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Abstract: 11 

Recent developments in pressure measurement technology, and unprecedented “big data” 12 

capabilities, have enabled the development of Database-assisted Design (DAD), a powerful 13 

innovative approach to the design of tall buildings for wind. DAD is accurate, rigorous, 14 

transparent, and user-friendly. Also, DAD eliminates unwieldy back-and-forth interactions 15 

between the wind and the structural engineer, needed in traditional practices if iterative designs 16 

are performed. In spite of these advantages, some structural engineers have shown interest in an 17 

alternative approach that uses equivalent static wind loads (ESWLs) in lieu of DAD. Such an 18 

approach is warranted if ESWLs induce in structural members demand-to-capacity indexes (DCIs) 19 

approximately equal to their peak counterparts obtained by DAD.  This paper presents and assesses 20 

a simple procedure for calculating such ESWLs. The procedure uses an effective multiple points-21 

in-time (MPIT) method for estimating combined peak wind effects, and accounts rigorously and 22 

transparently for wind directionality. A case study is presented that uses both the ESWL and DAD 23 

procedures, with the latter providing the requisite benchmark results. DCIs obtained from ESWLs 24 

based on the use of ten points-in-time (corresponding to 60 wind loading cases) were significantly 25 

closer to the benchmark DAD values than their counterparts based on the use of, e.g., four points-26 

in-time (corresponding to 24 wind loading cases). For the building considered in this case study, 27 
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ESWL-based design DCIs approximated to within approximately 3 % the DCIs yielded by DAD. 28 

The approximation was found to be poorer for cases in which a single unfavorable wind direction 29 

is strongly dominant. The ESWL procedure is generally inapplicable to structures with complex 30 

shapes. In all cases, the DAD procedure is the safest and most risk-consistent design option. 31 

Author keywords: Database-Assisted Design (DAD); demand-to-capacity indexes (DCIs); 32 

equivalent static wind loads (ESWLs); iterative design; tall buildings. 33 

1. INTRODUCTION 34 

The increasingly common use of multi-channel pressure scanners has led to the development of 35 

procedures for estimating aerodynamic wind loads on tall buildings based on data consisting of (i) 36 

simultaneously measured time series of pressure coefficients at large numbers of pressure taps on 37 

wind tunnel building models, and (ii) simulated sets of extreme directional wind speeds at the 38 

building site [1-4]. This paper describes the sequence of steps by which the structural design is 39 

performed using: (i) Database-Assisted Design (DAD), and (ii) a procedure, largely derived from 40 

DAD, wherein the design is based on Equivalent Static Wind Loads (ESWLs). The ESWL 41 

procedure is generally feasible only for structures with simple geometry (e.g., structures with a 42 

rectangular shape in plan). For structures with elaborate geometries (e.g., the CCTV building, the 43 

Shanghai World Financial Center, or the Burj Khalifa tower), the most appropriate design option 44 

is the use of the DAD approach. 45 

In a rare case in which reports on the same buildings by different wind engineering laboratories 46 

reports were available for independent scrutiny, it was found that (i) estimates of wind effects on 47 

the same tall structure considered in the reports differed from each other by more than 40 %, and 48 

(ii) the reports lacked the transparency and traceability required to allow an understanding of the 49 

reasons for this major discrepancy [5]. The National Institute of Standards and Technology (NIST) 50 
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was tasked with producing tools capable of yielding estimates of the requisite wind effects that 51 

could be readily and effectively scrutinized. The result of the efforts performed within the 52 

framework of this task was the development of DAD, a rigorous, transparent and effective 53 

procedure made possible by (i) the development of hardware capable of simultaneously measuring 54 

and recording time histories of pressures at multiple taps, and (ii) the availability of computer 55 

resources needed for processing large amounts of data economically and in a timely fashion [6, 7]. 56 

Static wind loads whose effects upon the structural system are reasonably close to those of the 57 

randomly fluctuating wind loads employed in DAD are called Equivalent Static Wind Loads. It is 58 

shown in this paper that DAD is as user-friendly as, and more accurate than its ESWL counterpart, 59 

although it is, within fully acceptable limits, more computer-intensive. This paper describes a 60 

procedure for estimating ESWL and notes its advantages and limitations. Unlike other procedures 61 

having the same objective, the ESWL procedure presented in this paper is assessed objectively 62 

against the benchmark values provided by DAD.  63 

       For both the DAD and the ESWL procedures, the wind climatological data and the 64 

simultaneous measurements of pressure coefficients at multiple taps, as well as estimates of the 65 

uncertainties in these data, are provided by the wind engineering laboratory. Once these data are 66 

delivered, the structural engineer is in full control of the design process. This allows the iterative 67 

design process to proceed smoothly and in timely fashion until the calculated demand-to-capacity 68 

indexes (DCIs) are acceptably close to unity. In particular, the availability of simultaneous pressure 69 

measurements at multiple taps renders obsolete the earlier practice, related to the use of the High 70 

Frequency Force Balance approach, that required parts of the dynamic analyses to be performed 71 

by the wind engineer. Both the DAD and EWSL procedures in this paper are user-friendly, 72 
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transparent, readily subjected to effective public scrutiny, and easily integrated into Building 73 

Information Modeling (BIM) systems [8]. 74 

      The DAD and the ESWL procedure are described in Section 2 and 3, respectively. Their 75 

respective steps are shown in the flowchart of Fig. 1. The estimation of ESWL is described in 76 

Section 4. Section 5 presents a case study. The Appendix describes the procedure for estimating 77 

wind effects with specified mean recurrence intervals by accounting for wind directionality.  78 

2. DAD PROCEDURE 79 

For the DAD procedure the structural engineer performs the following tasks:   80 

1. Select the structural system, and determine its preliminary member sizes based on a 81 

simplified model of the wind loading (e.g., a static wind loading based on standard provisions). 82 

The structural design so achieved is denoted by D0. 83 

2. For the design D0: determine the system’s mechanical properties, including the modal 84 

shapes, natural frequencies of vibration, and damping ratios, as well as the requisite influence 85 

coefficients; and develop a lumped-mass model of the structure. P-Δ an P-δ effects can be 86 

accounted for by using, for example, the geometric stiffness matrix [9]. 87 

3. From the time histories of simultaneously measured pressure coefficients, determine the 88 

time histories of the randomly varying aerodynamic loads induced at all floor levels by mean wind 89 

speeds from, depending upon location, 10 m/s to 80 m/s in increments of 10 m/s, say, with 90 

directions from 0° ≤ θ < 360° typically in increments of 10°, say. The reference height for the 91 

mean wind speeds is typically assumed to be the height of the structure.  92 

Tasks 4, 5 and 6 are performed for each of those directional wind speeds and are required for 93 

the determination, by accounting rigorously for directionality, of the requisite wind effects with 94 

the specified design mean recurrence interval (MRI), as shown subsequently. 95 
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4. Perform the dynamic analysis based on the lumped-mass model of the structure to obtain 96 

the time histories of the inertial forces induced by the respective aerodynamic loads, and the 97 

effective wind-induced loads consisting of the sums of the aerodynamic and inertial force time 98 

histories. The lateral loads are determined at all floor levels of the building. 99 

5. For each cross section of interest, use the appropriate influence coefficients to obtain time 100 

series of the internal forces and the associated DCIs induced by the combination of effective floor 101 

wind loads determined in task 4 with factored gravity loads. The DCIs are the left-hand sides of 102 

the design interaction equations, and are typically used to size members subjected to more than 103 

one type of internal force. For example, the interaction equations for steel members subjected to 104 

flexure and axial forces are [10]:  105 
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In Eqs. 1a and 1b, Pr and Pn are the required and available tensile or compressive strength; Mrx 108 

and Mnx are the required and available flexural strength about the strong axis; Mry and Mny are the 109 

required and available flexural strength about the weak axis; ϕp and ϕm are resistance factors. The 110 

required strengths are based on combinations of wind and gravity effects specified in ASCE 7-16 111 

[11] or other standards. A similar, though simpler expression for the DCI, is applied to shear forces 112 

and torsional moments. 113 

6. Construct the response surfaces of the peak combined effects (e.g., DCIs, inter-story drift 114 

ratio, accelerations) as functions of wind speed and direction. For each of the directional wind 115 

speeds defined in task 3, determine for each cross section of interest the peak of the DCI time 116 

series (e.g., Eqs. 1a and 1b), and construct from the results so obtained a peak DCI response 117 
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surface. The response surface is a property of the aerodynamic and mechanical characteristics of 118 

the structure, independent of the wind climate, that provides for each cross section of interest the 119 

peak DCIs (or other wind effects) as functions of wind speed and direction.  120 

7. Use the information contained in the response surfaces and in the matrices of directional 121 

wind speeds at the site to determine, by accounting for wind directionality, the design DCIs with 122 

the specified design MRI N , denoted by pkDCI ( )m N , for the member cross sections of interest m. 123 

The steps required for this purpose are described in detail in the Appendix. 124 

In general, the preliminary design D0 does not satisfy the strength and/or serviceability design 125 

criteria. The structural members are then re-sized to produce a modified structural design D1. This 126 

iterative process continues until the final design is satisfactory.  127 

Tasks 2 through 7 are repeated as necessary until the design DCIs are close to unity, to within 128 

serviceability constraints. Each iteration entails a re-sizing of the structural members consistent 129 

with the respective estimated design DCIs. Details are provided in Section 5. 130 

3. EQUIVALENT STATIC WIND LOAD (ESWL) PROCEDURE 131 

Like DAD, the ESWL procedure requires the wind engineer to provide (i) wind climatological 132 

data at the building site, (ii) time series of pressure coefficients measured simultaneously at 133 

multiple taps, and (iii) uncertainty estimates for both the wind climatological and the aerodynamic 134 

data. Once these three tasks are completed, the design process is fully the responsibility of the 135 

structural engineer.  136 

The first four tasks of the ESWL procedure are identical to the first four tasks of the DAD 137 

procedure as listed in Section 1 and shown in Fig. 1. They are briefly summarized below. 138 

1. Select the structural system, and determine its preliminary member sizes. The structural 139 

design so achieved is denoted by D0. 140 
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2. Determine the system’s mechanical properties for the design D0, and develop a lumped-141 

mass model of the structure. 142 

3. From the time histories of simultaneously measured pressure coefficients, determine the 143 

time histories of the randomly varying aerodynamic loads induced at all floor levels by mean wind 144 

speeds U from direction θ, where 20 m/s ≤ U ≤ 80 m/s in increments of 10 m/s, say, and 0° ≤ θ < 145 

360° in increments of, say, 10°.  146 

4. For each of the directional wind speeds defined in task 3, perform the dynamic analysis of 147 

the structure D0 to obtain the time histories the effective wind-induced loads ( , , )kqF U t  at floor k 148 

(k = 1, 2, …, nf; q = x, y, ϑ) consisting of the sum of the inertial and aerodynamic forces applied at 149 

the floor lumped mass. The lateral loads determined in this task consist of the three components 150 

acting on the principal axes of x, y and ϑ (subscript q). 151 

The subsequent tasks are performed for each of the wind speeds and directions defined in task 152 

3. 153 

4a. Determine the static loads 
ESWL

, ( , )kx pF U  , 
ESWL

, ( , )ky pF U  , and 
ESWL

, ( , )k pF U   acting at the center 154 

of mass of floor k in the direction of the building’s principal axes x, y and in torsion, respectively, 155 

where the subscript p (p = 1, 2,…, pmax) identifies distinct wind loading cases WLCp  associated 156 

with superpositions of ESWL load effects, and pmax is a function of the number npit of points in 157 

time used to obtain the peak effects of interest. This task is described in detail in Section 4. 158 

5. For each member cross section m of interest, calculate the internal forces used to determine 159 

its DCI, and substitute their expressions into the expressions for the DCIs (e.g., Eqs. 1). This task 160 

requires the use of the static wind loads determined in task 4a, the factored gravity loads, and the 161 

influence coefficients ,mk xr , ,mk yr , and ,mkr  . The influence coefficients represent internal forces at 162 
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cross section m induced by a unit floor load in the direction x, y, and ϑ applied at floor k, 163 

respectively. Denote the internal forces by ESWL

, ( , )m pf U  . Their expression is 164 

ESWL ESWL ESWL ESWL

, , , , , , ,

1 1 1

( , ) ( , ) ( , ) ( , )
n n n

m p mk x kx p mk y ky p mk k p

k k k

f U r F U r F U r F U    
  

                     (2) 165 

The corresponding demand-to-capacity indexes, denoted by 
ESWL

,DCI ( , )m p U  , are obtained by 166 

substituting internal forces determined by Eq. 2 into the expressions for the DCIs. For design 167 

purposes only the largest of these DCIs is of interest, that is,  168 

RS,ESWL ESWL

,DCI ( , ) max (DCI ( , ))m p m pU U               (3)                                                                       169 

6. Construct the response surfaces representing, for each cross section m of interest, the 170 

dependence of its 
RS,ESWLDCI ( , )m U   upon wind speed U and direction θ. 171 

7. Use the response surfaces constructed in task 6 and the non-parametric statistical procedure 172 

described in detail in the Appendix to determine, from the values 
RS,ESWLDCI ( , )m U   and the 173 

climatological data [Uij] at a site of interest (for the detail of [Uij] see Appendix A1), the design 174 

DCIs with an N -year mean recurrence interval, 
pkDCI ( )m N . Depending upon the uncertainties in 175 

the wind velocity and aerodynamic data, as determined by the wind engineering laboratory, the 176 

design MRI may have to differ from the value specified in the ASCE 7-16 Standard [11], in which 177 

case it can be determined as in [12] or by a similar method. 178 

If the design DCIs determined in task 7 differ significantly from unity, the structure’s members 179 

are re-sized to create a new design D1. Tasks 2 to 7 are then performed on that design. This process 180 

is iterated until a structural design is achieved for which, in each structural member, the design 181 

DCI is sufficiently close to unity, to within serviceability constraints. 182 

In principle, DAD and ESWL can be applied to buildings undergoing aeroelastic effects under 183 
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sufficiently strong winds provided that the aerodynamic pressures are measured on aeroelastic 184 

models [13]. Currently, DAD and ESWL are developed only for structures for which aeroelastic 185 

effects are negligible. Such structures typically include those for which (1) the lowest velocity 186 

capable of inducing aeroelastic effects is the critical velocity associated with vortices with 187 

frequency equal to the fundamental natural frequency of vibration of the structure, and (2) the 188 

largest velocity that can occur during the anticipated life of the structure is lower than that critical 189 

velocity [14]. 190 

4. ESTIMATION OF EQUIVALENT STATIC WIND LOADS 191 

This section describes a simple approach to structural design, wherein the peak DCIs produced by 192 

randomly fluctuating effective wind forces are replaced by their counterparts produced by 193 

equivalent static wind loads. For ease of exposition, the indexes U and θ will be omitted in this 194 

section.  195 

First, the structure is assumed to be subjected to wind loads acting only in one direction x at its 196 

centers of mass. For any given wind speed, let the effective (i.e., aerodynamic plus inertia) 197 

randomly fluctuating load at floor k acting along the principal axis x of the building be denoted by 198 

( )kxF t , where k = 1, 2, …, nf (Fig. 2). The corresponding overturning moment at the base of the 199 

building is (Fig. 2a)  200 

1 2( ) [ ( ) 2 ( ) ( )]by x x nxM t h F t F t nF t                                                                           (4)  201 

where it is assumed for simplicity that all floors have the same height h. The peak of ( )byM t ,  202 

denoted by max [ ( )]t byM t , occurs at time t1x (Fig. 2a). The equivalent static wind load in direction 203 

x at floor k, denoted by 
ESWL

kxF  is therefore 204 

ESWL

1( )kx kx xF F t                   (5) 205 
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and the moment at the structure’s base is 206 

ESWL ESWL ESWL

1 2 1( 2 ) ( )   x x nx by xh F F nF M t                                                   (6) 207 

The static wind loading determined as described above may be called equivalent static wind 208 

loading if it induces in all structural members DCIs approximately equal to their peak DAD 209 

counterparts. 210 

The internal force at the member cross section m induced by the effective fluctuating forces 211 

Fkx(t) at floor k (k = 1, 2, …, nf) can be written as  212 

,

1

( ) ( )
n

m mk x kx

k

f t r F t


                                                                            (7)  213 

where rmk,x is the influence coefficients representing the internal forces at cross section m induced 214 

by a unit load applied at floor k. The ESWLs ESWL

kxF  are determined as in Eq. 5. The fundamental 215 

assumption of this approach is that the peak internal forces occur at the same time t1x as the peak 216 

base moment. If this were the case, the following system of equations would be satisfied: 217 

ESWL

,

1

max [ ( )]
n

t m mk x kx

k

f t r F


  (m = 1, 2, …, mmax)                         (8) 218 

Equation 8 would be rigorously true if the influence coefficients rmk,x were proportional to the 219 

floor height kh, which is not the case. However, it is shown in Section 5 that Eq. 8 (and, in 220 

particular, its counterpart wherein forces in the principal direction y and torsional moments about 221 

the center of mass are also acting on the structure) can be satisfied to within a close approximation 222 

if wind directionality effects are accounted for. Note that this may not be the case if wind loads 223 

are dominant in one direction only, or for complex structural system, as noted in the Introduction. 224 

Since structures experience wind-induced forces simultaneously in the directions x and y of the 225 

structure’s principal axes, as well as wind-induced torsional moments about the center of mass, 226 

wind effects are due to the superposition of the effects of these three actions. It is therefore possible 227 
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to construct, from the time histories of those three individual wind effects, the time history of their 228 

combined effect via simple summation, and estimate the peak of that time history. This approach 229 

can be used in the DAD procedure. 230 

For the ESWL, a multiple points-in time (MPIT) [15] approach with a number npit of points in 231 

a time series is used, as follows (see Fig. 3). The highest peak of the time series of the base 232 

moments induced by forces in the x direction, and its time of occurrence t1x, are identified. The 233 

forces Fkx(t1x) are defined as the principal ESWLs at floors k (k = 1, 2, ..., nf) acting on the structure 234 

at time t1x. The forces Fky(t1x) and Fkϑ(t1x) are defined as the companion ESWLs at floors k. Because 235 

the simultaneously acting forces Fkx(t1x), Fky(t1x) and Fkϑ(t1x) do not necessarily produce the most 236 

unfavorable effect being considered, it is necessary to perform the operation just described for the 237 

second, …, npit-th highest peak of the time series of the base moments induced by forces in the x 238 

direction. Thus, a total of npit combinations of principal ESWLs and two companion ESWLs are 239 

obtained for times t1x, t2x, …, 
pitn xt .  240 

Next, npit combinations of principal and companion ESWLs acting at times t1y, t2y, …, 
pitn yt  are 241 

obtained by considering the highest, second highest, …, npit-th highest peak of the base moments 242 

induced by the forces in the direction y. A third set of npit combinations acting at times  243 

t1ϑ, t2ϑ, …, pitnt  corresponds to the highest peaks of base moments induced by torsion. Three 244 

additional sets correspond to lowest peak base moments. Therefore, pmax = 6npit sets of equivalent 245 

static wind loading combinations must be used to determine the wind effects of interest. The design 246 

wind effect is the largest of the effects induced by these 6npit sets of ESWLs. 247 

The operations listed in this section are performed automatically using the ESWL option of the 248 

DAD_ESWL version 1.0 (www.nist.gov/wind).  249 

 250 

file:///C:/Users/emil/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/UDNKD3W9/www.nist.gov/wind
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5. CASE STUDY: APPLICATION TO DESIGN OF A 47-STORY STEEL BUILDING 251 

This section presents as a case study the iterative design of a steel building wherein both the ESWL 252 

approach and the DAD approach are used to calculate member DCIs. The results of the ESWL 253 

procedure and the benchmark results provided by the DAD procedure are then compared to verify 254 

the acceptability of the ESWL calculations, and a discussion is presented on the relative advantages 255 

of ESWL and DAD. 256 

5.1 Description of the structure 257 

The structure being considered is a 47-story steel building with a square shape in plan and 40 m × 258 

40 m × 160 m in depth, width and height, respectively. The structure has rigid diaphragm floors, 259 

outriggers and belt trusses (Fig. 4). The building’s supports are assumed to be fixed. The structure 260 

consists of 2303 columns, 3948 beams, and 1152 diagonal braces. Columns are divided into three 261 

types: core, external core, and interior columns. Beams are divided into three types: exterior, 262 

internal, and core beams. Diagonal bracings are divided into two types: core and outrigger 263 

bracings. Each type of structural member has the same dimensions for 10 successive floors of the 264 

building’s lowest 40 floors, and for the 7 highest floors. The columns and bracings consist of built-265 

up hollow structural sections (HSS), and the beams consist of rolled W-sections selected from the 266 

AISC Steel Construction Manual [16]. The structure was assumed to be sited in open terrain 267 

exposure near the shore line at milepost 1950 in South Carolina (for a map showing milepost 268 

locations see www.nist.gov/wind). The orientation angle of the building is 270° clockwise from 269 

the north, that is, a façade of the building faces east. The aerodynamic pressure time histories were 270 

obtained from the Tokyo Polytechnic University (TPU) high-rise building aerodynamic database 271 

(http://www.wind.arch.t-kougei.ac.jp/system/eng/contents/code/tpu). Wind direction is defined by 272 

the clockwise angle θ, with the positive x-axis heading east, and the y-axis heading north (Fig. 4d). 273 

http://www.nist.gov/wind...etc
http://www.wind.arch.t-kougei.ac.jp/system/eng/contents/code/tpu
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The DCIs considered subsequently are induced by combinations of axial forces and bending 274 

moments. 275 

5.2 Database-assisted design 276 

A preliminary design of the structure, denoted by D0, was performed, based on a simplified wind 277 

loading model for buildings of all heights experiencing dynamic along-wind response [11]. 278 

Second-order effects (P-Δ — member chord rotation effect and P-δ — member curvature effect) 279 

were accounted for by using geometric stiffness approach [9]. The natural frequencies of vibration 280 

for design D0 of the structure are listed in Table 1. The modal damping ratios were assumed to be 281 

1.5 % in all six modes. 282 

For wind speeds of 20 m/s to 80 m/s in increments of 10 m/s and wind directions of 0° to 350° 283 

in increments of 10°, measured pressure coefficient time histories were used to determine time 284 

histories of applied aerodynamics loads at each floor. This step is necessary for the rigorous and 285 

transparent estimation of the wind effects with the specified MRI (e.g., design DCIs) by accounting 286 

for (i) wind directionality effects and (ii) the properties of the structure inherent in its final, rather 287 

than the preliminary, design.  288 

Next, for each of the wind speeds and directions considered above, dynamic analyses were 289 

performed to obtain the respective time histories of the inertial forces induced by the time-varying 290 

aerodynamic loads. The effective wind-induced loads acting on the structure consist of the sums 291 

of the aerodynamic and inertial force time histories. It was assumed that the specified mean 292 

recurrence interval (MRI) of the demand-to-capacity indexes for the structure is 1700 years.  293 

The peak DCIs were obtained from the DCI time histories induced by the effective wind loads 294 

combined with gravity loads as specified in the ASCE 7-16 Standard [11]: 295 

1.2D + 1.0L + 1.0W                        (9) 296 
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where D, L and W denote dead load, live load, and wind load, respectively. The interaction 297 

equations of DCI for steel members were taken from AISC 360-10 [10]. This step results in the 298 

construction of response surfaces for the peak DCIs of the members of interest for the specified 299 

range of wind speeds (20 m/s to 80 m/s) and wind directions (0° to 350°).  300 

As the last step pertaining to the design D0, the peak DCIs based on the load combination (Eq. 301 

9) were used to estimate the design DCIs with a 1700-year MRI, as shown in the Appendix.  302 

5.3 ESWL-based design 303 

The first four steps of the ESWL-based design procedure are identical to the first four DAD steps, 304 

as listed in Sections 2 and 3 and shown in Fig. 1. The next step in the ESWL-based approach 305 

consists of determining the ESWLs for each of the multiple points in time (MPIT) wind loading 306 

cases (WLCs) for each wind speed and direction considered in task 4a (see Section 2). The wind 307 

loading cases are discussed in detail in Section 3. There follows the calculation, for each wind 308 

speed and direction, of the DCIs induced by the gravity loads in combination with each of the 60 309 

(i.e., 6 × 10) wind loading cases (WLCs) that correspond to the selected number of points in time 310 

npit = 10. For each wind speed and direction, the largest of the DCIs induced by the 60 wind loading 311 

cases is selected and used to construct the DCI response surface. Figure 5 shows three components 312 

of the equivalent static floor wind loads, i.e., one principal and two companion ESWLs, based on 313 

the highest peak of each effective overturning moment and torsion at base.  314 

       The last step pertaining to the design D0 is the use of the approach presented in the Appendix 315 

for determining the design DCIs with a 1700-year mean recurrence interval. 316 
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5.4 Results 317 

5.4.1 Design iterations 318 

The design was iterated to achieve design DCI values with a 1700-year MRI sufficiently close to 319 

unity. Table 2 lists the design DCIs calculated for designs D0, D1, and D2 by both the DAD and the 320 

ESWL procedures. It is seen that the preliminary design D0 resulted in DCIs significantly different 321 

from unity (e.g., for the ESWL procedure, DCI = 0.29 for the internal column (CI) at the 45th floor 322 

and 2.01 for the core column (COL) at the 1st floor).Through resizing of structural members, the 323 

DCI values reached levels judged to be satisfactory at the final design D2. The natural frequencies 324 

of vibration increased by up to approximately 13 % from design D0 to design D2 (see Table 1). 325 

The ESWLs acting at each floor in the three principal directions changed from design D0 to design 326 

D2 as shown in Fig. 6. As explained in Section 4, peak base overturning and torsional moments 327 

determined by ESWL on the one hand and by DAD on the other are identical. The peak base shears 328 

determined by ESWL were found to be smaller by approximately 1 % than their DAD counterparts. 329 

 330 

Table 1. Dynamic properties for designs D0 through D2  331 

Mode 
Natural frequencies of vibration [Hz] 

D0  D1  D2  

1 (y-dir.) 0.218 0.250 0.246 

2 (x-dir.) 0.218 0.250 0.246 

3 (ϑ-dir.) 0.223 0.258 0.253 

4 (ϑ-dir.) 0.568 0.664 0.638 

5 (x-dir.) 0.644 0.724 0.708 

6 (y-dir.) 0.644 0.724 0.708 

 332 

  333 
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5.4.2 Comparisons of DCIs based on DAD and ESWL procedures 334 

Relative errors in the estimation of the DCIs by the ESWL procedure, defined as (DCIESWL – 335 

DCIDAD)/DCIDAD × 100 (%), were calculated as functions of wind direction and wind speed for 60 336 

selected structural members (24 columns, 28 beams, and 8 bracings) at four floor levels (15 337 

members per floor; see Fig. 4d). Figure 7 shows the DCI response surface of the core column 338 

(COL) on the 45th floor under load combination (Eq. 9), colored by the relative errors in the 339 

estimation of the DCIs by the ESWL procedure. Maximum relative errors for the 24 columns, the 340 

28 beams and the 8 bracings are plotted in Figs. 8a, 8b and 8c, respectively. As shown in Fig. 8, 341 

the largest relative errors of DCIs depend on the wind speed and wind direction and can be as high 342 

as -20 % in some cases. (For a few columns and bracings, the ratio of required to available axial 343 

load capacity was slightly larger than 0.2 if calculated by DAD and slightly lower than 0.2 if 344 

calculated by ESWL (see Eqs. 1). For the comparison between the respective DCIs to be 345 

meaningful, the DCIs were calculated in these cases by assuming that Eq. 1a was applicable for 346 

both the DAD and ESWL computations). 347 

          However, these differences are significantly reduced when wind directionality is considered 348 

in determining design DCIs with specified MRIs. As shown in Fig. 9, the design DCIs with MRI 349 

= 1700 years at milepost 1950 (South Carolina) obtained by the ESWLs were smaller by 3 % or 350 

less than their DAD counterparts.  351 

  352 
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Table 2. Design DCIs with 1700-year MRI based on DAD and on ESWL for designs D0, D1 and 353 

D2. 354 

Member 

ID* 
Method 

D0 D1 D2 

1st 17th 33rd 45th 1st 17th 33rd 45th 1st 17th 33rd 45th 

CC 
DAD 0.89 1.14 1.51 0.42 0.78 0.76 0.59 0.13 0.83 0.88 0.84 0.87 

ESWL 0.89 1.13 1.51 0.42 0.76 0.74 0.57 0.13 0.83 0.88 0.84 0.86 

CEW 
DAD 0.62 0.97 1.53 0.37 0.65 0.76 0.68 0.15 0.96 0.80 0.88 0.87 

ESWL 0.62 0.96 1.52 0.37 0.66 0.74 0.66 0.15 0.95 0.80 0.88 0.87 

CI 
DAD 0.81 1.08 1.64 0.30 0.84 0.85 0.77 0.13 0.83 0.90 1.00 0.80 

ESWL 0.81 1.07 1.62 0.29 0.84 0.84 0.75 0.13 0.83 0.90 0.99 0.79 

COL 
DAD 1.99 1.62 1.02 0.36 0.79 0.62 0.52 0.15 0.84 0.62 0.90 0.91 

ESWL 2.01 1.61 1.02 0.36 0.76 0.59 0.49 0.10 0.84 0.62 0.89 0.90 

CES 
DAD 0.78 1.18 1.73 0.39 0.67 0.78 0.69 0.15 0.72 0.90 0.95 0.89 

ESWL 0.78 1.17 1.69 0.38 0.67 0.75 0.66 0.14 0.72 0.90 0.95 0.88 

COR 
DAD 1.37 1.44 1.57 0.61 1.10 0.92 0.63 0.23 0.56 0.67 0.87 0.78 

ESWL 1.38 1.42 1.55 0.60 1.11 0.88 0.59 0.22 0.56 0.67 0.86 0.78 

BESW 
DAD 0.66 1.00 1.00 0.66 0.63 0.96 1.00 0.66 0.91 0.98 0.69 0.97 

ESWL 0.64 0.97 0.97 0.64 0.61 0.95 0.97 0.65 0.90 0.98 0.69 0.96 

BES 
DAD 0.65 0.96 0.93 0.60 0.62 0.93 0.92 0.57 0.62 0.95 0.96 0.83 

ESWL 0.63 0.93 0.91 0.58 0.60 0.92 0.90 0.56 0.61 0.94 0.96 0.83 

BI 
DAD 0.86 1.40 1.62 1.50 0.85 1.34 1.56 1.42 0.85 0.88 0.95 0.97 

ESWL 0.85 1.39 1.62 1.48 0.85 1.34 1.54 1.40 0.85 0.88 0.93 0.97 

BOS 
DAD 0.77 0.78 0.81 0.62 0.77 0.77 0.80 0.62 0.77 0.78 0.81 0.90 

ESWL 0.76 0.77 0.79 0.62 0.77 0.77 0.79 0.61 0.77 0.77 0.80 0.90 

BEWS 
DAD 0.70 1.18 1.26 0.88 0.56 0.95 1.05 0.74 0.87 0.68 0.77 0.75 

ESWL 0.67 1.13 1.24 0.87 0.58 0.95 1.00 0.71 0.85 0.67 0.77 0.75 

BEW 
DAD 0.69 1.17 1.26 0.79 0.56 0.96 1.02 0.67 0.87 0.69 0.74 0.99 

ESWL 0.67 1.13 1.19 0.77 0.57 0.96 1.01 0.67 0.85 0.68 0.74 0.99 

BOW 
DAD 0.82 0.87 0.95 0.65 0.76 0.80 0.87 0.63 0.78 0.82 0.89 0.93 

ESWL 0.83 0.86 0.93 0.64 0.77 0.80 0.86 0.63 0.78 0.82 0.89 0.92 

XOS 
DAD 0.73 0.76 0.79 0.35 0.67 0.70 0.79 0.35 0.69 0.71 0.85 0.80 

ESWL 0.74 0.70 0.73 0.33 0.70 0.64 0.67 0.31 0.69 0.71 0.83 0.80 

XOE 
DAD 0.82 0.71 1.10 0.44 0.72 0.63 0.86 0.35 0.68 0.62 0.46 0.82 

ESWL 0.83 0.71 1.03 0.42 0.73 0.60 0.80 0.35 0.68 0.60 0.45 0.82 

* CC = corner column; CEW = external column at west side of the building plan; CI = internal column; COL = core column 

at left side of the core; CES = external column at south; COR = core column at right side of the core; BESW = external beam 

at southern west; BES = external beam at south; BI = internal beam; BOS = core beam at south; BEWS = external beam at 

western south; BEW = external beam at west; BOW = core beam at west; XOS = core bracing at south; XOE = core bracing 

at east. See Fig. 4d for details. 

 355 

  356 
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The errors in the ESWL estimates of the DCI were calculated for various values of npit. As 357 

shown in Fig. 10, the estimation errors are negligible for npit ≥ 10 are used in this case study. The 358 

ESWL procedure cannot overestimate the peak wind effects. Figure 10 is consistent with this fact.  359 

To assess the efficiency of the ESWL procedure, the ratio r between ESWL and DAD 360 

computational times required to calculate design DCIs with MRI = 1700 years was obtained as 361 

functions of (i) the number of points npit, and (ii) the number of members being analyzed. The 362 

dependence of the ratio r upon npit was found to be almost negligible. For 60 members r was 363 

approximately 0.4. The relative efficiency of the ESWL procedure increases when larger numbers 364 

of structural members are considered. For 1000 members r was approximately 0.2. However, 365 

computation times for the DAD calculations were found to be fully compatible with practical 366 

capabilities of structural design offices.  367 

6. SUMMARY AND CONCLUSIONS 368 

This paper presents and assesses a simple procedure for calculating ESWLs that uses a multiple 369 

points-in-time (MPIT) approach for the estimation of peak wind effects, and accounts rigorously 370 

and transparently for wind directionality. As is the case for DAD, the calculation of the ESWLs is 371 

automated, user-friendly, transparent, and easily integrated into Building Information Modeling 372 

(BIM) systems. Case studies were performed by using both the ESWL and DAD procedures, with 373 

the latter providing the requisite benchmark results. The following conclusions were drawn from 374 

this work: 375 

1) The use of 10 points in the multiple points-in-time (MPIT) estimator used in the procedure 376 

for calculating ESWLs increases the accuracy of the results with respect to the case where one or 377 

four points-in-time estimates (corresponding to 6 and 24 wind loading cases, respectively) are 378 

used. For the building considered in this study, the use of npit = 10 points approximates the design 379 
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demand-to-capacity indexes (DCIs) of members to within approximately 3 %. The differences 380 

could be larger if a single unfavorable wind direction is strongly dominant or if the structural 381 

system is complex. 382 

2) The ESWL procedure allows the structural engineer to be in full control of the structural 383 

design. In particular, the availability of simultaneous pressure measurements at multiple taps 384 

renders obsolete the earlier practice, related to the use of the High Frequency Force Balance 385 

approach, that required parts of the dynamic analyses to be performed by the wind engineer. This 386 

division of tasks has two advantages. First, the capability to perform thorough dynamic analyses 387 

available to structural design offices is typically stronger than its wind engineering laboratory 388 

counterpart, resulting in more accurate dynamic analyses. Second, once the requisite wind 389 

climatological and aerodynamic data, as well as estimates of their respective uncertainties, are 390 

provided by the wind engineer, the structural engineer can perform the iterative design process 391 

smoothly, with no unnecessary and time-consuming back-and-forth with the wind engineer until 392 

the calculated DCIs are sufficiently close to unity.  393 

3) The DAD procedure provides benchmarks against which the accuracy of ESWL calculations 394 

can be assessed and is a practical approach to the design of structures with complex structural 395 

systems for which the ESWL approach is not feasible. 396 

4) It has been argued that some structural engineers may prefer performing the design for wind 397 

by using ESWLs, even though DAD is more accurate. Since both the DAD and the ESWL 398 

procedures are automated, the amount of labor required on the part of the structural engineer is the 399 

same, regardless of which procedure is used. In addition, it is worth noting that while design for 400 

seismic loads was originally based on static seismic loads, structural engineering culture has 401 
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evolved to the point where this is no longer necessarily the case. Design for wind may be expected 402 

to undergo a similar evolution. 403 

As noted in the paper, the ESWL procedure should only be applied to structures with a simple 404 

shape in plan. Also, the quality of its performance, which was found to be fully satisfactory in the 405 

case study discussed in the paper, may depend on the type of structural system being considered 406 

and on the directional characteristics of the wind climate. 407 
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 410 

APPENDIX. ESTIMATION OF WIND EFFECTS WITH SPECIFIED MEAN 411 

RECURRENCE INTERVALS [7] 412 

A1. Matrix of largest directional wind speeds and mean annual rate of storm arrival 413 

The notation ( )m ijR U  identifies the wind effect being considered (e.g., base moment, base shear, 414 

internal force, DCI, displacement, acceleration), and the indexes i and j identify the storm event 415 

and the wind direction, respectively. The peak wind effect in storm i is denoted by 
pk

,{ }m iR . The 416 

peak wind effect with an N -year mean recurrence interval, denoted by
pk ( )mR N , is determined by 417 

using information available in (i) the matrix of directional extreme wind speeds [Uij], and (ii) the 418 

mean rate of arrival of storms per year, denoted by λ. Consider, for illustrative purposes, the 3 by 419 

4 matrix of wind speeds (in m/s) at the site of the structure. 420 

34 32 44

[ ] 37 39 36

42 44 35

ijU

 
 


 
  

45

51

46

            (A1) 421 
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Under the convention inherent in the notation [Uij] this matrix corresponds to three storm 422 

events and four wind directions, that is, i = 1, 2, 3 and j = 1, 2, 3, 4. For example, the wind speed 423 

that occurs in the second storm event from the third direction is U23 = 36 m/s. (The entries in the 424 

wind speed matrix could, for example, be mean hourly speeds at the elevation of the top of the 425 

structure with direction j over terrain with suburban exposure.) In the matrix of Eq. A1 the largest 426 

wind speeds in each of the three storms are indicated in bold type. 427 

A2. Transformation of matrix [Uij] into matrix of wind effects [Rm(Uij)] 428 

Transform the matrix ][ ijU  into the matrix by substituting in it the quantities ( )m ijR U  for the 429 

quantities Uij. Assume that the result of this operation is the matrix 430 



















740960980

910770830

6808000.70

)]([

...

...

..

UR ijm

1.07

1.01

1.02

           (A2) 431 

A3. Transformation of matrix of wind effects [Rm(Uij)] into vector  432 

The peak wind effects induced by the wind speeds occurring in storm i depend upon the wind 433 

direction j. It is only the largest of those wind effects, that is, max [ ( )]j m ijR U  (i = 1, 2, 3), that are 434 

of interest from a design viewpoint. These largest wind effects, shown in bold type in Eq. A2, form 435 

a vector [1.02, 1.01, 1.07]T, where T denotes transpose. Note that max [ ( )]j m ijR U  is not necessarily 436 

induced by the speed max ( )j ijU . For example, 3max [ ( )]j m jR U  = 1.07 is not induced by the speed 437 

3max ( )j jU  = U34 = 46 m/s, but rather by the speed U31 = 42 m/s. 438 

The vector components max ( )( )j m ijR U  constitute the sample of the largest peak wind effects 439 

occurring in each of the i storm events (in this example i = 1, 2, 3), denoted by 
pk

,{ }m iR . The 440 
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estimation of the response with any specified MRI ( pk ( )mR N ) is based on this sample, used in 441 

conjunction with the mean annual rate of occurrence of the storms. 442 

  443 
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NOMENCLATURE 444 

DCI ( , , )m U t  = Time series of demand-to-capacity index (DCI) at cross section m, 

induced by the effective wind-induced forces ( , , )kqF U t  (q = x, y, and ϑ) at 

floors k (k = 1, 2, …, nf) for given values of U and θ 

ESWL

,DCI ( , )m p U   = ESWL-based DCI at cross section m, for wind loading case p (WLCp) for 

given values of U and θ 

RSDCI ( , )m U   = Response Surface representing the peak of the time series DCI ( , , )m U t , 

as a function of U and θ: 
RSDCI ( , ) max (DCI ( , , ))m t mU U t   

RS,ESWLDCI ( , )m U   = Response Surface representing the maximum of 
ESWL

,DCI ( , )m p U   for pmax 

wind loading cases, as a function of U and θ: 
RS,ESWL ESWL

,DCI ( , ) max (DCI ( , ))m p m pU U   

( , , )kqF U t  = Time series of effective forces induced by wind with speed U from 

direction θ, acting at center of mass of floor k in direction q (= x, y, and ϑ) 

ESWL

, ( , )kq pF U   = Equivalent static wind load (ESWL) in wind loading case p (WLCp), 

induced by wind with speed U from direction θ, acting at center of mass of 

floor k in direction q (= x, y, and ϑ) 

( , , )mf U t  = Time series of internal force induced at member cross section m by the 

effective wind forces ( , , )kqF U t  (q = x, y, and ϑ) for given values of U and 

θ: 

, , ,

1 1 1

( , , ) ( , , ) ( , , ) ( , , )
n n n

m mk x kx mk y ky mk k

k k k

f U t r F U t r F U t r F U t    
  

      

ESWL

, ( , )m pf U   = Internal force induced at member cross section m by the ESWLs in wind 

loading case p (WLCp) for given values of U and θ: 

ESWL ESWL ESWL ESWL

, , , , , , ,

1 1 1

( , ) ( , ) ( , ) ( , )
n n n

m p mk x kx p mk y ky p mk k p

k k k

f U r F U r F U r F U    
  

      

h = Floor height 

k = Floor level (k = 1, 2, …, nf for nf-floor building) 

m = Index identifying member cross section 

N  = Mean recurrence interval (MRI) corresponding to the ordinate 

1 1/ ( )P N   of the Cumulative Distribution Function (CDF) fitted to the 

vector components 
pk{ }miR  (i = number of storms) 

npit = Number of the selected peaks of a time series used in the MPIT (Multiple 

Points-In-Time) approach 
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p = Index identifying equivalent wind loading case of WLCp (p = 1, 2, …, 

pmax, where pmax = 6npit)  

RS( , )mR U   = Response Surface representing the peak of the time series of the wind 

effect ( , , )mR U t , as a function of U and θ (1) 

RS( , ) max ( , , )( )m t mR U R U t   

( )m ijR U  = Wind effects induced by wind speed Uij 
(1)  

[ ( )]m ijR U  = Matrix with entries ( )m ijR U  (1) 

pk

,{ }m iR  = Peak wind effect induced by the wind speeds occurring in storm i, 

regardless of wind direction (1): 
pk

,{ } max ( )( )m i j m ijR R U  

pk ( )mR N  = Design peak wind effect with a specified MRI N  (1) 

,mk qr  = Influence coefficients representing internal force r at cross section m, 

induced by unit load acting at center of mass of floor k in direction q (= x, y, 

and ϑ) 

t = Time 

U = Mean wind speed at top of a building 

Uij = Mean wind speed at top of a building in storm event i from direction θ = 

θj, based on sample of measured directional wind speeds 

[Uij] = Matrix with entries Uij 

x = Principal axis of a building 

y = Principal axis of a building, normal to x-axis 

z = Translational vertical axis of a building, normal to x- and y-axis 

λ = Mean rate of storm arrival per year 

θ = Wind direction 

ϑ = Rotation about z-axis 

 445 

Note: (1) The subscript m denotes an index of member cross section, used if the wind effect by R 446 

is a DCI   447 
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Figures 486 

 487 

Figure 1. DAD and ESWL procedure 488 
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 490 

 491 

 492 

 493 

  494 

Figure 2. Lumped mass structure with (a) fluctuating wind loads in DAD and (b) equivalent 495 

static wind loads in ESWL. 496 
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 498 

 499 

 500 

 501 

Figure 3. Sample data for three effective base moment components in wind loading case 502 

( pitn  = 4). 503 
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 505 

Figure 4. Schematic views of structural system for the building prototype. 506 
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 512 

  513 

Figure 5. ESWL components based on peak of each base overturning moment ( )byM t  and 514 

( )bxM t , and base torsion ( )bM t  (wind direction = 180°, wind speed = 60 m/s). 515 
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 517 

 518 

Figure 6. ESWLs determined for designs D0, D1, and D2 (wind direction = 0°, wind speed = 60 519 

m/s, wind loading case 1 out of 60 for pitn  = 10). 520 
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 522 

Figure 7. DCI response surface based on ESWL procedure ( pitn  = 10, core column in 45th floor) 523 

with its deviation from that based on DAD. 524 
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 527 

Figure 8. Contours of maximum relative errors for DCIs of (a) 24 columns, (b) 28 beams, and (c) 528 

8 bracings with pitn  = 10. 529 
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 531 

Figure 9. Relative errors of design DCIpk,ESWL (1700 yrs.) to design DCIpk,DAD (1700 yrs.), 532 

isolated building. Insert represents the extreme wind rosette at milepost 1950 (South Carolina). 533 
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   537 

 538 

Figure 10. Statistics of relative errors of ESWL-estimated DCIs with respect to DAD 539 

counterparts as functions of pitn . 540 
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