The Art of Resisting Extreme Natural Forces 51

Safety design of lightweight roofs exposed to
snow load

M. Holicky
CTU in Prague, Klokner Institute, Prague, Czech Republic

Abstract

The collapse of a number of lightweight roofs during the winter period of
2005/2006 initiated an international discussion concerning the reliability of roofs
exposed to permanent snow load. In some countries, all available measurements
of snow loads have been newly evaluated and relevant standards have been
promptly revised. Newly developed maps of snow loads are based on the
principles of the European standards specifying the characteristic value of snow
load on the ground as the 98 fractile of annual extremes (50 year return period).
This paper provides a critical analysis of presently accepted design procedures
taking into account available data of snow load. In the reliability analysis
permanent load is described by normal distribution, snow load by Gumbel
distribution and resistance by lognormal distribution. It appears that the partial
factor design method provided in the present European standards may not
guarantee an adequate reliability level of lightweight roofs. An alternative
procedure for the safety design of roofs exposed to self weight and snow load
only is therefore proposed.
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1 Introduction

The reliability of lightweight roofs has become an important topic of structural
design, particularly after the winter period 2005/2006 when a number of roofs in
Europe collapsed. In some countries, available measurements of snow loads have
been newly evaluated and relevant standards have been promptly revised. Newly
developed maps of snow loads take into account the principles of valid European
standards [1-3] specifying the characteristic value of snow load on the ground as
the 98 fractile of annual extremes. The design value of snow load is then
determined using the partial factor 1,5.
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This paper provides a critical analysis of presently accepted design
procedures taking into account available measurements. Normal distribution for
permanent load, Gumbel distribution for snow load and lognormal distribution
for resistance are assumed in the reliability analysis [4,5]. The presented study is
an extension of the recent paper [6] and confirms its conclusion that available
European standards may not guarantee an adequate reliability level for
lightweight roofs. An alternative procedure of the safety design of lightweight
roofs exposed to permanent and snow load only is, therefore, proposed.

2 Partial factor design

In accordance with the principles of the present suite of European standards
(Eurocodes) the characteristic value of the snow load on the ground s; is
specified as the 0,98 fractile of annual extremes (50 years” return period) [1,2]
assuming the Gumbel distribution. The characteristic load on the roof is then
determined as

Sk = 1 Ce Cusg (1

where u denotes the shape factor (for horizontal roofs equal to 0,8). C, and C,
denote the exposure and thermal factors considered usually as unity [3] (and
omitted further on). In the design of a structural component exposed to the
permanent load G and snow load S, the value of a generic resistance R is
determined using the partial factor method and the fundamental load
combination [1] as

R/ mi=ye G + 1o Ssx )

Here Ry denotes the characteristic resistance (0,05 fractile), s, the resistance
partial factor (considered by a generic value 1,15), y; the partial factor of
permanent load (considered by a recommended value 1,35), Gy the characteristic
value of the permanent load (the mean of G), y, the partial factor of the snow
load (considered by a recommended value 1,5). Note that equation (2)
corresponds to the fundamental load combination given in EN 1990 [1] by
expression (6.10). The other (more economic) load combinations provided in [1]
are not considered here but may be treated in a similar way.

3 Basic variables of reliability analysis

The reliability analysis of a structural member exposed to a permanent load G
and snow load S is, based on the limit state function g(X), given as

2(X) = Kr R—Kg (G + Ss50) 3)

The basic variables X, entering equation (3), are described in Table 1. In
accordance with EN 1990, the design life time of 50 years is considered and,
therefore, the 50 years” extreme S5, of the snow load s, on the roof (considering
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the shape factor ¢ = 0,8) is assumed in equation (3). Note that the statistical
characteristics given in Table 1 are derived taking into account the principles of
Eurocodes [1-3].

In the following analysis, the load ratio y is given as a fraction of the
characteristic value of the snow load s and the total load Gy + s;x

X= Ss,k /(Gk + Ss,k) (4)

The load ratio y for lightweight roofs is expected within the interval from 0,4 to
0,8. For a given y and sk the characteristic permanent load follows from
equation (4) as

Gk:Ss,k (1 —Z)/Z (5)

The characteristic value s is considered by the normalized value 1 (say 1
kN/m?). The mean of S, is approximately equal to the characteristic value sq
(see Table 1).

Alternatively, the partial factor of snow load y, is proposed as a quantity
dependent on the load ratio y (similarly as suggested in recent studies [7,8] for
the partial factor of variable actions)

Yo=1+y (6)

It appears that the partial factor y, given by equation (6) leads to a more
uniform reliability level than the constant value y,= 1,5.

The theoretical models of basic variables indicated in Table 1 are based on
recommendations of JCSS (Joint Committee on Structural Safety) [5] and
previous studies [6-8].

Table 1: Models of basic variables.

. Symb.| .. Partial |Char. val. | The mean| CoV
Variable 5% Distr. factor 7 X, Ly vy
Resistance R LN 1,15 From (2) | 1,25Ry 0,10
Permanent load G N 1,35 From (5) 1,0Gy 0,10
Snow load, 50-
years maximum Sso GU 70 Ssk LOss | 0,22
Resistance uncert. Kz N - - 1,0 0,05
Load effect uncert. Kx N - - 1,0 0,10

In Table 1 the symbol ”N” denotes normal distribution, “LN” lognormal
distribution with the lower bound at the origin and “GU” Gumbel distribution of
maximum values. The partial factor y, applied to the characteristic snow load s,
equals 1,50 or alternatively 1 + y, as indicated in equation (6).
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4 Results of reliability analysis

Results of the reliability analysis are indicated in Figures 1 and 2. Figure 1 shows
the variation of the reliability index f with the load ratio y for the fundamental
load combination applied in equation (2) and two different partial factors yy: the
constant factor = 1,5 (recommended value) and a variable one yp =1 + .
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Figure 1:  Variation of the reliability index f with the load ratio y for the
partial factors yp=1,5and yp=1+y.

It follows from Figure 1 that the constant partial factor y, = 1,5 leads to a
significant variation of the reliability index with the load ratio y. Moreover, for
the load ratios y > 0,5 the index decreases below the target value of 3,8
recommended in [1] and the reliability of a structural member is insufficient. The
partial factor yo = 1,5 seems to be satisfactory for the load ratio y < 0,5 only. For
the ratio y > 0,5 the partial factor for snow load y, should be greater than 1,5.
Obviously, a significantly more uniform reliability level is obtained for the
partial factor 3, = 1 + y, which seems to lead to an acceptable reliability level for
any load ratio y.

The results indicated in Figure 1 are confirmed by Figure 2 showing the
variation of the reliability index S with the partial factor y, (within the range
from 1,2 to 2) for selected load ratios y = 0,4, 0,6 and 0,8. Apparently, to reach
the desired reliability index f = 3,8 the partial factor y, should increase with an
increasing load ratio y. For a realistic load ratio y = 0,6 (an expected value for
lightweight roofs) the partial factor y, should be about 1,6, thus yo = 1 + y.
Similar results are indicated in a recent study [9].
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Figure 2:  Variation of the reliability index f with the partial factor y, for the
selected load ratios y = 0,4, 0,6 and 0,8.

Figure 3: Variation of the reliability index g with the load ratio y and the
partial factor y,.
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Figure 3 shows the variation of the reliability index f with both the load ratio
x and the partial factor y,. It can be used for the specification of the adequate
partial factor y, for a given load ratio y, so that the desired reliability level g =
3,8 would be guaranteed. Figure 3 also clearly shows why the partial factor y,
should depend on the load ratio y (as indicated by equation (6)) if a uniform
reliability level (a constant index /) is to be achieved.

5 Concluding remarks

The following conclusions may be drawn from the presented study:
1. The constant partial factor y, = 1,5 leads to a significantly variable (non-
uniform) reliability level with respect to the load ratio y.
2. For the load ratios y > 0,5 the index £ is less than 3,8 and reliability of a
structural member is insufficient.
3. The recommended partial factor yo = 1,5 seems to be satisfactory for a
load ratio y < 0,5. For a ratio y > 0,5 the partial factor for snow load y,
should be greater than 1,5.
4. To reach the desired reliability index § = 3,8 the partial factor y, should
increase with an increasing load ratio y.
5. A significantly more uniform reliability level is obtained for the partial
factor yp = 1 + x, which seems to lead to an acceptable reliability level
for any load ratio y.
It is, however, emphasized that the presented results may be significantly
dependent on the assumed models for basic variables and should be considered
as informative only.
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