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SUMMARY

Performance-based wind design requires a large number of statistically consistent wind load realizations to support
probabilistic performance assessment. Spectral representation methods are widely used for this purpose, but
conventional Cholesky-based implementations can become computationally expensive and numerically fragile when
applied to high-dimensional experimental datasets. This study proposes an FFT-accelerated proper orthogonal
decomposition-based algorithm for fast and efficient stochastic simulation of wind loads. The method is evaluated
using three examples: an empirically prescribed spectral model, an experimental high-frequency pressure-integration
dataset, and a hybrid empirical-experimental dataset based on high-frequency force-balance measurements. Results
show that the proposed method reduces simulation time by approximately 2—40 times compared with Cholesky-based
approaches. Further speedups of 4-11-fold are achieved through modal truncation while maintaining good agreement
with the target spectra. Moreover, the proposed method demonstrates improved numerical stability when applied to
experimental data and supports the joint simulation of multiple wind load components.

Keywords: Performance-based wind design, Proper orthogonal decomposition, Stochastic reconstruction

1. INTRODUCTION

Performance-based wind design (PBWD) requires accurate estimation of small structural failure
probabilities, which can be obtained through Monte Carlo simulation that demands a large number
of statistically consistent wind-load realizations. To generate these realizations, the Cholesky
decomposition-based spectral representation method (SRM) has been widely adopted, which,
however, can be time-consuming with increasing simulation points (Deodatis and Shields, 2025).
To improve efficiency, the fast Fourier transform (FFT) was introduced to speed up the summation
process. Zhao et al. (2021) proposed a spatio-temporal two-dimensional (2D) FFT method that
further accelerates the simulation by 5-20 times. However, most studies including Zhao et al.
(2021) adopted test cases where empirical equations define the cross power spectral density (XPSD)
matrix. In practical PBWD applications, SRM is often used for the stochastic reconstruction of
wind-tunnel data, where numerical stability can be affected by measurement noise and finite-
sample effects. These issues have not been systematically investigated in previous studies.

Proper orthogonal decomposition (POD) has also been proposed as an alternative to Cholesky
decomposition (Chen and Kareem, 2005). By providing a reduced-order representation, POD
enables substantial computational savings through modal truncation. However, a systematic
formulation that integrates POD with FFT acceleration, together with a quantitative assessment of
its efficiency and numerical stability relative to Cholesky-based approaches, remains lacking.

To address these limitations, this study formulates a POD-based SRM algorithm accelerated by
FFT. Both empirical and experimental examples are included to test its efficiency and numerical



stability. The results are also systematically compared with Cholesky-based SRM implementations
using conventional 1D FFT acceleration and the 2D FFT method proposed by Zhao et al. (2021).

2. PROPOSED METHOD

The proposed algorithm is presented subsequently. The inputs include a floor-by-floor XPSD
matrix estimated from empirical equations or experimental data, the time and frequency step sizes,
a discrete frequency vector, and the number of retained POD modes. The output is wind load time
histories. At each o, , eigenvalue decomposition is performed on S(w,) to construct complex

spectral amplitudes B(:, @, ), which is then transformed into the time domain through inverse FFT,
with the resulting time history length constrained by 27/ (AwAt) (Deodatis and Shields, 2025).

Algorithm POD-based SRM with FFT acceleration
Input: S(w,), At, Aw, o,, N,,
Output: f(¢)
1: For each discrete frequency o, :
2: Perform eigenvalue decomposition to obtain POD modes: S(@,) = V(®,)D(w,)V' (®,)
3: Retain the first N, POD modes
4: Generate random phase angles 6,(w,) €[0,27]
5: Construct complex spectral amplitudes: B(:, @, ) = \/EVNM (o, )Dx,j (w,)exp(if)

6: End For
7: Obtain the time histories by inverse FFT of length 27/ (AwAt?) : f(¢) = Re{IFFT(B)}

3. TEST EXAMPLES

3.1. Example description

Three examples are considered to evaluate the performance of the proposed method, representing
empirical, experimental, and hybrid empirical-experimental scenarios, as shown in Figure 1. The
first “empirical” example follows the 50-story building adopted by Zhao et al. (2021), where the
XPSD matrix is defined using Kaimal’s two-sided spectrum (Kaimal et al., 1972) and Davenport’s
coherence function (Davenport, 1967), as given by:
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where z is building height, U (z) is reference wind speed, u_ is friction velocity, and C. is a

constant set at 7. This example validates our reproduction of Zhao et al. (2021)’s method. The
second “experimental” example uses a 45-story building, for which floor-by-floor wind load



spectra (see Figure 2a) are directly obtained from high-frequency pressure-integration wind-tunnel
tests conducted at Western University (Bezabeh et al., 2020). The third “empirical-experimental”
example adopts a 40-story building, where only base moments’ spectra ), (see Figure 2b) and

coherence coh(M ,,M ) are available from a high-frequency force balance test conducted at

Gradient Wind Inc. (Jeong et al., 2026). The floor-level load spectra are indirectly generated by:
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where v, is wind load distribution function and is assumed to be linear along height.

S, (z,.2,) = coh(M ,,M )coh(z,.z, )y,
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Figure 1: Three test examples on tall buildings with XPSD defined by: (a) empirical equations, (b) experimental
measurements, and (c) a hybrid empirical-experimental model [image courtesy of Jeong et al. (2026)]
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Figure 2: PSD of (a) along wind loads in Example 2 and (b) base moments in Example 3

3.2. Efficiency improvement

Table 1 compares the efficiency of the tested methods. For Cholesky-based methods, the
application of 2D FFT reduces the simulation time by 5—7 times compared to 1D FFT, which is
consistent with the ratio reported in Zhao et al. (2021), confirming successful reproduction of their
methods. For the proposed POD-based method with full modes, simulation efficiency improved
by 10—40 times compared with Cholesky with 1D FFT and by 2—6 times with 2D FFT. Further
acceleration is obtained by modal truncation. When only 20% of the dominant POD modes are
retained, the simulation time is reduced by an additional 4-11 times, while maintaining acceptable
accuracy, as shown in Figure 3. All methods reproduce the target spectra with good agreement.
Even for POD with only 20% modes, the simulated spectra match the target, with noticeable
deviations appearing only in the relatively less influential high-frequency range (the zoom-in area).



Table 1: Average simulation time (s) for generating 15-min full-scale time histories

Example Cholesky (1D) Cholesky (2D) POD (full modes) POD (20% modes)
1 262.2 37.5 6.2 0.8
2 44.6 8.6 1.9 0.5
3 128.9 223 11.5 1.0
Target Cholesky (2D) POD (full modes) POD (20% modes)
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Figure 3: Comparison of PSD at the top story of the building for (a) Example 1, (b) Example 2, and (c) Example 3

3.3. Numerical stability

Beyond computational efficiency, the POD-based method also exhibits improved numerical
stability when applied to experimental datasets. While all methods perform well for the “empirical”
example, Cholesky-based methods encounter stability issues when XPSD matrices are estimated
from experimental data in examples 2 and 3. In particular, Cholesky-based methods with a 2D FFT
formulation yield invalid time histories at stories whose spectral characteristics differ significantly
from those of adjacent stories. Additionally, this property prevents Cholesky-based methods from
simultaneously handling multiple types of wind loads, such as along-wind, cross-wind, and
torsional components. In contrast, the POD-based method remains numerically stable across all
test cases and naturally supports joint simulation of multiple load components.

4. CONCLUSIONS

This study formulates a POD-based SRM algorithm with FFT acceleration, providing an efficient
and numerically robust alternative to Cholesky-based spectral representation methods for
stochastic reconstruction of experimental wind loads in performance-based wind design.
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