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Hidden safety in structural design codes
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Abstract: Structural design codes are deliberately kept simple in order to limit the com-
plexity of the design process. To ensure sufficient safety with simplified models, parameters
of these models are often chosen conservatively. This leads to additional “hidden safety”
in the design. But what happens if one utilizes more advanced design models without the
implicit conservatism of the simple models? On one hand, an advanced design method
has the potential to result in more optimized designs. On the other hand, it will affect
the structural safety. While the advanced models might be associated with smaller un-
certainty, which increases reliability, the loss of hidden safety can decrease the reliability.
We comprehensively discuss the role of hidden safety in codified structural design and its
effects on the reliability and material consumption. Based on this, we develop a framework
for adapting the safety concept to ensure that advanced models lead to the same level of
safety as standard models. The framework is exemplarily applied to the wind load model

of the Eurocode.

1. Introduction

Structural design codes aim to provide easy-to-use rules that lead to economical and safe

structures [1]. They are the result of a long evolutionary process, which began with the
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construction of buildings based on a “trial and error” approach, intuition, and experiments
on scale models [2]. In the 18th century, a fundamental shift took place: The design of
structures was increasingly based on physical models and theories [3—6]. Engineers had
tools to predict the load bearing capacity of structures with confidence and had to rely
less on experience. In order to standardize the process and address the variability and
uncertainty in loads and materials, structural design codes were developed from the late

19th century onward. These codes were based on the global safety factor concept.

Today’s structural design codes are based mainly on the semi-probabilistic partial safety
factor (PSF) concept, which was introduced in the late 1970s [7—11]. This is based on
utilizing multiple PSFs for different actions and resistances, which are multiplied with their
corresponding characteristic values. In contrast to the use of a single global safety factor,
the semi-probabilistic concept can better address the specific uncertainties associated with
a specific design situation and thus lead to a more homogeneous safety level. For this
reason, it is considered an adequate trade-off between ease-of-use and optimality of the

resulting design [12].

The PSFs and characteristic values prescribed in current design codes are obtained through
a code calibration process [13-15]. PSFs that lead to design reliabilities that are as close as
possible to the target reliability in a large number of design situations are identified [16].
As discussed in [12], target reliabilities are based on previous codes and regulations, which
reflect the legacy experience. This backward calibration ensures that a new code does
not lead to drastic changes of the safety level. Past code calibrations also ensure that the
resulting designs of specific structures do not vary significantly between subsequent code

generations.

Design codes are based on the use of models that approximate the real loads and structural
responses. The parameters of these models, the values of which are often prescribed by
the codes, also evolved from experience. In many instances, these parameter values were

selected conservatively (i.e., they lead — on average — to an underestimation of resistances
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and an overestimation of actions). These conservative choices introduce a hidden safety

into the design.

The effect of this hidden safety is difficult to quantify, and it has not been considered
explicitly in past code calibration. This had not been an issue in the past because of the
calibration of PSFs to previous codes: As long as models covered by the new code and
the corresponding parameter choices remained the same as in the old code, the backward

calibration ensured that the overall level of safety remained approximately the same.

However, hidden safety can lead to problems when new models are applied. Advances in
computational structural analysis, data collection, and enhanced data-driven modeling can
make the use of advanced modeling techniques feasible. Examples include computational
fluid dynamics (e.g., virtual wind tunnel tests) [17], seismic analysis (e.g., earthquake sim-
ulations) [18], collection of on site data (e.g., wind velocity measurements or geotechnical
test), or tests on scale models (e.g., physical wind tunnel tests or geotechnical centrifuge
modeling). In general, the use of these modeling techniques is desirable in view of more
economic and sustainable structures. However, the hidden safety associated with existing
models can be lost when using them. It is therefore imperative that the effects of hidden

safety be quantified.

While most experts are aware of this hidden safety challenge, it has not received much at-
tention in the scientific literature. Only a small number of publications explicitly mention
the challenges related to hidden safety. These include Byfield and Nethercot [19], who
examined various constructional steelwork resistance models (e.g., the bending resistance
of restrained beams or the shear-buckling resistance of plate girders) and adapted the
respective PSFs in order to homogenize the safety level. Holicky et al. [20] investigated
the influence of different probabilistic models (distribution choices and distribution fitting
techniques) of the time variant and time invariant wind load model components to the
probability of failure. Nowak et al. [21] calculated the probability of failure of bridges and

compared it to the probability of failure including measurements of inner forces. Gomes
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and Beck [22] proposed a conservatism index to classify structural models. Other publi-
cations involving hidden safety include Toft et al. [23], Hanninen et al. [24], and Gazetas
et al. [25]. However, none of these publications provides a general framework on how to

consider hidden safety in the PSF concept.

In this paper, we provide a framework on how to quantify the effects of hidden safety on
the reliability and the design. We utilize this framework to describe how the PSF concept
can be adapted if standard models —which potentially include hidden safety — are replaced
by more advanced models. The framework is exemplarily applied to the wind load model

of the Eurocode, which is compared with more advanced wind load modeling techniques.

2. Partial safety factor concept

According to the PSF concept [7-11], a structural design must fulfill the following inequal-

ity throughout the structure:

€q < Td (1)
where
€4 = VF - €k (2)
Tk
ryg= — 3
a Y™ ( )

Here e, and r;, are the characteristic values of action effects and resistances, ey and r4 the
corresponding design values, and vr and s the PSFs of action effects and resistances.
Characteristic values are usually defined as quantile values of the probability distributions,
i.e., as lower quantile values on the resistance side and higher quantile values on the load

side.
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Figure 1: Basic reliability problem.

The choice of the two safety components —the PSFs and the characteristic values — is based
on reliability analysis. Figure 1 illustrates the probabilistic view of the action effects F
and the resistance R. Based on these, a limit state function g(R,E) = R — E can be
defined to estimate the probability of failure Pr(F') as the integral of the joint probability

density function (PDF) fr g(r.e) over the failure domain Qp = {r,e | g(r,e) < 0}:

Pr(F) :/Q frE(r,e)drde (4)

Using the inverse of the standard normal cumulative distribution function (CDF) ®~!, a

reliability index § can be calculated as:
B =—0 ' (Pr(F)) (5)

Characteristic values and the PSFs can be calibrated such that a target reliability index
is achieved. Under the assumption that the current reliability is satisfactory and accepted
by society, the target reliability index is typically chosen as the average reliability index of
the status quo [15,26,27]. The calibration thus maintains the reliability level. The current
reliability level may not be ideal; however, a modification of the reliability level should be

conducted in its own separate calibration procedure.

In addition to the two well-known explicit safety components, namely the choice of the
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PSFs and the characteristic values, there is a third, often overlooked, implicit safety com-
ponent: the hidden safety. Hidden safety arises if models are conservative, i.e., they

overestimate the loads and their effects or underestimate the resistances. !

Hidden safety is considered implicitly in the choice of PSFs and characteristic values. This
is because these values are historically and iteratively adapted on the basis of structures
built by these models. As long as the same models are used, investigations about hidden
safety are not required. But what happens if the standard models are replaced by a more
advanced and presumably more accurate models? This replacement affects the reliability

of structures in two counteracting ways:

e More advanced models usually have less model uncertainty. This increases the reli-

ability of a structure that complies with inequality (1).

e The loss of conservativeness leads to an on average lower design resistance. This

reduces the structural reliability.

Depending on which of these effects dominates, the structural reliability can either increase
or decrease. In order to preserve the same level of safety, an explicit treatment of hidden
safety is needed. The goal of this paper is to investigate and formalize hidden safety and

show how it can be addressed in the PSF concept.

LA precondition for hidden safety is model based design; hence, hidden safety is a consequence of the
fundamental shift of the 18th century from experience-based to model-based design. The application of
engineering models has a trade-off: On one hand, an engineer gets an insight and a better understanding
of nature and therefore is able to predict the structural behaviors. On the other hand, the applied
models are only approximations of reality, and their predictions contain an error. This error is not
explicitly included in the PSF concept.
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3. Hidden safety

In this section, we provide a detailed description of hidden safety and quantify its effects on
structural design and reliability. At the end of the section, we show how the elimination of
hidden safety can be compensated by modifying PSFs or utilizing adjusted characteristic

values.

Since hidden safety has not been discussed much in the scientific literature, we provide a
detailed description of (effects of) hidden safety in the following, which is kept as universal
as possible. A compact step by step guidance on the implementation of advanced models

in the PSF concept is given in Section 3.6.

3.1. Definitions

Hidden safety is closely related to the accuracy of the models used in structural design as
well as its effect on the structural design and structural reliability. In this context, we define
some essential terms. We make a distinction between aleatoric and epistemic uncertainty.
Following [28], we consider as aleatoric the uncertainty that cannot be eliminated within
the confines of the current state of science. In contrast, epistemic uncertainty is due to
limited knowledge. Epistemic uncertainty can be reduced by collecting information (e.g.,

through tests or improved models).

On this basis, we define the following terms:

o Aleatoric distribution, is the probability distribution that includes only aleatoric

uncertainty.

o Aleatoric probability of failure is calculated with the aleatoric distributions.
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o Nominal probability of failure is calculated considering both, aleatoric and epistemic

uncertainties.

Although the definition of aleatoric and epistemic uncertainty is not very precise and ar-
guable, it is sufficient in this context. Detailed and philosophically well-founded discussions

can be found in [29-36].

3.2. Hidden safety in structural codes

We investigate hidden safety in the context of the PSF concept. We use the terminology

of Eurocode; however, the conclusions are equally valid for other design codes.

In a Eurocode design, four different models can identified (Figure 2): The load model
M. Ec, the structural model Mg pc, the material model My gc, and the resistance

model Mg gc. We use the subscript EC to stress that these models are provided by the

FEurocode.
Load model My, gc Material model My pe
Characteristic load I, pc Charatteristic material my, gc
Partial*safety factor vy Partiai safety factor vy,
Structljral model Mg gc Resist;nce model Mg gc
Partial safety factor vgq Partiaj safety factor vrq
Designﬁoad effect eq ec ; Design resistance 74 gc

Figure 2: Overview of the Eurocode design approach.

M. ec and My pe are typically statistics-based models, which provide distributions for
the load Lo and the material property Mpco. In the PSF concept, these distributions
are represented by characteristic values. Moreover, the design load effect and the design

resistance are calculated via functions ts pc and tg pc provided by the structural model
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M gc and the resistance model Mg gpc. The four PSFs ¢, vs4, Ym and ygq address the
uncertainty of the load model, the structural model, the material model and the resistance

model.

Remark: For the sake of simplicity, the Eurocode merges the PSFs of the action and the

resistance side

YF = X Vsd (6)

YM = Ym X YRd (7)

To improve understanding we stick with the separated notation. Moreover, some codes
use the global safety factor format (e.g. the reinforced concrete structures [37]). This case

is also covered as it is a special case of the partial safety factor format.

Considering all models explicitly, Equations 2 and 3 can be reformulated to Equation 8

and 9 and Figure 1 can be extended to Figure 3:

ed =sd - ts,ec (V¢ -l pc (LEC)) (8)
1 m M
ra= - tn e < kEC( EC)) )
YRd Tm

Eurocode defines only the characteristic values of the load and the material properties
explicitly and not the corresponding PDFs f,. and fa,.,. As a consequence, fg,.
and fr,. are also not explicitly defined. These distributions can be implicitly inferred
from background documentations (e.g., [38-40]) and from the distributions used in the

calibration of the Eurocode safety components (e.g., [16]).

As previously discussed, hidden safety is a result of conservative models for structural
design. For establishing what a conservative design is, we refer to the design one would

obtain based on aleatoric distributions in combination with the PSFs and the definition
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Figure 3: Illustration of the basic reliability problem and its relation to Eurocode models.

of the characteristic values of the Eurocode. A model is conservative in a specific design

situation if its prediction leads to a larger design resistance than this reference.

The difference between the Eurocode models and purely aleatoric models is exemplarily
illustrated in Figure 4, which re-illustrates Figure 3 including the aleatoric distribution of
the load L and the material property M and the functions ¢z (true relationship between
load and load effect) and tg (true relationship between material property and resistance).
From L and M, the corresponding characteristic values [, and my can be obtained, and, by
applying the PSFs, the design values l4, mg. Using the functions tg, tg, the characteristic
values ey, i, and the associated design values e; and r4 are obtained. These are the values
to which the respective Eurocode values converge, if all epistemic uncertainties vanish. In

this sense, they are the target values of Eurocode models.
In the illustration of Figure 4 each of the Eurocode models is conservative: The load

and the material model are conservative because I, < I, pc and my > my pc. The

structural and the resistance model are conservative because ts(lg rc) < ts,ec(la,pc) and

10
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Figure 4: Illustration of the Design approach of the Eurocode (blue) compared to the
purely aleatoric models (green) for one specific design situation.

tr(mapc) > trec(mgpc). This leads to an overdesign relative to a design one would

obtain from the purely aleatoric models, meaning ry<eq while ry pc=eq rc-

Figure 4 illustrates one specific design situation. If other design situations are considered,
the relation between the Eurocode models and the purely aleatoric models may change.
Over the domain of all possible design situations, this results in distributions of the char-
acteristic value of the aleatoric distribution of the load Lj and of the material property
M. Consequently, the characteristic load effect and the characteristic resistance also be-
come random variables Fj and Rjy. The transition from L; and M} to Ej and Ry is not
represented via single functions tg and tg beacuse the structural and the resistance model
also differ over the domain of all possible design situations. We denote the functionals

representing this relationship with T's and Tg.

For the quantification of the effects of hidden safety, it is crucial to distinguish between:

e The distributions describing the characteristic values of the loads, load effects, mate-

11
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rial properties, and resistances. These distributions describe variables that enter the

design process according to the PSF concept. Hence, they can be used to describe

the design choice D.

e The distributions describing loads, load effects, material properties, and resistances.

These distributions do not enter the design process directly (although the character-

istic values result from them). For a given design D, they can be used to perform a

reliability analysis R to calculate the aleatoric probability of failure of this design.

For a better understanding of the difference between the distribution of the characteristic

value of a phenomenon and the distribution of the phenomenon itself, we illustrate this

difference for the wind velocity pressure. The Eurocode defines the characteristic wind

velocity pressure gy ;. pc as the value with a yearly exceeding probability of 2 %. Different

characteristic values are given by national maps defining wind zones. Within one zone,

Gk, EC is a constant value. Figure 5 plots this constant value against the characteristic

value g, ., which follows from the location-specific aleatoric distribution of the wind veloc-

ity pressure (Jp. Because the wind velocity pressure fluctuates within one wind zone, this

results in a distribution of the characteristic value of the aleatoric distribution @y .

qv 1

Location

A qblk
AN vk, EC \*\__
R B
4
E[ < /)}
R 4 5

Figure 5: Exemplary illustration of the derivation of the distribution of the characteristic
value Q1 resulting from the aleatoric distribution of the wind velocity pressure
@y (green) and its relationship to the characteristic value according to Eurocode

@k, ec (blue).

12
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3.3. Effects of erasing hidden safety

The investigation of hidden safety becomes necessary if more advanced and less conser-
vative models are applied in lieu of standard Eurocode models. To determine how such
models affect the reliability, the distributions of the relative errors of the respective models
(relative to the characteristic value one would obtain from a purely aleatoric model) are

needed.

We illustrate the distribution of the relative errors for the wind velocity pressure. In
contrast to Figure 5, we change the perspective by standardizing every quantity relative
to gp . Mathematically, this new perspective is equivalent to the previous one, however, it
more clearly reflects how advanced modeling techniques affect the design process. Figure 6
shows this perspective; it also includes the characteristic wind velocity pressure according
to advanced modeling techniques gy 1 440, Which are shown in red.

b
ab,k

bk, EC

Qb,k

qb,k,adv
Qb k

ab,k
qb,k

Location

Figure 6: Re-illustration of Figure 5, whereby the wind velocity pressure Q) (green) and
the characteristic value according to Eurocode gy 5 pc (blue) are standardized
by the characteristic value of the aleatoric distribution. The characteristic value
according to advanced modeling techniques g x o4 is added in red.

The distributions of the relative errors (Figure 6 right) can be difficult to estimate. The
uncertainty of the involved models needs to be well understood (e.g. as in [41] or [42]).
We illustrate the estimation of these distributions for the case of the Eurocode wind load
model in Section 4.

By comparing the distributions of qbg%}f and %“T‘“:”, the two contradictory effects of

13
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advanced modeling techniques on the structural reliability can be identified:

e The decrease of epistemic uncertainty resulting from the use of advanced models

f 4db,k,adv

reduces the variance o relative to % This leads to an increase in the

reliability.

e The decrease of epistemic uncertainties reduces the bias of %“T’“:“ relative to qbé“%kc

If qbé“l;ic is biased in a conservative sense, this leads to a decrease of the reliability.

3.4. Quantification of the effects of erasing hidden safety

The effect of replacing the Eurocode model Mg with an advanced model Mg, is as-
sessed at two levels: First, by comparing the resulting designs; second, by comparing the

corresponding aleatoric probability of failure.

The Eurocode model consists of the four components: Mgc = {Mr gc, Ms ec, Mm,ec, MrEC}
The advanced model exchanges one or more of these components. For illustration, in this

section, we exchange the load model so that Mg, = { M 4dv, Ms ec, Mar,ec, M Ec}.

3.4.1. Comparison at design level

In the PSF concept, a design is optimally chosen such that the design resistance is equal
to the design load effect. Let Dgc and D,q, be design choices following Mpc and M g, .

From Equation 8 and 9, the optimal designs are obtained as:

My Ec
TR,EC( £ ;DEC)

vsd - Ts,ec(Lkpc - vf) = VZ; (10)
M
TR,EC( o aDadv)
vsd - Ts,5c(Liadv - Vf) = o (11)

14
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Ly gcy Liadv and My, gc are random variables representing the characteristic values stan-
dardized to the characteristic values of the respective aleatoric distribution (Figure 6).

Their distributions can be derived from those of their respective relative errors.

It is convenient to assume that the design choices Dgc and D,q4, can be expressed through
factors Ppc and Py, relative to a standardized design Dy. If the resistance models are
linear functions with respect to the design choices Dgpc and D,q4,, Equations 10 and 11

can be reformulated as:

TR EC (Mk’EC ,Do)

vsd - Ts,ec(vy - Lik,ec) = PEc - T (12)
TRd
sd*Yrd " Ts,ec(Vf - Lk,EC
P = 157 & E(Zf )
TR EC ( - ,Do)
M
B TR,EC (%,Do)
vsd - Ts,ec(Vf - Lk,adv) = Padv - (13)

YRd
_ vsd*YRrd - Ts,ec(Vf - Li,adv)

<:},Padv -
M,
TR,EC( f;;fc,Do)

Prc and Pug, are analog to Equation “6.10” of Eurocode 0 [43]; however, models are

explicitly included.

The difference of the resistances of the two designs can be measured as the ratio of P,g,
over Pgc. This ratio is an indication of the reduction in material consumption. It should
be noted that the relationship between the design value and the material consumption is

not necessarily linear. Moreover, serviceability limit states is not considered.

3.4.2. Comparison at reliability level

For given design values P,q, and Pgc, the corresponding aleatoric probability of failure

can be computed:

Pr(F | Ppc,R) = Pr(Pec - Tr(M) — Ts(L) < 0) (14)

15
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PI‘(F ‘ PadmR) = Pr(Padv : TR(M> - TS(L) < 0) (15)

Here, the conditioning on R = R(L,Ts,M,Tr) indicates that the aleatoric distributions

are used.

The values Pr(F' | Pgc,R) and Pr(F | Puqv,R) serve as a comparison of the reliability

obtained with the two models.

Remark: Alternatively, the nominal probabilities of failure would be computed with
Rec = R(Lec,Tsec, Mpc, Trec) of Radw = R(Ladv, Ts,pc, MEc, Trec). A com-
parison of the nominal probabilities of failure with the probabilities of failure calculated
via Equation 14 and 15 can be utilized to to quantify the misjudgment of the models being
used in the design process. Gomes and Beck [22] propose such a comparison and derive a

conservatism index.

3.5. Adaptation of the partial safety factor concept

If advanced models are used in the design process, the PSF concept should be adapted.
When replacing load or material models, this adaptation can be conducted by changing
either the respective PSFs 7y, 7, or the definition of the characteristic values Ly gc,
M. ec. When replacing structural or resistance models, the PSFs gy and yrq can be

adapted.

Assuming that the reliability of the status quo is satisfactory, the adaptation should be
performed under the constraint of preserving this level of reliability. For example, an ad-

ditional PSF regarding a load model 7 444 can be found by solving the following equation:

Pr(F | Pec,R) = Pr(F | Padv,add(Vf,add) R) (16)

16
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where

Ysd - YRrd - Ts,Ec(Vf.add - Vf - Lik,adv)

My Ec
TR,EC( o ,Do)

Padv,add(Vf,add) =

The aleatoric probabilities of failure of designs resulting from the standard and the ad-
vanced modeling techniques are both calculated with the aleatoric distributions (reliability
analysis R). Inaccuracies in the assumed aleatoric distributions will affect both proba-
bilities of failure. It is reasonable to presume that both probabilities are affected similar.

This makes a relative comparison valid.

The use of PSFs and characteristic values is meaningful mainly when considering a portfolio
of design situations. Hence, the adaptation should cover the full spectrum of design
situations of which the advanced model is intended to be used. The definition of one

possible portfolio can be found in the Annex A.

The proposed adaptation of the partial safety concept is conditional on the estimated dis-
tributions of the design values, the assumed aleatoric distributions, and the representation
of the portfolio of design situations. Moreover, some uncertainties might be unknown or
intentionally omitted (e.g., human errors are typically not considered [44]). The derived
reliabilities are dependent on these assumptions. Imperfect assumptions and simplifica-
tions might lead to a non-ideal adaptation of the PSF concept. However, the assumptions
and simplifications are utilized for both, the calculation of the probability of failure given
standard design and given advanced design (Equation 16: The probabilities of failure are
both conditional on the same reliability analysis R). This makes the calibration procedure
relatively robust. The resulting adaptation may not be ideal; however, it is a step in the

right direction and better than performing no adaptation at all.

17
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3.6. Summery of the framework

The following summarizes the proposed framework for treating hidden safety when ad-

vanced models are implemented in the PSF concept.

1. Definition of a representative portfolio of design situations the advanced model is

intended. This includes the definition of purely aleatoric distributions associated

with these design situations.

. Estimation and determination of the distribution of the relative error by the standard

model.

. Determination of the design following the standard model for all design situations

within the considered portfolio.

. Calculation of the target probability of failure as the avarage aleatoric probability

of failure given standard design within the portfolio.

. Estimation and determination of the distribution of the advanced model.

. Determination of the design following the advanced model for all design situations

within the considered portfolio.

. Adaptation of the PSF-Concept by adopting PSF or quantile values to define charac-

teristic values, such that the expected aleatoric probability of failure given advanced

design is equal to the target probability of failure.

18
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4. Application example: Investigation of hidden safety in the

Eurocode wind load model

We exemplify the treatment of hidden safety for the wind load model of Eurocode 1 [45].
We consider an exchange of the Eurocode wind load model Myy;,q ec with more advanced
modeling techniques Myyind oo and study the effect on the structural reliability and the
material usage. In a second step, we adapt the safety components of the Eurocode to
achieve the same level of safety with My 4 qd0 than with Myying ec. We then re-evaluate
the material usage. In order to draw general conclusions, we investigate a portfolio of

idealized but representative design situations. The assumptions

4.1. The wind load model of the Eurocode

The wind load model of the Eurocode is based on five components [38,46]: The wind
climate, the terrain, the aerodynamic response, the mechanical response, and the design
criteria. Accordingly, Eurocode 1 [45] and its background documentations (e.g., [47])

define the characteristic wind load pressure g gc as:

Qk,EC = Qb,k,EC * Cek,EC * Cf k,EC - Cs,k,EC * Cd k,EC (18)

These coefficients are characteristic values of the wind load components. Table 1 summa-

rizes the definitions of these characteristic values in Eurocode.
® ¢ EC is the characteristic value of the wind velocity pressure: It is defined as the
10 minute mean velocity pressure at a height of 10 m above ground with a roughness

length of 0.05m and a return period of 50 years.

® c. i pc is the characteristic value of the exposure coefficient: It considers the rough-

ness of the terrain and the height of the structure and is based on empirically deter-
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mined formulas. Eurocode assumes that these formulas are unbiased estimators of

the expected exposure coefficient and thus the characteristic value is the mean.

e c; 1. pe is the characteristic value of the force coefficient: It addresses the geometry
of the structure. Its values are based on investigations of [39] and obtained as the
78 % quantile of the yearly maxima of the force coefficient, which are assumed to

follow a Gumbel distribution [48].

® Codk,EC = CskEC ' CdkEC is the characteristic value of the structural factor: It
accounts for the fact that wind peak pressures do not occur simultaneously on the
total surface of the structure (represented through c,) and for the dynamical effect
caused by wind turbulences exciting the structure at its eigenfrequencies (represented
through cg). Eurocode assumes that these formulas are unbiased estimators of the

expected structural factor and thus the characteristic value is the mean.

awrpc=F5'  (0.98)

Qv,EC
Ce o EC = E[qe,Ec]
Cfk,EC = FC_nyc (078)
csdkECc = BlCsqaC)

Table 1: Characteristic values of the wind load model components according to Eurocode.

The four wind load model components (gp 1, EC's Ce k. EC ¢t k,ec and cgq , po) are estimates
of quantile values of the respective underlying aleatoric distributions. Here, only the
standardized aleatoric distribution will be needed; hence we set their means to 1. Following
[49] and [16], we define the coefficients of variations (c.o.v.) of the aleatoric distributions

in Table 2.

Mean c.o.v.

Qy~G 1 0.25
C,~ LN 1 0.15
Cy~G 1 0.10
Csg ~ LN 1 0.10

Table 2: Standardized aleatoric distributions of wind load model components. The maxi-
mum wind velocity pressure @y refers to an annual reference period.
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The aleatoric distributions are used when computing the reliability of a design according
to the Eurocode wind load model and according to the advanced wind load modeling
techniques. The accuracy of the aleatoric distributions is therefore not crucial because a

relative comparison is still reasonable.

4.2. Distributions of the characteristic wind load model components

according to the Eurocode

Table 3 summarizes the distributions of the inverse relative errors of the Eurocode models.
The justification of the distribution choices can be found in Annex B. The characteristic

value of aleatoric distribution is known from the assumed aleatoric distributions; hence,

Characteristic value of aleatoric distribution
Characteristic value of EC

by rearranging @~ = the probability distributions of

the characteristic values of Eurocode wind load model components can be derived.

Mean c.o.v.

Ou s ~LN 08 030
@;E},EC ~LN 08 015
@‘ifi’“EC ~LN 09 020
Ocirpwe ~ LN 1.0 0.15

Characteristic value of aleatoric distribution
Characteristic value of EC .

Table 3: Distribution of the relative errors

4.3. Distributions of the characteristic wind load model components

according to advanced modeling techniques

We assume that advanced wind load modeling techniques use on-site wind data and per-
form wind tunnel tests. The structure of the wind load model still follows the Eurocode
approach, meaning that the wind is still modeled by means of a wind velocity pressure
b,k,adv, a0 exposure coefficient c i qqv, a force coefficient ¢y 440, and a structural factor

Csdk,adv- Table 4 summarizes the distributions of the inverse relative errors of the ad-
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vanced models. The justification of the distribution choices can be found in Annex C. The
derived distributions depend on certain assumptions on the advanced wind load model-
ing; however, there is a great variety and a constant development in advanced wind load
modeling techniques (e.g. [50]). Therefore, each individual case should revise the derived

distributions.

The respective distributions of the characteristic values of wind load model components

according to advanced wind load modeling techniques are derived by rearranging @~ =

Characteristic value of aleatoric distribution
Characteristic value of Adv '

Mean c.o.v.

O, ~ LN 10 010

e . ~LN 10 005

O s VLN 10 015
i

Ohpaay ~ LN 10 0.10

Characteristic value of aleatoric distribution
Characteristic value of Adv .

Table 4: Distribution of the relative errors

4.4. Numerical investigations

We apply Mwing,ec and My indadv to the portfolio of representative design situations
described in Annex A. In the case of advanced wind load modeling, we distinguish five
cases: Four cases in which only one of the advanced wind load models is applied and one
combined case in which all four advanced wind load models are applied simultaneously.
We investigate the effects of erasing hidden safety on the design and on the reliability. In
a second step, we adapt the PSF concept as described in Section 3.5 and re-evaluate the

resulting design.
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4.4.1. Effect on the design

We investigate the effect on the design via a relative comparison of design values (Equation
12 and 13). Violin plots of the resulting distributions are shown in Figure 7. Ratios of
the expected value of the design according to the advanced model cases to the Eurocode

model case are reported in Table 5.
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Figure 7: Violin plots showing the distribution of design values obtained with Eurocode
models (blue) and advanced models (red).

Wind velocity pressure 0.80
Exposure coefficient 0.84

Force coefficient 0.92
Structural factor 1.00
Combined case 0.62

Table 5: Average design values obtained with the use of advanced modeling techniques
relative to those obtained with Eurocode models.

4.4.2. Effect on reliability

Given the distributions of the design values, we investigate how the aleatoric probability
of failure changes when moving from Eurocode models to advanced models. The aleatoric
probability of failure is calculated with the first-order reliability method (FORM) [51].

Figure 8 shows box plots of the resulting reliability indices. Ratios of the expected values
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of the aleatoric probabilities of failure of the advanced model cases to the ones of the

Eurocode model case are reported in Table 6.
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Figure 8: Boxplots of the annual reliability indices according to Eurocode (blue) and ad-

vanced modeling techniques (red).

Wind velocity pressure 1.08
Exposure coefficient 3.05
Force coeflicient 1.50
Structural factor 0.80
Combined case 4.22

Table 6: Ratios of the weighted averaged annual probabilities of failure of the design fol-

lowing Eurocode and advanced modeling techniques.

4.4.3. Adaptation of the partial safety factor concept

To compensate the lost hidden safety through the application of advanced modeling tech-

niques, we adapted either the PSF of the wind load or the characteristic values of each

wind load model component.

characteristic wind velocity pressure.

We demonstrate both; however, the latter only for the

The adaptation is conducted under the constraint of equal aleatoric probability of failures.

An annual target probability of failure is calculated as the expected aleatoric probability
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a0 of failure with respect to the different design situations of the portfolio.

)

PPrpe = E[Pr(F | EC-Design)] = 3-107° (19)

a1 e Adaptation of the PSF:

a2 We adapt 7o = 1.5 of wind by introducing an additional PSF of vg 4qq¢ which is
a3 found by solving the following equation:
E [Pr(F' | Adv-Design including vQ.qdd )] = Pr(F)rra (20)
424 The additional PSFs are also calculated for the cases where only one of the wind load
425 model components is derived from advanced techniques. Table 7 shows the resulting
426 additional PSFs. Values above 1 result in an increase of vg, values bellow 1 decrease
Q-

Wind velocity pressure: 1.01

Exposure coefficient: 1.19
Force coefficient: 1.06
Structural factor: 0.97
Combined case: 1.20

Table 7: Additional PSF g qaq regarding each advanced wind load modeling technique
and the combined case.

427

428 e The adaptation of the quantile value defining the characteristic wind velocity pres-
429 sure was conducted such that

E [Pr(F | Adv-Design with new quantile value)] = Pr(F)rra (21)
430 This resulted in a quantile of 0.9817 instead of 0.98.

a1 Remark: We also conducted the adaptation under the constraint of equal reliability indices.
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The target reliability index is calculated as the expected reliability index with respect
to the different design situations of the portfolio. This is significantly higher than the
reliability index, which corresponds to the target probability of failure (4.39 instead of
4.01 = =@ Ypp,p.)). However, the adaptation is also be conducted in the transformed
domain of reliability indices. The resulting difference in the additional PSFs and the

adopted quantile value defining the characteristic wind velocity pressure is negligible.

4.4.4. Effects of the adaptation

The adaptation of the safety factors is introduced in order to ensure that the overall
reliability achieved with the advanced model is the same as the one of the Eurocode
model. Here, we investigate the effect of this adaptation on the material usage achieved

with advanced models.

Table 8 shows the ratio of weighted averaged expected values of design values with an
adapted PSF. Comparing these values to the ratios without adaptation (last row in Table
5), it can be seen that the adaptation leads to a (albeit limited) reduction of the material

savings from the use of advanced wind load modeling techniques.

Wind velocity pressure 0.81
Exposure coefficient 0.95

Force coefficient 0.95
Structural factor 0.97
Combined case 0.70

Table 8: Average design values obtained with the use of advanced modeling techniques
relative to those obtained with Eurocode models with adapted PSFs.

If the quantile value that defines the characteristic wind velocity pressure is adapted,
the material saving potential is marginally better then in the case of an additional PSF
with respect to an advanced model regarding the wind velocity pressure: The ratio of the

averaged design values decreases from 0.81 to 0.80.

26



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

467

469

470

471

472

473

474

475

476

5. Concluding remarks

Structural design codes are the result of a long evolutionary adaptation process. This
adaptation is partly empirical (through the inclusion of new experience) and partly de-
ductive (through the use of new and advanced models). The empirical adaptation of
design codes mostly retains the hidden safety arising from conservative choices in model
parameters. In contrast, a deductive adaptation typically changes the amount of hidden
safety. In this paper, we propose a framework to compensate for such changes in hidden

safety in order to ensure a consistent overall safety level.

The framework can be used to account for hidden safety within the partial safety concept
when advanced modeling techniques replace standard models. This will typically result
in —on average — lower design values while still achieving the same level of safety. It may
seem counter-intuitive that the average reliability remains unchanged if the resistances are
reduced on average; however, this is due to the more targeted designs (i.e., the design is

strengthened where it is needed, and relaxed where it is not).

The application of the proposed framework is based on model assumptions as it is the
case for any code calibration. These assumptions might not be fully correct; hence, the
resulting calibration may not be optimal. However, it is still a step in the right direction
and preferable to the applications of advanced models without a calibration through the

proposed framework.

The most challenging part of in investigations of hidden safety is the evaluation of the
accuracy of the standard and the advanced model. The probabilistic description of these
accuracies is challenging because they characterize the model prediction relative to the
“truth”. However, the truth is unknown. Empirical data and expert knowledge must be
taken into account carefully. The quantification of the effect of hidden safety and the
calibration of the PSF concept are sensitive to the probability distributions describing

model accuracies.
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The choice of a representative portfolio of design situations and an adequate probabilistic
description of all random variables within the portfolio may seem to be another critical
point. However, the calibration of safety components is not sensitive to the portfolio
choices. This is because the portfolio is used for the investigation of both the standard
model and the advanced model. This validates a relative comparison —which is the basis of

the calibration— of the two models valid, even if the portfolio is not perfectly accurate.

The study of Section 4 to investigation the effects of hidden safety in the wind load model
of Eurocode are an exemplary application of the framework introduced in the previous
sections. Importantly, the additional safety factor to be used depends on the actual model

used in a specific application.

The exemplary study results in a decrease of the average design value to 70 %. This is
equivalent to a design load reduction of 30 %. The reduction of the average design wind
load is even higher because the load within the portfolio is a mixture of wind load, self
weight and permanent loads. However, when calculating the average design value the self
weight and the permanent loads do not differ with respect to the Eurocode model or the

advanced wind load modeling techniques.

The decrease of the average design value to 70 % is not equivalent to a reduction of the
material effort of 30% for the following two reasons: First, the relationship between the
design value and the material effort depends on the design situation (e.g., for trusses under
pure tension, the relationship is a one-to-one mapping, but the bending resistance of a
rectangular beam has quadratic relationship with the material effort). Second, the design
values are calculated only with respect to the ultimate limit states involving wind load
cases. Other ultimate and serviceability limit states are not included. This suggests that

the reduction in material usage would be less than 30 %.

In general, investigations of the effects of hidden safety are necessary if advanced models

—which are not covered by the codes— are used. With the rapid developments of computa-
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tional engineering, such use is increasingly frequent. Engineers who use these newly devel-
oped models may have the impression that their designs have increased reliability because
the advanced models are more precise. However, because of hidden safeties this does not
necessarily have to be the case. The proposed framework ensures that semi-probabilistic
design codes are calibrated such that the advanced models and the established models lead
to the same level of safety. The higher accuracy of advanced models is still utilized and
translated into a higher material efficiency. This results in more sustainable and economic
structures that are equally safe. Because the building industry is one of the main material
and energy consumers and is responsible for a high amount of greenhouse gas emissions,

it is essential to utilize this material saving potential.
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A. Definition of a portfolio of representative design situations

In order to draw general conclusions, we apply the distributions of the characteristic values
of Mwind,ec and My indadv to a portfolio of design situations. The portfolio is specified

via a generic limit state function g (following [16]):

9(p,Or,,Ri,Gs:i,Gp,Q,aq,,ac) =Pgc, - Or, - Ri—

—(1-aqgy) lag-Gsi+ (1 —ag) -Gp|l —ag;-Q
(22)

This limit state function is valid for a material i. Op, is the resistance model uncertainty,
R; is the material strength, Gg; is the self-weight, G'p is the permanent load and @
represents the wind load. They are normalized values. In order to account for different
design situations, the weights ag; and ag allow representing different load compositions.

Finally Pgc; is defined as:

YR

7 (1—-aq;) (ag-vs-9s;x+ (1 —ag) -vp-9rPk)+aQ, - VQ - Ik
Rk Ti,k}

Ppc; =

(23)

The definition of Pgc; is in agreement with Equations 12 and 13, whereby the load model

is a linear combination of wind load, self-weight, and permanent load. T, is expressed
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702

multiplicatively via 0g, , and T4 is neglected. Moreover, the PSFs are merged on both,

the load and the resistance side.

Six different material properties R; are considered and weighted with wg; according to
their relative frequency. For each material ranges different load compositions are investi-
gated via ag,; and ag(Table 9). Ten equally spaced and equally weighted values of ag;
are considered and three equally spaced and equally weighted values of ag are considered.
The distributions of each material property R;, the associated resistance uncertainty Og,,

the self weight G'g,, and the permanent load G p are given in Table 10.

The values of the PSFs follow Eurocode 0 [43] (Table 11). The characteristic values of the
wind load following Eurocode and advanced wind load modeling techniques are calculated

as:

arm0 = Fo,(0.98) - E[Ce o] - 5!, (0.78) - E[Ca ] (24)
Gado = Fy, . (0.98) - E[Ceaan] - Fg, ,, (0.78) - E[Csaaan] (25)

The remaining characteristic values are chosen following Eurocode 1, 2, 3, 5, 6 [43,52-55]

and the ongoing revision of the Eurocode [16] (Table 12).

i Material wr;% aQ, ranges ag ranges
1 Steel yielding strength 40.0 [0.2;0.8]

2 Concrete compression strength 15.0 [0.1;0.7]

3 Re-bar yielding strength 25.0 [0.1;0.7] 0.6; 1.0]
4 Glulam timber bending strength 7,5 [0.2;0.8] A

5 Solid timber bending strength 2,5 [0.2;0.8]

6 Masonry compression strength 10.0 [0.1;0.7]

Table 9: Material properties, weights and ranges of ag; and ag based on [16].
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Mean c.o.v.

Or, ~ LN 1.00  0.050
Or, ~ LN 1.00  0.100
Ors ~ LN 1.00  0.100
Or, ~ LN 1.00  0.100
Or, ~ LN 1.00  0.100
Opy ~ LN 116 0.175
Ry ~ LN 1.00  0.070
Ry ~ LN 1.00  0.150
Ry ~ LN 1.00  0.070
Ry~ LN 1.00  0.150
Rs ~ LN 1.00  0.200
Rg ~ LN 1.00  0.160
Gs, ~ N 1.00  0.040
Gg, ~ N 1.00  0.050
Gsy ~ N 1.00  0.050
Gs, ~ N 1.00  0.100
Gs, ~ N 1.00  0.100
Gsy ~ N 1.00  0.065
Gp~N 1.00  0.100

Q) ~ as in Table 2

Table 10: Aleatoric distributions based on [49] and [16].

SN

YRi S YP o ONQ

1.00
1.50
1.15
1.25
1.30
1.50

1.35 135 1.5

S Tk W N~

Table 11: PSFs according to Eurocode [43].

i Tik 9S; .k OR; k gpk
1 E[R]—2-/Var[R] F'(0.5) E[OR,]

2 Ff1(0.05) Fp'(05) E[Og|]

3 Fr'(0.05) Fp'(0.5) E[Og|] F51(0.5)
4 Fr1(0.05) Fr'(0.5) E[Og|] r

5 Ff1(0.05) Fp'(0.5) E[Og|]

6 Ff1(0.05) Fp1(0.5) E[Og|]

Table 12: Characteristic values according to Eurocode [16,43, 52-55].
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722

723

724

725

B. Relative errors in the estimation of characteristic wind load

model components according to standard models

The distribution parameters of table 3 are justified as follows:

e ©_1 . Davenport [56] suggests a mean value of 0.8 and a coefficient of variation

bk, EC”

of 0.2-0.3. In order to verify these numbers, we investigate the wind velocity vy
at 10m above ground of 265 meteorological stations of the German Meteorological
Service [57]. Each of the stations is located in open space. Only stations between
0-1100m above sea level (range of validity of the Eurocode) and only stations with
at least 20 years of recording are considered. The wind velocity is converted to the

wind velocity pressure via

1
w=75 00} (26)
where p = 1.25% is the air density. From the time histories of g, the yearly

maxima at all stations are obtained and used to fit a Gumbel distribution through
a maximum likelihood estimator. We account for the statistical uncertainty via a
normal approximation of the posterior [58]. Finally, we obtain g pata as the 98 %
quantiles of each Gumbel distribution and divide them by the characteristic values
of the respective location specified in the Eurocode. The resulting ratios are shown
in Figure 9. The sample mean of these ratios is 0.82, which confirms the choice of
E[@;}k’ »c) = 0.8. The sample coefficient of variation is 0.36. We therefore choose

the upper bound of the values suggested by Davenport [56].

@C:lk o' Davenport [56] suggests a mean of 0.8 and a coefficient of variation of
0.1-0.2.
GC*;}CE ... Davenport [56] suggests a mean of 0.9 and a coefficient of variation of 0.1-

0.2. Measurements done by Svend Ole Hansen et al. [59] on a benchmark model of a
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Figure 9: Histogram of the ratios of the characteristic values gy 1. patqa Obtained from data
of the German Meteorological Service [57] and the characteristic values gy pc
of the respective location specified in the Eurocode [45].

726 tall building [60] confirmed these values with a tendency towards the upper bound.
727 . @;;k’ »o: Davenport [56] suggests a mean of 1.0 and a coefficient of variation of
728 0.1-0.2.

= C. Relative errors in the estimation of characteristic wind load

730 model components according to advanced models

731 In the following we justify the distribution parameters of table 4. The advanced models
732 are presumed to be the most accurate state-of-the-art models. Hence, no reference model
733 serving as reference truth is available. Instead, measurement data must be evaluated in
73a  order to justify the parameters of the error distributions. We thereby follow the ISO/IEC

735 guide [61]:

736 ° @xm 5" We assume that advanced wind load modeling techniques use on-site wind
737 data to estimate the characteristic wind velocity pressure. We postulate that such
738 an analysis leads to an unbiased estimator. Based on the data from the German
739 Meteorological Service [57] described in Anex B, we estimate the coefficient of varia-
740 tion of Gqu,lk’a 4, s 0.1. This estimate is based on the assumption that extreme wind
741 pressures follow a Gumbel distribution.
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742

743

744

745

746

747

748

749

750

751

752

753

754

756

757

758

759

760

761

762

764

765

766

o O7! : We presume that advanced wind modeling techniques use on-site wind data

Ce,k,adv

to predict c.(z) [17,62]. According to Eurocode 1 [45], the characteristic exposure

coefficient is calculated as

ce(2) = 0.19 <0’_"‘85>0'07 ‘In (;) (27)

where z is the height above ground and zg is the roughness length of the terrain.
Kelly and Jgrgensen [63] determine the uncertainty in the prediction of zp using
on-site data. They find that zy can be estimated with a coefficient of variation 5 %,
given one year of on-site wind data. This leads to an uncertainty in the order of 2%
in the estimate of c.(z). Considering the inherent uncertainty of Eq. 27, we assume
that the advanced modeling technique results in a coefficient of variation of 5% on

the c.(z) estimate.

@c_flk .zo: We presume that advanced wind modeling techniques utilize wind tunnel
tests to predict the force coefficient. Wind tunnels can be calibrated such that they
lead to unbiased results [64]; hence E[@C_flk ...) = 1. The coefficient of variation of

@C_f],-k,a ,, s follows Long [65], who evaluates wind tunnel data of a simple rectangular
building and compares it with results from the full scale test reported in [66,67].
From the results of [65], we derive a coefficient of variation of @C_f%]w 4, equal to 0.15.
This choice is confirmed by Fritz et al. [68] who estimated the variability of wind
effects based on tests conducted at six wind tunnel laboratories. Their results show
that the coefficient of variation of the measured 50th percentiles of the peak force

coefficients of a roof tap nearest a building corner is 0.19 on average. This values

should be a bit lower, since Fritz et al. also included the roughness of the terrain.

@gs}l roa: No data were found to estimate the distribution of the relative error
in the estimation of the characteristic structural factor following advanced wind
load modeling techniques. Because the estimation of the structural factor according

to Eurocode is already unbiased, the estimation according to advanced wind load
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767 modeling techniques is also assumed to be unbiased. Hence E[@ggi voae) = 1. The

768 coefficient of variation of G)c_si v uq, 18 Presumed to be 0.1.
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