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Abstract

This report presents the software DAD_ESWL v1.0, capable of computing efficiently the
response to wind of mid- and high-rise structures consisting of up to thousands of members.
The report documents the following features of the software:

(1) Use of the Database-Assisted Design (DAD) or of the Equivalent Static Wind Loads
(ESWL) procedure for the iterative structural design of mid- and high-rise buildings.

(2) Incorporation into the design of second-order elastic analysis (both P-4 — member
chord rotation — and P-6 — member curvature). For purposes of illustration,
DAD_ESWL uses a geometric stiffness method allowing second-order effects to be
accounted for with no iterations.

(3) A graphical user interface, including: (i) definition of pressure tap locations, (ii)
pressure distribution displays, (iii) calculation of floor wind loads induced by
simultaneous time series of pressures at the taps, and (iv) use of MATLAB tools
enabling convenient editing of computation result displays.

(4) Updates of steel member interaction formulas applicable to various types of beam-
column joints, bracing connection details, and cross-sectional shapes.

(5) Generation of biaxial interaction strength surfaces for determining the demand-to-
capacity indexes of reinforced concrete columns or shear walls with rectangular cross
section specified by the user. The demand-to-capacity index for the shear wall can be
calculated as well.

(6) Inclusion of the capability to use OpenSees for the efficient calculation of modal shapes
and frequencies of vibration, as well as of influence coefficients.

The report includes a detailed user’s manual.



Acknowledgements

The wind tunnel data were developed at the CRIACIV-DIC Boundary Layer Wind Tunnel
and were kindly provided by Dr. llaria Venanzi of the University of Perugia. Dr. Joseph A.
Main provided the material on the time integration of modal equations via ramp-invariant
filters. The thorough review, especially in demand-to-capacity indexes for reinforced
concrete members by Prof. Chungwook Sim of University of Nebraska-Lincoln is
acknowledged with thanks.



Contents

ADSTTACT ...ttt bbb i
ACKNOWIEAGEMENTS ...ttt bbbt st eeenes i
(00 01 1=] U U PP U ST UPUUPTUPR ii
Lo INTFOAUCTION Lottt bbbt 1
2. Overview Of the DAD PrOCEAUIE.........oieeieieerteee ettt nreas 2
3. Overview of the Equivalent Static Wind Loads (ESWL) Procedure ...........cccccceuenen. 5
B L ESWL BSKS ...ttt sttt bbbttt bbbttt e 5
3.2 EStIMAtiON OF ESWWLS ....ooiiiiiiieicc ettt 6

4.  Analytical framework OF DAD .......cccooiiiiiiieeee e 10
4.1 Dynamic modeling of tall building including second-order effect....................... 10
4.2 Aerodynamic database and wind load modeling ..........ccooeviiiiiiiin i, 12
4.3 Influence coefficients for determining internal fOrces.........cccooovvvvviiiinieieniennen, 14
4.4 RESPONSE SUMACE ... ecueeiieeieitieite e sie e e et te et e e te e et a e e e staetesneesreeneesneenneans 15
4.5 Peak direCtional FESPONSE. ......ccouiiuieiieiieie sttt sttt eesreesae e 16
4.6 Peak wind effects with specified MRIs in regular and mixed wind climates......... 17
4.7 Adjustment of demand-t0o-Capacity INAEXES..........ccerereerieeresieirere e see e, 18
4.8 Compliance With deSign Crteria ........coviiiiiiieiie e e 19

5. SHrUCLUIAl FESPONSES .....vieieiitieitieie ettt ettt be e sre e enes 20
5.1 Demand-to-capacity indexes for steel members...........cccccvevevieiicic e, 20
5.2 Demand-to-capacity indexes for RC Mmembers.........cccooeveviiiniiic e, 21
5.3 INtEr-StOry drift FALIO .......ooveeiiiie i 25
5.4 FIOOF @CCEIBIATION. ......eeuiiieiiiie ittt bbb 25

0. SUMIMAIY ...eiiiiiie ittt st e e srb e e e s st e e e ebb e e e nbeeeanbeeeanes 26
T RETEIBNCES ...ttt b e e nre e enes 27
Appendix I. User’s Manual for DAD_ESWL V1.0......cccccoiiiiiiiiieciece e Al
DISCIAIMETS ...ttt bbbttt sb et benbe s A2
Al.1l. Key features of DAD_ESWL SOFtWAr€.........cccoviiiiiieiieie e A3
ALLL GeNEral TEALUIES .......eiieieieieite sttt A3
A1.1.2 Special features for Steel StrUCTUIES..........cceveeiiiieeriee e A4
A1.1.3 Special features for RC SIUCTUIES........ccuiiiiierieiie e A4
Al.2. Download and INStAllation .............ccoiiiiiiiiiiiee e A5
Al.3. Basics of using the DAD _ESWL........cccovviiiieiiee e A5



AL.4. Inputs for runnNing DAD_ESWL .......ocoviiiie et A6

AL.5. Outputs from running DAD_ESWL ......ocoiiiiiiiieee s A7
AL.6. Details on use Of the SOtWAre .........cccoiiiiiiiiee s A7
Al1.6.1 Example of a 3D 60-story steel building .........cccccevveveviiveecc e A7
Al1.6.2 Example of a 3D 60-story reinforced concrete building............ccccevvennne. A8
A1.6.3 Graphical USEr INTEITACE .........ccueviiiiiieiiee s A9
Appendix Il. Time integration of modal equations via ramp-invariant filters............... A54
A2 L, INEFOAUCTION ...ttt sr et sre e e A54
A2.2. Modal equations Of MOLION .........ccceiiiiiiieiiee e A55
A2.3. Ramp-invariant filter for modal displacements ............cccccveveiiieviveieviecseeenn A55
A2.4. Ramp-invariant filter for modal VElOCIIES..........ccovveiiiiiiiiiie e A58
A2.5. Verification Of the SOIVEr ... A60
A2.5.1 Single-degree-of-freedom SYStEM .........cccceiieiiieiiiic s A60
A2.5.1.1 Closed-form SOIULION...........coiiiiiiiieiee e A60
A2.5.1.2 NUMErical SOIULION .........couiiiiiiie e A6l
A2.5.1.3 Comparison between closed-form and numerical solutions............... A62
A2.5.2 Multi-degree-of-freedom SYStEM .......c.oiieiiiiriieiere e A63
A2.5.2.1 Closed-form SOIULION...........coiiiiiiiieiee e AB3
A2.5.2.2 Numerical SOIULION ........ooiiiiiiieee e A66
A2.5.2.3 Comparison between closed-form and numerical solutions............... A67
Appendix Il1. Verification of bi-axial interaction sUrfaces.............ccoceverieieiinnennne A68
A3.1. EXAMPIE SECHION L. ..ot A69
A3.1. EXAMPIE SECHION 2.ttt A70
A3.1. EXaMPIe SECLION 3 ... e A7l
Appendix V. Example Tcl script for running OPenSees.........ccoevvevverververeseesieenenn AT2
Appendix V. Construction of variable — “Mass’ ........ccccceveiiiieiiieie e AT7
AAD L IMIBSS .. A78
AS5.2. Mass MOMENT OF TNEITIA.........ceieiiriiiiieiee s AT79
AS5.3. MATLAB Variable Mass........ccccoiiiiiiiiiiiieee s A81
Appendix VI. Construction of variable — “dif’ ... A82
Appendix VII. Construction of variable — ‘Ratio_ VS ........ccccccvievenieniiesi e A85
A7.1. Wind speed profiles and micro-meteorological homogeneity ............c..cc....... A85
AT.2. EXamMPle ProbIEmS.. ..o e A89



1. Introduction

The ASCE 7-16 Standard (hereinafter ASCE 7-16) (ASCE 2016) specifies three methods
for determining wind loads: the simplified, the analytical, and the wind tunnel method. The
simplified method is not applicable to flexible, high-rise structures. The analytical method
excludes buildings subjected to across-wind and/or aeroelastic effects. Since most mid-rise
and tall buildings experience such effects, the analytical procedure is usable only for
preliminary design purposes. The wind tunnel method is specified in ASCE 7-16 only in
very general terms. This is one of the reasons why estimates of wind effects for the same
structure may vary, in some cases significantly, among independent laboratories or even
within the same laboratory (Coffman et al. 2010; Fritz et al. 2008; SOM 2004).

The increasingly common use of pressure scanners has led to the development of
procedures for estimating aerodynamic wind loads by using (i) simultaneously measured
time series of pressure coefficients at large numbers of pressure taps on wind tunnel
building models, and (ii) measured or simulated extreme directional wind speeds at the
building site (Boggs and Lepage 2006; Garber et al. 2007; Ho et al. 2014; Huang and Chen
2007). For the determination of design static wind loads it is typically assumed that the
most unfavorable combination of wind loads will occur when the resultant wind loads
along one of the principal axes of the building, or the wind-induced torsional moment,
attains its peak value. Considering the combinations of translational and torsional loads, 24
load combinations are typically defined for design purposes (Ho et al. 2014). The static
wind loads and the randomly fluctuating wind loads based on the entire time series of the
measured pressure coefficients are called equivalent if they induce in the structural
members’ demand-to-capacity indexes (DCIs) with approximately the same values.
However, depending upon the method of estimation of the static loads, the latter may not
be equivalent to their randomly fluctuating counterparts, in which case the static wind loads
would result in at least some structural members being under- or over-designed.

The purpose of this report is to review the Database-Assisted Design (DAD) approach,
and to present and assess the equivalent static wind load (ESWL)approach, by which the
randomly fluctuating wind loads used in the DAD procedure are replaced by ESWL.

The DAD and ESWL approaches allow a clear separation of the wind engineer's and
structural engineer's tasks. The wind engineer’s task is to provide: (1) the requisite pressure
time histories based on wind tunnel testing or, as is likely to be the case in the future, on
CWE (Computational Wind Engineering) simulations; (2) wind climatological directional
data at a weather station reasonably representative of the wind climate at the building site
and/or developed by, e.g., Monte Carlo simulations; (3) the ratio between directional wind
speeds at the weather station and the reference directional mean wind speeds at the top of
the building as affected by the building’s exposure; and (4) measure of the uncertainties in
the aerodynamic, wind climatological, and micrometeorological data. Once these
aerodynamic, wind climatological, and micrometeorological data are provided by the wind
engineer, the structural engineer is in full charge of the design and uses those data in,
typically, an iterative design process that accounts rigorously for wind directionality
effects. That process results in a safe, economical and risk-consistent design that fully
satisfies strength and serviceability performance criteria. Sections 2 and 3 present an
overview of the DAD procedure and of the ESWL procedure, respectively.



All the operations described in this report are automated, and are performed by using
the DAD_ESWL (Database-Assisted Design and Equivalent Static Wind Load for mid-
and high-rise structures) software. A detailed user’s manual is included in Appendix I.

2. Overview of the DAD procedure

The DAD procedure as applied to mid- and high-rise buildings entails the tasks represented
in Fig. 1. The processes within the dotted box constitute the main algorithm of the
DAD_ESWL software. To use the DAD procedure the user selects the DAD option of the
software. The processes outside the box describe information provided by the wind
engineer and the structural engineer. Their tasks are clearly separated as follows. The
yellow (bright) blocks and the blue (dark) blocks correspond to the wind engineer’s and
the structural engineer’s tasks, respectively. Uncertainty estimates are beyond the scope of
this report. For the DAD procedure the structural engineer performs the following tasks:

1) Select the structural system, and determine its preliminary member sizes based on a
simplified model of the wind loading (e.g., a static wind loading based on standard
provisions). The structural design so achieved is denoted by Do.

2) For the design Do: determine the system’s mechanical properties, including the
modal shapes, natural frequencies of vibration, and damping ratios, as well as the requisite
influence coefficients; and develop a lumped-mass model of the structure. P-4 an P-o
effects are accounted in this report by using a geometric stiffness matrix approach (Park
and Yeo 2018). This approach has limitations noted in Park and Yeo (2018) that appear
not to be significant for tall buildings subjected to wind loads. It is suggested, however,
that the validity of this statement be the object of further research, and that an alternative
approach to the estimation of second-order effects be considered if necessary.

3) From the time histories of simultaneously measured pressure coefficients, determine
the time histories of the randomly varying aerodynamic loads induced at all floor levels by
mean wind speeds from, depending upon location, 10 m/s to 80 m/s in increments of 10
m/s, with directions from 0° < 6, < 360° typically in increments of, say, 10° (the reference
height for the mean wind speeds is typically assumed to be the height of the structure).

Tasks 4, 5, and 6 are performed for each of those directional wind speeds and are
required for the determining, by accounting rigorously for directionality, the requisite wind
effects with the specified design mean recurrence interval (MRI).

4) Perform the dynamic analysis based on the lumped-mass model of the structure to
obtain the time histories of the inertial forces induced by the respective aerodynamic loads,
and the effective wind-induced loads consisting of the sums of the aerodynamic and inertial
force time histories.

5) For each cross section of interest, use the appropriate influence coefficients to
determine time series of the demand-to-capacity indexes (DCIs) induced by the
combination of effective wind loads determined in task 4 with factored gravity loads. The



DCls are the left-hand sides of the design interaction equations, and are typically used to
size members subjected to more than one type of internal force. For example, the
interaction equations for steel members subjected to flexure and axial forces are
(ANSI/AISC 2010):

M
When —"_>02, R 8 M, My yoqg (1a)
¢an ¢an 9 ¢mMnX ¢mMny
M
When -1 <02, B My Moy (1b)
¢p I:)n 2¢p Pn ¢mMnx ¢mMny

In Egs. 1la and 1b, Pr and P, are the required and available tensile or compressive
strength; Mrx and My are the required and available flexural strength about the strong axis;
Myy and My are the required and available flexural strength about the weak axis; ¢, and ¢m
are resistance factors. The required strengths are based on combinations of wind and
gravity effects specified in Section 2.2 of ASCE 7-16 (ASCE 2016) or other standards. A
similar, though simpler expression for the DCI, is applied to shear forces.

6) Construct the response surfaces of the peak combined effects (e.g., DCIs, inter-story
drift ratio, accelerations) as functions of wind speed and direction. For each of the
directional wind speeds defined in task 3, determine for each cross section of interest the
peak of the DCI time series (e.g., Egs. 1laand 1b), and construct from the results so obtained
a peak DCI response surface. The response surface is a property of the aerodynamic and
mechanical characteristics of the structure, independent of the wind climate, that provides
for each cross section of interest the peak DCIs (or other wind effects) as a function of
wind speed and direction.

7) Use the information contained in the response surfaces and in the matrices of
directional wind speeds at the site to determine, by accounting for wind directionality, the

design DCIs with the specified design MRI N, denoted by DCI®® (N), for the cross

sections of interest. The steps required for this purpose are described in detail in the Section
4.6.

Typically, the preliminary design Do does not satisfy the strength and/or serviceability
design criteria. The structural members are then re-sized to produce a modified structural
design Ds. This iterative process continues until the final design is satisfactory. Tasks 2
through 7 are repeated as necessary until the design DClIs are close to unity, to within
serviceability constraints. Each iteration entails a re-sizing of the structural members
consistent with the respective estimated design DCls.
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3. Overview of the Equivalent Static Wind Loads (ESWL) Procedure
3.1 ESWL tasks

Like DAD, the ESWL procedure requires the wind engineer to provide (i) wind
climatological data at the building site, (ii) time series of pressure coefficients measured
simultaneously at multiple taps, and (iii) uncertainty estimates for both the wind
climatological and the aerodynamic data. Once these three tasks are completed, the design
process is fully the responsibility of the structural engineer.

The first four tasks of the ESWL procedure are strictly identical to the first four tasks
of the DAD procedure as listed in Section 2. The subsequent tasks are performed for each
of the wind speeds and directions defined in task 3 (see Fig. 1).

4a) Determine the static loads Fg,' (U,6), F;S"(U,6), and RS (U, 6) acting at

the center of mass of floor k in the direction of the building’s principal axes x, y and in
torsion, respectively, where the subscript p (p = 1, 2,..., pmax) identifies distinct wind
loading cases WLC, associated with superpositions of ESWL load effects, and pmax is a
function of the number npit of points in time used to obtain the peak effects of interest. This
task is described in detail in Section 3.2.

5) For each cross section m of interest, calculate the internal forces used to determine
its DCI, and substitute their expressions into the expressions for the DCIs (e.g., Eg. 1). This
task requires the use of the static wind loads determined in task 4a, the factored gravity
loads, and the influence coefficients 1, ., I, ,, and I, ,. The influence coefficients
represent internal forces at cross section m induced by a unit floor load in the direction x,
y, and 3 applied at floor k, respectively. Denote the internal forces by 5" (U,6) . Their

expression is

p kx, p mk,y " ky,p

frov(U,0) = kz; Mo P (U, 6) + kz; r. EEYSU,0)+ kz; N el (V%) (2)

The corresponding demand-to-capacity indexes, denoted by DCIE*" (U, 8), are obtained

m,p
by substituting internal forces determined by Eq. 2 into the expressions for the DCIs. For
design purposes only the largest of these DClIs is of interest, that is,

DCI>*""(U,6) = max  (DCIZ" (U, 6)) (3)

m,p

6) Construct the response surfaces representing, for each cross section m of interest, the
dependence of its demand-to-capacity index DCI?*®"(U,8) upon wind speed U and
direction 6.

7) Use the response surfaces constructed in task 6 and the non-parametric statistical
procedure described in detail in Section 4.6 to determine, from the values DCIF>®" (U, )

5



, the design demand-to-capacity indexes with an N -year mean recurrence interval,
DCI?(N). Depending upon the uncertainties in the wind velocity and aerodynamic data,
as determined by the wind engineering laboratory, the design MRI may have to differ from
the value specified in the ASCE 7-16 Standard (ASCE 2016).

If the DClIs determined in task 7 differ significantly from unity, the structure’s members
are re-sized to create a new design D1. Tasks 2 to 7 are then performed on that design. This
process is iterated until a structural design is achieved for which, in each structural member,

the DCI induced by the most unfavorable combination of ESWLs is close to unity, to within
serviceability constraints.

3.2 Estimation of ESWLs

This section describes a simple approach to structural design, wherein the peak DCls
produced by randomly fluctuating effective wind forces are replaced by their counterparts
produced by equivalent static wind loads. For ease of exposition, the indexes U and & will
be omitted in this section.

First the case of a structure subjected to wind loads acting only in one direction x at its
centers of mass. For any given wind speed, let the effective (i.e., aerodynamic plus inertia)
randomly fluctuating load at floor k acting along the principal axis x of the building be
denoted by F(t), wherek =1, 2, ..., n (Fig. 2). The corresponding overturning moment

at the base of the building is (Fig. 2a)
My, (t) = h[F, (t) + 2F,, (t) +---+ nF, (V)] (4)

where it is assumed for simplicity that all floors have the same height h. The peak of
M,, (t), denoted by max,[M,, ()], occurs at a time tix (Fig. 2a). The equivalent static wind

load in direction x at floor k, denoted by F:>"" is therefore

FkESWL = Fkx (tlx) (5)
and the moment at the structure’s base is
h(FESY: + 2FE™ 4.+ nEE™ ) = M (t,,) (6)

The static wind loading determined as described above may be called equivalent static
wind loading if it induces in all structural members DCIs approximately equal to their peak
DAD counterparts.

The internal force at the member cross section m induced by the effective fluctuating
forces Fix(t) at floor k (k = 1, 2, ..., n) can be written as

HOBDAMNG )



where [, is the influence coefficients representing the internal forces at cross section m

induced by a unit load applied at floor k. The ESWLs F>>"" are determined as in Eq. 5. It

is assumed that the peak internal forces occur at the same time tyqas the peak base moment.
If this were true, the following system of equations would be satisfied:

max,[ f,(®1=>r, F" (M=1,2, ..., Mma) (8)
k=1

Eq. 8 would be rigorously true if the influence coefficients rmkx were proportional to
the height kh. However, it is shown in Park et al. (2018) that Eq. 8 (and, in particular, its
counterpart wherein forces in the principal direction y and torsional moments about the
center of mass are also acting on the structure) can be satisfied to within a close
approximation if wind directionality effects are accounted for. Note that this may not be
the case if wind loads are dominant in one direction only.

For structures that experience wind-induced forces in the directions x and y of the
structure’s principal axes, as well as wind-induced torsional moments about the center of
mass, wind effects are due to the superposition of the effects of these three actions. It is
therefore possible to construct, from the time histories of those three effects, the time
history of their summation, and estimate the peak of that time history. This approach can
be used in the DAD procedure.

All floor height: h

@ Mm F..(t) Q@ —-"-rt)

h h
n1 @) W Fiogx® @ — o -F.t)
h h
~ o 7
e @ L N0) @ —r"-F.t)
h h
N 0 @ -rt)
h h
axe e ax
T_, | Moy () = N[Fi(t) + Fo(G) o+ Fos () + Fo )]
(a) (b)

Figure 2. Lumped mass structure with (a) fluctuating wind loads in DAD and (b)
equivalent static wind loads in ESWL.



For the ESWL, a multiple points-in time (MPIT) (Yeo 2013) approach with a number
npit Of points in time is used as follows (see Fig. 3). The highest peak of the time series of
the base moments induced by forces in the x direction, and its time of occurrence ti, are
identified. The forces Fix(t1x) are defined as the principal ESWLs at floors k (k =1, 2, ...,
n) acting on the structure at time tix. The forces Fky(tix) and Fxs(t) are defined as the
companion ESWLs at floors k. Because the simultaneously acting forces Fix(tix), Fiy(tix)
and Fy(t1x) do not necessarily produce the most unfavorable effect being considered, it is
necessary to perform the operation just described for the second, ..., npit-th highest peak of
the time series of the base moments induced by forces in the x direction. Thus, a total of
npit combinations of principal ESWLs and two companion ESWLs are obtained for times
tax, tox, ..oy t

Next, npit combinations of principal and companion ESWLSs acting at times tuy, toy, ...,
t. . are obtained by considering the highest, second highest, ..., npit-th highest peak of the

npity
base moments induced by the forces in the direction y. A third set of npit combinations
acting at times tug, tzg, ..., t, , corresponds to the highest peaks of base moments induced

by torsion. Three additional sets correspond to lowest peak base moments. Thus, pmax =
6npit sets of equivalent static wind loading combinations must be used to determine the
wind effects of interest. The design wind effect is the largest of the effects induced by these
6npit sets of ESWLs.

The operations listed in this section are performed automatically using the ESWL
option of the DAD_ESWL software. For details, see User’s Manual of Appendix 1.
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Figure 3. Sample data for three effective base moment components and load
combinations (npit = 4)



4. Analytical framework of DAD

In this chapter, the basic structure of DAD is briefly described (Main and Fritz 2006; Park
et al. 2017; Simiu et al. 2008; Simiu et al. 2003; Simiu and Yeo 2015; Spence 2009; Yeo
2010).

4.1 Dynamic modeling of tall building including second-order effect

A tall building can be represented by a multi-story model with lumped masses. A schematic
building model is shown in Fig. 2. An N-story building has N masses located at the center
of mass of each floor. The building has three degrees of freedom (i.e., x-, y-, and $-axis)
per floor.

The equation of motion for a forced, damped linear system is

MU(t) + Cu(t) + Ku(t) = p(t) (18)

where u(t) is the displacement response vector including displacement in the x and y axes
and rotation in the $ axis. M, C, and K, are mass, damping, and stiffness matrices,
respectively. p(t) is the vector of external force time histories. Second-order effects (i.e.,
P-A and P-9 effects, a new feature in HR_DAD version 2.0) can be considered by replacing
the stiffness matrix K by the matrix K — Kg, where Kg is the geometric stiffness matrix
(Park and Yeo 2016).

When the linear system has classical damping whose square matrix, C, is diagonal, Eq.
18 can be transformed into a set of uncoupled equations via modal analysis. Each equation
of this set is analogous to, and can be solved as, an equation of motion for a single degree-
of-freedom system. Note that the damping matrix C can be non-diagonal, depending on
the distribution of damping in the system; in this case, the following classical modal
analysis cannot be applied (Chopra 2016).

The total displacement of the structure u(t) can be represented as the sum of its modal
contributions, and is dependent on the mode shapes ® and generalized coordinates q(t).

u(t) = @q(t)

n 19
=Z $, (1) 19)

where ¢« and gx are the mode shape and the generalized coordinate in the k™ mode,
respectively, and n designates in this equation the number of modes of vibration being
considered.

The natural frequencies @, and modal shapes @ can be obtained from the equation of
motion of the undamped, freely vibrating system by solving the equation

[K-0’M]® =0 (20)

The generalized equation of motion in the k™ mode is
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m, b, (t) + G, () + kg, (1) = p, (D) (21)

where the generalized mass m; , damping c, , stiffness k; , and force p; are defined,
respectively, as

m; = T M,
C, =4, Cd, =2&m,
K = g Ky = (22)

P =4 pt)

The total displacements and accelerations are then obtained by Eg. 21. In this version
of the software, the ramp-invariant filters are used as a dynamic solver. For details, see
Appendix Il.

The mass of each floor has three degrees of freedom (i.e., x-, y-, and 9-axis) and is
concentrated at the center of the mass on the floor. Definitions of story and floor used in
this report are described in the Fig. 4. For any given wind direction, wind loads
corresponding to the three coordinates are applied at the associated mass centers.

Wind loads Story Floor
My
P\() —» @ - N (roof)
m N
N-1
Pt —» @ - N-1 (top)
N-1
My,
PN.l(t) —> I """""""""" N-2
mg
P) —» @ @ - 3
3
m;
P) —> @7 e 2
2
m;
P) —> @ oo 1
y 1
9 X

Figure 4. Schematic model of a tall building
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4.2 Aerodynamic database and wind load modeling

Pressure time histories can be obtained from wind tunnel tests or CFD simulations. This
section focuses on load modeling based on wind tunnel tests.

The pressure data on the structure’s envelope are generally expressed as non-
dimensional pressure coefficients C, based on the mean hourly wind speed V4 at building
roof height H:

p
Co=1 (23)
- V2
YAl

where p is the net pressure relative to the atmospheric pressure and p is the air density
(1.225 kg/m? for 15°C air at sea level).

It is assumed that the pressure coefficients do not depend significantly upon Reynolds
number and are therefore identical for the model and the prototype. Time series of
prototype wind loads at each mass center along the building height can be calculated using
pressures at measuring points and the associated tributary areas. From the similarity
requirement for the reduced frequency (fD/V)m = (fD/V),, where f is sampling frequency,
D is the characteristic dimension of the structure, V is a characteristic velocity, and the
subscripts m and p stand for model and prototype, respectively, and it follows that the time
interval Atp at prototype scale is

D, v
At =——" At (24)
"D, V,

where Dn/Dy is the length scale, Vi/V, is the velocity scale, and Aty is the time interval
(i.e., the reciprocal of the sampling frequency fm) at model scale. The time interval Atp
depends on the wind speed V,.

Determining the floor wind loads requires the following input: the dimensions of the
prototype; the model scale; the number of floors; the coordinates of all pressure tap
locations; and the pressure coefficient time series. The software then performs the
following operations:

1) Creation of virtual pressure taps at each edge of the model surface. The time series
of the pressure coefficients at the virtual pressure taps are obtained by extrapolation
from the time histories at the outermost and next to outermost pressure taps (see
Fig. 5a). This operation is necessary because actual pressure taps cannot be placed
at the structure’s edges.

2) Generation of mesh for interpolation between pressure coefficients measured at the
actual taps or assigned to the virtual taps (Fig. 5b). Each mesh element has
dimensions 4B by AH, where AB = B/(2ng), AH = H/(2N), where B is the building
width, H is the building height (inclusive, for buildings with parapets, of the parapet
height, in which case the height of the uppermost mesh element is equal to the
height of the parapet), and ng is the number of pressure taps in each pressure tap
row.

12



3) The user has the option of carrying out the interpolations by one of the following
three methods supported by MATLAB: i) nearest, ii) linear, and iii) cubic. For
details, see MATLAB documentation (www.mathworks.com/help/). Figure 6
shows the differences among the results obtained in those three interpolation
methods as an example. The linear interpolation is typically sufficiently accurate
for structural design purposes.

B
T "
A 0, .
O O O O O Oy —— | — Nt Floor (Roof)
f f — N-1% Floor (Top)
O 0 0 O O Oy N2 Floor
O O O O O O §
c
S o
Hi o 0 0 0 0 O el 8 A
g o
O 0O 0O O O O i = 8 o~
0 0 0 0 0 O ¥ ¢
l L — 2 Floor
O O O O O O i St
i — oor
/; QExtrapolatlon - 5 y
B O aE s =€ 9 X

4B it Mesh on surface
O Pressure Taps (Real) Known pressure point

7% Pressure Taps (Virtual) (c) Floor forces on lumped-

New pressure point mass system
(a) Virtual taps on each edge of (b) Mesh on surface for
surface interpolating pressures

Figure 5. Schematic drawings of interpolation mesh on model surface (h = floor height)

Figure 6. lllustration of results of nearest, linear, and cubic interpolation methods

4) Determination of wind loads acting at each floor mass center using the tributary
areas shown in Fig. 7. The floor wind loads consist of forces along the two principal
directions of the structure applied at the center of mass and a torsional moment
about the center of mass.
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Lumped-Mass
System

(a) Tributary area for N* floor (b) Tributary area for middle floors
(colored area on mesh) (colored area on mesh)

Figure 7. Tributary areas for calculation of floor wind loads

4.3 Influence coefficients for determining internal forces

Influence coefficients fijN are used to transform wind forces acting at the lumped mass of
floor N along the principal axes q (q = 1, 2), and wind-induced torsional moments about
the mass center of floor N (q = 3), into the wind effect of interest at cross section j of
member i. The influence coefficients of a building model can be obtained using a finite
element analysis program. Note that if the second-order effect (i.e., P-A and P-6 effects) is
considered, the influence coefficients should be changed accordingly.

The wind loads used for strength and serviceability designs are combined with dead
and live loads using load combination cases specified by ASCE 7-16, Section 2.3:

For strength design,
1.2D +1.0L + 1.0W (LCY1) (25)
0.9D + 1.0W (LC2)

For serviceability design,
1.0D +1.0L + 1.0W (LC3) (26)

where D is the total dead load, L is the live load, and W is the wind load. Note that the load
factor is not applied to the wind load because the DAD approach yields wind effects with
the requisite mean recurrence intervals provided by the structural engineer. A different load
factor for the live load may be used in Eq. 25 and 26 depending upon the engineer’s
judgment. The software provides an option that outputs the largest of the DClIs based on
the various combinations being considered.

The software is coded to obtain internal forces at three sections of each structural
member. For example, the three locations can be the member’s two ends and midpoint.
However, in some instances the critical sections, as defined by ACI 318 or AISC
specifications, may occur at other locations. The influence coefficients required to obtain
the internal forces must be calculated accordingly.

14



4.4 Response surface

For each cross section of interest DAD determines response surfaces for a sufficient
number of wind speeds and directions. The surfaces contain information on structural
responses induced by combined gravity and wind loads. The structural responses of interest
are demand-to-capacity indexes, inter-story drift, and peak accelerations. Details are
provided in Section 5.

For the design of structural members, response surfaces pertaining to demand-to-
capacity indexes are obtained for individual structural members (e.g., columns and beams)
for a set of wind speeds and wind directions. Depending upon the wind climate, the set
includes mean speeds from, say, 20 m/s to 80 m/s in increments of, say, 10 m/s, for wind
directions from 0° to 360°, typically in increments of 10°.

The index DCI for columns pertains to interaction equations for axial load and bending
moments; for beams the index is based on the bending moment. Its counterpart for columns
and beams is associated with interaction equations for shear forces and torsional moments.
The subscripts i and j denote the identification of a member and a cross section of interest
for the member, respectively.

For serviceability design, response surfaces for inter-story drift and peak accelerations
are obtained along specified column lines throughout the height of the structure.

Using interpolation techniques, the structural response can be obtained for any wind
direction and speed within the specified ranges. As noted earlier the directions for which
the responses are provided in the response surfaces are referenced to the principal axes of
the building (i.e., the x- and y-axis in Fig. 9). The response surfaces are independent of
wind climate. Figure 8 represents an example of the response surfaces of DCI for a steel
column member (Park and Yeo 2016).

Figure 8. Example of response surface

15



4.5 Peak directional response

Structural responses to directional wind are obtained by using the directional wind speeds
included in the wind climatological database in conjunction with the response surfaces.
The wind climatological database for the calculations presented in this report is based on a
wind speed dataset of 999 simulated hurricanes for 16 directions (Batts et al. 1980). The
wind climatological database from which the dataset is extracted is publicly available at
www.nist.gov/wind.

The database sets on the NIST website consist of one-minute mean hurricane wind
speeds in knots at 10 m above the ground over terrain with open exposure near the coast
line (1 knot ~ 0.5144 m/s). The 16 wind directions are from 22.5° to 360° in 22.5°
clockwise increments from the north. Those speeds are converted to mean hourly speeds
(m/s) at the rooftop of the building corresponding to the terrain exposure at the site.
Providing the original and converted wind climatological database is incumbent on the
wind engineering consultant.

For non-hurricane data, a procedure for generating time series of directional extreme
winds is required. First, an algorithm developed by Yeo (2014) is used to estimate the
parameters of the distributions of the directional wind speeds, given that the size of the data
sample within one or more directional sectors can in some instances be too small for
statistical inference purposes. Once the distribution parameters are estimated, a simple
Monte Carlo procedure is used for data generation.

DAD also accounts for building orientation, defined by the angle ao in Fig. 9. Because
the wind direction 6y angle in the response database is not identical to the wind direction
angle a in the climatological database (Fig. 9), each wind direction in the wind
climatological database should be rotated by the orientation angle ao.

North

Figure 9. Wind directions
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4.6 Peak wind effects with specified MRIs in regular and mixed wind climates

The time series of peak wind effects induced by each storm event in the wind climatological
database is obtained from the matrix of directional wind speeds [Urs]. First the entries Urs
are replaced in that matrix by the quantities DCIP* (Urs) taken from the response surface.
Second, transform the matrix [DCIP* (Uys)] into the vector [DCIP* (Ur)]" where T denotes
transpose, by disregarding in each row r all DCIs lower than DCIP* (Uy). Third, rank-order
the quantities DCIP¢ (Uy) and use non-parametric statistics in conjunction with the mean

annual rate of storm arrival 4, to obtain the quantities DCI™(N) . The MRI of the k™ highest-
ranking quantity DCIP¥is

-1

N, = [1—exp(—n/1—fl)} (27)

where n denotes the number of storm events. For n > 30, say,

— n+l1
N =~ 28
S (28)
We now consider the case of multiple hazards, for example synoptic and thunderstorm
wind speeds, or hurricanes and non-hurricane winds.

Example. Assume that the mean annual rates of synoptic storm and thunderstorm arrival
at the location of interest are As = 4/year and At = 3.5/year. Table 1 lists rank-ordered DClIs
induced in a structural member by ns= 10,000 synthetic synoptic storms and n;= 10,000
thunderstorms.

Table 1. Rank-ordered DClIs induced by synoptic storm and thunderstorm winds

DCls induced by synoptic storms DCls induced by thunderstorms
Rank DCI Rank DCI
1 1.34
2 1.30
3 1.26
4 1.23
1 1.22
5 1.21
2 1.16
6 1.18
3 1.10 7 1.10
4 1.04
8 1.02
5 1.01 9 1.01
6 0.99
10 0.98
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The MRI of DCIs > 1.00 induced by synoptic storms is N, = (ns + 1)/(ks 4s) =

(10,001/(5 x 4) =500 years, so the probability that the DCI induced by synoptic winds is
greater than 1.00 is 1/500 in any one year. Similarly, the probability that the DCI induced
by thunderstorm winds is greater than 1.00 is 1/[10,001/(9 x 3.5)] = 1/317 in any one year.
The annual probability that the DCI induced by synoptic winds or by thunderstorms is
greater than 1.00 is 1/500 + 1/317 = 0.00516. This corresponds to an MRI of the occurrence
of the event DCI > 1.00 equal to N =1/0.00516 = 194 years (Simiu and Yeo 2015; Yeo
2011).

4.7 Adjustment of demand-to-capacity indexes

Section 31.4.3 of the ASCE 7-16 Standard requires that, “Loads for the main wind force
resisting system determined by wind tunnel testing shall be limited such that the overall
principal loads in the x and y directions are not less than 80 percent of those that would be
obtained from Part 1 of Chapter 27... The overall principal load shall be based on the
overturning moment for flexible buildings and the base shear for other buildings. ...The
limiting values of 80 percent may be reduced to 50 percent for the main wind force resisting
system ... if ...there are no specific influential buildings or objects within the detailed
proximity model; (2) loads and pressures from supplemental tests for all significant wind
directions in which specific influential buildings or objects are replaced by the roughness
representative of the adjacent roughness condition, but not rougher than Exposure B, are
included in the test results.”

If MoPAP /M,"SCE7 < 0.8, where Mo denotes overturning moment, the software offers the
option of satisfying the ASCE 7-16 Section 31.4.3 requirement by multiplying the DCI by
the factor y as follows:

DCI” = yDClI (292)

0.5

DAD ASCE7 DAD ASCE7
MDA /M MDA /M

% (29b)

where MoPAP and Mo*SCE” may either include only 1% order terms, or both 1%t and 2" order
terms, depending on the analysis method chosen by the users, obtained from DAD and
Section 27, ASCE 7-16, respectively, and v is the index adjustment factor. If the moment
in DAD is not less than 80 % or 50 % of the ASCE 7-16 value, the index need not be
modified.
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4.8 Compliance with design criteria

The output of the software includes the values of the peak responses (i.e., demand-to-
capacity index, inter-story drift, and acceleration) corresponding to the specified MRIs
N .

The peak demand-to-capacity indexes, accounting if desired for ASCE 7 limitations on
overturning moments, must be equal to or less than unity for every structural member, i.e.,
DCI'(N) < 1. If these relations are satisfied, the structural members are adequately
designed for axial force and bending moments, and for shear force and torsional moments,
respectively. When more than one load combination is considered in the design procedure
(Egs. 9), the DCI of a member is determined as the larger value among DCls calculated
from load combinations.

The peak inter-story drift ratio (defined as the ratio of drift to story height, see Eq. 36)
is not limited by ASCE 7-16 requirements. However, the ASCE 7-16 Commentary
suggests limits on the order of 1/600 to 1/400 (see Section CC.1.2 in ASCE 7-16). If the
peak inter-story drift ratio with a 20-year MRI is equal to or less than the suggested limit,
the design is adequate for inter-story drift. This criterion may be changed as judged
appropriate by the building owner and designer.

Peak resultant accelerations at the top floor are also not limited by ASCE 7-16. This
study assumes a limit of 25 mg (milli-g) for a 10-year MRI for office buildings (Isyumov
et al. 1992). If peak acceleration for MRI = 10 year is not greater than this limit the design
is adequate for peak acceleration.

The procedure outlined in Sections 4.1 to 4.7 is repeated as needed with a modified
structural design (e.g., by resizing members or by installing dampers) until the results
satisfy the design criteria.
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5. Structural responses

The loads induce in the structure three types of response considered in design: demand-to
capacity indexes for steel members (Section 5.1) or reinforced concrete members (Section
5.2), inter-story drift (Section 5.3), and accelerations (Section 5.4).

5.1 Demand-to-capacity indexes for steel members

The demand-to-capacity index is a quantity used to measure the adequacy of a structural
member’s strength. The subscripts indicate the member i and the cross section j of that
member. In general, this index is defined as a ratio or sum of ratios of the required internal
force to the respective available capacity. The design strength in DAD_ESWL is based on
the AISC Specification for Structural Steel Buildings (ANSI/AISC 2010). A DCI larger
than unity indicates inadequate design of a structural member. The software employs up to
three demand-to-capacity indexes per member type: (i) for axial and/or flexural loads
(DCIPM), (ii) for shear (DCIV), and (iii) for combined axial, flexural, shear, and torsion,
applicable to Hollow Structural Section (HSS) only. Figure 10 shows the flow chart that
describes the process of determining DClIs for steel members.

Determine factored nominal strengths for torsion,
shear, flexure, and axial forces.

(l.e., ¢anr ’ ¢vvn’ and ¢1Tn)
x) ST_strength.m in HR_DAD version 2.0
- Determines section cases (Compact/Non-compact/Slender)

- Lateral/Torsional buckling is ignored (continuously braced)
- Only for prismatic members

Determine required strengths for
torsion, shear, flexure, and axial forces.
(ie,P,M,V,andT)

Y l
M
Fsop P Bl My v 1<1.0 Ve <10
¢p Pn ¢p Pn 9 ¢m M nx ¢m M ny ¢ \/ - P M T 2
o ¢;3+¢N'| (¢\f/+¢_|r_] <1.0
P 02 Pr N er N Mry <10 p'n m™¥in vin tin
¢an 2¢an ¢mMnx ¢mMny

Figure 10. Flowchart of determining DCls for steel members
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In the figure, the symbols P, M, V, and T represent axial force, bending moment, shear
force, and torsion, respectively. The subscripts n and r are design nominal strengths and
required strengths, respectively. ¢i is the resistance factor for each type of strength (i = p,
m, v, and t). When the required torsional strength is less than or equal to 20 % of the
available torsional strength, the interaction of torsion, shear, flexure and/or axial force for
HSS (Hollow Structural Section) members shall be determined by the equations in box A
and the torsional effects shall be ignored. When the required torsional strength exceeds
20% of the available torsional strength, the interaction of torsion, shear, flexure and/or axial
force shall be limited, at the point under consideration, by the equation in box C.

5.2 Demand-to-capacity indexes for RC members

The design strength in DAD_ESWL is based on the Building Code Requirements for
Structural Concrete and Commentary 318-14 (ACI 2014). The index DCIPM pertains to
bending moments in beams:

DCI™ :¢M—I\;| (for beams) (30)

m n

where My is the factored bending moment at the section, My is the nominal moment and
axial strengths at the section, and ¢m is the reduction factors for flexural and axial strengths.

For columns, the index pertains to the interaction between the axial force and the
bending moments about the cross section’s principal axes. The interaction is defined by the
position of the factored axial force and the bending moments in the axial load-bending
moments interaction diagram (called the PM diagram or PMM surface). The software
generates a biaxial interaction strength surface to determine the demand-to-capacity index
for that member. The interaction strength surface is defined by a series of PMM interaction
curves (i.e., axial force P and bending moments M and Ms, where M2 and Ms are the
bending moments about the y- and z-axis, respectively, see Fig. 11) corresponding to equal
angular increments from 0 to 360°. Each PMM interaction curve is numerically described
by a series of discrete points connected by straight lines. The coordinates of these points
are determined by rotating a plane of linear strain about the neutral axis on the section of
the member. By default, 101 points are used to define a PMM interaction curve. Figure 11
shows planes of linear strain for neutral axis in two orientation angle cases. The orientation
angle @ is the angle between the z-axis and the neutral axis. Note that the upper plot is for
6 =0°. The angle 6 can be transformed to the angle f between the y-axis and the eccentric
load P. Equations 29 and 30 define the angles § and f:

6 =tan™ [:—ytan ﬂj (31)
(M,
f=tan (M—J (32)
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101 points (analyze 101 neutral axes per one PMM curve)

(b) Biaxial bending
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101 points (analyze 101 neutral axes per one PMM curve)

Figure 11. Reinforced concrete section subjected to biaxial moments with varying planes
of linear strain

Based on Section 22.2 of ACI 318-14 (ACI 2014), the software uses the requirements
of force equilibrium and strain compatibility to determine the nominal axial force and
bending moment strengths (Pn, M2n, and Ma,) of the member. For the inclined neutral axes,
four types of the equivalent compressive stress block are used in the software (Park and
Paulay 1975). The nominal strengths are then multiplied by the appropriate strength
reduction factors ¢. The biaxial interaction surface generated by the software considers the
effect of the strength reduction factors. The strength reduction factors for moment, axial
force, or combined moment and axial force are defined by Eqg. 31 (ACI 318-14, Table
21.2.2):

P, & ¢, Compression - controlled
(8: - gry ) .-
=3¢ +(4 -9, )——— < g, <0.005 Transition
¢ ¢c (¢1 ¢c ) (0005 _ gty ) gly gt (33)
é, £, 20.005 Tension - controlled
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where, ¢; is 0.9 for tension-controlled sections, ¢c is 0.65 for compression-controlled
sections (0.75 for spirals conforming, see Section 25.7.3 of ACI 318-14), & is the net tensile
strain, and &y is defined as fy/Es for deformed reinforcement where fy is the yield strength
of reinforcement and Es is the modulus of elasticity of reinforcement. Figure 12 shows an
example of PMM surface for an RC column section (500 mm of width, 800 mm of height)
obtained in the DAD_ESWL. Appendix Il summarizes comparison of the results with
those from a commercial program.

PMM surface

\1\\//1/
10° M, ° ° \\\-‘“\ 10°
x Ment 1 1 o M x

(%)

2 [N my Wor

Figure 12. PMM interaction surface for RC column section

When the factored internal forces (Pr, M2r, and Mar) on each member are calculated
from the dynamic analysis of DAD_ESWL, they shall be placed on the two-dimensional
interaction diagram which corresponds to the appropriate angle g defined by Mzr and Ms,
(Eq. 32) from the three-dimensional interaction surface. Figure 13 represents two-
dimensional interaction diagram at a given angle g from the PMM surface. The demand-
to-capacity index can be defined as

ooy — PMM, _ 0D _

~ ¢gPMM,  OC (39

where PMMy is the factored bending moment and axial force at the section, PMM, is the
nominal bending moment and axial force at the section, ¢ is the strength reduction factors

mentioned above, OD is the distance from point O to point D (demand) and OC is the
distance from point O to point C (capacity). If the point D lies within the interaction

23



diagram, the demand-to-capacity index is less than unity. Otherwise the section should be
redesigned for DCIPM < 1.

¢P,

-
-
-
-
-
-

Compression s
| @
Tension

0 M,

¢Mn = VMn22+Mn32
M, :\/Mr22+Mr32

Figure 13. Definition of demand-to-capacity index for RC section

The index DCIVT is associated with interaction equations for bi-axial shear forces and
torsional moment for columns and beams:

_ 1A )

(V. +V5)

DCI""

where V¢ and Vs are the nominal shear strengths provided by concrete and by reinforcement,
respectively, Vux and Vyy are the shear force in the x- and y-axis, respectively, Ty is the
torsional moment, ¢y is the reduction factors for shear strengths, pn is the perimeter
enclosed by the centerline of the outermost closed stirrups, Aon is the area enclosed by the
centerline of the outermost closed stirrups, bw is the width of the member, and d is the
distance from extreme compression fiber to the centroid of longitudinal tension
reinforcement.
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5.3 Inter-story drift ratio

The time-series of the inter-story drift ratios at the i*" story, dix(t) and di,(t), corresponding
to the x- and y-axis, are:

[x(t) - D, & (O] -[x, (1) - Dy, 8, (V)]
h.

di,x (t) = (363.)

[yi () =D, 84 O -[yi () - Dy, 3. (0]
h

d,, (1) = (36b)

where xi(t), yi(t), and 9i(t) are the displacements and rotation at the mass center at the i*"
floor, Dix and Diy are distances along the x- and y-axis from the mass center on the i floor
to the point of interest on that floor (Fig. 14), and h; is the i story height between mass
centers of the ith and the i-1'" floor.

5.4 Floor acceleration

The time-series of resultant acceleration at each floor, ai(t) are yielded in DAD_ESWL by
the expression:

a,, (t) = [ (1) - D,, 4 OF +[3,®) + D, 4 OF (37)

where accelerations X(t), V;(t), and 3 (t) of the mass center at the i floor pertain to the

X-, y-, and $- (i.e., rotational z) axis, and Dix and Diy are the distances along the x- and y-
axis from the mass center to the point of interest on the i*" floor.

Column line

| Dy / of interest

D,
x

Figure 14. Position parameters at floor i for inter-story drift ratio and acceleration
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6. Summary

This report presents the software DAD_ESWL for the structural design considering the
equivalent static wind loads (ESWLs) as well as the database-assisted design (DAD) of
steel and reinforced concrete buildings.

The DAD procedure makes use of simultaneous time series of aerodynamic pressure
data obtained in the wind tunnel or by CFD methods. It determines effective lateral load
time histories at the mass center of each floor, and (i) peak demand-to-capacity indexes
(DCI) for axial force and moments and for shear force and torsion, and (ii) displacement
and acceleration time histories, for any specified mean recurrence interval.

Like DAD, the ESWL procedure requires the wind engineer to provide (i) wind
climatological data at the building site, and (ii) time series of pressure coefficients
measured simultaneously at multiple taps; once these two tasks are completed, the design
process is fully the responsibility of the structural engineer.

For both the ESWLs and DAD procedures, once the requisite wind climatological and
aerodynamic data are provided by the wind engineer, the structural engineer is in full
control of the design process. This allows the iterative design process to proceed smoothly
and in a timely fashion until the calculated DCls are close to unity.

The report also includes a detailed user’s manual for the software DAD_ESWL (see
Appendix I). A case study that illustrates the design of a 47-story steel building is presented
in a companion paper (Park et al. 2018).
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Disclaimers

(1) Certain trade names or company products are specified in this document to specify
adequately the procedure sued. Such identification does not imply recommendation or
endorsement by NIST, nor does it imply that the product is the best available for the
purpose.

(1-1) The “stand-alone” version of this software DAD_ESWL v1.0 requires installation of
the MATLAB! Component Runtime (MCR) Libraries provided by The MathWorks, Inc.
The author’s limited rights to the deployment of this program are limited by a license
agreement between NIST and The MathWorks. The license agreement can be found at
www.mathworks.com/license. The author, NIST, and The MathWorks and its licensors are
excluded from all liability for damages or any obligation to provide remedial actions.

(1-2) The DAD_ESWL V1.0 includes the Open System for Earthquake Engineering
Simulation (OpenSees) which is the open-source software framework for simulating
dynamic responses of structural systems provided by The Regents of the University of
California. The copyright agreement can be found at
http://opensees.berkeley.edu/OpenSees/copyright.php.

The Regents grants permission, without fee and without a written license agreement, for
(a) use, reproduction, modification, and distribution of this software and its documentation
by educational, research, and non-profit entities for noncommercial purposes only; and (b)
use, reproduction and modification of this software by other entities for internal purposes
only.

Permission to incorporate this software into commercial products may be obtained by
contacting the University of California [Bill Hoskins Office of Technology Licensing,
2150 Shattuck Avenue #150 Berkeley, CA 94720-1620, (510) 643-7201].

This software program and documentation are copyrighted by The Regents of the
University of California. The software program and documentation are supplied "as is",
without any accompanying services from The Regents. The Regents does not warrant that
the operation of the program will be uninterrupted or error-free. The end-user understands
that the program was developed for research purposes and is advised not to rely exclusively
on the program for any reason.

In no event shall the University of California be liable to any party for direct, indirect,
special, incidental, or consequential damages, including lost profits, arising out of the use
of this software and its documentation, even if the University of California has been
advised of the possibility of such damage. The University of California specifically
disclaims any warranties, including, but not limited to, the implied warranties of
merchantability and fitness for a particular purpose. The software provided hereunder is on
an "as is" basis, and the University of California has no obligations to provide maintenance,
support, updates, enhancements, or modifications.

1 MATLAB®. © 1994 — 2017 The MathWorks, Inc.
A2


http://opensees.berkeley.edu/OpenSees/copyright.php

Al.1. Key features of DAD_ESWL software

DAD_ESWL software is an integrated design tool providing time series of calculated
wind-induced loads based on time series of aerodynamic pressures and inertial forces, as
well as time series of member demand-to-capacity indexes, inter-story drift, and
accelerations. This User’s Manual is designed to assist the user of the software
DAD_ESWL v1.0 for mid- and high-rise structures.

A1.1.1 General features
0 Equivalent Static Wind Load (ESWL) approach

A simple approach to structural design, wherein the randomly fluctuating wind loads
used in the DAD procedure are replaced by the ESWLs, is applied with this version of
the software. DAD_ESWL provides two options for calculating the members’ DClIs as
the use of i) full time series of effective floor wind loads and ii) ESWLs.

o Second-order effects

Second-order elastic analysis that includes both P-A (member chord rotation) and P-6
(member curvature) effects is considered in the software by using a geometric stiffness
method allowing the dynamic analysis to be performed without iterations (White and
Hajjar 1991). For the frame analysis, the geometric stiffness matrix represents the
stiffening and weakening effect by the tensile (positive) and compressive (negative) load
in the structural members, respectively. The second-order problem can be formulated and
solved as a linear system where the geometric stiffness matrix is subtracted from the
elastic stiffness matrix. Since the lateral stiffness of the structural system is effectively
reduced by the geometric stiffness matrix, the natural frequencies of vibration are
lowered, and the modal shapes are slightly changed with respect to their counterparts
determined without accounting for secondary effects.

0 Using OpenSees for calculation of structural properties

DAD_ESWL can employ OpenSees software to calculate influence coefficients,
dynamic properties (mode shapes and natural periods) and members’ internal forces.
Alternatively, those properties can be obtained by using finite element software. Details
are provided in the following chapters.

o Calculating directly floor wind loads from measured pressures

The DAD_ESWL calculates floor aerodynamic load time series based on pressure time
series.
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Al1.1.2 Special features for steel structures

o Section details of steel members

Steel members consist of beams, columns, and diagonal bracings. Members are classified
as compact, noncompact, or slender section according to the width-to-thickness ratios.
DAD_ESWL v1.0 provides functions for determining member nominal capacities based
on AISC Specifications for Structural Steel Buildings (ANSI/AISC 2010).

o Demand-to-capacity indexes (DCIs)

The demand-to-capacity index (DCI) is the left-hand side of the design interaction
equation and is a measure of the degree to which structural members are designed
adequately for strength. The final design for strength is achieved when the DCls of
members are less than and as close as possible to unity, to within specified serviceability
constraints. The interaction formulas are updated for application to various types of
beam-column joint, connection details of bracings, and shapes of section.

A1.1.3 Special features for RC structures
o Generation of biaxial interaction surfaces for DCIPM (also denoted by Bji™ in the
MATLAB variable)

Once a reinforced concrete column or shear wall section is specified by the user, the
DAD_ESWL v1.0 generates a biaxial interaction strength surface to determine the
demand-to-capacity index for that member.

o DCls for shear wall
The DCI can be determined for shear walls. For combined axial force and bending

moment, the DClIs are calculated via biaxial interaction surfaces. The interaction formula
for combined shear force and torsion is used as it was in the previous version (Yeo 2010).
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Al.2. Download and installation

DAD_ESWL can be accessed via the internet site www.nist.gov/wind. Under the heading
[I1. Wind Effects on Buildings], click the link [Wind Effects on Flexible Buildings]. This
opens the main page [DAD_ESWL v1.0]. The stand-alone executable version of the
DAD_ESWL v1.0 software is available in a bulleted list under the heading [Files available
for download]. This executable file requires installation of MCRInstaller.exe which is also
available on the main page. The bulleted list also includes the input files for the 60-story
example described in the following chapter of this User’s manual. The program opens a
GUI (graphical user interface)-based window consisting of one initial page and five main
pages: Bldg. modeling, Wind loads, Resp. surface, Wind effects, and Results & Plots.

Al1.3. Basics of using the DAD_ESWL

The DAD_ESWL has one initial page and five main pages (Bldg. modeling, Wind loads,
Resp. surface, Wind effects, and Results & Plots). In the initial page the user should select
the type of structure (Steel or Reinforced concrete structure) and proceed to the main pages.
The main pages are used to assign values to the variables used to model building and loads,
and to perform the requisite response databases and the associated peak responses with
specified mean recurrence intervals (MRIs). The ‘Results & Plots’ page is used to show
the results and the associated graphs.

Variable values can be loaded from a pre-assigned file by clicking ‘Load inputs’ button
at the left bottom corner in any page. They also can be saved into a file by executing *Save
inputs’ button at the right bottom corner in any page. The button “Exit’ next to the ‘Save
inputs’ one enables to close the program by clicking it.

For running the example provided in the webpage of www.nist.gov/wind, it is
recommended that a directory named ‘DAD_ESWL’ be created on their local drive to save
all downloaded files and directories. A recommended directory structure is shown in Fig.
Al.1l. The ‘Building_data’ directory contains the building model and wind loading input
files, the ‘OpenSees’ directory contains the executable file of OpenSees (OpenSees.exe),
the user’s pre-defined Tcl file and other inputs related to use the OpenSees, the
‘Aerodynamic_data’ folder contains the time-series of the pressures for the 60-story
example described in this manual, the ‘Climatological_data_1’, ‘Climatological_data_2’,
and ‘Climatological_data_3’ directories contain simulated directional hurricane or non-
hurricane wind speed files, and the
‘Output’  directory stores the  [£Z/DAD_EswL

analysis results after running the gl DAD_ESWL_vip0.exe
software, respectively. Note that
these recommendations are not @ Aerodynamic_data
mandatory for users. (@ Building_data
[£%7 Climatological_data_1
[£7 Climatological data 2 (if applicable)
[£7 Climatological_data_3 (if applicable)
Figure Al.1. Recommended directory [ OpenSees (i applicable)
structure @ output
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Al.4. Inputs for running DAD_ESWL

The DAD_ESWL requires as input information including details on the structural
members, time series of aerodynamic pressures on the external surfaces, and wind
climatological data at the location of the structure, as follows:

o Details on structural members and whole structure
- Dimensions of members
- Shapes of sections (W or HSS, in case of steel structure)
- Reinforcement details (in case of RC structure)
- Number of stories
- Heights of floors

o Structural static and dynamic properties
- Number of modes and modal damping ratios
- Mass and mass moment of inertia with respect to mass center for each floor

In the case that the user chooses to input data from arbitrary FE software,
- Influence coefficients, defined as the internal forces that occur in each section of a
given member due to a unit load applied to the center of mass of a given floor
- Internal forces on members due to dead, super-imposed dead, and live loads
- Mode shapes
- Modal periods

If the user chooses to use OpenSees for calculations,

- User’s pre-defined Tcl script file which must include ModelBuilder object only. In
other words, this Tcl script should exclusively have nodal connectivity, types of
element, geometrical information of each element, and material properties. The other
objects, such as Analysis (including loads and load cases) and Recorder, will be
included automatically in the DAD_ESWL v1.0

- Connectivity data (labels of nodes and elements and their coordinates)

- Gravity loads data (dead, super-imposed dead, and live load values associated with
each label of elements)

o Wind pressure data or Wind loads
- Time-varying pressures (i.e., Cp) or wind loads applied at the mass center of each floor,
obtained from wind tunnel tests using a rigid model or CFD analysis

o Wind climate at or near the building site
- Databases of directional wind speeds for each type of wind occurring at the site (e.g.,
hurricane, thunderstorm, and synoptic wind)
- Ratio of 3s-averaged wind speeds at 10 m above in open terrain exposure to their mean
hourly wind speed at the top of the building in the terrain exposure at that site.
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A1.5. Outputs from running DAD_ESWL

- Peak demand to capacity indexes for all members, for specified Mean Recurrence
Intervals (MRISs)

- Peak inter-story drift ratios calculated along selected column lines, for specified MRIs

- Peak resultant accelerations calculated along selected column lines, corresponding to
specified MRIs

Al.6. Details on use of the software

This section illustrates in detail how to input the requisite information for steel and for
reinforced concrete buildings. General description of input variables and their associated
formats are provided in the subsequent pages.

A1.6.1 Example of a 3D 60-story steel building

Consider a 60-story steel building (known as the CAARC building, Melbourne 1980), with
floors assumed to be rigid diaphragms (Fig. A1.2). The building is 45.72 m in width, 30.48
m in depth, and 182.88 m in height, and has 6 by 4 bays. It has an outrigger and belt truss
system located on 20", 21%, 40™, 41%, and 60" story, and consists of 2100 columns, 3480
beams, and 2560 diagonal bracings.

IS
o
3
N
3

30.48 m

== ==
= = Building core
gg = Outrigger and Belt truss system
§§ == (located on 20t, 21st, 40th, 41st, and 60t story)
= =
‘Tc'% R
= : Core columns
% Corner columns
= G
% Y A >\ External columns
== = FAANILS r{
= RIS
== ==
<-=:§ : / wind External beams
= % / (]
§§§§§§ = Core bracings | Internal beams
ég% Column line
Z.% == Core beams (along the building height)
e 5
= =
:-("3-{ =
= ==
:" (d) Plan view and selected members and column line
% (6 = wind direction)
== ==
(a) 3D view (b) Front view (c) Side view

Figure Al1.2. Schematic views of a 60-story steel building
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A1.6.2 Example of a 3D 60-story reinforced concrete building

Consider a 60-story reinforced concrete building (known as the CAARC building, same as
the steel building above, Fig. A1.3). The building is 45.72 m in width, 30.48 m in depth,
and 182.88 m in height, and has 7 by 5 bays. It has a shear wall core system located on
entire stories, and consists of 2400 columns, 4560 beams.

45.72m

(a) 3D view (b) Front view

30.48 m

(c) Side view

Shear walls

Corner columns

o!

Non-corner

| Ogcolumns
g T
| V\/ind/ [ &External beams

Shear Internal beams )
walls Column line

(along the building height)

(d) Plan view and selected members and column line
(6 = wind direction)

Figure A1.3. Schematic views of a 60-story reinforced concrete building
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A1.6.3 Graphical user interface

[] Getting started

[4] DAD_ESWL 1.0 - X

DAD_ESWL

Database-Assisted Design & Equivalent Static Wind Load Procedures
for Mid- and High-Rise Structures

Motice
- This software is optimized for screen resolution of 1,920 x 1,080.

- Further information: www._nist_gow/wind

Select type of structure

() Steel Structure
(O Reinforced Concrete Structure

NLIST

Netional Institvte of Standards and Technology
Technology Administation, L5, Deperfment of Commerce

Start

Select type of structure

Launching the DAD_ESWL v1.0 opens the graphical user interface shown above, and prompts the user to
select the type of structure.

After clicking the Start button the user proceeds to the next step of this software.
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(] Building modeling

[4] DAD_ESWL V1.0

Building information

No. of stories Building height [m]

80 132.83

Heights of floors
C:ADAD_ESWL\Building_data\ST_height_floors.mat

List of all members
CADAD_ESWL\Building_data\ST_members_list. mat

Details of all members
CADAD_ESWL\Building_data\ST_member_properties.mat

Structural properties
No. of modes
& 1.5 1.5 1.5

Static analysis

- Influence coefficients
C:ADAD_ESWL\Building_data\ST_dif_all. mat

- Internal forces due to dead load

Madal damping ratio [%]

® Input analysis results from arbitrary FE software

C:ADAD_ESWL\Building_data\ST_frames_DeadLoad. mat

- Internal forces due to super-imposed dead load
CADAD_ESWL\Building_data\ST_frames_SDeadLoad.mat

- Internal forces due to live load
C:ADAD_ESWL'\Building_data\ST_frames_Liveload. mat

Eigenvalue analysis

-Mode shapes
C:ADAD_ESWL'\Building_data\ST_ModeShapes_pd.mat

- Modal periods [s]
6473 6093 6057 2081 2085 201

Open inputs Bldg. modeling Wind loads

DAD_ESWL

for mid- and high-rise structures

Building width [m]
4572

Browse...

Browse...

Browse...

Browse...

Browse...

Browse...

Browse...

Browse...

Resp. surface

Analysis type

Building depth [m]
3048

() Linear

Orientation angle [deg.]
270

Mass matrix
CADAD_ESWL\Building_data\ST_mass_asc.mat

(O Use OpenSees

Pre-defined Tcl script

Connectivity data

Gravity loads data

Output directory

w
@

Run Open3ees

Wind effects Results & Plots Save inputs

X

Steel structures

RC structures

(® Second-order elastic (P-Delta)

Browse...

Browse...

Browse...

Browse...

Browse...

Exit

Building information

No. of stories

» Nfloors = 60

: Number of stories (or floors)

Building height [m]

: Building height in m

» H_bldg = 182.88

Building width [m]

: Building width in m

» B_bldg = 45.72

Building depth [m]

: Building depth in m

> L_bldg = 30.48

Al0




Orientation angle [deg.]

: Orientation angle (ao) of a building in the clockwise direction from the North
to the x-axis of the building (0° < ao < 360°)

North

» Ang_orn =270 (deg.)

Note) When the terrain exposure does not change around a building, the
orientation angle of the building can be changed. However, for direction-
dependent terrain conditions, various orientation angles can be considered
only when aerodynamic data from wind tunnel tests account for terrain
exposure corresponding to the various building orientations of interest.

Heights of floors

: Load the MATLARB file containing the heights of all floors

The variable is named H_floor and can be saved in a mat file with an arbitrary
name. This variable is a row vector containing the heights of all floors and
roof except for the ground floor. For example, the heights of floors in a 60-
story building are [3.048 6.096 ... 182.88].

H_floor (1 x No. of stories) =
[heightatlsI floor heightat 2™ floor --- height at roof

» H_floor (1, 60) = [3.048:3.048:182.88] is saved in ST_height_floors.mat.
The unit is m.

List of all members

: Load the MATLARB file containing the list of members of the structure

The variable is named mem_list and can be saved in a mat file with an
arbitrary name. The variable is a matrix with three rows and number of
columns that make up the structure. The first row contains the member
numbers. The second row has types of members using string characters (i.e.,
“C", “B”, “W", or “X" that represents column, beam, shear wall, and diagonal
bracing, respectively.) The third row contains the identifier of the member
defined in the second row (e.g., 1 for “C” represents column 1, and 2 for “B”
beam 2.)

mem_list (3 x No. of members) =

1 2 -+ n - No.of members
C e e B e N
1 1 v 1 .- 3

» mem_list (3, 8140) is saved in ST_members_list. mat. the variable
contains 12 types of columns, 1 type of beams, and 3 types of diagonal
bracings, respectively.

All




Details of all members

: Load the MATLARB file containing the section properties

i) Steel structures

The file must have the following properties of the steel sections.

= Width of members
This variable is a matrix for member width dimensions of members that
consists of rows of three-member types (C, B, and X), and of columns whose
number is determined by the largest number of identifiers for any member
types. The identifier of the members is defined in the list of members.

w_member (3 x Maximum number of identifiers in any member type) =

columns|we, Wwg, - Wg,
beams |wg Wg, -+ Wy,
bracings| Wy, Wy, - Wy,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of w_member.

» w_member (3, 12) is saved in ST_member_properties.mat. The unit is
mm.

Note) If the number of identifiers is different for the various types of
members, the largest value of any of the types of members decides the
column dimension of the variable. For member types with fewer identifiers,
the value beyond their identifier number is defined as zero.

Depth of members

This variable is a matrix for member depth (height) dimensions of members
that consists of rows of three-member types, and of columns whose number
is determined by the largest number of identifiers for any of the member
types. The identifier of the members is defined in the list of members.

d_member (3 x Maximum number of identifiers in any type) =

columns|d., d., - dg,
beams |dg, dg, -+ dg,
bracings|d,, dy, -+ dy,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of d_member.

» d_member (3, 12) is saved in ST_member_properties.mat. The unit is
mm.

Note) If the number of identifiers is different for the various types of
members, the largest value of any of the types of members decides the
column dimension of the variable. For member types with fewer identifiers,
the value beyond their identifier number is defined as zero.

Flange thickness of members

This variable is a matrix for flange thickness dimensions of members that
consists of rows of three member-types, and of columns whose number is
determined by the largest number of identifiers for any of the member types.
The identifier of the members is defined in the list of members.

tf_member (3 x Maximum number of identifiers in any type) =
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columns| tf,, tf., - tfg,
beams |tf,, tf,, - tfg,
bracings| tf,, tf,, --- tfy,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of tf_member.

» tf_member (3, 12) is saved in ST_member_properties.mat. The unit is
mm.

Note) If the number of identifiers is different for the various types of
members, the largest value of any of the types of members decides the
column dimension of the variable. For member types with fewer identifiers,
the value beyond their identifier number is defined as zero.

Web thickness of members

This variable is a matrix for web thickness dimensions of members that
consists of rows of three-member types and of columns whose number is
determined by the largest number of identifiers for any of the member types.
The identifier of the members is defined in the list of members.

tw_member (3 x Maximum number of identifiers in any type) =

columns|tw., tw., -+ twg,
beams |twg, twg, - twyg,
bracings| tw,, tw,, - tw,,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of tw_member.

» tw_member (3, 12) is saved in ST_member_properties.mat. The unit is
mm.

Note) If the number of identifiers is different for the various types of
members, the largest value of any of the types of members decides the
column dimension of the variable. For member types with fewer identifiers,
the value beyond their identifier number is defined as zero.

Section types

This variable is a matrix for section types of members that consists of rows
of three member-types, and of columns whose number is determined by the
largest number of identifiers for any of the member types. The identifier of
the members is defined in the list of members.

sec_type (3 x Maximum number of identifiers in any type) =
columns|'HSS' 'HSS'
beams "W ‘W
bracings| 'HSS' [ ]

» sec_type (3, 12) is saved in ST_member_properties.mat.

Note) If the number of identifiers can be different for the various types of
members, the largest value of any of the types of members determines the
column dimension of the matrix of sec_type. For member types with fewer
identifiers, the value beyond their identifier number is defined as EMPTY

(D-
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= Assuming sections as compact

This variable is a matrix for section classifications of members that consists
of rows of three member-types, and of columns whose number is
determined by the largest number of identifiers for any of the member types.
The identifier of the members is defined in the list of members. Each cell
has character values of ‘auto’ or ‘compact’. If the user applies the ‘auto’
identifier for the section of interest, the software will automatically decide
whether that section is compact, non-compact, or slender. If the ‘compact’
identifier is applied, on the other way, that section will be assumed to have
compact flange and web regardless of its sectional dimensions.

sec_compact (3 x Maximum number of identifiers in any type) =
columns| ‘compact' ‘compact’

beams 'auto’ 'auto’
bracings| 'auto’ []

» sec_compact (3, 12) is saved in ST_member_properties.mat.

Note: If the number of identifiers can be different for the various types of
members, the largest value of any of the types of members determines the
column dimension of the matrix of sec_compact. For member types with
fewer identifiers, the value beyond their identifier number is defined as
EMPTY ([ ]).

Miscellaneous sectional variables stored in this file
The following variables have the same structure with the variables stated
above, and are saved in ST_member_properties.mat.

Area of members (mm?):
» A_member (3, 12)

Torsional constant of members (mm?#):
» J_member (3, 12)

Moment of inertia for bending about the local 3-axis of members (mm?*);
» 133_member (3, 12)

Moment of inertia for bending about the local 2-axis of members (mm?*);
» [22_member (3, 12)

Shear area in the local 3-axis of members (mm?2):
» A_v3_member (3, 12)

Shear area in the local 2-axis of members (mm?):
» A_v2_member (3, 12)

Section modulus for bending about the local 3-axis of members (mm3):
» S33_member (3, 12)

Section modulus for bending about the local 2-axis of members (mm3):
» S22 _member (3, 12)

Radius of gyration about the local 3-axis of members (mm):
» R33_member (3, 12)

Radius of gyration about the local 2-axis of members (mm):
» R22_member (3, 12)

Plastic modulus for bending about the local 3-axis of members (mm3):
» Z33_member (3, 12)
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Plastic modulus for bending about the local 2-axis of members (mm3):
» Z22 _member (3, 12)

= Elastic modulus of the steel
This variable is a scalar for elastic modulus of the steel.
» E_st (1, 1) is saved in ST_member_properties.mat. The unit is MPa (=
N/mm?).

= Shear modulus of the steel
This variable is a scalar for shear modulus of the steel.

» G_st (1, 1) is saved in ST_member_properties.mat. The unit is MPa (=
N/mm?).

= Yield stress of the steel
This variable is a scalar for yield stress of the steel.

» F_y (1, 1) is saved in ST_member_properties.mat. The unit is MPa (=
N/mm?).

Note) Sectional geometry

2'§Xi$ T .. l-axis
: P
M, $ 1
V, 4 )
Terminal section
V3/M3 Mid section
> —>p 3-axis
Initial section

i) RC structures

The file must have the following properties of the reinforced concrete sections
[For details refer to the NIST Technical Note 1665 (Yeo 2010)].

= Width of members
This variable is a matrix for width dimensions of members that consists of
rows of three-member types and of columns whose number is determined
by the largest number of identifiers for any of the member types. The
identifier of the members is defined in the list of members.

b_member (3 x Maximum number of identifiers in any member type) =

columns |b., b, - bg,
beams bg, bg -+ by,
shear walls| b,,, Dby, -+ by,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and shear walls. The largest number among them
determines the column dimension of the matrix of b_member.

» b_member (3, 12) is saved in RC_members_properties.mat. The unit is
mm.

= Height of members
This variable is a matrix for height dimensions of members that consists of
rows of three-member types and of columns whose number is determined
by the largest number of identifiers for any of the member types. The
identifier of the members is defined in the list of members.

h_member (3 x Maximum number of identifiers in any member type) =
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columns |h, hg, - hg
beams hg, hg, -+ hg
shearwalls{ h,,, hy, -+ hy,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and shear walls. The largest number among them
determines the column dimension of the matrix of h_member.

» h_member (3, 12) is saved in RC_member_properties.mat. The unit is
mm.

= Compression strength of concrete
This variable is a matrix for compression strength of concrete that consists
of rows of three-member types and of columns whose number is determined
by the largest number of identifiers for any of the member types. The
identifier of the members is defined in the list of members.

fc_conc (3 x Maximum number of identifiers in any member type) =

columns |fc, fc,, -+ fcg,
beams fcg, fcg, -+ fcg,
shear walls| fc,,, fc,, - fCy,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of fc_conc.

» fc_conc (3, 12) is saved in RC_member_properties.mat. The unitis MPa.

= Lightweight aggregate concrete factor
This variable is a matrix for lightweight aggregate concrete factor that
consists of rows of three member-types and of columns whose number is
determined by the largest number of identifiers for any of the member types.
The identifier of the members is defined in the list of members.

lambda (3 x Maximum number of identifiers in any member type) =

columns |A, Ao o Aen
beams g Ag o Agp
shearwalls| 2, Awo = Awo

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of lambda.

» lambda (3, 12) is saved in RC_members_properties.mat. The value of
unity is used for normal weight concrete.

= Yield strength of longitudinal reinforcement
This variable is a matrix for yield strength of longitudinal reinforcement that
consists of rows of three-member types and of columns whose number is
determined by the largest number of identifiers for any of the member types.
The identifier of the members is defined in the list of members.

fy_st (3 x Maximum number of identifiers in any member type) =
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columns |f o fyo focm
beams f51731 f51752 T fsLBn
shearwalls| f, v, fowo  fawo

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of fy_st.

» fy st (3, 12) is saved in RC_member_properties.mat. The unit is MPa.

= No. of longitudinal rebars along z-direction
This variable is a matrix for the number of longitudinal rebars along local z-
direction that consists of rows of three-member types and of columns whose
number is determined by the largest number of identifiers for any of the
member types. The identifier of the members is defined in the list of
members.

nor_z (3 x Maximum number of identifiers in any member type) =

columns |nor,., nor,., - NOr, .
beams nor,z Nor, g -+ NOr, g
shear walls| nor, ,,, nor,,, -+ NOr, ,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of nor_z.

» nor_z (3, 12) is saved in RC_member_properties.mat.

= No. of longitudinal rebars along y-direction
This variable is a matrix for the number of longitudinal rebars along local z-
direction that consists of rows of three-member types and of columns whose
number is determined by the largest number of identifiers for any of the
member types. The identifier of the members is defined in the list of
members.

nor_y (3 x Maximum number of identifiers in any member type) =

columns |nor, . nor, - nor

y_Cm
beams nor, g NOr, g === NOI, g
shear walls| nor, ,,, nor, ,, -+ nor, ,

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of nor_y.

» nor_y (3, 12) is saved in RC_member_properties.mat.

= Concrete cover to longitudinal rebar center along z-direction
This variable is a matrix for concrete cover to longitudinal rebar center along
local z-axis that consists of rows of three-member types and of columns
whose number is determined by the largest number of identifiers for any of
the member types. The identifier of the members is defined in the list of
members.
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t_z (3 x Maximum number of identifiers in any member type) =
columns |t t,o -t

z Cm
beams Le U ot
shearwalls| t, v, tw - L wo

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of t_z.

» t 7 (3, 12)is saved in RC_member_properties.mat.

= Concrete cover to longitudinal rebar center along y-direction
This variable is a matrix for concrete cover to longitudinal rebar center along
local y-axis that consists of rows of three-member types and of columns
whose number is determined by the largest number of identifiers for any of
the member types. The identifier of the members is defined in the list of
members.

t_y (3 x Maximum number of identifiers in any member type) =
columns |t t t

y C1 y_C2 y_Cm
beams the by = b
shearwalls| t, v, t W, = t, e

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of t_y.

» t_ vy (3,12)is saved in RC_member_properties.mat.

= Nominal area of longitudinal rebars
This variable is a matrix for nominal area of longitudinal rebars that consists
of rows of three-member types and of columns whose number is determined
by the largest number of identifiers for any of the member types. The
identifier of the members is defined in the list of members.

As (3 x Maximum number of identifiers in any member type) =

columns |t o t, o t, cm
beams tye e t, &
shearwalls| t, v, tow, = t,we

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of As.

> As (3, 12) is saved in RC_member_properties.mat. The unit is mm?,
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= Yield strength of shear reinforcement
This variable is a matrix for yield strength of shear reinforcement that
consists of rows of three-member types and of columns whose number is
determined by the largest number of identifiers for any of the member types.
The identifier of the members is defined in the list of members.

fy_st_v (3 x Maximum number of identifiers in any member type) =

columns fst_v_Cl fst_v_CZ t fst_v_Cm
beams fstﬁvﬁBl fst7v782 fslﬁvﬁBn
S h ear Wa'l IS f st_v_Wi1 fst_v_WZ o f st v_Wo

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of fy_st_v.

» fy st v (3, 12) is saved in RC_member_properties.mat. The unitis MPa.

Area of shear reinforcements

This variable is a matrix for area of shear reinforcements that consists of
rows of three-member types and of columns whose number is determined
by the largest number of identifiers for any of the member types. The
identifier of the members is defined in the list of members.

Av (3 x Maximum number of identifiers in any member type) =

columns |A, o A, o Alcn
beams Av_Bl Av_BZ o Av_Bn
shearwalls| A, vy Ay vz = AL we

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of Av.

> Av (3, 12) is saved in RC_member_properties.mat. The unit is mm?,

Spacing of shear reinforcements

This variable is a matrix for spacing of shear reinforcements that consists of
rows of three-member types and of columns whose number is determined
by the largest number of identifiers for any of the member types. The
identifier of the members is defined in the list of members.
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s_V (3 x Maximum number of identifiers in any member type) =

columns |S,c; Sy " Syem
beams Sv_Bl SV_BZ Sv_Bn
shear walls|s, v, Syw2 " Sywo

where the subscripts of m, n, and o are denoted by the number of identifiers
of columns, beams, and bracings. The largest number among them
determines the column dimension of the matrix of s_v.

» s_v (3, 12) is saved in RC_member_properties.mat. The unit is mm.

Analysis type

By default, the Linear option will proceed to perform a linear analysis. The
Second-order elastic (P-Delta) option, as already mentioned in Section 1.1,
will proceed to perform the linear analysis considering the second-order
effects of P-A (member chord rotation) and P-8 (member curvature). To
consider the second-order effects in this version, modified natural periods and
mode shapes should be inputted. The software then can perform a design
procedure of a target model by considering the second-order effects under
wind excitation. However, this option does not apply to the OpenSees.

Structural properties

No. of modes

: Number of vibrational modes to be considered in the analysis

» 3 (modes)

Modal damping ratio [%0]

: Modal damping as a percentage of critical damping

»[151515151.51.5]

Mass matrix

: Load the MATLARB file containing the mass and mass moment of inertia
associated with each floor

The variable is named mass and can be saved in a mat file with an arbitrary
name. The variable mass is a column vector. The first 3 rows are associated
with the mass in the x-direction and in the y-direction (Mx and My), and mass
moment of inertia in the J-direction (My) of the first floor. The next 3 rows are
associated with the second floor and so forth. See Appendix V for details.

mass (3-No. of stories x 1) =

xNfloors

yNfloors

M
M
L MbNﬂuurs J

» mass (180, 1) is saved in ST_mass_asc.mat. The unit is kg for Mx and My,
and kg-m for M.
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Input analysis results from

arbitrary FE software

Influence coefficient

: Load the MATLARB file containing the influence coefficients

The variable name must be dif and can be saved in a mat file with an arbitrary
name. The variable is a 3D array. The following description of dif is in
reference to the member shown in the figure above (Sectional geometry).

Each face of dif contains the influence coefficients associated with the six
internal forces and moments (axial forces P, shear forces V2 and V3, torsion
T, and moments M2 and M3) that are induced by a unit force or moment
applied to the mass center of a given floor in one of the directions X, y, or 6.
The internal forces are assigned from the first column to the sixth column,
such as P, V2, V3, T, M2, and M3. The first 3 x Nfloors rows (Nfloors is the
number of floors of the structure) contains influence coefficients in the initial
section. The second and the third 3 x Nfloors rows are for the influence
coefficients in the mid-section and in the terminal-section, respectively. Each
Nfloors row contains influence coefficients in the x-direction first from the first
story to the highest story, then those in the y-direction, and finally those in the
6-direction. This makes up a total of 3 x Nfloors rows for the influence
coefficients of each section. The total 9 x Nfloors rows are assigned in every
column (i.e., force or moment) for a given face. The index of each face
identifies the member. For example, the i" face must correspond to the
member described in the ith column of the variable mem_list. The array size
is (9 x Nfloors, 6, No. of members). See Appendix VI for details.

In an i™ member, dif (:, :, i) =

!
s

»_avtioors  1v2_atoors

» dif (540, 6, 8140) is saved in ST_dif_all.mat. The units used in this example
are N for force and N-m for moment.

Internal forces due to
dead load

: Load the MATLARB file containing the contribution of the dead loads

The variable is named frames_DL and can be saved in a mat file with an
arbitrary name. The variable frames_DL is a matrix with the first column of
member IDs that coincide with the first row of mem_list. Each row contains
the internal forces due to dead loads occurring in the initial, mid, and terminal
sections of the member identified in the first column of the row. All 6 internal
forces and moments (P, V2, V3, T, M2, and M3) are assigned from columns
2 to 7 for the initial section, from columns 8 to 13 for the mid-section, and from
columns 14 to 19 for the terminal section.
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frames_DL (No. of members (= Nm) x 19) =

1 ipm V2y, V3, Tos M2, M3y, 3 :
2 3 Po2 V2,5, V3p, To, M2,, M3, 3

Nmi PDNm VZDNm V3DNm TDNm MZDNm M3DNm 3

» frames_DL (8140, 19) is saved in frames_DeadLoad.mat. The units are N
for forces and N-m for moments.

Note) The forces and moments of frames_DL are due to unfactored dead
loads. They can be calculated using a finite element analysis software, or the
OpenSees provided in this software. For details see the next section Use
OpenSees for calculation.

Internal forces due to
super-imposed dead load

: Load the MATLARB file containing the contribution of the dead loads

The variable is named frames_SDL and can be saved in a mat file with an
arbitrary name. The variable frames_SDL is a matrix with the first column of
member IDs that coincide with the first row of mem_list. Each row contains
the internal forces due to dead loads occurring in the initial, mid, and terminal
sections of the member identified in the first column of the row. All 6 internal
forces and moments (P, V2, V3, T, M2, and M3) are assigned from columns
2 to 7 for the initial section, from columns 8 to 13 for the mid-section, and from
columns 14 to 19 for the terminal section.

frames_SDL (No. of members (= Nm) x 19) =

§ PSDl VZSDI V3SD1 TSDl M25D1 M3SDI § :
2 3 PSD2 V25D2 VSSDz TSD2 MZSDZ M35Dz 3

Nm; PSDNm VZSDNm V35DNm TSDNm MZSDNm M35DNm:

» frames_SDL (8140, 19) is saved in frames_SDeadlLoad.mat. The units
are N for forces and N-m for moments.

Note: The forces and moments of frames_SDL are due to unfactored dead
loads. They can be calculated using a finite element analysis software, or the
OpenSees provided in this software. For details see the next section Use
OpenSees for calculation.

Internal forces due to live
load

: Load the MATLARB file containing the contribution of the dead loads

The variable is named frames_LL and can be saved in a mat file with an
arbitrary name. The variable frames_LL is a matrix with the first column of
member IDs that coincide with the first row of mem_list. Each row contains
the internal forces due to dead loads occurring in the initial, mid, and terminal
sections of the member identified in the first column of the row. All 6 internal
forces and moments (P, V2, V3, T, M2, and M3) are assigned from columns
2 to 7 for the initial section, from columns 8 to 13 for the mid-section, and from
columns 14 to 19 for the terminal section.

frames_LL (No. of members (= Nm) x 19) =
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1 i PLl V2 L1 V3L1 TLl M 2 L1 M3L1 : :
2 i PL2 V2L2 V3L2 TLZ MZLZ M3L2

NM! P V20 V3im Tuw M2iy, M3, |

» frames_LL (8140, 19) is saved in frames_LiveLoad.mat. The units are N
for forces and N-m for moments.

Note) The forces and moments of frames_LL are due to unfactored dead
loads. They can be calculated using a finite element analysis software, or the
OpenSees provided in this software. For details see the next section Use
OpenSees for calculation.

Mode shapes

: Load the MATLAB file containing the mode shapes

The variable is named evectors and can be saved in a mat file with an
arbitrary name. Number of column vectors = number of mode shapes (lowest
from the left). Each column has the x-coordinates, y-coordinates, and then 6-
coordinates.

evectors (3-Nfloors x No. of modes) =

_¢x1 i ¢x1 i ¢><1 i |
] ] ]
bo | be | be |
: i : i : i
i i i
¢><Nfloors i ¢><Nf|oors i ¢><Nﬂoors i
b 1 P b
] ] ]
¢yz i ¢y2 i ¢y2 i
P o :
i i i
¢nyIoors . ¢nyIoors . ¢nyIoors .
| | |
¢6’1 i ¢91 i ¢Hl i
¢92 i ¢az i ¢92 i
: i . i : i
i i i
,¢bNﬂoors i ¢5Nfloors i ¢6Nﬂoors i a
] ] ]
] ] ]

» evectors (180, 6) is saved in ST_ModeShapes_pd.mat.

Note) For a strength design of reinforced concrete structures, the mode
shapes must be obtained from the eigenvalue analysis of a building model
with cracked sections. Those for a serviceability design will be informed at
Resp. surface part in this manual (p. #).

Modal periods [s]

: Modal periods of the vibrational modes

» [6.473 6.098 6.057 2.091 2.065 2.010] (sec)

Note 1) Multiple variables must be input using square brackets as shown.
Note 2) For a strength design of reinforced concrete structures, the modal
periods must be obtained from the eigenvalue analysis of a building model

with cracked sections. Those for a serviceability design will be informed at
Resp. surface part in this manual (p. #).
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Use OpenSees for calculation

Pre-defined Tcl script

: Load the user’s pre-defined Tcl script file

This option enables the user to obtain the variables for structural and dynamic
properties as stated above [dif, frames_DL, frames_SDL, frames_LL,
evectors, and T_str (= modal periods)].

The OpenSees interpreter, Tcl/Tk language is used to define the geometry of
the model, loading, formulation, and solution. The Tcl is a string-based
scripting language, and more information on Tcl commands can be found at:
https://www.tcl.tk/doc/. The OpenSees documentation is also available at:
http://opensees.berkeley.edu/wiki/index.php/OpenSees_User.

To use the option Use OpenSees for calculation in the software, the user
must create Tcl script for finite element analysis which only includes
ModelBuilder object. The ModelBuilder object in the OpenSees is responsible
for i) building the various objects (with respect to the information of node,
mass, material, element, boundary condition, load, etc.) in the user's model
and ii) adding them to Domain object. With the DAD_ESWL v1.0, the following
objects should be included in the user’s pre-defined Tcl file.

* Node

= Mass

= Material

= Section

= Element

= Constraints [sets single-point constraints (i.e., fixed-end) and multi-point
constraints (i.e., rigid diaphragms which constraints certain DOF at the listed
slave nodes to move as if in a rigid plane with the master node)]

= Transformation (constructs a coordinate-transformation object, which
transforms element stiffness and resisting force from the basic system to the
global coordinate system, i.e., geometric transformation)

The other objects required for running the OpenSees are automatically
included in the software. The followings are the additional objects.

= TimeSeries (constructs load cases consisting of gravity loads and unit loads)
= Recorder (saves the results for post-processing)

= Analysis (performs a static linear analysis)

= Eigen (performs an eigenvalue analysis for modal properties)

The example Tcl file can be found at the DAD_ESWL v1.0 webpage in
www.nist.gov/wind and see Appendix 4 for details.

Connectivity data

: Load the MATLAB file containing the connectivity data for the OpenSees
model

The variable is named Coord and can be saved in a mat file with an arbitrary
name. The variable is a structure array with the specified field and values.
The following fields must be included in the structure variable Coord.

= Ncoord (No. of nodes x 4) =

XY 7
X Y, 7,

No.of nodes! x, y, z

n

where the subscript of the coordinates is the node label.
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» Coord.Ncoord (2775, 4) is saved in model_props.mat. The units are m.

= Ecoord (No. of elements x 3) =

» Coord.Ecoord (8140, 3) is saved in model_props.mat.

= Nmaster (Nfloors x 1) =

rb

master, ,
master,,

master,

nNfloors

» Coord.Nmaster (60, 1) is saved in model_props.mat.

Note: Since the variable Nmaster is used for applying unit loads in the
DAD_ESWL v1.0, the node labels for this variable should be the mass center
of each floor. They can be used as master nodes when the user creates the
Constraints object in his/her pre-defined Tcl file.

Gravity loads data

: Load the MATLARB file containing the gravity loads data for the OpenSees
model

The variable is named Gravity and can be saved in a mat file with an arbitrary
name. The variable is a structure array with the specified field and values.
The following fields must be included in the structure variable Gravity.

= Dead_slab (No. of elements used as BEAM x 2) =

B, Slabweight,
B, Slabweight,

B, Slabweight,
where the subscript of B is the beam label.

» Gravity.Dead_slab (3480, 2) is saved in gravity_loads.mat. The unit is
N/m.

Note: The variable Dead_slab should have the self-weight of concrete slab
distributed by the individual beam elements on each floor.

= SDead (No. of elements used as BEAM x 2) =

B, Super -imposed dead,
B, Super -imposed dead,

B, Super -imposed dead,
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» Gravity.SDead (3480, 2) is saved in gravity_loads.mat. The unit is N/m.

Note: The variable SDead should have the unfactored super-imposed dead
loads distributed by the individual beam elements on each floor.

= Live (No. of elements used as BEAM x 2) =
B, Live,
B, Live,
B, Live,
» Gravity.Live (3480, 2) is saved in gravity_loads.mat. The unit is N/m.

Note: The variable Live should have the unfactored live loads distributed by
the individual beam elements on each floor.

= Nmass (No. of nodes x 2) =

mass,
mass,

No.of nodes mass,
where the subscript of the coordinates is the node label.

» Gravity.Nmass (2775, 2) is saved in gravity_loads.mat. The unit is kg.

Note: The variable Nmass should have the unfactored dead loads (self-
weights of all members) distributed by the individual nodes in the entire
system. This information will be used to create the dead load pattern in the
OpenSees.

Output directory

: Specify the file location where outputs from the OpenSees will be saved

Once the static and eigenvalue analyses using the OpenSees are completed,
the output files will be saved in this directory. These output files have an
extension of .out and mainly consist of the following components.

Eigenvalue analysis results
= eigen.out (includes the eigen vector for each mode)
= periods.out (includes the modal period for each mode)

Static analysis results
= EleNodalforce_1 2000.out
= EleMidforce_1_2000.out

Note: For better performance, the output files for static analysis results are
set to be stored by every 2000 elements. For example, if a total number of
elements is 1500, the output file will be named as EleNodalforce_1 1500.out.
In the example used in this User's Manual (total 8140 elements), the output
files are shown as follows:

A26




eigen.out
EleMidforce_1_2000.cut
EleMidforce_2001_4000.out
EleMidforce_4001_6000.out
EleMidforce 6001_8000.out
EleMidforce_8001_8140.0ut
EleModalforce_1_2000.0ut
EleModalforce_2001_4000.0ut
EleMaodalforce_4001_6000.o0ut
EleModalforce_6001_8000.o0ut
EleModalforce_8001_8140.0ut

pericds.out

=i

These output files will be used to make the variables such as dif, frames_DL,
frames_SDL, frames_LL, evectors, and T_str. These variables are saved

in OpenSees_rslt.mat.

13 KB
88 KB
56 KB
56 KB
64 KB
4 KB
268 KB
232 KB
228 KB
212 KB
12 KB
1 KB
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[ ] Wind loads

[4] DAD_ESWL v1.0 - >

DADiESWL Steel structures
for mid- and high-rise structures RC structures
Wind tunnel test / CWE data

Madel length scale [Prototype/Model]

500

Reference wind speed at rooftop elevation of the building model [m/s] Wind directions [deg.]

232 0 10 20 30 40 S50 60 70 B0 80

Sampling rate [Hz] No. of sampling points [points] Discarded initial portion of response time series [points]
250 7504 200

Floor wind loads at model scale [N and N.m)]

®) Calculate floor wind loads from pressures measured in taps on building model facade

- Time-series of pressure coefficients - Select interpolation method
CADAD_ESWL\Aerodynamic_data\Cp_data Browse... N.earest ~ Select
- Pressure tap identification — v
C:\DAD_ESWL\Aerodynamic_datatap_loc.mat Browse...

- Pressure tap coordinates

C:ADAD_ESWL\Aerodynamic_data\tap_coord. mat Browse...
-Savein
C:\DAD_ESWLWL_floors Browss... Display Calculate floor wind loads

() Open the floor wind loads

Browse...

Wind speed range

Wind speeds for response surface [m/s]
20 30 40 50 60 70 &0

Lower limit requirement

(®) ASCE 7-based overturning moments [M.m] - Limiting value 80 %
CADAD_ESWL\Building_dats\moment_ovtn_ASCE.mat Browse... [ 50 %

Open inputs Bldg. modeling Wind loads Resp. surface Wind effects Results & Plots Save inputs Exit

Wind tunnel test / CFD data

Model length
scale
[Prototype/Model]

: Scale of the model used in the wind tunnel tests or CFD simulations; if the scale of
the model to the prototype structure is 1/500, the value is 500

» 500

Reference wind
speed at rooftop
elevation of the
building
model[m/s]

: Mean hourly wind speed at roof of the model during wind tunnel tests or CFD
simulations

» 23.2 (m/s for suburban terrain)

Wind directions
[deg.]

: Wind directions used in the wind tunnel test

The variable WD can be a vector containing clockwise directions of wind as shown in
Fig. 7d. For example, WD = 0° to 360° with 10° clockwise increments from an arbitrary
direction.

» [0:10:360]
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Note: The wind directions in WD are identical to the wind directions in the wind tunnel
tests or CFD simulations.

Sampling rate
[HZ]

: Sampling frequency used in the wind tunnel tests or CFD simulations

» 250 (Hz)

No. of sampling
points [points]

: Total number of points that make up the time histories of the floor loads

» Npoints = 7504 (from data of 30 s with a sampling frequency of 250 Hz in the wind
tunnel)

Discarded initial
portion of
response time
series [points]

: Number of points to be cut from beginning of the time histories during the analysis
» 200
Note) Numerical integration needs a certain number of points before it stabilizes.

Therefore, a certain number of initial points must be cut from the solution of the
equations of motion before estimating the response parameters.

Floor wind loads at model scale [N and N.m]

Calculate floor wind loads from pressures measured in taps on building model facade

- This option allows the users to load pressure coefficients measured on taps from wind tunnel tests or CFD
simulations. The DAD_ESWL v1.0 will then calculate wind loads applied on mass center of each floor by
using the user’s pressure data.

Time-series of
pressure
coefficients

: Load the MATLAB file containing the time histories of the pressure coefficients of a
model measured in wind tunnel tests or CFD simulations

The variable is named Cp_n and MUST be saved in a mat file with the name of Cp
and end with _XXX. The suffix XXX gives the direction of wind WD in degrees in wind
tunnel tests or CFD simulations. For example, wind direction XXX = 000 means 0°
and XXX = 045 means 45°. The variable Cp_n contains time-series of a pressure
coefficient measured on every tap.

Cp_n (Npoints x No. of taps) =

Cpl51 time, tap_1 Cpl“ time,tap_2 cpf‘ time,tap_3 o Cpl“ time,tap_n
sz"" time,tap_1 sz"" time, tap_2 sz"" time,tap_3 sz”" time,tap_n
Cpn‘”time,tap_l Cpn"‘lime,lap_? Cpn"‘time,tap_3 o Cpn"‘time,tap_n

» Cp_n (7504, 120) is saved in Cp_XXX.mat files where XXX is from 000 to 360 by
10 increments.

Pressure tap
identification

: Load the MATLAB file containing the pressure tap identification on building model
facade

The variables are named as WF_1, WF_2, WF_3, and WF_4 and can be saved in a
mat file with an arbitrary name. The suffixes 1 to 4 represent the building's face
numbers which are in order of south, east, north, and west of the building face. The
variables are matrices that consist of rows of the number of taps in the building’s height
direction, and of columns of the number of taps in the building’s width direction. Each
component of this variable should be a tap number. See the example figure below for
better understand.
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A Location of pressure taps on CAARC building model (Venanzi, 2004)

WEF_1 (No. of taps in height direction x No. of taps in width direction) =

1 2 3 4 5
21 22 23 24 25
41 42 43 44 45
61 62 63 64 65
81 82 83 8 8

101 102 103 104 105

» WF_1 (6, 5) to WF_4 (6, 5) are saved in tap_loc.mat.

Pressure tap
coordinates

: Load the MATLARB file containing the coordinates for all the taps

The variable is named as tap_coord and can be saved in a mat file with an arbitrary
name. The variable is a matrix that consists of rows of the number of taps, and of four
columns in order of tap’s number, x-, y-, and z-coordinate.

tap_coord (No. of taps x 4) =
1 X

2 X

tap_2 ytap_z Ztap_z

tap_1 ytap_l Ztap_l

No.of taps Xy Yepn  Zepn

» tap_coord (120, 4) is saved in tap_coord.mat. The unit is m.

Select
interpolation
method

: Based on the pressure tap’s data inputted by the user, the DAD_ESWL v1.0 will
automatically generate a mesh on each wall face, to define a tributary area for each
pressure tap. The pressure coefficients will be distributed to each tributary area by
interpolating them properly. The users can select one of the interpolation methods
supported by the MATLAB to calculate the wind loads on mass center of floor. Three
interpolation methods are available in this version.
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Nearest: Triangulation-based nearest neighbor interpolation supporting 2-D and 3-D
interpolation.

Linear: Triangulation-based linear interpolation supporting 2-D and 3-D interpolation.

Cubic: Triangulation-based cubic interpolation supporting 2-D interpolation only.

For details, see MATLAB documentation (https://www.mathworks.com/help/).

Display

this data by clicking the Save data button.

Pressure contour: Click the button, the window will then change to show the pressure
contours on each face of the building model. The users can select any time point of
interest by dragging the bar on the slider. The Play button allows to show varying
pressure contours automatically over time intervals the users specified.

In addition, three displaying options are provided in this version.

: Click the button, the pop-up window will then appear to show the pressure tap
information and more.

[4] Display pressure taps - a X
File Edit View Inset Tools Desktop Window Help £
EEF I EEE I P AR ELE
Select tap coordinate to view Plot of pressure tap coordinates
O Model scale Pressure contour
@® Protatype scale
180
Select pressure taps to label 0D
140
120
E 100
2
2
7 e
N
80
40
20
L R "l T S
1524
2286
1524
y-axis [m] x-auis [m]
Select wind directions Plot of time-series of pressure coefficient
[
£ 0
&
£ Ik | ‘I i A
by i
: ! R T
E
S -
3
i)
T .15
2 . . . . . . .
Plot Save data ] 1000 2000 3000 4000 5000 6000 7000 8000
Time points

Select tap coordinate to view: Select one of the scale to be shown in the Plot of
pressure tap coordinates area.

Select pressure taps to label: Select one or multiple taps to be shown in the Plot of
pressure tap coordinates area.

Select wind directions: Select one of the wind directions and click the Plot button.
Then the time-series of pressure coefficients for selected taps and wind direction will
be plotted in the Plot of time-series of pressure coefficient area. The users can save
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Mean: Average value of the pressure time-series.
Max: Maximum value of the pressure time-series.
Min: Minimum value of the pressure time-series.
RMS: Root mean square of the pressure time-series.

Tap location: Click the button, the window will then revert back to the plot of pressure
tap location.

4 Display pressure taps - u] X
File Edit View Inset Tools Desktop Window Help ~

EEEDRNEEYEI AR EL

Select tap coordinate ta view

() Model scale - Select time point 4 3 1 Play | | Pause Tap location

@ Prototype scale O Mean O Max O Win O RMS
;5
:5
: 5
;

Plat of pressure contour on each wall face

06

Select pressure taps to label

"

ctrl-click or shift-cli
multiple)

Wallface 1 Wiall face 2

Select wind Plot of ti of pressure

Pressure coefficient

Time points.

Calculate wind
loads

' /

: Click the button, the pop-up window will then appear to show the progress of the
calculation. During the calculation, the Calculate wind loads button will become
inactive, and show a message that ‘Calculating wind loads ... busy’. The calculation
might take from minutes to hours depending on the size of the pressure time-series,
the number of taps, and the interpolating method the users selected. After the
calculation, a message ‘Done’ will be displayed, and the users can proceed to the next
interface.

(® Use wind loads from pressures measured on taps

—Loadtll'l'z 0% 1 hr, 34 min remaining - x
C\Userss|
Wind directions ... = I

- Pressur I 1

3% |
[canraD._|

= — TT T

- Pressure tap coordinates
(CADAD_exWindtunnel_data\CAARCHap_coord mat || Browse

| Display | | Calculaing wind loads ... busy |
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Open the floor wind loads
- This option allows the users to load pre-defined wind loads applied on mass center of floor.

: Load the MATLARB file containing the time histories of the floor loads of a
model in wind tunnel tests or CFD simulations

The variable is named F and can be saved under any name but must end with _XXX.
The suffix XXX gives the direction of wind WD in degrees in wind

tunnel tests or CFD simulations. For example, wind direction XXX = 000 means 0°
and XXX = 045 means 45°. The variable contains time-series of a floor load in one of
X, Y, rz directions. The first Nfloors (i.e., the number of floors) rows correspond to the
floor loads acting in the x-direction starting from the first floor. The next Nfloors and
the last Nfloors rows correspond to ones in the y-direction and in the r.-direction,
respectively.

F (3-Nfloors x Npoints) =

FXl_t:l FXl_t:Z """ FXl_t:Npoints
FX271:1 FXZJ:Z """ szit:Npoints
FXNroors_t:l FXNroors_t:Z """ FXNroors_t:Npoints
Fy171:1 Fylft:z """ Fylft:Npoints

FY, FY, o e FY. i npoints
FnyIoorsft:l FnyIoorsit:Z """ FnyIoorsft:Npoints
Frzl_l:l Frzl_t:Z """ Frzl_l:Npoints
Frzz_t:l Frzz_t:z """ FrZZ_t:Npoints

L Frz Nfloors_t=1 Frz Nfloors_t=2 """""" FrZNroors_t:Npoints i

» F (180, 7504) is saved in FI_XXX.mat files where XXX is from 000 to 360 by 10
increments. The unit is N for force and N-m for moment.

Note: Terrain conditions for the wind tunnel model must simulate prototype conditions.

Wind speed range

Wind speeds for
response
databases [m/s]

: Mean hourly wind speeds at the roof height of the full-scale building for which the
response in desired

The variable WS is a vector containing wind speeds directed toward the structure. For
example, 20 m/s to 80 m/s (mean hourly wind speeds) in 10 m/s increments: [20 30
40 50 60 70 80].

» [20:20:80]
Note) The variable can be input using square brackets as shown. The wind speed

range must cover wind speeds at the roof height based on wind climatological data
(e.g., hurricane data) at the site and must account for the building orientation.
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Lower limit requirement

ASCE 7-based
overturning
moments [N-m]

: ASCE 7-based overturning moments in the principal axes corresponding to Risk
Category of building

According to ASCE 7-16, Section 31, forces and pressures estimated through wind
tunnel testing are to be limited to not less than 80 % or 50 % of their ASCE 7-based
analytical method counterpart. DAD_ESWL v1.0 employs overturning moments in the
directions of the principal axes as measures of this limitation. Overturning moments
obtained from the ASCE 7 analytical method are based on the MRI (Mean Recurrence
Interval) corresponding to the Risk Category of the building: 300 years for Risk
Category | buildings, 700 years for Risk Category Il buildings, and 1700 years for Risk
Category Ill or IV buildings. These overturning moments are compared to their
DAD_ESWL v1.0 counterparts.

The variable is named Movtn_asce and can be saved in a mat file with an arbitrary
name. The variable Movtn_asce is a matrix in which the first column contains
overturning moments along the first principal axis (i.e., x-axis) and the second column
contains moments along the second principal axis (i.e., y-axis). The first row
corresponds to ASCE 7-based overturning moments for the first Risk Category being
considered for the building. If two or three Risk Categories are considered, they are
reflected in the second, or second and third row.

Movtn_asce (No. of MRIs in DCI x No. of principal axes) =

x1 M yl
M X2 M y2
M xn M yn

» Movtn_asce (3,2) is saved in moment_ovtn_ASCE.mat where ASCE 7-based
overturning moments in the x and y axes based on three Risk Categories of ASCE 7
correspond to the counterpart calculated by DAD_ESWL v1.0. The unit is N-m.

Limiting value

: Per ASCE 7-16, Section 31, the limiting value of 80 percent may be reduced to 50
percent for the main wind force resisting system. Depending on the conditions of the
target model, the user can select one between two limiting values of 80 % and 50 %
by clicking the checkbox.
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[] Resp. surface

[4] DAD ESWLv1.0

Load combination cases

Specify load factors
- Dead load (D)

- Super-imposed dead load (Ds)

- Live load (L)

- Wind load (W)
1

Calculation options

() DAD

Response surface

Demand-to-Capacity Index (DCI)

- Specify members of interest

Inter-story drift ratio

- Specify column lines of interest

Acceleration

- Specify column lines of interest

Open inputs Bldg. modeling

CADAD_ESWL\Building_data\ST_member_selected_simple.ma

CADAD_ESWL\Building_data\ST_Interstory_Drift_Input.mat

CADAD_ESWL\Building_data\ST_Acceleration_Input.mat

DAD_ESWL

for mid- and hi

For strength design

gh-rise structures

- x

Steel structures
RC structures

For serviceability design

LC1:1.2D +1.20s + 1.0L + 1.0W

-~ LC1:1.00 + 1.008 + 1.0L + 1.0W

Reset

Observed peak approach (Default)
Multiple Points-In-Time approach

Estimated peak approach (To be updated)

Browse...

Browse...

Browse...

Wind loads Resp. surface Wind effects

Add

Add

Reset

Use structural stiffness properties specified for senviceability design

@ ESWL (only applicable for DCls)

- Mo. of Multiple Points-In-Time

- Save as
CADAD_ESWL\OutputiDCI_set_X.mat

-Save as
CADAD_ESWL\OutputiinDr_set X mat

-Save as
CADAD_ESWL\Outputvicc_point X mat

S0 Check

[[] 5ave effective floor wind loads

Browse...

Browse...

Browse...

Compute response surface

Results & Plots

Save inputs Exit

Load combination cases

Specify load factors

: Specify load factors of dead load (D), super-imposed dead load (Ds), live load
(L), and wind load (W) in a load combination of factored loads.

Once the user input the load factors, he/she can make a load combination case
by clicking the Add button. The inputted load combination cases are shown in
Load combination cases list box and are numbered automatically by the order

that the user clicks the Ad

d button.

The Reset button allows the users to reset all the load combination cases.

Note 1) Wind load factor is fixed to 1.
Note 2) Load combination cases for serviceability design (inter-story drift ratio
and acceleration) cannot be modified. By default, all the load factors are fixed to

1.
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Use structural stiffness properties specified for serviceability design

: This option is only applicable for reinforced concrete model (will be activated only when the RC structures
was selected at the initial page). Checking this option allows the users to specify the modal properties, i.e.,
mode shapes and modal periods, which are obtained from the eigenvalue analysis of a building model with
sections for serviceability design, deferent from those for strength design. The users can input those files
and values in the following pop-up window. The name of variable ‘evectors’ should be changed to
‘serv_evectors’ in this case for the serviceability design.

[4\] DAD_ESWL 1.0 — hd

Maodal properties for serviceability design

-Mode shapes

Browse...

- Modal periods [s]

Caution: The inputs above are obtained from the Eigenvalue analysis of
a building model with sections for serviceability design, different from
those for strength design.

Close
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Calculation options

DAD (responses determined by fluctuating loads)
: Enables to use the DAD procedure for producing DCI response surface.

Observed peak : By default, an observed peak approach (a full-time approach) is set for
approach calculating the DCI response surface.

Multiple Points-In-Time | : Check this option to use the multiple points-in-time approach (MPIT) for the
approach calculation of the DCI response surface. Once this is activated, specify the
number of points used in the MPIT approach.

Note) The point-in-time approach considerably reduces calculation time while
maintaining the accuracy. For details, see Yeo (2013).

Estimated peak : Estimated peak approach will be updated in later version of DAD_ESWL.
approach

Equivalent Static Wind Load (ESWL)
: Enables to use the ESWL procedure for producing DCI response surface.

No. of Multiple Points- : The number of MPIT should be inputted by the users. This should be a positive
In-Time integer which is much less than the total sampling points.
Check : Check button allows the users to check how many wind loading cases will be

generated for ESWL procedure. For example, if the number of MPIT is set as 50,
total 300 equivalent wind loading cases (WLCs) will be generated. For details,
see Park et al. (2018). Clicking this button after specifying the number of MPIT
activates a small pop-up window as shown below.

4 ESWL - *

Total 300 wind loading cases will be generated.

Save effective floor wind loads

: Checking this option allows the users to save the effective floor wind loads generated during the analyses.
If the user selects the DAD option above, the time series of effective floor wind loads will be saved at the
user-specified directory. If the ESWL option is selected, the effective floor wind loads with respect to the
wind loading cases will be saved. For details, see the next section for computing response surfaces.

Response surface

Demand-to-Capacity Index (DCI)

Specify members of : Load the MATLAB file containing list of members to calculate their demand-to-
interest capacity indexes.

The variable is named member_selected and can be saved in a mat file with an
arbitrary name. The variable member_selected is a one-row vector that
contains a list of the members of interest for which response database for the
demand-to-capacity index are calculated.

member_selected (1 x No. of members of interest) =

L 301 -~ 901 ---  2000]

» member_selected (1, 20) is saved in ST_member_selected_simple.mat. The
3 members consisting of the columns, beams, and bracings of interest were
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selected for the calculation of the response database for the demand-to-capacity
index and peak responses with specified MRIs.

Save as

: Specify the file location and name where response databases for demand-to-
capacity indexes of the members (defined in member_selected) and for
overturning moments (if this option is clicked) will be saved.

The variables containing the response databases are named BijPM_RS LC_X
for interaction of axial forces and moments, BijVT_RS_LC_X for interaction of
shear forces and torsion, and BijPMVT_RS_LC_X for interaction of all the
internal forces and moments, where X represents the load combination case
defined in Load combination cases section above. They can be saved in a mat
file with an arbitrary name. For details see NIST Technical Note 1940 (Park and
Yeo 2016).

The variables are 3D arrays with the same format, each face of which represents
the response databases for demand-to-capacity indexes of a specific member.
The index of each face corresponds to the index of selected members defined in
member_selected. An element (i, j, p) corresponds to the peak demand-to-
capacity index of the member p for the wind with the i wind direction of WD and
the j™ wind speed of WS. For example, a value at element (2, 5, 20) of
BijPM_RS_LC_1 represents the peak DCI for axial forces and moments for the
38N member in the list of member_selected in a given wind of the 2" wind
direction of 10° in WD and the 5" wind speed of 60 m/s in WS under the first
load combination case.

BijPM_RS_LC_X (No. of WD x No. of WS x No. of selected members) =

Member 1 ’
WD, B, By By Bim
Wind WD, B.i Bax By Bom
dire;t;ons WD, .le .Bs,z .st3 'B&m
WD, Bii Bz Bz o Binm
WS, WS, WS, .. WS,

Wind speeds (m/s)

If the option of the lower limit requirement for the overturning moments is
selected in the section Lower limit requirement, page Wind loads, the
additional variables containing the response databases for the overturning
moments are nhamed Mx_ovtn and My_ovtn for overturning moments in the x
and y principal axes, respectively. The variables have the same format as the
format for BijPM_RS_LC_X, except that the overturning moment has only one
face (i.e., p=1). An element (i, j) corresponds to the overturning moment for the
wind with it" direction WD and j" speed WS.

» BijPM_RS_LC X (37, 4, 20), BijVT_RS LC X (37, 4, 20),
BijPMVT_RS_LC_X (37, 4, 20), Mx_ovtn (37, 4), and My_ovtn (37, 4) are
saved in DCI_LC_X.mat, where X indicate 1 depending upon the load
combination case previously defined.
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Note 1) If a DCI is higher than unity, the strength capacity of the member is not
adequate for resisting the DCl-related loads, such as axial forces and moments
(BijPM_RS), shear forces and torsional moment (BijVT_RS), and all the internal
forces and moments (BijPMVT_RS). The corresponding reinforcement and/or
dimensions of the member must be modified to make the DCI values less than
or equal to unity.

Note 2) Regardless of values of the torsional moments occurred in the building,
BijPMVT_RS_LC_X is calculated for each member of interest. The users can
check all the DCIs (PM, VT, and PMVT) in the Results & Plot page. If the DCls
for PMVT are zero in a certain member, it implies that the torsional moments
occurred in the member did not exceed 20 % of the design torsional moment.

Inter-story drift ratio

Specify column lines of
interest

: Load the MATLAB file containing the position of the column lines where the
response database of inter-story drift ratio is desired.

The variable is named interstory_location and can be saved in a mat file with
an arbitrary name. The variable is a matrix where the first Nfloors rows contain
the x and y coordinates of the column lines with respect to the mass center of
each floor in the first and the second column, and the height of the story is
assigned in the third column. The first-row contains information relating to the
first floor, the second-row stores that of the second floor, and so forth.
Successive column lines are appended as an extra Nfloors rows.

interstory_location (Nc-Nfloors x 3) for Nc column lines =

1 L1 Y1 h1_ L1 1
J Xo 11

Yo u h27L1

| Xn_u Yn_u1 hN_Ll J

J/ X1_ LNc yl_LNc hl_LNc W

Xp ine Yo ine h27LNc

1

LN LNe YN_Lne hN_LNci,J

» interstory_location (240, 3) for 4 column lines is saved in
ST_Interstory_Drift_Input.mat.

Save as

: Specify the file location and name where the response databases for inter-story
drift ratio will be saved.

The variables containing the response databases are named InDr_RS_set_X,
where X represents the column line defined in interstory_location, and can be
saved in a mat file with an arbitrary name.

The variable InDr_RS_set_X is a 3D array; each face of which represents the
response surface in a specific direction (x or y). The first Nfloors faces of the
array are associated with the response in the x-direction while the next Nfloors
faces are associated with the y-direction. An element (i, j) of a specific face in a
given set X corresponds to the peak inter-story drift ratio of the column lines
considered in set X for the wind with i" direction WD and j" speed WS. The face
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represents the floor to be considered inter-story drift ratio in x or y direction. The
details are provided in the following schematic.

InDr_RS_set_X (No. of WD x No. of WS x 2-Nfloors) =

// Story N

// |

Story 1 ‘

wo, | Dy D, DB - Dy,

Wind WD, D,y D,, Dy3 -+ Dy,
directions

© wD, | Dy D;, Dy - Dy

WD, D,; Dn, Dn,3 Dr\‘m

WS, WS, WS, .. WS,

Wind speeds (m/s)

» InDr_RS_set_X (37, 4, 120) is saved in InDr_set_X.mat, where X indicates 1
to 4 representing the column lines previously defined.

Accelerations

Specify column lines of
interest

: Load the MATLAB file containing the position of the column lines or any
locations of interest (e.g., corners of the top floor) where the response database
of accelerations is desired.

The variable is named acceleration_location and can be saved in a mat file
with an arbitrary name. The variable is a matrix where the first Nfloors rows
contain the x and y coordinates of the column lines with respect to the mass
center of each floor in the first and the second column. The first row contains
information relating to the first floor, the second-row stores that of the second
floor, and so forth. Successive column lines are appended as an extra Nfloors
rows.

acceleration_location (Nc-Nfloors x 2) for Nc column lines =

X 1 Yiu

X Yo

Xn_11 Yn_u

X e Yiine

XZ_LNc y2_ LNc

_XNiLNc Yn_ LN |

» acceleration_location (240, 2) for 4 column lines is saved in
ST_Acceleration_Input.mat.
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Save as

: Specify the file location and name where the response databases for
acceleration will be saved.

The variables containing the response databases are named Acc_RS_set_X,
where X represents on the column line defined in acceleration_location, and
can be saved in a mat file with an arbitrary name.

The variable Acc_RS_set_X is a 3D array; each face of which represents the
response surface in a specific direction (x or y) and their resultant accelerations.
The first Nfloors faces of the array are associated with the response in the x-
direction while the next Nfloors faces are associated with the y-direction and the
resultant accelerations. An element (i, j) of a specific face in a given set X
corresponds to the peak inter-story drift ratio of the column lines considered in
set X for the wind with i direction WD and j" speed WS. The face represents
the floor to be considered inter-story drift ratio in x or y direction. The details are
provided in the following schematic.

Acc_RS_set_X (No. of WD x No. of WS x 3-Nfloors) =

//\ Story N

Story 1

/\ﬁstory N ‘

Story 1 ‘

WD, Am A1.2 A1,3 o Ai‘m

Wind WD, A21 Az,z A2,3 A?,m
directions WD, A31 A&2 A3’3 As,m

)

WD, Aml An,z An,a Aw‘m

WS, WS, WS, .. WS,

Wind speeds (m/s)

» Acc_RS_set X (37, 4, 180) is saved in Acc_set_X.mat, where X indicate 1
to 4 representing the column lines previously defined.

Consider bi-axial shear
forces (RC only)

: Check the box if the demand-to-capacity index for bi-axial shear forces is
desired.

Note 1) This option will be activated only when the user selects the reinforced
concrete structure in the initial page.

Note 2) This option is for columns subjected to bi-axial shear forces.
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Compute response surface

: Click the button, and the response surfaces defined above are calculated. The pop-up window will then
appear to show the progress of the calculation.

4 6% 6 min, 34 sec remaining — X
| wind dirdetions .. 6% |
| wind spaads . 58% |
| selacted nfembars ... 8% |
| Load combination cases ... | 25% |

Note 1) The calculations can be performed when all variables are provided correctly in all the previous
pages and sections.

Note 2) If the user checked ‘Save effective floor wind loads’ option in the Calculation options panel, a
pop-up window will then appear to choose wind speeds, directions, and path to save the file. After selecting
and specifying them, click the OK button to proceed. This operation will consume additional time and
system resources depending on the wind speeds and directions selected. For reference, it took few more
minutes to save all cases, i.e., 7 wind speeds and 36 directions, with output file taking up 9 gigabytes by
using a personal computer.

|4\ Save effective wind loads = et

Select wind speeds and directions

-'Wind speeds [mis] - Wind directions [deg]
20 ~ 0 ~
30 10
40 20
50 30
60 40
70 50
20 50
70
W an v
-Savein
Browse...

Note 1) Ctri-Click or Shift-Click to select multiple.
Note 2) Thiz work will take up to few more minutes depending upon the case.

oK Cancel
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[ ] Wind effects

4 DAD_ESWL v1.0

Wind climatological data

(® Wind climatological data 1

- Specify the data file
C:ADAD_ESWL\Climatological_data_1\Mhurr_SC(182).mat

Wind climatological data 2

- Specify the data file

Wind climatological data 3

- Specify the data file

Design responses for specified MRIs

Demand-to-Capacity Index (DCI)

- MRIs for demand-to-capacity index [years]
1700

Inter-story drift ratio

- MRIs for inter-story drift ratio [years]
20

Acceleration

- MRIs for acceleration [years]
10

Open inputs Bldg. madeling Wind loads

DAD_ESWL

for mid- and high-rise structures

Browse...

Browse...

Browse...

- Save as
CADAD_ESWL\OutputDCI_MRI_LC_X.mat

Save as
CADAD_ESWL\OutputunDr_WRI_set X.mat

Save as
CADAD_ESWL\Outputidcc_MRI_set_X.mat

Compute design response with specified MRIs

Resp. surface Wind effects Results & Plots

- X

Steel structures
RC structures

Browse...

Browse...

Browse...

Save inputs Exit

Wind climatological data

climate effect.

Note 1) The wind engineering laboratory provides extreme directional wind speeds for the following default
conditions: mean wind speed averaged over approximately 30 min to one hour at the elevation above
ground of the top of the building at the empty (pre-construction) building site. If wind speeds corresponding
to other conditions are available, they must be converted to mean speeds for the default conditions.

Note 2) Any different types of the extreme directional wind speed data, i.e., hurricanes, thunderstorms, and
synoptic winds, can be used via ‘Wind climatological data 1’, ‘Wind climatological data 2’, and ‘Wind
climatological data 3’ options below.

Note 3) The users can select up to THREE of these options at the same time for investigating a mixed

Wind climatological data 1, 2, and 3

Specify the data file : Load the MATLAB file containing the database of the extreme directional
wind speeds
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The file must have the following properties of the extreme directional wind
speed data.

= Probability of occurrence in one year
This variable is a scalar for probability of wind occurrence in one year.

» lambda_wind (1, 1) can be saved in a mat file with an arbitrary name.

= No. of storm events
This variable is a scalar for the number of storm events.

» N_wind (1, 1) can be saved in a mat file with an arbitrary name.

= Directions of the storm
This variable is a row vector for the wind directions.

» dir_wind (1, No. of directions) can be saved in a mat file with an arbitrary
name.

= Wind speed data
This variable is a matrix for the wind speed data that consists of rows of the
number of winds (events), and of columns of the wind directions.

» w_speed (N_wind, No. of directions) can be saved in a mat file with an
arbitrary name.

= Micro-meteorological data

This variable must be named Ratio_Vs and can be saved in a mat file with
an arbitrary name. The variable Ratio_Vs can be a row vector containing the
ratios between wind speeds at the weather station to the mean hourly wind
speeds at the building height for the requisite terrain exposures. See
Appendix VIl for details.

» Ratio_Vs (1, 4) can be saved in a mat file with an arbitrary name. See
‘Micro-meteorological data’ section in ‘NIST Hurricane wind speed data’ for
details.

Note) If the extreme directional wind speed data already satisfy the micro-
meteorological conditions, put all values of the Ratio_Vs as 1.

= Terrain exposures surrounding the building

The variable must be named terrain and can be saved in a mat file with an
arbitrary name. The variable terrain can be a row vector containing terrain
roughness in 37 directions clockwise from 0° to 360° with 10° increments from
the North. The terrain exposure is categorized as A, B, C, and D for urban,
suburban, open, and unobstructed terrains (water), respectively, as defined
in ASCE7-16. The terrain exposure can be different according to directions,
which enables DAD_ESWL to account for directionality effects of the terrain
exposure.

» terrain (1, 37) can be saved in a mat file with an arbitrary name. This
variable should be made by cell array, which has the characters like ‘A’, ‘B’,
‘C’, and ‘D’

Note 1) If the extreme directional wind speed data already satisfy the micro-
meteorological conditions, put all values of the terrain as ‘C'.

Note 2) The terrain exposure surrounding the building must be identical to
that used in wind tunnel tests for the aerodynamic database described in the
Wind loads page.
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Peak responses for specified MRIs

MRIs for demand-to-
capacity index [years]

: Mean Recurrence Intervals (MRIs) for demand-to-capacity index (DCI) of
selected members

» [1700]

Note) The unit is year.

Save as

: Specify the file location and name where the peak response of DCIs for
selected members with specified MRIs will be saved

The variables containing the selected members’ DCIs for axial force and
bending moments and for shear forces and torsional moment with specified
MRIs are named Bij PM_MRIs_ LC X and Bij_VT_MRIs_LC_X,
respectively, where X represents the load combination case defined in Load
combination cases section and can be saved in a mat file with an arbitrary
name.

These variables are matrices the rows of which contain the selected
members’ peak DClIs for the MRI specified above. The members of interest
are defined in member_selected in the Response DB page. The first row
will contain the indexes corresponding to the first MRIs for DCI defined above,
the second row will have those corresponding to the second MRI, and so
forth. The index of each column is the index of the members defined in
member_selected. For example, an element (3, 300) of Bij_PM_MRIs_LC_X
represents the peak DCI for axial force and bending moments of the 300™
member in the list member_selected with the 3 of the MRIs specified for
the DCI.

Bij_PM_MRIs_LC_X (No. of MRIs, No. of selected members (=Nm)) for a
given load combination case X =

BMRI=1,1 BMRI=1,2 BMR|=1,3 T BMRI:l,Nm
BMRI:Z,I BMRI:Z,Z BMRI:2.3 BMRI:Z,Nm
BMRI:P,l BMRI:P,Z BMRI:P‘3 BMRI:P,Nm

» Bij_PM_MRIs_LC_X (1, 20) and Bij_VT_MRIs_LC_X (1,20) of 20
selected members for one MRI are saved in DCI_mri_LC_X.mat, where X
indicates 1 and 2 depending upon the load combination cases previously
defined.

Note 1) If the option of the lower limit requirement for the overturning moment
is selected in the section Lower limit requirement, page Wind loads, the
variables Scaled_Bij_PM_MRIs_LC_X and Scaled_Bij_VT_MRIs_LC X
containing the adjusted peak DCls for the selected members are also saved.

Note 2) Additional variables saved in the file can be used for the post-process
analysis:

Mx_ovtn_MRIs (No. of MRIs, 1):
Overturning moments along the x axis corresponding to the specified MRIs.

My_ovtn_MRIs (No. of MRIs, 1):
Overturning moments along the y axis corresponding to the specified MRIs.

Rt_Mx_ovtn (No. of MRIs, 1):
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Ratio of x-axis overturning moments calculated by DAD_ESWL to x-axis
overturning moments by ASCE 7 corresponding to the specified MRIs.

Rt_My_ovtn (No. of MRIs, 1):
Ratio of y-axis overturning moments calculated by DAD_ESWL to y-axis
overturning moments by ASCE 7 corresponding to the specified MRIs.

Scale_Mx_ovtn (No. of MRlIs, 1):
Index adjustment factor for the x-axis corresponding to the specified MRIs.

Scale_My_ovtn (No. of MRls, 1):
Index adjustment factor for the y axis corresponding to the specified MRIs.

Scale_M_ovtn (No. of MRlIs, 1):
Index adjustment factor for the x- or y-axis, whichever is larger.

MRI_sorted (No. of hurricane events, 1):
MRI corresponding to the rank order of the hurricane events (in descending
ranking order).

sorted_Bij_PM_LC_X (No. of hurricane events, No. of selected members):
Selected members’ peak DCI for axial force and bending moments
corresponding to all hurricane events considered in descending ranking
order.

sorted_Bij_VT_LC_X (No. of hurricane events, No. of selected members):
Selected members’ peak DCI for shear forces and torsional moment
corresponding to all hurricane events considered in descending ranking
order.

Note 3) The DAD_ESWL v1.0 makes a new response database for the peak
DCIs by combining the databases of Bij_PM and Bij_PMVT. This new
database includes the larger DCI value among the Bij_PM and the Bij_PMVT
for each wind direction WD, wind speed WS, and member of interest.

MRIs for inter-story drift
ratio [years]

: Mean Recurrence Intervals (MRIs) for inter-story drift of selected column
lines

> [20]

Note) The unit is year.

Save as

: Specify the file location and name where the peak responses of inter-story
drift ratio with specified Mean Recurrence Intervals (MRIs) are saved.

The variables containing the inter-story drift ratio responses with specified
MRIs are named InDr_MRIs_set_X where X represents on the column line
defined in interstory_location (in the Response DB section), and can be
saved in a mat file with an arbitrary name.

The variable InDr_MRIs_set_X is a 3D array, each face of which represents
the inter-story drift ratio of a given column line in x and y directions and the
resultant drift ratio with specified MRIs. The first face of the array is associated
with the response of column line X corresponding to the first MRI, the second
face corresponds to the second MRI, and so forth. Each face has two columns
corresponding to the x and y directions, respectively, and N rows that
correspond to the Nfloors.

InDr_MRIs_set_X (Nfloors x 3 x No. of MRIs) for a given set X =
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P MRI

2nd MRI
Dx.F:l Dy.F:l Dr,F:l
Dx.F=2 Dy.F=2 Dr,F=2
Dx,F:N Dy,F:N Dr,F:N

ultant

» InDr_MRIs_set_X (60, 3, 1) for each column line with one specified MRI
are saved in InDr_mri_set_X.mat where X indicate 1 to 4 depending upon the
column lines previously defined.

Note) Additional variables saved in the file can be used for post analysis:

sorted_peak_drift_x_set_X (No. of hurricane events, Number of stories):
Peak x-axis inter-story drift ratio for all stories in the set X corresponding to
all hurricane events considered in descending ranking order. The set X
represents the column line previously defined.

sorted_peak_drift_y set_X (No. of hurricane events, Number of stories):
Peak y-axis inter-story drift ratio for all stories in the set X corresponding to
all hurricane events considered in descending ranking order. The set X
represents the column line previously defined.

sorted_peak_drift_t_set_X (No. of hurricane events, Number of stories):
Resultant peak inter-story drift ratio for all stories in the set X corresponding
to all hurricane events considered in descending ranking order. The set X
represents the column line previously defined.

MRIs for acceleration
[years]

: Mean Recurrence Intervals (MRIs) for accelerations of selected column lines
» [10]

Note) The unit is year.

Save as

: Specify the file location and name where the accelerations with specified
Mean Recurrence Intervals (MRIs) are saved.

The variables containing the top floor acceleration responses with specified
MRIs are named Acc_MRIs_set_X where X depends on the column line
defined in acceleration_location (in the Response DB section), and can be
saved in a mat file with an arbitrary name.

The variable Acc_MRIs_set_X is a 3D array, each face of which represents
the accelerations of the column line X in the x- and y-directions and the
resultant acceleration with specified MRIs. The first face of the array is
associated with the response of the set X corresponding to the first MRI, the
second face corresponds to the second MRI, and so forth. Each face has
three columns corresponding to the x- and y-directions and the resultant,
respectively, and N rows that correspond to the Nfloors.

Acc_MRIs_set_X (Nfloors x 3 x No. of MRIs) for a given set X =
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P MRI

2nd MR
15 MRI |

Floor 1 AXIF:;[ Ay,le Ar,F:l
Floor 2 Axlp=2 Ay,F=2 Ar,F=2

Floor N Arn Ay,F:N Arn

x-dir. y-dir. resultant

» Acc_MRIs_set_X (60, 3, 1) for each column line with one specified MRI
are saved in Acc_mri_set_X.mat where X indicate 1 to 4 depending upon the
column lines previously defined.

Note) Additional variables saved in the file can be obtained for post analysis:

sorted_peak_Acc_x_set_X (No. of hurricane events, 1):
Peak x-axis acceleration for set X corresponding to all hurricane events
considered in descending ranking order.

sorted_peak_Acc_y_set_X (No. of hurricane events, 1):
Peak y-axis acceleration for set X corresponding to all hurricane events
considered in descending ranking order.

sorted_peak_Acc_t_set X (No. of hurricane events, 1):
Resultant peak acceleration for point X corresponding to all hurricane events
considered in descending ranking order.
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Compute design responses with specified MRIs

Click the button, and the pop-up window for setting the number of workers for parallel computing will appear
as below. The DAD_ESWL will automatically detect and show how many physical cores are in the user’s
local system, for example, ‘...2 physical core(s) detected’. By default, this number will be set automatically
as the number of workers. If the users want to use more workers for a specific reason, i.e., if their system
have more logical cores than physical cores, the users can select the ‘Set number of workers’ check box
and set the number of workers they want to use. After then, click the ‘Start computation’ button to proceed
to compute the design responses with specified MRIs.

[4 DAD_ESWL v1.0 — X

MNumber of workers for parallel computing

Set 2 worker(s) (Default)

[] Set number of workers

Start computation

The pop-up window will then appear to show the progress of the computation.

4] 5% 31 secremaining — *
Load gaszes .. 5%
[Loadfa |
Calci)lating peak DCls of each selected member . . 5%

[ Calcy |
Analyzing diractional|responses ... 15%

[ I |

Note) If the response surfaces were not constructed for the wind directions from 0° to 360° in increments
of 10°, the pop-up window will appear to show warning message as below. In this case, the response
surface should be reconstructed to satisfy the wind direction limitation.

(4 DAD_ESWL V1.0 - s

Warning

- Forthe analysis on extreme directional wind speeds, the wind
directions from 0% to 3607, in increments of 107, should be used
for contruction of the response surfaces.

- Please go backto [Resp. surface] page, and reconstruct the
response surfaces for the wind directions of 0:10:360.

Dismiss
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[ ] Results & Plots

[4] DAD_ESWL v1.0

Results & Plots

Demand-te-capacity index
!
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i
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DAD_ESWL
for mid- and high-rise structures

Response surface: pciPM

KN/

- X

Steel structures
RC structures

() Overturning moment

Calo
X-axis Y-axis

(®) Demand-to-Capacity Index (DCI)

Loadcase  |L&1 ~1 [ Check
Member l::_‘ Check
For MRI Th
Design DCI_PM = 1.4181

Design DCI_VT = 0.045304

Plotoption: ® pc™ CpaV™ O po™vT

0.5 ‘ //
I,‘I/'}M (O Inter-story drift ratio
b
0
> Im 80 [ekctasory -] [ICHeek
360 70
270 60 MRI Calc.
N
180 o z;b,’\f*\c’
Wi ! 90 0
ind difecyo,,s I 0 20 \55'5‘55
X-dir. Y-dir.
Drift by story
() Acceleration
Plotresponse surface MRI Calc
Plot design response
Acceleration by floor
Open inputs Bldg. modeling Wind loads Resp. surface Wind effects Results & Plots Save inputs Exit

Results & Plots

Overturning moment

Once the button is clicked, the overturning moment module is activated.

Note: If the option of lower limit requirement for overturning moments is not clicked in the section Lower
limit requirement of the page Wind load, the overturning moments module is not activated.

For MRI : Select a MR of interest from the list of MRIs, and click the button of Calc.

» Overturning moments in the X- and Y-axes for the selected MRIs will be
shown in the blanks.

Note) The list of MRIs for overturning moments is obtained from MRIs for
demand-to-capacity index in the page Wind Effects.

Plot response database : Place the button of Plot response database in the bottom left corner of the

page after a Plot option (X-axis or Y-axis) is chosen
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» The response database for the overturning moment in the selected axis
will be shown in the left side. The overturning moment is plotted as a function
of wind speed and direction.

Plot peak response

: Place the button of Plot peak response in the bottom left corner of the page

» The peak response database of overturning moments in both x- and y-
axes will be shown along MRIs.

Note) Overturning moments for any MRI can be obtained from this plot.

Demand-to-Capacity Index (DCI)

Once the button is clicked, the demand-to-capacity index module is activated.

Load case : Select a load combination case from the list and click the button Check.
Note 1) The list of load combination cases is obtained from the page Resp.
surface.

Note 2) The user can select Combo maximum case at the end of the Load
case list box as shown below. This option makes it possible to envelope the
peak DCI results from all load combination cases created by the user.
(®) Demand-to-Capacity Index (DCI)

Load case Check

Member Check

For MRI calc.

Peak DCI_PM =

Peak DCI_VT =

Plotoption: O pgi™ Ope™  po/™T

Member : Select a member of interest from the list of members and click the button of
Check
Note) The list of members is obtained from the page Response DB.

For MRI : Select a MRI of interest from the list of MRIs, and click the button of Calc.

» Demand-to-capacity indexes of the selected member for the selected MRI
will be shown in the blanks.

Note 1) The list of MRIs for the demand-to-capacity index is obtained from
MRIs for demand-to-capacity index in the page Wind Effects.

Note 2) DCIPM denotes the DCI for axial force and moments, DCIVT for shear
forces and torsional moments, and DCIPMVT for all the internal forces and
moments.

Note 3) If the lower limit requirement of overturning moments is used in this
software by clicking the option of the requirement in the section Lower limit
requirement of the page Wind loads, the calculated DCls are adjusted
accordingly.

Plot response database

: Place the button of Plot response database at the bottom left corner of the
page after a plot option (DCIPM, DCIVT, or DCIPMVT) is chosen

» The response database for the DCI of the selected member will be shown
in the left side. The index is plotted as a function of wind speed and direction.
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Plot peak response

: Place the button of Plot peak response at the bottom left corner of the page
after a member is selected on the member list

» The peak response database of DCIs for the member will be shown along
MRIs.

Note) Peak DCI for any MRI can be obtained from this plot. The indexes
shown in the plot correspond to the option in which the lower limit requirement
for overturning moments is not selected.

Inter-story drift ratio

Once the button is clicked, the inter-story drift ratio module is activated.

Column set

: Select a column line set of interest from the list of column line sets, and click
the button Check

Note) The list of column line sets is obtained from the page Wind Effects.

Story

: Select a story of interest from the list of all stories of the structure, and click
the button Check

Note) The list of stories in the structure is obtained from No. of stories in the
page Bldg. modeling.

For MRI

: Select a MR of interest from the list of MRIs, and click the button Calc.

» Inter-story drift ratio (x- and y-directions) of the selected story in the
selected column line set for the selected MRI will be shown in the blanks.

Note) The list of MRIs for inter-story drift is obtained from the page Wind
Effects.

Plot response database

: Place the button Plot response database at the bottom left corner of the
page after a plot option (X-axis or Y-axis) is chosen

» The response database for inter-story drift ratio in the selected direction
will be shown in the left side. The inter-story drift ratio is plotted as a function
of wind speed and direction.

Plot peak response

: Place the button Plot peak response at the bottom left corner of the page

» The peak response database of inter-story drift ratios in both X- and Y-
directions will be shown along MRIs.

Note: Peak inter-story drift ratio for any MRI can be obtained from this plot.

Acceleration

Once the button is clicked, the top floor acceleration module is activated.

Column set : Select a column line set of interest from the list of column line sets, and click
the button Check
Note) The list of column line sets is obtained from the page Wind Effects.
Floor : Select a floor (story) of interest from the list of all floors of the structure, and

click the button Check

Note) The list of floors in the structure is obtained from No. of stories in the
page Bldg. modeling.
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For MRI

: Select a MRI of interest from the list of MRIs, and click the button Calc.

» Resultant acceleration of the selected floor in the selected column line set
for the selected MRI will be shown in the blanks.

Note) The list of MRIs for inter-story drift is obtained from the page Wind
Effects.

Plot response database

: Place the button Plot response database at the bottom left corner of the
page is chosen

» The response database for resultant acceleration in the selected option
will be shown in the left side. The resultant acceleration is plotted as a function
of wind speed and direction.

Plot peak response

: Place the button Plot peak response at the bottom left corner of the page

» The peak response database of resultant acceleration will be shown along
MRIs.

Note) Peak resultant acceleration for any MRI can be obtained from this plot.

Edit figure

Use the button Edit figure on the lower left of the blank area (red circle on the below figure) to edit the
figure currently shown in the blank area. Editing tools supported by the MATLAB are available and the
users can save the figure as well.

4 DAD_ESWLv10

Results & Plots

DAD_ESWL

for mid- and high-rise structures

) Overtumning moment

4 Figure 1

Open inputs

File Edit View Insert Tooks Desktop Window Help ~

NEdS k| R ODPDEL- G 08| a0

Member  [i8 =] [Check
: For MRI [ - | | cac
i Design DCI_PM = 1.4181
E - Design DCI_VT = 0.045304
§ l, Piotoption: ® pcif™ OpclY™ O pelf™T
g 1
s L7
t Iﬂ’/] O Inter-story drift ratio
=
805 427 75
8

() Acceleration
Plot response surface Calc
Plot design response
A eration by fi
Bidg. modeling Wind loads Resp. surface Wind effects Results & Plots Save inputs Exit
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(@ Demand-to-Capacity Index (DCI)
Response surface: DCIPM .
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Appendix Il. Time integration of modal equations via ramp-invariant
filters?

A2.1. Introduction

Let H(s) = X (s)/F(s) denote the transfer function of a continuous-time system, where
F(s) and X (s) denote the Laplace transforms of the input f (t) and the response x(t),
respectively. Then, as shown by Sterns (1975), if the input is given by discrete samples in

time fm = f(tm) and is assumed to vary linearly between these time samples, then the

exact values of the response X, = X(tm) at these time values can be obtained from a
recursive filter in the following form:

M
X =2 b fon = 8%, (A2.1)

where the filter coefficients appear in the numerator and denominator of the discrete-time
transfer function H(z):

-1 -M
b, +bz" +---+b,z

-1 -M
by +a,z" +---+a,z

H(z) = (A2.2)

The discrete-time transfer function H(Z) that gives an exact simulation for piecewise

linear input (denoted a “ramp invariant simulation” by Stearns) is obtained from the
corresponding continuous-time transfer function X (s) as follows:

o2 2]

S

where L™'[] denotes the inverse Laplace transform and Z { } denotes the z-transform (the

discrete-time analogue of the Laplace transform).

Using this approach, Smallwood (1980) presented filter coefficients for a single degree
of freedom oscillator subjected to a prescribed displacement or acceleration base input. In
the following, the same approach is used to obtain filter coefficients to evaluate the
response to generalized forces in modal coordinates. Additional details in the evaluation of

H (2) are included that were omitted by Smallwood for brevity. Separate filter coefficients

are obtained for evaluation of the modal displacements and velocities, and the accelerations
can then be obtained from these using the equation of motion.

1 Written by Dr. Joseph A. Main of National Institute of Standard and Technology
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A2.2. Modal equations of motion

The equations of motion for a linear multi-degree of freedom system can be expressed as
follows:

MG+ Cg+Kg=p(t) (A2.4)

Assuming classical damping, the following orthogonality relations

XTjMXk = 1y XE KX, = ﬂka’gk5kj (A2.5)
XTjCXk =20,y 14Oy (A2.6)
Xp(t) = 4.4, (1) (A2.7)

yield the following uncoupled modal equations of motion:

éEk +2§ka)0k§k +w§k§k =g (1) (A2.8)
Zero initial conditions will be considered.

A2.3. Ramp-invariant filter for modal displacements

Consider the equation of motion for a particular mode, omitting the mode index k for
conciseness:

E+ 2wl + a5 = g(t) (A2.9)

Denote the Laplace transforms of the modal displacement and generalized force as
follows:

L{c}= X (s) (A2.10)

L{g}=F(s) (A2.11)

Using the following derivative relationships

L{E}=5X(s)-£(0"); L{Y=5"X(s)-s¢(0") -4 (0") (A2.12)
the Laplace transforms of Eq. A2.9 is given by

S?X (5) - 5& — & + 2La[sX (3) - & ]+ & X (5) = F(5) (A2.13)
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which can be regrouped as
[s2+20ws + 0°]X (3) =[S+ 2Lw]é, - &, = F(5) (A2.14)
The Laplace transform of the response can then be expressed as:

X (S) — F (S) + (S+ Zé/a)o)go + éEO (A2 15)
s? + 2L w,S + o '

Assuming zero initial conditions, the continuous-time transfer function is given by:

X(s) 1

H(s)= =
) F(s) s*°+2lws+a}

(A2.16)

Combining Eq. A2.16 and Eq. A2.3, the discrete-time transfer function for the ramp-
invariant simulation for the modal displacements is given by:

R (2—1)2 3 1
H(z)——TZ Z {L Lz(s%zgwosm)j)}} (A2.17)

Evaluate the inverse Laplace Transform using the convolution theorem:

L4[1

L 1{3—2}:t (A2.18)

I S N G PN PO (A2.19)
$° + 24w,s + w; 0]

where w=wy\1-¢* is the damped frequency, from which it follows that

W = a)g —coj{z. Using the convolution theorem, it then follows that

L™ iz . 1 - :ljt(t—r)e’g"")’ sinor dr
$° $° + 28w,s + w, @ *°
(A2.20)
_ —Gapt _ 2
o 32§+e —| 2¢ cos wt — L% it
@4 2x 1-¢?
In which the following identity is noted:
@ —20° @ —20;(1-¢%)  1-2¢° (A2.21)

@y i 1-¢7 Ji-¢?
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The discrete-time transfer function can then be expressed as

< (z-1)? ot —2¢ e _1_24“2_ A2 .22
H(z)= = Z{ p: + p: {2{005@ Msmwt} (A2.22)

The z-transforms of each term in Eq. A2.22 are evaluated as

. {a)ot—zg}_ Tz 207 (A2.23)

% | &tz @i(z-1)
20e7 ¢ 25 7* — 267" cos wT
z cosot p =—= A2.24
{ ; } @y 77 —27e " cos T +e %" ( )
~Copt 4 o2 Yy —CaT i
720 RS S N | NSO\ ¥ [
@y \1-¢? wy 1-¢? 27228 cosawl +e

Combining these terms with Eq. A2.22, the discrete-time transfer function can then be
expressed as

b, +b,z™" +b,z7

H(z)= A2.26
(2) 1+az +a,z”? ( )
where the filter coefficients are given by:
8, =-2C (A2.27)
a,=FE’ (A2.28)
1 1-2£7
b°‘mg {ZC(C—l)— e S+Ta)0} (A2.29)
1 2(1-2¢7)
=——-2CT 20 (1-E? )+ —=—=-15S A2.30
b ng[ @ +2¢ (1-E%)+ N } (A2:30)
1 1-2¢7
= E*(T 20)-2(C - A2.31
b, ng[ (Tay+2¢)-2¢C @s] (A231)

in which the following symbols are introduced for convenience, following Smallwood
(1980):
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E=e<", C=Ecosawl, S=Esinal (A2.32)

Multiplying the filter coefficients bm in Egs. A2.29 to A2.31 by a)g yields expressions

that are equivalent to those obtained by Smallwood (1980) for the “relative displacement
model”. The modal displacements are then evaluated using the following recursive filter:

2

‘):‘J:m = Z bn¢m—n _Z an(:'fm—n (A233)

n=0

A2.4. Ramp-invariant filter for modal velocities

The modal velocities can be evaluated starting with the following continuous-time transfer
function:

_SX(s) S
F(s) S°+2lws+a}

H, (s) (A2.34)

The ramp-invariant simulation for modal velocities is then given by

H,(2)= (-1 Z {L{ > }} (A2.35)

Tz s(s” +2{w,S + @)

It is noted that Smallwood (1980) obtained the following result for the “absolute
acceleration” model:

H”aa(z)z—(z_l)2 z {Ll{ 2ns +

Tz s(s* +2{w,s+ )

et
2

}_b +b,, 27t +b,,77

where &, and 4, are given in Egs. (2.27 and A2.28, and the filter coefficients in the
numerator are given by

b, =1-5' (A2.37)
b, =2(S'-C) (A2.38)
b, =E*-S' (A2.39)
in which E and C are given by Eq. A2.32, and the following symbol is introduced:
g/ EsinoT (A2.40)
ol
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The following relationship was derived previously (Egs. A2.17 and A2.26):
~ 7-1)° ) 1 b, +0bz" +b,z7
H(z)=(TZ) Z{Ll[ }}— b 0 2 (A2.41)

si(s2+20ws+ap) || 1+azt+a,z?

Combining Egs. (A36) and (A41), it follows from the linearity of the system that HV(Z)
in Eqg. (A35) can be expressed as

I:iaa(z) _wgl:l (Z)

(A2.42)

The discrete time transfer function for the velocities can then be expressed as

_by+b,zt+b,z7

1+az " +a,z”?
where @, and 4, are given in Egs. A2.27 and A2.28, and the filter coefficients in the
numerator are given by

H, (2) (A2.43)

b~y _ 1 , (1-2¢%)s |
= _aa = Tw,S'+2£(1-C)+ A2.44
R TR 7] Il R v (h2a0
b -, 1 2(1-2¢2)8 |
b, = —eal” % _ 2TwS —2¢ (1-E2)- 2255 )2 (A2.45)
L 2o, 2T§w§[ ’ (1-8) J-¢?
b 2_a)§b2 1 ' 2 (1_24/2)8
v2 24/600 2T§a)§ a)o g + é, + \/]? ( )

The modal velocities are then evaluated using the following recursive filter:

ém = Z bvn¢m—n _z a‘ném—n (A247)

The modal accelerations do not need to be separately evaluated using a filter, but can
be obtained from the modal displacements and velocities and the generalized force using
the equation of motion (Eqg. A2.9):

£, =9(t,) - 2w é, - alé, (A2.48)
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A2.5. Verification of the solver

This section validates the proper functioning of the solver of the DAD_ESWL software
using the ramp-invariant filter mentioned in this Appendix. Two simple single- and multi-
degree-of-freedom (SDOF and MDOF, respectively) examples will be solved by the solver
and compared to the closed form solutions. The examples represent simple 2D 1-story and
2-story buildings, assumed to be linearly elastic and have negligible the second-order
effects. The closed-form solutions and derivations of the examples can be found in Sect.
3.2.7 for SDOF example, Sect. 12.7 and Example 12.5 for MDOF example, respectively,
of Chopra (2016).

A2.5.1 Single-degree-of-freedom system

A simple application designed to provide a simple validation of the solver considers a
single-degree-of-freedom 1-story building excited by a sinusoidal force. Figure A2.1
shows the 1-story SDOF building model and the requisite parameters.

m
P,COS wt map '_, u(t) Mechanical and geometrical parameters

Mass m = 1 kg
Stiffness k = 100 N/m
- Modal damping (=1 %
k, C . P,=1N
Massless w =10 rad/s

tower

Figure A2.1. 1-story SDOF bQiIding model and assumed variables
A2.5.1.1 Closed-form solution
The differential equation governing the response of the system to harmonic force is
mui(t) +cu(t) +ku(t) = p, coswt (A2.49)
A particular solution (steady-state response) of this equation of motion is
u(t) = Csin wt + D cos wt (A2.50)
with

_ P 2 (0] w,)
k f-(@/e,)T +[2%(0/e,)

(A2.51)

A60



_ P 1- (0! w,)?
k [I-(0/@,)T +[2%¢ (0! @,))

(A2.52)

where wn is the natural frequency of vibration of the structure (= VK/M = 10 rad/s).
Substituting Egs. A2.51 and A2.52 in Eq. A2.50 gives

_ P g
ut) = 2k sin wt (A2.53)

Equation A2.53 is the complete solution of Eq. A2.49 for the steady-state response of the
building. Substituting po=1 N, k=100 N/m, {=0.01, and w = 10 rad/s in Eq. A2.53 yields
the time series of displacement of this SDOF example as

u(t) :%sinlot (A2.54)

A2.5.1.2 Numerical solution

For this example, the MATLAB functions performing a role of the solver embedded in the
DAD_ESWL software (a.k.a ‘F_and_M_gen.m’ and ‘modal_eom_solve.m’) were used
separately. The input variables for the example are summarized in Table A2.1. The forcing

function P, COS®t is described considering a sampling frequency of 100 Hz for a duration

time of 300 s.

The analysis is performed by running the function ‘F_and_M_gen.m’ which execute
the solver function ‘modal _eom_solve.m’. The generalized displacements (variable
‘gen_d’) is obtained through those functions. The actual displacements can be obtained
thereafter through multiplication by the eigen vector (variable ‘evectors’, which is 1 in this
example). The result will be presented in the next section with that from the closed-form
solution together.

Table A2.1. Summary of input variables for SDOF building example

Structural properties

MATLAB variable . Value Description

(see User’s Manual for details)

mass 1 [kg] Mass

evectors 1 Mode shape

D_str 1 [%] Damping ratio

T str 0.628 [s] Natural period of vibration
Sinusoidal excitation

MATLAB variable . Value Description

(see User’s Manual for details)

freq 100 [Hz] Sampling frequency
Npoints 30000 Number of sampling points
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A2.5.1.3 Comparison between closed-form and numerical solutions

Figures A2.2 shows the comparison between the time series of the displacements u(t)
obtained in the closed-form solution from Eq. A2.54, with those estimated by running the
DAD_ESWL solver. As can be seen the numerical results are in good agreement with the
exact solution. The maximum displacement obtained in the closed-form and in the
numerical analysis are 0.5 m and 0.4996 m, respectively. A good agreement can be seen in
all cases with any differences due to the numerical integration.

1

T T T T T T T T T

Closed-form solution

08 | (@) Numerical solution

06 |

u(t) [m]

-0.8

-1 Il Il Il Il Il Il Il Il Il
920 90.5 91 91.5 92 92.5 93 93.5 94 94.5 95

time [s]

Figure A2.2. Comparison of closed-form and numerical analysis time series of u
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A2.5.2 Multi-degree-of-freedom system

A simple application designed to provide a simple validation of the solver considers a
multi-degree-of-freedom 2-story building excited by a sinusoidal force applied on the first
floor. Figure A2.3 shows the 2-story MDOF building model and the requisite parameters.

. Mechanical and geometrical parameters
m :
. 2 © Massm=1Kkg
' Cy ¢ k2 - Stiffness k = 100 N/m
i " - Modal damping ¢, = 1 % for n = 1, 2" mode
Posin ot mp ® | (= 26,0,m)
My  P=1IN
[ k . w=10rad/s
C1 G, o
| b m1:2m k1:2k c,=¢

m,=m k,=k c,=c

Figure A2.3. 2-story MDOF building model and assumed variables

A2.5.2.1 Closed-form solution

From the information given in Fig. A2.3, the mass and stiffness matrices (m and K,
respectively) of the system can be obtained as

2m 0
m { } (A2.55)
0 m
[kt k] [ -k (A256)
-k, k, | |-k k|
¢, +C, —C, | _ [3c ] (A2.57)
-c, ¢ | |-¢ ¢

The frequency equation is det[k —’m] =0, which, after substituting for m and k and
evaluating the determinant, can be written as

(2m*)e* + (-5km)w” + 2k* =0 (A2.58)

The two roots are @ =K/2m and @’ =2k /m, and the two natural frequencies are

o = ‘/% and @, = \/% (A2.59)

A63



The natural modes (eigen vectors) determined from [K —a)nzm]qbn =0 are

1/2 -1
¢1=[ ) }and ¢2:{1} (A2.60)

By using the modal orthogonality, the generalized mass (M), stiffness (Kn), and the
sinusoidal excitation (Pn) for each mode n =1 and 2 are

1

M1=¢Jm¢1=E 1}{2: :J 2 =%m (A2.61)
1
M, =¢,mg¢, =[-1 1]{2? :}Hﬂﬂm (A2.62)
1 3k —k__i 3
K1=¢Jk¢1=[§ 1}{4( e 112|735 (A2.63)
J1
K, = g1 k¢, =[-1 1]@; _kk ﬂzek (A2.64)
1 3 —C 1 3
Cl=¢fC¢1={§ 1}{_0 C} 2[=¢ (A2.65)
1
C,=¢cg, =[-1 1]{?2 _:H_ll}:(ac (A2.66)

sin wt (A2.67)

[ 0
R0 =4~ 5 1}{"052)”‘“ 0}:%

P, Sin ot

Ol __p.sinat (A2.68)
=— @ .
o o] P

R0 =¢pt) =[-1 1]{

The modal equation of motion for the system becomes
M. g, (t)+C.q, (t)+K,q,(t) =P, sinwt (A2.69)

To solve Eq. A2.69, let us draw upon the solution presented in Eq. A2.50 for an SDOF
system subjected to harmonic force. The governing equation is
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mui(t) +cu(t) + ku(t) = p, sin t (A2.70)
and its steady-state solution is

u(t) =%(C sin wt + D cos wt) (A2.71)

with
1- (0! @)

- - _ (A2.72)
[1-(o/w,)T +[25 (0] o,)]

B -2{ (0! w,)
(0 a,)’T +[2¢ (0] )]

(A2.73)

The solution for Eq. A2.66 can be inferred from Eq. A2.68, and is

q,(t) = %(Cn sin wt + D, cos at)

(A2.74)

where Cn and D, are given by Eq. A2.72 to A2.73 with wn, the natural frequency for the n'"
mode (n =1 and 2 in this example). Substituting for Pno and K, for n =1 and 2 yields

2

q,(t) = 3pk0 (C,sin wt + D, cos wt) (A2.75)

q,(t) = —g—;(cz sin wt + D, cos wt) (A2.76)

The nodal displacements can be given by

N N

u(t)= u,(t)=> 4,9, (A2.77)
n=1 n=1

Thus, substituting ¢n (Eq. A2.59) in Eq. A2.74 gives the nodal displacements as

u®] |E e

[1 }: > {1 }SO (A2.78a)

u®] || 4 [L%®

u,® =200 -a,0 and L0 =61+, (A2.78b)
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Finally, substituting Eq. A2.75 to A2.76 for gn(t) gives

u, (t) = g—lz[(zcl +C,)sin et + (2D, + D,) cos wt] and (A2.79a)

u, (t) = 6'13’—&[(401 —C,)sinwt + (4D, — D) cos o] (A2.79Db)

A2.5.2.2 Numerical solution

For this example, the MATLAB functions performing a role of the solver embedded in the
DAD_ESWL software (a.k.a ‘F_and_M_gen.m’ and ‘modal_eom_solve.m’) were used
separately. The input variables for the example are summarized in Table A2.2. The forcing

function P, sinot is described considering a sampling frequency of 100 Hz for a duration

time of 300 s.

The analysis is performed by running the function ‘F_and_M_gen.m’ which execute
the solver function ‘modal_eom_solve.m’. The generalized displacements (variable
‘gen_d’) is obtained through those functions. The actual displacements can be obtained
thereafter through multiplication by the eigen vector (variable ‘evectors’). The result will
be presented in the next section with that from the closed-form solution together.

Table A2.2. Summary of input variables for SDOF building example

Structural properties

MATLAB variable Value Description
(see User’s Manual for details) P

2 0 )
mass Mass

01 [kal

05 -1
evectors Mode shape

1 1

D_str [l 1] Damping ratio [%]
T str [0.889 0.444] Natural period of vibration [s]
Sinusoidal excitation
MATLAB variable Value Description
(see User’s Manual for details) P
freq 100 Sampling frequency [Hz]
Npoints 30000 Number of sampling points
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A2.5.2.3 Comparison between closed-form and numerical solutions

Figures A2.4 to A2.5 show the comparison between the time series of the displacements
uz(t) and uo(t) obtained in the closed-form solution from Eq. A76, with those estimated by
running the DAD_ESWL solver. As can be seen the numerical results are in good
agreement with the exact solution. The maximum displacement obtained in the closed-
form and in the numerical analysis are 1.88E-4 m and 1.95E-4 m for the first floor (u1),
respectively, and are 0.01 m and 0.01 m for the second floor (uz), respectively. A good
agreement can be seen in all cases with any differences due to the numerical integration.

-4
4 ><10

Closed-form solution

O  DAD solution

U]

90 90.5 91 91.5 92 925 93 93.5 94 945 95
time [s]

Figure A2.4. Comparison of closed-form and numerical analysis time series of ux

0.02

Closed-form solution

(O  DAD solution
0015 | -

0.005

U

-0.005

fe
001 @

-0.015 | -

90 90.5 91 91.5 92 92.5 93 935 94 94.5 95

time [s]

Figure A2.5. Comparison of closed-form and numerical analysis time series of u,
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Appendix I11. Verification of module for calculating bi-axial interaction
surfaces

This section verifies the module for calculating the bi-axial interaction surfaces of RC
sections in the DAD_ESWL v1.0 by comparing them to those obtained in the commercial
RC design software spColumn v4.812. Based on the inclined neutral axes from =0 °to 0
=90 ° (see the definition of 8 in Eqg. 31), the factored interaction diagrams are compared.
Total three example sections are used; the first two sections are columns and the last section
is shear wall. The number of points used to define a two-dimensional interaction curve are
101 in the DAD_ESWL and 71 in spColumn. Note that the angles of # =0 °and § =90 °
represent the cases where the sections are subjected to a uniaxial bending moment. In the
PM diagrams with respect to each inclined neutral axis (6), five representative points are
used for validation as follows:

Point 1: Axial load strength at zero eccentricity

Point 2: Axial compressional moment at zero tensile strain
Point 3: Tensile reinforcement does not yield

Point 4: Balanced failure

Point 5: Limit of tension-controlled failure.

Each point can be expressed in the coordinates of the PM diagram where the x- and y-
coordinates correspond to the factored nominal moment (¢Mn) and axial force (¢Pn),
respectively, and the distances between origin and the selected points are used to compare
the results from both programs.

2 Structurepoint, spColumn software: Design and Investigation of Reinforced Concrete Column Sections,
www.structurepoint.org, accessed on 11/17/2016.
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A3.1. Example section 1.

Figures A3.1 and A3.2 show the example section 1 of the 800 mm x 800 mm square column
section with four reinforcements and the comparisons of PM interaction diagrams with
respect to the angle @ from both the DAD_ESWL and the spColumn, respectively. Since
the example section 1 is square and the reinforcements are placed symmetrically in all
directions, the PM interaction diagrams resulted from # =0 °to # =40 °and § =50 ° to
= 90 ° are symmetrical. The results obtained from the two programs with respect to the
essential five points are compared based on the distance from origin to each point. The
ratios of the DAD_ESWL to the spColumn for each point are then calculated and averaged
regarding each angle. It is found that the differences between the two programs are within

1 % in all cases.

50 mm
Jsomm

[ o —
1
£
o
o
(6]

L] L]

800 mm

Figure A3.1. Example section 1 (Square column)

6 Udeg 106 10 deg

0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
oM, [Nmm]  10° oM, [N.mm] 108 ¢M,, [N.mm] 108 oM, [N.mm] L1108

6 50 de 6 60 de: 6 70 dex 6 80 de
10 g 10 g 10 9 «10 9

0 5 10 15
¢M,, [N.mm]

6 90 de
«10 9

oP, [N] #P, [N]

oP, [N]

oM, [N.mm]  ,10° oM, [N.mm] ~ ,10° ¢M,, [N.mm] y10°® ¢M,, [N.mm] y10°®

¢M,, [N.mm] y10®

Figure A3.2. Comparisons of PM interaction diagrams as a function of angle 6
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A3.1. Example section 2

Figures A3.3 and A3.4 show the example section 2 of the 500 mm x 800 mm rectangular
column section with 16 reinforcements and the comparisons of PM interaction diagrams
with respect to the angle & from both the DAD_ESWL and the spColumn, respectively.
The results obtained from the two programs with respect to the essential five points are
compared based on the distance from origin to each point. The ratios of the DAD_ESWL
to the spColumn for each point are then calculated and averaged regarding each angle. It is
found that the differences between the two programs are within 2 % in all cases.

50 mm

o« o o .,j;SOmm

800 mm

500 mm

Figure A3.3. Example section 2 (Rectangular column)

s 0deg 108 10 deg 106 20 deg 106 30 deg 106 40 deg
x x x

0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15

M, [N.mm] , 10°

oP, [N]
10 6 50 deg

M, [N.mm] ,10°

#P, IN]
10 6 60 deg

¢M, [N.mm] ,10°

#P, N]
10 6 70 deg

M, [N.mm]  ,120° M, [N.omm]  ,10°

#P, [N]

6
10

80 deg

5 10 15

oM, [N.mm] 20°

oM, [N.mm] 10°

#M, [N.mm]  x10°

5 10 15

oM, [N.mm]  20°

5 10

M, [N.mm]

Figure A3.4. Comparisons of PM interaction diagrams as a function of angle 6
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A3.1. Example section 3

Figures A3.5 and A3.6 show the example section 3 of the 3810 mm x 305 mm rectangular
shear wall section with 24 reinforcements and the comparisons of PM interaction diagrams
with respect to the angle 6 from both the DAD_ESWL and the spColumn, respectively.
The results obtained from the two programs with respect to the essential five points are
compared based on the distance from origin to each point. The ratios of the DAD_ESWL
to the spColumn for each point are then calculated and averaged regarding each angle. It is
found that the differences between the two programs are up to 2 % in all cases.

50 mm

305 mm
..
.
oo
o
o
.
oo
oo
o
o
oo
oo
A

3

=

3810 mm

Figure A3.5. Example section 3 (Rectangular shear wall)

0deg 07  10deg 107  20deg 107  30deg 107  40deg

n NI n NI
107 70 deg 107 80 deg

M, [N.mm] , 10° ¢M, [N.mm] ,10° M, [N.mm] L 10° oM, [N.mm]  ,10° oM, [N.omm]  ,10°

Figure A3.6. Comparisons of PM interaction diagrams as a function of angle ¢
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Appendix IV. Example Tcl script for running OpenSees

The example Tcl script, ‘ST_Frame3D_predefined.tcl’ in the example, will be used to
describe the inputs for executing OpenSees software in the DAD_ESWL platform. This
appendix explains the minimum requirements for making the user’s pre-defined Tcl script
file, such as a basic structure, required commands, and properties. For more information,
see the OpenSees Wiki?.

The Tcl script should start with the basic model builder (command: [model
BasicBuilder]) for construction of the basic builder object. The [BasicBuilder] command
includes the dimension of a problem (‘-ndm’ = 1, 2, or 3) and the number of degrees of
freedom at nodes (“-ndf’ = 6) in the dimension assigned by the ndm option. The circular
constant (pi, «) is directly defined. The command [puts] writes user-defined strings (e.g.,
“Set-up done ...”, “Nodal coordinates defined ...”, etc.) on a pop-up window from the
console once the analysis progress by the OpenSees is done.

# 3D frame analysis by OpenSees
# High-rise Steel Building subjected to Wind
# Developed by Sejun Park @NIST, 23-Sep-2816 15:38:27

» No. of DOFs at node

E e e . .

vine ol1; [ ‘L » Dimension of problem
model BasicBuilder -ndm 3 -ndf &; o .

set PI [expr 2*asin(1.0)]; » Definition of circular constant

puts "Set-up done ----------- oo "

The command [node] is used to construct a Node object. It assigns nodal coordinates
to the Node object. Total 3,260 nodes are used for steel high-rise building in this example.
This command includes the integer tag identifying node (node label) and the nodal
coordinates depending upon the ‘ndm’.

# Define nodal coordinates -------------~-~--~--- oo

node 1 -22868.008 -15248.000 0.000; P X-, Y-, and Z-coordinates of node 1
node 2 -228608.880 -15240.000 3048.809;

node 3 -22860.800 -15240.000 6096.000;

node 3258 22860.000 -3810.000 £2434.080;
node 3258 22860.000 -11430.080 £2484.800;
node 3268 3810.080 -15240.000 62484.800; — P X- Y- and Z-coordinates of node 3260

puts "Nodal coordinates defined --------——--- - ____ "y

The command [fix] is used to construct homogeneous single-point boundary
constraints. It is followed by 1) the master node located in the mass center of a rigid
diaphragm on each floor and 2) constraints of 6 DOFs. The command includes the integer
tag identifying the node to be constrained, and the constrained type represented by 1
(constrained) and O (unconstrained) with respect to each DOF. The command
[rigidDiaphragm] is then used to construct a number of multi-point constraint objects. In
the first line using ‘rigidDiaphragm,’ for example, *3” followed by the command represents
the direction perpendicular to the rigid plane (i.e., 3 corresponds to the 1-2 plane) and sets
the constraints so that the master node of *1039° and the slave nodes (‘1100°, ‘1161, ...)
move as in a rigid plane. For definition of the supports of the steel high-rise building in this

3 http://opensees.berkeley.edu/wiki/index.php/Main_Page
AT2



http://opensees.berkeley.edu/wiki/index.php/Main_Page

example, the command [fixZ] is used to construct multiple constraints for all nodes whose
Z-coordinate lies within a specified distance from a specified coordinate. Namely, this
command is used when specifying boundary conditions for a series of nodes lying in a
plane parallel to the X-Y plane. This example sets to fully constrain all the nodes in the X-
Y plane at Z=10.0.

# Define rigad d
fix 1830 06 0 0 O
fix 1640 8 0 0 ©
fix 1841 00 0 0

Sets master nodes located in mass center of rigid plane

fix 1096 @ ©
fix 1897 @
fix 1898 @ 8 © Slave nodes

rigidbiaphragm 3 (1039(1100 1161 1222 124 1283 1344 14085 1466 1527 ...;
rigidbiaphragm 2 [1848(1161 1162 1223 125 1284 1345 1406 1467 1528 ...
rigidDiaphragm 3 (1041|1182 1163 1224 126 1285 1346 1407 1468 1529 ...[;

000 o0;
B8 6o0;
90 6;

Master nodes Sets rigid planes

rigidDiaphragm 3 [1096|1035 1157 120 1218 1279 1340 1401 1462 1523 ...[;

rigidbiaphragm 3 |1097(1636 1158 121 1219 1280 1341 1402 1463 1524 ...

rigidbiaphragm 2 [1998[1637 1159 122 1226 1281 1342 1403 1464 1525 ...;
-

P Direction perp. to
puts "Rigid diaphragms defimed ----------------ooiiii o ny I’igid plane

# Define boundary conditions ----------momeomomoi o

fixz8.8111111; —— P Fylly restrains all nodes at Z = 0.0

puts "Boundary conditions defined -----------------ooo o uy

The next part defines sections. After defining tag numbers identifying the unique
section object for each section by using the command [set], the command [section] is used
to construct a Section Force Deformation object which describes force-deformation
relationship at beam-column elements. By using this command, the elastic sectional and
material properties are assigned to each section’s tag number. The [section Elastic]
command includes the section tag number, the Young’s modulus (E, [MPa]), the cross
sectional area of section ([mm?]), the moment of inertia about the local z-axis (I, [mm?]),
the moment of inertia about the local y-axis (ly, [nm?]), the shear modulus (G, [MPa]), and
the torsional moment of inertia of section (J, [mm*]).

# Define SECTIONS --------mmmmmmimm oo
set ColIntl 1;
set ColInt2 2;
set ColInt3 3;

Sets section ID tag from 1 to 16 for 12 columns, 1 beam, and 3 bracings

set Beaml 13;
set Xbral 14;
set Xbraz 15;
set Xbra3 16;

. J
Cross-sectional area
# Column sections: 12 types

section Elastic 1 199947.930 130600.060 9263333333.800 9203333333.000 76903.070 137 .080;
section Elastic 2 199947.930 110000.800 5591666667.800 5591666667.000 76903.070 3313750000.000;
section Elastic 3 199947.980 89600.000 4706986667.000 4706986667.000 76903.070 7024640000.000;

Young’s modulus (E) | G
| y
# Beam sections: 1 type ‘

section Elastic 13 199947.936 9290.300 113214947.360 33876015.790 76903.870 5738561.630;

# Bracing sections: 3 types

section Elastic 14 199947.930 23100.000 788982500.000 354082500.080 76903.070 744395479.080;
section Elastic 15 109947.938 20106.000 460307500.008 293107580.000 760903.078 530035476.000;
section Elastic 16 199947.936 12624.000 166537152.000 125131952.080 76903.070 214370187.2080;

puts "Elastic sections defined ----------ommoooooo "
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The command [geomTransf] is used to construct a coordinate-transformation object
which transforms beam-column element stiffness and resisting force from the local-
coordinate system to the global-coordinate system. This example applies a linear
transformation for a three-dimensional problem. The command [geomTransf Linear]
includes the unique identifier for Transf object and X, Y, and Z global-coordinate
components of the “vecxz’ vector defined in the OpenSees manual (e.g., the local z axis in
this example). In this steel high-rise building example, total 7 geometric transformations
are defined depending upon the directions and positions of the local z axis for each member.
For more information, refer to the OpenSees Wiki.

# Assign elements =----------mmmmmee e
geomTransf Linear| 1|8 1 8; — X, Y, and Z components of ‘the vector’
geomTransf Linear| 2|0 -1 8;

geomTransf Linear| 3|1 @ 8;

Transf. ID tag

puts "Geometric transformaticns defined ------------------- - uy

Finally, the beam-column elements should be defined for the building frames. The
command [element nonlinearBeamColumn] is used. Total 8,140 elements are used for this
steel high-rise building example. Note that the users must contain the command [-mass]
which defines the element mass density (mass per unit length of a member, [kg/mm]). This
element mass density will be used to form a global mass matrix of the system for solving
the eigen problem. The command [element nonlinearBeamColumn] includes the unique
element object identifier, the labels of end nodes, the number of integration points along
the element, the identifier for the user-defined section object, the identifier for the user-
defined geometric transformation object, and the [-mass] command with the element mass
density.

# Define beam-column elements

# for Columns

element nonlinearBeamColumn 1 1 2 5 1 1 -mass 0.0810208370;
element nonlinearBeamColumn 2 2 3 5 1 1 -mass 0.081828370;
element nonlinearBeamColumn 2 3 4 5 1 1 -mass 0.081820370;

Element ID tag

. — » End nodes ID tag
element nonlinearBeamColumn 2098 2132 2133 5 -mass ©.000181312;

61
element nonlinearBeamColumn 2899 2133 2134 5 6 1 -mass 0.000181312;
61
L

element nonlinearBeamColumn 2168 2134 2135 5 -mass 0.080181312;

- P Geom. transf. ID tag
# for Beams Section ID tag

element nonlinearBeamColumn 21681 2 387 5 13|2 -mass 8.8012601283;

element nonlinearBeamColumn 2102 3 388 5 13|2 -mass 0.001269128;

element nonlinearBeamColumn 2183 4 389 5 13|2 -mass 0.001269128;

No. of integration points

element nonlinearBeamColumn 5578 2872 2132 5 13 3 -mass 0.001269128;
element nonlinearBeamColumn 5579 2073 2134 5 13 3 -mass 0.001269128;
element nonlinearBeamColumn 5580 2074 2135 5 13 3 -mass ©.601082705;

# for Bracings Element mass density
element nonlinearBeamColumn 5781 672 2789 5 14 4 -mass 0.000181312;
element nonlinearBeamColumn 5782 2709 878 5 14 4 -mass 0.808181312;
element nonlinearBeamColumn 5785 977 2710 5 14 4 -mass 0.000181312;

element nonlinearBeamColumn 8134 23865 1401 5 16 7 -mass 0.008099086;
element nonlinearBeamColumn 8137 1402 2866 5 16 7 -mass 0.008099086;
element nonlinearBeamColumn 8138 3066 1462 5 16 7 -mass 0.000099086;

puts "Element coordinates defined -------------~-- - "
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After inputting on the page Bldg. modeling the users’ pre-defined Tcl script for their
target high-rise building model, the click of button Run OpenSees generates the rest of
mandatory objects, such as recorder, analysis, and time-series for running the OpenSees,
and automatically adds them to the Tcl script. The final Tcl script is saved on the directory
specified by the users with the filename of ‘applyingLoads.tcl’. Then the button shows
the string Running OpenSees ... busy, as shown below. This might take a few minutes
to even hours according to the size of the problem and the computing system’s
performance. For reference, it took seven minutes to solve the steel high-rise building
example (60-story with total 8,140 members) being stated in this manual by using a
personal computer (Intel® Xeon® E5 CPU and 16 GB of RAM).

4 DAD_ESWLv1.0

- X
DAD_ESWL Ste
for mid- and high-rise structures RC
Building information Analysis type
Mo. of stories Building height [m] Building width [m] Building depth [m] @ Linear
50 13255 4572 3045 (O Second-order elastic (P-Delta)
Heights of floors
C:\Project_02\Building_data\ST_height_floors.mat Browse...
List of all members
C:\Project_02\Building_data\ST_members_list. mat Browse...
Details of all members
C:\Project_02\Building_data\ST_member_properties. mat Browse...
Structural properties
No. of modes Modal damping ratio [%] Mass matrix
& 1.5 1.5 15 1.5 15 15 C\Project_02\Building_data\ST_mass_asc.mat Browse...
(O Input analysis results from arbitrary FE software (® Use OpenSees
Static analysis
- Influence coefficients Pre-defined Tcl script
Browse C:\Project_02\0penSees\ST_Frame3D_predefined.tcl Browse..
- Internal forces due to dead load Connectivity data
C:\Project_02\0penSees\model_props.mat Browse...
- Internal forces due to super-imposed dead load Gravity loads data
Browse C:\Project_02\0penSees\gravity_loads.mat Browse...
- Internal forces due to live load QOutput directory
C:\Project_02\0penSees Browse...
Eigenvalue analysis
-Mode shapes OpenSees is running ...
-Modal periods [s]
mnni
Open inputs Bldg. modeling Wind loads Resp. surface Wind effects Results & Plots Save inputs Exit

After running the analyses by the OpenSees, the DAD_ESWL displays a pop-up
window including the analysis progress and results. If the users add to their Tcl script the
command [puts] to check the analysis progress as described in the second paragraph in this
appendix, those user-defined strings can be seen on this pop-up window. It also shows the
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natural periods of vibration, the applied load cases, and the elapsed time. These contents
are saved on the directory specified by the users with the filename of ‘Progress.txt’.

<4 DAD_ESWL v1.0: OpenSees progress ... — X 4 DAD_ESWL v1.0: OpenSees progress ... — X
OpenSees analysis is done as below, Make required matricies OpenSees analysis is done as below, Make required matricies
OpenSees -- Open System For Earthquake Engineering Simulation | [Fatural pericds: A
Pacific Earthquake Engineering Resesarch Center —— 2.4.6€ (rev €062) Tl = €.053055426260564
T2 = 5.7270801275593

(c) Copyright 1995-2013 The Regents of the University of California T3 = 5.3100123687002725
A11 Rights Reserved T4 = 1.3842783335996195

(Copyright and Disclaimer B http://www.berkeley.edu/OpenSees/copyzright.html) T5 = 1.5741457743080002

Té€ = 1.9330425659048€739

Eigenvalue analysis completsd

Set-up done

Hodal coordinates defined Total (183) load cases applied

Rigid diaphragms defined

Boundary conditions defined —-----mm-mmmmmmmmmmememmmeeemee 1. Dead load applied
Elastic sections defined 2. Super-imposed dead load applied
Geometric transformations defiped —--——-—--—-——— 3. Live load applied

Element coordinates defined 4. 180 unit loads applied
Recorder defined Static analysis completed

Elapsed time is 415.430630 seconds.

Navural periods: v v

After checking all the information displayed on this window shown above, the users
can generate the matrices of the results from the OpenSees analysis in appropriate forms
of MATLAB data files to be used in the main algorithm of the DAD_ESWL by clicking
the button Make required matrices located in the right upper of the window (red circles
on figure above). Creating these matrices is a three-step process and the user can see a
progress bar on each step: 1) Reading OpenSees output files, 2) Making matrices of frame
internal forces due to gravity loads, and 3) Making a matrix of influence coefficients.

4 20% 0secremaining = X
| (1/3) Reading Op butput files .. ]
4 40% 5secremaining - X

(2/3) Making matrices of frame internal forces due o firavity loads ... ]

4 40% 5 min, 45 sec remaining - .4

(3/3) Making a matrix of influence coefficients ... |

After all these calculations, the DAD_ESWL displays a dialog window as shown
below. The button Close all close the pop-up window showing the progress and results
and the dialog window. The users then can proceed to the next page Wind loads.

4 DAD_ESWL V1.0 - X

Static and eigenvalue analyses are done. All the variables are ready.

Close all
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Appendix V. Construction of variable — ‘mass’

This section briefly presents, through a simple example, a procedure for constructing the
variable mass required to perform dynamic analyses by the DAD_ESWL software.

Figure A5.1 illustrates the 3-story steel building being considered, with 9 m height, 12
m width, and 12 m depth. The dynamic analyses performed by the DAD_ESWL software
require the use of the lumped-mass system representation of the structure (Fig. A5.1c). The
lumped masses are located at the building’s center of mass, that is, at the intersection of
the building’s principal axes x and y and rotational z axis. The following tasks show how
the mass and the mass moment of inertia are calculated for each floor, and how the variable

mass is constructed for use in the DAD _ESWL software.

6m 6m T
- * + ¢ -3 floor (roof) - oM
\.\--""'- . 3m
0 —1
. B B & - 2nd floor - oM
R \
I " 3m
N . \ B * # -1t floor - oM
' ™ _»
& 3m b
& e X 7% Ground floor -~ — X
_Jf;:
(a) 3D view (b) Side view (c) Lumped-mass system

Figure A5.1. Schematic views of 3-story example building
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A5.1. Mass

1. Determine the members’ dimensions and other properties. The example 3-story steel
structure consists of 9 columns per story (total 27 columns), 12 beams per floor (total 36
beams), and a concrete slab with 0.2 m thickness and 144 m? area per floor. Assume that
all columns and beams are W14x90 and W14x26, respectively, and that a super-imposed
dead load of 80 kg/m? is applied to the slab. The specific masses of steel and reinforced
concrete are 7849 kg/m? and 2406 kg/m?3, respectively.

2. Determine for each floor the tributary height in the lumped-mass model. It is
assumed that the mass of each floor is concentrated at the elevation of the respective slab.
Figure A5.2 shows the tributary height corresponding to the mass of each floor, mi, mo,
and ms. The mass corresponding to the ground floor (tributary height = 1.5 m from the
ground) is not considered.

z Tributary

6m 6m height

3 floor (roof) -~ @ Mg

1.5m

5 11
2nd floor ---------------- [ 3m

3m || e
1st floor ---------------- oM 3m

3m Z
s 4 X 1.5m

@--moemoememeoeoeoeee @)oo mmemeees ®-----Ground floor == —» X -—--------

5 Sl % ~Ground floor >

Figure A5.2. Tributary height for each floor of the lumped-mass system

3. Determine total mass per floor. Using the information given above, the mass per
floor can be calculated as shown in the following table. The masses in x- and y-axis for the
first, second, and roof floors are 85821 kg, 85821 kg, and 83317 kg, respectively.

Super- Total
Column (W14x90 Beam (W14x26
Tributary ( ) ( ) Con'c | imposed | mass
height Mass Mass slab dead per
Floor Area | member Area | member load floor
EA EA
[m] [m?] [ka] [m?] [ka] [ka] [kal [kd]
Roof 15 0.017 201.3 9 0.005 57.7 12 | 69292.8 | 11520.0 | 83317.0
2 3.0 0.017 402.7 9 0.005 115.4 12 | 69292.8 | 11520.0 | 85821.2
1 3.0 0.017 402.7 9 0.005 115.4 12 | 69292.8 | 11520.0 | 85821.2
Ground 15 0.017 201.3 9 0.000 0.0 0 0 0 1811.9
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A5.2. Mass moment of inertia

Each member is assumed to be a thin rod. Therefore, the mass moment of inertia for
column members is |, = mcrz, where m is the mass of the column and r is the distance

from the rotation axis (z-axis of the building) to the member’s mass center. For the beam
members, the case of a thin rod about its center should be included, thus,

lyears = My P2 +M, I%z’ where mp is the mass of the beam and | is the beam length.

1. Classify the members by their mass moment of inertia. Using the symmetry of the
building section, the members can be classified as shown in Fig. A5.3 (c1 and c2 for
columns and by, b, bs, and b4 for beams). Note that the length of the beams is | =12 m.

North
Cy
@ D 4
&
\\ C]_
\\
(PPN
\\\
E: e £
w 28
b, b,
6m 6m
South

Figure A5.3. Categorized members for the mass moment of inertia in the plan view.

The mass moment of inertia for each type of member is calculated as follows:

2
l g =4 myri  for columns (A5.1)
i=1
2 |2

|
lpsam ns = 2(My, 15 + My, E) + mmE for beams located vertically, i.e., by and b,

(A5.2a)
2 |2

|
2
Ibeam,EW = 2(mb4 Fpy + My, E) + My, E

for beams located horizontally, i.e., bs and b

(A5.2b)
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2. Determine the mass moment of inertia for columns and beams. Using the information
given above, the mass moment of inertia per floor can be calculated as shown in the
following table.

Floor Tributary height Column Beam (NS) Beam (EW) Total
[m] [kg-m?] [kg-m?] [kg-m?] [kg-m?]
Roof 1.5 115964.3 6230.5 6230.5 128425.3
2 3.0 231928.5 12461.1 12461.1 256850.7
1 3.0 231928.5 12461.1 12461.1 256850.7
Ground 15 115964.3 0.0 0.0 115964.3

3. Determine the mass moment of inertia for the concrete slab and super-imposed dead
loads. Let the concrete slab and the super-imposed dead loads assume to be flat planes. The
mass moments of inertia for them can be calculated as follows:

l oy = %ms (a® +b?) for concrete slab (A5.3)
| ong = % m,, (a® +b?) for super-imposed dead load (A5.4)

where ms is the mass of the concrete slab, msq is the mass of the super-imposed dead load,
and a and b are the width and depth of the concrete slab (a = b = 12 m in this example).
Using the information given above, the mass moment of inertia per floor can be calculated
as shown in the following table.

Floor Tributary height Con’c slab Super-imposed dead load Total
[m] [kg-m?] [kg-m?] [kg-m’]
Roof 1.5 1663027.2 276480.0 1939507.2
2 3.0 1663027.2 276480.0 1939507.2
1 3.0 1663027.2 276480.0 1939507.2
Ground 1.5 0.0 0.0 0.0

4. Determine total mass moment of inertia per floor. The total mass moments of inertia
in the rotational z axis are a sum of those for the structural members and for the concrete
slab and the super-imposed dead load. Therefore, those for the first, second, and roof floors
are 2196358 kg-m?, 2196358 kg-m?, and 20679323 kg-m?, respectively.
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A5.3. MATLAB variable mass

The variable mass is a column vector whose components consist of the masses and
mass moment of inertia associated with each floor of the building. The first 3 components
are associated with the masses (kg) contained in the building’s principal axes x and y, and
with the mass moment of inertia (kg-m?) about the building’s rotational z-axis at the first
floor. The next 3 components are associated with the second floor and so forth (see Fig.
Ab5.4). Therefore, if the number of floors is N, the mass vector will have 3N components.

m,
YA ml
N iy
m,
m, 2nd floor
Fe\%d
N Im2
®
my
N
' ><>( ’ My
L I mN _|

Figure A5.4. Variable — mass
Therefore, the variable mass for the example building is

[ 85821 |
85821
2196358
85821
mass (9 x 1) = | 85821 |, and it can be saved in a MAT file with an arbitrary name.
2196358
83317
83317
| 2067933 |
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Appendix V1. Construction of variable — ‘dif’

This section briefly presents a procedure for constructing the variable dif required to
perform dynamic analyses by the DAD_ESWL software, where dif denotes influence
coefficients representing internal forces in the structure’s members induced by a unit load
with 3 components (along the x, y, and z axes) acting at the mass center of each floor. The
example building used to illustrate the procedure is the same as in Appendix V (Fig. A.5.1).

The internal forces in the members are the axial force (P), shear forces in the member’s
local x and y directions (V2 and V3), torsional moment (T), and bending moments about
the member’s local x and y directions (M2 and M3). The influence coefficients will be used
for determining the members’ wind-induced internal forces via multiplication by
multiplying them to the effective floor wind loads.

The following tasks show how the influence coefficients are calculated and how the
variable dif is constructed.

Note that the influence coefficients of a building model can be obtained using a finite
element analysis software. In this report, SAP 2000 (CSI 2015) was used for the calculation
of the influence coefficients for all members.

1. Determine the members’ dimensions and other properties. This task is identical to
its counterpart in Appendix V.

2. Apply unit loads to the mass center of each floor. The unit loads with 3 directions,
i.e., the unit forces (1 N) about the global x and y axes and the unit moment (1 N-m) about
the global z-axis, should be applied to the mass center of each floor. For this example, a
total of 9 load cases (3 directions time 3 floors) would be generated and applied to the
building model as shown in Fig. A6.1.

2-axis T . l-axis

P

M, $ Mid section
A

D Vv, Terminal section
= Vs, M
o 3-axis
\ - \\\. Initial section
"" . ™ ]
Figure A6.1. Applying unit loads to mass center of Figure A6.2. Element output stations and
each floor local axes
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3. Set the element output station to 3. The DAD_ESWL software is developed to obtain
the internal forces at three sections of each structural member. The three locations are the
member’s two ends and the midpoint (shown as initial, terminal, and mid sections,
respectively, in Fig. A6.3). The influence coefficients required to obtain the internal forces
must be calculated accordingly.

4. Determine the influence coefficients. The 6 internal forces, i.e., P, V2, V3, T, M2, Mg,
at the 3 locations of each member can be obtained by a finite element analysis software
program (SAP 2000 for this example), and can be shown as Fig. A6.3. The first column
indicates the element labels from 1 to 63 (27 columns plus 36 beams), the second column
indicates the output location of each member, and the third column indicates the unit load
cases (unit_x01 to 03, unit_y01 to 03, and unit_z01 to 03 correspond to the unit forces in
the global x and y axes and the unit moment about global z axis, respectively). The next 6
columns indicate each of the 6 internal forces in sequence. A total number of the data rows
should be 1701 (3 locations x 3 unit loads x 3 floors x 63 members).

Element Location | Load case P V2 V3 T M2 m3
Label m Text N N N N-m N-m N-m

1 0 unit_x01 0.0029 0.0028 0.0001 -0.0001 0.0001 0.0085
1 1.5 unit_x01 0.0029 0.0028 0.0001 -0.0001 0.0000 0.0043
1 3 unit_x01 0.0029 0.0028 0.0001 -0.0001 -0.0001 0.0002
1 0 unit_x02 0.0084 0.0069 0.0001 -0.0002 0.0002 0.0220
1 1.5 unit_x02 0.0084 0.0069 0.0001 -0.0002 0.0000 0.0116
1 3 unit_x02 0.0084 0.0069 0.0001 -0.0002 -0.0002 0.0012
1 0 unit_x03 0.0136 0.0102 0.0002 -0.0002 0.0003 0.0331
1 1.5 unit_x03 0.0136 0.0102 0.0002 -0.0002 -0.0001 0.0177
1 3 unit_x03 0.0136 0.0102 0.0002 -0.0002 -0.0004 0.0024
1 0 unit_y01 0.0053 0.0001 0.0044 0.0002 0.0103 0.0002
1 1.5 unit_y01 0.0053 0.0001 0.0044 0.0002 0.0037 0.0000
1 3 unit_y01 0.0053 0.0001 0.0044 0.0002 -0.0029 -0.0001
1 0 unit_y02 0.0138 0.0002 0.0100 0.0003 0.0240 0.0003
1 1.5 unit_y02 0.0138 N nona nninn ~ooannn ~annn n nnnn

SRS -U.UuUZ 0.0013 0.0026
63 3 unit_z01 -0.0002 0.0004 0.0002 -0.0002 0.0010 0.0020
63 6 unit_z01 -0.0002 0.0004 0.0002 -0.0002 0.0006 0.0014
63 0 unit_z02 -0.0007 0.0006 0.0006 -0.0017 0.0061 0.0083
63 3 unit_z02 -0.0007 0.0006 0.0006 -0.0017 0.0052 0.0074
63 6 unit_z02 -0.0007 0.0006 0.0006 -0.0017 0.0043 0.0065
63 0 unit_z03 -0.0002 -0.0103 -0.0104 0.0020 -0.0118 -0.0114
63 3 unit_z03 -0.0002 -0.0103 -0.0104 0.0020 0.0037 0.0040
63 6 unit_z03 -0.0002 -0.0103 -0.0104 0.0020 0.0193 0.0195

Figure A6.3. Table of influence coefficients output data

The output data can be obtained in various formats, e.g., Microsoft Excel (.xlsx), text
(.txt), or comma separated values (.csv).
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5. Make the MATLAB variable — dif. The output data saved in an arbitrary format
mentioned above can be read by using the MATLAB functions, e.g., ‘“fopen’, ‘fgets’, and
‘xIsread’. Next, the data should be converted to an appropriate 3D array variable named
dif for processing by the DAD_ESWL software. It is strongly recommended that the users
write a script to handle the tasks of reading and converting the output data.

The variable dif is a 3D array. Each face of dif contains the influence coefficients
associated with the six internal forces that are induced by a unit force or moment applied
to the mass center of a given floor in one of the directions x, y, or rotational z. The internal
forces are assigned from the first column to the sixth column, such as P, V2, V3, T, M2, and
Ma. The first 3 (directions) x 3 (floors) = 9 rows contain influence coefficients in the initial
section. The second and the third 9 rows contain the influence coefficients in the mid-
section and in the terminal-section, respectively. Each 3-row contains influence
coefficients in the x axis first from the first floor to the roof floor, then those in the y
direction, and finally those in the rotational z direction. The total 9 x 3 (output locations
per member) = 27 rows are assigned in every column for a given face. The index of each
face identifies the member.

Finally, the array size for this example is 27 rows x 6 columns x 63 faces. Figure A6.4
shows the variable dif for the member 1 (out of 63) of the 3-story example building.

Bﬁ Variables - dif  x
dif
FH 27x6:63 double
vall:,:,1) =
P V, Vs, T M, M,
) 0.0029 0.0028 0.0001 -8.0001 8.0001 0.0085
unit X o.eesa 0.0069 0.0001 -08.0002 0.0002 9.0220
_B6.0136 __ 0.8102 | 0.0002 __-0.0002 0.08003 | 0.0331
_ 0.0053 9.08001 0.0044 9.0002 0.0103 0.0002 Initial
unit y e.e13s 0.0002 0.0100 0.0003 0.0240 0.0003 .
/0.0263 _ 8.0003 __ 0.0136____0.6003 __ 0.6330 ___ 0.0004_ section
-0.0008 0.9124 -0.0125 0.0020 -0.0239 0.0272
unitf z -e.ee21 9.9133 -0.0126 9.0002 -0.8302 0.0404
-b.e828  0.0129  -0.0123 | 0.0000 _ -0.0314 | 0.0453
0.0029 0.0028 0.0001 -0.0801 -0.0000 0.0043
0.0084 0.0069 0.0001 -0.0802 -0.0008 0.0116
0.0136 9.9102 ©.0002 -0.0802 -0.0001 9.0177
0.0853 0.08001 0.0044 0.0002 0.0037 0.0000 Mid
0.0138 0.0002 9.0100 9.0003 0.0090 0.0000 ;
0.02088 0.80083 0.0136 0.0803 0.0126 -0.0000 section
-0.0008 0.0124 -08.0125 0.0020 -0.0052 0.0086
-0.08021 0.9133 -0.0126 0.0002 -0.0113 0.0204
-0.00829 0.0129 -0.0123 9.0000 -0.0129 0.0260
0.0029 0.0028 ©.0001 -0.0801 -0.0001 0.0002
0.0084 0.0069 ©.0001 -0.0802 -0.0002 0.0012
0.0136 9.09102 ©.0002 -0.0002 -0.0004 0.0024
0.0053 0.0001 0.0044 ©.0002 -0.8029 -0.0801 Terminal
0.0138 0.0002 0.0100 9.0003 -0.0060 -0.00083 .
0.0208 0.0003 9.0136 ©.0803 -0.0078 -0.0085 section
-0.0008 9.9124 -08.0125 8.0020 0.0136 -0.0100
-0.08021 0.9133 -0.0126 0.0002 0.0075 0.0005
-0.0029 9.9129 -0.0123 9.0000 0.0055 0.0067 il

Figure A6.4. Variable — dif (27 x 6 x 63)
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Appendix VII. Construction of variable — ‘Ratio_Vs’

This section presents a procedure for constructing the variable Ratio_Vs required to
perform the extreme wind speed analyses in the DAD_ESWL software. The extreme wind
speed analyses must use micro-meteorologically homogeneous data, meaning that all the
wind speed data in a set correspond to (1) the same height above ground, (2) with the same
terrain exposure (e.g., open or suburban), and (3) the same averaging time (e.g., 3-s, 1-min,
10-min, or 1-hour). If the wind speed data do not satisfy the micrometeorological
homogeneity requirements, they should be transformed so that the requirements are
satisfied. To transform them to the mean hourly wind speeds at the building height in the
requisite terrain exposure, the wind speed ratios, i.e., the variable Ratio_Vs, for each
terrain exposure should be used.

The MATLAB variable Ratio_Vs is a row vector containing the ratios between wind
speeds in m/s at the weather station (e.g., at 10 m above ground in open terrain exposure)
to the mean hourly wind speeds at the building height for the terrain exposures of the
building being designed. The variable must consist of four columns with respect to the
terrain exposures as shown in Fig. A7.1. The following sections explain a relation between
the wind speeds averaged over different time intervals above any type of terrain exposure
and show examples of the calculation of those ratios.

. v, v H v.H VA
Ratio Vs=| —4 B c D
—_ V 10m V 10m V 10m V 10m
C C C C
O N <O Q
0{0'0 O{Ofo er o,bo
R 2
) &
&

Figure A7.1. Variable structure

A7.1. Wind speed profiles and micro-meteorological homogeneity

The variation of wind speed with height can be expressed approximately by the power law
as

V(2) =V (2,4 (=)« (A7.1)

ref

where V is the wind speed, z is the height, and zr is the reference height. The exponent 1/«
depends upon surface roughness and the averaging time, the profiles being flatter as the
averaging time decreases. The power law exponents are specified by the ASCE 7-16
standards (ASCE 2016) and by the National Building Code of Canada (Canada 1971), and
will be mentioned at the end of this section. Figure A7.2 shows a schematic of the wind
profiles for the open and arbitrary terrain exposures.
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Figure A7.2. Schematic of wind profiles for the open and arbitrary terrain exposures.

From Eg. A7.1, the wind speed at the building height (H) in the arbitrary terrain
exposure (r = A, B, C, or D) can be expresses as

1
v —yiom e (A7.2)
10

where Vr10m is the wind speed at the reference height (10 m above ground) in the arbitrary
terrain exposure z, and it also can be expressed from Eq. A7.1 as

1
v 2y (22 (A7.3)

a.r

where V,g is the wind speed at the gradient height in the arbitrary terrain exposure (Zg,r) .

Since the gradient wind speed is independent of any type of terrain exposure (see Fig.
A7.2), the following expression can be satisfied.

1

Z J—
2 v =vn sy A7)
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where chm is the wind speed at the reference height in the open terrain exposure, which is

the data obtained in the weather station, and Z, . is the gradient height in the open terrain
exposure (Table A7.1). Substituting Eq. A7.4 in Eq. A7.3 yields

Zoca 10
Vrlom :VC:I.Om (f;(;ﬁ)ac (_)a, (A75)

g.r

Thus, Eq. A7.2 can be rewritten by substituting Eq. A7.5 in it as

; Loyt
VH =V10m "9Cvac (' Y A76
r (3 ( 10 ) (Z ) ( )

g.r

Equation A7.6 is valid when all wind speeds used in Egs. A7.2 to A7.6 are mean hourly
values. If this is not the case, Eq. A7.6 should be modified accordingly. For example,
consider a case in which the 3-s wind speed at 10 m elevation above the ground in the open

terrain exposure, V2" is to be rescaled to the mean hourly wind speed at elevation H in
the open terrain exposure, V. Then, the wind speed being sought is calculated as:

1 1

1 z H ..
VH — V3-s,10m 9.C yac a, 7.7a
¢ ={gc (G ) (A7.73)

g,r
where 1/1.52 is the ratio of 1-hour averaged speed to 3-s averaged speed at 10 m elevation

above ground in open terrain exposure (see Figure ¢26.5-1 of ASCE 7-16), and 1/o is the
power law exponent for mean hourly wind speeds in terrain exposure r (= A, B, C or D).

Equation A7.7a can be generalized if VCS'S‘lom is transformed to the mean hourly wind speed
at elevation H in terrain exposure r,V,"

1 1

9,7

where 1/a3.sr is the power law exponent for 3-s wind speeds in terrain exposure r.
The ASCE 7-16 provides the mean hourly wind speed at height Z determined from
Eq. A7.8, which is equivalent to Eq. A7.7a.

V, =V (

IS

) (A7.8)

S~

where b and « is the constant listed in Table A1, and V is the basic wind speed averaged
in 3s. Egs. A7.7b and A7.8 are identical.
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Table A7.1. Terrain exposure constants and power law exponents

Terrain exposure” A™ B C D
b 0.23 0.45 0.65 0.80
o 2.5 4.0 6.5 9.0
Z, 520 m 365.76 m 274.32m 213.36 m

* Terrain exposure categories: A = Urban, B = Suburban, C = Open, and D = Water surface.
** Values for the terrain exposure A are from NBC of Canada.

Finally, the variable Ratio_Vs can be calculated and constructed by using Eq. A7.7b
as

1hr,H 1hr,H 1hr,H 1hr,H
VA VB VC VD

Avg-time,10m Avg-—time,10m Avg-time,10m Avg—time,10m
Ve Ve Ve Ve

Ratio Vs =

r 1 17
Zycvae ¢ H vas
PEEY ()

g.A

7oy ( My A7.9
7(3) (Z_) (A7.9a)

9.B

Z...— H
Y (19—(’;:)0‘C (—)*

g.C

1

1

z .- H
7(19—(';)% (=)

g,D

, or by ASCE 7-16 standard using Eg. A7.8 as

. _Ho. - Ha. - HL - Ho
Ratio_Vs=|b,(=)" by(-=)" b.(=)* by(=)* :
10_ A(lo) B(lo) c(lo) D(lo) (A7.9b)

Note that the wind speeds used in the DAD_ESWL software are in the SI unit (m/s).

A88



A7.2. Example problems

Problem 1. Determine the variable Ratio_Vs when the NIST hurricane data are applied to
designing a 182.88 m height building surrounding the suburban and open terrain exposures.
The NIST hurricane wind speeds can be accessed via www.nist.gov/wind, and are 1-min
averaged in knots at 10 m above in the open terrain near the coastline.

Solution)
Due to the wind speeds are in knots, the converting constant can be

0. 447(m—/‘°’) 1 15(mph) 0.514 (A7.10)

And the averaging time ratio of 1-hour to 1-min is

1

A7.11
1.24 ( )

}/:

From Table A7.1, the gradient heights Z, », Zy g, Z,c,and Z;p are 520 m, 365.76 m,

274.32 m, 213.36 m, respectively, and the power law exponents 1/aa, 1/ag , 1/ac , and
1/op are 1/2.5, 1/4.0, 1/6.5, and 1/9.0, respectively. Thus, the variable Ratio_Vs can be
constructed as

) 0 Vlhr,H Vlhr,H Vlhr,H Vlhr,H
Ratio_Vs = V1?1in,10m Vlr?ﬂn,lom Vl(n:ﬂn,lOm Vlr?ﬂn,lOm }
c c
I 274.32 182 88, L
0.514 6 5
(1 5 4)( ) ( )
0.514( )(274 32)65(182 88)4
_ 1.24 365.76 (A7.12)
274.32 182.88.
0.514 6 5 6 5
(1 24)( ) (274 32)
274.32 182.88.%
0.514 6 5 9
L (1 24)( ) (213.36)

=[0.454 0.580 0.648 0.678]
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Problem 2. Determine the variable Ratio_Vs when the synoptic data generated based on
3-s averaged wind speed in mph at 10 m above ground in the open terrain exposure are
applied to designing a 160 m height building.

Solution)
Due to the wind speeds are in mph, the converting constant can be

0. 447(m—/3) 0.447 (A7.13)
mph

And the averaging time ratio of 1-hour to 3-s is

1

A7.14
1.52 ( )

}/:

From Table A7.1, the gradient heights Z, », Zy g, Z,c,and Z;p are 520 m, 365.76 m,

274.32 m, 213.36 m, respectively, and the power law exponents @,, @z, @, and @

are 2.5, 4.0, 6.5, and 9.0, respectively. Thus, the variable Ratio_Vs can be constructed
as

) _Vlhr,H Vlhr,H Vlhr,H Vlhr,H
Ra.tIO_VS = V(?s,lOm VES,lOm VES,lOm V(?s,lOm
- 1 27432 % 160 L |
0.447 55 25
(1.52)( ) ( )
1 1
) 0.447( .1 )(27432@( 160 )6% (A715)
' 1.52 274.32
1 ..27432.L 160
0.447 s 9
(1.52)( ) (213.36)

=[0.306 0.398 0.451 0.474]

An alternative approach can be developed, wherein the logarithmic law, rather than the
power law is used.
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