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Abstract 

This paper summarizes the findings from extensive wind tunnel tests carried out by the authors’ group 

for the evaluation of wind load combination effects for various types of building models. The 

characteristics of wind force components including phase-plane expressions and wind load 

combinations are examined. Wind load combination effects are directly examined using frame models. 

Based on the peak normal stresses in columns of under various loading conditions, an alternative 

procedure for wind load combinations is proposed for buildings of all heights. 

1 Introduction 

The necessity to capture maximum wind forces was first introduced by Davenport (1961) as a gust 

loading factor. Since then, there have been studies on this subject. In order to reflect actual peak load 

effects in structural design of buildings, the combination of wind force components should be 

considered appropriately. It was believed that across-wind force and torsional moment were well 

correlated, but along-wind force was not correlated with the other two components. However, Tamura 

et al. (2003) showed the importance of considering wind load combinations even for low- and middle-

rise buildings. To obtain actual wind load effects for low- and middle-rise buildings, Tamura et al. 

(2008) proposed a combination factor for estimating the equivalent across-wind loads applied 

simultaneously with along-wind load. Their result is reflected in the current Japanese code, AIJ-RLB 

(2004). AIJ-RLB (2004) and ASCE 7-10 (2010) also give simple procedures for wind load 

combinations, where 75% of along-wind load and the same values are simultaneously applied in the 

across-wind direction, and the torsional load is also taken into account when there are any 

eccentricities about the principal axes. 

This paper summarizes the findings from extensive wind tunnel tests carried out by the authors’ group 

for the evaluation of wind load combination effects from low- to high-rise buildings. Based on the 

peak normal stresses in columns under various loading conditions, an alternative procedure for wind 

load combinations is proposed for buildings of all heights. 

2 Wind Tunnel Test 

Wind tunnel studies were carried out on rigid building models (Total 78 cases) under two different 

turbulent boundary layer flows (power-law exponents α=1/4 and 1/6) as shown in Table 1. Fluctuating 

pressures were measured using a simultaneous multi-channel pressure measuring system, and the 

sampling frequency was set to 781Hz. Tubing effects were numerically compensated by gain and 

phase-shift characteristics of the pressure measuring system. The fluctuating pressures were integrated 

to obtain along-wind force FD, across-wind force FL, vertical wind force FT, two base overturning 
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moments MD and ML, and base torsional moment MT. They are expressed in non-dimensional forms 

based on the mean velocity pressure qH at roof height. 

Table 1: Experimental building models and flow conditions (Unit: mm). 

Model Plan Name B D H Scale Case 

Low Square LS 200 200 50 1/250 
2 

Low Rectangular LR 170 120 50 1/250 

Medium Square MS1 200 200 200 1/250 

21 

Medium Square MSa1~5 100 100 100 ~ 500 1/400 

Medium Rectangular MRa1~5 200 100 100 ~ 500 1/400 

Medium Rectangular MRb1~5 250 100 100 ~ 500 1/400 

Medium Rectangular MRc1~5 300 100 100 ~ 500 1/400 

High Square HS2, 3, 4, 5 100 100 200, 300, 400, 500 1/400 

16 
High Rectangular HRa2, 3, 4, 5 200 100 200, 300, 400, 500 1/400 

High Rectangular HRb2, 3, 4, 5 250 100 200, 300, 400, 500 1/400 

High Rectangular HRc2, 3, 4, 5 300 100 200, 300, 400, 500 1/400 

Flow condition power-law exponent α=1/4, 1/6 392=78 

3 Results and discussions 

3.1 Phase-plane expression for wind forces 

The effects of aspect ratio on the phase-plane expressions are shown in Fig. 1 for low- (LS), middle- 

(MS1), and high-rise buildings (HS5). The elliptic locus between along-wind force and across-wind 

force (CD-CL) shown in Fig. 1(a) changes to half circle or half elliptic locus with increasing aspect 

ratio, showing large along-wind force when across-wind force becomes its maximum. Wedge-shaped  
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(a) Low-rise, LS 

 

 

 

(b) Middle-rise, MS1 

 

 

(d) High-rise, HS5  

 

Fig. 1 Effects of aspect ratio 

on phase-plane expression 

(α=1/4) 

loci between along-wind force and torsional moment (CD-CMT) for low- (LS, Fig. 1(b)) and middle-rise 

buildings (MS1, Fig. 1(a)) changes to elliptic shape for high-rise buildings with large aspect ratio 
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(HS5). This again means that the maximum torsional moment does not accompany large along-wind 

force any more. For the combination of across-wind and torsional moment (CL-CMT), the inclined 

elliptic locus seems to remain regardless of the aspect ratio. 

3.2 Peak normal stresses and wind load combinations 

In order to check the wind load combination effects, the peak normal stresses in the column members 

of the frame models were examined. Table 2 shows an example of the peak normal stresses in a 

windward column of a high-rise building (HS5) under various loading conditions. The ratio (ALL/FD) 

is 137% for the peak tensile stress in this case, and when the resonant component was considered, the 

ratio increases to 148%. This means that the peak tensile stress considering all wind force components 

is 37% (48%) larger on average than that considering the along-wind component only. For the peak 

tensile stress, the ratios are 154% and 164%, respectively. 

Table 2: Ensemble averaged peak normal stresses in a windward column (HS5, 0°, á=1/4, kN/cm
2
, 

values in parenthesis are resonant wind loads). 

Wind load conditions Peak tensile stress AIJ-RLB (2004) ASCE7-10 (2010) 

ALL:FD, FL, FT, MD, ML, MT 37.5 (46.8) 34.6 (49.4) 31.5 (42) 

FD only 27.3 (31.7) 

  FL only 14.7 (24.3) 

MT only 4.2 (8.4) 

ALL/ FD only 137% (148%)   

 

The ratios ALL/FD were calculated for all building models. They vary depending upon the side ratio 

D/B and the building height H. The results are shown in Fig. 2. For medium-rise buildings, the effect 

of the resonant component on this ratio is not significant, although the values of the peak normal 

stresses are different for the cases with and without the resonant component. In order to obtain the 

same peak normal stress by ALL, the concept of equivalent across-wind load FL,EQ is proposed 

(Tamura et al., 2008), which is defined as FL,EQ=γFD, and is simultaneously applied to buildings with 

the along-wind load FD in order to obtain the same peak normal stress as the ALL loading condition. 

Here, γ is the combination factor, and is defined by the following Eqn. 1: 

 γ=(peak normal stress by ALL)/(peak normal stress by FD) – 1 (1)  

Fig. 3 shows the variations of the combination factor γ with the side ratio D/B for middle-rise 

buildings (H=80m). The combination factor γ increases almost in proportion to the side ratio D/B due 

to the influence of the sidewall area on the across-wind component. 

3.3 Current standard and code of practice 

Peak tensile stresses using the procedures prescribed in AIJ-RLB (2004) and ASCE7-10 (2010) are 

also shown in Table 2. Although the wind load combination prescribed in AIJ-RLB (2004) can cover 

the peak normal stresses (4
th
 column), in the calculation of correlation coefficient the correlations 

between along-wind load and the other two forces were ignored, which is not always true. The 

procedure for calculating the gust effect factor and correlation coefficient is quite complex and time-

consuming. The equation for wind load combination in ASCE7-10 (2010) is much simpler than those 

of AIJ-RLB (2004), but it gives much underestimated values (5
th
 column). Comparison between AIJ-

RLB (2004) and ASCE7-10 (2010) identifies the necessity for a more simple and reasonable method 



6
th
 European and African Conference on Wind Engineering 4 

 

for wind load combinations. One solution for a simple but accurate method for wind load 

combinations is to introduce the combination factor for tall buildings, which is currently used in AIJ-

RLB (2004) for buildings with aspect ratios less than 3. 

 

 

Fig. 2 Variation of ALL/(FD) ratio with building height  

for middle- and high-rise buildings. 

 

 

Fig. 3 Variation of combination 

factor ã with side ratio D/B 

(H=80m, HS2, HRa2, HRb2, and 

HRc2). 

4 Concluding remarks 

This paper has summarized the findings from extensive wind tunnel tests carried out by the authors’ 

group for the evaluation of wind load combination effects for various types of building models. One of 

the main findings is that correlation and combination should be considered differently, and correlation 

itself can not represent combination. 

Peak normal stresses in columns were analyzed and the importance of the wind load combinations was 

emphasized. A combination factor for estimating the equivalent across-wind load simultaneously 

applied with the along-wind load was introduced, and the effects of building height and side ratio on 

the wind load combination factors were discussed. As a result, an alternative procedure for wind load 

combinations was proposed for buildings of all heights. 

References 

Davenport, A.G., 1961, The application of statistical concepts to the wind loading of structures, 

Proceedings of Institution of Civil Engineers, London, 19. 

 

Tamura, Y., Kikuchi, H., & Hibi, K., 2003, Quasi-static wind load combinations for low- and middle-

rise buildings, Journal of Wind Engineering and Industrial Aerodynamics, 91, 1613-1625. 

 

Tamura, Y., Kikuchi, H., & Hibi, K., 2008, Peak normal stresses and effects of wind direction on wind 

load combinations for medium-rise buildings, Journal of Wind Engineering and Industrial 

Aerodynamics, 96, 1043-1057. 

 

Architectural Institution of Japan, 2004, Recommendations for Loads on Buildings (2004), 

Architectural Institution of Japan, Tokyo. 
 

ASCE 7-10, 2010, Minimum Design Loads for Buildings and Other Structures, ASCE. 


