526 | 373 | 2284 175 LDE 241 9+
CV(AT=0.1) 0341 | 1222 2839 | 508 | 2026 | 426 | 1254 125 283 0+
. MT 0177 | 1174 | 2455 | 2235 | 1860 | 369 | 121.73 208 245 5+
Tension CT 0185 | 1001 | 2069 | 699 | 1456 | 311 | 1037 168 MDE I 06.0v
B-2 MV(AT=0) 1562 | 212 | 1200 | 1905 | 720 | 211 | 83.74 12 1300
Shear MV LCF=0) 1715 | 185 | 1222 | 1753 | 834 | 184 | 89.19 11 MDE | 1222*
CV(AT=0) 1060 | 200 | 1337 | 1651 | 384 | 200 | 51.78 10 133.7
. MT 0237 | 1383 | 3115 | 1219 | 2770 | 467 | 1262 197 311.5%
Tension CT 0100 | 1114 | 2325 | 620 | 1054 | 350 | 5064 175 MDE o
B-3 MV(AT=0) 0876 | 184 | 1227 | 1905 | 715 | 184 | 10003 11 122.7
Shear CV(AT=0) 1562 | 160 | 1126 | 1461 | 377 | 160 | 5483 11 MDE | 112.6°
CV LC(E=0) 3073 | 1230 1200 | 2032 | 441 | 186 | 4145 6 120 0
o Tension MT 0410 | 110 | 343 | 3658 | 208 | 51 | 47.04 12 HDE 343%
Shear MV(AT= 0)*2 0297 | 168 | 386 | 3251 | 102 | 58 | 3815 20 HDE 86
Tension MT 0069 | 184 | 1113 | 114 | 1025 | 168 | 417 244 IDE 111.3*
- MIV(AT/AV=05) | 0075 | 244 | 1008 | 1.14 | 979 | 151 | 3.75 201 100.8*
- o MV(AT=0.1)"2 0379 | 992 | 2282 | 7.1 | 112.6 | 342 | s8.89 I DE 2282
MIV(AT/AV=05) | 0201 | 32.1 | 1326 | 508 | 1040 | 199 | 19.10 99 132.6%
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Table 3 DT/DT Web Connector Performance

CV(AT=0.1) 0364 | 803 | 2304 | 1210 | 1371 | 366 | 1765 100 130 4%

Tension MT 0080 | 552 | 1032 | 381 | 1140 | 280 | 1436 363 IDE 103 2+

MTV(AT/AV=05) | 0.066 | 190 | 1254 | 305 | 635 | 188 | 2591 285 125 4%

D MV(AT=0.1) 0478 | 942 | 2398 | 813 | 811 | 350 | 7214 24 230 8*

Shear MTV(AT/AV=05) | 0228 | 500 | 1518 | 406 | 373 | 228 | 2362 100 LDE 151.8*

CV(AT=0.1) 0281 | 555 | 1178 | 412 | 772 | 177 | 1761 62 117.8*

MT 0122 | 1300 2773 | 343 | 2070 | 416 | 5666 341 2177 3

Tension MTV(AT/AV=20) | 0129 | 111.1] 2718 | 305 | 247.7 | 408 | 55.15 316 IDE | 2718*

c CT 0240 | 577 | 2785 | 254 | 2474 | 417 | 3175 174 178 5%

MV(AT=0.1) 0327 | 718 | 1540 | 914 | 573 | 231 | 8895 1 154.0*

Shear MTV(AT/AV=20) | 0152 | 63 | 418 | 102 | 179 | 61 | 27.55 1 LDE 118*

CV(AT=0.1) 0187 | 214 | 750 | 230 | 324 | 114 | 6610 61 75.0%

Teasion MT 0107 | 517 | 1106 | 220 | 1017 | 166 | 482 155 IDE 110.6*

MTV(AT/AV=05) | 0107 | 453 | 974 | 191 | 934 | 146 | 371 137 974

F MV(AT=0.1) 0447 | 169 | 480 | 014 | 85 | 75 | sia: 17 48.0°

Shear MV(AT=0) 0268 | 842 | 1948 | 610 | 638 | 202 | 4013 100 IDE 104 8*

CV(AT=0) 0164 | 155 | 847 | 178 | 700 | 127 | 17.75 78 547+

. MT 0092 | 23.0 | 1311 | 2704 | 936 | 197 | 4186 215 1311

Teasion CT 0100 | 181 | 1193 | 1011 | 343 | 179 | 31.03 165 MDE ™ 7g3s

G MV(AT=0) 0873 | 1443 | 3287 | 12.19 | 3006 | 493 | 1653 &0 3087

. MV LC(Ft=0) 0511 | 866 | 1557 | 838 | 634 | 234 | 5127 16 155.7*

Shear CV(AT=0) 1156 | 743 | 1956 | 1502 | 572 | 203 | 6580 25 MDE o5 6%

CV LCE=0) 1124 | 178 | 1186 | 1947 | 228 | 178 | 67.67 16 118 6+

Temsion CT 0104 | 250 | 1707 | 953 | 343 | 257 | 2642 243 MDE | 170.7%

s CV(AT=0.1) 0314 | 861 | 2320 | 1381 | 2285 | 347 | 2136 111 1320

A Sheas CV LCE=10)72 0241 | 756 | 1703 | 842 | 1136 | 255 | 2077 107 IDE 1703
CVIAT/AV=05(p) AT

= 0.10(w) 0145 | 564 | 1647 | 572 | 656 | 247 | 4030 171 164.7*

. MT 2179 | 156 | 161 | 2997 | 128 | 25 | 5627 1 16,1

Teasion MTV(AT/AV=05) | 0508 | 76 | 501 | 1727 | 423 | 75 | 5136 15 HDE 501

H-1 MV(AT=0) 0305 | 434 | 1042 | 3010 | 201 | 156 | 7628 51 104 2+

Shear MTV(ATAV=05) | 0191 | 282 | 676 | 3353 | 403 | 102 | 9110 54 HDE 67.6%

CV(AT=0) 0197 | 366 | 746 | 1778 | 511 | 113 | 4017 58 74.6%

1 , MV(AT=0) 1005 | 368 | 054 | 2134 | 273 | 144 | 10758 g 05 4

72 Shear CV(AT=0) 1604 | 744 | 854 | 1842 | 716 | 130 | 2802 5 HDE 85.4%
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Table 3 DT/DT Web Connector Performance

X . MV 1880 | 577 | 604 | 1588 | 390 | 80 | 4477 5 604
73 Shear CV(AT=0)"4 1332 | 347 | 525 | 128 | 275 | 70 | #4381 7 MDE 525
MV 3037 | 106 | 706 | 2096 | 200 | 104 | 10806 3 70.6

H4 Shear CV(AT=0)"4 1214 | 281 | 701 | 1641 | 245 | 105 | 43.06 12 MDE 701
CVI(AT/AV=05)*4 | 1434 | 373 | 412 | 1273 | 300 | 62 | 3982 5 412

. MT 11163 | 44 | 280 | 4763 | 256 | 24 | 4865 04 15.0%

s Tension CT*3 17526 | 44 | 202 | 5074 | 210 | 42 | 6410 04 HDE 702
Shon MV 6464 | 72 | 478 | 3366 | 263 | 72 | 10502 11 DE 178
CV(AT=0)*4 6436 | 147 | 424 | 3804 | 158 | 63 | 10160 11 124

Tension MT 0141 | 82 | 181 | 17901 | 88 | 27 | 3950 20 VDE 18.1%

CT*4 0167 | 62 | 149 | 1083 | 66 | 22 | 1949 14 14.0

H-6 MV 0187 | 368 | 754 | 5461 | 380 | 113 | 10152 61 754
Shear CV(AT=0)"4 0132 | 100 | 404 | 298 | 249 | 61 | 1254 46 1DE 404
CVI(ATAAV=05)*3 | 0117 | 81 | 372 | 212 | 211 | 55 | 2602 49 372

H.7 | Out of Plane Shear oV 0244 | 37 | 91 | 1219 | 80 | 14 | 1809 g IDE 01
H.8 | Out of Plane Shear oVl 0483 | 72 | 126 | 2134 | 121 | 190 | 2603 5 1DE 126
H-9 | Out of Plane Shear ov=4 0483 | 200 | 303 | 813 | 282 | 45 | 1136 16 IDE 303
H-10 | Out of Plane Shear oves 1155 | 85 | 202 | 1077 | 136 | 30 | 2078 7 IDE 202
H-11 | Out of Plane Shear ov=s 0446 | 113 | 215 | 732 | 199 | 32 | 1334 9 IDE 15
Tension MT 0220 | 110 | 336 | 3772 | 1.7 | 5.0 | 8952 2 HDE 33.6%

I1 . MV 0126 | 100 | 444 | 191 | 110 | 66 | 6654 53 444
Shear CV(AT=0) 0133 | 121 | 438 | 179 | 415 | 67 | 655 50 LDE 438°

Tenzion MT 0152 | 156 | 373 | 838 | 84 | 56 | 57.03 37 MDE 373+

L MV 0245 | 792 | 1788 | 635 | 355 | 268 | 8888 110 178 8%
- Shear MTV(ATAV=05) | 0119 | 263 | 1318 | 191 | 646 | 198 | 1973 167 1DE 131 8*
CVIAT=0) 0174 | 721 | 1580 | 381 | 377 | 238 | 2500 137 158.0°

. MT 0457 | 7.7 | 511 | 49901 | 182 | 75 | 77.05 17 511

Teasion CT 0400 | 97 | 365 | 3048 | 274 | 55 | 3346 14 HDE 365+

11 Shens MV 0.110 | 119 | 785 | 101 [ 629 | 117 | 74%0 107 IDE 1857
CV(AT=0) 0100 | 114 | 746 | 164 | 658 | 112 | 755 113 46

Out of Plane Shear ov=2 0560 | 132 | 203 | 1245 | 76 | 3.0 | 2471 6 LDE 20.3

. MT 0175 | 160 | 408 | 1334 | 321 | 62 | 3417 36 40.8*

- Tension CT 0248 | 189 | 441 | 1007 | 87 | 67 | 2010 27 MDE Tt
Shent MV 0217 | 645 | 1330 | 826 | 966 | 200 | 6145 22 IDE 133.0°
CV(AT=0) 0222 | 493 | 1024 | 572 | 462 | 154 | 1425 69 100.4%
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INTRODUCTION

PART 3 provides guidance on the analysis techniques that can be used for the diaphragm seismic design
methodology. These analysis techniques include computer methods using standard design office structural
analysis software and calculation-based methods that can be readily inserted into spreadsheet programs.

PART 3 is divided into five sections: (1) Computer Structural Analysis Methods for Diaphragm Design;
(2) Diaphragm Internal Force Calculations; (3) Diaphragm Joint Stiffness and Strength Calculations; (4)
Diaphragm Elastic Deformation Calculations; and, (5) Spreadsheet-based Design Aids for Diaphragm
Design.

In the first section, the manner in which design office structural analysis software can be used in the
design methodology is discussed.

To use the design methodology, the designer must be able to calculate: (1) the diaphragm internal force
demand; (2) the diaphragm joint strength and stiffness; and (3) the diaphragm induced gravity column
drift. Techniques to perform these calculations are covered in the next three sections.

In the final section, a spreadsheet program developed as a design aid for the diaphragm seismic design
methodology is described. Section 3.4 provides step-by-step instruction on how to use the design aid
spreadsheet program for the diaphragm seismic design procedure. The software is to be made available at
the PCI website.



3.1 COMPUTER STRUCTURAL ANALYSIS METHODS FOR DIAPHRAGM DESIGN

In this section, the role design office computer structural analysis can play in facilitating the
design of diaphragms using the seismic design methodology in PART 1 is discussed. It is noted that
computer structural analysis methods is not required for using the design methodology, but can be used if
desired or if a three-dimensional structural model is being created in the normal process of the design.

A. Design Office Computer Structural Analysis

Computer structural analysis has become a mainstream method for structural design in recent
years. Originally the computer structural analysis was typically limited to analysis of the lateral force
resisting system (LFRS), while the gravity load takedown was relegated to spreadsheet methods.
However, with advances in graphical interfaces, design optimization, and BIM (Building Information
Modeling), these analyses have extended to the gravity load resisting system, including the floor system.
In this section, current approaches to spatial representation (2D vs. 3D) and modeling (elastic/inelastic,
static/dynamic) are briefly summarized.

A.1 Three-Dimensional Structural Analysis

In the recent past, design office computer structural analysis might be limited to a two-
dimensional (2D) model of the primary LFRS elements (moment frame, braced frame, etc.). In cases
where the LFRS elements are at isolated locations in the floor, the tributary load from the surrounding
floors and gravity system could be added as a fictitious P-A column in the plane of the frame. In recent
years, however, it is not uncommon to create a fully-realized three-dimensional (3D) model of the
structure using commercially available structural analysis packages such as ETABS', SAP2000',,
PERFORM-3D',, RAM?, RISA-3D°, etc. This approach should become more prevalent in the coming
years as software further facilitates the use of three-dimensional modeling, in particular with the advent of
BIM, where there is a further incentive to have a fully-realized 3D building model beyond the three-
dimensional structural behavior captured. Three-dimensional BIM modeling is being used to an
advantage at certain precast companies, e¢.g. (Harman 2012), where clearances, tolerances and fit-up are
crucial to the success of construction of prefabricated components.

A.2 Structural Analysis Methods for Seismic Effects

Design office structural analysis has typically involved static linear analysis. For gravity load or
wind lateral load analysis this approach is natural since the structure is to remain in the elastic range under
service loads and respond to them pseudo-statically. For earthquake lateral loads, where neither of these
conditions typically occurs under the design earthquake, the dynamic effects are captured in the
equivalent lateral forces through a response spectrum, while the effects of nonlinear action are
approximated through the introduction of response modification coefficient R, system overstrength factor
Q and deflection amplification factor C; (ASCE 7 2005).

For assessment and retrofit of existing structures, where it may not be as straightforward to use
the code prescriptive approach used for new buildings, four analysis procedure options of increasing
sophistication are typically provided (ASCE/SEI 41 2006): (1) linear static procedure; (2) nonlinear static
(pushover) procedure; (3) linear dynamic (modal superposition) procedure; and (4) nonlinear dynamic
(time history) procedure.

The minimum level of analysis required is driven by the characteristics of the structure, including
irregularity and site conditions. Analysis levels greater than what is legally required are rarely performed,

! Computers and Structures, Inc. Berkeley, CA 94704
? Bentley Systems, Inc. Exton, PA 19341
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unless a client has requested added performance information or retrofit alternatives (e.g. supplemental
damping, etc.) in which a more advanced analysis would facilitate the performance based design.

Each analysis option is briefly described below. The applicability of these approaches for precast
diaphragm design is considered next in Section A.3.

Linear Static Analysis: In this method, an elastic model of the structure is subjected to equivalent
lateral forces intended to represent the effects of the earthquake. This analysis level captures neither
inelastic behavior nor dynamic response, actions both of which that are anticipated in a structure. Thus,
linear static analysis relies on measures that implicitly include the dynamic effects (pseudo-acceleration
response spectra based on an inherent amount of damping) factors, in conjunction with factors that
account for the inelastic behavior (R, Q, C,) as discussed above for new construction(ASCE 7 2005); and
C;, C5, J, m and « factors for retrofit (ASCE/SEI 41 2006). The use of these factors, while approximate, is
justified given the straightforward and similar nature of the linear static analysis to wind/gravity load
analysis for design.

Linear Dynamic Analysis: This analysis level includes dynamic response through modal analysis
of an elastic model. Thus, analysis level captures dynamic effects but not inelastic behavior. The modal
analysis uses the response spectrum to determine input excitation. It is important to note that the
maximum dynamic actions are represented approximately through modal superposition (e.g. SSRS or
CQC methods). The, linear static method relies on similar factors to account for the inelastic behavior as
in the linear static analysis. This analysis method is desirable over the linear static method for structures
where higher mode effects are important (since typical ELF patterns are based on first mode response), or
for building irregularity in plan or profile such that a prescribed ELF pattern may not capture the mode
shapes properly. This method is often used in lieu of the linear static analysis because modern computer
tools have rendered the time and effort commitment for the two methods nearly equal.

Nonlinear Static Analysis: In this method, an inelastic model of the structure is subjected to
equivalent lateral forces intended to represent the effects of the earthquake. This method therefore
attempts to directly capture the damage and limit states that may occur in an earthquake. The method,
often termed a pushover analysis, does not attempt to directly capture dynamic effects. Instead, the model
is steppe through incremental increases in loading until it reaches a failure mechanism. Thus, the
pushover analysis provides capacity, and not demand. Demand is estimated using approximate methods
such as target displacements (ASCE/SEI 41 2006) or capacity spectrum methods (NZSEE 2006). Except
for special adaptive techniques for pushovers (Antoniou and Pinho 2004), the nonlinear static analysis is
typically based on a first-mode ELF. This method is popular because of the ability to directly consider the
failure mechanism.

Nonlinear Dynamic Analysis: This analysis attempts to directly capture the response of the
structure to a seismic event by using a nonlinear model of the structure time-stepped through the
earthquake using nonlinear transient dynamic analysis (NLTDA). While this method is the most direct, it
is rarely used in design or even assessment due to the level of involvement in the analysis: (1) it takes a
significant amount of time to build the models, perform the analyses and post-process the results; (2) the
amount of data produced in these analyses is significant (time stepping typically involves discretizing the
earthquake into thousands of time steps); (3) the level of expertise required to successfully build a model
and perform an analysis is quite high; and (4) a suite of ground motions is typically required to provide
equivalence to the smooth averaged design spectrum. Such analyses are typically only warranted for
designs or assessments with complicated dynamic or inelastic mechanisms or designs employing special
seismic devices, performance based design targets, etc.




A.3 Structural Analysis Methods: Options for Diaphragm Seismic Design

For the reasons given in the previous section, while the latter two approaches (nonlinear static or
dynamic) were used heavily in the diaphragm research, the design methodology has been constructed
such that the diaphragm design can be performed using the first method (linear static analysis), or if
desired, the second method (linear dynamic analysis). It is important to remember that for projects where
a computer structural analysis model is not being created as part of the normal process, the diaphragm
design can be carried out simply with hand or spreadsheet-based calculations.

Linear Static Analysis (Suggested Method for Diaphragm Design)

The design methodology adopts factors which are similar in spirit to the factors
mentioned above (for instance the ¥ factor considers both dynamic amplification and inelastic
response of the diaphragm). For this reason, linear static analysis is the approach promoted in the
design methodology.

This method is promoted for use with the diaphragm design methodology, if computer structural
analysis is desired.

Linear Dynamic Analysis

For design offices with proficiency with modal superposition methods, the upgrade from
linear static to linear dynamic analysis does not involve a significant time or effort penalty. Such
techniques are readily available and facilitated in current structural analysis software packages.

This method is suggested as an alternative for use with the diaphragm design methodology, if
computer structural analysis is desired.

Nonlinear Static Analysis

This method was an essential research tool in developing knowledge of the capacity of
precast diaphragms. Findings based on these analyses are built into the design methodology.

This method is not necessary for the design of precast diaphragms using the design methodology.

Nonlinear Dynamic Analysis

This method was an essential research tool in developing knowledge of the seismic
demands of precast diaphragms. Findings based on these analyses are built into the design
methodology.

This method is not necessary for the design of precast diaphragms using the design methodology.

B. Diaphragm Action in Computer Structural Analysis

Computer structural analysis is not typically involved in the current design of precast diaphragms.
Typically current diaphragm design involves calculating the equivalent lateral force (ELF), using this
pattern to determine the diaphragm design forces F,, using the horizontal beam method to determine
maximum diaphragm moment and shear M., = (F,,L/8) and V.. = F},/2 then sizing the chord and shear
reinforcement, @A\, > M,,./d and n, = V... /8,V, Thus, precast diaphragm design often involves single
page in the current design of precast structures. In this section, the use of computer structural analysis for
diaphragm design in discussed.



B.1 Methods Available for Modeling Diaphragms

B.1.1 Rigid vs. Semi-rigid Diaphragm Models

Currently, most software packages provide a diaphragm modeling option for three-dimensional
models: (1) no diaphragm, i.e., LFRS elements act independently; (2) rigid diaphragm, i.e., all LFRS
elements at a story are subjected to a rigid body translation: u; = u, + ¢ y; , where u, is the translation of
the floor plate centroid, u; is the resulting translation of a point on the floor a distance y; from the centroid,
and ¢ is the in-plane twist of the floor (all points on the floor translate the same in the absence of torsion);
and (3) semi-rigid diaphragm, where the elastic stiffness of the floor system is modeled.

For the semi-rigid diaphragm model, design office software packages typically offer two basic
options: (1) membrane action, in which only the in-plane elastic stiffness of the floor system is modeled;
and (2) plate or shell action, in which the out-of-plane two-way bending and shear stiffness of the floor
system is modeled in addition to the membrane action. Note that in either case, the diaphragm is modeled
in two-dimensions (2D), i.e. the horizontal plane of the floor slab.

In employing the semi-rigid modeling option, most structural analysis programs request as input a
slab thickness and an elastic modulus (E). If shear deformations are available, a shear modulus (G) can
also be entered. Many design office structural analysis programs now include an option to enter
orthotropic stiffness properties S;;, S»y, Si» to account for different floor stiffness in each direction. This
option could be useful in modeling precast diaphragms, which have dissimilar stiffness properties in the
precast floor unit spanning direction, and the direction perpendicular to the precast floor unit span.

B.1.2 Isolated Diaphragm vs. Structural Models

Computer structural analysis to determine diaphragm internal design forces can be performed
either by: (a) considering each floor plate individually, i.e. 2D analysis of isolated diaphragms; or, (b)
examining the floor diaphragms in the context of the overall structure in a 3D structural model. In the
DSDM research, both of these approaches were used extensively. There are advantages and disadvantages
of each approach. The approach recommended for the design methodology, if structural analysis is to be
used, is to evaluate the diaphragms in the full structural model.

Isolated Diaphragm Model: The advantage of using an isolated model is that the model is easier
to build, analyze and post-process. However, since the use of computer structural analysis is not required
for the design methodology, it is considered likely that it will only be used when there is an existing
model of the structure. Thus, what might be a time saver in a research setting, is likely extra work in the
design office setting. Further, the handling of boundary conditions is somewhat challenging for the
isolated diaphragm model. Lateral force resisting elements are typically modeled as idealized boundary
conditions (pins and rollers). This does not allow for accounting for differences in stiffness between the
various LFRS elements or due to the level above the ground without the introduction of “foundation
springs” between the diaphragm and the fixed boundaries. These are somewhat cumbersome to introduce
and it may be more straightforward to simply model the structure so as to include the vertical spatial and
stiffness relationships directly. For these reasons, the full structural model is promoted.

Full Structural Model: The internal forces and deformations for a precast diaphragm can be
modified by the presence of vertical elements (walls, frames, columns), including in their out of plane
direction. In cases, these actions can be impacted by the relative stiffness of the various vertical elements,
or can be sensitive to the conditions on different floors or how far the floor level is from the foundation.
Thus, the full 3D structural model is recommended if computer structural analysis is used.

It is important to note that there are some remaining shortcomings with the static analysis, even
with the full 3D structural model. For instance, there are inter-floor actions that can only truly be
accurately captured through nonlinear transient analysis. These could include restraining forces from
columns, in particular due to higher mode effects where the floors get out of phase, or the effect of ramps
in parking garages. Further, there is challenges in selecting the loading to apply to the structure, since the
ELF pattern F; is an instantaneous pattern, which is appropriate to apply but does not capture floor



maxima, while the diaphragm force pattern F,, is a profile of maximums, and thus is not a rationale
pattern to apply to the structure. Methods for applying this load are proposed in (Sabelli et al. 2011)

B.1.3 Monolithic vs. Discrete Diaphragm Models

As discussed in Appendix B of Section 5, the research was performed using models termed
“discrete” diaphragm models. In these models, the individual connectors in the precast floor system are
discretely modeled at their locations along the joint between precast units. Such models were essential to
the research, but were used to determine design procedures, classifications and factors such that the
designer would not have to use these discrete diaphragm models. Thus, while some designers have
attempted such modeling approaches (Cleland 2012), discrete diaphragm models are not necessary in the
use of the design methodology procedures. It is noted for completeness that the use of idealized boundary
conditions used in 2D isolated diaphragm representations are somewhat problematic with discrete
diaphragm models, which require joint opening for diaphragm deformation. Likewise, the discrete
diaphragm models are also difficult to use for modal analysis, for instance to determine the structural
fundamental period, since the discrete diaphragm models depend on contact elements whose initial status
(open or closed, stuck or sliding) is unknown.

B.2 Structural Analysis Methods for Precast Diaphragm Design

As mentioned, computer structural analysis is not currently common for precast diaphragm
design. For distributed lateral force resisting systems, designers have used line-type beam elements with
idealized boundary conditions (rollers and pins), and the diaphragm force F),, applied as a distributed load,
to determine shears and moments at different locations in the floor.

For more complicated floor configurations, precast floor systems can be modeled using structural
analysis software, as described in Section A3. Such analyses are not currently common. Currently
designers rely on full 3D structure models for reinforced concrete diaphragms in high-rise structures for
cases involving transfer diaphragms (Meyer 2012). For these analyses, free-body cuts can be made at
diaphragm sections along the lines of the precast joints to determine internal forces.

C. Guidelines for Computer Structural Analysis of Precast Diaphragms
C.1 Diaphragm Modeling

The design methodology can be performed using hand calculations or spreadsheet methods (See
Section 3.2). If computer structural analysis is desired, the approach recommended for the design
methodology is a full 3D structural model. The diaphragm internal forces can be calculated through
computer analysis by using the following procedure:

(a) 3D Structure Model
¢ The floor system can be modeled as a planar semi-rigid diaphragm through membrane action

v input thickness as flange thickness for pretopped system

v sum of flange thickness and topping slab thickness for topped system

v effective density to produce the proper total mass of the floor system (tee stems,
internal beams, etc).

v’ prestressing effects do not need to be modeled as they are not typically significant
in the floor slab.

¢ The floor system stiffness is calculated using effective moduli (Eesr, Gerr)



v In preliminary design, the effective moduli can be estimated as 20% - 40% of E,
and 10% - 30% of G., where E, and G, are concrete uncracked elastic and shear
modulus.

v" In final design, the effective moduli are obtained based on the actual reinforcement
layout using the procedure given in “Diaphragm Joint Stiffness and Strength
Calculation” of PART 3.

v" For diaphragms with varying reinforcement, it is suggested to apply the average
E.pand Gy over all the joints in the floor. Eq4 can be applied in both directions. It
can be increased in the precast floor span direction, with a recommended value of
2Eeff;

The lateral force resistant system (LFRS) can be modeled as elastic planar (shell element for
shear wall) or elastic beam (beam element for frame) elements using cracked section
properties to provide boundary supports to diaphragm in the LFRS out-of-plane direction.

The interfaces between the LFRS to diaphragm, the internal beam to diaphragm and the
spandrel to diaphragm are modeled as continuous elements.

It is recommended to model the vertical gravity system (e.g. gravity column) as elastic beam
elements with pinned connection to the floor system and an appropriate base condition.

C.2 Structural Analysis

If computer structural analysis is desired to perform the diaphragm design using the design
methodology, the linear static method is recommended. Linear dynamic analysis can be used as an
alternative method.

(a) Linear Static Analysis

*

Apply the appropriate amplified diaphragm force (Fg, obtained in step 7 of PART 1) to the
3D structure model as body loads at each floor level

Apply the loads individually in each orthogonal direction
Perform static analysis to obtain the moment, shear and axial forces at diaphragm joints and

interfaces between diaphragms to secondary elements: LFRS, internal beam and spandrel etc.
for each loading direction

(b) Linear Dynamic Analysis

*

Construct the design acceleration spectrum base on Chapter 11 of ASCE 7 (2005) at DBE
level and 5% damping.

Perform model superposition analysis using SRSS or CQC method

Measure the diaphragm inertia force (F;) at each floor

Measure the moment, shear and axial forces at diaphragm joints and interfaces between
diaphragms to secondary elements: LFRS, internal beam and spandrel etc. for each loading

direction.

Scale the measured diaphragm internal forces (obtained in previous step) by WFp,/F;



C.3 Internal Force Measurements

¢ Cut free body diagram at each precast diaphragm joints and interfaces between diaphragms to
secondary elements: LFRS, internal beam and spandrel etc.

¢ Measure the moment, shear and axial (including directionality for tension and compression)
by sum of all the node forces at the cut section

C.4 Diaphragm Deformation Measurements
¢ Measure the maximum diaphragm displacement (Ay;,) at a given floor level

¢ Measure the displacements at the two LFRS (Arrrs: and Aprrsz) which are furthest to the
location of diaphragm maximum displacement on each side at the same floor level

¢  Calculated the diaphragm deformation as i, = Adia — (ALrrs1T ALFrs2)/2
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3.2 INTERNAL FORCE CALCULATIONS: FREE BODY METHOD

The diaphragm internal force (in-plane moment, shear and axial force at each joint) is to be
calculated by applying the amplified diaphragm design force (obtained in Step 7 of PART 1) to the
diaphragm. Free Body Method (FBD) is introduced in this section to determine these internal forces.

A. Free Body Method
The free body method to calculate the diaphragm internal forces can be performed as follows:

¢ (Cut a free body for the diaphragm or sub-diaphragm (typically at the interfaces between
diaphragm-to-LFRS and internal beam, etc.)

¢ Apply the appropriate amplified diaphragm force (Fg, obtained in PART 1: Step 7 ) to the
3D structure model as body loads at each floor level

¢ (Calculate the reaction forces at boundary of the diaphragm free body to satisfy the
global equilibrium for static determinate free body. For indeterminate free body,
assumption has to be made based on mechanics (See Examples in 3.2.B)

¢ Determine the diaphragm internal forces using local equilibrium with section cut at
diaphragm joints

¢ Consider the loading in each orthogonal direction individually; use the maximum case
of combined (M,N,V) forces

B. Free Body Diagrams for Common Precast Diaphragm Configurations

In this section, free body diagrams (FBDs) for common precast structure diaphragm
configurations are provided. These configurations correspond to the examples in PART 4.

B.1 Structure Configuration 1: 4-story perimeter wall parking garage (Example 1 in PART4)
The first precast diaphragm configuration is shown in Figure 1. A distinction is made between the
flat parking region (at the top or bottom of the figure) and the ramp. Each of these regions is treated as a
sub-diaphragm and will be provided with a separate FBD.

L
™ Loeam L Loeam ™
( ©
d North|
Cut 1 Cut 1
©
Lite wall
Cut2 s aod Ramp Ramp Span Transverse (NS) Cut2
Landi B VA
anding Longitudinal (EW)
Cut3 b Shear wall Cut3
d South|
| | N

0w e ® e e O ® ©® O
Fig.1. Plan view of structure 1.

The figures in the following pages are the free body diagrams for each case: (a) flat and (b) ramp
under (a) transverse and (b) longitudinal loading. The assumptions involved in the free body diagrams
shown are presented after each free body table. These assumptions were developed based on basic
mechanics and verified through the nonlinear dynamic transient analysis using three dimensional models
in Appendix A2 Section A2.3.1. The diaphragm internal force diagrams are shown in Design Example 1
in Appendix A of PART 4.
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Table 3.1 Configuration 1
(a) North/south flat sub-diaphragm under transverse loading (Cut 1 or 3)

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
d | | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
\ \ \ \ | | | \ \ \ | | | \ \ \ \ \ \ \ \ \ \ \

VSVI lew
Vbeamwllllllewllllllllllwvbeam
Nbeam+ *Nbeam
Distributed Load:

w=WYF, /(3L - L'/2)for top floor; w=YF,_ /3L for other floors
Reactions at Boundary:

N, =015w; N

Vheam = VQ beam /I Where V= 3W(L

=V, =0.5(wL- N, L')/2
+1")/2,and Q/1=4/9d

Beam

beam

Diaphragm Joints:
0<x<L

beam *
N, =xV, ! Ly s
V=V =wWx=xN | Ly
M, =xV,, —wx*/2=x’N,,, /3L,,,
Ly <x<L/2
N, Vbeam ;
V.=V, —-wx-N,,  +N,(x=L,.,.);
M, =XV, =2 /2= Ny (5= 2Ly /3 + Ny (5= Ly ) 12
L/2<x<L:
Internal forces are symmetrical
Assumptions:

1. The total sub-diaphragm end reactions shared 50-50 between the end shear wall projecting past the IT
beam and the IT beam itself.

The internal beam joint must be designed to carry 50% of the sub-diaphragm end reaction.

The litewall provides restraint such that the axial force (N;,) as 15% of w.

Shear reaction (Vyeam) at the internal beam joint is uniformly distributed.

Due to bending, a triangular distribution is assumed for the axial force at the IT interface.

nbkhwbd
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Table 3.1 Configuration 1 (con’t)

(b) Ramp sub-diaphragm under transverse loading (Cut 2)

E—— L
Lbeam | L | Lbeam
4 | t
Vbeamg:—’ beam Vo le/2 Nbeam<—:7 Vieam
Py THﬂ%ﬂﬂﬂf(ﬂﬂﬂﬂﬂﬂﬂﬂﬂT P
dvsw,mmleHHHHHHHHHHH”VSW,W
T T i 7 S s e B B R I B
Vbeam<—;7 Iw le/ 2 +, Vbeam
‘Nbeam beam‘

Distributed Load:

w=WYF, /3L-L'/2)fortop floor;  w=WF,_ /3L for other floors
Reactions at Boundary:

N, =0.15w; N, =(wL-N, L")/ 4;
VSW,ramp = (WL - NIWLV)/ 2 + 2Nbeam

I/lw = 02WL / L' 5 Vb = VQLbeam /I

+L1")/2,and Q/1=4/9d

eam

where V' =3W (L

Diaphragm Joint: .
0<x<L,,,:
N,=0;
V,= sz,mmp = WX =2XN i ' Ly s
M, =xV, —wx*/2-x’N,,. /L.,
Ly, <x<L/2
N,=0;
Vi =V = WX =2Np + Ny (X = Ly, ) 5
M, =xV,, —wx*/2=2N,,,,(x =Ly, /2)+ N, (x=L,,,)" /2= (x =Ly, V,,d

L/2<x<L:
Internal forces are symmetrical
Assumptions:
1. Load (shear, Vyean and axial, Npeay) are transferred from N/S flat through internal beam joint.

2.
3.
4

The litewall provides restraint such that the axial force (N;,) as 15% of w.
The Litewall provides restraint such that the shear force (V},) as 20% of total diaphragm inertia force.
Shear reaction (Vyeam) and axial reaction (Npeam) at internal beam joint are uniformly distributed.

13




Table 3.1 Configuration 1 (con’t)
North/south flat under longitudinal loading (Cut 1 or 3)

d 1>

|
\
\
| |
o \ \ [ [ \ L
. \ \ \ \ \ Lo
o [ [ \ [ \ Lo
‘ T O O S || I R
Nt:nd/Lbeam qlw:[nL'(qZ'ql)Lbeam]/L’ NC:nd/(L'Lbeam)
Distributed Load:
n=WYF, /(3L - L'/2)fortop floor; n=WF, /3L for other floors
nl :16n’ n2 :(nL_nlLbeam)/(L_Lheam)
Reactions at Boundary:

"t

r

1 o i
| | | | | |
nlLbeam)/(L'Lbeam) }
|

|

|

|

&44444

q,=0.5n; q,=175n; q,, =[nL—(q, —q,) Ly, 1/ L'
Nt :nd/L Nc :nd/(L_Lbeam)

Diaphragm Joint: =

0<x<L,,,.:
N,=x(q,-n,); V,=xN,; M,=Nx’/2-dxq,/2

L, <x<L-L, .:
N, =q,Ly,, +q,,(x—-L,,,)—xn,; V, =L, N, —N (x—L,,,)
M,=NL,,,(x—Ly,, 2)—dLy,,q,/2—d(x—Ly,,)q,, /2= N_(x _Lbeam)2 /2

L-L,  <x<L:
N, =4q,L,, +q,L'-q,(x-L,,, -L):; V, =L, N, —N.(x-L,,,)
M, =N L, (x~L,,,/2)~dL,,,q,/2~dL'q, /2= N (x~L,,,)" /2
+d(x-L,, ~L)q,/2

Assumptions:

1. Two different -uniform distributed loads (n; and n,) are used due to twisting effect.
2. Twist moment caused by eccentricity of shear reaction (g;and ¢») is balanced by the axial restraint (V;
and N,) from internal beam joint and litewall joint.

14



Table 3.1 Configuration 1 (con’t)
Ramp under longitudinal loading (Cut 2)

=X
L
Lbeam _L L J_ Lbeam
\
1 1
Vv beam qlw ramp A% beam
— > > > > > > P 4 4 — 4 4 — 4 — +—
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | n | | | | |
d 8 |8 —— 8| | Ot |t | &
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
1 '
Vv beam Vv beam
Distributed [oad:

n=YF, /(3L-L'/2)fortop floor;  n=YF,, /3L for other floors
Reactions at Boundary:

D ramp = 0.2nL/ L'
V' peam = MLy,
Diaphragm Joint:
0<x<L,,,,:
N, =@V, ../ L+m)x; V, =0; M, =0
L, <x<L/2

beam

Nu = 2V'beam +nx — 2qlw,ramp (x - Lbeam ) ; V = 0 5 M = 0

L/2<x<L:

Internal forces are symmetrical

Assumptions:

1. Considering half of ramp is loaded in one direction with upper floor and half of ramp is loaded in
other direction with lower floor.

2. The loading is in self-equilibrium.

The Litewall provides restraint such that the shear force (V},) as 20% of total diaphragm inertia force.

4. Shear force (Vpeam) at internal beam joint is transferred from N/S flat and is uniformly distributed.

98]

Interface Joints (Critical Loading direction only)
Diaphragm-to-Shear Wall Connection (per Wall):

N, =0; VM:‘I’FPX/4; M, =0
Diaphragm-to-Litewall Joint Connection (per Wall):
N,=N.b;, V, =q,Db; M,=0

u

Internal Beam Joint along B1 to B3 in Fig. 1:
Nu = Nb Vu = Vb

# based on triangular force distribution

M, =N, Lym!6"*

eam > eam > beam ™~ beam

15



B.2 Structure Configuration 2: 4-story interior wall parking garage (Example 2 in PART4)

Precast diaphragm configuration 2 is shown in Figure 2. The configuration is identical to
Structure Configuration 1 except the perimeter transverse shear walls are now moved inbound to the
interior column line at the termination of the ramp. A distinction is made between the flat parking region
(at the top or bottom of the figure) and the ramp. Each of these regions is treated as a su-bdiaphragm and
has separate Free Body Diagram.

L
~— Lbeam L Lpeam
D
d North|
Cut 1 Cut 1
© —
Lite wall
Cut2 s a2d Ramp Ramp Span Transverse (NS) Cut 2
Landi Y - VA
anane Longitudinal (EW)
% ‘ ® —
Cut3 I Shear wall Cut 3
d South,
| ®

6 @ 6 6 @O ® © o

Fig.2. Plan view of structure 2.

The figures in the following pages are the free body diagrams for each case: (a) flat and (b) ramp
under (a) transverse and (b) longitudinal loading. The assumptions involved in the free body diagrams
shown are presented after each free body table. These assumptions were developed based on basic
mechanics and verified through the nonlinear dynamic transient analysis using three dimensional models
in Appendix A2 Section A2.3.4. The diaphragm internal force diagrams are shown in Design Example 2
in Appendix A of PART 4.
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Table 3.2 Configuration 2

North/south flat under transverse loading (Cut 1 and 2)

L

Distributed Load:

Reactions at Boundary:

N,, =0.15w; Vg, =(WL-N,L')/2

w=WF, /(3L -L'/2)fortop floor;  w=WF, /3L for other floors

Diaphragm Joint:

0<x<L,,,:
N, =0;
V, =-wx;
M, =-wx*/2
Ly <X<L/2:
N, =0;
Vi=Va=wx+ N, (x=L,,,);
M, =(x-L,, W, -wx’/2+N, (x— L) /2
L/2<x<L:
Internal forces are symmetrical
Assumptions:

1. The reactions at internal beam joint are ignored.
2. The litewall provides restraint such that the axial force (N;,) as 15% of w.

17



Table 3.2 Configuration 2 (con’t)
Ramp under transverse loading (Cut 2)

VSW, ramp

Distributed Load:
w=WF, /3L -L'/2)fortop floor;  w=WF, /3L for other floors

Reactions at Boundary:

1.5N,,, for others

N,, =0.15w
For top floor:
VSW,ramp = (WL + NZWL')/Z, I/lw =02wL /L'

For other floors:

VSW,ramp = (WL + 3N]WL')/2 5 Vlw =04wL /L'
Diaphragm Joint:
0<x<L,,:
N, =0;
V, o =-wx;
M, =-wx*/2
L, <x<L/2
N, =0;

Vu = sz - Wx—le(x_Lbeam) ;
Mu = (x - Lbeam )sz - sz /2 - le (‘x - Lbeam)2 /2 - (‘x - Lbeam )I/lwd

L/2<x<L:
Internal forces are symmetrical

Assumptions:

1. The Litewall provides restraint such the axial force as 8% of w and the shear as 20% of w at top floor.

2. The Litewall provides restraint such the axial force as 23% of w and the shear as 40% of w at other
floors.

18



Table 3.2 Configuration 2 (con’t)
North/south flat under longitudinal loading (Cut 1 and 3)

X
L

Lbeam } } Lbeam
EEREERASREVEENERRRERED
L e | [ B
} } } } } } }n2:(nL'n1Lbeam)/(L'Lbeam) } } } } } m= .bn
d\\\}\“}\\\}\\\}“‘}'}}}
A N
N T T T O O I
=3.5q |~~~ e e e

=nd/(L-Lyy) q=0.5n

Z

=[1L~(q-q) Lipeqr VL'
Nt:nd/Lbeam Qiw [n (‘h ql) beam]

Distributed Load:
n=YF, /(3L - L'/2)for top floor; n=WF,_ /3L for other floors

n,=l6n; n,=(mL-nL, JY(L-L,,)
Reactions at Boundary:

ql = 05]’1 ; q2 = 175"’ QIW = [nL - (qZ - ql)Lbeam]/L'
N, =nd/L, :N. =nd/(L-L, )

beam °

Diaphragm Joint:
0<x<L, .

beam

N, =x(q,—n,); V, =xN,;

u 12

M, =Nx*/2-dxq,/2

L <x<L-L

beam *

beam
N, =4, Ly +4,,(x =Ly, ) = x0y3 V, = Ly, ,N, = N.(x = Ly,
M,=N Ly, (x=Ly,,12)=dLy,,4,/2~d(x~Ly,,)q, /2= N.(x~L,,,)" /2

L-L,,, <x<L:

N, =q,Lyp +4,,L'=q,(x =Ly, —L"); V, = L;,,N, =N .(x = L,,,)
M,=N,L,,, (x~Ly,,/2)~dL,,,q,/2-dL'q, /2= N (x~L,,,)" /2
+d(x-L,,, —L)qg, /2

Assumptions:

1. Two different -uniform distributed loads (n; and n,) are used due to twisting effect.
2. Twist moment caused by eccentricity of shear reaction (¢q,and ¢,) is balanced by the axial restraint (V,
and N,.) from internal beam joint and litewall joint.
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Table 3.2 Configuration 2 (con’t)
Ramp under longitudinal loading (Cut 2)

=X
L
Lbeam ‘ ‘ Lbeam
| L |
" ]
\4 beam qlW, ramp Vv beam
-~ - et - — > > > > _—
b l Do T l b
| | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | n | | | | |
d | | +—————®| | —F—F—t—> | —t——F—> | &——F—F—>
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | I | | |
1 1
A beam qlw’ ramp Vv beam
Distributed [oad:

n=YF, /(3L - L'/2) for top floor; n=YF,_ /3L for other floors
Reactions at Boundary:

Divramp = 03nL/L'
V' peam = ML
Diaphragm Joint:
0<x<L,..:
N, =@V, ../ L+m)x; V, =0, M, =0
Lypn <X<L/2

Nu = 2V'beam +nx — 2qlw,mmp (x - Lbeam ) ; V = 0 ; M, = 0

u

L/2<x<L:

Internal forces are symmetrical

Assumptions:

1. Considering half of ramp is loaded in one direction with upper floor and half of ramp is loaded in
other direction with lower floor.

2. The loading is in self-equilibrium.

The Litewall provides restraint such that the shear force (V},) as 30% of total diaphragm inertia force.

4. Shear force (Vpean) at internal beam joint is transferred from N/S flat and is uniformly distributed.

(98]

Other Joints under Critical Loading
Diaphragm to Shear Wall Joint per Wall:

N,=0; V, =15V, -wL,,); M,=15wL,, /2

u beam

Diaphragm to Litewall Joint per Wall:
N,=Nob;, V, =q,b; M, =0

Internal Beam Joint along B1 to B3 in Fig. 2:
N,=N,L V., =1.75nL

beam > beam > u

20



B.3 Structure Configuration 3: 8-story moment frame office building (Example 3 in PART 4)

Precast diaphragm configuration 3 is shown in Figure 3. The whole diaphragm is treated as a
single Free Body Diagram. The internal beam line (B and C) is designed for the tributary shear VQ/I.

° 909990 ¢

I-free

I
fap!

&
[ ]

@7‘777 & m
i R

Transverse
d
West Longitudinal East

L Lirrs \
L
Fig.3. Plan view of structure 3.

The figures in the following pages are the free body diagrams under (a) transverse and (b)
longitudinal loading. The assumptions involved in the free body diagrams shown are presented after each
free body table. These assumptions were developed based on basic mechanics and verified through the
nonlinear dynamic transient analysis using three dimensional models in Appendix A2 Section A2.3.6.
The diaphragm internal force diagrams are shown in Design Example 3 in Appendix A of PART 4.
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Table 3.3 Configuration 3

Transverse Loading

- W=¥Fp, /L

CTTI I TI T I L LI I IIT]

Vip=VQbil
| |

I I
Or T i}

L 4& o & o & R A
LFRS FRS
Lfree [ L |

'support
Distributed Load:

w=WF, /L
Reactions at Boundary:
R, ips =WL/2;

Diaphragm Joint:

0<x<Lg,,:

N, =0; V, =—wx; M, =-wx"/2
L, <x<L/2:

N, =05V, =R, g —wx;

Mu :('X_Lbeam)RLFRS_M}xz/2
L/2<x<L:

Internal forces are symmetrical

Internal Beam Joint:
V.. =V,0b/I where b is the panel width and Q/1 =4/3d

Diaphragm to Transverse Frame Joint:
N, =0; V, =R s —waree); M, = wl? /2

free

Assumptions:
1. The internal beam joint is designed for the shear flow (VQ/I)
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Table 3.3 Configuration 3 (con’t)

Longitudinal Loading

T

n=WFp,/L

I R PR

i | Lirrs |

Distributed Load:

n=YF, /L
Reactions at Boundary:

q=nL/2L,s;

Diaphragm Joint:
0<x<L'"

N,=nx; V,=0; M, =0
L'<x<L/2:

N, =nx-2q(x-L");

I/u :0’ Mu :O

L/2<x<L:
Internal forces are symmetrical

Diaphragm to Longitudinal Frame Joint:
N, =0; V =nL/3;

M, =nLd/18
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B.4 Structure Configuration 4: 8-story perimeter wall office building (Example 4 in PART 4)

Precast diaphragm configuration 3 is shown in Figure 3. The whole diaphragm is treated as a
single Free Body Diagram. The internal beam line (B and C) is designed for the tributary shear VQ/I.

© 909900 g

|
@ fffff & £ £ 4

Transverse
West East d
Longitudinal
LTI T ]

,,,,, o ih I s 1 1T

South

LLFRS

L
Fig.4. Plan view of structure 4.

The figures in the following pages are the free body diagrams under (a) transverse and (b)
longitudinal loading. The assumptions involved in the free body diagrams shown are presented after each
free body table. These assumptions were developed based on basic mechanics and verified through the
nonlinear dynamic transient analysis using three dimensional models in Appendix A2 Section A2.3.8.
The diaphragm internal force diagrams are shown in Design Example 4 in Appendix A of PART 4.
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Table 3.4 Configuration 4

Transverse Loading
W=WFp,/L

RNV P A A A A A A

< < eqSW qSW~>~>~>

Vin=V Q!
RLj; Rirrs
7> sw Qsw=— <~ ’
Distributed Load:
w=WF, /L

Reactions at Boundary:

R ies =WL/2; qg =0.05WL/ L, g
Primary Diaphragm Joint:
0<x<L"

N, =0; V, =R g —wx; M, =R, psx—wx’/2
L'<x < L'HL, g

N, =05V, =R, g —wx;

M, =(x =Ly )Ry prs — wx? /2 —q,,(x—L")d
L'+L, e <x<L/2:

N,=0; V, =R, s —wx;

M, = (X = Ly )Ry g = WX 2= q Ly s
L/2<x<L:

Internal forces are symmetrical

Internal Beam Joint:
V.. =V,0b/I where b is the panel width and Q/1 =4/3d

Diaphragm to Transverse Wall Joint per Wall:
Nu:()’ I/vu:RLFRS/Z; Mu:()

Assumptions:
1. The perimeter wall provides restraint such that the shear flow (g,) as 5% of total diaphragm inertia
force.

2. The shear restraints from perimeter walls form a force couple to reduce diaphragm moment between
the perimeter wall span.
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Table 3.4 Configuration 4 (con’t)

Longitudinal Loading

o —> > %q - - —> > %q
T
n=¥F,, /L
I1 I1
B — ——( 8 8 ———(
Distributed Load:
n=WF, /L

Reactions at Boundary:

q=nL/4L,s;

Primary Diaphragm Joint:
0<x<L'"

N,=nx; V, =0; M, =0
L'< x <LHL, s
N, =nx-2q(x-L");
V=0, M,6=0
L'+L, s <X<L/2:
N, =nx—2qL,
V=0, M,6=0

L/2<x<L:
Internal forces are symmetrical

Diaphragm to Longitudinal Wall Joint per Wall:
N,=0; Vi, =qL s M,=0
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3.3 DIAPHRAGM JOINT STIFFNESS AND STRENGTH CALCULATION

An analytical based procedure is used for calculating diaphragm joint stiffness and strength. This
method is similar to that presented in (Zheng and Oliva 2005) with the exception that the diaphragm joint
neutral axis calculation is based on the stiffness difference between the tension stiffness of the precast
reinforcement in tension and the high compression stiffness of the joint coming into contact.

The following assumption is used for this procedure:

*

Plane sections remain plane at the joint between precast units for stiffness and yield moment
calculation

Concrete in the precast unit is linear elastic and un-cracked

Precast unit thickness is constant ignoring the contribution of washes or curbs
Reinforcement in the diaphragm compression zone is ignored in determine compression
stiffness (i.e. deformation based on precast concrete unit only)

The following diaphragm geometry is required for the procedure:

* & ¢ o

d = Diaphragm Depth

b = Panel width

¢t = Flange thickness of precast units (plus topping if applicable)

Layout of diaphragm reinforcing:

- dy= Distance from center of chord reinforcement to diaphragm edge
- n = Number of shear connectors

- 59 = Distance of the first shear connector to diaphragm edge

- s = Spacing of shear connectors

- s = Spacing of topping reinforcement (bars or wires)
Chord

Shear

do
connector

iy

d Cs Precast floor units
| — with thickness of t

K __ Topping
Reinforcement

Sg—

-~ p —

Fig.5. Required diaphragm geometry.

The following diaphragm reinforcement properties are required as shown in Table 1. These
reinforcement properties can be obtained from Table 2A-1 in PART 2:

Table 1. Diaphragm reinforcement properties

. Elastic stiffness Yield strength Yield deformation  Secant stiffness
Reinforcement . . ) .
Tension (k) Shear (k,) | Tension (t.) Shear (v4) | Tension (t/8y,)  Tension (vp/dyy)
Chord Kt,chord Kv, chord T y,chord Vv, chord dy, chord K ,t, chord
Shear Kt,conn Kv,cann T:v,cann Vy,cann dy,conn K't,conn
TOpleg K t,topping K v,topping ij, topping Vy, topping dy, topping 't, topping

Note: the symbols in parenthesis are the same as those listed in Table A2-1 in PART 2.
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A. Diaphragm Joint Stiffness

(a) Determine location of neutral axis
As indicated in Figure 6, the joint rotation is given as ; and the diaphragm compression zone
depth is given as c. Ignoring the contribution of reinforcement in the diaphragm compression
zone, the compression resultant on the concrete panel is expressed as

1
Cconc =5E(7€Ct.c (1)
where g.=c8,/b. Substituting &, to Eqn. (1),
1
C.. =EECt/b-c2 -0, 2)
The total compression force acting on the joint, C, is
C = CCDI'IC (3)
The tension force developed in chord reinforcement is:
]Tchord = Ktc (d - dO - c)el (4)
The tension force developed in shear reinforcement (summed over all connectors in tension) is
1
Tconn = 2 tconn /S(d - SO - C) 9 (5)

The tension force developed in topping reinforcement (similarly summed) is

1 /s"(d—c—2d,) 6, (6)

topping = E t topping

Thus, the total tension force acting on the joint, 7, is
T=T +7 +T (7

chord conn topping

The force equilibrium of the joint requires C=T7, which can be expressed as a function of c:

Alc2+A C-I—A =0 (8)
where, 4, = (E tb=K, o !5 —= K, iopping 15" s
A Kt chozd tconn /S (d - SO) + Kt ,topping /S"(d - 2d0) s

1

and A3=—[K,C(d—d0)+%1< /s-(d—s0)2+EK /s'(d —2d,)*]

t,conn t topping

Solving Eqn. (8)

Ay A} 44,4,
= Y )
1
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chord

Fig.6. FBD of diaphragm joint.

(b) Determine location of center of compression

The center of compression, ¢, is calculated differently for topped and untopped systems. For
topped diaphragm systems, the compression distribution is assumed linear, since concrete-to-
concrete contact will occur along the entire compression zone and the compression stiffness can
be assumed to be constant in this region, i.e. the compression resultant, C, acting at:

c,=2/3-c (10)

For untopped diaphragm systems with a dry chord, the center of force ¢, is estimated by the
relative compressive stiffness of the shear connectors to the chord:

_Kc,chord(c_do)z—i_l/?)'K /S'(C_SO)3

Cy = ¢,conn d (1 1)
Kc,chord(c_d0)+1/2'K /S'(C_SO)

c,conn

For untopped systems with chord reinforcement in a pour strip, K. cpor™>Kecom, thus, the
compression force center is assumed to be at compression chord reinforcement, i.e.

c,=c—d, (12)

(c) Determine diaphragm joint stiffness

The service stiffness of the diaphragm is comprised of a flexural component and a shear
component. The stiffness is calculated using gross section properties by determining an effective
Young’s modulus £y and shear modulus G-

Flexure Stiffness:
The rotational stiffness of the joint will be termed, Ko, i.c.
K@:M/Qj (l 3)

The moment acting on the joint can be expressed as:

M=C-¢c,+T,,,(d-d,-c)+T,,, -2/3(d—-s,—¢c)+T, :2/3(d-c-2d,) (14)

onn opping

Substitute Eqns (3), (4), (5) and (6) into (14), the rotational stiffness becomes:
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K Ktto ing
KG) = 1 Ectc2CO+Ktchord(d_d0_c)2+ﬂ(d_so_c)3+&(d_c_2d0)3 (15)
2b : 3s 3s'

Considering now a panel segment (1 panel and 1 joint), the total flexural rotation of this
substructure can be represented as

0 =6, +06, (16)
where 6, is, as before, the rotation within the joint and 6, is the rotation attributed to the precast
floor unit,

6=Mb/(E 1) (17)
An equivalent Young’s modulus E.;can now be defined:
Mb
0 =—— (18)
E 1

where Eqf is smeared across the panel segment and can be equated to the individual stiffness of
the panel and joint by substituting Eqn. (13), (17) and (18) into Eqn. (16):
Mb  Mb M

= + (19)
E, Il EI K,
Simplifying Eqn. (19) produces
E bK
(20)

Shear Stiffness:
Defining K, as the shear stiffness of the joint, the shear displacement of a joint, ¢&; is then given
as:

0, =V/K, 2n
where V is the shear acting on the shear critical joint, and summing individual stiffness:
K‘i’ = 2Kv,chord + nKv,conn + d / S'Kv,topping (22)
Considering now in addition the precast unit, the total shear displacement of the panel segment, &,
is:

0,=0,+9, (23)
where 0; is the shear deformation over the precast panel and can be expressed:
1.2V
0, =— 24
=G (24)

An equivalent shear modulus G5 can now be defined:
1.2V

"G4
where G4 is smeared across the panel segment and can be equated to the individual stiffness of
the panel and joint by substituting Eqn. (21), (24) and (25) into Eqn. (23),

L2V 1.2V vV

= +
Gy4 GA K,

(25)

(26)
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Simplifying Eqn. (26) produces
_ 1L.2bG K,
T 126K, + AG,

27

B. Diaphragm Joint Strength

B.1 Strength in the Joints between Precast Floor Units

Diaphragm joint strength is calculated in this section as uncoupled axial, shear and moment

strength. The axial-shear-moment coupling effect is considered in sizing the diaphragm reinforcement
(refer to Eqn. 10 in PART 1).

(a)

(b)

(c)

Diaphragm joint axial strength

Diaphragm joint axial strength is calculated as the sum of yield tension strength of all the
reinforcement across the joint:

d—2s, d-2d,
Nn = 2Ty,chord + ( + ley,conn + (—' + I)Ty,topping (28)

S S

Diaphragm joint shear strength

Diaphragm joint shear strength is calculated as the sum of yield shear strength of all the
reinforcement across the joint:

V,=2V +(d_2S° +1jV +(—d_?d° +le

y,chord s v,conn s y,topping

(29)

Diaphragm joint flexural strength

Two types of diaphragm flexural strength are considered: yield moment strength and plastic moment
strength.

Yield moment strength (My):

Yield moment strength is defined as the point when any of reinforcement first reaches yield tension
strength. The rotation at the critical joint &), at diaphragm yield can be expressed through strain-
compatibility as:

01y =10 [8, o (d-i-C), S,com/(d-51-C)s & 1opping/(d-2d-c)] (30)

The corresponding flexural stiffness of the critical joint, K’g, at diaphragm yield can be calculated
following the same procedure as for diaphragm elastic stiffness (see previous section), with the
following modifications:
*  Replace the reinforcement elastic stiffness in Eqn. (9) by secant stiffness for the calculation
of ¢ for neutral axis at yield.
¢ Determine ¢, from this new c, based on Eqn. (10), (11) or (12)
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* Replace the reinforcement elastic stiffness in Eqn. (15) by secant stiffness for calculating
K, the diaphragm (secant) yield stiffness.

Once K, is known, the diaphragm yield moment capacity is simply:
M,=Kq,-0, 31

Plastic moment strength (M,):

The plastic moment strength is defined as the point when all the tension reinforcement yields. Neutral
axis and compression center cannot be calculated using the procedure for stiffness and yield strength
since the plane section remaining plane is not valid. The following approximate procedure is used to
calculate the plastic moment strength:

Assume the location of natural axis is 20% of diaphragm depth from the compression edge, which
gives:

c=d/5 (32)

For untopped system using Eqn. (10) or for topped system using Eqn. (11) calculate the compression
center (Cy).

Then the diaphragm plastic moment strength is calculated as:
a’—c—so(d—c—s0 d—c—ZdO(d—cz—2d0+CO) (33)

y,topping s '

M, =T, ,,.(d—dy—c+c)+T,

y,conn

+co)+1}

Design moment strength (M,):

Diaphragm joint design moment strength (M,) is determined based on yield moment strength and a
diaphragm flexural overstregnth factor () for different design option:

For Elastic Design Option (EDO): M,=M, (34a)
o : 1+Q,

For Basic Design Option (BDO): M, = M, (34b)

For Reduced Design Option (RDO): M,=Q,M, (34¢)

where:

M, is the yield moment of the precast diaphragm joint;

£, is the diaphragm flexural overstrength factor, defined as the ratio of the diaphragm
plastic moment to the diaphragm yield moment, M,/M, , conservatively taken as /.0 for a
pretopped diaphragm, and /.25 for a topped diaphragm. €2, can be alternately determined
from a strain curvature analysis or pushover analyses.

B.2 Strength in Other Joints
The strength for other joints including diaphragm-to-LFRS joint and diaphragm-to-internal beam

joint is calculated using the following equations:
Nn — ntn (353)
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V. =nv (35b)

_n, 2L, (350)
n 2 3

where t, and v, is the nominal tension and shear strength of connector across the joint; n is the number of
connector across the joint; L; is the length of joint. The moment strength calculated in Eqn. 35¢ is based
on a triangle normal force distribution across the joint.

C. Diaphragm Elastic Deformation

Diaphragm elastic deformation is used in the diaphragm induced gravity column drift check (step
12 in PART 1). Two alternative methods are used for obtaining the elastic diaphragm deformation: (1)
computer analysis method; and (2) integration method.

C.1 Computer Analysis Method
The same structure model and static analysis used for the diaphragm internal force calculation
(refer to “Diaphragm Internal Force Calculation” section) are applied to obtain the diaphragm elastic
deformation. The diaphragm elastic deformation measurement is taken as the difference between the
diaphragm displacement and the LFRS displacement at each floor level.

C.2 Integration Method
This method is to integrate the shear and flexure deformation of each precast panel with the
previous calculated design shear/moment diagram and diaphragm effective moduli (step 8 in PART 1).
The diaphragm elastic deformation is calculated as the sum of shear and flexure deformation (8= 6,+ Jp).
The shear deformation (8,) is calculated by sum of the shear deformation of each precast panel:

n
5, =12,/ AG
i=1
where, V; is the average shear force with the i panel; 4 is the gross cross-section area of precast panel;
G 1s the effective elastic shear modulus for i"™ panel (refer to Diaphragm Joint Stiffness Calculation”
section); and » is number of precast panels.

effi

The flexure deformation (3y) is calculated by conjugate beam method. With this method, the diaphragm
moment diagram is scaled by the 1/E.fl (Ees is the effective elastic Young’s modulus and I is gross
section secondary moment of inertia for preast panel) and applied as the distributed load (w') on the
conjugated beam as seen in Fig. 7. The diaphragm flexure deformation is the resulting moment diagram
for the conjugate beam.

_ (2L+L")/3 for exterior wall case

free™ ! for interior wall case
Real Beam
=L Loupport Lires ™1
W=M/E I
Mrecac\ion W Mrecac\ion
% Conjugate Beam R

V, i vrccz\cnon
recaction

Fig.7. FBD of conjugate beam.
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3.4 DESIGN AIDS FOR DIAPHRAGM DESIGN: SPREADSHEET PROGRAM

The techniques discussed in Sections 2 and 3 can easily be implemented in a spreadsheet. As an
example, a spreadsheet based design program is developed for the diaphragm seismic design as part of the
research program, and is available with the design methodology. This program translates the step-by-step
design procedure (refer to PART 1) and the design analysis techniques as discussed in previous sections
into Excel spreadsheets. In this section, the instruction on how to use the program is provided.

General notes for the spreadsheet program:

Cells with blue text require user input

Cells with black text are calculated automatically

All cells with black text are locked and are not allowed to modify

Green push button is used for automatic calculation (e.g. generate story and diaphragm joint

locations, etc.)

¢  Program is created in Excel-VBA which requires the macro security level to be “medium” or
“low” (go to “Tool”- “Macro”- ““ Security” to modify the security level)

* & ¢ o

A. Diaphragm Seismic Baseline Design Force

This sheet calculates the diaphragm seismic baseline design force (refer to step 1 in PART 1) as
follows:
(1) Input seismic design parameters (Cell A2 to Cell B14)

A B

2 Design Code: | ASCE 2005
IER Site: | Knowille
4| s.=| 058
|5 | S =| 0147
6 | Site Class = C
7 | F.=| 117
g | F.=| 165
B Spme=F,XxS.=| 068
10| Smi=FyxS;=| 024
| 11] Spe=203% Sme=| 045
12| Spi=23%xSmr=| 018
13| Seismic Design Category = E
| 14 Long period Ty (sec)= 6

(2) Input building geometry (Cell D2 to Cell F10)
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D | E | F
2 Building Geometry
3 # of story 4
4 Building height 47.5 [ft]
5 Floor span 300 [ft]
6 Floor depth 181 [ft]
7 Floor area| 54300 [ft]
& | Typ. story height 10.5 [ft]
9 15t story height 16 [f]
10 Total weight| 24262 [kips]
(3) Input LFRS seismic coefficient (Cell H2 to Cell O4)
H L 0 ] kK] L | M | m | o
2 LFRS System R 0, Ca Importance factor Type
| 3 | Transverse (NS) 5 24 4.5 1 Intermidate precast shear wall
4 | Longitudinal (EW) 4 25 4 1 Intermidate precast bearing wall

(4) Calculate approximate building period (Cell H6 to Cell J13)

H [ 1

6 Building Period

7 x=| 0.75

8 Ci=| 002

9 C,=| 158

10 Ta=| 0.362 sec

11 T= 0_511/5/
12 |Manual input period sec

13 Design Period| 0.571  sec

Program automatically calculates base shear (Cell L6 to Cell O11)

L M T N [ o ||
b6 Base shear|Transverse (M5} Longitudinal (EW)
7 C.=|  0.090 0.113
8 | Ce min = 0.01 0.01
g | Comsm=|  0.057 0.071
[ 10] V,=CsW= 1375 1719 |kips
[ 11] k= 1.04

(5) Calculate diaphragm design acceleration (Cell C20 to Cell K72)
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| B | ¢ ] D E F | 6 | H [ [ 0 T K ]
Transverse (NS) Longitudinal (WS)
Stﬂf&‘ hy (ﬂ} Wy (kips} W hxk Cux Fx (kips} Caisx Fx (l-(ips} Cizx
4 475 5529 300926 | 0.350 482 0.087 502 0.109
3 7 6245 262419 | 0.305 420 0.077 525 0.084
2 26.5 6245 185750 | 0.216 297 0.067 372 0.060
1 16 6245 10173 | 0.128 176 0.057 | 220 0.035
Click to generate column C
and D automatically
Note: Maximum 50 stories is allowed in this program
Program automatically calculates diaphragm baseline forces
D | E F | G | H L
15 | Diaphragm baseline design Top floor Other floor
16 force C dize max o Fex (Kips) Fex (Kips)
17 Transverse (NS) direction 0.087 0.63 482 370
18 Longitudinal {EWVV) direction 0.108 0.68 602 462

B. Amplified Diaphragm Seismic Design Force

This sheet is to calculate the amplified diaphragm seismic design force (refer to step 2 to step 7 in
PART 1) as follows:

(1) Input diaphragm geometry (Cell D20 to Cell N6)

I
| D | e [ F | e | w | v Py ] K | L ] M | N |
[ _ _

5 L (ft) d (ft) a (ft) Lecam (ft) # of Story L (ft} | Wall Location AR b (ft) Floor Area (ft) = Ramp Area (ft)
I ] 300 60 181 48 4 204 Exterior 5 12 54300 12444
|

(2) Diaphragm baseline design force imported from previous sheet (Cell DS to Cell G10)

D | E | F | G
8 Transverse (NS) direction Longitudinal (EW) direction
9 Top floor Other floors Top floor Other floors
10 452 370 602 452

(3) Program automatically calculates the diaphragm design factors (Cell D12 to Cell G15)

A | B | C D | E | F | G
12 Diaphragm Design Factors ¥ 9] Cu dia Cr.dia
13 EDOD 2.90 1.0 1.0 0.59
14 BDO 2.25 1.19 14 0.64
15 RDO 1.66 1.60 29 0.56

(4) Amplified diaphragm seismic design force (Cell D17 to Cell H23)
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A | B c D ! E F | G | H

17 Transverse (NS) direction | Longitudinal (EVV) direction
18 | Factored Design Forces Design option  Top floor Other floors Top floor Other floors
19 W Fy (laps) EDO <« 1398 1073 1747 1342

20
21 | Distributed load for sub-diaphragm|  Top floor Other floors
22| EWdirection  w (ki) 1.74 1.19 Designer selects design option
23 NS direction n (k/ft) 2.18 1.49

C. Diaphragm Internal Forces

With the information input/calculated in previous two sheets, diaphragm internal force is
automatically generated using free body method by the program for exterior wall case in “Internal force-
exterior wall” sheet and for interior wall case in “Internal force-interior wall” (refer to step 8 in PART 1).

An illustration given here is for exterior wall case.

(1) Loading and reactions for the FBD (Cell C2 to Cell T5)
B c [ o [ E T F T 6 [w T 1+ [T o T ®w [t T ™M [ N [ o [ P [ @ [ R [ s [ T
| 1 | Loading and reactions on FBDs
2 w Naw Vossm | Mossm | Vo | Vewsme | M n & ) % Ne N n N Gumme | Ve
3 k] [Wh] | [kips] | [kips]  [Wips] | [kips] | [kif] [it] [ioft] k] [rot] [tt] [itt] [ioft] [kif] [kif] | [kips]
2| Topfloor | 174 026 232 17 7 470 0513 | 218 109 2567 382 273 052 349 193 064 105
5 Other floor__ 119 018 159 80 80 321 0361 | 149 078 178 261 1.86 036 239 132 044 72

(2) Diaphragm force for each joint under different loading cases (Cell D8 to Cell Y198)

B | C D | E [ F [ 6 [ H | [ o | Kk | L [ m [ N [ © E
[ 5 | Diaphragm Joint Internal Forces
| 9 | Transverse (MS) Direction
10 | x N/S Flat-Top floor Ramp-Top floor N/S Flat-Other floors Ramp-Other floors
11 M ) M M i M M v M M ) I
12 [{t] [kips] [kips] [k-ft] [kips] [kips] [k-ft] [kips] [kips] [k-A] [kips] [kips] [k
13 0 0 17 0 0 470 0 0 80 0 0 3N 0
| 14 | 12 58 104 430 0 390 1674 40 71 -294 0 267 114
| 15 | 24 116 105 935 0 n 239 79 72 -640 0 212 16
| 16 | 36 174 121 -1339 0 231 2153 119 83 -916 0 158 147
| 17 | 48 232 151 -1466 0 151 958 159 103 1002 0 103 513
| 18 | 60 232 133 242 0 133 2666 159 91 166 0 91 184
| 19 72 232 116 1737 0 116 4161 159 79 1188 0 79 254
20 84 232 95 3018 0 93 5442 159 67 2064 1] 67 374
| 21| 96 232 80 4086 0 80 6509 159 = 2794 0 =13 444
22 108 232 62 4940 0 62 7363 159 43 3378 0 43 50
23 120 232 44 5580 0 44 8004 159 30 3816 1] 30 544
| 24 | 132 232 27 6007 0 27 8431 159 18 4107 0 18 574
| 25 | 144 232 9 6221 0 9 8644 159 6 4253 0 6 59
26 156 232 9 6221 0 9 8644 159 -6 4253 0 -6 59

|
Generates diaphragm joint
locations in column D based
on span and panel width

Note: Maximum 185 joints are allowed in the program.

(3) Diaphragm FBD and N, V, M diagram are displayed in (Cell AE1 to Cell AW156)
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AD AE | AF [ a6 | ad | A [ Al | Ak | AL [ AM [ AN | A0 | AP [ Aa | AR | As [ AT | AU | AV [ AW

1

(2| North/South Flat under transverse (N8) loading

EX o )

z wa¥F,, (3L - L'/ 2fon top floor L |

| 6 | ) Lozam | v | Lozam ‘

7 we¥E, 31 for ather floors T T 1

B

EX R vl ENEEEEERENEERREEEERRRREE

10 Ny =0.15w L I S S S A T I N B

111 r T O O R R A

12 ] ARSI g e

H2 | P VO 11 R T T O O A T R B R A

o] SRR EE RN ER RN

| 15 | where ¥« (L, +L')/2,amd Q/1=4/9d . .

16 | . IR I

7] bezm Niw 7 Vbem

18] Nyt Npeam

[19 |
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D. Diaphragm Reinforcement Design

This sheet is to calculate the diaphragm joint stiffness and strength and size the diaphragm
primary reinforcement (refer to step 9 to step 11 in PART 1) using the analytical based procedure as
discussed in “Diaphragm Joint Stiffness/Strength Calculation” section). The sizing of diaphragm
reinforcement is a trial and error design check process using interaction design equation (refer to Eqn. 10
of PART 1)

(1) Select parameters for importing diaphragm joint force (Cell Al to Cell D4) including: “Sub-

diaphragm”, “loading direction” and “floor level”

A | B [ C [ D A o | = | D
1| Select parameters for importing diaphragm joint ||| Select parameters for importing diaphragm joint
2 forces | 2 | forces
3 | Wall location Sub-diaphragm  Loading direction  Floor 3 |Wall location Sub-diaphragm | Loading direction | Floor
4 Exterior North/South |[=)ngitudinal (EW)  Top 4 Exterior North/South [ Longitudinal (EW)l =] Top

- G—- Ramp i Longitudinal (EW)
7 7
A B C D
1 Select parameters for importing diaphragm joint
2 forces
3 |Wall location Sub-diaphragm | Loading direction | Floor
4 Exterior Morth/South | Longitudinal (EVW
5
B

(2) Input diaphragm reinforcement properties (Cell F1 to Cell M6)
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F | 6 | W | 1 | J | K | L | m
1| Diaphragm reinforcement properties
i Diaphragm reinforcemnt Ky K, ty Vi Byt
3 kfin kin k k in
| 4 | Chord (per in?) 1234 382 60 242 0.0568
| 5 | Web connector 55 226 3 18.1 0.06
6 Topping mesh (per in‘)
(3) Input precast panel section properties (Cell Q1 to Cell V4)
o [ p | @ | R | § | T | u | v
1 Diaphragm Section Properties
2 d b t i A | E. G,
3 [ft] [ft] [in] [ksi] [in?] [in*] [ksi] [ksi]
4 60 12 4 5 2680 | 124416000 4031 1679
(4) Input design factors (Cell X1 to Cell Z4)
X | v | 1z
1 Design Factors
2 b by 0,
3 0.9 .85 1.00

(5) Import diaphragm joint forces from FBD calculation in previous sheet or manually input
diaphragm joint forces obtained from computer analysis (Cell D13 to Cell G198)
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A B G | Di | E: | E 6
| 8 |
2 Joint force demand
| 10 X
1 N v M
12 (] | [kips] [kips] [kf]
1 13| Import the 0 0 0 0
14 diaphragm joint 12 0 15 -693
15 | forces from FBD | 24 0 29 -1213
16 methods by click 36 0 41 -1575
17 | “Import” or input | 48 0 53 -1793
,Z manually 60 0 63 -1884
19 | 72 0 72 -1861
20 | Chord 84 0 79 1741
. : 21 96 0 85 1537
Note. Auto.matlcally. . 2| i T - s )
imported diaphragm joint 23 R Web 120 0 94 -942
forces is corresponding to 24 ? connector | 132 0 97 -580
. 25 N 144 0 98 -196
parameter selected in (1) 56 | 7 156 0 98 196
27 168 0 97 580
28 | il 180 0 94 942
129] 4 >l( 192 0 90 1266
30 8 204 0 85 1537
31| 216 0 79 1741
32 K _Topping 228 0 72 1861
33| mesh 240 0 63 1884
34 252 0 53 1793
35| 264 0 41 1575
36 276 0 29 1213
| 37 | ) 288 0 15 693
(38 e— b —~ ¥ 300 0 0 0
39
(6) Input trial diaphragm reinforcement (Cell H8 to Cell Q198)
H | | 4 | K L | m | N | o | P | a |
g Design Check
1;“-'0 Chord Bars Web connector Topping mesh
1 dy Bar size  # of bars I"u"IanuaI,A; A sp # of s 5 Area
12| in] [in] [in] [in] Connector [f] [ft] [in]
13 0 0
14| 18 6 5 22 45 12 43
15| 18 6 5 22 45 12 43
16| 18 6 5 22 45 12 43
7| 18 6 6 264 45 16 35
18| 18 6 6 264 45 16 35
19| 18 6 6 264 45 16 35
20| 18 6 8 352 45 13 44
21| 18 6 8 352 45 13 44
22| 18 6 ] 352 45 13 44
23] 18 6 9 3.96 45 7 8.8
24| 18 6 9 3.96 45 7 8.8
(25| 18 6 9 3.96 45 7 8.8
26| 18 6 ] 3.96 45 7 8.5
21| 18 6 9 396 45 7 8.8
28| 18 6 ] 396 45 7 8.8
29| 18 6 8 352 45 13 4.4
30| 18 6 8 352 45 13 44
31| 18 6 8 352 45 13 44
32| 18 6 6 264 45 16 35
33| 18 5 6 264 45 16 35

(7
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Check the selected reinforcement with M-N-V interaction (Cell X8 to Cell Y198)




R | s | T ] U v | w X [ ¥
190 Axdial éu}:z;l]emgn StrenMth:qEHt Effective Joint Stiffness Design Check
11 Mn Vn M.A. (c) Mn = Gere WRIRY, Check
12| [kips] [kips] [in] [k-ft] [ksi] [ksi]
13 0 0 0 0 0 0 #DIV/0! #DIVIO!
14 301 324 157 8033 935 228 0.47 oK
15 301 324 157 8033 935 228 0.65 oK
16 301 324 157 8033 935 228 0.94 oK
17 366 417 171 9710 1057 281 0.97 oK
18 366 417 17 9710 1067 281 0.52 oK
19 366 417 17 9710 1057 281 0.96 oK
20 463 406 190 12568 1238 281 0.87 oK
Y 463 406 190 12563 1238 281 0.95 oK
22| 463 406 190 12568 1238 281 1.01 NG
23 497 318 197 13805 1308 237 0.95 oK
24| 497 318 197 13805 1308 237 1.01 NG
25 497 318 197 13805 1308 237 1.02 NG
26| 497 318 197 13805 1308 237 1.02 NG
27| 497 318 197 13805 1308 237 1.01 NG

¢+ Redo (6) to make the M-N-V to close “1.0”

¢ Check the selected reinforcement with the joint design force in two orthogonal directions
respectively

ragm Loading direction = H
uth | Longitudinal (EVW)l=]]

)

di =Wl

Longitudinal (EW)

(8) Save the diaphragm designs: reinforcement and E./Ger (Cell AB8 to Cell BO198)

- ]
Z | AA AB | Aac | ap | AE | AF | Aac | aH [ A | Al | Ak | AL

8
I North/South Flat- Top floor
|10 Chord Bars Web connectar Topping mesh Effective Stiffness

" _ dg Bar size  # of bars S #of s s Area Eetr Gaer dg
12| save the diaphragm L1 [in] _ Connector  [fi] [f] [in%] [ksi] [ksi] fin]
13 design in 18 6 4 45 12 477 715 213
|4 | North/South flat and | 12 6 4 45 12 4.77 715 213 18
|15 | tamp at top or other 18 6 4 45 12 4T 715 213 18
1161 figars by clicking 18 6 6 45 12 4T 930 243 18
17 »Saye design” after 18 6 6 45 16 3.50 942 281 18
| 18] checking the design 18 6 6 45 16 3.50 942 281 18
19 1in two directions (NS 18 6 6 45 16 3.50 942 281 18
20 and EW) 18 6 8 48[ note it | 1109 281 18
21 18 6 8 4 - 1109 281 18
| 22| 18 6 8 4 231 18
| 23 | 18 6 o) 4 Design for North/South-top floor is saved 237 18
| 24 18 6 9 4 237 18
| 25 18 6 ] 4 237 18
26 18 6 g 4 237 18
27| 18 6 g 4 237 18
28] 18 6 9 4 237 18

29 18 6 i 4 281 18

E. Secondary Reinforcement Design
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This sheet is to size the secondary diaphragm reinforcement including LFRS anchorage and
internal beam joint connector (refer to step 11 of PART 1). Two alternatives are available for the design
forces: (1) import the design forces from the FBD calculation in previous sheet and (2) manually input the
design forces obtained from computer analysis.

(1) Alternative 1: import design forces from FBD (Cell F2 to Cell O17)

2)

F [ & | H | I [ g ] K | L | W [ N | 0
2
B Import design forces from FBD method automatically
i Anchorage design Wall length \.h My M, i per. conn._ | t, per. conn. Reqd conn Provide
| 5 | [ft] [Kkips] [kips] [k-t] [kips] [kips] Perwall | #4 angled bar
| 6 | NS shear wal Top 25 345 0 0 31 4. 132 14
7| Others 25 268 0 0 311 18.6 102 11
| 8 | EW lite wall- Top i 523 106 0 311 18.6 1.2 2
| 9| S/MNFlat Others i 3a8 72 0 31 18.6 0.8 2
% EW'Q;?”V;E” " All fioors Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall
12|
13
1 Internal beam Q | Vy My M, iy, per conn. | t, per conn. Reqd conn Provide
15 | Joint design [t [t [kips] [kips] [k-ft] [kips] [kips] Per DT #4 angled bar
| 16 |Top floor 1210 164715 232 17 940 31 168.6 34 4
17 | Other floors 1210 164715 159 80 643 31.1 18.6 2.3 3
Alternative 2: input design forces from manually (Cell F20 to Cell O35)
P37 - b
F | & H [ | [ g 1 K | L [ M N 0
;3 Import design forces manually
E Wall anchorage design Wall length Wy My My vy per conn. | t, per conn. |Reqd conn Provide
| 23 | [ft] [kips] [kips] [k-ft] [kips] [kips] Perwall | #4 angled bar
| 24 | NS shear wal Top floor 25 349 0 0 K| 18.6 132 14
25 | Other floors 25 268 0 0 3 18.6 10.2 11
| 26 | EW lite wall- Top floor 3 523 106 0 3 18.6 12 2
| 27|  S/MFlat  Other floors 3 358 72 0 3 18.6 0.8 2
JE26) EVY e wall - All floors Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall
29 Ramp
30]
31
i Internal beam Q | Vy My [ vy per conn. | t, per conn. |Reqd conn Provide
| 33| joint design [ft*] [ft"] [kips] [kips] [k-ft] [kips] [kips] Per DT | #4 angled bar
| 34 |Tap floor 1210 164715 232 17 940 3 18.6 34 4
35 QOther floors 1210 164715 159 80 643 311 13.6 2.3 3
36

F. Diaphragm Induced Drift Check

This sheet automatically calculates the diaphragm deformation and diaphragm induced column drift using
the integration method discussed in previous section. A drift check is also provided.

(1) Parameters for calculation (Cell B1 to Cell P4)

L
B | T | D [ E F ] G [ H [ 0 ] K I L M [ N [ o [ P
1 Subdiaphragm Section properties Conjugate beam parameters Drift check factors
12 Wall location  Sub-diaphragm = Loading direction = Floor A_ ! b Lsuppon Liee Viesction Mhezacion Casa Crsa 1 BLers
| 3| [in°] [in‘] [in] [in] [in] [rad] [in] [in] [rad]
4 Exterior Narth/South Transverse (NS) | Top 2880 124416000 144 3216 192 0.000322546 -0.062330016 1.00 059 126 0.02

Note: the LFRS drift (0 grs) in “cell O4” can be input as the LFRS drift check calculation

(2) Diaphragm deformation calculation and drift check (Cell D9 to Cell Q198)
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b [el F T & T w [ v T 3 T "k T L [ M [ N~ [ o [ P

9 Drift Check
|10

11 X \") M Eest Gesr 8y w=Mb/EI "Shear” from w’ "Moment” from w’ 8 Bl Bdia Odia
12| [in] [kips]  [k-in] [ksi] [ksi] [in [rad] [rad] [in] [in] [in] [in] [rad]
| 13 | 0 17 0 75 213 0.000 0 0 0 -0.062 -0.062 -0.062 | -0.0003
| 14 | 144 104 -5162 715 213 0.031 | -5.4E-06 -8.35762E-06 0 -0.016 0.015 0.015 0.0001
| 15 | 288 105 -11224 715 213 0.061 -1.8E-05 -2 65293E-05 -0.001203497 0.032 0.092 0.092 0.0004
| 16 | 432 121 | 16070 930 243 0.030 -2E-05 -4 65381E-05 -0.005023716 0.082 0.172 0.172 0.0008
| 17 | 576 181 | 17587 942 281 0122 | -2.2E-05 -6.81566E-05 -0.011725342 0.135 0.257 0.257 0.0012
| 18 | 720 133 2910 942 281 0.152 | 3.58E-06 -6.45799E-05 -0.021539897 0.191 0.343 0.343 0.0016
| 19 | 864 116 20844 942 281 0179 | 2.56E-05 -3.89581E-05 -0.030839398 0.247 0.426 0.426 0.0020
| 20 | 1008 98 36217 1108 281 0.201 | 3.78E-05 -1.17471E-06 -0.036449363 0.299 0.501 0.501 0.0023
| 21 | 1162 80 49027 1109 281 0.220 | 5.11E-05 4.997T3E-05 -0.036618521 0.346 0.566 0.566 0.0027
| 22 | 1296 62 59276 1109 281 0.235 6.18E-05 0.000111813 -0.029422388 0.385 0.621 0.621 0.0029
| 23 | 1440 44 66962 1174 237 0.248 6.6E-05 0.000177846 -0.013321374 0.415 0.663 0.663 0.0031
| 24 | 1584 27 72086 1174 237 0.257 | 7.11E-05 0.000248933 0.012258473 0.436 0.693 0.693 0.0032
| 25 | 1728 9 74648 1174 237 0.261 7.36E-05 0.000322546 0.048134802 0.447 0.708 0.708 0.0033
| 26 | 1872 8 74648 1174 237 0.261 | 7.36E-05 0.000396159 0.09456144 0.447 0.708 0.708 0.0033
| 27 | 2016 -27 | 72086 1174 237 0.257 | 7.11E-05 0.000467246 0.151628386 0.436 0.693 0.693 0.0032
| 23 | 2160 44 66962 1174 237 0.248 6.6E-05 0.00053328 0.218911814 0.415 0.663 0.663 0.0031
| 29 | 2304 -62 59276 1109 281 0.235 6.18E-05 0.000595119 0.295704076 0.385 0.621 0.621 0.0029
| 30 | 2443 -80 49027 1109 281 0.220 5 11E-05 0.000646267 0.381401218 0.346 0.566 0.566 0.0027
| 31| 2592 -98 36217 1108 281 0.201 | 3.78E-05 0.00068405 0474463652 0.299 0.501 0.501 0.0023
| 32 | 2736 -116 | 20844 942 281 0.179 | 2.56E-05 0.000709672 0.572966592 0.247 0.426 0.426 0.0020
| 33 | 2880 -133 2910 942 281 0.152 | 3.58E-06 0.000713249 0.675159669 0.191 0.343 0.343 0.0016
| 34 | 3024 -151 | 17587 942 281 0.122 -2 2E-05 0.000691631 0.777867499 0.135 0.257 0.257 0.0012
| 35 | 3168 -121 | 16070 930 243 0.090 -2E-05 0.000671621 0.877462401 0.082 0.172 0.172 0.0008
| 36 | 3312 -105 | 11224 715 213 0.061 | -1.8E-05 0.00065345 0.974175895 0.032 0.092 0.092 0.0004
| 37| 3456 -104 -5162 715 213 0.031 -8.4E-06 0.000645092 1.068272667 -0.016 0.015 0.015 0.0001
| 38 | 3600 -7 0 715 213 0.000 0 0.000645092 1.161165943 -0.062 -0.062 -0.062 | -0.0003
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INTRODUCTION

This section provides diaphragm design examples using the new seismic design methodology
created from the PCI/CPF/NSF diaphragm research project. This design methodology is aligned
with ASCE 7 diaphragm IT06-001 proposal for the 2014 provision, herein termed 1T06-001. Design
examples are provided for two common precast structures: a four-story precast parking structure and an
eight story precast office building. Each structure has two lateral force-resisting system (LFRS)
configurations: an exterior shear wall and interior shear wall configuration for the parking garage; and a
moment frame and shear wall design for the office building. Designs are provided for two Seismic Design
Categories (SDCs): C and D. The diaphragm designs are executed following the step by step
procedure described in PART 1. Equation numbers indicated in the examples follow the
numbering given in PART 1. Where appropriate, the design examples references diaphragm
reinforcement information from PART 2 and diaphragm design analytical techniques and design aids
from PART 3.



Example 1: 4-Story Perimeter Wall Parking Garage

The structure for example 1 is a 4-story perimeter shear wall parking garage. As seen in plan view of
Figurela, the parking structure has three bays with a central ramp. The structural plan has a footprint of
300" x 180’, resulting in 300" x 60" for each sub-diaphragm. The floor-to-floor height is 10.5" for the
typical floor and 16" at the 1* story. The lateral force resisting system (LFRS) in the transverse direction is
composed of four 25" perimeter precast walls at each end of structure. The LFRS in longitudinal direction
are 34 interior lite walls flanking the central ramp (See elevation in Figure 1b).

L=300'
™ Loeam=48' L'=204' 48—
60" North|
DT-IT Joint

|
4 F o Lite wall -

a=180" 460 Ramp Ramp Span Transverse
Landing 7 o - Shear wall
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Joint# 1 2 3 456 7 8 9101112

(a) Typical floor plan
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w ||U U0 ] L

204
(b) Ramp elevation
Fig. 1. Example 1 Structure: 4-story perimeter wall parking garage.

Example Structure 1 is located in a Seismic Design Category (SDC) C Site in Knoxville TN. The
diaphragm design will be completed for three different diaphragm design options:

Design Example 1A.  Elastic Design Option (EDO Design)
Design Example 1B.  Basic Design Option (BDO Design)
Design Example 1C.  Reduced Design Option (RDO Design)

Because many design steps are shared among the different diaphragm design options, the design
examples are arranged to follow the step by step procedure in part 1, with the different calculations for
Examples 1A, 1B and 1C appearing as sequential sub-sections within each design step.



DESIGN STEPS:

Step 1: Determine the Diaphragm Seismic Demand Level
This step is the same for all three design examples, 1A, 1B, and 1C.
For SDC C: Low

Note: All buildings in SDC C are assigned “Low” Seismic Demand

Step 2: Select Diaphragm Design Option and Appropriate Diaphragm Reinforcement Classification

Diaphragm Design Option
Design example 1A: (EDO)

For low seismic demand: Elastic design option (EDO) is recommended

Design example 1B: (BDO)

For low seismic demand: Basic design option (BDO) is an alternative

Design example 1C: (RDO)

For low seismic demand: Reduced design option (RDO) is an alternative

Diaphragm Reinforcement Classification
Design example 1A: (EDO)

For elastic design option: Low deformability element (LDE) is permitted.

Design example 1B: (BDO)
For basic design option: Moderate deformability element (MDE) is permitted.

Design example 1C: (RDO)
For reduced design option: High deformability element (HDE) is required.

Step 3: Determine Diaphragm Design Force

(1) Determine the diaphragm design acceleration coefficient at level x (Cy) :
From ASCE 7 (2010):

Design site: Knoxville, TN
SDC C

Ss 0.58

Sy 0.147

Soil site class C

F, 1.17

F, 1.65

Sis= Fax S 0.68

Smi=Fux Sy 0.24



Sps= 2/3x S 0.45

SD1: 2/3x Sm1 0.16
N-S/Intermediate precast wall R=5, Qy=2.5, C4~4.5
E-W/Intermediate precast bearing wall R=4, Qy=2.5, C:~4

T,=CH,*"=002x47.5"*=0362sec; T=C,T, =1.58x0.362=0.571sec

From IT06-001:
r,=1+z(1-1/n)/2=1+1.0x(1-1/4)/2=1.38 (Egn. 12.11-10)

I,=09z(1-1/n)>=09x1.0x(1-1/4)>=0.51  (Eqn. 12.11-11)

C,, =(0.15n+0.25)1,S ,; =0.38 controls (Eqn. 12.11-7)
C,=1,S5,=045; (Eqn. 12.11-8)
C,=1,5,/003/(n-1)=5 (Eqn. 12.11-9a)
C, =041, =0.18 (Eqn. 12.11-3)

N-S direction:
From ASCE 7 (2010):

Sos 0,09, Cy i =001, C

S, 016
ST (RITT 5x0.571

=0.057 controls

g =
E

From IT06-001:
C, =03S,1,=03x045x1.0=0.135 (Eqn. 12.11-5)

C, =097, Q,C; =0.9x1.38x2.5%0.057 =0.177 controls (Eqn. 12.11-6)

ml

C,, = ([, Q,Cy)* +(T,,C,y)° =0.276 (Eqn. 12.11-4)

Table 1. C,, in N-S direction.  (Figure 12.11-1)

Level i pX
[ft]
4 47.5 0.276
i@0.8h, 38 0.177
3 37 0.177
2 26.5 0.178
1 16 0.179
0 0 0.180

E-W direction:
From ASCE 7 (2010):

C = SDS :Olla CSmin 20017 C
R/1 '

N
E

S, 016

S, max = - = 0071 COIltl‘OlS
’ (R/I)T  4x0.571 =

From IT06-001:
Cp,. =0.35 51, =0.3%x0.45x1.0=0.135 (Eqn. 12.11-5)



C, =09, Q,C; =0.9x1.38x2.5x0.071=0.22 _controls (Eqn. 12.11-6)

C, = JT,Q,C)* +(T,,C.,)° =0.312 (Eqn. 12.11-4)

Table 2. C,, in E-W direction. (Figure 12.11-1)

Level h, ox
[ft]
4 47.5 0.312
i@0.8h, 38 0.220
3 37 0.219
2 26.5 0.208
1 16 0.197
0 0 0.180

(2) Determine the flexible diaphragm acceleration amplification factor at level x ()

From IT06-001:
=030, /A py +0.14<1.3 (Eqn. 12.11-12)

Table 3. o calculation (Figure 12.3-1)

Story Aaove* Omop ™  Ompo/ Aaove M

[in] [in]

4 0.12 0.65 5.5 1.3
3 0.12 0.57 4.9 1.3
2 0.10 0.40 4.0 1.3
1 0.08 0.24 29 1.3

* Using cracked section for shear wall: 1,=0.351; and A,=0.4A,.
** Using approximate effective properties for diaphragm: E.=0.2E, and G.=0.2G..

(3) Determine diaphragm design force at each level

From New Design Procedure:
Fy 7o Coew,, | R, (Eqn 1a)

but not less than
pr =0.2 (07 SDS I. Wp, (Eqn 1b)
Controlled values of Fy, are bold in the Table 4 to 9.

From IT06-001 (Table 12.11.5-1):
Ry = 0.7 for Example 1A (EDO)
= 1.0 for Example 1B (BDO)
= 1.4 for Example 1C (RDO)




Design example 1A: (EDO)
Table 4. F,,, in N-S direction (EDO).

Story Ol Cox Wiy Rs Fox(1a)  Fpx(1b)
[kips] [kips] [kips]
4 1.3 0.276 5529 0.7 2834 647
3 1.3 0.177 6245 0.7 2054 731
2 1.3 0.178 6245 0.7 2063 731
1 1.3 0.179 6245 0.7 2073 731
Table 5. F,,, in E-W direction (EDO).
Story Olix Cox Wox Rs Fox(1a)  Fpx(1b)
[Kips] [Kips] [Kips]
4 1.3 0.312 5529 0.7 3204 647
3 1.3 0.219 6245 0.7 2539 731
2 1.3 0.208 6245 0.7 2411 731
1 1.3 0.197 6245 0.7 2283 731
Design example 1B: (BDO)
Table 6. F;,, in N-S direction (BDO).
Story Oty Cox Wox Rs Fox(12)  Fpx(1b)
[kips] [ips] [kips]
4 1.3 0.276 5529 1.0 1984 647
3 1.3 0.177 6245 1.0 1438 731
2 1.3 0.178 6245 1.0 1444 731
1 1.3 0.179 6245 1.0 1451 731
Table 7. F,,, in E-W direction (BDO).
Story Olx Cox Wiy Rs Fox(1a)  Fpx(1b)
[kips] [kips] [kips]
4 1.3 0.312 5529 1.0 2243 647
3 1.3 0.219 6245 1.0 1778 731
2 1.3 0.208 6245 1.0 1688 731
1 1.3 0.197 6245 1.0 1598 731
Design example 1C: (RDO)
Table 8. F,,, in N-S direction (RDO).
Story Ol Cox Wy Rs Fox(1a)  Fpx(1b)
[Kips] [Kips] [Kips]
4 1.3 0.276 5529 14 1417 647
3 1.3 0.177 6245 14 1027 731
2 1.3 0.178 6245 1.4 1032 731
1 1.3 0.179 6245 14 1036 731




Table 9. F,,, in E-W direction (RDO).

Story Olix Cox Wox Rs Fox(1a)  Fpx(1b)
[kips] [kips] [kips]
4 1.3 0.312 5529 1.4 1602 647
3 1.3 0.219 6245 1.4 1270 731
2 1.3 0.208 6245 1.4 1206 731
1 1.3 0.197 6245 1.4 1141 731

(4) For design of collectors, amplify the design force by 1.5 (IT06-001: 12.11.4)

(5) Determine diaphragm shear overstrength factor, Qy = 1.4 Ry (New design procedure)

Table 10. Diaphragm shear overstrength factor.

Design example/option Rs | O
Design example 1A (EDO) | 0.7 | 1.0
Design example 1B (BDO) | 1.0 | 1.4
Design example 1C (RDO) | 1.4 | 2.0

Step 4: Determine Diaphragm Internal Forces

The free-body diagram method (Option 8b) is selected to obtain the diaphragm internal forces.
Use is made of existing free body diagrams created for common precast diaphragm configurations
(See PART 3: Free Body Diagrams for Typical Precast Parking Structures). The associate
calculations have been embedded in a design spreadsheet program (See PART 3: Design Aids for
Diaphragm Design: Spreadsheet Program).

The tables below show the resulting required strength (maximum diaphragm internal forces) at
each diaphragm joint (Refer to Fig. 1a for joint numbering) and joints between diaphragm to other
members (LFRS and internal beam) under transverse and longitudinal directions. Although the effect
of two orthogonal direction loadings (transverse and longitudinal) is considered independently, at this
step the critical loading direction in the diaphragm joint cannot be explicitly determined because the
diaphragm reinforcement selection at step 5 is based on an M-N-V interaction equation (Eqn. 2).

As noticed in Table 4-9, diaphragm design forces are similar in the floors other than top floor.
Therefore the lower three floors will all be designed for the maximum design forces among these
floors.



Design example 1A (EDO):

Table 11: Joint between precast floor units: Transverse (N-S) Loading

Top floor Other floors
Joint X N/S Flat Ramp N/S Flat Ramp
Ny Vy My Ny Vy My Ny Vy My Ny Vi My
[ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-fi]
1 12 | 118 211 -872 0 791 3393 77 137  -568 0 515 2210
2 24 | 236 213 -1896 0 630 4848 | 154 139 -1235 0 410 3157
3 36 | 354 245 -2715 0 468 4365 | 230 159 -1768 0 305 2842
4 48 | 471 307 -2972 0 307 1942 | 307 200 -1935 0 200 1265
5 60 | 471 271 492 0 271 4657 | 307 176 320 0 176 3033
6 72 | 471 234 3522 0 234 6938 | 307 153 2294 0 153 4518
7 84 | 471 198 6119 0 198 8786 | 307 129 3985 0 129 5722
8 96 | 471 162 8284 0 162 10202 | 307 106 5395 0 106 6644
9 108 | 471 126 10015 0 126 11185 | 307 82 6523 0 82 7284
10 120 | 471 90 11314 0 90 11734 | 307 59 7368 0 59 7642
11 132 | 471 54 12180 0 54 11851 | 307 35 7932 0 35 7718
12 144 | 471 18 12613 0 18 11535 | 307 12 8214 0 12 7512
Table 12: Joint between precast floor units: Longitudinal (E-W) Loading
Top floor Other floors
Joint  x N/S Flat* Ramp N/S Flat* Ramp
Ny Vy My Ny Vo My | Ny Vy M, Ny Ve M,
[ff] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
1 12 | 101 11 -788 | 144 0 0 64 7 -500 91 0 0
2 24 | 202 23 1714 | 288 0 0 128 14  -1087 | 183 0 0
3 36 | 302 34 2776 | 432 0 0 192 22 1761 | 274 0 0
4 48 | 403 46  -3976 | 576 0 0 256 29  -2522 | 365 0 0
5 60 | 389 57 -2899 | 596 0 0 247 36 -1839 | 378 0 0
6 72 | 375 69 -1960 | 615 0 0 238 43  -1243 | 390 0 0
7 84 | 361 80 -1157 | 635 0 0 229 51 -734 | 403 0 0
8 96 | 347 91 -492 | 655 0 0 220 58 -312 | 415 0 0
9 108 | 333 103 36 675 0 0 21 65 23 428 0 0
10 120 | 319 114 427 | 694 0 0 203 72 271 440 0 0
11 132 305 126 681 714 0 0 194 80 432 | 453 0 0
12 144 | 291 137 798 | 734 0 0 185 87 506 | 466 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Table 13: Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny \A M, Ny \A M, Ny \A M, Ny \A M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 709 0 - - - 0 518 0 - - -
DT-to-LW | 6.4 12.5 0 1.4 56 0 4.1 8.1 0 7.2 36 0
DT-to-IT 238 471 1906 | 240 336 0 155 307 1241 | 152 213 0

Note: Critical force demand is marked as bond.




Design example 1B (BDO):

Table 14: Joint between precast floor units: Transverse (N-S) Loading

Top floor Other floors
Joint X N/S Flat Ramp N/S Flat Ramp
N, V, My N, V, M, Ny Vy M, Ny Vy M,
[ft] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
1 12 83 147  -611 0 554 2376 | 54 96 -398 0 361 1547
2 24 | 165 149 -1328 0 441 3394 | 107 97 -864 0 287 2210
3 36 | 248 171 -1901 0 328 3056 | 161 112 -1238 0 213 1990
4 48 | 330 215 -2080 0 215 1360 | 215 140 -1355 0 140 885
5 60 | 330 189 344 0 189 3260 | 215 123 224 0 123 2123
6 72 | 330 164 2466 0 164 4857 | 215 107 1605 0 107 3163
7 84 | 330 139 4284 0 139 6151 | 215 90 2789 0 90 4005
8 96 | 330 114 5799 0 114 7142 | 215 74 3776 0 74 4651
9 108 | 330 88 7012 0 88 7830 | 215 58 4566 0 58 5098
10 120 | 330 63 7921 0 63 8215 | 215 41 5158 0 41 5349
11 132 | 330 38 8527 0 38 8297 | 215 25 5552 0 25 5402
12 144 | 330 13 8830 0 13 8075 | 215 8 5750 0 8 5258
Table 15: Joint between precast floor units: Longitudinal (E-W) Loading
Top floor Other floors
Joint  x N/S Flat* Ramp N/S Flat* Ramp
Ny Vy M, Ny V, My Ny Vy M, Ny Vy M,
[ft] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [Kips] [kips] [k-ft]
1 12 71 8 -552 | 101 0 0 50 6 -389 71 0 0
2 24 | 141 16 -1200 | 202 0 0 100 11 -847 | 142 0 0
3 36 | 212 24  -1943 | 302 0 0 149 17  -1372 | 213 0 0
4 48 | 282 32 -2783 | 403 0 0 199 23  -1964 | 284 0 0
5 60 | 272 40 -2030 | 417 0 0 192 28 -1432 | 294 0 0
6 72 | 263 48  -1372 | 431 0 0 185 34 -968 | 304 0 0
7 84 | 253 56 -810 | 445 0 0 178 40 -572 | 314 0 0
8 96 | 243 64 -344 | 458 0 0 172 45 -243 | 324 0 0
9 108 | 233 72 25 472 0 0 165 51 18 333 0 0
10 120 | 224 80 299 486 0 0 158 56 211 343 0 0
11 132 | 214 88 477 500 0 0 151 62 337 353 0 0
12 144 | 204 96 559 514 0 0 144 68 394 363 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Table 16: Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny Vy M, Ny A M, Ny Vy M, Ny A M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 496 0 - - - 0 363 0 - - -
DT-to-LW | 4.5 8.7 0 8.0 40 0 29 5.7 0 5.6 28 0
DT-to-IT 167 330 1334 | 168 235 0 109 215 869 | 119 166 0

Note: Critical force demand is marked as bond.

10




Design example 1C (RDO):

Table 17: Joint between precast floor units: Transverse (N-S) Loading

Top floor Other floors
Joint X N/S Flat Ramp N/S Flat Ramp
N, V, M, N, V, M, Ny Vy M, N, V, My
[ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
1 12 59 105 -436 0 396 1697 | 38 69 -284 0 258 1104
2 24 | 118 106  -948 0 315 2424 | 77 69 -617 0 205 1578
3 36 | 177 122 -1358 0 234 2182 | 115 80 -884 0 152 1421
4 48 | 236 153 -1486 0 153 971 153 100 -967 0 100 632
5 60 | 236 135 246 0 135 2328 | 153 88 160 0 88 1516
6 72 | 236 117 1761 0 117 3469 | 153 76 1146 0 76 2258
7 84 | 236 99 3060 0 99 4393 | 153 65 1992 0 65 2860
8 96 | 236 81 4142 0 81 5101 | 153 53 2696 0 53 3320
9 108 | 236 63 5008 0 63 5592 | 153 41 3260 0 41 3640
10 120 | 236 45 5657 0 45 5867 | 153 29 3682 0 29 3819
11 132 | 236 27 6090 0 27 5926 | 153 18 3964 0 18 3857
12 144 | 236 9 6306 0 9 5768 | 153 6 4105 0 6 3754
Table 18: Joint between precast floor units: Longitudinal (E-W) Loading
Top floor Other floors
Joint  x N/S Flat* Ramp N/S Flat* Ramp
Ny Vy M, Ny V, My Ny Vy M, Ny Vy M,
[ft] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [Kips] [kips] [k-ft]
1 12 50 6 -394 72 0 0 36 4 -278 51 0 0
2 24 | 101 11 -857 | 144 0 0 71 8 -605 | 102 0 0
3 36 | 151 17 -1388 | 216 0 0 107 12 -980 | 152 0 0
4 48 | 202 23  -1988 | 288 0 0 142 16 -1403 | 203 0 0
5 60 | 195 29  -1450 | 298 0 0 137 20 -1023 | 210 0 0
6 72 | 188 34 -980 | 308 0 0 132 24 -692 | 217 0 0
7 84 | 181 40 -579 | 318 0 0 127 28 -408 | 224 0 0
8 96 | 174 46 -246 | 327 0 0 123 32 -174 | 231 0 0
9 108 | 167 51 18 337 0 0 118 36 13 238 0 0
10 120 | 160 57 214 347 0 0 113 40 151 245 0 0
11 132 | 153 63 341 357 0 0 108 44 240 252 0 0
12 144 | 146 69 399 367 0 0 103 48 282 259 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Table 19: Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny \A M, Ny \A M, Ny Vy M, Ny \A M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 354 0 - - - 0 259 0 - - -
DT-to-LW | 3.2 6.2 0 5.7 28 0 2.1 4.1 0 4.0 20 0
DT-to-IT 119 236 953 | 120 168 0 78 153 620 85 119 0

Note: Critical force demand is marked as bond.
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Step 5: Design diaphragm reinforcement for required strength.
(1) Select Diaphragm Reinforcement

Diaphragm reinforcement type selected to meet Required Diaphragm Reinforcement
Classification (See Step 2). Prequalified connectors will be used in this example. Select
appropriate diaphragm reinforcement types from PART 2: Table 2A-1.

Design example 1A: (EDO)

Chord Reinforcement:
Shear Reinforcement:
Secondary Reinforcement:

Dry chord connector
JVI Vector
#4 angled bar

Design example 1B: (BDO)

Chord Reinforcement:

Shear Reinforcement:
Secondary Reinforcement:
Design example 1C: (RDO)

Dry chord with flat plate connector
JVI Vector
#4 angled bar

Chord Reinforcement:
Shear Reinforcement:
Secondary Reinforcement:

Pour strip bars
JVI Vector
Pour strip bars

(2) Determine Diaphragm Reinforcement Properties:

As the diaphragm reinforcement selected is prequalified, the diaphragm reinforcement properties
can also be looked up in PART 2: Table 2A-1.

Table 20: Design example 1A: (EDQ)

. . ke/ A ke/A /A v /A
Reinforcing bars g T 5 5 oy
k/infin®  kf/in/in® k/in® k/in in
Dry chord Gr.60 1018 382 60 242 0.07
kt kv tn Vn 5ty
Connectors
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066
Angled bar #4 545 676 185 31.1 -
Table 21: Design example 1B: (BDO)
Reinforcing bars k_‘/ Az k_V /.Az t"{ '62‘ V"./ ’;\ E_S‘y
kfinfin®  k/inf/in® k/in k/in in
Dry chord w/ flat plate Gr.60 1018 382 60 242 0.07M
k ky t v 8
Connectors ' " " v
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066
Angled bar #4 545 676 18.5 31.1 -
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Table 23: Design example 1C: (RDO)

ki/ A ke/ A t./A v, /A Sty
k/infin® Kkinfin*> k/in*> kin®  in
Pour strip chord Gr.60 1234 382 60 242 0.057

Reinforcing bars

kt kv tn Vn Sty
Connectors
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066

(3) Design the Diaphragm Reinforcement at Joints

Use the interaction equation (Eqn. 2) to determine the required diaphragm reinforcement:

m,| N Y (ar Y
M-N-V= ||ty T +[—j <1.0
¢an ¢an ¢vVn

Insert the diaphragm joint required strength values (M,, N, and V,) from Step 4.

The diaphragm joint nominal design strength (M,,, N,, and V,) is based on v, and t, in Table 21-23.

— An analytically-based procedure from PART 3 is used for determining the
moment strength at precast floor unit to precast floor unit joint. Triangle force
distribution is used for determining the moment strength at other joints
(diaphragm-to-LFRS joint and diaphragm-to-internal beam joint) (See PART 3).

— Using Eqn. 28, 29, 34 for the joint between precast floor units and Eqn. 35 for the
joint between LFRS/beam and precast floor unit in Sec. 3.3 of PART 3 to
determine the diaphragm joint strength.

— Selection of a trial design is greatly facilitated through the use of spreadsheet
methods (See PART 3).

Primary diaphragm reinforcement:

(a) Chord and shear reinforcement design

Diaphragm chord and shear reinforcement final design is shown below for each Design
Option. The M-N-V for each direction is shown in the table with the critical value marked as bold.
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Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V =

1.0

Design example 1A: (EDO)

Table 24: Top Floor

North/South flat Ramp
Joint | Chord Jvi M-N-V Chord Jvi M-N-V

Size #| # s(ft)| Tran. Long. |Size # | # s(ft)| Tran. Long.
1 # 6|7 875|064 025 | # 12|18 3.09| 1.03 0.11
2 #9 6| 7 875|076 047 | #9 12|18 3.09| 0.83 0.21
3 #9 6| 7 875|097 066 | #9 12|18 3.09| 0.62 0.32
4 #9 7|13 438|097 070 | #9 6 |13 438 | 069 0.84
5 #9 7|13 438|083 064 | #9 6 |13 4.38| 066 0.87
6 #9 7|13 438|090 058 | #9 6 |13 4.38| 065 0.90
7 #9 8|13 438|086 048 | #9 6 |13 4.38| 066 0.93
8 # 8|13 438|092 046 | #9 6 |13 4.38| 0.67 0.96
9 #9 8|13 438|097 044 | #9 6 |13 4.38| 068 0.99
10 #9 9|7 875|092 045 | #9 7 | 7 875|061 0.90
11 #9 9| 7 875|094 044 | #9 7 | 7 875|059 0.92
12 #9 9|7 875|095 044 | #9 7 | 7 875|056 0.95

Table 25: Other Floors
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V

Size #| # s(ft)| Tran. Long. | Size # | # s(ft)| Tran. Long.
1 #7 6|7 875|059 024 | #7 10|18 3.09| 0.99 0.13
2 #7 6|7 875|073 045 | # 10|18 3.09| 0.80 0.26
3 #7 6|7 875|096 064 | # 10|18 3.09| 0.60 0.39
4 #7 7|13 438|094 072 | #7 6 |13 4.38| 0.58 0.86
5 #7 7|13 438|081 065 | #7 6 |13 4.38| 058 0.89
6 #7 7|13 438|090 059 | #7 6 |13 4.38 | 0.60 0.92
7 #7 8|13 438|089 048 | #7 6 |13 438 | 064 0.95
8 #7 8|13 438|096 044 | #7 6 |13 4.38| 0.67 0.98
9 #7 8|13 438|102 042 | #7 6 |13 438 | 0.70 1.01
10 #7 9|7 875|098 043 | #/ 7 |7 8.75]| 064 0.93
11 #7 9|7 875|101 043 | # 7 | 7 8.75]| 063 0.96
12 #7 9|7 875|102 043 | #7 7 | 7 8.75]| 060 0.98
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Design example 1B: (BDO)

Table 26: Top Floor

North/South flat Ramp
Joint | Chord Jvi M-N-V Chord Jvi M-N-V

Size #| # s(ft)| Tran. Long. |Size # | # s(ft)| Tran. Long.

1 # 5|11 525|066 025 | # 12|18 3.09| 1.01 0.07
2 #8 5|11 525|078 048 | #9 12|18 3.09| 0.81 0.15
3 #8 5|11 525|100 068 | #9 12|18 3.09| 0.60 0.22
4 #8 6|15 375|102 070 | #7 6 |13 438 | 0.87 0.95
5 #8 6|15 3.75| 088 065 | #7 6 |13 4.38| 0.81 0.98
6 #8 6|15 375|093 061 | #7 6 |13 438 | 0.78 1.01
7 #8 7|13 438|089 055 | #7 7 |13 438 | 069 0.91
8 #8 7|13 438|093 052 | #/ 7 |13 438 | 068 0.94
9 #8 7|13 438|096 050 | #/ 7 |13 4.38| 0.67 0.96
10 #8 8| 7 875|091 053 | #7 8 | 7 8.75| 062 0.90
11 #8 8| 7 875|092 051 | # 8 | 7 8.75| 058 0.93
12 #8 8| 7 8751092 050 | #7 8 | 7 875 054 0.96

Table 27: Other Floors
North/South flat Ramp
Joint | Chord JVI M-N-V Chord Jvi M-N-V

Size #| # s(ft)| Tran. long. |Size #| # s(ft)| Tran. Long.

1 #6 5| 9 656|064 029 | # 9|18 3.09| 1.02 0.11
2 #6 5| 9 656|080 054 | # 9|18 3.09| 0.82 0.22
3 #6 5|9 656|104 077 | # 9|18 3.09| 0.61 0.34
4 #6 6|13 438|104 085 | # 6|13 438 | 064 0.89
5 #6 6|13 4.38| 089 077 | #6 6|13 4.38 | 0.61 0.92
6 #6 6|13 438|098 070 | #6 6|13 4.38 | 0.60 0.95
7 #6 7|13 438|094 057 | #6 7|13 438 | 055 0.85
8 #6 7|13 438|101 053 | #6 7|13 438 | 0.56 0.88
9 #6 7|13 438 | 1.06 050 | #6 7|13 438 | 0.56 0.90
10 #6 8| 7 875|103 057 | #6 7| 7 875| 060 0.97
11 #6 8| 7 875|105 056 | #6 7| 7 875| 057 1.00
12 #6 8|7 875|106 056 | #6 7|7 875|054 1.03

Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V =
1.0
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Design example 1C: (RDO)

Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V =

1.0

Table 28: Top Floor

North/South flat Ramp
Joint | Chord Jvi M-N-V Chord Jvi M-N-V

Size #| # s(ft)| Tran. Long. |Size # | # s(ft)| Tran. Long.
1 #7 5|13 438 | 067 024 | #9 12|18 3.09| 1.01 0.05
2 #7 5|13 438 | 077 047 | #9 12|18 3.09| 0.80 0.11
3 #7 5|13 438|097 067 | #9 12|18 3.09| 0.60 0.16
4 #7 6|16 350| 1.01 070 | #7 4 |13 438 | 1.01 0.97
5 #7 6|16 350| 0.88 066 | #7 4 |13 438 | 093 1.01
6 #7 6|16 350| 090 062 | #7 4 |13 438 | 0.88 1.04
7 #7 6|13 438|098 065 | # 5 |13 438 | 0.74 0.88
8 #7 6|13 438|101 062 | #7 5 |13 438 | 0.70 0.91
9 #7 6|13 438|104 059 | #7/ 5 |13 4.38| 067 0.94
10 #7 7|7 875|097 066 | #7 5 | 7 875|072 1.01
11 #7 7|7 875|097 064 | #7 5 | 7 8.75| 065 1.04
12 #7 7|7 8751097 061 | #7 5|7 875|060 1.07

Table 29: Other Floors
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V

Size #| # s(ft)| Tran. Long. | Size # | # s(ft)| Tran. Long.
1 #6 3|13 438|077 029 | #7 10|18 3.09| 0.97 0.07
2 #6 3|13 438|1.03 053 | # 10|18 3.09| 0.77 0.15
3 #6 3|13 438|1.01 080 | # 10|18 3.09| 0.57 0.22
4 #6 4|16 350| 087 083 | #6 4 |13 4.38 | 0.72 0.90
5 #6 4|16 350|095 075 | #6 4 |13 4.38 | 0.68 0.93
6 #6 4|16 350|093 069 | #6 4 |13 4.38 | 0.65 0.96
7 #6 5|13 438|098 059 | #6 4 |13 4.38 | 065 0.99
8 #6 5|13 438|102 056 | #6 4 |13 438 | 065 1.02
9 #6 5|13 438|097 053 | #6 4 |13 438 | 065 1.05
10 #6 6|7 875|098 063 | #6 5 | 7 8.75| 060 0.95
11 #6 6|7 875|098 061 | #6 5 | 7 8.75| 0.56 0.98
12 #6 6|7 875|077 059 | #6 5|7 875|052 1.01
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(b) LFRS-to-diaphragm connection and collector design

Design example 1A: (EDO)

Anchorage design Wall length Vy Ny M, Vp ¥ th* Req'd # Provide
[ft] kips [kips] [k-ft] [kips] [kips] Perwall #4 angled bar
NS shear Top 25 709 0 0 311 18.6 26.8 27
wall Others 25 518 0 0 311 186 19.6 20
EW lite wall Top 8 56 114 0 31.1 18.6 2.2 3
-SINFlat  Others 8 36 7.2 0 311 186 1.4 2
Engte wall Al floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall
- Ramp
* Tension and shear nominal strength of #4 angled bar connector.

Diaphragm collector reinforcement:

Collector reinforcement is designed to resistant the portion of diaphragm forces not

transferred from the DT-IT joints (V./2).
A, =15V, /2¢f, =1.5x709/0.9/60/2=10 in’
Choose 10#9 (10 in) at each end of structure

Design example 1B: (BDO)

Anchorage design Wall length \A Ny M, Vp ¥ th* Req'd # Provide
[ft] kips [kips] [k-ft] [kips] [kips] Perwall #4 angled bar
NS shear Top 25 496 0 0 311 18.6 26.3 26
wall Others 25 363 0 0 311 186 19.2 20
EW lite wall Top 8 40 8.0 0 311 18.6 2.1 2
- SIN Flat Others 8 28 5.6 0 311 18.6 1.5 2
EWgte wall Al floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall
- Ramp
* Tension and shear nominal strength of #4 angled bar connector.

Diaphragm collector reinforcement:

Collector reinforcement is designed to resistant the portion of diaphragm forces not

transferred from the DT-IT joints (V/2).
A =15V, /2¢fy =1.5x496/0.9/60/2 =6.9in
Choose 7#9 (7 in?) at each end of structure
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Design example 1C: (RDO)

Anchorage design Wall length \A N, M, vy ¥ t,* Req'd # Provide
[ft] kips [kips] [k-ft] [kips] [kips] Per wall #9 rebar
NS shear Top 25 354 0 0 242 60 33.8 34
wall Others 25 259 0 0 242 60 24.7 25
EW lite wall Top 8 28 5.7 0 24.2 60 2.7 3
- S/N Flat Others 8 20 4.0 0 24.2 60 1.9 2
Ewggiqvga” All floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall

* Tension and shear nominal strength of #9 rebar.

Diaphragm collector reinforcement:
Collector reinforcement is designed to resistant the portion of diaphragm forces not

transferred from the DT-IT joints (V,/2).
A =15V, /2@'y =1.5%354/0.9/60/2 =4.9 in®

Choose 5#9 (5.0 in?) at each end of structure

Secondary diaphragm reinforcement:

Design example 1A: (EDO)

(1) Internal beam joint design

Beam joint design Q I V, N, M, Vi * t.* Reqd# Provide
[ft%] [ft*] [Kips] [kips] [k-ft] [kips] [kips] Per DT #4 angled bar
Top floor 1210 164715 471 238 1906 31.1 18.6 7.0 7
Other floors 1210 164715 307 155 1241 311 18.6 4.5 5
* Tension and shear nominal strength of #4 angled bar connector.
(2) Spandrel to diaphragm connector
Use 2#4 angled bar connector per precast floor unit.
Design example 1B: (BDO)

(1) Internal beam joint design

Beam joint design Q I V, N, M, Vo * t.* Reqd# Provide
[ft%] [ft*] [kips] [kips] [k-ft] [kips] [kips] PerDT #4 angled bar

Top floor 1210 164715 330 167 1334 311 18.6 5.7 6
Other floors 1210 164715 215 109 869 311 18.6 3.7 4

* Tension and shear nominal strength of #4 angled bar connector.

(2) Spandrel to diaphragm connector

Use 2#4 angled bar connector per precast floor unit.
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Design example 1C: (RDO)

(1) Internal beam joint design

Beam joint design Q | Vy N, M, Vo * t,* Req'd# Provide
[ft°] [ft] [kips] [Kips] [k-ft] [kips] [kips] Per DT #9 rebar

Top floor 1210 164715 236 119 953 24.2 60 5.7 6

Other floors 1210 164715 153 78 620 24.2 60 3.7 4

* Tension and shear nominal strength of #9 rebar.

(2) Spandrel to diaphragm connector
Use 2#5 rebar per precast floor unit.

Step 6: Determine diaphragm stiffness and check gravity system drifts if applicable

L = 300 ft

L' = 204 ft

AR = 204/60 =3.4
n = 4

According to Table 3 of New Design Procedure, no gravity system drift check is
required. Since the design presented here using a free body method, diaphragm stiffness
calculation is not required.
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EDO Diaphragm Design (Example 1A)

7 JVI 13 VI 13 JViI 7 JVI 9#9 8#9 7#9 6#9

1 —~r 1/
Cut-off 1#9 | Cut-off 1#9 }Cut-off 1#9
‘ |

North/South

N

Downward to

Ayex—x*x—x;ex—x FH 263¢3¢ %X 3¢ %% %

i
|
|
3rd floor I
Ramp T }
‘ I
Cut-off 1#9 H

18 VI 134V 134V V) 649 1249

12#9 ‘
Fig. 2. Diaphragm reinforcement at top floor for example 1A.
7 VI 13 VI TV o 8#7 THY 6#7
; N =T 1/ 1

' Cut-off 147 | Cut-off 1#7  |Cut-dff 147
+ AERER
! North/South }
4 |
% |
x |
X i
% Downward to} }
X lower floor 11
X Ramp | }
‘ [
X I
¥ Qut—off 1#7 I

18 VI 13IVI 134V TV THT 6#7 1047

10#7

Fig. 3. Diaphragm reinforcement at other floors for example 1A.

60 10 # 9 collector|
reinforcement
181" 61
#4 angled bar connector: f#4 DT9A o flat
Top floor: 7 per panel 3" Angle w/ C-shape weld to ramp

yOther floors: 5 per panel

#4 angled bar connector:
60' Top floor: 27 per wall
Other floors: 20 per wall

l 300 ‘

Fig. 4. Secondary reinforcement for example 1A.
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BDO Diaphragm Design (Example 1B)

114Vl 154V 130V 70V s#8 748 648 548
: ——t ]
%/ Cutoff 1#8 | Cut-off 1#8 |Cut-off 148
|
| |
! North/South }
% |
k \
* |
X i
§ Downward to} }
X 3rd floor I
X Ramp | }
‘ Il
5 Cut-off 1#7 | Cutoff 147 | |
180VI 134VI 134V 70V B#7 THT  6#7 1249
12#9

Fig. 5. Diaphragm reinforcement at top floor for example 1B.

9 JVI 13 JVI 7 JVI 8#6 T#6 6#6 5#6
v T =—T—<f 1 1
] Cut-off 146 | Cut-off 1#6 | Cut-off 146
* I
| |
: North/South }
% |
% |
X |
X 1
% Downward to} }
o lower floor 1|
X Ramp | }
I
x I
o Cut-off 1#6 1
18 JVI 13 JVI 13 JVI 7 JVI T#6 6#6 oH7
oH7

Fig. 6. Diaphragm reinforcement at other floors for example 1B.

60'
7#9 collector
reinforcement
181" 61
#4 angled bar connector: 12#4 DT9A to flat
Top floor: 6 per panel 2" Angle w/ C-shape weld to ramp
%Other floors: 4 per panel l
#4 angled bar connector:
60" Top floor: 26 per wall
Other floors: 20 per wall

300

Fig. 7. Secondary reinforcement for example 1B.
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RDO Diaphragm Design (Example 1C)

13 JVI 16 JVI 13 JVI 7 JVI T#HT 6#7 S#7
v 1 1 1
? Cut-off 147 Cut-off 147
|
X |
i North/South }
X \
X |
X [
X &
i Downward to} }
| 3rd floor I
X Ramp ; }
& I
3 Cutoff 1#7 | ||
18 JVI 13 JVI 13 JVI 7 JVI B#7 a#7 12#9
12#9

Fig. 8. Diaphragm reinforcement at top floor for example 1C.

13 JVI 16 JVI 13 JVI 7 JVI 6#6 5#6 4#6 3#6

v RN N A — —
V Cut-off 1#6 | Cut-off 1#6 } Cut-off 1#6)
: nn |

: North/South }

% |

% I

% |

E i

i Downward to} }

| lower floor | |

X Ramp ; }

A I

: Cut-off 1#6 %

18 JVI 13 JVI 13 JVI 7 JVI 3#6 4#6 10#7
10#7

Fig. 9. Diaphragm reinforcement at other floors for example 1C.

\ 3‘
60' Pour strip
5#9 collector
reinfor(‘:em‘ent
25'—
61’ 3#9 to flat
Top floor: 6#9 %" Angle w/ C-shape weld to ramp
Other floors: 4#9
Top floor: 34 #9
60' Other floors: 25 #9
300’ l

Fig. 10. Secondary reinforcement for example 1C.
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APPENDIX A: Design Examples According to Alternate Diaphragm Design
Force Procedure Based on ASCE 7-10

Example 1: 4-Story Perimeter Wall Parking Garage

The structure for example 1 is a 4-story perimeter shear wall parking garage. As seen in plan view of
Figurela, the parking structure has three bays with a central ramp. The structural plan has a footprint of
300" x 180’, resulting in 300" x 60" for each sub-diaphragm. The floor-to-floor height is 10.5" for the
typical floor and 16" at the 1* story. The lateral force resisting system (LFRS) in the transverse direction is
composed of four 25’ perimeter precast walls at each end of structure. The LFRS in longitudinal direction
are 34 interior lite walls flanking the central ramp (See elevation in Figure 1b).

L=300'
= Lpeam=48" L'=204' 48' —=

North

DT-IT Joint

| [
A F @ Lite wall =

—180' deao | | Ram Ramp Span Transverse
aer deo Landli)ng pop - Shear wall
Longitudinal

= = b=12

South|

Joint#: 1 2 3 456 7 8 9101112
(a) Typical floor plan

00O
JHanoHoHo
Jnanonono

I |
L1
|

|

C 1
|
C 1

47'-6‘71;
10

N |

I |

I |

C e
C

204'

(b) Ramp elevation
Fig. A- 1. Example 1 Structure: 4-story perimeter wall parking garage.

Example Structure 1 is located in a Seismic Design Category (SDC) C Site in Knoxville TN. The
diaphragm design will be completed for three different diaphragm design options:

Design Example 1A.  Elastic Design Option (EDO Design)
Design Example 1B.  Basic Design Option (BDO Design)
Design Example 1C.  Reduced Design Option (RDO Design)

Because many design steps are shared among the different diaphragm design options, the design
examples are arranged to follow the step by step procedure in part 1, with the different calculations for
Examples 1A, 1B and 1C appearing as sequential sub-sections within each design step.
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DESIGN STEPS:

Step 1: Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05

This step is the same for all three design examples, 1A, 1B, and 1C.

(1) and (2): Seismic design parameters

Design site:

SDC

Ss

Si

Soil site class

F,

Fv

Sm= Fax S,

Smlz FV>< S1

SDSI 2/3x Sms

SD1: 2/3x Sml
N-S/Intermediate precast wall
E-W/Intermediate precast bearing wall

(3): Seismic response coefficient C
T,=CH,*=002x475"*=0362sec; T=C,T, =1.58x0.362=0.571sec

N-S direction:

E-W direction:

Knoxville, TN

C

0.58

0.147

C

1.17

1.65

0.68

0.24

0.45

0.16

R=5, Q=2.5, C4=4.5
R=4, Qy=2.5, C4~=4

Cg = Sos =0.09, Cg ., =0.01, C; . = So = 0.16 =0.057 controls
e ’ (R/I )T 5x0.571

C, = Sps =0.11, Cs,,, =001, C,, = Sp = 0.16 =0.071 controls
/1 ’ (R/1I )T 4x0.571

(4), (5), (6) and (7):
Diaphragm maximum design acceleration Cg, max=max (Fy/wy) (Eqn.1)
Diaphragm baseline design force Fip, = o, Cyigy max W (Eqn.2)

Note: o, =1.0 at top floor and a, =0.68 at lower floors for parking structure.

N-S direction:

Roof
4th
3rd
2nd

Sum

hx (ft) WX (kIpS) Wx hxk Cvx Fx (kIpS) Cdia, max (1) Oly I:Dx (kIpS) (2)
47.5 5529* 300926 0.35 482
37 6245 262419 0.31 420
26.5 6245 185750 0.22 297
16 6245 110173 0.13 176
0 24262 859267 1 1375

0.087 1.0 482
0.087  0.68 370
0.087  0.68 370
0.087  0.68 370

Note: * The top floor has less seismic mass due to ramp.
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E-W direction:
hx (ft) Wx (kIpS) Wx hxk Cvx Fx (kIpS) Cdia, max (1) Oy FDx (klpS) (2)

Roof 47.5 55629* 300926 0.35 602 0.109 1.0 602
4th 37 6245 262419 0.31 525 0.109 0.68 462
3rd  26.5 6245 185750 0.22 372 0.109 0.68 462
2nd 16 6245 110173 0.13 220 0.109 0.68 462

Sum 0 24262 859267 1 1719
Note: * The top floor has less seismic mass due to ramp.

Step 2: Determine the Diaphragm Seismic Demand Level
This step is the same for all three design examples, 1A, 1B, and 1C.
For SDC C: Low

Note: All buildings in SDC C are assigned “Low” Seismic Demand

Step 3: Select Diaphragm Design Option

Design example 1A: (EDO)

For low seismic demand: Elastic design option (EDO) is an alternative

Design example 1B: (BDO)

For low seismic demand: Basic design option (BDO) is recommended

Design example 1C: (RDO)

For low seismic demand: Reduced design option (RDO) is an alternative

Step 4: Determine Required Diaphragm Reinforcement Classification

Design example 1A: (EDO)

For elastic design option: Low deformability element (LDE) is permitted.

Design example 1B: (BDO)
For basic design option: Moderate deformability element (MDE) is permitted.

Design example 1C: (RDO)
For reduced design option: High deformability element (HDE) is required.

Step 5: Determine Diaphragm Force Amplification Factor

The entire diaphragm is treated as three individual sub-diaphragms for the diaphragm design as
shown in PART 3: North, South and Ramp sub-diaphragm.
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L = 300 ft

AR = 300/60 =5

(0.25<4R<4.0) Use AR=4inEqns. 3-8
n = 4 )
L/60-AR = 1

Design example 1A: (EDO)
Eqn. 3: ¥, =1.7x4"*[1-0.04(3—4)*]1x1.05%“% =29

Design example 1B: (BDO)
Eqn.4: W, =1.65x4°"'1-0.03(3-4)*]x1.05°""%* =225

Design example 1C: (RDO)
Eqn. 5: ¥, =1.05x4"[1-0.03(2.5-4)*]x1.05°""“% =1.56

Step 6: Determine Diaphragm Shear Overstrength Factor

Design example 1A: (EDO)
Eqn. 6: Q=10

Design example 1B: (BDO)
Eqn. 7: Q.= 1.42AR*" =1.42x47"" =1.19

Design example 1C: (RDO)
Eqn. 8: Q, =1.924R*" =1.92x4"" =15

Step 7: Determine Diaphragm Design Force
Inserting the baseline diaphragm forces from Step 1 and the diaphragm
amplification factor from Step 5 into Equation 9:

Design example 1A: (EDO)

N-S direction:
Top Floor:
Fgia= WEFpx = 2.9%x482 =1398 kips > 0.2SpsIw,= 498 kips
Other Floors
Faia= WEFpx = 2.9%370 = 1073 kips > 0.2SpsIw,= 562 kips

E-W direction:
Top Floor
Faia= WEFpx = 2.9%x602 = 1747 kips > 0.2SpsIw,= 498 kips
Other Floors
Faia= WEFDx = 2.9%462 = 1342 kips > 0.2SpsIw,= 562 kips

Design example 1B: (BDO)
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N-S direction:
Top Floor
Faia= WpFpx = 2.25%482 = 1083 kips > 0.2SpsIw,= 498 kips
Other Floors
Faia= WpFpx = 2.25%370 = 832 kips > 0.2SpsIw,= 562 kips

E-W direction:
Top Floor
F4ia= WpFpx = 2.25%x602 = 1354 kips > 0.2SpsIw,= 498 kips
Other Floors
Faia= WpFpx = 2.25%462 = 1040 kips > 0.2SpsIw,= 562 kips

Design example 1C: (RDO)

N-S direction:
Top Floor
F4ia= WrFpx= 1.56x482 = 751 kips > 0.2Spslw,= 498 kips
Other Floors
F4ia= WrFpx= 1.56x370 = 576 kips > 0.2SpsIw,= 562 kips

E-W direction:
Top Floor
F4ia= WrFpx= 1.56x602 = 938 kips > 0.2Spslw,= 498 kips
Other Floors
Faia= WrFpx= 1.56x462 = 721 kips > 0.2Spglw,= 562 kips

Step 8: Determine Diaphragm Internal Forces

The free-body diagram method (Option 8b) is selected to obtain the diaphragm internal forces.
Use is made of existing free body diagrams created for common precast diaphragm configurations
(See PART 3: Free Body Diagrams for Typical Precast Parking Structures). The associate
calculations have been embedded in a design spreadsheet program (See PART 3: Design Aids for
Diaphragm Design: Spreadsheet Program).

The tables below show the resulting required strength (maximum diaphragm internal forces) at
each diaphragm joint (Refer to Fig. A- 1a for joint numbering) and joints between diaphragm to other
members (LFRS and internal beam) under transverse and longitudinal directions. Although the effect
of two orthogonal direction loadings (transverse and longitudinal) is considered independently, at this
step the critical loading direction in the diaphragm joint cannot be explicitly determined because the
diaphragm reinforcement selection at step 10 is based on an M-N-V interaction equation (Eqn. 10).
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Design example 1A (EDO):

Joint between precast floor units: Transverse (N-S) Loading

Top floor Other floors
Joint X N/S Flat Ramp N/S Flat Ramp
Ny Vy M, Ny Vy M, Ny Vy M, Ny \A M,
[f] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [Kips] [kips] [k-ff] | [kips] [kips] [k-ft]
1 12 58 104  -430 0 390 1674 | 40 71 -294 0 267 1144
2 24 | 116 105 -935 0 311 2391 79 72 -640 0 212 1635
3 36 | 174 121 -1339 0 231 2153 | 119 83 -916 0 158 1472
4 48 | 232 151  -1466 0 151 958 | 159 103 -1002 0 103 655
5 60 | 232 133 242 0 133 2297 | 159 91 166 0 91 1570
6 72 | 232 116 1737 0 116 3422 | 159 79 1188 0 79 2340
7 84 | 232 98 3018 0 98 4334 | 159 67 2064 0 67 2963
8 96 | 232 80 4086 0 80 5032 | 159 55 2794 0 55 3441
9 108 | 232 62 4940 0 62 5516 | 159 43 3378 0 43 3772
10 120 | 232 44 5580 0 44 5787 | 159 30 3816 0 30 3957
11 132 | 232 27 6007 0 27 5845 | 159 18 4108 0 18 3997
12 144 | 232 9 6221 0 9 5689 | 159 6 4254 0 6 3890
Joint between precast floor units: Longitudinal (E-W) Loading
Top floor Other floors
Joint  x N/S Flat* Ramp N/S Flat* Ramp
Ny \A M, Ny Vy M, Ny Vy M, Ny Vy M,
[f] | [kips] [kips] [k-ff] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ff] | [Kips] [kips] [k-ft]
1 12 55 6 -430 78 0 0 38 4 -294 54 0 0
2 24 | 110 12 -934 | 157 0 0 75 9 -639 | 107 0 0
3 36 | 165 19 -1514 | 235 0 0 113 13 -1035 | 161 0 0
4 48 | 220 25 -2168 | 314 0 0 150 17 -1482 | 215 0 0
5 60 | 212 31 -1581 | 325 0 0 145 21 -1081 | 222 0 0
6 72 | 205 37 -1069 | 336 0 0 140 26 -731 229 0 0
7 84 | 197 44 -631 346 0 0 135 30 -431 237 0 0
8 96 | 189 50 -268 | 357 0 0 129 34 -183 | 244 0 0
9 108 | 182 56 20 368 0 0 124 38 14 252 0 0
10 120 | 174 62 233 379 0 0 119 43 159 259 0 0
11 132 | 167 69 372 389 0 0 114 47 254 266 0 0
12 144 | 159 75 435 400 0 0 109 51 298 274 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny Vy M, Ny \ M, Ny Vy M, Ny Vy M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 349 0 - - - 0 268 0 - - -
DT-to-LW | 3.1 6.2 0 6.2 31 0 2.2 4.2 0 4.3 21 0
DT-to-IT 117 232 940 | 131 183 0 80 159 643 89 125 0

Note: Critical force demand is marked as bond.
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Design example 1B (BDO):

Joint between precast floor units: Transverse (N-S) Loading

Top floor Other floors
Joint X N/S Flat Ramp N/S Flat Ramp
Ny Vy M, Ny Vy M, Ny Vy M, Ny Vy M,
[ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ff] | [kips] [kips] [k-ft]
1 12 45 80 -333 0 302 1297 | 31 55  -228 0 207 887
2 24 90 81 -725 0 241 1853 | 62 56  -496 0 165 1267
3 36 | 135 94  -1038 0 179 1668 | 92 64 -709 0 122 1140
4 48 | 180 117  -1136 0 117 742 | 123 80 -776 0 80 508
5 60 | 180 103 188 0 103 1779 | 123 71 128 0 71 1217
6 72 | 180 90 1346 0 90 2651 | 123 61 920 0 61 1813
7 84 | 180 76 2338 0 76 3358 | 123 52 1599 0 52 2296
8 96 | 180 62 3166 0 62 3898 | 123 42 2165 0 42 2666
9 108 | 180 48 3827 0 48 4274 | 123 33 2617 0 33 2922
10 120 | 180 34 4323 0 34 4484 | 123 24 2956 0 24 3066
11 132 | 180 21 4654 0 21 4529 | 123 14 3183 0 14 3097
12 144 | 180 7 4820 0 7 4408 | 123 5 3296 0 5 3014
Joint between precast floor units: Longitudinal (E-W) Loading
Top floor Other floors
Joint  x N/S Flat* Ramp N/S Flat* Ramp
Ny \A M, Ny Vy M, Ny Vy M, Ny Vy M,
[f] | [kips] [kips] [k-ff] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ff] | [Kips] [kips] [k-ft]
1 12 43 5 -333 61 0 0 29 3 -228 42 0 0
2 24 85 10 =724 | 122 0 0 58 7 -495 83 0 0
3 36 | 128 14 1173 | 182 0 0 87 10 -802 | 125 0 0
4 48 | 170 19 -1680 | 243 0 0 116 13  -1149 | 166 0 0
5 60 | 164 24 1225 | 252 0 0 112 17 -838 | 172 0 0
6 72 | 159 29 -828 | 260 0 0 108 20 -566 | 178 0 0
7 84 | 153 34 -489 | 268 0 0 104 23 -334 | 183 0 0
8 96 | 147 39 -208 | 277 0 0 100 26 -142 | 189 0 0
9 108 | 141 43 15 285 0 0 96 30 10 195 0 0
10 120 | 135 48 181 293 0 0 92 33 123 201 0 0
11 132 | 129 53 288 302 0 0 88 36 197 206 0 0
12 144 | 123 58 337 310 0 0 84 40 231 212 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny Vy M, Ny \ M, Ny Vy M, Ny Vy M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 271 0 - - - 0 208 0 - - -
DT-to-LW | 2.4 4.8 0 4.8 24 0 1.7 3.3 0 33 16 0
DT-to-IT 91 180 728 | 101 142 0 62 123 498 69 97 0

Note: Critical force demand is marked as bond.
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Design example 1C (RDO):

Joint between precast floor units: Transverse (N-S) Loading

Top floor Other floors
Joint X N/S Flat Ramp N/S Flat Ramp
Ny Vy My Ny Vi My Ny Vy M, Ny Vy My
[ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
1 12 31 56  -231 0 210 899 21 38 -158 0 143 615
2 24 62 56  -502 0 167 1284 | 43 39  -343 0 114 878
3 36 94 65 -719 0 124 1156 | 64 44  -492 0 85 790
4 48 | 125 81 -787 0 81 514 85 56  -538 0 56 352
5 60 | 125 72 130 0 72 1233 | 85 49 89 0 49 843
6 72 | 125 62 933 0 62 1837 | 85 42 638 0 42 1256
7 84 | 125 53 1621 0 53 2327 | 85 36 1108 0 36 1591
8 96 | 125 43 2194 0 43 2702 | 85 29 1500 0 29 1847
9 108 | 125 33 2652 0 33 2962 | 85 23 1814 0 23 2025
10 120 | 125 24 2996 0 24 3108 | 85 16 2049 0 16 2125
11 132 | 125 14 3226 0 14 3139 | 85 10 2206 0 10 2146
12 144 | 125 5 3340 0 5 3055 | 85 3 2284 0 3 2089
Joint between precast floor units: Longitudinal (E-W) Loading
Top floor Other floors
Joint X N/S Flat* Ramp N/S Flat* Ramp
Ny Vu M, Ny Vy Mu | Ny Vu M, Ny Vu M,
[ff] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-fi] | [Kips] [kips] [k-ft]
1 12 30 3 -231 42 0 0 20 2 -158 | 29 0 0
2 24 59 7 -502 84 0 0 40 5 -343 | 58 0 0
3 36 89 10 -813 | 126 0 0 61 7 -566 | 86 0 0
4 48 | 118 13  -1164 | 169 0 0 81 9 -796 | 115 0 0
5 60 | 114 17 -849 | 174 0 0 78 11 -580 | 119 0 0
6 72 | 110 20 -574 | 180 0 0 75 14 -392 | 123 0 0
7 84 | 106 23 -339 | 186 0 0 72 16 -232 | 127 0 0
8 96 | 102 27 -144 | 192 0 0 70 18 -98 | 131 0 0
9 108 | 98 30 11 198 0 0 67 21 7 135 0 0
10 120 | 94 33 125 | 203 0 0 64 23 86 139 0 0
11 132 | 89 37 200 | 209 0 0 61 25 136 | 143 0 0
12 144 | 85 40 234 | 215 0 0 58 27 160 | 147 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny \A M, Ny \A M, Ny Vy M, Ny \A M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 188 0 - - - 0 144 0 - - -
DT-to-LW | 3.1 6.2 0 3.3 17 0 2.2 4.2 0 2.3 1 0
DT-to-IT 63 125 505 70 98 0 43 85 345 48 67 0

Note: Critical force demand is marked as bond.
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Step 9: Select Diaphragm Reinforcement
Diaphragm reinforcement type selected to meet Required Diaphragm Reinforcement Classification

(See Step 4). Prequalified connectors will be used in this example. Select appropriate diaphragm
reinforcement types from PART 2: Table 2A-1.

Design example 1A: (EDO)

Chord Reinforcement: Dry chord connector
Shear Reinforcement: JVI Vector
Secondary Reinforcement: #4 angled bar

Design example 1B: (BDO)

Chord Reinforcement: Dry chord with flat plate connector
Shear Reinforcement: JVI Vector
Secondary Reinforcement: #4 angled bar

Design example 1C: (RDO)

Chord Reinforcement: Pour strip bars
Shear Reinforcement: JVI Vector
Secondary Reinforcement: Pour strip bars

Determine Diaphragm Reinforcement Properties: As the diaphragm reinforcement selected is
prequalified, the diaphragm reinforcement properties can also be looked up in PART 2: Table 2A-1.

Design example 1A: (EDO)

kA kJA /A Vi A G
k/infin®  k/infin> k/in>  k/in® in
Dry chord Gr.60 1018 382 60 242 0.071

Reinforcing bars

k ky t Y )
Connectors ' " " v
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066
Angled bar #4 545 676 185 31.1 -

Design example 1B: (BDO)

k/A kA /A vi/A Gy
k/infin® kin/in®> k/in®> kin®  in
Dry chord w/ flat plate Gr.60 1018 382 60 242 0.07

Reinforcing bars

k k t
Connectors ' Y " v By
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066
Angled bar #4 545 676 185 31.1 -
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Design example 1C: (RDO)

kA kA /A Vi/A Gy
k/iinfin®> kinfin®> k/in®> k/in®>  in
Pour strip chord Gr.60 1234 382 60 242 0.057

Reinforcing bars

kt kv tn Vn Sty
Connectors
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066

Step 10: Design the Diaphragm Reinforcement at Joints

Use the interaction equation (Eqn. 10) to determine the required diaphragm reinforcement:

m,| N Y (arY
M-N-V = 4 +£ "J <1.0
¢an ¢an ¢vVn

Insert the diaphragm joint required strength values (M,, N, and V) from Step 8.

The diaphragm joint nominal design strength (M,, N, and V,) is based on v, and t, from Step 9.

— An analytically-based procedure from PART 3 is used for determining the
moment strength at precast floor unit to precast floor unit joint. Triangle force
distribution is used for determining the moment strength at other joints
(diaphragm-to-LFRS joint and diaphragm-to-internal beam joint) (See PART 3).

— Using Eqn. 28, 29, 34 for the joint between precast floor units and Eqn. 35 for the
joint between LFRS/beam and precast floor unit in Sec. 3.3 of PART 3 to
determine the diaphragm joint strength.

— Selection of a trial design is greatly facilitated through the use of spreadsheet
methods (See PART 3).

Primary diaphragm reinforcement
(c) Chord and shear reinforcement design

Diaphragm chord and shear reinforcement final design is shown below for each Design Option.
The M-N-V for each direction is shown in the table with the critical value marked as bold.
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Design example 1A: (EDO)

Top Floor
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V
Size #| # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 # 4|12 4.8 0.52 0.32 # 8|18 3.1 0.94 0.18
2 #6 4|12 4.8 0.79 0.65 # 8|18 31 0.77 0.36
3 #6 6|12 4.8 0.82 0.70 # 8|18 31 0.58 0.55
4 #6 6|16 3.5 0.97 0.92 #6 7|16 3.5 0.42 0.83
5 #6 6|16 3.5 0.82 0.83 # 7|16 3.5 0.43 0.86
6 #6 6|16 3.5 0.96 0.75 # 7|16 3.5 0.46 0.89
7 #6 8|13 44 0.88 0.54 # 7|13 44 0.53 0.94
8 # 8|13 44 0.95 0.50 # 7|13 44 0.57 0.97
9 # 8|13 44 1.02 0.47 # 7|13 44 0.59 1.00
10 #6 9| 7 8.8 0.99 0.47 #6 8| 7 8.8 0.56 0.95
11 #6 9| 7 88 1.02 0.48 #6 8| 7 8.8 0.55 0.97
12 #6 9|7 8.8 1.03 0.48 #6 8|7 88 0.52 1.00
Other Floors
North/South flat Ramp
Joint | Chord JVI M-N-V Chord Jvi M-N-V
Size #| # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 #6 3|7 88 0.54 0.19 # 5|16 4.8 0.81 0.19
2 #6 3|7 838 0.63 0.62 # 5|16 4.8 0.67 0.38
3 # 4|7 88 0.86 0.94 # 5|16 4.8 0.51 0.57
4 #6 4|13 4.4 0.95 0.92 #6 5|16 3.5 0.32 0.76
5 #6 4|13 4.4 0.80 0.83 #6 5|16 3.5 0.35 0.79
6 #6 4|13 4.4 0.79 0.75 #6 5|16 3.5 0.40 0.81
7 #6 5|13 44 0.90 0.68 #6 6|13 44 0.41 0.74
8 #6 5|13 44 0.99 0.51 #6 6|13 44 0.44 0.76
9 #6 5|13 44 0.90 0.47 #6 6|13 44 0.47 0.78
10 #6 6| 7 838 1.00 0.53 # 6|7 90 0.50 0.85
11 #6 6| 7 838 1.03 0.46 #6 6|7 90 0.49 0.87
12 #6 6|7 88 1.04 0.46 #6 6|7 9.0 0.47 0.90

Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V =
1.0
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For the purpose of comparing the proposed FBD design method to the simple beam method used
in current design practice, the diaphragm design for Example 1A has been performed using the simple
beam method as shown below.

Diaphragm design forces:
Top floor

Vu=F4a/3/2=1398/3/2= 233 kips

M, =F4i, /3xL/8=1398/3x 300/8= 17475 k-ft
Other floors

V.u=F4./3/2=1073/3/2=179 kips

M, =F4;,/3xL/8=1073/3x 300/8= 13413 k-ft

Select the # of JVI based on shear demand and the # of chord based on moment demand including
the chord contribution to joint shear strength and the JVI contribution to joint moment strength:

Top floor: select 13#6 and 7 JVI Vector @ 8.8" without bar “cut-off” or JVI Vector spacing
variation

V, = 404 kips > V,/ =233/0.85=274kips OK
M, = 19510 k-ft > My/¢ =17475/0.9=19417 k-ft OK

Other floors: select 10#6 and 7 JVI Vector @ 8.8" without bar “cut-off” or JVI Vector spacing
variation

V, = 340 kips > V,/b =179/0.85=211kips OK.
M, = 15048 k-ft > M,/ =13413/0.9=14903 k-ft OK

An cost comparison between the simple beam method and FBD method in the following Figure
for weight of chord steel and total number of JVI Vectors. As seen, the simple beam method requires
about twice of chord steel than the FBD method while the FBD method requires about 50% more number
of JVI Vectors than the simpe beam method.

0.6 r

0.5
0.4

0.3

0.2

# of shear connector

0.1

Chord weight (Ib/sq.ft)

0
>
‘b@& QQ’Q \efbzfzy
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Figure: cost comparison: (a) chord weight; (b) # of JVI Vectors.
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Design example 1B: (BDO)

Top Floor
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V
Size #| # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 # 4|10 5.8 0.50 0.25 # 4|19 29 1.00 0.25
2 #6 4|10 5.8 0.68 0.52 # 419 29 0.83 0.50
3 #6 4|10 5.8 0.93 0.79 # 4|19 29 0.64 0.75
4 #6 5|13 4.4 0.94 0.85 # 5|16 3.5 0.42 0.86
5 #6 5|13 44 0.80 0.77 # 5|16 3.5 0.43 0.89
6 #6 5|13 44 0.92 0.70 # 5|16 3.5 0.47 0.92
7 #6 6|13 44 0.88 0.55 # 5|13 44 0.55 0.98
8 # 6|13 44 0.95 0.50 # 5|13 44 0.58 1.01
9 # 6|13 44 1.01 0.47 # 5|13 44 0.61 1.04
10 #6 7|7 8.8 0.97 0.47 #6 6| 7 8.8 0.57 0.96
11 #6 7|7 8.8 0.99 0.48 #6 6| 7 8.8 0.55 0.99
12 #6 7|7 88 1.01 0.48 #6 6|7 8.8 0.53 1.02
Other Floors
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V
Size #| # s (ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 #6 3|10 5.8 0.39 0.22 #6 3|16 4.8 0.84 0.22
2 #6 3|10 5.8 0.57 0.45 #6 3|16 4.8 0.70 0.44
3 #6 3|10 5.8 0.79 0.69 # 3|16 4.8 0.54 0.67
4 #6 3|13 44 0.93 0.89 # 4|16 3.5 0.31 0.71
5 # 3|13 44 0.79 0.81 # 4|16 35 0.33 0.73
6 # 3|13 44 0.93 0.73 # 4|16 35 0.37 0.76
7 #6 4|13 4.4 0.84 0.53 # 4|13 44 0.44 0.81
8 #6 4|13 4.4 0.92 0.48 # 4|13 44 0.48 0.84
9 # 4|13 4.4 0.98 0.45 # 4|13 44 0.50 0.86
10 #6 5|7 88 0.91 0.42 #6 5|7 9.0 0.46 0.78
11 #6 5|7 88 0.93 0.43 #6 5|7 90 0.45 0.80
12 #6 5|7 88 0.95 0.43 #6 5|7 90 0.43 0.82

Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V =
1.0
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Design example 1C: (RDO)

Top Floor
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V
Size #| # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 # 3|13 44 0.45 0.28 #5 418 3.1 0.97 0.23
2 #5 3|13 4.4 0.69 0.57 #5 4118 341 0.80 0.46
3 #5 3|13 4.4 0.97 0.87 #5 4118 341 0.61 0.69
4 #5 4|16 3.5 0.95 0.90 #5 5|13 44 0.47 0.83
5 #5 4|16 3.5 0.81 0.81 #5 5|13 44 0.46 0.86
6 #5 4116 3.5 0.94 0.74 # 5|13 44 0.48 0.88
7 #5 6|13 44 0.82 0.51 # 5|10 538 0.56 0.95
8 #5 6|13 44 0.89 0.47 #5 5|10 538 0.58 0.98
9 #5 6|13 44 0.94 0.44 # 5|10 538 0.59 1.01
10 #5 7|7 8.8 0.93 0.46 #5 6| 7 8.8 0.54 0.92
11 #5 7|7 8.8 0.95 0.47 #5 6| 7 8.8 0.52 0.95
12 #5 7|7 88 0.96 0.48 #5 6|7 838 0.50 0.97
Other Floors
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V
Size #| # s (ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 #5 2|10 5.8 0.43 0.27 #5 3|13 44 0.91 0.21
2 #5 2|10 5.8 0.67 0.56 #5 3|13 44 0.75 0.42
3 #5 2|10 5.8 0.94 0.85 # 3|13 44 0.57 0.63
4 #5 3|13 44 0.84 0.80 #5 4113 44 0.34 0.68
5 # 3|13 44 0.72 0.73 #5 4|13 44 0.34 0.70
6 # 3|13 44 0.84 0.66 #5 4|13 44 0.37 0.72
7 #5 4|10 5.8 0.82 0.51 #5 4|10 5.8 0.44 0.79
8 #5 4|10 5.8 0.89 0.47 #5 4|10 5.8 0.46 0.81
9 #5 4|10 5.8 0.95 0.44 # 4|10 538 0.48 0.83
10 #5 65| 7 88 0.86 0.41 #5 5|7 88 0.43 0.74
11 #5 5| 7 88 0.88 0.42 #5 5|7 838 0.42 0.76
12 #5 5|7 88 0.89 0.42 #5 5|7 838 0.40 0.79

Note: Symmetric design is applied. The chord bar cut-off and shear reinforcement space varying are conducted at
every three joint. Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V =
1.0
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(d) LFRS-to-diaphragm connection and collector design

Design example 1A: (EDO)
Check Wg x Qu=2.9 x 1.0=2.9> Q,=2.5 OK

Anchorage design Wall length Vu N, M, Vo * t,* Req'd # Provide
[ft] kips [kips] [k-ff] [kips] [kips] Perwall #4 angled bar
NS shear Top 25 349 0 0 31.1 18.6 13.2 14
wall Others 25 268 0 0 311 186 10.2 11
EW lite wall Top 8 31 6.2 0 31.1 18.6 1.2 2
-SINFlat  Others 8 21 4.3 0 31.1 186 0.8 2
Ewgte wall Al floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall
- Ramp
* Tension and shear nominal strength of #4 angled bar connector.

Diaphragm collector reinforcement:

Collector reinforcement is designed to resistant the same shear demand as the

anchorage of shear wall:
A, =QV, /¢, =1.0x349/0.9/60 = 6.5 in®
Choose 7#9 (7 in®) at each end of structure

Design example 1B: (BDO)
Check ¥p x Q.p=2.25 x 1.19=2.68> Q,=2.5 OK

Anchorage design Wall length \A N, M, Vo ¥ t,* Req'd # Provide
[ft] kips [kips] [k-ft] [kips] [kips] Perwall #4 angled bar
NS shear Top 25 271 0 0 31.1 18.6 121 12
wall Others 25 208 0 0 311 186 9.3 10
EW lite wall Top 8 24 4.8 0 31.1 18.6 1.1 2
- S/N Flat Others 8 16 3.3 0 311 18.6 0.8 2
Ewgte wall - Al floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall
- Ramp
* Tension and shear nominal strength of #4 angled bar connector.

Diaphragm collector reinforcement:

Collector reinforcement is designed to resistant the same shear demand as the

anchorage of shear wall:
A =QV, /@’y =1.19%271/0.9/60 = 5.97 in®
Choose 6#9 (6 in?) at each end of structure

Design example 1C: (RDO)

Check g x Q.r= 1.56 x 1.5=2.34< Q2,=2.5; Increase V, from step 8 for walls by a

factor of 2.5/2.34=1.07
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Anchorage design Wall length \A Ny M, Vi * t* Req'd # Provide
[ft] kips [kips] [k-ff] [kips] [kips] Per wall #9 rebar
NS shear Top 25 201 0 0 242 60 14.6 15
wall Others 25 154 0 0 242 60 11.2 11
EW lite wall Top 8 18 3.3 0 24.2 60 1.3 2
-S/NFlat  Others 8 12 23 0 242 60 0.9 2
EWg:’;ﬂ";a” All floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall

* Tension and shear nominal strength of #9 rebar.

Diaphragm collector reinforcement:
Collector reinforcement is designed to resistant the same shear demand as the

anchorage of shear wall:

A, =QV, /¢, =1.5x201/0.9/60 = 5.58in’
Choose 6#9 (6.0 in) at each end of structure

Secondary diaphragm reinforcement
Design example 1A: (EDO)

(3) Internal beam joint design

Beam joint design Q | Vy N, M, Vo * t,* Req'd # Provide
[ft%] [ft"] [kips] [kips] [k-ft] [kips] [kips] Per DT #4 angled bar
Top floor 1210 164715 232 117 940 311 18.6 34 4
Other floors 1210 164715 159 80 643 311 186 2.3 3
* Tension and shear nominal strength of #4 angled bar connector.
(4) Spandrel to diaphragm connector
Use 2#4 angled bar connector per precast floor unit.
Design example 1B: (BDO)
(3) Internal beam joint design
Beam joint design Q | Vy Ny M, Vo * t,* Req'd # Provide
[ft°] [ft"] [kips] [kips] [k-ft] [kips] [kips] Per DT #4 angled bar
Top floor 1210 164715 180 91 728 311 18.6 29 3
Other floors 1210 164715 123 62 498 311 18.6 2.0 2

* Tension and shear nominal strength of #4 angled bar connector.

(4) Spandrel to diaphragm connector

Use 2#4 angled bar connector per precast floor unit.

Design example 1C: (RDO)

(3) Internal beam joint design
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Beam joint design Q I V, N, M, Vo * t.* Reqd# Provide
[ft%] [ft*] [kips] [kips] [k-ft] [kips] [kips] Per DT #5 rebar

Top floor 1210 164715 125 63 505 7.502 18.6 7.5 8

Other floors 1210 164715 85 43 345 7502 18.6 5.1 5

* Tension and shear nominal strength of #5 rebar.

Step 11: Determine the diaphragm effective elastic modulus and shear modulus

The diaphragm joint effective elastic Young’s modulus (E.¢) and effective shear modulus
(Gegr) are calculated using the analytical based procedure (see “Diaphragm Joint Stiffness
Calculation” in PART 3). E. and G will be used in step 12 for calculating the diaphragm
induced drift. These values can be calculated in a spreadsheet at the same time as the diaphragm
reinforcement is selected. An average of the maximum and minimum values at any joint is
suggested in design as shown in the bottom row of tables below. (See Appendix for tables

(4) Spandrel to diaphragm connector

Use 2#5 rebar per precast floor unit.

output per joint.)
Design example 1A: (EDO)
Top Floor Other Floors
Joint North/South flat Ramp North/South flat Ramp
Eeff Geff Eeff Geff Eeff Geff Eeff Geff
[ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi]
Min 715 213 1025 222 566 142 841 191
Max 1174 281 1122 327 914 238 933 267
Ave 1002.9 2555 1068.8  277.8 768.3 199.9 882.3 2445
Des 944.5 247 1073.5 274.5 740 190 887 229
Design example 1B: (BDO)
Top Floor Other Floors
Joint North/South flat Ramp North/South flat Ramp
Eeff Geff Eeff Geff Eeff Geff Eeff Geff
[ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi]
Min 707 192 742 191 580 175 607 175
Max 1008 253 914 282 810 223 810 253
Ave 869.8 2225 832.0 2445 675.5 195.5 716.5 222.3
Des 857.5 222.5 828 236.5 695 199 708.5 214
Design example 1C: (RDO)
Top Floor Other Floors
Joint North/South flat Ramp North/South flat Ramp
Eeff Geff Eeff Geff Eeff Geff Eeff Geff
[ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi]
Min 534 174 668 163 391 149 534 151
Max 912 235 824 255 727 194 727 205
Ave 737.5 207.3 745.3 204.5 571.8 166.8 635.8 180.8
Des 723 204.5 746 209 559 171.5 630.5 178
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Step 12: Check the diaphragm induced gravity column drift

The following tables show the diaphragm induced gravity column drift at the midspan column j
obtained from the spreadsheet design program in PART 3).

Design example 1A: (EDO)

. Sub Floor Ca Cq.dia Ci gia Sd.ia'EI S.dia Ode
Diaphragm [in] [in] [rad]
N/S Flat Top 1.09 1.09 0.59 0.708 0.775 0.0036
Others 1.09 1.09 0.59 0.637 0.697 0.0033
Ramp Top 1.09 1.09 0.59 0.934 1.021 0.0048
Others 1.09 1.09 0.59 0.746 0.816 0.0038

Design example 1B: (BDO)

| Sub Floor C. Codi Craie S(fia,el §dia Baia
Diaphragm [in] [in] [rad]
N/S Flat Top 1.13 1.69 0.64 0.639 1.078 0.0055
Others 1.13 1.69 0.64 0.531 0.895 0.0045
Ramp Top 1.13 1.69 0.64 0.859 1.450 0.0074
Others 1.13 1.69 0.64 0.669 1.129 0.0057

Design example 1C: (RDO)

| Sub Floor C. Coai Craie Scfia,el SIdia Odia
Diaphragm [in] [in] [rad]
N/S Flat Top 1.16 3.35 0.56 0.479 1.605 0.0071
Others 1.16 3.35 0.56 0.416 1.395 0.0062
Ramp Top 1.16 3.35 0.56 0.675 2.262 0.0101
Others 1.16 3.35 0.56 0.539 1.809 0.0080

For all design examples, the maximum diaphragm induced gravity column drift (B4is) is less than
0.01, OK

40



EDO Diaphragm Design (Example 1A)

12 JVI 16 JVI 13 JVI 7 JVI 9#6 8#6 6#6 4#6

v T N R e B AN

%/ Cut-off 1#6 | Cut-off 2#6 }Cut-of‘f 2#6
|

: e ‘

% North/South |

: |

X \

X i

i Downward to} }

¥ 3rd floor I

X Ramp | }
Il

X Il

¥ Cgt-Off 1#6 I

18 JVI 16 JVI 13 JVI 7 JVI 8#6 T#6 8#6

8#6 ‘

Fig. A- 2. Diaphragm reinforcement at top floor for example 1A.

74V 13 JVI 7V 6#H6 546 446 346
‘ ] ]
] Cut-off 146 | Cut-off 1#6  Cut-6ff 1#6
I \
| |
! North/South }
X |
X |
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% Downward to} }
o lower floor 11
X Ramp| | }
[
¥ [
o Qut-off 1#6 1
16 JVI 16JVI 13V 7IVI  6#6 5#6 5#6

Fig. A- 3. Diaphragm reinforcement at other floors for example 1A.

181"

60’ T#9 collector
reinforcement
61'
#4 angled bar connector: $#4 DT9A to flat
Top floor: 4 per panel 2" Angle w/ C-shape weld to ramp
%Other floors: 3 per panel
#4 angled bar connector:
60" Top floor: 14 per wall
Other floors: 11 per wall

‘ 300 ‘
Fig. A- 4. Secondary reinforcement for example 1A.
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BDO Diaphragm Design (Example 1B)

10 JVI 13 JVI 13 JVI 7 JVI T#6 6#6 5#6 4#6
v T N R e S
? Cut-off 1#6 Cut-off 1#6 }CLR-\Off 1#6
\
‘ | |
! North/South }
% |
X |
% |
X X
% Downward to} }
X 3rd floor I
X Ramp | }
‘ I
X Cut-off 1#6 H
19 JVI 16 JVI 13 JVI 7 JVI 6#6 5#6 4#6

4#6 ‘

Fig. A- 5. Diaphragm reinforcement at top floor for example 1B.
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Fig. A- 6. Diaphragm reinforcement at other floors for example 1B.

6#9 collector
reinforcement

2#4 DT9A to flat
1" Angle w/ C-shape weld to ramp

#4 angled bar connector:
60' Top floor: 12 per wall
Other floors: 10 per wall

#4 angled bar connector:
Top floor: 3 per panel
yOther floors: 2 per panel

l 300
Fig. A- 7. Secondary reinforcement for example 1B.
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RDO Diaphragm Design (Example 1C)

13 JVI 16 JVI 13 JVI 7 JVI T#5 6#5 4#5 3#5

T =T ~ 1
Cut-off 1#5 Cut-off 2#5 | Cut-off 1#5

i
|
|
|
North/South }
|
|
[

Downward to

Aye —X—%— % % [] x—xaex—x*x—x*WA

I
[
[
3rd floor I
Ramp ; }
‘ N
Cut-off 1#5 |
18 JVI 13JVI 104V TIVI 6#5 5#5 4#5
4#5 ‘
Fig. A- 8. Diaphragm reinforcement at top floor for example 1C.
10 JVI 13JVI 10 VI 7V 5#5 4#5 345 2#5
; = 1 —
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j Downward to} }
| lower floor | |
X Ramp| ; }
X N
X Cut-off 1#5 |
134V 13JVI 104V 7Vl B#5 445 3#5
3#5

Fig. A- 9. Diaphragm reinforcement at other floors for example 1C.

3
) Pour strip
60 6#9 collector
reinor(‘:em‘ent \
25' -
81 6t 2#9 to flat
Top floor: 8#5 1" Angle w/ C-shape weld to ramp

Other floors: 5#5

Pl P
R + “‘

Top floor: 15 #9
60' Other floors: 11 #9

: 300 :
Fig. A- 10. Secondary reinforcement for example 1C.
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Example 2: 4-Story Interior Wall Parking Garage

The structure for example 2 is a 4-story interior wall partaking garage. As seen in plan view of Figure 11a,
the parking structure has three bays with a central ramp. The structural plan has a footprint of 300" x 180/,
resulting in 300" x 60’ for each sub-diaphragm. The floor-to-floor height is 10.5’ for the typical floor and
16" at the 1* story. LFRS in transverse direction is composed of four 25’ interior precast wall for SDC C
and RC walls for SDC D. The LFRS in longitudinal direction are 34 interior lite walls flanking the central
ramp (See elevation in Figure 11b).

L=300'
= Lseam=48' L'=204' 48' —=

North

DT-IT Joint

‘ ») F g Lite wall

T
a=180' d=60" Ramp Ramp Span ransverse Shear wall
Landing o
Longitudinal

— ] f—— b:"] 2'
South

Joint#: 1 2 3 45 6 7 8 9101112
(a) Typical floor plan

JH0n0H0HD
AHOHOHOHD
¥ JHanonono

* :

204

(b) Ramp elevation
Fig. A- 11. 4-story interior wall partaking garage.
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Example Structure 2 is located in a Seismic Design Category (SDC) C Site in Knoxville TN and a SDC D
Site in Seattle WA. The diaphragm design will be completed for two different diaphragm design options:

Design Example 2A:  SDC C Elastic Design Option (EDO Design)
Design Example 2B:  SDC D Reduced Design Option (RDO Design)

Because many design steps are shared among the different diaphragm design options, the design
examples are arranged to follow the step by step procedure in PART 1, with the different calculations for
Examples 2A and 2B appearing as sequential sub-sections within each design step.
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DESIGN STEPS:

Design example 2A: (SDC C EDO)

For SDC C EDOQO, this step is same as the design example 1. Refer to step 1 of example 1 to get

the diaphragm seismic baseline design forces.

Design example 2B: (SDC D RDO)

(1) and (2): Seismic design parameters
Design site:

SDC

Ss

Sy

Soil site class
F,

FV

Sim= Fax S,
Sm1: FV>< S]
SDSZ 2/3x Sms
SD1: 2/3x Sml

N-S/Special RC wall
E-W/ Special precast bearing wall

(3): Seismic response coefficient C

Step 1: Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05

Seattle, WA

D

1.58

0.55

C

1.00

1.30

1.58

0.72

1.05

0.48

R=6, Qy=2.5, C4=5
R=5, Q4=2.5, C4=5

T,=CH, " =002x475"* =0362sec; T=C,T, =1.40x0.362=0.507 sec

N-S direction:
SDS

C, = =0.18, Cy i =0.01, C

E

E-W direction:

S
C == DS == 02 1 ) C min
STRII >

E

(4), (5), (6) and (7):

=0.01, C =

S, max

Spi 048 =0.157 controls

S,max ~

(RIT)T  6x0.507

Spi 0.48 =(.188 controls

(RIT)T 5x0.507

Diaphragm maximum design acceleration Cg, max=max (Fy/wy) (Eqn.1)

Diaphragm baseline design force Fip, = oy Cyigy max W

(Eqn.2)

Note: o, =1.0 at top floor and o, =0.68 at lower floors for parking structure.
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N-S direction:

hye (ft) Wy (kips)  Wyh  Cux  Fy(kips) Cuama(1) O  Foy (kips) (2)
Roof 47.5  5560* 267494 0.347 1325 0.238 1.0 1325
4th 37 6276 235002 0.304 1164 0238  0.68 1017
3rd 265 6276 168127 0.218 833 0238 068 1017
2nd 16 6276 101341 0.131 502 0.238  0.68 1017
Sum 0 24388 771964 1 3824

Note: * The top floor has less seismic mass due to ramp

E-W direction:

he (ft) Wy (kips)  Weh!  Cux  Fy(kips) Caamax(1) O  Fox (Kips) (2)
Roof 475  5560* 267494 0.347 1590 0.286 1.0 1590
4th 37 6276 235002 0.304 1397 0.286  0.68 1221
3rd 265 6276 168127 0.218 999 0.286  0.68 1221
2nd 16 6276 101341 0.131 602 0.286  0.68 1221
Sum 0 24388 771964 1 4589

Note: * The top floor has less seismic mass due to ramp
Step 2: Determine the Diaphragm Seismic Demand Level

Design example 2A: (SDC C EDO)

For SDC C: Low
Note: All buildings in SDC C are assigned “Low” Seismic Demand

Design example 2B: (SDC D RDO)
L=204 ft > 190 ft: High

Step 3: Select Diaphragm Design Option

Design example 2A: (SDC C EDO)

For low seismic demand: Elastic design option (EDQ) is recommended

Design example 2B: (SDC D RDO)

For high seismic demand: Reduced design option (RDO) is recommended

Step 4: Determine Required Diaphragm Reinforcement Classification

Design example 2A: (SDC C EDO)
For elastic design option: Low deformability element (LDE)

Design example 2B: (SDC D RDO)
For reduced design option: High deformability element (HDE)
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Step 5: Determine Diaphragm Force Amplification Factor

The entire diaphragm is treated as three individual sub-diaphragms for the diaphragm design as
shown in PART 3: North, South and Ramp sub-diaphragm.

L = 204 ft

AR = 204/60 =3.4
n = 4

L/60-AR = 0

Design example 2A: (SDC C EDO)
Eqn. 3: W, =1.7x4°*[1-0.04(3-3.4)*]x1.05%34 =2 86

Design example 2B: (SDC D RDO)
Eqn. 5: W, =1.05x4"[1-0.03(2.5-3.4)>]x1.05°%/“> =155

Step 6: Determine Diaphragm Shear/Anchorage Overstrength Factor

Design example 2A: (SDC C EDO)
Eqn. 6: Q. =1.0

vE

Design example 2B: (SDC D RDO)
Eqn. 8: Q,=1924R"" =1.92x3.47"" =1.54

Step 7: Determine Diaphragm Design Force
Inserting the baseline diaphragm forces from Step 1 and the diaphragm
amplification factor from Step 5 into Equation 9:

Design example 2A: (SDC C EDO)

N-S direction:
Top Floor:
Faia= WEFpx = 2.86%x482 =1378 kips> 0.2SpsIw,= 500.4 kips
Other Floors
Faia= WEeFpx = 2.86%370 = 1058 kips> 0.2SpsIw,= 565 kips

E-W direction:
Top Floor
Faia= WEFpx = 2.86x602 = 1722 kips> 0.2SpsIw,= 500.4 kips
Other Floors
Faia= WEFpx = 2.86%462 = 1323 kips> 0.2SpsIw,= 565 kips

Design example 2B: (SDC D RDO)
N-S direction:
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Top Floor

Faia= WrFpx= 1.55x1325 = 2058 kips> 0.2SpsIw,= 1168 kips
Other Floors

F4ia= WrFpx= 1.55x1017 = 1579 kips> 0.2SpsIw,= 1318 kips

E-W direction:

Top Floor

Faia= WrFpx= 1.55x1590 = 2469 kips> 0.2SpsIw,= 1168 kips
Other Floors

Faia= WrFpx= 1.55x1221 = 1895 kips> 0.2SpsIw,= 1318 kips

Step 8: Determine Diaphragm Internal Forces

The free-body diagram method (Option 8b) is selected to obtain the diaphragm internal forces.

Use is made of existing free body diagrams created for common precast diaphragm configurations
(See PART 3: Free Body Diagrams for Typical Precast Parking Structures). The associate
calculations have been embedded in a design spreadsheet program (See PART 3: Design Aids for
Diaphragm Design: Spreadsheet Program).

The tables below show the resulting required strength (maximum diaphragm internal forces) at

each diaphragm joint (Refer to Fig. A- 23a for joint numbering) and joints between diaphragm to
other members (LFRS and internal beam) under transverse and longitudinal directions. Although the
effect of two orthogonal direction loadings (transverse and longitudinal) is considered independently,
at this step the critical loading direction cannot be explicitly determined because the diaphragm
reinforcement selection at step 10 is based on an M-N-V interaction equation (Eqn. 10).

Design example 2A: (SDC C EDO)

Joint between precast floor units: Transverse (N-S) Loading

Top floor Other floors
Joint X N/S Flat Ramp N/S Flat Ramp
Ny Vi My Ny Vy M, Ny Vy M, Ny Vy My

[ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
1 12 0 -21 -124 0 -21 -124 0 -14 -85 0 -14 -85
2 24 0 -41 -495 0 -41 -495 0 -28  -339 0 -28  -339
3 36 0 -62  -1114 0 -62  -1114 0 -42  -762 0 -42 762
4 48 0 149  -1981 0 202 -1981 0 102 -1354 0 174 -1354
5 60 0 132 -297 0 178 -67 0 90 -203 0 153 112
6 72 0 114 1176 0 154 1562 0 78 804 0 133 1332
7 84 0 96 2439 0 131 2906 0 66 1668 0 113 2307
8 96 0 79 3491 0 107 3966 0 54 2387 0 92 3036
9 108 0 61 4333 0 83 4741 0 42 2963 0 72 3520
10 120 0 44 4964 0 59 5231 0 30 339%4 0 51 3759
11 132 0 26 5385 0 36 5436 0 18 3682 0 31 3752
12 144 0 9 5596 0 12 5357 0 6 3826 0 10 3500
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Joint between precast floor units: Longitudinal (E-W) Loading

Top floor Other floors
Joint  x N/S Flat* Ramp N/S Flat* Ramp
Ny Vy M, Ny Vy My Ny A M, Ny Vy My
[f] | [Kips] [kips] [k-ft] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
1 12 54 6 -424 77 0 0 37 4 -290 53 0 0
2 24 | 108 12 -921 155 0 0 74 8 -630 | 106 0 0
3 36 | 162 18 -1492 | 232 0 0 111 13 -1020 | 159 0 0
4 48 | 217 25 -2137 | 309 0 0 148 17  -1461 | 212 0 0
5 60 | 209 31 -1558 | 313 0 0 143 21 -1066 | 214 0 0
6 72 | 202 37 -1053 | 316 0 0 138 25 -720 | 216 0 0
7 84 | 194 43 -622 | 319 0 0 133 29 -425 | 218 0 0
8 96 | 187 49 -264 | 322 0 0 128 34 -181 | 220 0 0
9 108 | 179 55 20 325 0 0 123 38 13 222 0 0
10 120 | 172 61 230 | 328 0 0 117 42 157 | 224 0 0
11 132 | 164 68 366 | 331 0 0 112 46 250 | 226 0 0
12 144 | 157 74 429 | 334 0 0 107 50 293 | 228 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny Vy My Ny Vy My Ny Vy M, Ny Vi M,
[Kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 224 2971 - - - 0 153 2032 - - -
DT-to-LW | 3.1 6.1 0 6.1 30 0 2.2 8.3 0 4.2 21 0
DT-to-IT - - - 129 181 0 - - - 88 123 0
Note: Critical force demand is marked as bond.
Design example 2B: (SDC D RDO)
Joint between precast floor units: Transverse (N-S) Loading
Top floor Other floors
Joint  x N/S Flat Ramp N/S Flat Ramp
Ny Vy M. Ny Vy M, Ny Vy M, Ny Vy My
[ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
1 12 0 -31 -185 0 -31 185 0 -21 -126 0 -21 -126
2 24 0 -62  -740 0 -62  -740 0 -42  -505 0 -42  -505
3 36 0 -92  -1664 0 -92  -1664 0 -63  -1137 0 -63  -1137
4 48 0 223 -2958 0 301 -2958 0 152  -2022 0 260 -2022
5 60 0 196 -444 0 266 -100 0 134  -303 0 229 166
6 72 0 170 1757 0 230 2333 0 116 1200 0 198 1988
7 84 0 144 3643 0 195 4341 0 98 2489 0 168 3444
8 96 0 118 5214 0 159 5923 0 81 3563 0 137 4533
9 108 0 92 6472 0 124 7081 0 63 4423 0 107 5255
10 120 0 65 7415 0 89 7813 0 45 5067 0 76 5611
11 132 0 39 8043 0 53 8119 0 27 5497 0 46 5601
12 144 0 13 8358 0 18 8001 0 9 5711 0 15 5224
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Joint between precast floor units: Longitudinal (E-W) Loading

Top floor Other floors
Joint  x N/S Flat* Ramp N/S Flat* Ramp
Ny Vy M, Ny Vy My Ny A M, Ny Vy My
[f] | [Kips] [kips] [k-ft] | [Kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]

1 12 78 9 -608 | 111 0 0 53 6 -415 76 0 0
2 24 | 155 18  -1321 | 222 0 0 106 12 -903 | 152 0 0
3 36 | 233 26 -2140 | 333 0 0 159 18  -1462 | 227 0 0
4 48 | 311 35 -3064 | 444 0 0 212 24 -2094 | 303 0 0
5 60 | 300 44  -2234 | 448 0 0 205 30 -1527 | 306 0 0
6 72 | 289 53 -1510 | 452 0 0 198 36 -1032 | 309 0 0
7 84 | 278 62 -892 | 457 0 0 190 42 -610 | 312 0 0
8 96 | 268 70 -379 | 461 0 0 183 48 -259 | 315 0 0
9 108 | 257 79 28 466 0 0 176 54 19 318 0 0
10 120 | 246 88 329 | 470 0 0 168 60 225 | 321 0 0
11 132 | 235 97 525 | 474 0 0 161 66 359 | 324 0 0
12 144 | 225 106 615 | 479 0 0 154 72 420 | 327 0 0

* Symmetric design will be applied although loading is not symmetric. The most critical diaphragm internal forces
are shown in the table for each symmetric joint.

Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor Other Floors
Joint Transverse (N-S) Longitudinal (E-W) Transverse (N-S) Longitudinal (E-W)
Ny Vy My Ny Vu My Ny Vu My Ny Vu My
[kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-SW 0 334 4438 - - - 0 229 3033 - - -
DT-to-LW | 4.7 9.1 0 8.8 44 0 3.1 12.4 0 6.0 30 0
DT-to-IT - - - 185 259 0 - - - 126 177 0

Note: Critical force demand is marked as bond.

Step 9: Select Diaphragm Reinforcement Type Based on DRC

Diaphragm reinforcement type

selected to meet Required Diaphragm Reinforcement

Classification (See Step 4). Prequalified connectors will be used in this example. Select
appropriate diaphragm reinforcement types from PART 2: Table 2A-1.

Design example 2A: (SDC C EDO)

Chord Reinforcement:
Shear Reinforcement:

Secondary Reinforcement:

Dry chord connector

JVI Vector
#4 angled bar

Design example 2B: (SDC D RDO)

Chord Reinforcement:
Shear Reinforcement:

Secondary Reinforcement:

Pour strip bars
JVI Vector
Pour strip bars
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Determine Diaphragm Reinforcement Properties: As the diaphragm reinforcement selected is
prequalified, the diaphragm reinforcement properties can also be looked up in PART 2: Table
2A-1:

Design example 2A: (SDC C EDO)

Reinforcing bars  ki/A  kJ/A /A vi/A 3y
kfinfin® k/infin®> kfin* kin’>  in
Dry chord Gr.60 1018 382 60 242 0.07

Connectors Kt Ky t Vi Sty
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066

Angled bar #4 545 676 18.5 31.1 -

Design example 2B: (SDC D RDO)

Reinforcing bars ke/ A k/A /A vilA Gy
k/iinfin®> k/infin®> k/in®> k/in®>  in

Pour strip chord Gr.60 1234 382 60 242 0.057

Connectors ki ky tn Vn Sty
k/in k/in k k in
JVI Vector 55 226 3.1 18.1 0.066

Step 10: Design the Diaphragm Reinforcement at Joints

Use the interaction equation (Eqn. 10) to determine the required diaphragm reinforcement:

m,| N, ) (ar,
M-N-V=_| —+—% +[—"J <1.0
¢an ¢an ¢vVn

Insert the diaphragm joint required strength values (M,, N, and V,) from Step 8.

The diaphragm joint nominal design strength (M,, N, and V,) is based on v, and t, from Step 9.

— An analytically-based procedure from PART 3 is used for determining the
moment strength at precast floor unit to precast floor unit joint. Triangle force
distribution is used for determining the moment strength at other joints
(diaphragm-to-LFRS joint and diaphragm-to-internal beam joint) (See PART 3).

— Using Eqn. 28, 29, 34 for the joint between precast floor units and Eqn. 35 for the
joint between LFRS/beam and precast floor unit in Sec. 3.3 of PART 3 to
determine the diaphragm joint strength.

— Selection of a trial design is greatly facilitated through the use of spreadsheet
methods (See PART 3).
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Primary diaphragm reinforcement design

(1) Chord and shear reinforcement design

Diaphragm chord and shear reinforcement final design is shown below for each Design Option.
The M-N-V for each direction is shown in the table with the critical value marked as bold.

Design example 2A: (SDC C EDO)

Top Floor
North/South flat Ramp
Joint | Chord JVi M-N-V Chord JVi M-N-V
Size # | # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 #5 7|7 88 0.11 0.28 #6 6| 7 8.8 0.10 0.25
2 #5 7|7 8.8 0.22 0.57 #6 6| 7 8.8 0.20 0.51
3 #5 7|7 8.8 0.35 0.86 #6 6| 7 8.8 0.32 0.76
4 #5 7|16 3.5 0.52 1.08 #6 6|16 3.5 0.61 0.94
5 #5 7|16 3.5 0.39 0.97 #6 6|16 3.5 0.50 0.95
6 #5 7116 3.5 0.38 0.88 #6 6|16 3.5 0.47 0.96
7 # 7111 53 0.51 0.84 #6 7|11 53 0.53 0.88
8 #5 7111 53 0.59 0.77 #6 7|11 53 0.54 0.89
9 #5 7111 53 0.66 0.71 #6 7|11 53 0.56 0.89
10 #5 7|7 8.8 0.76 0.78 #6 7|7 88 0.60 0.93
11 #5 7|7 8.8 0.80 0.78 #6 7|7 88 0.59 0.94
12 # 7|7 88 0.82 0.78 #6 7|7 88 0.56 0.95
Other Floors
North/South flat Ramp
Joint | Chord JVI M-N-V Chord JVI M-N-V
Size #| # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 #5 5| 7 8.8 0.08 0.26 #5 6|7 8.8 0.08 0.24
2 #5 5|7 8.8 0.18 0.53 #5 6|7 88 0.16 0.48
3 #5 5| 7 8.8 0.29 0.80 # 6| 7 8.8 0.26 0.72
4 #5 5|16 3.5 0.41 0.97 #5 6|16 3.5 0.58 0.86
5 #5 5|16 35 0.29 0.88 # 6|16 3.5 0.48 0.87
6 #5 5|16 35 0.29 0.79 #5 6|16 3.5 0.46 0.88
7 #5 5|11 53 0.43 0.76 #5 6|11 53 0.60 0.94
8 #5 5|11 53 0.52 0.69 #5 6|11 53 0.63 0.95
9 #5 5|11 53 0.61 0.64 #5 6|11 53 0.65 0.96
10 #5 5|7 88 0.71 0.70 #5 6|7 88 0.70 1.02
11 #5 5| 7 8.8 0.75 0.70 # 6| 7 8.8 0.66 1.03
12 #5 5|7 88 0.78 0.70 #5 6|7 8.8 0.60 1.04

Note: Symmetric design is applied. The shear reinforcement space varying are conducted at every three joint.
Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 1.0
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Design example 2B: (SDC D RDO)

Top Floor
North/South flat Ramp
Joint | Chord JVi M-N-V Chord Jvi M-N-V
Size #| # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 # 8|12 4.8 0.14 0.24 #7 7|12 4.8 0.13 0.23
2 #6 8|12 4.8 0.30 0.50 #7 7|12 438 0.27 0.46
3 # 8|12 4.8 0.46 0.76 #7 7|12 438 0.42 0.68
4 # 8|19 29 0.82 0.98 #7 9119 29 0.92 0.70
5 # 8|19 29 0.69 0.89 #7 9119 29 0.80 0.70
6 # 8|19 29 0.62 0.81 #7919 29 0.70 0.71
7 #6 8|15 3.8 0.67 0.78 #7 9|15 3.8 0.71 0.73
8 #6 8|15 3.8 0.65 0.73 #7 9|15 3.8 0.64 0.74
9 #6 8|15 3.8 0.66 0.69 #7 9|15 3.8 0.58 0.74
10 #5 8|12 4.8 0.94 0.98 #7 7112 438 0.68 0.96
11 #5 8|12 4.8 0.97 0.99 #7 7112 438 0.63 0.97
12 #5 8|12 438 0.99 1.00 #7 7112 438 0.59 0.98
Other Floors
North/South flat Ramp
Joint | Chord JVI M-N-V Chord Jvi M-N-V
Size #| # s(ft) | Transverse Longitudinal | Size # | # s (ft) | Transverse Longitudinal
1 #5 6|12 438 0.13 0.29 #7 5112 438 0.11 0.21
2 # 6|12 4.8 0.26 0.59 #7 5|12 438 0.22 0.42
3 # 6|12 4.8 0.41 0.91 #7 5|12 438 0.34 0.64
4 #5 8|19 29 0.64 0.90 #7 7119 29 0.87 0.60
5 #5 8|19 29 0.53 0.82 #7 7119 29 0.76 0.60
6 # 8|19 29 0.47 0.74 #7 7119 29 0.67 0.61
7 #5 6|15 3.8 0.61 0.71 #7 7|15 3.8 0.69 0.63
8 #5 6|15 3.8 0.66 0.83 #7 7|15 3.8 0.62 0.64
9 #5 6|15 3.8 0.72 0.78 #7 7|15 3.8 0.55 0.64
10 #5 6|12 4.8 0.82 0.83 #7 5|12 438 0.68 0.90
11 #5 6|12 4.8 0.85 0.84 #7 5|12 4.8 0.60 0.91
12 #5 612 4.8 0.87 0.84 #7 5112 438 0.52 0.91

Note: Symmetric design is applied. The shear reinforcement space varying are conducted at every three joint.
Therefore not all joints are designed against the required diaphragm joint strength, i.e. M-N-V = 1.0

(2) LFRS-to-diaphragm connection and collector design

Design example 2A: (SDC C EDO)

Check Yg x Q5= 2.86 x 1.0=2.86> Q,=2.5 OK

53




Anchorage design Wall length Vy Ny My v * t, ™ Req'd # Provide

[ft] kips kips [k-ftf] [kips] [kips] Perwall #4 angled bar
NS shear Top 25 224 0 2971 3141 18.6 229 23
wall Others 25 153 0 2032 311 186 15.7 16
EW lite wall Top 8 30 6.1 0 311 18.6 1.2 2
- SIN Flat Others 8 21 4.2 0 311 18.6 0.8 2
EWg:’;ﬂ";a” All floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall

* Tension and shear nominal strength of #4 angled bar connector.

Diaphragm collector reinforcement:

Collector reinforcement is designed to resistant the same shear demand as the
anchorage of shear wall:

A =QV, /@”y =1.0x224/0.9/60 =4.2in’
Choose 10#6 (4.4 in?) at each face of interior wall

Design example 2B: (SDC D RDO)

Check Wr x Q.g=1.55 x 1.54=2.387< Q,=2.5; Increase V, from Step 8 for walls by a
factor of 2.5/2.387=1.05

Anchorage design Wall length \A N, M, Vi * t* Req'd # Provide
[ft] kips kips [k-ftf] [kips] [kips] Per wall #9 rebar
NS shear Top 30 351 0 4438 24.2 60 27.5 28
wall Others 30 240 0 3033 24.2 60 18.8 19
EW lite wall Top 8 46 8.8 0 242 60 3.4 4
-SINFlat  Others 8 31 6.0 0 242 60 2.3 3
Ewgznv[‘;a” All floors  Provide flexible connector: 4"x3"x1/2"-5" angle plate with C-shape weld per wall

* Tension and shear nominal strength of #9 rebar.

Diaphragm collector reinforcement:

Collector reinforcement is designed to resistant the same shear demand as the
anchorage of shear wall:

A, =QV, /¢, =1.54x351/0.9/60 = 10in?
Choose 10#9 (10.0 in®) at each face of interior wall

Secondary diaphragm reinforcement

Design example 2A: (SDC C EDO)

(1) Internal beam joint design

Beam joint design Q | Vy Ny M, Vo ™ t* Req'd # Provide

[ft°] [ft"] [kips] [kips] [k-ft] [kips] [kips] Per DT #4 angled bar
Top floor 1210 164715 181 129 0 31.1 18.6 2.6 3
Other floors 1210 164715 123 88 0 311 186 1.8 2

* Tension and shear nominal strength of #4 angled bar connector.
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(2) Spandrel to diaphragm connector

Use 2#4 angled bar connector per precast floor unit.

Design example 2B: (SDC D RDO)

(1) Internal beam joint design

Beam joint design Q | V, N, M, Vi t.* Reqd# Provide
[ft%] [ft"] [kips] [kips] [k-ft] [kips] [kips] Per DT #9 rebar

Top floor 1210 164715 259 185 0 24.2 60 4.9 5

Other floors 1210 164715 177 126 0 24.2 60 34 4

* Tension and shear nominal strength of #9 rebar.

(2) Spandrel to diaphragm connector

Use 2#5 rebar per precast floor unit.

Step 11: Determine the diaphragm effective elastic modulus and shear modulus
The diaphragm joint effective elastic Young’s modulus (E.r) and effective shear modulus
(Gerr) are calculated using the analytical based procedure (see “Diaphragm Joint Stiffness
Calculation” in PART 3). E. and G will be used in step 12 for calculating the diaphragm
induced drift. These values can be calculated in a spreadsheet at the same time as the diaphragm
reinforcement is selected. An average of the maximum and minimum values at any joint is
suggested in design as shown in the bottom row of tables below. (See Appendix for tables

output per joint.)

Design example 2A: (SDC C EDO)

Top Floor Other Floors
Joint North/South flat Ramp North/South flat Ramp
Eeff Geff Eeff Geff Eeff Geff Eeff Geff
[ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi]
Min 803 174 914 191 636 151 722 163
Max 834 266 1019 281 673 246 757 256
Ave 814 208 971 232 649 186 735 197
Des 818 220 967 236 654 198 739 209
Design example 2B: (SDC D RDO)
Top Floor Other Floors
Joint North/South flat Ramp North/South flat Ramp
Eeff Geff Eeff Geff Eeff Geff Eeff Geff
[ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi] [ksi]
Min 1007 237 1360 293 841 216 1128 255
Max 1250 335 1552 388 1026 304 1372 355
Ave 1184 286 1455 333 890 246 1248 296
Des 1129 286 1456 341 934 260 1250 305
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Step 12: Check the diaphragm induced gravity column drift
The following tables show the diaphragm induced gravity column drift at the midspan
column j obtained from the spreadsheet design program in PART 3).

Design example 2A: (SDC C EDO)

. Sub Floor Cu Cadi Cr ai 6cfia,el 6.dia Odia
Diaphragm [in] [in] [rad]
N/S Flat Top 1.04 1.04 0.67 0.443 0.462 0.0025

Others 1.04 1.04 0.67 0.419 0.437 0.0023
Ramp Top 1.04 1.04 0.67 0.476 0.497 0.0026
Others 1.04 1.04 0.67 0.482 0.503 0.0027

Design example 2B: (SDC D RDO)

| Sub Floor C. Codi Craie 6cfia,el Sldia Baia
Diaphragm [in] [in] [rad]
N/S Flat Top 1.07 3.1 0.63 0.574 1.784 0.0089

Others 1.07 3.1 0.63 0.477 1.483 0.0074
Ramp Top 1.07 3.1 0.63 0.510 1.586 0.0079
Others 1.07 3.11 0.63 0.455 1.414 0.0070

For all design examples, the maximum diaphragm induced gravity column drift (84i5) is less than

0.01, OK
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Resulting Designs: Example 2A: (SDC C EDO)

7 JVI 16 JVI 11 JVI 7 JVI #5

North/South

x—x*x—x*w—

Downward to

T

L]

X I
X 3rd floor I
X Ramp | }
I

Cut-off 1#6 ]

7 JVI 16 JVI 11 JVi 7 JVI T#6 6#6 I 6#6

Fig. A- 12. Diaphragm reinforcement at top floor for example 2A.

7 JVI 16 JVI 11 4VI 7 JVI 5#5

/

North/South

XXX

Downward to

i

|

|

other floors |

Ramp 1
I

I

[

|

/*H*x—x

7 VI 16 JVI 11 J4VI 7 VI 6#5 I 4#6

Fig. A- 13. Diaphragm reinforcement at other floors for example 2A.

10#6 Collector bars

#4 angled bar connector:
60' Top floor: 23 per wall per side
Other floors: 16 per wall per side
25'—
181" 61
#4 angled bar connector: ?#4 angled bar to flat
Top floor: 3 per panel 3" Angle w/ C-shape weld to ramp
Other floors: 2 per panel
60'

l 300

Fig. A- 14. Secondary reinforcement for example 2A.
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Resulting Designs: Example 2B: (SDC D RDO)

12 JVI 19 JVI 15 JVI 12 JVI 8#6

North/South

x—x*x—x*)ﬁ%—

[
Downward to} }
3rd floor I
il
I
I

Ramp

/’*X—X*x_x

Cgt—oﬁ 2#7

247 120vt [ 190vi 154V 120V THT o#7 | THT

Fig. A- 15. Diaphragm reinforcement at top floor for example 2B.

12 JVI 19 JVI 15 JVI 12 JVI 6#5 8#5 6#5

Ve

Cut-off 2#5

North/South

x—x*x—x*x—xﬁ

Downward to

[

L]

I

other floors 1|

Ramp ; }
I

M

|

/*X—X*H

Cut-off 27

547 123V1 | 190vi 15JvI 124V 5#7 THT | 5#7

Fig. A- 16. Diaphragm reinforcement at other floors for example 2B.

10#9 Collector bars

#9 rebar:
60' Top floor: 28 per wall per side
Other floors: 19 per wall per side
§ § To flat: 30
4#9 Top floor
3#9 Other floors
181" 61
#9 rebar: To ramp:
Top floor: 5 per panel 1" Angle w/ C-shape weld
Other floors: 4 per panel
60'

l 300

Fig. A- 17. Secondary reinforcement for example 2B.
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Example 3: 8-Story Moment Frame Office Building

The structure for example 3 is an 8-story moment frame office building. As seen in Fig. A-18 and Fig. A-
19, the structure has three bays with a footprint of 230" x 147", The story to story height is 13’ for typical
floor and 15’ for 1* floor. LFRS in transverse and longitudinal direction is composed of intermediate
moment frames for SDC C and special moment frames for SDC D. The precast floor system is topped
double Tee with 3” toping.

h L h h 150' h h L h o L

|
T TIT !—L\ aa]
\ | ]
49' North -1 North 1 1]
L 24.5'
Fim i) i) i T ‘ 1 i o 1T ‘ 1]
V‘Vest Tas‘t 147 West % W East | 147
= —— —— _E i =) ‘ —— ) = _E ‘
South ¥ South ¥
L ‘ £ e ‘ 0
Joint#‘ 1234567 891011 30' ‘ Joint#‘ 17234567 891011 H?)O'*k——k 20" ‘
| 230° ‘ ‘ 230 ‘
(a) SDCC (b) SDC D
Fig. A- 18. Plan of 8-story moment frame office building.
} 230" { t 230" }
[ H | B3R H [ | v
— 1| 1 1+
i —
| 1|1 ¢
13 13
= —ihE —
i —+
| v | 1 E
[ H [ L] ] H [ | @
K
40" 30 30 30 30 30 40' —30'—=—20"'—t+—20'—+—30" 30 30'—=—20'—=t—20'=+—30'"—=

(a) SDC C (b) SDC D
Fig. A- 19. Elevation of 8-story moment frame office building.

Example Structure 3 is located in a Seismic Design Category (SDC) C Site in Knoxville TN and a SDC D
Site in Seattle WA. The diaphragm design will be completed for two different diaphragm design options:

Design Example 3A:  SDC C Elastic Design Option (EDO Design)
Design Example 3B:  SDC D Reduced Design Option (RDO Design)

Because many design steps are shared among the different diaphragm design options, the design
examples are arranged to follow the step by step procedure in PART 1, with the different calculations for
Examples 3A and3B appearing as sequential sub-sections within each design step.
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DESIGN STEPS:
Step 1: Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05

Design example 3A: (SDC C EDO)

(1) and (2): Seismic design parameters

Design site: Knoxville, TN

SDC C

S 0.58

S, 0.147

Soil site class C

F, 1.17

F, 1.65

Sims= Fax S 0.68

Sm1: FVX S] 0.24

SDSI 2/3)( Sms 0.45

Sp1=2/3% Si1 0.16
N-S/Intermediate moment frame R=5, Qy=2.5, C4=4.5
E-W/Intermediate moment frame R=5, Qy=2.5, C4=4.5

(3): Seismic response coefficient C
T,=CH,'" =0016x106" =1.06sec; T=C,T, =1.58x1.06=1.68 sec

CS = SDS =0‘09’ CS min 20‘01’ CS max = SDI = 016
R/I, ’ : (R/I)T 5x1.68

=0.019 controls

(4), (5), (6) and (7):
Diaphragm maximum design acceleration Cp,, max=max (Fy/wy) (Eqn.1)
Diaphragm baseline design force Fip, = 0, Caig, max W (Eqn.2)

Note: conservatively o, =1.0 for all floors.

In N-S and E-W directions:

he (ft) Wy (kips) W, h Cwx  Fx(kips) Cgia,max(1) | o | Fox (kips) (2)

Roof 106 5101 8417461 0273 215 0.042 |[1.0 215

7th 93 5101 6837679 0222 174 0.042 |[1.0 215

6th 80 5101 5382963 0.175 137 0.042 | 1.0 215

5th 67 5101 4061349 0.132 104 0.042 |[1.0 215

4th 54 5101 2882988 0.093 74 0.042 | 1.0 215

3rd 41 5101 1861329 0.060 47 0.042 |[1.0 215

2nd 28 5101 1015546 0.033 26 0.042 |[1.0 215

1t 15 5101 376761 0.012 10 0.042 | 1.0 215
Sum 40808 30836078 1 787
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Design example 3B: (SDC D RDO)

(1) and (2): Seismic design parameters

Design site: Seattle, WA

SDC D

S 1.58

N 0.55

Soil site class C

F, 1.00

F, 1.30

Sims= Fax S 1.58

Smi=Fyx Sy 0.72

Sps= 2/3% Sps 1.05

SD1: 2/3x Sml 0.48

N-S/Special moment frame R=8, Qy=3.0, C4=5.5
E-W/ Special moment frame R=8, Qy=3.0, C4=5.5

(3): Seismic response coefficient Cg
T,=CH, " =0016x106"° =1.06sec; T=C,T, =1.4x1.06=1.49 sec

C. =50 _g132, Cysmn =0.01, C Sp 048

$ S,max - = 004 contr()ls
RII, ™ (R/T)T 8x1.49

(4), (5), (6) and (7):
Diaphragm maximum design acceleration Cg, max=max (Fy/wy) (Eqn.1)
Diaphragm baseline design force Fip, = 0, Caig, max W (Eqn.2)

Note: conservatively o, =1.0 for all floors.

In N-S and E-W directions:

he (ft) Wy (kips) Wy h Cwx  Fx(kips) Cia,max(1) | o | Fox (kips) (2)

Roof 106 5392 5741377 0.265 457 0.085 |1.0 457
7th 93 5392 4721518 0218 375 0.085 | 1.0 457
6th 80 5392 3769966 0.174 300 0.085 | 1.0 457
5th 67 5392 2892153 0.133 230 0.085 |1.0 457
4th 54 5392 2095050 0.097 167 0.085 | 1.0 457
3rd 41 5392 1388069 0.064 110 0.085 | 1.0 457
2nd 28 5392 784958 0.036 62 0.085 | 1.0 457
1st 15 5392 308800 0014 25 0.085 | 1.0 457
Sum 43136 21701892 1 1726
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Step 2: Determine the Diaphragm Seismic Demand Level

Design example 3A: (SDC C EDO)

For SDC C: Low
Note: All buildings in SDC C are assigned “Low” Seismic Demand

Design example 3B: (SDC D RDO)
n=8>7.5: High

Step 3: Select Diaphragm Design Option

Design example 3A: (SDC C EDO)

For low seismic demand: Elastic design option (EDQ) is recommended

Design example 3B: (SDC D RDO)

For high seismic demand: Reduced design option (RDO) is recommended

Step 4: Determine Required Diaphragm Reinforcement Classification

Design example 3A: (SDC C EDO)
For elastic design option: Low deformability element (LDE)

Design example 3B: (SDC D RDO)
For reduced design option: High deformability element (HDE)

Step 5: Determine Diaphragm Force Amplification Factor
The whole diaphragm is treated as one free-body for diaphragm design as shown in PART 3.

Design example 3A: (SDC C EDO)

L = 150 ft

AR = 150/147=1.02

n = 8

L/60-AR = 1.48

Eqn. 3: W, =1.7x8"*[1-0.04(3-1.02)*]x1.05"“"1% =34

Design example 3B: (SDC D RDO)

L = 170 ft
AR = 170/147=1.16
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n = 8
L/60-AR = 1.67

Eqn. 5: ¥, =1.05x8"[1-0.03(2.5-1.16)*]x1.05"7"®19 =2 0]

Step 6: Determine Diaphragm Shear/Anchorage Overstrength Factor

Design example 3A: (SDC C EDO) (Eqn. 6)
Eqn. 6: Q=10

Design example 3B: (SDC D RDO) (Eqn. 8)
Eqn. 8: Q,=1.924R"" =1.92x1.16""® =1.87

Step 7: Determine Diaphragm Design Force
Inserting the baseline diaphragm forces from Step 1 and the diaphragm
amplification factor from Step 5 into Equation 9:

Design example 3A: (SDC C EDO)
Faia= WEFDx =3.4%215 =729 kips > 0.2SpsIw,=459 kips

Design example 3B: (SDC D RDO)
Fgia= WrFpx=2.01x457 =918 kips < 0.2SpsIw,=1132 kips, So Fg4,= 1132 kips

Step 8: Determine Diaphragm Internal Forces

The free-body diagram method (Option 8b) is selected to obtain the diaphragm internal forces.
Use is made of existing free body diagrams created for common precast diaphragm configurations
(See PART 3: Free Body Diagrams for Typical Precast Parking Structures). The associate
calculations have been embedded in a design spreadsheet program (See PART 3: Design Aids for
Diaphragm Design: Spreadsheet Program).

The tables below show the resulting required strength (maximum diaphragm internal forces) at
each diaphragm joint (Refer to Fig. A- 23a for joint numbering) and joints between diaphragm to
other members (LFRS and internal beam) under transverse and longitudinal directions. Although the
effect of two orthogonal direction loadings (transverse and longitudinal) is considered independently,
at this step the critical loading direction cannot be explicitly determined because the diaphragm
reinforcement selection at step 10 is based on an M-N-V interaction equation (Eqn. 10).
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Design example 3A: (SDC C EDO)

Joint between precast floor units

« Transverse (N-S) loading Longitudinal (E-W) loading

Joint Ny Vy M, Ny Vy M,

[ft] [Kips] [Kips] [k-ft] [Kips] [kips] [k-ft]
1 10 0 -32 -159 32 0 0
2 20 0 -63 -634 63 0 0
3 30 0 -95 -1427 95 0 0
4 40 0 238 -2537 127 0 0
5 50 0 206 -317 159 0 0
6 60 0 174 1585 190 0 0
7 70 0 143 3171 222 0 0
8 80 0 111 4439 173 0 0
9 90 0 79 5391 123 0 0
10 100 0 48 6025 74 0 0
11 110 0 16 6342 25 0 0

Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor
) Transverse Longitudinal
Joint
Ny Vy M, Ny Vu M,

[kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-N/S Frame 0 238 2537 - - -
DT-to-E/W Fram - - - 0 243 5956
DT-to-IT per DT 23 22 - - - -

Note: Critical force demand is marked as bond.

Design example 3B: (SDC D RDO)

Joint between precast floor units

« Transverse (N-S) loading Longitudinal (E-W) loading
Joint Ny Vu My Ny Vu My

[ft] [kips] [kips] [k-ft] [ips] [kips] [k-ft]
1 10 0 -49 -247 49 0 0
2 20 0 -99 -088 99 0 0
3 30 0 420 -2222 148 0 0
4 40 0 370 1729 198 0 0
5 50 0 321 5186 247 0 0
6 60 0 272 8149 209 0 0
7 70 0 222 10618 171 0 0
8 80 0 173 12594 133 0 0
9 90 0 123 14075 95 0 0
10 100 0 74 15063 57 0 0
11 110 0 25 15557 19 0 0
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Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor
Transverse Longitudinal
Ny Vy M, Ny V, My
[kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-N/S Frame 0 420 2222 - - -
DT-to-E/W Fram - - - 0 379 9277
DT-to-IT per DT 37 38 - - - -

Note: Critical force demand is marked as bond.

Joint

Step 9: Select Diaphragm Reinforcement Type Based on DRC
Diaphragm reinforcement type selected to meet Required Diaphragm Reinforcement

Classification (See Step 4). Prequalified connectors will be used in this example. Select
appropriate diaphragm reinforcement types from PART 2: Table 2A-1.

Design example 3A: (SDC C EDO)

Chord Reinforcement: Topped chord
Shear Reinforcement: Standard wwr and hairpin
Secondary Reinforcement: Topped chord

Design example 3B: (SDC D RDO)

Chord Reinforcement: Topped chord
Shear Reinforcement: Ductile ladder and hairpin
Secondary Reinforcement: Topped chord

Determine Diaphragm Reinforcement Properties: As the diaphragm reinforcement selected is
prequalified, the diaphragm reinforcement properties can also be looked up in PART 2: Table
2A-1:

Design example 3A: (SDC C EDO)

ki/ A ke/ A t./A v, /A Sy

k/infin®  k/infin®  k/in®>  k/in® in
Topped chord Gr.60 1234 382 60 242 0.0568
Standard ASTM A185 wwr 1414 709 65 39.7 0.039

kt kv tn Vi Sty
k/in k/in k k in
Hairpin connector 209 181 9 18.1  0.043
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Design example 3B: (SDC D RDO)

ki/ A ke/ A t./A v,/A Sy
k/infin®> kfinfin® k/in®>  k/in® in
Topped chord Gr.60 1234 382 60 242 0.0568
Ductile ladder Gr.1018 1260 216.8 54.2 21.68 0.043
ki ky t, Vn Sy
k/in k/in k k in
Hairpin connector 209 181 9 18.1  0.043

Step 10: Design the Diaphragm Reinforcement at Joints

Use the interaction equation (Eqn. 10) to determine the required diaphragm reinforcement:

M —N -

N

u

" lar Y
M 2% <q0
} [%VJ

i
oM, ¢N,

Insert the diaphragm joint required strength values (M,, N, and V,) from Step 8.

The diaphragm joint nominal design strength (M,, N, and V,) is based on v, and t, from Step 9.

An analytically-based procedure from PART 3 is used for determining the

moment strength at precast floor unit to precast floor unit joint. Triangle force
distribution is used for determining the moment strength at other joints
(diaphragm-to-LFRS joint and diaphragm-to-internal beam joint) (See PART 3).

Using Eqn. 28, 29, 34 for the joint between precast floor units and Eqn. 35 for the

joint between LFRS/beam and precast floor unit in Sec. 3.3 of PART 3 to
determine the diaphragm joint strength.

methods (See PART 3).

Primary diaphragm reinforcement design

(1) Chord and shear reinforcement design

Selection of a trial design is greatly facilitated through the use of spreadsheet

Diaphragm chord and shear reinforcement final design is shown below for each Design Option.
The M-N-V for each direction is shown in the table with the critical value marked as bold.
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Design example 3A: (SDC C EDO)

Joint Chord Hairpin wwr W2.9 x W2.9 M-N-V
# Size # | # Spacing (ft) | Area (in) 10" x " N-S E-W
1 #5 2 |15 10.0 0.029 12 0.10 0.08
2 #5 2 |15 10.0 0.029 12 0.19 0.16
3 #5 2 |15 10.0 0.029 12 0.30 0.24
4 #5 2 |15 10.0 0.029 12 0.41 0.32
5 #5 2 |15 10.0 0.029 12 0.73 0.32
6 #5 2 |15 10.0 0.029 12 0.62 0.40
7 #5 2 |15 10.0 0.029 12 0.53 0.48
8 #5 2 |15 10.0 0.029 12 0.47 0.56
9 #5 2 |15 10.0 0.029 12 0.43 0.44
10 #5 2 |15 10.0 0.029 12 0.40 0.31
11 #5 2 |15 10.0 0.029 12 0.39 0.19

Design example 3B: (SDC D RDO)

Joint Chord Hairpin Ductile ladder W4.9 x W4.9 * M-N-V
# Size # #  Spacing (ft) Area (in%) 10" x " N-S E-W
1 #5 3 15 10.0 0.049 12 0.23 0.09
2 #5 3 15 10.0 0.049 12 0.46 0.17
3 #5 3 32 4.5 0.049 6 099 0.14
4 #5 3 32 4.5 0.049 6 0.87 0.19
5 #5 3 32 4.5 0.049 6 0.76 0.23
6 #5 3 24 6.1 0.049 12 0.96 0.32
7 #5 3 24 6.1 0.049 12 0.82 0.26
8 #5 3 24 6.1 0.049 12 0.68 0.21
9 #5 3 15 10.0 0.049 12 0.70 0.17
10 #5 4 15 10.0 Not Provided 1.00 0.22
11 #5 4 15 10.0 Not Provided 0.92 0.07

* wwr W2.9xW2.9: 12"x12" is provided within the projection of the panel for temperature and shrinkage.

(2) LFRS-to-diaphragm connection and collector design

Design example 3A: (SDC C EDO)

Check Wg x QQ,g=3.4 x 1.0=3.4> (2,=2.5 OK

length Vy Ny M, Vo ¥ t, * Req'd conn Provide
[ft] [kips] [kips] [k-ft] [kips] [kips] PerLFRS #7 bar

NS frame 147 238 0 2537 1452 36 19.3 20

EW frame 90 243 0 5956 1452 36 20.6 3 per panel

* Tension and shear nominal strength of #7 rebar.

Anchorage design

No collector reinforcement is needed. Provide 2#5 at each face of E-W frames.
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Design example 3B: (SDC D RDO)

Check Wr x Qr=2.01 x 1.87=3.76> Q,=3.0 OK

Anchorage design length \A Ny M, S t* Req'd conn Provide
[ft] [kips] [kips] [k-ft] [kips] [kips] Per LFRS #9 bar
NS frame 147 420 0 2222 242 60 38.2 38

EW frame 130 379 0 9277 24.2 60 34.7 3 per panel

* Tension and shear nominal strength of #9 rebar.

No collector reinforcement is needed. Provide 2#5 at each face of E-W frames.

Secondary diaphragm reinforcement

Design example 3A: (SDC C EDO)

(1) Internal beam joint design

Internal beam joint design | Vv N, My vo* t* Req'd conn Provide
[kips] [kips] [k-ft] [kips] [kips] Per DT panel #7 bar
Top floor 22 23 0 1452 36 1.9 2 per panel

* Tension and shear nominal strength of #7 rebar.
(2) Spandrel to diaphragm connector

Use 2#5 rebar per precast floor unit.

Design example 3B: (SDC D RDO)

(1) Internal beam joint design

Internal beam joint design | Vu Ny My vo® t* Req'd conn Provide
[kips] [kips] [k-ff] [kips] [kips] Per DT panel #9 bar
Top floor 38 37 0 24.2 60 3.5 4 per panel

* Tension and shear nominal strength of #9 rebar.
(2) Spandrel to diaphragm connector
Use 2#5 rebar per precast floor unit.

Step 11: Determine the diaphragm effective elastic modulus and shear modulus

The diaphragm joint effective elastic Young’s modulus (E.s) and effective shear modulus (Gegr)
are calculated using the analytical based procedure (see “Diaphragm Joint Stiffness Calculation”
in PART 3). E. and Geg will be used in step 12 for calculating the diaphragm induced drift.
These values can be calculated in a spreadsheet at the same time as the diaphragm reinforcement
is selected. An average of the maximum and minimum values at any joint is suggested in design
as shown in the bottom row of tables below. (See Appendix for tables output per joint.)
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Design example 3A: (SDC C EDO)

Joint Eer Ger

[ksi] [ksi]
Min 541 78
Max 541 78
Ave 541 78
Des 541 78

Design example 3B: (SDC D RDO)

Joint | et Ger

[ksi] [ksi]
Min 574 82
Max 1392 267
Ave 1011 175
Des 983 174

Step 12: Check the diaphragm induced gravity column drift

The following tables show the diaphragm induced gravity column drift at the midspan column j
obtained from the spreadsheet design program in PART 3).

Design example 3A: (SDC C EDO)

Odiael Odia Odia
Floor C Cqi Crai ’
A d,dia r,dia [m] [|n] [rad]
Top 1.01 1.01 0.98 0.151 0.152 0.0010

Design example 3B: (SDC D RDO)

8dia el 8dia edia

Floor C Cagi Cgi :
. dda e [in] [in] [rad]
Top 1.02 295 0873 | 015 0442  0.0025

For all design examples, the maximum diaphragm induced gravity column drift (O4i,) is less than
0.01, OK
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Resulting Designs: Example 3A: (SDC C EDO)

—

—
un}

— —
un} un}

\ T T 1
! I I I ‘ / ‘
2#7

15 Hairpin per panel 2#5 chord
c @10

i I I I : I i I I
I I I VR | ‘
| 3 # 7 per panel 2#3
} collector

Itw@ 7'
"% | (]

| — ‘ : i | j
|
wwr W2.9xW2.9:
12"x12" Typ. 2#5 chord

Fig. A-20. Dlaphragm reinforcement for example 3A.

Resulting Designs: Example 3B: (SDC D RDO)

Hairpin Connector

Ductile Ladder: W2.9x2.9

j}
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Fig. A-21. Dlaphragm reinforcement for example 3B.
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Example 4: 8-Story Shear Wall Office Building

The structure for example 4 is an 8-story perimeter shear wall office building. As seen in Fig. A- 22 and
Fig. A- 23, the structure has three bays with a footprint of 230" x 147’. The story to story height is 13’ for
typical floor and 15’ for 1* floor. LFRS in transverse is composed of 2 perimeter ordinary RC shear walls
for SDC C and four perimeter special RC shear walls for SDCD. LFRS in longitudinal is composed of 4
perimeter ordinary RC bearing wall for SDC C and 4 perimeter special RC bearing wall for SDCD. The
precast floor system is topped double Tee with 3” toping.

30 roo 30 e
T T LT 1
North North
T TT ini ini ‘ ‘ TT TT TT 30' ini TT TT ‘ ‘ ini ini ini
4f' V‘Vest I‘Eas‘t 147 V‘Vest I‘Eas‘t 147
South South
| B L i
JOint#‘ 1234567 891011 ‘ Joinl#‘ 1234567891011
| 230' | | 230' |
(a) SDC C (b) SDC D

Fig. A- 22. Plan of 8-story shear wall office building.

230'

————

40 30 30 30 30 30" 40'

Fig. A- 23. Elevation of 8-story shear wall office building.

Example Structure 4 is located in a Seismic Design Category (SDC) C Site in Knoxville TN and a SDC D
Site in Seattle WA. The diaphragm design will be completed for two different diaphragm design options:

Design Example 4A:  SDC C Elastic Design Option (EDO Design)
Design Example 4B:  SDC D Reduced Design Option (RDO Design)

Because many design steps are shared among the different diaphragm design options, the design
examples are arranged to follow the step by step procedure in PART 1, with the different calculations for
Examples 4A and 4B appearing as sequential sub-sections within each design step.
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DESIGN STEPS:

Step 1: Determine the Diaphragm Seismic Baseline Design Forces as per ASCE 7-05

Design example 4A: (SDC C EDO)

(1) and (2): Seismic design parameters
Design site:
SDC
Ss
S
Soil site class
F,
FV
Sim= Fax S,
Smlz FV>< S1
SDSI 2/3x Sms
SD1: 2/3x Sml
N-S/Ordinary RC wall
E-W/ Ordinary RC bearing wall

(3): Seismic response coefficient C

Knoxville, TN

C

0.58

0.147

C

1.17

1.65

0.68

0.24

0.45

0.16

R=5, Qy=2.5, C4=4.5
R=4, Qy=2.5, C4~=4

T,=CH, " =0.02x106"" =0.661sec; T =C,T, =1.58x0.661=1.04sec

N-S direction:

C = SDS 2009, CS,min :OOI, C

N

E

E-W direction:

S
C,=—2-=0.11,C

S S, min
E

S, max

(4), (5), (6) and (7):

Spi __016 =0.031 controls

S,max

(R/1)T  5x1.04

S, 016

=0.01, C =

= =0.039 controls
(R/1,)T 4x1.04

Diaphragm maximum design acceleration Cg, max=max (Fy/wy) (Eqn.1)

Diaphragm baseline design force Fip, = o, Ciy max W

Note: conservatively o, =1.0 for all floors.

72

(Eqn.2)



N-S direction:

he (ft) Wy (kips) Wy h  Cu  Fy(Kips) Caiamax(1) | o | Fox (kips) (2)
Roof 106 5000 1874137 0.244 303 0.061 1.0 303
7th 93 5000 1587043 0.207 257 0.061 1.0 303
6th 80 5000 1310645 0.171 212 0.061 1.0 303
5th 67 5000 1046192 0.136 169 0.061 1.0 303
4th 54 5000 795350 0.104 129 0.061 1.0 303
3rd 41 5000 560472 0.073 91 0.061 1.0 303
2nd 28 5000 345200 0.045 56 0.061 1.0 303
1st 15 5000 156167 0.020 25 0.061 1.0 303
Sum 40000 7675206 1 1242
E-W direction:
h () W, (kips) W, h,* Cw  Fx(kips) Cuaia max(1) | o, | Fox (kips) (2)
Roof 106 5000 1874137 0.244 379 0.076 1.0 379
7th 93 5000 1587043 0.207 321 0.076 1.0 379
6th 80 5000 1310645 0.171 265 0.076 1.0 379
5th 67 5000 1046192 0.136 212 0.076 1.0 379
4th 54 5000 795350 0.104 161 0.076 1.0 379
3rd 41 5000 560472 0.073 113 0.076 1.0 379
2nd 28 5000 345200 0.045 70 0.076 1.0 379
1st 15 5000 156167 0.020 32 0.076 1.0 379
Sum 40000 7675206 1 1552
Design example 4B: (SDC D RDO)
(1) and (2): Seismic design parameters
Design site: Seattle, WA
SDC D
Ss 1.58
S 0.55
Soil site class C
F, 1.00
F, 1.30
Sms= Fax S 1.58
Smi=Fyx S, 0.72
Sps= 2/3% Ss 1.05
Sp1=2/3% Siy 0.48

N-S/Special RC wall
E-W/ Special RC bearing wall
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(3): Seismic response coefficient C
T,=CH, " =0.02x106"" =0.661sec; T=C,T, =1.4x0.661=0.925 sec

N-S direction:

N

E-W direction:

N

E

(4), (5), (6) and (7):
Diaphragm maximum design acceleration Cg, max=max (Fy/wy) (Eqn.1)

S
D5 = 021 1 b CS,min
/1

_ Sos _0176, €, =001, C
R/, ’

=0.01, C

S, 048

S T RITOT 6x0.925

S, 048

S,max

(R/1,)T 5x0.925

=(.086 controls

=0.103 controls

Diaphragm baseline design force Fip, = oy Cyigy max W (Eqn.2)
Note: conservatively o, =1.0 for all floors.
N-S direction:
he(ft) Wi (kips) Wch  Cux  Fy(kips) Caama(1)| o | Fox(kips)(2)
Roof 106 5000 1427723 0.239 820 0.164 1.0 820
7th 93 5000 1218278 0.204 700 0.164 1.0 820
6th 80 5000 1014981 0.170 583 0.164 1.0 820
5th 67 5000 818611 0.137 470 0.164 1.0 820
4th 54 5000 630216 0.105 362 0.164 1.0 820
3rd 41 5000 451298 0.075 259 0.164 1.0 820
2nd 28 5000 284212 0.048 163 0.164 1.0 820
1st 15 5000 133345 0.022 77 0.164 1.0 820
Sum 40000 5978664 1 3435
E-W direction:
hy (ft) Wy (kips) W, h,* Cw  Fx(kips) Caia max(1) | o | Fox (kips) (2)
Roof 106 5000 1427723 0.239 984 0.197 1.0 984
7th 93 5000 1218278 0.204 840 0.197 1.0 984
6th 80 5000 1014981 0.170 700 0.197 1.0 984
5th 67 5000 818611 0.137 564 0.197 1.0 984
4th 54 5000 630216 0.105 435 0.197 1.0 984
3rd 41 5000 451298 0.075 311 0.197 1.0 984
2nd 28 5000 284212 0.048 196 0.197 1.0 984
1st 15 5000 133345 0.022 92 0.197 1.0 984
Sum 40000 5978664 1 4123
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Step 2: Determine the Diaphragm Seismic Demand Level

Design example 4A: (SDC C EDO)

For SDC C: Low
Note: All buildings in SDC C are assigned “Low” Seismic Demand

Design example 4B: (SDC D RDO)
n=8>7.5: High

Step 3: Select Diaphragm Design Option

Design example 4A: (SDC C EDO)

For low seismic demand: Elastic design option (EDO) is recommended

Design example 4B: (SDC D RDO)

For high seismic demand: Reduced design option (RDO) is recommended

Step 4: Determine Required Diaphragm Reinforcement Classification

Design example 4A: (SDC C EDO)
For elastic design option: Low deformability element (LDE)

Design example 4B: (SDC D RDO)
For reduced design option: High deformability element (HDE)

Step 5: Determine Diaphragm Force Amplification Factor

The whole diaphragm is treated as one free-body for diaphragm design as shown in PART 3.

L = 230 ft

AR = 230/147=1.56

n = 8

L/60-AR = 2
Design example 4A: (SDC C EDO)

Eqn. 3: Y, =1.7x 80'38[1 -0.04(3 - 1.56)2 ]x1.05% =3.79
Design example 4B: (SDC D RDO)

Eqn. 5: ¥, =1.05x8%[1-0.03(2.5-1.56)*1x1.05* = 2.10
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Step 6: Determine Diaphragm Shear/Anchorage Overstrength Factor

Design example 4A: (SDC C EDO)
Eqn.6: Q=10

Design example 4B: (SDC D RDO)
Eqn.8: Q. =1.924R"" =1.92x1.56"" =1.77

Step 7: Determine Diaphragm Design Force
Inserting the baseline diaphragm forces from Step 1 and the diaphragm
amplification factor from Step 5 into Equation 9:

Design example 4A: (SDC C EDO)

N-S direction:
All Floors: Fgia= WEFpx= 3.79x303 =1149 kips> 0.2SpsIw,=450kips

E-W direction:
All Floors: Faia= WEFpx = 3.79%379 = 1437 kips> 0.2SpsIw,=450kips

Design example 4B: (SDC D RDO)

N-S direction:
All Floors: F4ia= WrFpx = 2.1x820=1726 kips> 0.2SpsIw,=1050kips

E-W direction:
All Floors: Fgia= WrFpx=2.1x984 = 2071 kips> 0.2SpsIw,=1050kips

Step 8: Determine Diaphragm Internal Forces

The free-body diagram method (Option 8b) is selected to obtain the diaphragm internal forces.
Use is made of existing free body diagrams created for common precast diaphragm configurations
(See PART 3: Free Body Diagrams for Typical Precast Parking Structures). The associate
calculations have been embedded in a design spreadsheet program (See PART 3: Design Aids for
Diaphragm Design: Spreadsheet Program).

The tables below show the resulting required strength (maximum diaphragm internal forces) at
each diaphragm joint (Refer to Fig. A- 23a for joint numbering) and joints between diaphragm to
other members (LFRS and internal beam) under transverse and longitudinal directions. Although the
effect of two orthogonal direction loadings (transverse and longitudinal) is considered independently,
at this step the critical loading direction cannot be explicitly determined because the diaphragm
reinforcement selection at step 10 is based on an M-N-V interaction equation (Eqn. 10).
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Design example 4A: (SDC C EDO)

Joint between precast floor units

« Transverse (N-S) loading Longitudinal (E-W) loading
Joint Ny Vy M, Ny Vy M,
[ft] [Kips] [Kips] [k-ft] [Kips] [kips] [k-ft]
1 10 0 525 5497 62 0 0
2 20 0 475 10494 125 0 0
3 30 0 425 14991 187 0 0
4 40 0 375 18988 250 0 0
5 50 0 325 19670 73 0 0
6 60 0 275 19853 -104 0 0
7 70 0 225 19535 -281 0 0
8 80 0 175 21534 -219 0 0
9 90 0 125 23033 -156 0 0
10 100 0 75 24033 -94 0 0
11 110 0 25 24532 -31 0 0

Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor
, Transverse Longitudinal
Joint
Ny Vo My | Ny Vu M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft]
DT-to-N/S Frame 0 575 0 - - -
DT-to-E/W Fram 0 57 0 0 359 0
DT-to-IT per DT 37 52 - - -

Note: Critical force demand is marked as bond.

Design example 4B: (SDC D RDO)

Joint between precast floor units

« Transverse (N-S) loading Longitudinal (E-W) loading

Joint Ny Vu My Ny Vu My

[ft] [kips] [kips] [k-ft] [ips] [kips] [k-ft]
1 10 0 788 8253 90 0 0
2 20 0 713 15757 180 0 0
3 30 0 638 22509 270 0 0
4 40 0 563 28512 360 0 0
5 50 0 488 29536 105 0 0
6 60 0 413 29810 -150 0 0
7 70 0 338 29333 -405 0 0
8 80 0 263 32335 -315 0 0
9 90 0 188 34586 -225 0 0
10 100 0 113 36086 -135 0 0
11 110 0 38 36837 -45 0 0




Other Joints (Diaphragm-to-LFRS and Diaphragm-to-internal beam):

Top Floor
, Transverse Longitudinal
Joint

Ny Vo My | Ny Vu M,
[kips] [kips] [k-ft] | [kips] [kips] [k-ft]

DT-to-N/S Frame 0 431 0 - - R

DT-to-E/W Fram 0 86 0 0 518 0

DT-to-IT per DT 56 78 - - - -

Note: Critical force demand is marked as bond.

Step 9: Select Diaphragm Reinforcement Type Based on DRC
Diaphragm reinforcement type selected to meet Required Diaphragm Reinforcement

Classification (See Step 4). Prequalified connectors will be used in this example. Select
appropriate diaphragm reinforcement types from PART 2: Table 2A-1.

Design example 4A: (SDC C EDO)

Chord Reinforcement: Topped chord
Shear Reinforcement: Standard wwr and hairpin
Secondary Reinforcement: Topped chord

Design example 4B: (SDC D RDO)

Chord Reinforcement: Topped chord
Shear Reinforcement: Ductile ladder and hairpin
Secondary Reinforcement: Topped chord

Determine Diaphragm Reinforcement Properties: As the diaphragm reinforcement selected is
prequalified, the diaphragm reinforcement properties can also be looked up in PART 2: Table
2A-1:

Design example 4A: (SDC C EDO)

ke/ A ke/A /A v, /A Sty
k/infin® Kkinfin®> k/in®> kin®  in
Topped chord Gr.60 1234 382 60 242 0.0568
Standard ASTM A185 wwr 1414 709 65 39.7 0.039
k¢ ky th Vi Sty
k/in k/in k k in
Hairpin connector 209 181 9 18.1  0.043
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Design example 4B: (SDC D RDO)

ki/ A ke/ A t./A v,/A Sy
k/infin®> kfinfin® k/in®>  k/in® in
Topped chord Gr.60 1234 382 60 242 0.0568
Ductile ladder Gr.1018 1260 216.8 54.2 21.68 0.043
ki ky t, Vn Sy
k/in k/in k k in
Hairpin connector 209 181 9 18.1  0.043

Step 10: Design the Diaphragm Reinforcement at Joints

Use the interaction equation (Eqn. 10) to determine the required diaphragm reinforcement:

M-N-V = (

M,

Qr,

N, Y ’
N [_J <10
¢/'Mn ¢an ¢vVn

Insert the diaphragm joint required strength values (M,, N, and V,) from Step 8.

The diaphragm joint nominal design strength (M,, N, and V,) is based on v, and t, from Step 9.

An analytically-based procedure from PART 3 is used for determining the

moment strength at precast floor unit to precast floor unit joint. Triangle force
distribution is used for determining the moment strength at other joints
(diaphragm-to-LFRS joint and diaphragm-to-internal beam joint) (See PART 3).

Using Eqn. 28, 29, 34 for the joint between precast floor units and Eqn. 35 for the

joint between LFRS/beam and precast floor unit in Sec. 3.3 of PART 3 to
determine the diaphragm joint strength.

methods (See PART 3).

Primary diaphragm reinforcement design

(1) Chord and shear reinforcement design

Selection of a trial design is greatly facilitated through the use of spreadsheet

Diaphragm chord and shear reinforcement final design is shown below for each Design Option.
The M-N-V for each direction is shown in the table with the critical value marked as bold.
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Design example 4A: (SDC C EDO)

Joint Chord Hairpin wwr W2.9 x W2.9 M-N-V
# Size # | # Spacing (ft) | Area (in?) 10" x” N-S E-W
1 #6 5 |27 5.4 0.029 12 0.92 0.09
2 #6 5 |27 5.4 0.029 12 0.89 0.19
3 #6 5 |27 5.4 0.029 12 0.90 0.28
4 #6 5 |27 5.4 0.029 12 0.92 0.38
5 #6 5 |27 5.4 0.029 12 0.88 0.11
6 #6 5 |27 54 0.029 12 0.84 0.16
7 #6 5 |27 54 0.029 12 0.78 0.42
8 #6 5 |27 5.4 0.029 12 0.81 0.33
9 #6 5 |27 5.4 0.029 12 0.83 0.24
10 #6 5 |27 5.4 0.029 12 0.85 0.14
11 #6 5 |27 5.4 0.029 12 0.86 0.05

Design example 4B: (SDC D RDO)

Joint Chord Hairpin Ductile ladder W4.9 x W4.9 * M-N-V
# Size # | # Spacing (ft) | Area (in) 10" x " N-S E-W
1 #8 12 | 48 3.0 0.049 0.5 1.00 0.04
2 #8 12 | 48 3.0 0.049 0.5 0.91 0.09
3 #8 10 | 39 3.7 0.049 0.5 0.97 0.14
4 #8 10 | 39 3.7 0.049 0.5 0.87 0.19
5 #8 10 | 39 3.7 0.049 0.5 0.77 0.06
6 #8 7 |30 4.8 0.049 1 0.97 0.13
7 #8 7 |30 4.8 0.049 1 0.82 0.34
8 #8 7 |30 4.8 0.049 1 0.71 0.26
9 #8 5 15 10.0 0.049 1 0.88 0.25
10 #8 5 15 10.0 Not provided 1.07 0.25
11 #8 5 15 10.0 Not provided 0.97 0.08

* wwr W2.9xW2.9: 12"x12" is provided within the projection of the panel for temperature and shrinkage.

(2) LFRS-to-diaphragm connection and collector design
Design example 4A: (SDC C EDO)

Check Wg x Q,=3.79 x 1.0=3.79> Q,=2.5 OK

Anchorage design length V. Ny M, Vo ¥ t,* Req'd conn Provide
[ft] [kips] [kips] [k-ft] [kips] [kips] PerLFRS  #7 bar
NS frame 49 575 0 0 1452 36 46.6 47
EW frame 30 359 0 0 1452 36 29.1 30

* Tension and shear nominal strength of #7 rebar.

Diaphragm collector reinforcement:
Collector reinforcement is designed to resistant the same shear demand as the
anchorage of shear wall:
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A, =QV, /¢, =1.0x575/2/0.9/60 = 5.32 in’

Choose 9#7 (5.4 in’) at each face of exterior wall
Design example 4B: (SDC D RDO)

Check Wg x Qug=2.1 x 1.77=3.72> Q,=2.5 OK

Anchorage design length V, Ny M, Vo * t.* Req'd conn Provide
[ft] [kips] [kips] [k-ft] [kips] [kips] PerLFRS  #9 bar
NS frame 30 431 0 0 24.2 60 37.2 38
EW frame 30 518 0 0 24.2 60 44.6 45

* Tension and shear nominal strength of #9 rebar.

Diaphragm collector reinforcement:
Collector reinforcement is designed to resistant the same shear demand as the
anchorage of shear wall:

A =QV, /@”y =1.77x431/0.9/60 =14.1in’
Choose 14#9 (14.0 in®) at each face of exterior wall

Secondary diaphragm reinforcement

Design example 4A: (SDC C EDO)

(1) Internal beam joint design

Internal beam joint design | Vu No = My w" t*  Req'd conn Provide
[kips] [kips] [k-ft] [kips] [kips] Per DT panel #7 bar
Top floor 52 0 0 1452 36 4.4 5 per panel

* Tension and shear nominal strength of #7 rebar.
(2) Spandrel to diaphragm connector

Use 2#5 rebar per precast floor unit.

Design example 4B: (SDC D RDO)

(3) Internal beam joint design

Internal beam joint design | Vu Ny My vo® t* Req'd conn Provide
[kips] [kips] [k-ft] [kips] [kips] Per DT panel #9 bar
Top floor 78 0 0 24.2 60 6.8 7 per panel

* Tension and shear nominal strength of #9 rebar.
(4) Spandrel to diaphragm connector

Use 2#5 rebar per precast floor unit.
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Step 11: Determine the diaphragm effective elastic modulus and shear modulus

The diaphragm joint effective elastic Young’s modulus (E.s) and effective shear modulus (Gef)
are calculated using the analytical based procedure (see “Diaphragm Joint Stiffness Calculation”
in PART 3). E.r and Geg will be used in step 12 for calculating the diaphragm induced drift.
These values can be calculated in a spreadsheet at the same time as the diaphragm reinforcement
is selected. An average of the maximum and minimum values at any joint is suggested in design
as shown in the bottom row of tables below. (See Appendix for tables output per joint.)

Design example 4A: (SDC C EDO)

Joint Eef_f Geff

[ksi] [ksi]
Min 1090 177
Max 1090 177
Ave 1090 177
Des 1090 177

Design example 4B: (SDC D RDO)

Joint Eef_f Geff

[ksi] [ksi]
Min 1023 141
Max 2116 537
Ave 1482 301
Des 1569 339

Step 12: Check the diaphragm induced gravity column drift

The following tables show the diaphragm induced gravity column drift at the midspan column j
obtained from the spreadsheet design program in PART 3).

Design example 4A: (SDC C EDO)

8dia el 8dia edia

Floor C Cqudi Ciai ’
A d.da " [in] [in] [rad]
Top 1.02 1.02 0.91 0401 0410  0.0024

Design example 4B: (SDC D RDO)

Odiael Odia Odia
Floor C Ca.dia C:dia ’
3 o < [in] [in] [rad]
Top 1.04 3.01 0.83 0.368 1.107 0.0059

For all design examples, the maximum diaphragm induced gravity column drift (84i5) is less than
0.01, OK
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Resulting Designs: Example 4A: (SDC C EDO)

f 1 1 . 1 i i } )‘/ |
2#7
per panel 27 Hairpin 5#6 chord
@5.4

I] I ‘ ‘ s ‘ ‘

| ]
7 per panel | o#7

47T #7 collector

[ [ [
2#3
collector

wwr W2
12

9xW2.9:
Typ.

m m
= =

Fig. A-24. Diaphragm reinforcement for example 4A.

Resulting Designs: Example 4B: (SDC D RDO)

Hairpin Connector

Ductile Ladder: W4.9x4.9

7

48 39 15 s (1] " " "
F@3. @3.7" @10 ) 10"x12 —~— 10"x6" —=—
L F T \ -

‘ N 7
Chord: 5 10#8 12 #8
\
38 #9 |
|
| - I : [T il : T ‘ ‘
- \ T
uE | 9 per panel 14#9‘ |
m } collector
1 |
L] |
\‘\ : T I I
I I I |
2#3 ‘ Q
collector ! wwr W2.9xW2.9
2#9 \ 12"x12" in panel
per pane ‘
e j

m
=
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Fig. A-25. Diaphragm reinforcement for example 4B.




APPENDIX B: Diaphragm Internal Force Diagrams and Tables for APPENIX A

Using free-body diagram method to get the diaphragm internal forces (See “Free Body Diagrams for
Typical Precast Parking Structures” in PART 3). The following diagrams and tables are obtained from the
spreadsheet program (see “Design Aids for Diaphragm Design: Spreadsheet Program” in PART 3).

Design example 1A: (EDO)

North/South flat under transverse loading:

Joint Axial Force Joint Shear Force Joint Moment
250 —— Top floor 200 — Top floor 7000 — Top floor
200 |- —— Other floors 150 — Other floors 6000 — Other floors
100 5000
g 150 ~ 50 E 4000
£ 2 < 3000
Z 100 - 2 0 2 2000
>
o b .50 100 0 300 400 | 5 0o
-100 0 ,
0 -150 ~1000 100 200 %o 400
0 100 200 300 400 2200 -2000
x (ft) x (f) x ()
Fig. B-1. Diaphragm internal forces North/South flat under transverse loading for example 1A.
North/South flat under longitudinal loading:
Joint Axial Force Joint Shear Force Joint Moment
250 ¢ _
— Top oo 140 Top floor 1000 — Top floor
200 — Other floors 120 —— Other floors 500 —— Other floors
100 0 L\, |
150 F = &
2z § 80 £ 500 0 20 00 400
2 100 F S 6 g
Z £ -1000
50 - 40 =
20 -1500
0 0 -2000
50l 100 200 300 400 100 200 300 400 -2500
x (ft) x (ft) x (ft)
Fig. B-2. Diaphragm internal forces North/South flat under longitudinal loading for example 1A.
Ramp Loading: Axial force longitudinal loading; Shear and Moment under transverse loading:
Joint Axial Force Joint Shear Force Joint Moment
450 - — Top florr 600 — Top floor 7000 — Top floor
;Ks)g : —— Other floors 400 —— Other floors 6000 —— Other floors
300 & 5000
& 250 P < 4000
< L & 5
Z ?(5)8 2 0 £ 3000
r >
100 - 200 100 200 300 4000 | = 2000
50 1000
0 -400 0
0 100 200 300 400 -600 100 200 300 400
x (ft) x (ft) x (f)

Fig. B-3. Diaphragm Ramp internal forces, example 1A: (a) axial under longitudinal loading; (b) shear under

transverse loading; (¢) moment under transverse loading.
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Table B-1. Diaphragm internal forces for Example 1A.

Transverse (NS) Direction Longitudinal (EW) Direction
X N/S Flat-Top floor Ramp-Top floor N/S Flat-Other floors Ramp-Other floors Ramp-Top floor Ramp-other floors N/S Flat-Top floor N/S Flat-Other floors
N \% M N \ M N \% M N \ M N \% M N \% M N \% M N \ M

[ft] | [kips] [kips]  [k-ft]  [kips] [kips] [k-ft] [kips] [kips]  [k-ft]  [kips] [kips] [k-ft] | [kips] [kips] [k-ft] [kips] [kips] [k-ft] [kips] [kips]  [k-ft]  [kips] [kips]  [k-ft]
12 58 104 -430 0 390 1674 40 71 -294 0 267 1144 78 0 0 54 0 0 23 33 -1177 15 22 -805
24 116 105 -935 0 311 2391 79 72 -640 0 212 1635 | 157 0 0 107 0 0 45 65 -1962 31 45 -1342
36 174 121 -1339 0 231 2153 119 83 -916 0 158 1472 | 235 0 0 161 0 0 68 98 -2355 46 67 -1610
48 232 151  -1466 0 151 958 159 103 -1002 0 103 655 314 0 0 215 0 0 90 131 -2355 62 89 -1610
60 232 133 242 0 133 2297 159 91 166 0 91 1570 | 325 0 0 222 0 0 98 125  -1746 67 85 -1194
72 232 116 1737 0 116 3422 159 79 1188 0 79 2340 | 336 0 0 229 0 0 106 118 -1212 72 81 -828
84 232 98 3018 0 98 4334 159 67 2064 0 67 2963 | 346 0 0 237 0 0 113 112 -752 77 77 -514
96 232 80 4086 0 80 5032 159 55 2794 0 55 3441 | 357 0 0 244 0 0 121 106 -367 83 72 -251
108 | 232 62 4940 0 62 5516 159 43 3378 0 43 3772 | 368 0 0 252 0 0 128 100 -57 88 68 -39
120 232 44 5580 0 44 5787 159 30 3816 0 30 3957 379 0 0 259 0 0 136 93 178 93 64 122
132 232 27 6007 0 27 5845 159 18 4108 0 18 3997 389 0 0 266 0 0 144 87 339 98 60 232
144 | 232 9 6221 0 9 5689 159 6 4254 0 6 3890 | 400 0 0 274 0 0 151 81 424 103 55 290
156 | 232 -9 6221 0 -9 5689 159 -6 4254 0 -6 3890 | 400 0 0 274 0 0 159 75 435 109 51 298
168 | 232 -27 6007 0 -27 5845 159 -18 4108 0 -18 3997 | 389 0 0 266 0 0 167 69 372 114 47 254
180 | 232 -44 5580 0 -44 5787 159 -30 3816 0 -30 3957 | 379 0 0 259 0 0 174 62 233 119 43 159
192 | 232 -62 4940 0 -62 5516 159 -43 3378 0 -43 3772 | 368 0 0 252 0 0 182 56 20 124 38 14
204 | 232 -80 4086 0 -80 5032 159 -55 2794 0 -55 3441 | 357 0 0 244 0 0 189 50 -268 129 34 -183
216 | 232 -98 3018 0 -98 4334 159 -67 2064 0 -67 2963 | 346 0 0 237 0 0 197 44 -631 135 30 -431
228 | 232 -116 1737 0 116 3422 159 -79 1188 0 -79 2340 | 336 0 0 229 0 0 205 37 -1069 140 26 -731
240 232 -133 242 0 -133 2297 159 -91 166 0 -91 1570 325 0 0 222 0 0 212 31 -1581 145 21 -1081
252 | 232 -151  -1466 0 -151 958 159 103  -1002 0 -103 655 314 0 0 215 0 0 220 25 -2168 150 17 -1482
264 | 174  -121  -1339 0 -231 2153 119 -83 -916 0 -158 1472 | 235 0 0 161 0 0 165 19 -1514 113 13 -1035
276 | 116 -105 -935 0 -311 2391 79 -72 -640 0 -212 1635 | 157 0 0 107 0 0 110 12 -934 75 9 -639
288 58 -104  -430 0 -390 1674 40 -71 -294 0 -267 1144 78 0 0 54 0 0 55 6 -430 38 4 -294
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Design example 1B: (BDO)

North/South flat under transverse loading:

Joint Axial Force Joint Shear Force Joint Moment
200 — -
Top floor 150 — Top floor 6000 — Top floor
| —— Other floors 100 —— Other floors 5000 - —— Other floors
150 4000
2 50 B z
£ 00 | 2 & 3000
= Z o 5 2000
>
50 - 50 100 0 300 400 § 1000
0 ,
0 -100 -1000 100 200 %0 400
0 100 200 300 400 -150 L -2000
x (i) x (ft) x (f)
Fig. B-4. Diaphragm internal forces North/South flat under transverse loading for example 1B.
North/South flat under longitudinal loading:
Joint Axial Force Joint Shear Force Joint Moment
200 120 — 500
— Top floor 0 Top floor — Top floor
150 f — Other floors 100 —— Other floors o N\ —otherfoors
o 807 = 0o 2 00 400
7 100 ¢ 2 60 | < 300
) > 5
Z 50 - 40 £ .1000
=
20
0 -1500
100 200 300 400 0
0 L 100 200 300 400 -2000
x (f) x () x ()
Fig. B-5. Diaphragm internal forces North/South flat under longitudinal loading for example 1B.
Ramp under transverse loading:
Joint Axial Force Joint Shear Force Joint Moment
330 1 — Top florr 500 — Top floor 5000 — Top floor
300 - —— Other floors 400 ¢ —— Other floors —— Other floors
300 4000
250 200 =)
7 200 1 = 100 £ 3000
& & g
£ 150 < 0 £ 2000
Z 100 t > -100 ¢ 100 200 300 400 | S
so & 200 f 1000
300 f
0 400 0
-50 @ 100 200 300 400 =500 - 100 200 300 400
x (ft) x (ft) x (ft)

Fig. B-6. Diaphragm Ramp internal forces, example 1B: (a) axial under longitudinal loading; (b) shear under

transverse loading; (c) moment under transverse loading.
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Table B-2. Diaphragm internal forces for Example 1B.

Transverse (NS) Direction Longitudinal (EW) Direction
X N/S Flat-Top floor Ramp-Top floor N/S Flat-Other floors Ramp-Other floors Ramp-Top floor Ramp-other floors N/S Flat-Top floor N/S Flat-Other floors
N Y M N Y, M N Y M N Y M N \Y, M N \Y, M N \% M N Y, M

[ft] | [kips] [kips]  [k-ft]  [kips] [kips]  [k-ft]  [kips] [kips]  [k-ft]  [kips] [kips] [k-ft] | [kips] [kips] [k-ft] [kips] [kips] [k-ft] [kips] [kips]  [k-ft]  [kips] [kips]  [k-ft]
12 0 91 0 0 364 0 0 62 0 0 249 0 0 0 0 0 0 0 0 0 0 0 0 0
24 45 80 -333 0 302 1297 31 55 -228 0 207 887 61 0 0 42 0 0 18 25 -912 12 17 -624
36 90 81 -725 0 241 1853 62 56 -496 0 165 1267 | 122 0 0 83 0 0 35 51 -1520 24 35 -1040
48 135 94 -1038 0 179 1668 92 64 -709 0 122 1140 | 182 0 0 125 0 0 53 76 -1825 36 52 -1248
60 180 117 -1136 0 117 742 123 80 -776 0 80 508 243 0 0 166 0 0 70 101 -1825 48 69 -1248
72 180 103 188 0 103 1779 123 71 128 0 71 1217 | 252 0 0 172 0 0 76 97 -1353 52 66 -925
84 180 90 1346 0 90 2651 123 61 920 0 61 1813 | 260 0 0 178 0 0 82 92 -939 56 63 -642
96 180 76 2338 0 76 3358 123 52 1599 0 52 2296 | 268 0 0 183 0 0 88 87 -583 60 59 -398
108 | 180 62 3166 0 62 3898 123 42 2165 0 42 2666 | 277 0 0 189 0 0 94 82 -284 64 56 -195
120 | 180 48 3827 0 48 4274 123 33 2617 0 33 2922 | 285 0 0 195 0 0 100 77 -44 68 53 -30
132 | 180 34 4323 0 34 4484 123 24 2956 0 24 3066 | 293 0 0 201 0 0 105 72 138 72 50 94
144 | 180 21 4654 0 21 4529 123 14 3183 0 14 3097 | 302 0 0 206 0 0 111 68 262 76 46 179
156 | 180 7 4820 0 7 4408 123 5 3296 0 5 3014 | 310 0 0 212 0 0 117 63 329 80 43 225
168 | 180 -7 4820 0 -7 4408 123 -5 3296 0 -5 3014 | 310 0 0 212 0 0 123 58 337 84 40 231
180 | 180 -21 4654 0 -21 4529 123 -14 3183 0 -14 3097 | 302 0 0 206 0 0 129 53 288 88 36 197
192 | 180 -34 4323 0 -34 4484 123 -24 2956 0 -24 3066 | 293 0 0 201 0 0 135 48 181 92 33 123
204 | 180 -48 3827 0 -48 4274 123 -33 2617 0 -33 2922 | 285 0 0 195 0 0 141 43 15 96 30 10
216 | 180 -62 3166 0 -62 3898 123 -42 2165 0 -42 2666 | 277 0 0 189 0 0 147 39 -208 100 26 -142
228 | 180 -76 2338 0 -76 3358 123 -52 1599 0 -52 2296 | 268 0 0 183 0 0 153 34 -489 104 23 -334
240 | 180 -90 1346 0 -90 2651 123 -61 920 0 -61 1813 | 260 0 0 178 0 0 159 29 -828 108 20 -566
252 | 180 -103 188 0 -103 1779 123 -71 128 0 -71 1217 | 252 0 0 172 0 0 164 24 -1225 112 17 -838
264 | 180 -117  -1136 0 -117 742 123 -80 -776 0 -80 508 243 0 0 166 0 0 170 19 -1680 116 13 -1149
276 | 135 -94  -1038 0 -179 1668 92 -64 -709 0 -122 1140 | 182 0 0 125 0 0 128 14 -1173 87 10 -802
288 90 -81 -725 0 -241 1853 62 -56 -496 0 -165 1267 | 122 0 0 83 0 0 85 10 -724 58 7 -495
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Design example 1C: (RDO)

North/South flat under transverse loading:

Joint Axial Force Joint Shear Force Joint Moment
140 — Top floor lgg — Top floor 4000 — Top floor
120 + —— Other floors o —— Other floors 3000 —— Other floors
100 - 0
2 80 - g
§ z 2 < 2000
Z 60t Z o0 g
a0 | > =20 100 0 300 400 | 5 1000
20 40 >
-60 0 :
0 -80 100 200 %0 400
0 100 200 300 400 -100 -1000
x (ft) x(ft) x (f)
Fig. B-7. Diaphragm internal forces North/South flat under transverse loading for example 1C.
North/South flat under longitudinal loading:
Joint Axial Force Joint Shear Force Joint Moment
1;;2 r ——Top foor 33 r _g’ﬁ ﬂ(;]or 222 — Top floor
[ [ — Other floors —— Other floors
—Oth
0o | Other floors 60 | 0 . A\ , |
g0 | 2 50 2200 0 2 00 400
" R=l &
& 240 | T -400
Z 60t
> > 30 2 600
40 S
20 = -800
20 r 10 -1000
0 0 -1200
20 0 100 200 300 400 0 100 200 300 400 -1400
x (ft) x (ft) x (ft)
Fig. B-8. Diaphragm internal forces North/South flat under longitudinal loading for example 1C.
Ramp under transverse loading:
Joint Axial Force Joint Shear Force Joint Moment
250 r — Top florr 300 — Top floor 3500 —— Top floor
200 —— Other floors 200 —— Other floors 3000 —— Other floors
2 2500
150 '
- - 100 = 2000
& =9 g
Z 100 Z 0 2 1500
z > 100 20 300 400 | = 1000
50 t -100
500
0 -200 o
-50 t 100 200 300 400 -300 100 200 300 400
x () x (f) x ()

Fig. B-9. Diaphragm Ramp internal forces, example 1 A: (a) axial under longitudinal loading; (b) shear under

transverse loading; (¢) moment under transverse loading.
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Table B-3. Diaphragm internal forces for Example 1C.

Transverse (NS) Direction Longitudinal (EW) Direction
X N/S Flat-Top floor Ramp-Top floor N/S Flat-Other floors Ramp-Other floors Ramp-Top floor Ramp-other floors N/S Flat-Top floor N/S Flat-Other floors
N \% M N \% M N \% M N \% M N \% M N \% M N \% M N \% M
[ft] | [kips] [kips] [k-f]  [kips] [kips] [k-ft]  [kips] [kips] [k-f] [kips] [kips] [k-ft] | [kips] [kips] [k-ft] [kips] [kips] [k-ft] [kips] [kips]  [k-ff]  [kips] [kips] [k-ft]
12 0 63 0 0 252 0 0 43 0 0 173 0 0 0 0 0 0 0 0 0 0 0 0 0
24 31 56 -231 0 210 899 21 38 -158 0 143 615 42 0 0 29 0 0 12 18 -632 8 12 -432
36 62 56 -502 0 167 1284 43 39 -343 0 114 878 84 0 0 58 0 0 24 35 -1054 17 24 =721
48 94 65 -719 0 124 1156 64 44 -492 0 85 790 126 0 0 86 0 0 36 53 -1264 25 36 -865
60 125 81 -787 0 81 514 85 56 -538 0 56 352 169 0 0 115 0 0 49 70 -1264 33 48 -865
72 125 72 130 0 72 1233 85 49 89 0 49 843 174 0 0 119 0 0 53 67 -937 36 46 -641
84 125 62 933 0 62 1837 85 42 638 0 42 1256 | 180 0 0 123 0 0 57 64 -651 39 43 -445
96 125 53 1621 0 53 2327 85 36 1108 0 36 1591 186 0 0 127 0 0 61 60 -404 42 41 -276
108 | 125 43 2194 0 43 2702 85 29 1500 0 29 1847 | 192 0 0 131 0 0 65 57 -197 44 39 -135
120 125 33 2652 0 33 2962 85 23 1814 0 23 2025 198 0 0 135 0 0 69 54 -31 47 37 -21
132 | 125 24 2996 0 24 3108 85 16 2049 0 16 2125 | 203 0 0 139 0 0 73 50 96 50 34 65
144 125 14 3226 0 14 3139 85 10 2206 0 10 2146 209 0 0 143 0 0 77 47 182 53 32 124
156 | 125 5 3340 0 5 3055 85 3 2284 0 3 2089 | 215 0 0 147 0 0 81 43 228 56 30 156
168 | 125 -5 3340 0 -5 3055 85 -3 2284 0 -3 2089 | 215 0 0 147 0 0 85 40 234 58 27 160
180 | 125 -14 3226 0 -14 3139 85 -10 2206 0 -10 2146 | 209 0 0 143 0 0 89 37 200 61 25 136
192 | 125 -24 2996 0 -24 3108 85 -16 2049 0 -16 2125 | 203 0 0 139 0 0 94 33 125 64 23 86
204 | 125 -33 2652 0 -33 2962 85 -23 1814 0 -23 2025 | 198 0 0 135 0 0 98 30 11 67 21 7
216 | 125 -43 2194 0 -43 2702 85 -29 1500 0 -29 1847 | 192 0 0 131 0 0 102 27 -144 70 18 -98
228 | 125 -53 1621 0 -53 2327 85 -36 1108 0 -36 1591 186 0 0 127 0 0 106 23 -339 72 16 -232
240 | 125 -62 933 0 -62 1837 85 -42 638 0 -42 1256 | 180 0 0 123 0 0 110 20 -574 75 14 -392
252 125 -72 130 0 -72 1233 85 -49 89 0 -49 843 174 0 0 119 0 0 114 17 -849 78 11 -580
264 | 125 -81 -787 0 -81 514 85 -56 -538 0 -56 352 169 0 0 115 0 0 118 13 -1164 81 -796
276 94 -65 -719 0 -124 1156 64 -44 -492 0 -85 790 126 0 0 86 0 0 89 10 -813 61 -556
288 62 -56 -502 0 -167 1284 43 -39 -343 0 -114 878 84 0 0 58 0 0 59 7 -502 40 -343
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Design example 2A: (EDO)

North/South flat under transverse loading:

Joint Axial Force Joint Shear Force Joint Moment
1T —
Top floor 200 — Top floor 6000 — Top floor
08 — Other floors 150 —— Other floors 5000 — Other floors
100 4000
g 0.6 ~ 50 i 3000
= k= 0 g 2000
z 04 ;‘« 2 1000
.50 100 0 | 300 400 | §
02 | = 0 :
-100 -1000 100 200 \ﬁ)o 400
0 : : : -150 2000
0 100 200 300 400 -200 -3000
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Fig. B-10. Diaphragm internal forces North/South flat under transverse loading for example 2A.
North/South flat under longitudinal loading:
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Fig. B-11. Diaphragm internal forces North/South flat under longitudinal loading for example 2A.
Ramp Loading: Axial force longitudinal loading; Shear and Moment under transverse loading:
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Fig. B-12. Diaphragm Ramp internal forces, example 2A: (a) axial under longitudinal loading; (b) shear under

transverse loading