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a b s t r a c t

With the increasing popularity of modular green roofing systems, a need was perceived to establish
building code requirements for these systems, such as wind resistant performance. However, few wind-
related scientific researches have been conducted for such systems. In order to improve knowledge on
wind load characteristics for green roof modules, a series of wind tunnel experiments were carried out
on a scaled densely tapped module model installed at different positions on two types of flat roofs of
medium-rise buildings. Peak force and moment coefficients of the rooftop module model were mainly
investigated followed by comparison with related contents in ASCE/SEI7-10. The effect of parapets and
other design parameters were also considered. The results show that the most unfavorable values for
both peak lateral and uplift force coefficients occur when the module is located at the corners of the roof,
and they exceed those suggested in the code. The overturning moments for the module are mainly
determined by the uplift forces due to the unique geometry of green roof modules. The wind load
decreases as the parapet height increases. For practical design, considerations on relating roof pressures
to uplift forces, generalization of aerodynamic centers and estimation of failure wind speeds were
proposed.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Green roofing systems are lightweight, engineered roofing
systems that allow for the propagation of rooftop vegetation while
protecting the integrity of the underlying roof (Earth Pledge
Foundation, 2004). There are two basic types of green roofing
systems, namely intensive (accommodates trees/shrubs and deep
soil, with large self-weight and high cost) and extensive (adopts
vegetative ground covers and grasses and thin soil, lightweight
and low cost). Two main types of potential wind-induced failures
for green roofing systems are windthrow failure of rooftop trees or
shrubs for intensive green roofing systems (Wong, 2008; Konno,
2009; Tanaka, 2011) and uplift failure of extensive green roofing
systems (Konno, 2009; Tanaka, 2011). For the rooftop trees or
shrubs, the risk of uprooting of rooftop trees is high because the
wind speed is larger and more complex on the roof than that near
the ground and the amount of grow medium is limited due to the
self-weight restriction compared to those on the ground, which
may not ensure the stability of the trees and shrubs in the high
wind speed. For extensive green roofing systems such as

lightweight green roof modules, high negative pressures are
generated due to separation bubble and conical vortex, causing
the uplift force on the systems especially at the corner and edge
areas of the roof. The failure may occur when the uplift forces
exceed the self-weight of such lightweight systems.

Modular green roofing systems are subdivided extensive green
roofing systems that include small, standard, easily interchange-
able, self-contained, pre-planted blocks (Hui and Chan, 2008).
These systems retain all the benefits of conventional green roofing
systems and offer more overall flexibility in terms of design
simplicity, quick and easy installation, off-site planting, instant
roofscapes, different substrate/soil mix types, different soil depths,
air and water flow, irrigation, and adjustment and rearrangement
after installation (Velazquez, 2003). They are becoming more and
more popular in some countries such as U.S., Canada and Japan
(Velazquez, 2003). It is therefore necessary to establish building
code requirement for these systems such as for wind resistant
performance. For roofing systems, the wind force coefficients are
higher than those for buildings due to the higher correlation of
pressures across the system surface, higher turbulence on the roof
and accelerated wind speed on the roof (ASCE/SEI7-10). (ASCE,
2010) However, there have been few scientific researches related
to wind load characteristics to provide guidance for wind resistant
design of modular green roofing systems.
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1.1. Review on wind load on rooftop structures

Small-scale wind tunnel experiments are the main method for
identifying wind load on rooftop structures (Hosoya et al., 2001;
Kopp and Traczuk, 2008) and results of wind tunnel experiment
have been adopted for wind loading codes and standards (For
example: Section 29.5.1 in ASCE/SEI7-10 (ASCE, 2010).

Hosoya et al. (2001) conducted wind pressure measurements
on a cubic rooftop model that modeled a 1.22 m (4 ft) cubic A/C
unit placed at three different locations on the roof of a low
building at a scale of 1:50. It was reported that the highest
measured surface pressures occurred when the rooftop equipment
was located near the edge of the base building and that they
decreased when the equipment was moved toward the center of
the roof. It was suggested that a gust effect factor for lateral force
of 1.63 should be used for the rooftop cube rather than the value of
0.85 used for the base structures in ASCE7, i.e., an additional factor
of 1.9 should be incorporated to account for the higher pressures
on rooftop structures. Kopp and Traczuk (2008) conducted wind
pressure measurements on a cubic rooftop model that modeled a
3.05 m (10 ft) cubic unit placed at 16 different roof locations
including the corner, perimeter and surface of the roof. Their work
provided a similar result to Hosoya et al. (2001), i.e., that the
maximum net horizontal force coefficient was 1.9. Moreover, a
significant vertical force component existed since the maximum
net vertical uplift force coefficient was 1.5. Since only cubic models
of one size were tested in both previous studies, the results were
not applicable to other shapes and sizes. (For example, for green
roof modules, the horizontal dimensions are much larger than the
vertical dimensions).

The latest version of ASCE/SEI7-2010 (ASCE, 2010) addressed
both lateral and uplift loading for rooftop equipment for buildings
with height less than 18.3 m (60 ft) in Section 29.5.1 based on the
experimental results of Hosoya et al. (2001) and Kopp and Traczuk
(2008). The product of external pressure coefficient and gust-effect
factor in determination of wind loads for rooftop structures GCr is
1.9 for the lateral force component with vertical projected area of
the rooftop structure less than 10% of that for the base building
and 1.5 for the uplift force component with horizontal projected
area of the rooftop structure less than 10% of that for the base
building.

Full-scale measurements of wind loads on rooftop A/C units were
also carried out using the 6-fan “Wall of Wind” (WoW) facility (Erwin
et al., 2011). The A/C units were installed on the roof of a test building
and instrumented with wind force and pressure transducers to

identify the aerodynamic loading effect. The lateral force coefficients
were larger than those determined in previous wind tunnel experi-
ments and specified in ASCE/SEI7-10 (ASCE, 2010). However, the “Wall
of Wind” was a developing technology (Erwin et al., 2011) and the
preliminary results need to be validated by further investigations.
Moreover, the experimental wind direction was only 0 degrees.

1.2. Review on wind load on green roof modules

Although few tests have been conducted to investigate wind
loads on green roofing systems, wind resistance standards has
been developed for green roofing assemblies due to requirements
of the International Building Code (IBC) to evaluate wind resis-
tance of green roofing systems (Ennis, 2010). “Wind Design
Standard for Vegetative Roofing Systems” (ANSI/SPRI RP-14)
(2010), developed by SPRI and Green Roofs for Healthy Cities,
provided design recommendations based on the design wind
speed, exposure category, building height and parapet height. This
document was not based on scientific testing on green roofing
systems, since it was unrealistic to evaluate them using current
techniques due to the vast array of variables that could be present,
including plant material, water content of soil, spacing of plant
material, and many others (Ennis, 2010). Instead, it was estab-
lished according to the existing “Wind Design Standard for
Ballasted Single-Ply Roofing Systems” (ANSI/SPRI RP-4) (2008)
based on an important assumption that the loose-laid top covering
on the green roofing assembly behaves like a ballasted roofing
assembly (Ennis, 2010). However, this assumption has not been
proved by any scientific testing.

Wind pressure measurement on a scaled rooftop model mod-
ule with similar shape to the green roof modules were conducted
in this study to determine wind force characteristics of rooftop
green roof modules, regarding the green roof module as a rigid
body and ignoring the effect of reconfiguration of vegetation due
to wind, which has been justified by a prerequisite study on wind
force characteristics of real green roof modules in uniform turbu-
lent flows (Cao et al.,).

The objective of this study was: (1) to determine the aero-
dynamic force coefficients on a green roof modular model on the
roofs of medium-rise buildings with different roof shapes; (2) to
compare the experimental results to related contents in ASCE/
SEI7-10 (ASCE, 2010) and (3) to propose a design consideration for
wind loads on green roof modular elements based on general-
ization and simplification of the experimental results.

Fig. 1. Building model. (a) with simple flat roof and (b) with two-level flat roof.
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