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A B S T R A C T

Design wind force coefficients for the main wind force in open- and semi-open-type framed membrane structures
were investigated using wind tunnel experiments. The semi-open-type structure has only one gable wall, while the
open-type structure has no gable wall. The enclosed-type structure was also tested for comparison. Experiments
were conducted with two kinds of turbulent boundary layers corresponding to open-country and urban terrains.
First, the distributions of the wind force coefficients, obtained by the difference between the external and internal
pressure coefficients, on each type of structure were measured. Based on these results, the effect of the gable-end
configuration on the wind force coefficient distribution was determined. Subsequently, various load effects for
each type of structure were computed, and the design wind force coefficients for the main wind force resisting
systems were proposed using the load response correlation (LRC) method. Two types of column base conditions,
hinged-base and clamped-base, were considered. The axial forces induced in the columns for hinged-base frames
and the bending moments at the column bases for clamped-base frames were used to investigate the design wind
force coefficients. Furthermore, an estimation method of the design wind force coefficients for different turbulent
flows is proposed that accounts for the effects of turbulence intensity on the load effects. Finally, a simplified
model of the design wind force coefficient is proposed.
1. Introduction

Framed membrane structures with gable roofs are often used for
sports facilities and temporary buildings in Japan. There are three types
of gable wall configurations: enclosed-, semi-open- (partially enclosed)
and open-type. Open- and semi-open-types refer to structures with no and
one gable wall, respectively. Note that both types have side walls, and the
open-type structure is different from free roof structures with no walls.
Being light and flexible, these structures are generally vulnerable to dy-
namic wind action. Therefore, wind load estimation is one of the most
important issues when designing these structures. In practice, however,
the wind force coefficients on such structures have not been established.
The net wind force on the open- and semi-open-type structures are
determined by the difference between the external and internal
pressures.

Regarding enclosed-type structures, the wind pressures on low-rise
buildings have been investigated by many researchers. For example,
Kanda and Maruta (1993) investigated the characteristics of fluctuating
wind pressures on such buildings. The wind pressure coefficients were
measured for a wide range of building geometries. The specifications for
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the wind pressure coefficients on low-rise buildings in the AIJ Recom-
mendations of Loads on Buildings (2015) are based on their results.
Uematsu and Isyumov (1999) reviewed previous studies of wind pres-
sures on low-rise buildings with various roof shapes. Ginger and Holmes
(2003) investigated the wind loads on low-rise buildings with steep roof
pitches. The results of these studies provided a useful database for the
specification of external pressure coefficients in codes and standards, e.g.
ASCE 7 (2010), Notification No. 1454 of the Ministry of Construction of
Japan (2000), and the AIJ Recommendations for Loads on Buildings
(2015).

Many researchers have investigated the internal pressures of low-rise
buildings with some dominant openings in their walls (e.g. Vickery and
Bloxham, 1992; Ginger et al., 1997; Sharma and Richards, 2005; Guha
et al., 2011; Holmes and Ginger, 2012). Vickery and Bloxahm (1992)
examined the transient and steady-state behavior of the internal pressure
for a structure with a windward opening. Holmes (1994) described the
characteristics of wind pressure acting on the walls and roofs of
gable-roofed tropical houses with dominant openings, focusing on the
effect of internal pressure on the net wind forces. Ginger et al. (1997)
measured the internal pressure on a full-scale building with small
te School of Engineering, Tohoku University, Sendai, 980-8579, Japan.
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openings in the windward and leeward gable walls. Sharma and Richards
(2005) investigated the characteristics of the net pressures on two roof
areas of a low-rise building with two different dominant wall openings.
Guha et al. (2011) presented the internal pressure response of a building
with a dominant opening and background leakage. Holmes and Ginger
(2012) reviewed the studies of the internal pressures on buildings with
dominant windward openings. The internal pressures of livestock houses
with large openings of various types were studied by Choini�ere et al.
(1994) and others. The wind loads on a free-standing canopy roof (free
roof), which was supported by columns with no walls, were investigated
by Uematsu et al. (2007). In their study, the characteristics of the wind
pressures on the top and bottom surfaces of the roof were measured. The
conditions of the openings (e.g. location and size) considered in these
investigations were different from those of the semi-open- and open-type
structures considered in the present study.

Notification No. 1454 and ASCE 7 provide the internal pressure co-
efficients that are to be combined with external pressure coefficients to
compute the net wind forces on buildings with a large opening in the
windward or leeward wall. However, only two wind directions, normal
and parallel to the gable wall, are considered in these codes and stan-
dards. In addition, the wind pressure coefficients are based on the dis-
tribution of mean wind pressure coefficients. In many cases, the
maximum load effect on the building is induced by oblique winds (e.g.
Terazaki et al., 2011). Furthermore, fluctuations of wind pressures affect
the building responses significantly. These conditions may not be suffi-
ciently accounted for in the codes and standards. Furthermore, to the
authors’ best knowledge, there are no studies on open-type structures.

In practical projects, wind tunnel experiments have been made for
estimating the design wind loads on open-type structures. However, it is
generally difficult to make wind tunnel models of these structures. This is
because the model thickness should be small enough to reproduce the
flow around the structure appropriately. At the same time, the pressure
taps should be arranged properly on the outside and inside of the
building model to measure the external and internal pressures simulta-
neously, providing the net wind forces. These two contradictory re-
quirements should be satisfied when constructing wind tunnel models.

In many cases, open-type structures are constructed for temporary
buildings. The demands for open-type structures are estimated to in-
crease in the future. Even for temporary structures, a wind-resistant
design should be implemented appropriately. For this purpose, appro-
priate wind force coefficients should be established for such structures.

Based on the discussion above, systematic investigations on the wind
force coefficients on open-type and semi-open-type structures would
contribute to the improvement of the wind-resistant design of these
structures significantly. Therefore, the main purpose of the present study
was to provide appropriate design wind force coefficients for semi-open-
and open-type structures with gable roofs based on wind tunnel experi-
ments and structural response analysis using the wind tunnel data. More
specifically, the wind forces on framed membrane structures with two
kinds of turbulent boundary layers corresponding to open-country and
urban terrains generated in a wind tunnel were investigated. Open- and
semi-open-type structures were tested. Enclosed-type structures were
also tested for comparison. It was assumed that the structures consisted of
a series of gable frames arranged in parallel and connected by tie beams
and bracings, which is the most common structural system for such
structures. The effect of turbulence intensity of the approach flow on the
distribution of the wind force coefficients and the difference of wind
pressure coefficients on the external and internal surfaces were investi-
gated. The wind force coefficients for designing these structures are
discussed based on the maximum load effects induced in the frames. It
was assumed that the structures were sufficiently rigid that the resonant
effects on the wind loads could be ignored. The deflection and vibration
of the membranes were not considered in the present paper, and will be
the subject of future studies.

It should be mentioned that the present paper is an extended and
revised version of our previous papers (Takadate et al., 2015; Takadate
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and Uematsu, 2016). In the present paper, a more detailed discussion is
made about the wind force coefficients for designing the main
wind-force-resisting systems (MWFRSs) of structures from a practical
viewpoint.

2. Model building

The building model in the present study was a framed membrane
structure with a gable roof. The geometry and the structural system were
determined based on a survey of framed membrane structures used for
temporary buildings and sports facilities, which have been constructed in
Japan. The span B, the length L, and the mean roof height H were 42m,
42m, and 10.3m, respectively. The roof pitch β was 17.5�.

The structure consisted of eight gable-type rigid frames arranged in
parallel with equal spacing that were connected by horizontal tie beams
and bracings. The column base was assumed to be hinged or clamped to
the rigid footing beams. Because the focus was on the gable frames, two-
dimensional structural analysis was applied to each frame. The structural
system in the ridge direction was out of the scope of the present study.
The columns and beams of each frame were made of H-shaped steel (H-
294�200�8�12). The size of the members was determined based on the
general allowable stress design specified in the Building Standard Law of
Japan, in which the design wind loads are calculated as the product of the
design velocity pressure qH (¼ρUH

2/2, where ρ and UH are the air density
and wind speed at the mean roof height, respectively), mean wind force
coefficient Cf, and gust effect factor Gf. The values of Cf were obtained
from the wind tunnel experiment (Section 4.1). Assuming that
UH¼ 30m/s, as a typical value of the design wind speed, the value of qH
was determined to be 540 N/m2. The value of Gf was assumed to be 2.5,
which corresponds to Terrain Category III (suburban terrain) specified in
the Building Standard Law of Japan.

3. Experimental apparatus and procedures

3.1. Wind tunnel model

The wind tunnel model was constructed from thin plastic plates with
a geometric scale of 1/200. Fig. 1 shows the cross-section and the layout
of the pressure taps of the wind tunnel model. The model had a sandwich
structure with a thickness of 4mm, in which bronze tubes introducing
the tap pressures to the pressure transducers were installed (the details of
tubing system will be described in Section 3.3). Sixteen pressure taps
were installed on the external and internal surfaces along each of the
seven lines (Lines a � g), as shown in Fig. 1(b). The total number of
pressure taps is 224. Fig. 2 shows the three types of gable-end configu-
rations tested in the present study; that is, enclosed-, semi-open-, and
open-type.
3.2. Wind tunnel flow

The wind tunnel experiments were carried out in a closed-circuit-type
boundary-layer wind tunnel at the Building Research Institute, Tsukuba,
Japan, which has a 2.0m high, 3.0 m wide, and 25m long working area.
Two kinds of turbulent boundary layers, corresponding to open-country
and urban terrains, were generated on the wind tunnel floor, which
hereafter are referred to as Flows I and II, respectively. Fig. 3 shows the
vertical profiles of the mean wind velocity and turbulence intensity for
these flows. The power law exponent α for the mean velocity profile and
the turbulence intensity IuH at the mean roof height H were 0.15 and
15.6% for Flow I and 0.27 and 22.4% for Flow II. The mean wind velocity
UH at the mean roof height Hwas 7.3m/s for Flow I and 5.3m/s for Flow
II. The wind direction θ was changed from 0� to 90� for the enclosed- and
open-types and from 0� to 180� for the semi-open-type because of the
symmetry of the model (see Fig. 1(b)). Note that θ¼ 0� for the semi-open-
type is a direction normal to the opened gable wall, as shown in Fig. 2.



Fig. 1. Cross-section and top view of the wind tunnel model.

Fig. 2. Gable-end configurations.

Fig. 3. Vertical profiles of mean wind velocity and turbulence intensity for
Flows I and II.
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3.3. Experimental procedure

The pressure taps installed on the wind tunnel model were connected
to pressure transducers via a 0.5 mm ID bronze tube and 1.4mm ID PVC
Fig. 4. Location of the pressure taps on the wind tunnel model and the

267
tube. The total length of these tubes was 1m. Wind pressures at all
pressure taps were measured simultaneously at a sampling frequency of
1 kHz for approximately 14 s, which corresponds to 10min at full scale.
The measurement was repeated 10 times under the same conditions. The
tubing effect was compensated for in the frequency domain by using the
frequency response function of the measurement system that was ob-
tained prior to the experiments.

The wind pressures obtained at the pressure taps were normalized to
the wind pressure coefficients Cp, defined in terms of the velocity pres-
sure qH of the approach flow at the mean roof height. The distribution of
wind pressure coefficients over the whole area of the model at each time
step was obtained by applying a cubic spline function to the experimental
data of Cp measured along the above-mentioned seven lines (Lines a–g).
This operation provides the Cp distribution at any cross-section. To
investigate the load effects at various locations of the frames, eight gable
frames along Lines 1–8 shown in Fig. 4 were used in the following
analysis.

Fig. 5 shows the instantaneous distribution of wind pressure co-
efficients along a line labeled ‘A–A’, in which X represents the distance
along the line from Point A; the squares and circles represent the
measured values on Lines a–g and the interpolated values on Lines 1–8,
respectively. Assuming that the frames were located along Lines 1–8, the
two-dimensional structural analysis was applied to each frame using the
interpolated data of wind pressure coefficients; frames along Lines 1–8
are called Frames 1–8 hereafter. The statistical values of the wind pres-
sures and the resultant responses (load effects) were evaluated by
applying ensemble averages to the results of 10 runs (Nishimura et al.,
2011). Note that Nishimura et al. found that statistically stable results of
the peak pressure coefficients can be obtained using an ensemble average
frames used for discussing the load effects and design wind loads.



Fig. 5. Distribution of wind pressure coefficients along Line A – A0 interpolated
by a cubic spline function (Enclosed-type, θ¼ 0�).
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of at least five data.

4. Experimental results

4.1. Distribution of mean wind force coefficients

Figs. 6�9 show the distributions of the mean wind force coefficients
Cf on the models with three types of gable-end configurations for typical
wind directions. Note that the figures are shown from the view of the side
walls and roof; the distribution on the gable wall is not shown. The Cf
value is defined by the difference between the external and internal wind
pressure coefficients. The direction of the wind force is the same as that
of the external pressure. The internal pressure in the enclosed-type
structure depends on the location and size of the openings and/or gaps
existing in the envelope of the building as well as on the external pres-
sures acting on them. Because it is difficult to generalize the conditions of
the openings and/or gaps, we assumed that the internal pressure was
equal to zero. In the enclosed-type structure, the fluctuation of the in-
ternal pressure is not large enough (Ueda et al., 2007) to affect the dy-
namic load effects on the frame significantly. Therefore, the wind force
coefficient coincides with the external pressure coefficient in this case.

When θ¼ 0�, the Cf distribution on the semi-open-type structure is
similar in pattern to that on the enclosed-type structure. This feature
indicates that the air is stagnant inside the model due to the presence of
the leeward gable wall. As a result, the internal pressure becomes posi-
tive, which generates larger Cf values on the walls and roof than those of
the enclosed-type structures. It was found that the internal pressure co-
efficient Cpi of the semi-open-type structure when θ¼ 0� was approxi-
mately 0.6 for Flow I and 0.9 for Flow II. The Notification No. 1454 of the
Ministry of Construction of Japan specifies the internal pressure coeffi-
cient for semi-open-type structures as 0.6, which is similar to the present
result for Flow I. The internal pressure specified in ASCE 7 is given by
GfCpi (¼� 0.55). Assuming that Gf¼ 2.5, the internal pressure coefficient
was determined to be 0.22, which is much smaller than the experimental
result. In contrast, the value of Cf on the open-type structure is almost
zero (see Fig. 8), because the external and internal pressures cancel out
each other. In oblique winds, such as θ¼ 15� and 45�, for example, the Cf

distribution along a cross-section becomes asymmetric with respect to
the ridge, and larger negative Cf values are induced on the leeward roof
Fig. 6. Distribution of the mean wind force coeffic
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near the ridge. This result implies attention should be given to oblique
winds and the wind forces on frames near the windward gable wall when
discussing the design wind force coefficients for the MWFRSs. When
θ¼ 90�, the Cf distributions on the semi-open- and open-type structures
are similar. The magnitude is larger on the windward roof and smaller on
the leeward roof than that of the enclosed-type structure. This is due to
the effect of internal pressure. Regarding the effect of wind turbulence,
the magnitude of Cf of Flow II is generally larger than that of Flow I.
When the turbulence intensity of the approach flow is large, the sepa-
rated flow from the leading edge tends to reattach on the roof earlier
because of turbulent entrainment. The Cf values on the semi-open-type
structure for θ¼ 105�, 135�, 165�, and 180� are generally smaller in
magnitude than those on the enclosed-type structure. This is again due to
the effect of internal pressure. When θ¼ 180�, the internal pressure co-
efficient was found to be approximately �0.4, which is similar to the
specified value in Notification No. 1454 of theMinistry of Construction of
Japan.

4.2. Maximum load effects

The design wind force coefficients for the MWFRSs should be deter-
mined based on the maximum load effect. For relatively small and rigid
structures, the most critical load effect can be detected by applying the
mean wind loads to the structure because the turbulence of the approach
flow mainly affects the critical response (see Uematsu et al., 2005).
Therefore, the mean response of the structure is first computed using the
experimental data on the mean wind force coefficients to detect the load
effects on which we should focus to discuss the design wind force co-
efficients. Table 1 shows the location of the frame that provides the
maximum load effect under each condition, in which the focus is on the
axial force N, shear force Q, and bending moment M induced in the
columns and/or beams as the load effects.

The time-history of the load effects R(t) is given by the following
equation;

RðtÞ ¼ qH
X16
j¼1

αjCf ;jðtÞAj (1)

where αj, Cf,j, and Aj represent the influence coefficient, wind force co-
efficient, and tributary area of Point j, respectively. Note that the influ-
ence coefficient αj refers to the response induced by a unit force applied
normally to Point j. The load effects N, Q, and M are reduced to non-
dimensional values as follows:

N* ¼ N
qHBd

(2a)

Q* ¼ Q
qHBd

(2b)
ient on the enclosed-type structure in Flow I.



Fig. 7. Distribution of the mean wind force coefficient on the enclosed-type structure in Flow II.

Fig. 8. Distribution of the mean wind force coefficient on the open-type structure in Flow I.

Fig. 9. Distribution of the mean wind force coefficient for the semi-open-type structure in Flow I.
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M* ¼ M
qHHBd

(2c)
Table 1
Location of the member subjected to the most critical load effect for each column
base condition.

Load effect Hinged-base frame Clamped-base frame

Axial force N Windward column Windward column
Shear force Q Windward column Windward column
Bending moment M Windward column knee Windward column base
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where d is the spacing of the frames (see Fig. 4). Because Frame 1 is
located at the gable end, the value of d in Eq. (2) is replaced by d/2. The
time-history of the non-dimensional load effect was computed by using
the time history of Cf for the eight frames and all wind directions, from
which the maximum peak value during a period of 10min at full scale
was obtained. Figs. 10�14 show the maximum load effects plotted
against the wind direction θ for some typical column bases, gable wall
configurations, and flow conditions. In the figure, the results for some
typical frames are shown (regarding the location of the frames, see
Fig. 4). In the wind tunnel experiments, the wind direction θwas changed



Fig. 10. Load effects for the hinged base frames (Enclosed-type, Flow I).

Fig. 11. Load effects for the clamped base frames (Enclosed-type, Flow I).

Fig. 12. Load effects for the clamped base frame (Semi-open-type, Flow I).
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from 0� to 90� for the enclosed- and open-type structures. The values of
load effects for θ¼ 90�–180� were obtained from the interpolated Cf
distributions for θ¼ 0�–90�.
Fig. 13. Load effects for the clamped
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Figs. 10 and 11 are the results for the enclosed-type structure in Flow
I. Comparing these results, the effect of the column base condition was
generally small for all load effects. Therefore, the focus is mainly on the
base frames (Open-type, Flow I).



Fig. 14. Load effects for the clamped base frames (Open-type, Flow II).

Table 3
Frame number and wind direction providing the maximum load effect and the
corresponding gust effect factor for the semi-open-type structure.

Load effect Flow Hinged-base frame Clamped-base frame

Frame θ (o) Gf Frame θ (o) Gf

Axial force N I 2 0 2.13 2 0 2.15
II 2 0 2.62 2 0 2.63

Shear force Q I 2 45 1.91 2 0 2.34
II 2 30 2.33 2 30 2.36

Bending moment M I 2 0 2.27 2 45 1.95
II 2 0 2.69 2 30 2.50

Table 4
Frame number and wind direction providing the maximum load effect and the
corresponding gust effect factor for the open-type structure.

Load effect Flow Hinged-base frame Clamped-base frame

Frame θ (o) Gf Frame θ (o) Gf

Axial force N I 8 180 14.9 8 180 14.8
II 8 180 16.7 8 180 16.8

Shear force Q I 8 135 1.93 8 135 2.11
II 8 135 2.40 8 135 2.66

Bending moment M I 8 135 2.09 8 135 1.99
II 8 135 2.70 8 135 2.52
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clamped base frames hereafter. When the wind direction was normal to
the gable wall (θ¼ 0�), a large axial force was induced. This is because
the separated flow from the leading edge of the structure induced large
negative Cf values near the windward gable wall. The maximum shear
force and bending moment were generally induced in oblique winds.
These two load effects were induced not only by the separated flow but
also by conical vortices generated near the windward roof corners. These
results imply that the conventional methods, such as Notification No.
1454 and the AIJ Recommendations for Loads on Buildings, in which two
wind directions, normal and parallel to the gable wall, are considered, do
not necessarily reproduce the maximum load effect appropriately.

Fig. 12 shows the results for the semi-open-type structure in Flow I.
When the wind direction ranged from 0� to 90�, the load effects were
rather large not only for the windward frames but also for the leeward
frames. This feature was due to the presence of a leeward wall. The load
effect induced by the internal pressure was added to that induced by the
external pressure, generating larger load effects. It is interesting to note
that the load effects for Frame 8 were relatively large when
θ¼ 120�–180�. The behavior of the load effects in the wind direction
range of θ¼ 90�–180� was similar to that of the enclosed-type structure,
although the magnitude was somewhat smaller.

Fig. 13 shows the results for the open-type structure in Flow I. The
values of Q and M changed significantly with wind direction. The
maximum load effect was induced with oblique wind. In contrast, the
magnitude of N was nearly constant for all wind directions.

Fig. 14 shows the results for the open-type structure in Flow II. The
variation of the load effects with wind direction was similar to that in
Flow I. However, the magnitudes were generally larger than those in
Flow I. This implies that the turbulence intensity of the approach flow
affects the load effects significantly. Therefore, it is necessary to consider
this effect appropriately when discussing the design wind force co-
efficients for the MWFRSs.

Tables 2–4 summarize the wind directions and the frame numbers
that provided the maximum load effects and the corresponding gust ef-
fect factors Gf for three kinds of gable-end configurations. The Gf value is
defined as the ratio of the maximum load effect to the time-averaged
value computed using the wind tunnel data for the external and inter-
nal pressure coefficients. The values of Gf in Flow II were generally larger
Table 2
Frame number and wind direction providing the maximum load effect and the
corresponding gust effect factor for the enclosed-type structure.

Load effect Flow Hinged-base frame Clamped-base frame

Frame θ (o) Gf Frame θ (o) Gf

Axial force N I 8 165 1.90 8 165 1.93
II 8 165 2.20 8 165 2.23

Shear force Q I 8 135 1.83 8 135 1.87
II 8 135 2.08 8 135 2.13

Bending moment M I 8 135 1.85 8 135 1.84
II 8 135 2.14 8 135 2.14
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than those in Flow I due to the higher turbulence of the flow. The Gf value
for the axial force in the open-type structure was rather large. This is
because the time-averaged value of the axial force was very small in
magnitude, approximately equal to zero, when the wind direction was
normal to the gable wall (θ¼ 0�). The gust effect factor will be discussed
further in Section 5.4.

5. Design wind force coefficients

5.1. Evaluation of wind force coefficients

The wind force coefficients for the MWFRSs were estimated based on
the maximum load effects mentioned above, i.e., the axial force N, shear
force Q, and bending moment M. The following three methods for the
wind load estimation were used, which are often used in practice:

(1) Gust effect factor approach

This approach is conventionally used in many countries, including
Japan. The design wind loads are calculated by the product of the ve-
locity pressure, mean wind force coefficients, and a gust effect factor.

(2) Conditional sampling technique

The distribution of wind force coefficients is determined by the dis-
tribution at the instant when the maximum load effect is induced.
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(3) Load Response Correlation method (LRC method)

This method, originally proposed by Kasperski (1992), provides the
equivalent static wind force coefficient, which produces the maximum
load effect using a stochastic method. The wind force coefficient Cf_LRC is
given by the following equation:

Cf LRC ¼ Cf þ grC
0
f ρrp (3)

where Cf, gr, C'f, and ρrp represent the mean wind force coefficient, peak
factor of the load effect, RMS fluctuating wind force coefficient, and the
correlation coefficient between the load effect and the wind force coef-
ficient, respectively.

The wind force coefficients obtained by the gust effect factor
approach, the conditional sampling technique, and the LRC method are
denoted as Cf_Gust, Cf_cond and Cf_LRC, respectively in the following
discussion.

Fig. 15 shows the Cf distributions along the frame with a clamped-
base that were obtained from the above-mentioned methods and the
mean wind force coefficient Cf_mean under the conditions given in
Tables 2–4. The horizontal axis of the figure represents the distance s
from the windward column base along the frame, normalized by the total
length smax. The three vertical lines represent the location of the eaves
and ridges.

Fig. 15(a) shows the Cf distribution based on the axial force N as the
load effect for the enclosed-type structure in Flow I. Relatively large
negative Cf values were induced over the whole roof area, generating
large tension in the columns. This was mainly due to the flow separation
at the windward gable edge when θ¼ 180� (see Table 2). Fig. 15(b) and
(c) show the Cf distributions based on the shear force Q and bending
moment M, respectively, as the load effects. These two distributions are
similar. It should be noted that these distributions are quite different
from those provided by the current codes and standards. This is because
larger values of Q and M are induced in oblique winds. Fig. 15(c)–15(e)
show the effect of the gable-end configuration on the Cf distribution.
Negative Cf values were induced on the windward wall in Fig. 15(d). This
result implies that the effect of positive internal pressure becomes large
in the semi-open-type structure. In the case of open-type structure, pos-
itive Cf values were induced on the windward wall and a part of the
windward roof. This is because the separated flow from the leading edge
induced large negative internal pressures in these areas. Fig. 15(f) shows
the Cf distribution based on the bending moment as the load effect for the
open-type structure in Flow II. Comparing the results in Fig. 15(e) and (f),
the magnitudes of wind force coefficients in Flow II are generally larger
than those in Flow I, as expected from the results in Section 4.1. This
result indicates that the turbulence intensity plays an important role in
the wind load estimation.

The Cf distribution obtained from the LRCmethod, Cf_LRC, is similar to
that obtained from the conditional sampling technique, Cf_cond, for all
load cases. In contrast, the Cf distribution obtained from the gust effect
factor approach, Cf_Gust, is somewhat different from those of Cf_cond and
Cf_LRC. Because the distribution of Cf_cond was directly obtained from the
experiment, it may be the appropriate parameter to use for the design
wind force coefficients. On the other hand, the Cf_LRC distribution ac-
counts for the variation of the variables. Considering that the distribution
of Cf_LRC is similar to that of Cf_cond, the LRC method can provide an
approximate distribution of wind force coefficients for design purposes,
as in the case of flat-roofed buildings with square and rectangular plans,
which Tamura et al. (2001) investigated. Therefore, the discussion of
design wind force coefficients is based on Cf_LRC, hereafter.

5.2. Load effects to be focused on when evaluating the wind force
coefficients for the MWFRSs

In the previous section, six of combinations for three load effects (N,Q
and M) and two column base conditions (hinged and clamped) were
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considered for each-type of gable-end configuration to estimate the wind
force coefficients. However, it is not efficient to apply six wind force
coefficient distributions to a building when designing it. In this section,
the load effects predicted from these wind force coefficient distributions
are compared. First, the effect of the column-base condition is discussed.
In actual design, the column base responds as though it were elastically
supported. This supporting system lies between the hinged- and clamped-
base conditions. In other words, the hinged- and clamped-bases represent
the two extremes of support systems. If we select a column base that
provides a larger load effect, the corresponding wind loads give conser-
vative predictions of the response. The distributions of the wind force
coefficients for hinged and clamped base frames are denoted as Cf_hinge
and Cf_clamp, respectively. Furthermore, the load effects for the hinged
and clamped base frames subjected to the Cf_hinge or Cf_clamp distributions
are defined as follows.

Rhinge_hinge: Load effect on hinged-base frame obtained by applying
the Cf_hinge distribution to the frame
Rhinge_clamp: Load effect on hinged-base frame obtained by applying
the Cf_clamp distribution to the frame
Rclamp_hinge: Load effect on clamped-base frame obtained by applying
the Cf_hinge distribution to the frame
Rclamp_clamp: Load effect on clamped-base frame obtained by applying
the Cf_clamp distribution to the frame

Note that the values of Rhinge_hinge and Rclamp_clamp are practical,
because the practical column-base condition is the same as that assumed
in the wind load estimation. On the other hand, the values of Rhinge_clamp

and Rclamp_hinge are virtual, because the practical column-base condition
is different from that assumed in the wind load estimation.

Table 5 shows the Rhinge_clamp/Rhinge_hinge and Rclamp_hinge/Rclamp_clamp
ratios for typical cases. If the value of Rhinge_clamp/Rhinge_hinge or Rclam-

p_hinge/Rclamp_clamp is larger than 1, the virtual Cf distribution provides a
conservative estimate of the load effect. For example, when the Cf_clamp
distribution is applied to the hinged-base frame, the axial force is esti-
mated as 96% of the practical one. That is, the Cf_clamp distribution un-
derestimates the axial force. On the other hand, when the Cf_hinge
distribution is applied to the clamped-base frame, the axial force is
overestimated the axial force by 3%. Therefore, the Cf_hinge distribution
can be used for both column base conditions when focusing on the axial
forces. Similarly, the shear force can be conservatively estimated when
the Cf_hinge distribution is used. In addition, the Cf_clamp distribution can
be used for the bending moment.

Next, the use of the wind force coefficient distribution, which was
estimated for some load effects, for estimating other load effects is dis-
cussed. As shown in Tables 2–4, the conditions that provide the
maximum values of the shear force Q on hinged-base frame and bending
moment M on the clamped-base frame are obtained for the same wind
direction and frame number. The wind force coefficients based on the
shear force and bending moment as the load effects are denoted as Cf_Q
and Cf_M, respectively. Note that the column-base condition is assumed
‘hinged’ for the shear force and ‘clamped’ for the bending moment, ac-
cording to the discussion above. The shear force and bending moment
estimated from the Cf_Q and Cf_M distributions are expressed as follows:

Q_Q: Shear force obtained by applying the Cf_Q distribution to the
frame
Q_M: Shear force obtained by applying the Cf_M distribution to the
frame
M_M: Bending moment obtained by applying the Cf_M distribution to
the frame
M_Q: Bending moment obtained by applying the Cf_Q distribution to
the frame

Table 6 summarizes the Q_Q/Q_M andM_Q/M_M ratios obtained for the
six cases tested, i.e. three gable-end configurations and two flows. If the



Fig. 15. Distributions of wind force coefficient for the MWFRSs.

Table 5
Comparison between load effects predicted from the wind force coefficient dis-
tributions for different column-base conditions.

Load
effect

Condition Rhinge_clamp/
Rhinge_hinge

Rclamp_hinge/
Rclamp_clamp

N Enclosed-type, Flow I 0.96 1.03
Q Enclosed-type, Flow I 0.68 1.45
M Enclosed-type, Flow I 1.05 0.93
M Enclosed-type, Flow

II
1.04 0.93

M Semi-open-type,
Flow I

1.19 0.82

M Open-type, Flow I 1.03 0.95
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value of Q_Q/Q_M orM_Q/M_M is less than 1, the Cf_M distribution provides
a conservative estimate. It is found that the Q_Q/Q_M andM_Q/M_M values
are smaller than 1 for all cases. Therefore, the Cf_M distribution can be
used to give conservative predictions of the shear force and bending
moment.

The above discussion implied that the distribution of wind force co-
efficients for designing the MWFRSs can be estimated comprehensively
by using two kinds of distributions: one based on the axial force as the
load effect for hinged-base frame and one based on the bending moment
as the load effect for clamped-base frame.
Table 6
Comparison between load effects predicted from the wind force coefficient dis-
tributions evaluated based on the different load effects.

Gable-end configuration Flow Q_Q/Q_M M_Q/M_M

Enclosed-type I 0.99 0.98
II 0.97 0.96

Semi-open-type I 0.87 0.88
II 0.96 0.94

Open-type I 0.97 0.95
II 0.95 0.93
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5.3. Effect of turbulence of approach flow on the wind force coefficients
and load effects

According to Sections 4.2 and 5.1, the magnitude of load effects and
the distribution of wind force coefficients are affected by the turbulence
intensity of approach flow. From a practical viewpoint, it may be desir-
able to provide a simple method for estimating the wind force coefficient
distributions for different turbulence intensities. Fig. 16 shows the Cf_LRC
distributions in Flows I and II, in which the Cf_LRC values are divided by
the gust effect factors Gf for these flows, respectively. The distributions in
Flows I and II were similar in shape. However, the Cf_LRC/Gf values are
generally larger in Flow II than in Flow I. Nevertheless, the effect of
turbulence is considered by Gf. Table 7 summarizes the ratios of the
Cf_LRC/Gf values in Flow II to that in Flow I at each pressure tap for each
gable-end configuration. It is interesting to note that the mean value of
the ratio is approximately 1.5 for the three cases, although there is a
scatter in the results. Fig. 17 shows the ratio of the mean axial force or
bending moment in Flow II to that in Flow I, plotted against the
maximum non-dimensional axial force N*max or bending moment M*max
for all wind directions and frames. The ratio collapses into a narrow
range around 1.5 as the values of N*max and M*max increase. Table 8
summarizes the ratio of the mean load effect at the conditions where the
maximum load effect was induced. It is interesting to note that these
values correspond well to the ratio of the Cf_LRC/Gf values in Flow II to
that in Flow I (see Table 7). This result implies that the turbulence in-
tensity of the approach flow affects the time averaged value of the load
effect and the gust effect factor Gf. The effect on the wind force co-
efficients can be represented using a correction factor η, the value of
which depends on the turbulence intensity of the approach flow. As
shown in Fig. 16, the distribution of Cf_LRC/Gf in Flow II estimated by the
product of the value in Flow I and the correction factor η is in good
agreement with the experimental results for Flow II. According to the
present study, the value of correction factor η for estimating the wind
force coefficients for Flow II (urban terrain) from those for Flow I (open-
country terrain) is 1.5. Further studies will be necessary to generalize the
correction factor as a function of the turbulence intensity of the approach
flow.



Fig. 16. Distributions of wind force coefficients Cf_LRC divided by Gf.

Table 7
Ratio of the equivalent static wind force coefficients based on the axial force N
and bending moment M at each pressure tap in Flow II to that in Flow I.

Model N range (mean value) M range (mean value)

Enclosed-type 1.20–1.54 (1.43) 1.10–3.16 (1.46)
Semi-open-type 1.44–1.49 (1.46) 1.12–1.59 (1.42)
Open-type 0.70–1.65 (1.23) 1.33–1.51 (1.45)
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5.4. Gust effect factor

Figs. 18 and 19 show the values of Gf based on the axial forces N and
bending momentsM plotted against the maximum non-dimensional axial
force N*max and bending moment M*max, respectively. In these figures,
the results for the three gable-end configurations obtained under various
Fig. 17. Ratio of mean load effects between Flow I and I
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conditions are plotted. The Gf values scatter significantly when the N*max

and M*max values are small. However, they collapse into a narrow range
as the N*max and M*max values increase, except for the axial force in the
open-type structure.

In the current design codes and standards in Japan, the effect of wind
turbulence on the design wind loads is generally considered in the
evaluation of the gust effect factor Gf. According to the quasi-steady
assumption, Gf is approximately given by the following equation for
relatively small and rigid structures (see Uematsu et al., 2006, for
example):

Gf � G2
v ¼ ð1þ gvIuHÞ2 (4)

where Gv and gv represent the gust factor and the peak factor of the
approach flow. In the present study, the turbulence intensity IuH at the
I plotted against the maximum load effect in Flow I.



Table 8
Ratio of the mean load effects in Flow II to that in Flow I.

Gable-end configuration Axial force N Bending moment M

Enclosed-type 1.39 1.37
Semi-open-type 1.44 1.44
Open-type 1.45 1.41

Y. Takadate, Y. Uematsu Journal of Wind Engineering & Industrial Aerodynamics 184 (2019) 265–276
mean roof height is 15.6% for Flow I and 22.4% for Flow II. Assuming
that gv¼ 3.0 and substituting these values of IuH into Eq. (4), the Gf values
were calculated to be 2.16 for Flow I and 2.80 for Flow II. The dashed
lines in Figs. 18 and 19 represent the values estimated from Eq. (4). These
values roughly correspond to the values of Gf based on the ratio of the
maximum to the mean load effect. This result implies that Eq. (4) can be
applied to the estimation of Gf for any other turbulent flow when the
value of IuH is provided. Regarding the axial force induced in the open-
type structure, another estimation method is required because the
quasi-steady assumption cannot be satisfied.
5.5. A simplified model of wind force coefficient for MWFRSs

It is convenient from a structural design viewpoint to provide the
wind force coefficient on each roof or wall area as a constant value.
Therefore, we specified the design wind force coefficients for the
MWFRSs as follows:

Step 1: The distribution of Cf_LRC in Flow I was spatially averaged over
each area. These values are denoted as CfWU, Cf RU, Cf RL, and CfWL for
the windward wall, windward roof, leeward roof, and leeward wall,
respectively.
Step 2: The maximum load effect bR was obtained from the time his-
tory of the load effect. The corresponding load effect ~R was also
computed using the CfWU, Cf RU, Cf RL and CfWL values obtained above.

Then, the ratio of bR to ~R, which is denoted as γ, was computed.
Table 9 summarizes the values of γ for three kinds of gable-end
configurations. The value of γ is regarded as a correction factor to
compensate for the simplification made on the wind force coefficient
distribution.
Step 3: The design wind force coefficients for the four areas (CfWU,
CfRU, CfRL and CfWL) were computed using the following equations:

CfWU ¼ CfWU

Gf
� γ (5a)

CfRU ¼ CfRU

Gf
� γ (5b)
Fig. 18. Gust effect factor versus the ma
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CfRL ¼ CfRL

Gf
� γ (5c)

CfWL ¼ CfWL

Gf
� γ (5d)

Table 10 summarizes the values of CfWU, CfRU, CfRL and CfWL, using the
axial force and bending moment as the load effects. These values are
based on the results for Flow I. As was mentioned in Section 5.3, the
effect of the turbulence of the approach flow on the wind force co-
efficients should be taken into account not only by the gust effect factor
Gf but also by the correction factor η. The value of η for urban terrain is
1.5 based on the discussion in Section 5.3. The value for suburban terrain
may be some value between 1.0 and 1.5. It was tentatively set as 1.25 in
the present study. The gust effect factors for open-country and urban
terrains can be estimated based on the quasi-steady assumption, except
for the axial force on the open-type structure. It is necessary clarify the
flow mechanism that generates the large axial forces on the open-type
structure. This will be the subject of future studies. However, the axial
force was not more significant than the bending moment when designing
structures under the assumptions used in the present study because the
magnitude of the axial force on these kinds of structures is small.
Therefore, it is sufficient to use the design wind force coefficient for the
MWFRSs based on the bending moment in actual design.

6. Concluding remarks

The design wind force coefficients for the MWFRSs of framed mem-
brane structures were proposed based on a wind tunnel experiment, in
which three kinds of models with different gable wall configurations, i.e.
open, semi-open and enclosed models, were tested. Simultaneous wind
pressure measurements at many locations on the models were carried out
for two kinds of turbulent boundary layers corresponding to open-
country and urban terrains.

First, the distributions of mean wind force coefficients on each model
were measured. The results indicate that large negative wind force co-
efficients were induced in the windward area of the leeward roof in
oblique winds. Subsequently, the load effects on the structural frames
located at various locations were estimated under various conditions
assuming that the structure consisted of rigid frames arranged in parallel
with equal spacing that were connected by horizontal tie beams and
bracings. Two kinds of column base conditions, i.e. hinged and clamped
bases, were tested. The axial force, shear force, and bending moment
induced in the columns and/or beams were considered to be the load
effects. The maximum axial force was induced by wind normal to the
gable wall, while the maximum shear force and bending moment were
induced in an oblique wind direction. Based on these results, the design
ximum non-dimensional axial force.



Fig. 19. Gust effect factor versus the maximum non-dimensional bending moment.

Table 9

Ratio of bR to ~R.

Gable-end configuration Axial force N Bending moment M

Enclosed-type 1.01 1.25
Semi-open-type 1.03 1.10
Open-type 1.01 1.11

Table 10
Design wind force coefficients for MWFRS for Flow I.

Load effect Gable-end configuration CfWU CfRU CfRL CfRW

N Enclosed-type �0.84 �1.31 �1.00 �0.56
Semi-open-type �1.34 �1.64 �1.57 �1.31
Open-type �0.13 �0.17 �0.10 �0.07

M Enclosed-type 0.73 �0.79 �1.81 �0.68
Semi-open-type �0.13 �0.94 �1.86 �1.56
Open-type 0.97 0.31 �1.74 �1.50

Y. Takadate, Y. Uematsu Journal of Wind Engineering & Industrial Aerodynamics 184 (2019) 265–276
wind force coefficients for the MWFRSs were estimated using three
methods. The gust effect factor approach, which is conventionally used in
many codes and standards, did not necessarily reproduce the wind force
distribution that provided the maximum load effects. However, the wind
load distribution predicted by the LRC method was in good agreement
with that obtained by the conditional sampling technique. Therefore, the
LRCmethod was used to propose the design wind force coefficients in the
present paper.

Next, the wind force coefficients that provided the maximum load
effects under various conditions were obtained. The results indicate that
two kinds of load effects should be accounted for depending on the col-
umn base condition when designing structures, the axial force for hinged-
base frames and the bending moment for clamped-base frames.
Furthermore, the effect of turbulence intensity on the wind force co-
efficients was investigated. The turbulence intensity of the approach flow
affects not only the gust effect factor but also the time-averaged wind
loads. Based on these results, a simplified model for estimating the design
wind force coefficients for a given turbulent intensity was proposed.
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