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The collapse of roof structures under extreme snow loads can harm building occupants, leave building
owners burdened by costs of repairs, and lead to loss of income, equipment or merchandise. This study
investigates the reliability of two types of steel roofs: those supported by open web steel joists, and those
supported by wide-flange steel sections. The reliability assessment considers uncertainty in snow and
dead loading and in the capacity of the two types of roof systems through Monte Carlo simulation.
Nonlinear models are used to quantify the capacity of the open web steel joist roofs. Reliability for both
safety and serviceability is investigated. Results show that the reliability for the studied roof types is
highly dependent on the location and seasonal snowfall patterns at the building location and the inclu-
sion of serviceability deflection limits in design. Building geometry is not found to strongly influence the
reliability assessments.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Roof snow loads prescribed by modern building codes for struc-
tural design are based on probabilistic estimations of ground snow
loads. In ASCE 7-10, which serves as the basis for building codes in
the U.S., mapped snow loads with 50-year mean recurrence inter-
vals (corresponding to a 2% annual probability of exceedance) are
defined for design ground snow loads [1–4]. The design roof snow
load is obtained by multiplying the ground snow load by a ground-
to-roof conversion factor that depends on the roof’s exposure,
slope, and thermal conditions [3,5]. In ASCE 7-10 [1], this factor
varies from approximately 0.4 to 1.1, since snow loads on roofs
are typically lower than those on the ground [6]; the ground-to-
roof conversion factor in codes and standards is intentionally con-
servative in comparison to measurements made for flat roofs [5].
The effects of partial and drifting snow loads are also considered
if applicable. In places in the U.S. where there are substantial snow
loads, a load combination of 1.2 times the roof dead load plus 1.6
times the roof snow load typically governs roof design. The load
factors for snow design, i.e. the 1.6 factor in ASCE 7-10, and similar
values found in the Eurocode and other design provisions, are
intended to ensure that a structure designed according to the pro-
visions achieves the targeted level of safety or, equivalently, an
acceptably low annual probability of failure [1,3,7–10]. The com-
mentary for ASCE 7-10 [1] defines target reliability indices to be
achieved by buildings designed according to that standard; these
depend on the building’s risk category, which relates to occupancy
and the consequences of failure. For typical buildings (Risk
Category II) and member failure that is not sudden or leading to
progressive damage, the target safety index, considering a 50-year
service period, is 3.0. This safety index corresponds to an annual
probability of failure of 3.0 � 10�5. A safety index of 3.5 is targeted
for buildings in which member failure is sudden.

It is uncertain, however, what reliability level is actually
achieved for roofs whose design is governed by snow loads. A num-
ber of studies have shown that the reliability of some buildings
under snow loads may be lower than the code-defined goals.
Holický [11] and Sadovský & Páleš [12], for example, found that
some structures designed according to the Eurocode undershoot
the Eurocode target reliability level of 3.8, particularly lighter
weight structures. Takahashi & Ellingwood [13] investigated roofs
designed according to the Japanese Building Code, obtaining relia-
bility indices for steel elements under snow loads in the range of
1.0–2.5. These results were found to be sensitive to the ratio of
snow to dead load, the live load used in design, the design
approach (ASD vs. LRFD), and the variance in site-specific snow
load distributions [13]. In the U.S., Ellingwood et al. [14], showed
that the standardized snow design procedures lead to designs that
achieve a reliability of approximately 3. However, later analysis by
Bennett [8] found average reliability indices of 1.6, due to a
decrease in the early 1980s in the ground-to-roof conversion factor
and the large uncertainties in the ground to roof conversion factor.
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Fig. 1. Arrangement of primary components within an OWSJ.
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In addition, the Ellingwood et al. [14] analysis considered a typical
site with annual maximum ground snow loads that follow a Type II
extreme value distribution and have a coefficient of variation of
about 0.25. Ellingwood and Redfield [4] then showed that a lognor-
mal distribution fit snow data at most of the sites then available in
the Northeast quadrant of the U.S., providing the basis for the use
of the lognormal distribution in ASCE 7 [1]. Studies of the effect of
snow loads in regions with very different climates, such as the
mountainous regions surrounding the Rocky Mountains or the
Pacific states, has been shown in previous studies to require differ-
ent types of distributions [3,15] and differences in the ground-to-
roof conversion factor [5,16], producing uncertainty about the level
of reliability that is achieved.

This study quantifies the reliability of buildings with properly
designed roofs under snow loads for various sites in the mountain-
ous western U.S. state of Colorado. We focus on Colorado in an effort
to improve our understanding of roof reliability for mountainous
regions more generally, like the western U.S, where there are wide
climatological variations. The assessment considers two types of
steel roof systems: (1) roofs supported by open web steel joists
(OWSJ) and (2) roofs supported by wide-flange steel (W-section)
beams. The vulnerability of steel roof structures to snow loads
has been observed in a number of notable cases, including the dead-
ly collapse of the Katowice Fair Building [17], and failures of multi-
ple high school gymnasiums and auditoriums [18,19], as well as
warehouses and other structures [18,20–22]. The presence of snow
loads also initiated the collapse of the Hartford Civic Center Arena,
although the failure was later attributed to design errors [23,24].
This study builds on previous reliability studies by combining non-
linear models of the roof structure that capture response of the
roofs up to failure, with detailed probabilistic models of the snow
load hazard, to examine how roof characteristics (joist span, joist
spacing, OWSJ depth, and dead-to-snow load ratio), design values
(design snow load, importance factor, serviceability considerations)
and location affect the reliability. The assessed safety indices are
compared to the established reliability goals [1].
2. Roof structures supported by open web steel joists

2.1. Configuration and design

Open web steel joists (OWSJ) are prefabricated structural ele-
ments, composed of steel web and chord members that are arranged
in a truss, resisting downward roof loads through the truss’s com-
posite flexural action. The primary components of the OWSJ are
shown in Fig. 1. Chord members are comprised of two continuous
back-to-back angle sections that span the entire length of the joist.
Chords are braced laterally by bridging sections connecting adjacent
joists and preventing buckling out-of-plane and bracing the bottom
chord for wind uplift and axial loads [25]. Web members may be
either rods or single angle sections [26] welded to chord members
at panel points, and are primarily used to resist the shear demands
on the joist. A highly optimized design may utilize different sections
for web members at each position within a joist depending on the
distribution of the applied load [27].

OWSJ supported roof structures are typically arranged such that
the joists are supported by wide-flange girders or stronger joist
systems oriented in the orthogonal direction. These roofs are very
common in retail, industrial and other forms of construction
[18,25]. The prevalence of OWSJs can be attributed to the sim-
plicity of the load table design procedure provided by the Steel
Joist Institute (SJI) [28] and the efficiency of the OWSJ system;
OWSJs have a highly optimized design and a large bending capacity
to weight ratio, due to the mostly hollow web configuration and
strategic placement of web members [25,26,28,29].
2.2. Representative buildings considered in reliability assessment

2.2.1. Overview and basic building
This study designs a set of OWSJ supported roofs with different

characteristics and for different locations in the state of Colorado.
The buildings are hypothetical, but realistic in that they are
designed according to governing provisions [1,28] and have key
dimensions and other characteristics consistent with a survey of
existing roof construction [30]. The discussion that follows begins
with the so-called ‘‘basic building’’. The other buildings are varia-
tions on the basic building, in which a single design characteristic
is altered to investigate its influence on structural reliability under
snow loading.

The basic building (identified as ‘‘U’’) is a single-story 30-ft tall
structure designed for Boulder, Colorado. As shown in Fig. 2, the
plan footprint is 330 ft by 120 ft, with 30-ft long OWSJs at 10 ft on
center, supported by girders spanning 40 ft in the orthogonal direc-
tion. The roof of the basic building is designed to withstand: (1) a
roof dead load consisting of the self-weight of the metal deck roof
with waterproofing (9 psf) plus additional load for non-structural
ceiling components, HVAC, and other roof systems (17 psf) [1],
and (2) a ground snow load of 30 psf, from the Boulder Revised
Code [31]. The building is assigned to Risk Category II according to
ASCE 7-10 [1]. The ground snow load is converted to a flat roof snow
load based on the specifications of ASCE 7-10 [1]. The basic building
is partially exposed, which assumes some shelter provided by ter-
rain, higher structures or trees [1,6]. The thermal characteristics
are that of a heated building with typical amounts of insulation
(i.e. falling into the category of ‘‘all other structures’’ as described
by [1]). Based on these assumptions, the design uniform roof snow
load is 21 psf. Since the building is assumed to have no parapets or
other roof projections and no adjacent structures creating a wind
shadow, drifted snow loads are not considered.

A roof design of 22K9 joists supported by W12 � 82 girders sat-
isfies the design loads. In addition, two rows (per joist) of
L2 � 2 � 1/8 bridging are provided. Columns are HSS 6 � 6 � 3/8
sections. The bridging shown in the north–south direction of
Fig. 2 is assumed to also resist lateral loads. Since the purpose of
this study is foremost to examine building safety, serviceability is
not directly considered in the basic building design. However,
under the unfactored design snow plus dead loads, the deflection
of a simply-supported 22K9 joist does not exceed the span over
240, a deflection limit commonly employed in roof design [1,28].

2.2.2. Building variations
The effect of four building design characteristics on the reliabil-

ity of OWSJ roofs under uniform snow loads is considered: (1)



Fig. 2. Plan and 3-D views of the basic building.
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design ground snow load (pg), (2) joist span length, (3) joist spac-
ing, and (4) joist depth. Table 1 lists the 14 OWSJ roof structures
examined. Each building is a modification of Bldg. U, and has rede-
signed OWSJs, girders, and bridging. Bldgs. U1–U4 are designed for
communities in Colorado (see map in Fig. 3) that have different
design ground snow loads. For Lamar and Denver, the minimum
roof snow load of the importance factor times pg (or 20 psf,
whichever is lesser) governs the design, as defined in [1]. Bldgs.
U5 and U6 have varied joist span lengths from the basic building;
this span variation changes the building footprint, as reported in
Table 1. Altering the joist spacing, as in Bldgs. U7 and U8, changes
the distributed load on the joists and, by extension, the load pat-
tern on the girders. Bldgs. U9–U13 have different joist depths. In
this case, the design loads and building configuration are identical,
so these joists represent alternative solutions to the same design
problem. The joists selected have approximately the same level
of design overstrength (ratio of strength provided to strength
required).

2.3. Nonlinear response of OWSJs under snow loads

The response of the different OWSJ roof structures under snow
loads is simulated using a nonlinear model created in OpenSEES
Table 1
OWSJ supported roof structures.

Bldg. no. Location Plan dimension (ft � ft) Variation from basic buildin

U Boulder, CO 330 � 120 Basic building

U1 Lamar, CO 330 � 120 pg = 15 psf [2]
U2 Denver, CO 330 � 120 pg = 25 psf [32]
U3 Telluride, CO 330 � 120 pg = 100 psf [2,33]
U4 Copper Mt., CO 330 � 120 pg = 90 psf [34]

U5 Boulder, CO 340 � 120 20 ft joist span
U6 Boulder, CO 360 � 120 40 ft joist span

U7 Boulder, CO 330 � 120 5 ft joist spacing
U8 Boulder, CO 330 � 120 8 ft joist spacing

U9 Boulder, CO 330 � 120 18 in joist depth
U10 Boulder, CO 330 � 120 20 in joist depth
U11 Boulder, CO 330 � 120 24 in joist depth
U12 Boulder, CO 330 � 120 26 in joist depth
U13 Boulder, CO 330 � 120 28 in joist depth

1 Ratio of expected strength (from SJI [28] table) to strength required (factored load e
2 Ratio of actual strength (from pushdown) to expected strength (from SJI [28] table)
3 The small joist spacing created a stiff roof, modeled with a lot of separate elements.

conditions, producing the unrealistically low strength.
[35]. To do so, the details of specified OWSJs were obtained from
a well-known manufacturer, but, to maintain confidentiality, nei-
ther the name of the manufacturer nor the detailed joist specifica-
tions are reported here. The OpenSEES models employ: (1)
nonlinear beam-columns composed of appropriately configured
fiber sections to represent the web and chord members within
the OWSJs [36], (2) nonlinear zero-length spring elements to simu-
late the behavior of the welded connections at the panel points
within the OWSJs and the bolted connections between the joists
and girders, and (3) elastic elements to represent the girders, col-
umns, and bridging. All members are Grade 50 Steel. The web
and chord members implement nonlinear monotonic stress–strain
behavior defined by a linear region, a yield plateau, a strain hard-
ening region, and a negative stiffness region following fracture
[37,38]. The entire roof is modeled, including interactions between
the joists.

Model validation is difficult due to the lack of laboratory tests or
previous analytical studies. However, the authors modeled three
single joists that have been tested experimentally by Yost et al.
[29] using the same approach described here. Blind predictions
using the proposed models showed good agreement with the tests
[35]. For two of the three joists, the modeled stiffness, load, and
deflection at failure fell within the experimentally-determined
g Joist Girder Design over-strength1 Pushdown over-strength2

22K9 W14 � 82 1.16 1.13

22K7 W12 � 79 1.13 1.25
22K9 W24 � 55 1.19 1.09
24LH11 W27 � 94 1.09 1.04
24LH11 W27 � 94 1.19 1.04

20K3 W16 � 50 1.20 1.57
24LH07 W18 � 86 1.14 1.11

22K4 W18 � 60 1.41 0.883

22K7 W12 � 79 1.20 1.22

18K10 W14 � 82 1.11 1.13
20K10 W14 � 82 1.24 1.14
24K8 W14 � 82 1.16 1.21
26K7 W14 � 82 1.15 1.20
28K6 W14 � 82 1.10 1.02

ffect).
.
The OpenSEES model seems to have had convergence problems dealing with these



Fig. 3. Map of building locations considered in Colorado, and showing distribution of annual maximum ground snow loads for the different locations. The fitted probability
distributions for ground snow load from the Structural Engineers Association of Colorado Snow Load Committee [2].
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range from three identical test specimens. In addition, in all three
cases, the models correctly predicted the experimentally-observed
failure mode of buckling in the critical web member.

To determine the joist strength, the response of each building
roof model is analyzed through a ‘‘pushdown’’ procedure. The push-
down is similar to a pushover analysis, except that it is a distribution
of vertical rather than lateral loads, which are monotonically
increased until failure occurs. The pushdown curve terminates at
the point at which the model failed to converge. This failure to con-
verge typically occurs due to a sudden decrease in load capacity that
represents the failure of one or more elements in the middle joist.
Due to highly optimized joist design, the failure of one element tends
to lead to the loss of load-bearing capacity in the entire joist in the
model, as has been observed in experimental tests [29]. In addition,
since all the joists in the roof are identical, failure of one joist likely
precipitates a relatively sudden progressive failure in other joists.
Therefore, the pushdown curve is taken here to represent the
response of the OWSJ roof, with the point of nonconvergence taken
as the ultimate capacity. Pushdown results for some of the OWSJ roof
structures are provided in Fig. 4, showing roof load (sum of dead and
Fig. 4. Pushdown curves for roofs designed for different sites in Colorado.
snow loads) versus displacement at the center of the roof; a com-
plete set of results is provided in [35], together with descriptions
of the failure mechanisms in each case.
3. Roof structures supported by wide-flange steel sections

3.1. Configuration, design and representative buildings

Each of the buildings was also designed with wide-flange steel
beams in lieu of OWSJs. The roof designs use the same loading and
configuration assumptions as before, except that a lower dead load
of 9 psf is applied, representing only metal decking with composite
roofing [39]. As with the OWSJs, the W-sections are treated as sim-
ply supported in the design and serviceability (deflection limits) is
not considered; the impact of design deflection limits on reliability
assessments are explored below in a sensitivity analysis.

The first group of wide-flange supported steel roofs, listed in
Table 2, is equivalent to the OWSJ roofs. The members chosen
are the lightest sections satisfying design bending and shear
requirements [1,40]. In addition, the wide-flange supported steel
roofs are used to investigate additional design variables. First, the
roofs are redesigned for the 50-year ground snow load obtained
directly from the probability distributions of ground snow load
rather than the mapped design values. Second, two roofs are
designed to investigate the impact of relative variations in design
dead-to-snow load ratios (D/S). To do so, the basic building is rede-
signed for Boulder, CO with different dead load assumptions (rep-
resenting different roofing systems) in Bldgs. WU14 and WU15,
but the same snow loads. Additional roof structures consider varia-
tion in: (1) risk category and importance factor used in design, and
(2) the consideration of serviceability (deflection limits) in the
design (for brevity, these structures are excluded from Table 2).
3.2. Response of wide-flange steel sections

For the wide-flange steel sections, linear equations are
employed to compute the moment and shear demand on the sec-
tion and the deflection under the applied load on a single span. This
analysis assumes the beams are simply supported by the girders
and neglects the interaction between the W-section, girders, and
any lateral bracing provided.



Table 2
Roof structures supported by wide-flange steel sections.

Bldg.
no.

Location Variation from
basic building

W-section
(replacing OWSJ)

Design over-
strength1

WU Boulder, CO Basic Building
pg = 30 psf

W12 � 14 1.26

[pg,50 = 26.4 psf]2 [W12 � 14] [1.30]

WU1 Lamar, CO pg = 15 psf [2] W10 � 12 1.16
[pg,50 = 17.2 psf] [W10 � 12] [1.06]

WU2 Denver, CO pg = 25 psf [32] W12 � 14 1.30
[pg,50 = 19.3 psf] [W12 � 14] [1.34]

WU3 Telluride, CO pg = 100 psf [2] W16 � 26 1.17
[pg,50 = 70.3 psf] [W14 � 22] [1.20]

WU4 Copper
Mountain, CO

pg = 90 psf [34] W16 � 26 1.28
[pg,50 = 132.3 psf] [W16 � 31] [1.11]

WU5 Boulder, CO 20 ft W-section
span

W6 � 9 1.03

WU6 Boulder, CO 40 ft W-section
span

W14 � 22 1.32

WU7 Boulder, CO 5 ft W-section
spacing

W8 � 10 1.26

WU8 Boulder, CO 8 ft W-section
spacing

W10 � 12 1.14

WU14 Boulder, CO 0.84 D/S ratio W12 � 14 1.09
WU15 Boulder, CO 1.31 D/S ratio W12 � 16 1.02

1 Ratio of expected strength (from AISC [40] capacity equations) to strength
required (factored load effect).

2 Values shown for pg,50 in brackets are the 50-year design ground snow load as
obtained from the annual ground snow load probability distribution. Information
about the section satisfying the 50-year design ground snow loads is shown in
brackets in the following columns in the table.

Table 3
Definition of safety (ultimate) and serviceability limit states.

Limit State Description Metrics

Safety
(ultimate)

Load applied to structure exceeds pushdown capacity
of OWSJ structure or exceeds flexural or shear capacity
of W-section

bsaf

Serviceability Maximum deflection of OWSJ or W-section exceeds
deflection limit defined as 1/240th of the span length
of the joist or W-section ([1], Appendix C Commen-
tary)

bserv

Table 4
Random variables considered in reliability assessment: loading.

Variable Distribution Mean C.O.V. Ref.

Annual
maximum
ground
snow load
(see Fig. 3)

Varies by site Varies by site Varies by site [2]
Lamar, Boulder: log–
logistic

Lamar: 4.5 psf Lamar: 1.4

Denver: log-Pearson
type III

Denver: 5.8 psf Denver: 0.82

Telluride: lognormal Boulder: 8.3 psf Boulder: 0.86
Copper Mt.:
generalized logistic

Telluride: 43.5
psf

Telluride:
0.29

Copper Mt.: 93.0
psf

Copper Mt.:
0.20

Ground-to-
roof snow
conversion
factor

Lognormal (Bounded) 0.51 (Median:
0.47)

0.44 [41]

Dead load
(DL)

Normal 1.05DL 0.10 [7]

2 For the structures and loading considered in this study, the moment capacity
always governs.

3 The deflection demand in the serviceability assessment differs between the OWSJ
and the wide-flange supported roofs. For the OWSJ, the pushdown deflections
combine the girder and joist deflection. For the W-section roof, the deflection of the
W-section beam is computed from standard (linear) relationships.
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4. Structural reliability assessment under snow loads

This study assesses the reliability index, b, of OWSJ and wide-
flange steel roof structures with varying characteristics.
Reliability indices are computed for two limit states, safety and
serviceability, which are defined in Table 3. The reliability problem
is defined by the limit state function:

G ¼ R� ðDþ SÞ ð1Þ

where G < 0 signifies failure. For the safety (ultimate) limit state,
D + S represents the load (moment or shear) demand from dead
and snow loads, respectively, and R represents roof (moment or
shear) capacity. For the serviceability limit state, D + S is the deflec-
tion under dead and snow loads, and R is the allowable deflection
limit. The assessment considers only violations of the safety or ser-
viceability limit state caused by static overload, excluding the
effects of ponding, rain on snow, or sliding snow.

The reliability assessment considers uncertainty in resistance
and loading. Table 4 lists the random variables related to the roof
loads. The snow load depends on the uncertainty in ground snow
load and in the ground-to-roof snow load conversion factor. The
ground snow load distributions, illustrated in Fig. 3, represent
the distribution of annual maximum ground snow load. These
probability models were developed by [2], employing the probabil-
ity distribution that best fits available historical weather data for
each site instead of relying solely on the lognormal distribution
(as suggested for sites in the northeastern quadrant of U.S. by
[12]). The conversion factor converts the annual maximum ground
snow load to the annual maximum roof snow load. The lognormal
distribution of the conversion factor distribution in Table 4 is based
on measurements of loads on single story roofs, considering expo-
sure and thermal factors of 1.0 [41]. It is assumed that the snow on
the roof cannot exceed the snow on the ground, so the conversion
factor has an upper limit of 1.

Table 5 lists the random variables representing the roof resis-
tance. For the W-section roofs, uncertainty in the elastic modulus,
yield strength and section modulus are considered. The capacities
of the OWSJ roof structures are based on their simulated push-
down response. Although there is a lack of data to quantify the
uncertainty in these results, a coefficient of variation (C.O.V.) of
0.15 is applied to the pushdown capacities, reflecting the larger
uncertainty in OWSJ response as compared to W-sections. All ran-
dom variables are assumed to be uncorrelated.

The reliability assessment is performed using Monte Carlo
simulation [42]. The roof load for each Monte Carlo simulation is
computed as the sum of the randomly generated roof dead and
snow loads, where the roof snow load is the product of the realiza-
tion of the ground snow load and the ground-to-roof conversion
factor. For the OWSJ roof structures, the safety limit state is violat-
ed if the load exceeds the random realization of the ultimate capa-
city. The serviceability limit state is violated if the deflection from
the pushdown analysis under the sampled roof loading value
exceeds 1/240th of the span. Before computing the deflection,
the pushdown curve is scaled to reflect the random realization of
the ultimate capacity. In the wide-flange roof structures, the safety
limit state is violated if the moment or shear demand from the roof
load exceeds the calculated member bending and shear resistance
[40]. In the capacity computations, Z and Fy are as defined in
Table 5, and the depth and web thickness of the wide-flange sec-
tion are taken to be deterministic.2,3



Table 5
Random variables considered in reliability assessment: resistance.

Variable Distribution Mean C.O.V. Ref.

OWSJ supported roof structures
Ultimate Capacity Normal 1.0 Max.

pushdown load
0.15 Engineering

judgment

W-section supported roof structures
Elastic modulus (E) Normal 0.99E 0.076 [43]
Yield strength (Fy) Lognormal 1.1Fy 0.11 [12,36]
Section modulus (Z) Normal 1.01Z 0.05 [13]

Table 6
Reliability indices for OWSJ supported roof structures.

Bldg. no. Code design loads (pg), no
deflection limits in design1

bsaf bserv2

U (Boulder) 1.84 �1.55

U1 (Lamar) 1.89 �2.38
U2 (Denver) 2.39 �0.43
U3 (Telluride) 2.85 0.033

U4 (Copper Mt.) 0.54 �4.123

U5 2.53 n/a
U6 1.80 n/a

U7 1.70 n/a
U8 2.08 n/a

U9 1.73 n/a
U10 2.04 n/a
U11 2.04 n/a
U12 1.98 n/a
U13 1.45 n/a

Average 1.92 �1.69

1 Unless otherwise noted, the OWSJs satisfy (inadvertently)
the L/240 deflection requirement under unfactored dead and
snow loads in design.

2 Many values of bserv are negative, indicating that there is a
greater than 50% chance of serviceability limits being exceeded
in the 50-year period (i.e. pf > 0.5 when b < 0).

3 For these joists and span lengths, the L/240 deflection limit
load is not provided in the design tables, so it is not clear whe-
ther the original design satisfied deflection limits.

Table 7
Reliability indices for W-section supported roof structures.

Bldg. no. Code design loads
(pg), no deflection
limits in design

50-yr design
loads (pg,50), no
deflection limits
in design

50-yr design
loads (pg,50),
deflection limits
in design

bsaf bserv bsaf bserv bsaf bserv

WU 2.11 �1.873 2.11 �1.873 2.52 0.18

WU1 1.79 �6.273 1.79 �6.273 2.55 0.87
WU2 2.67 �0.783 2.67 �0.783 3.14 0.92
WU3 >4.001 0.293 >4.00 �2.993 >4.00 0.29
WU4 2.61 �4.543 >4.00 �2.693 >4.00 �0.16

WU5 1.77 n/a 1.77 n/a n/a n/a
WU6 2.18 n/a 1.69 n/a n/a n/a

WU7 2.12 n/a 2.12 n/a n/a n/a
WU8 1.88 n/a 1.88 n/a n/a n/a

WU14 1.91 n/a 1.91 n/a n/a n/a
WU15 1.91 n/a 1.91 n/a n/a n/a

Average2 2.25 �2.63 2.35 �2.92 3.24 0.42

1 Safety reliabilities reported as >4.00 when no failures occurred in 5.5 � 106

simulations.
2 Values >4.00 are taken as 4.00 in the calculation of averages.
3 These W-sections do not satisfy L/240 limits for serviceability design under

unfactored dead and snow loads.
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5. Reliability assessments and discussion

5.1. Safety reliability assessments

According to U.S. design standards [1], the target safety index
is 3 for Risk Category II buildings for which member failure is not
sudden and does not lead to wide-spread progression of damage;
the target safety index for buildings experiencing either sudden
failure or wide-spread progression of damage is 3.5. This study
defines a target reliability range of 3.0–3.5 for the OWSJ support-
ed roofs based on the possibility that the OWSJs may fail sudden-
ly, as indicated by the pushdown analyses. The W-section roofs
are not likely to experience sudden failure, so a target of 3.0 is
appropriate. The target reliability ranges taken from [1] are
intended for evaluation of probabilities of member failure, so
complete structural (system) has a smaller probability of occur-
rence. Since models used for the OWSJs include the entire struc-
tural system, comparison to the member-based target may be
overly pessimistic.

The reliability assessments for the OWSJ and W-section sup-
ported roof structures are reported in Tables 6 and 7. Table 6
indicates that the average safety (ultimate) reliability index for
the OWSJ Supported roofs subjected to uniform loads is 1.92.
According to these analyses, the safety reliability index achieved
for the OWSJ supported roofs is about 35% below the lower
bound of the target reliability region for individual members.
The average safety reliability index for the W-section supported
roofs (Table 7) is 2.25. This statistic is based on the W-section
supported roofs designed for code loads and no deflection limits
in the design; other results are investigated in more detail
below. These results are consistent with previous studies (e.g.,
[8]), but lower than the target of 3.0. The W-section reliability
indices are similar to those obtained from the OWSJ supported
roof structures, but about 17% larger. The lower safety reliability
of the OWSJ supported roofs is partly due to the OWSJ roof mod-
els, which consider interactions between the joists. When the
authors subject a single simply-supported 22K9 joist (used in
Bldg. U) to pushdown, its capacity is 27% larger than that of
the entire roof, producing a larger bsaf. While these interactions
are judged to be reasonable and are expected to be more sig-
nificant for OWSJs than W-section roofs due to their configura-
tion, we reiterate that the W-section roofs are not modeled to
consider these effects. These last points demonstrate the differ-
ence between single member reliability and system reliability,
and emphasize the idea that the target reliability ranges provid-
ed for the OWSJ roofs should be interpreted loosely. The details
of the trends in safety reliability assessments are explored in
subsequent sections.

5.1.1. Effect of design ground snow load and location
One of the primary intents of codified design standards is to

achieve uniform safety among code-designed structures regardless
of location. Therefore, it is of particular interest to compare the
reliability assessments for buildings at different locations and hav-
ing varying design ground snow loads. As illustrated in Fig. 5a, the
safety reliability indices for the OWSJ roofs vary from 0.54 to 2.85
depending on the location of the building within Colorado. The W-
section roof safety indices vary by more than a factor of 1.9 from
the basic building safety index. For the OWSJs, the lowest safety
reliability index is obtained for Copper Mountain. At Copper
Mountain, the design ground snow load prescribed by the local
building department is 90 psf [34]. This design load is substantially
lower than the 50-year load of 132 psf (perhaps because the
weather station is not in town). The 50-year ground snow loads
(pg,50) and the design ground snow loads (pg) at all sites are report-
ed in Table 2.



Fig. 5. OWSJ and W-section reliability indices for varying locations where in (a) design ground snow loads are based on the governing building codes for each jurisdiction (pg),
and in (b) design ground snow loads are based on the 50-year ground snow load (pg,50) computed from the ground snow load distribution at each site (W-sections only). The
orange shaded boxes labeled ‘‘Target bsaf’’ represent the target safety reliability indices for Risk Category II.
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The fact that some jurisdictions prescribe snow loads that differ
from the 50-year ground snow load complicates the comparison in
Fig. 5a. As a result, the W-section roofs were redesigned for the 50-
year ground snow loads, producing the reliability assessments pro-
vided in Fig. 5b and the middle section of Table 7. In the mountains,
the roofs required significant redesign because of large differences
between the 50-year and code loads. When designed for the 50-
year ground snow loads, the mountain site (Copper Mountain
and Telluride) W-section buildings have safety reliability indices
that meet or exceed the target values, while the plains and Front
Range sites (Lamar, Denver and Boulder) have lower reliability.
This discrepancy is due to the larger coefficient of variations and
positive skew in the probability density distributions of ground
snow load at the non-mountain sites. Mountain snow loads are
due to season-long accumulations, leading to less variability from
year to year and less skew in the distribution of annual ground
snow load. On the other hand, the Front Range and plains sites
have some years with essentially no snow, and the occasional year
with a very large snow load, creating a distribution with a long
skewed tail. These patterns create systematic differences in ground
snow load distributions, which in turn produce the systematic dif-
ferences in reliability observed among buildings designed at sites
with different climate patterns.

In comparing the reliability assessments for the different loca-
tions in Colorado, it is worth noting that the same random variable
for ground-to-roof conversion factor, defined in Table 4, is used for
all locations. In fact, a higher conversion factor may be appropriate
at the plains and Front Range locations, as compared to the moun-
tains. In the plains, the annual maximum roof load may be close to
the annual maximum snow load, because the maximum loads are
typically due to single storm events. In the mountains, where snow
remains for the entire winter season, there is more time for the
roof snow to melt, evapotranspirate or be blown to the ground,
so the maximum roof snow load may be much less than the max-
imum ground snow load. These observations are supported by data
newly reported in Thiis and O’Rourke [44], but are not accounted
for in the assessment here.

5.1.2. Effect of building geometry features: joist span, joist spacing,
joist depth, and ratio of design dead-to-snow load

Fig. 6 shows how variation of different building geometry char-
acteristics, including joist span length (Fig. 6a), joist spacing
(Fig. 6b), joist depth (Fig. 6c), and ratio of design dead-to-snow
loads (Fig. 6d), impacts the safety reliability assessments. In
Fig. 6a, the OWSJ safety reliability index reduces slightly with an
increase in joist span due to the changing patterns in joist failure
modes which affects the maximum capacity as measured by push-
down analyses. Web-buckling controls the failure of the longer
span joists because the longer span necessitates the choice of deep-
er joists in which the webs are more susceptible to buckling. For
the W-sections, there is no change in behavior or failure mode
for the span variations considered and the minor differences in
W-section safety reliabilities are due solely to non-systematic vari-
ability in design overstrength (e.g. the 40 ft span W-section has
slightly greater design overstrength than the other sections, see
Table 2).

Changes in joist spacing imply a smaller or larger tributary area
for loads, and have only a modest impact on the safety reliability
assessments, as shown in Fig. 6b. In the OWSJs, for which the entire
roof is modeled, interactions between the joists and bridging have
a greater positive effect when joist spacing is larger, accounting for
the small increase in safety reliability observed for these buildings.
(The OWSJ building with a joist spacing of 8 ft. (Bldg. U8) has
slightly larger design and inherent overstrength relative to the
other two OWSJ roofs producing its somewhat greater reliability
index.)

In Fig. 6c, the OWSJ roof joists with different depths represent
alternative solutions to the same design problem (i.e. identical
loads and configurations). Since all the joists have similar over-
strengths, the safety reliability index does not change substantial-
ly, except in the case of the deepest (28 in) joist. In this joist, the
web elements are oriented more vertically and the critical web
member angle section has longer legs. Under this configuration,
there is less weldable length between the chord and critical web
member, leading to failure at the welded connection.

Some previous studies have suggested that lightweight roofs, or
roofs with high ratios of design snow to design dead loads, are par-
ticularly vulnerable to snow-induced failure. For example, Holický
[11] and Sadovský and Páleš [12] found that larger design load fac-
tors were required on snow loads if snow loads are large relative to
dead loads in order to achieve the same reliability as heavier struc-
tures. Takahashi and Ellingwood [10] found that roofs designed
according to the Japanese Building Code using ASD showed a
decrease in reliability when dead loads were lower, but when
LRFD design was used, there was little change in the reliability
with change in dead load. For U.S. LRFD design, Bennett [8] saw a



Fig. 6. OWSJ and W-section reliability indices with varying (a) joist span, (b) joist spacing, (c) joist depth and (d) design dead-to-snow load ratio.
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modest decrease in reliability for very light structures. In this
study, the design snow load is kept constant and the dead load var-
ied, and the safety indices obtained (Fig. 6d) exhibit very little sen-
sitivity to the design dead load. Although much lighter structures
may be more vulnerable, the range of the ratio of dead to snow
loads (0.5 < Dead-to-Snow Load Ratio < 1.3) considered in the
study encompasses most U.S. construction [7].
5.1.3. Effect of design snow importance factor
All of the results presented above apply to roofs designed for

Risk Category II. The Risk Category classification of a building
depends primarily on the potential for loss of life [1,6], and is
accounted for through the snow importance factor, which directly
scales the flat roof snow load used in design. In Risk Category II,
which applies to most buildings, the snow importance factor, Is,
is 1.0. Designing for Risk Category I uses Is = 0.8, reducing the
ground snow load by 20%, which is intended to be equivalent to
designing for the 25-year ground snow load and to target a lower
safety reliability (2.5–3.0), reflecting the lower life safety risk
inherent in such structures; designing for Risk Category IV
(Is = 1.2) is intended to be equivalent to designing for the 100-year
ground snow load, and to target a higher safety reliability of 3.5–
4.0 [1,6].

To investigate how the design importance factor impacts the
roof reliability under snow loads, buildings WU and WU1–WU4
were redesigned for the 50-year ground snow loads and impor-
tance factors ranging from Is = 0.8 to 1.2. The reliability results
are provided in Fig. 7. As expected, there is an upward trend, such
that increasing Is leads to greater safety reliability assessments.
However, due to the discrete nature of the design process, in some
cases, a change in Is does not actually alter the roof design, and the
reliability does not improve. The results in Fig. 7 also show that the
safety reliability indices obtained for most of the buildings are
below the targets defined for the relevant Risk Category in ASCE
7-10 [1], with the exception of the mountain sites (Copper Mt.
and Telluride). Fig. 8 compares the design ground snow loads for
the different risk categories obtained using the importance factors,
with the ground snow loads targeted based on return period for
Risk Categories I (25-year) and IV (100-year). The importance fac-
tors provide a good estimate of the ground snow loads, although
Is = 1.2 slightly underestimates the ratio of 100-year to 50-year
loads for the non-mountain locations due to the skew in the
ground snow load distribution at those locations in Colorado.
5.1.4. Effect of considering serviceability in design
The reliability assessments presented thus far examine roofs

designed for ultimate loads, i.e. safety, but not serviceability. To
investigate the role of design deflection limits for serviceability,
the W-section roofs were redesigned for the 50-year design snow
loads and to satisfy design deflection limits. Serviceability design



Fig. 7. W-section safety reliability indices when designed for varying importance
factors (Is). The shaded boxes represent the target bsaf for Risk Categories I (Is = 0.8),
II (Is = 1.0) and IV (Is = 1.2).

Fig. 8. Comparison of importance factors (Is) for Risk Categories I and IV to observed
ground snow load (GSL) ratios in selected Colorado locations.
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involved checking that the W-section deflections did not exceed
the span length over 240 under unfactored design dead and roof
snow loads; if this deflection was exceeded, even if the member
satisfied ultimate load criteria, a section with a larger moment of
Fig. 9. W-section safety and serviceability reliability indices when designed with and wi
as the 50-year ground snow loads.
inertia was selected. In this discussion, it is important to acknowl-
edge that different designers may handle deflection limits differ-
ently. Commentary of ASCE 7-10 [1] recommends checking
deflection limits under service loads corresponding to dead loads
and half of the snow load, which is less stringent than the limit
imposed here. Moreover, it is common practice for designers in
Colorado to check that the snow load alone does not cause deflec-
tions to exceed 1/360 times the span length. In addition, camber of
the member is ignored in this study.

The inclusion of the L/240 deflection limit in the design modest-
ly changes the section selection, leading to an increase in section
depths of 4–7 in, and in some cases an increase in section weight.
As reported in Table 7 and Fig. 9, the design for serviceability sub-
stantially improves the safety reliability, even though the design
changes are implemented with the idea of reducing deflections.
Indeed, the safety reliability increases by 0.4–0.8 in absolute terms,
corresponding to a relative increase of 19–40%. At some sites, par-
ticularly in the Front Range and plains, this increase in safety relia-
bility is sufficient to move the results into the target safety range,
indicating that in some places, the deflection limits may be impor-
tant for achieving desired safety goals.
5.2. Serviceability reliability assessments

Although the primary concern of building codes is to protect life
safety, which is reflected in our emphasis on the safety reliability
index, the serviceability reliability assessments provide a measure
of the risk of damage to building contents. A target serviceability
reliability index is provided in commentary of ASCE 7-10 of 0.05
failures per year [1], which corresponds to bserv = �1.39 over the
50-year assumed lifespan of the structure.

For the OWSJ buildings, which are not explicitly designed to sat-
isfy serviceability requirements, the average serviceability reliabil-
ity index reported in Table 6 is �1.69, slightly lower than the target
of �1.39. The serviceability reliability indices for the W-sections
are even lower, with an average�2.92 (Table 7). However, the poor
serviceability performance of the W-section roofs is largely an arti-
fact of our design process, in which the lightest W-section satisfy-
ing the design loads is chosen. The lightest section rarely satisfies
deflection limits.

To make the comparison between the serviceability reliability
assessments and the target bserv of �1.39 more fair, we focus on
the W-sections roofs that are designed for the 50-year ground snow
loads and satisfy deflection limits (introduced in Section 5.1.4). As
thout consideration of deflection limits (serviceability design). Snow loads are taken
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shown in Fig. 9, when the deflection limits are explicitly considered
in the design, the reliability indices for serviceability improve dra-
matically, increasing by at least 1.7 units in an absolute sense, and
bringing the serviceability reliability well above the target. Thus,
the findings demonstrate that the deflection limits are successful
at achieving the target serviceability reliability. If some designers
adhere to more stringent deflection limitations, the increase in the
reliability is expected to be commensurate with the strictness of
the deflection limitation requirements.

Fig. 9 also demonstrates that the serviceability reliability
indices are somewhat lower in the mountains than the other sites,
even when deflection limits are considered in the design.
Serviceability criteria are more likely to be exceeded in the moun-
tains because of the shape of the snow load probability distribution
(Fig. 3) and the larger snow load relative to dead load in design.
This trend is the opposite of that observed for the safety reliability
indices in the different locations.

6. Conclusions

This study assesses the likelihood that extreme snow loads will
violate building code safety and serviceability goals in western
parts of the U.S. by examining the reliability of steel open web steel
joist and wide-flange supported roof structures at five different
locations in the mountainous U.S. state of Colorado. The reliability
assessment employs Monte Carlo methods considering uncertain-
ties in the roof capacity and in the snow load on the roof. Roof
capacities and behavior are determined through nonlinear models
for OWSJ roof systems and established strength and force–deflec-
tion relationships for individual W-section members. The snow
load on the roof is quantified through site-specific ground snow
load data and a random variable quantifying the conversion
between ground and roof snow loads.

The initial set of roofs, which were designed for ultimate loads
determined from the code-defined ground snow loads, produced
reliability assessments that are typically around 25–45% below
the codified target reliability of 3.0–3.5. Although similar reliability
levels are obtained for the OWSJs and W-section roofs, the OWSJ
safety reliability indices are about 15% lower. In addition, the safe-
ty reliability assessments also reveal substantial variation in relia-
bility between the mountain and Front Range/plains locations in
Colorado. Even if all of the roofs are designed for a ground snow
load that has an equivalent probability of exceedance (i.e. the
50-year ground snow load prescribed by modern codes and
standards), substantial differences in the shape of the probability
distribution of annual maximum ground snow loads leads to
different reliability outcomes.

The findings have important implications for roof snow load
design. First, the study demonstrates that climatological and geo-
graphical differences that alter the shape of the distribution of
annual maximum snow loads substantially impact the reliability
assessments, while changes to the roof’s physical characteristics
have little effect on the reliability index. As a result, designing for
ground snow loads with the same probability of exceedance (i.e.
a uniform hazard approach) can produce structures with much dif-
ferent risks of failure at different locations. Although the study uses
Colorado as a case study, the observation of higher reliability at
sites that experience multiple snow storms and snow accumula-
tion every winter, as compared to sites where snow melts between
storms and a single large storm controls maximum values, is gen-
eralizable to other regions. As a result, we would expect to see
large variability in reliability of roofs designed for the 50-year
loads in other western states and regions where there are substan-
tial differences in geography and climate. Second, the study finds
strong interrelationship between safety and serviceability. For
the buildings considered, the design deflection limit led to larger
section sizes, which produced fairly substantial improvements in
the safety, as well as serviceability, reliability indices.
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