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Abstract

Current structural reliability calculations are typically based on combinations of load
pairs. However, there is no consensus on key aspects such as the reference time, the target
reliability, or the choice between a stochastic and independent (SC) versus a deterministic
and dependent (DC) approach. This article shifts the focus from load–pair combinations to
individual load–material pairs and evaluates structural reliability using both the existing
Eurocode methodology and a new approach based on 50-year loads and 50-year target
reliability as well as the DC framework. The aim is to provide a more consistent and
transparent basis for reliability assessment in structural design.

Keywords: code; reliability calculation; deterministic load combination; stochastic load
combination; Eurocode

1. Introduction
The terms and assumptions of the Eurocodes [1–4] apply.
Current structural reliability assessments are generally based on combinations of load

pairs. However, there is a lack of consensus in several key areas:

• Reference time may be taken as 50 years [5], 5 years [6–8], or one year [9,10].
• Reference reliability could refer to the 50-year reliability [5–8,10] or a modified one-year

reliability [9].
• Load combination may be deterministic, as in combination (8.12), Equation (4), or

stochastic, as in combinations (8.13), Equation (5), and (8.14), Equation (6).
• The method of reliability calculation can follow either the SC [1–4,6–32] or DC ap-

proach [5,33–37].

The SC approach treats loads as random variables and combines them using proba-
bilistic methods that reflect their independent and variable nature. This results in a reduced
combined effect due to negligible probability for simultaneous high loads, typically imple-
mented by applying implicit combination factors through two separate partial safety factors
to permanent loads or by applying an explicit combination factor ψ in two variable loads.

By contrast, the DC approach also acknowledges the randomness of loads but com-
bines them deterministically. The loads are summed directly without any reduction,
implying full correlation in the load combination, even though the actual loads are uncorre-
lated. Correlation may arise from multiple sources. In particular, constraints on resistance
can induce correlation. Once the first load is selected, the second load is automatically
determined, as it is equal to the resistance minus the first load.
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In the authors’ view, the DC approach provides a more realistic and transparent
framework for reliability assessment. Supporting arguments are presented in this article,
and results for both SC and DC methods are applied and compared.

This article further shifts the focus from load combinations to the treatment of individ-
ual loads, evaluating structural reliability using both the current Eurocode methodology
and a proposed alternative based on 50-year loads, 50-year reliability, the DC framework
and independent load–material pairs.

In the present study, load combinations are assumed to be dependent. In contrast, the
Eurocodes treat load combinations primarily as independent, although certain cases are
dependent. Semi-dependent approaches are not applied and are disregarded here, too.

This paper is organized as follows. Section 1 reviews the background and outlines the
novelty of the study. Section 2 describes the materials and methods used. Section 3 presents
the results and the arguments for the DC. Section 4 discusses implications. Section 5
concludes the paper.

1.1. Background

The authors’ investigation into load combinations began two decades ago, coinciding
with the initial publication of the Eurocodes [1]. The triggering observation was a struc-
tural abnormality: the codes appeared to contradict deterministic mechanics by applying
two different safety factors to permanent loads. For example, in combination rule (8.14) the
Eurocode specifies a partial factor of 1.15 for the permanent load and 1.5 for the variable
load. However, in a separate combination rule, the permanent load is assigned a higher
factor of 1.35, while the variable load is omitted. This leads to an unexpected result: the
design load remains unchanged, whether only a permanent load is present or a variable
load—up to 12% of the total load—is added. In effect, adding a variable load does not
increase the load. This suggests that a portion of the load is effectively not accounted for,
leading to a decrease in calculated reliability. Such outcomes raise questions about the
internal consistency of the load combination rules and highlight the need to re-examine the
assumptions behind them.

The authors deduced that, according to the fundamental principles of mechanics, the
combined distribution of permanent and variable loads must intersect at the crossing point
of their individual distributions. In the initial phase of the research, the combined load
distribution was calculated using the convolution integral, which accurately represents
the sum of two independent random variables. To ensure mechanical consistency, the
resulting distribution was adjusted by fixing the deviation such that it passed through the
intersection point of the individual load distributions. This key insight was first presented
concisely in [33] and elaborated in [34], where the key argument for the DC approach was
that the SC approach contradicts fundamental mechanics.

Subsequently, the authors discovered that the DC can be obtained more directly—
either by summing the load distributions using their fractiles or by applying a special
recursive process, i.e., Equation (3). In Monte Carlo (MC) simulations, this approach
requires only a single seed number; a group effect was introduced which further supports
the DC approach. A proposal was made for new Eurocodes in [36], and a proposal
to remove the combination factors in [37]. However, these arguments and proposals
were not convincing, and the DC approach has not gained significant recognition among
code developers, even though the traditional SC approach introduces shortcomings—
particularly due to its inherent load reduction. These shortcomings include:

• The SC approach results in a reductiosn of combined loads, leading to safety factors
and reliability levels that are 0–10% lower than those derived from a deterministic
approach. Additionally, Eurocode combination rules such as (8.13) and (8.14), which
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apply two factors to permanent loads, introduce a further load reduction of up to
10%. Compounding this, current reliability calculations are often based on a 5-year
reference time rather than 50 years, leading to a reduction of up to 20% in the assessed
variable load.

• The load reduction inherent in SC requires a separation between ultimate limit
state (ULS) and serviceability limit state (SLS) design. Specifically, load reductions
are applied in ULS but not in SLS, creating a demand for the partial safety factor
design framework.

• The use of SC introduces difficulties in determining safety factors and reliability
calculation, and there is no clear consensus on the appropriate methodology.

This article presents new critical arguments for the DC approach and the independent
load–material scheme. The authors therefore contend that it establishes a fundamental
basis for structural design.

1.2. Problem and Target

The current paradigm for structural load combination relies on the SC and combination
of load pairs without a consensus on the calculation process. When the focus is shifted to
individual loads, the article explains that the reliability calculation should be based on the
DC, 50-year loads and 50-year target reliability.

1.3. Novelty

The authors previously presented four arguments supporting the use of the DC
approach, which are summarized here for clarity and consistency [5,33–37].

• The principles of physics and deterministic mechanics should govern structural design.
Accordingly, the distribution of combined loads should result from the intersection of
the partial load distributions. The SC approach combines loads based on occurrence,
thereby violating fundamental physical principles.

• The variable load virtually always acts simultaneously with several permanent loads.
This means that the load distributions are not independent; therefore, the basic as-
sumption underlying the SC approach is not valid.

• A load combination is a unique event, and therefore a single seed number should be
used in the MC simulation.

• Some loads, for example, imposed loads in multi-story buildings, are correlated, as
they represent sub-loads of the total load acting on the building.

This article introduces four new arguments for the DC, as follows:

• Shift from load pairs to individual load–material pairs: Traditional structural reliability
assessments are based on combinations of load pairs. This article shifts the focus to
independent load–material pairs, which supports the adoption of the DC approach.
The combination of load pairs is also addressed, and it is demonstrated that their
combination is dependent, too.

• The SC approach applies a reduction to combined loads based on the assumed low
probability of simultaneous extreme loads. However, within the load-combination
framework, structural resistance defines the upper bound for the loads that can be
combined. When one load reaches its maximum or near-maximum value, any ac-
companying load must be zero or nearly zero. From a resistance perspective, the
combination of two extreme loads is therefore not feasible, and consequently, the
simultaneous occurrence of extreme high loads does not occur.

• The design equation establishes a constraint for the combination: Structural design
normally aims for full utilization of resistance, meaning that the design equation
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(Equation (4)) is treated as equality. This imposes a constraint on the load combination
leading to DC.

• Unified treatment of all load combinations as dependent: While the authors previously
showed that most structural loads are combined dependently—except for intermittent
variable loads such as wind and imposed load—this article demonstrates that even
intermittent variable loads are effectively combined dependently, and no combination
factors ψ should be applied [37].

1.4. Review

Structural design codes and the related literature can be divided into three levels of
accuracy: I, II, and III [3,11–32].

• Level I represents the traditional approach, based on historical and empirical methods,
with deterministic load combinations.

• Level II forms the basis of the current Eurocodes, employing the SC and the First-Order
Reliability Method (FORM). This semi-probabilistic method assumes independent
reliability calculation, where load reduction is applied by the low probability that
the extreme values of both permanent and variable loads occur simultaneously. This
reduction is introduced via sensitivity factors, denoted αE and αR, which lower the
effective target reliability and lead to reduced design loads. The idea of this load
combination was presented first in [27], where loads were assumed to be pulses of
varying time and interval. This load combination leads to virtually the same outcome
as Equation (2). Later, Turkstra [28] introduced a load combination rule for multiple
loads by designating each load as the leading load in succession, applying no reduction
factor to it, while treating other loads as accompanying loads with a reduction factor
without further reductions, i.e., combining the accompanying loads dependently. This
concept was incorporated into the Eurocodes and yields outcomes that are virtually
the same as those produced by Equation (2). In practice, the reliability is currently
calculated in three alternative ways, which apply the SC and differ regarding either
the reference reliability or time. In all these safety factor calculation options, the load
combination may be deterministic like in rule (8.12) or stochastic like in rules (8.13)
and (8.14) in the Eurocodes.

• Level III involves a fully probabilistic approach and represents the most accurate
modelling level. While not yet adopted in any structural design code, it is permitted
as an option in the updated Eurocodes [2]. The approach proposed in this article is
based on a fully probabilistic model consistent with Level III accuracy.

2. Materials and Methods
The calculations are made for the Eurocodes [1,2]. The design point is set at unity at

the SLS and at the ULS. This means that, in the SLS, the 0.5 fractile of the permanent load
distribution, the 0.98 fractile of the one-year variable load distribution, and the 0.05 fractile
of the resistance distribution are all set equal to unity. In the ULS, the load distributions are
divided by partial safety factors, while the resistance distributions are multiplied by partial
safety factors. Basic design cases in normal structural design are addressed using linear
elastic analysis, with permanent and variable loads for three materials: steel, timber, and
concrete. Special effects such as geometric imperfections, dynamic behavior, nonlinearity,
and stability are not considered.
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2.1. Uncertainty

Uncertainty is a challenging aspect of code calibration and reliability calculation. Cur-
rently, these effects are accounted for by modifying the load or resistance distributions using
the SC approach. In the authors’ opinion, the DC approach is more appropriate; further
valid data for the necessary parameters are lacking. This article concludes that the current
Eurocode safety factors do not achieve the reliability target of β50 = 3.8; when uncertainties
are taken into account, this discrepancy becomes even more pronounced. Therefore, uncer-
tainty is disregarded here, under the assumption that the load and resistance parameters,
as well as the target reliability, are carefully chosen to justify this simplification.

2.2. Permanent Load

The permanent load distribution is normal, the cumulative distribution is FG(x; µG, σG),
where µG is the mean and σG is the standard deviation, and the density distribution is
fG(x; µG, σG), µG = 1, σG = 0.1, VG = 0.1 [1,2].

2.3. Variable Load

The variable load distribution is assumed to be the Gumbel distribution, with cumula-
tive distribution FQ

(
x; µQ, σQ

)
and density distribution fQ

(
x; µQ, σQ

)
, where the one-year

parameters are µQ = 0.491, σQ = 0.196, VQ = 0.4. When the calculation is based on a time
other than one year, the distribution is FQ

(
x; µQ, σQ

)n, where n (years) is the time for
which the calculation is made [1,2].

2.4. Materials

The material resistance distribution is assumed to be the log-normal distribution,
with the cumulative distribution FM(x; µM, σM) and density distribution fM(x; µM, σM)

corresponding to parameters given in Table 1 [38–40].

Table 1. The parameters of the three examined materials: steel, timber, and concrete. VM = coefficient
of variation; µM = mean; σM = deviation; γM = material safety factor.

Material VM µM σM γM

Steel 0.1 1.184 0.118 1.0
Timber 0.2 1.412 0.283 1.3

Concrete 0.3 1.692 0.508 1.5

2.5. Basic Equations

The reliability calculation utilizes three equations. The safety factor calculation pro-
cedure is explained in detail [5,35–38] and summarized here. When a load L, with the
cumulative distribution FL(x; µL, σL), density distribution fL(x; µL, σL) and the safety fac-
tor γL, strikes a material with the resistance cumulative distribution FM(x; µM, σM) and
density distribution fM(x; µM, σM), the equation to calculate the safety factor γL or γM or
the failure probability Pf may be written in multiple forms, e.g., [5,35–38]∫ ∞

0
FL(x; µL,σL)fM(x; µMγMγL, σMγMγL)dx = 1− Pf (1)

When the load comprises the permanent and variable load and the variable load
proportion is α in relation to the total load α = µQ/(µG + µQ), the cumulative distribution
of the SC is calculated as given by [5,35–38]

Fi(x,α)=
∫ ∞

−∞
G
(

r;
µG(1− α)

γG
,
σG(1− α)

γG

)
q
(

x− r;
µQα

γQ
,
σQα

γQ

)
dr, (2)
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where G is the cumulative distribution of the permanent load and q is the density distribu-
tion of the variable load.

The cumulative distribution of the DC is calculated by [5,35–38]

Fd(x,α) =

∣∣∣∣∣∣y← root
[
FG

[
x− r; µG(1−α)

γG
, σG(1−α)

γG

]
− FQ

[
r; µQα

γQ
, σQα

γQ

]
, r
]

Fd ← FQ

[
y; µQα

γQ
, σQα

γQ

] (3)

This recursive equation, written in Mathcad notation, implies that the distributions
are aggregated fractile by fractile.

3. Results
This section presents arguments for deterministic reliability calculation and

load combination.

3.1. Independent Loads Induce Independent Effects

It is widely accepted that structural loads are random and that various load pairs are
statistically independent. From this, it is commonly concluded that the load combination
is also treated as independent, leading to a reduction in combined load effects—based on
the probability of simultaneous high loads being low. However, the opposite conclusion
should be drawn: When loads are independent and stochastic, they should be combined
deterministically and additively—not reduced. The load reduction applied in the SC
approach introduces correlation, since the effect of one load depends on whether the
other is present. This violates the very assumption of independence, revealing a critical
inconsistency in the SC methodology.

To illustrate this concept, assume load L1 produces an effect e1 in the structure; it is
clear that other loads may have no effect on e1, and an independent load L2 produces effect
e2. If L1 and L2 are statistically independent, there is no justification for reducing their
combined effect—the total effect is simply: e1 + e2. Applying a reduction factor in this case
would imply statistical dependence, contradicting the assumption of independence.

The current axioms of probability theory, when applied to independent loads, are
based on a flawed two-step process in which one load is selected first and the other
subsequently. This procedure leads to a low probability of simultaneous occurrence of
independent extreme loads and to the dominant SC approach. In this approach, when
L1 and L2 act individually, producing effects e1 and e2, the effects in the combination are
typically less than e1 and e2. This contradicts fundamental principles of mechanics and
logical reasoning. Once the effect of the first load is determined, the second load cannot
alter the effect of the first load.

In contrast, load combination is properly treated as a one-step process, in which both
loads are selected simultaneously, resulting in the DC approach.

If there are more than two loads, the effects of all of them are additive, and no
reductions like combination factors ψ are applied. The DC approach is more aligned with
the true stochastic nature of structural loads, and it avoids the inconsistencies introduced
by artificial load reduction. Moreover, it allows for a simpler and more transparent design
framework. Nonetheless, for comparison and completeness, this article presents results for
both DC and SC approaches. This argument for the DC based on single and independent
loads is most obvious and convincing. The current theory examines load pairs. However,
load pairs are also combined deterministically, as explained next.
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3.2. High Loads Never Occur Simultaneously in the Determining Load Combination

The SC load combination includes a reduction based on the assumption that the
simultaneous occurrence of multiple extreme loads has negligible probability. The purpose
of the following reasoning is to demonstrate that multiple extreme loads never occur
simultaneously, as the resistance defines the admissible domain for load combinations.
Consequently, SC’s argument regarding the negligible occurrence of high loads is not valid.

A fundamental principle of structural design codes is that the probability of failure
should be uniform across all load combinations. Accordingly, characteristic values and
partial safety factors are calibrated so that, for each load–resistance pair, the resulting design
load corresponds to the same target reliability. By appropriately selecting characteristic
values and safety factors, the corresponding design resistances are likewise brought to
a consistent level. Such calibration is feasible, as demonstrated in [36] for permanent
load–timber and variable load–timber combinations. Although this principle is not fully
realized in codes, owing to approximations and simplifications in the calibration of partial
safety factors and characteristic values, it is nevertheless satisfied with sufficient accuracy
for the purposes of the present discussion.

Load combinations are applied only to feasible loads—those below the actual resis-
tance of the structure. Resistance therefore defines the upper load limit and the load domain
that forms the basis for analyzing load combinations.

It follows that the extreme design load corresponding to the target reliability is ob-
tained when a single load acts alone. In other words, when an individual design load Ld is
applied to a structure, it induces a stress σd with reliability βt. When multiple loads—for
example, L1 and L2—act simultaneously, the magnitude of each load is lower than Ld,
with each causing stress less than σd regardless of whether the SC or DC approach is used.
That is, extreme loads never occur simultaneously within a load combination, and the SC
argument assuming negligible simultaneous extremes is therefore not valid.

Regarding SC versus DC and load magnitudes, two representative cases can be identi-
fied: (A) the first load is close to its maximum value, in which case the second load must be
close to zero; and (B) both loads take, approximately, their mean values. In both cases, no
load reduction is applied in the determining load combination, regardless of whether the
SC approach (Equation (2)) or the DC approach (Equation (3)) is applied.

In the reasoning above, the probability distribution of a load between zero and its
maximum value is irrelevant for the purpose of load combination. This implies that all
loads—including two intermittent loads such as imposed load and wind load—should be
combined dependently and without the use of combination factors ψ. In this particular
case, however, load reduction may still be justified based on intermittency rather than
load combination. This issue is not discussed further here, as it is both complex and of
secondary importance to the overall load combination framework.

3.3. The Design Equation Establishes a Constraint for the Combination

Structural design normally aims for full the utilization of resistance, meaning that
the design equation (Equation (4)) is treated as equality. This imposes a constraint on
the load combination: if one load increases, the other must decrease accordingly. This
constraint applies both to the summation of actual design loads and to the combination of
the corresponding load distributions. In other words, the constraint induces correlation
within the combination, making the load combination dependent.
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3.4. Physics

Assume a structure is loaded by load one L1 and load two L2. When the loads act
alone, their distributions cross. At the crossing point, the loads act equally on the structure
and assume that the structure fails at this crossing point load L and failure probability
P, equally due to L1 or L2. The crossing point denotes a load combination of 50% + 50%.
According to physics, the structure also fails under this combined load, with probability
P. Thus, the combination load distribution crosses the crossing point of the single loads.
This is demonstrated in Figure 1. The solid line shows the permanent load, µG = 1, σG = 0.1.
This load is 1.32 at the target reliability β1 = 4.2, i.e., Pf50 = 1/1499, Sf50 = 0.99933. The
dashed line shows the 50-year variable load with one-year parameters, µQ = 0.31, σQ = 0.12,
which has the same 50-year load at the same reliability. The dash-dotted line shows that the
dependent combination load distribution 50% + 50% crosses the crossing point of single
loads. The dotted line shows the independent combination load; it does not cross the
crossing point. The load value at the target reliability is 1.19, i.e., 10% less, i.e., the SC
results in load vanish. The loads are combined in this case in proportions of 50% + 50%;
however, the dependent combination crosses the crossing point in all proportions. The DC
fulfils the criterion explained above, and the SC does not.

C
um

ul
at

iv
e 

fr
eq

ue
nc

y 

 

Load Load 

Figure 1. (Left Figure): Solid line, permanent load; dashed line, variable load; dash-dotted line, DC;
dotted line, SC. Horizontal solid line, the target survival probability St,50 = 0.99933; (Right Figure):
magnification of a region on Left Figure.

The example above applies to the combination of permanent load and variable load.
However, this argument for the DC applies to all load combinations, e.g., combinations of
two variable loads.

3.5. A Load Combination Is a Unique Event

The target reliability defines how many proportions (events, incidents) the failure
domain is divided into to result in one failure. In the Eurocodes, with β50 = 3.8, the
failure domain is divided into 15,000 proportions—meaning, for example, that one failure
is allowed in 15,000 structures, with one failure due to the permanent load. In the MC
simulation, one seed number is used. When two loads act together, reliability remains the
same as for individual loads, so the failure domain is still divided into 15,000 proportions,
including a pair of two loads. There is one division only; therefore, in the MC simulation,
one seed number is used for this as well, meaning that one failure is allowed in 15,000 load
pairs in 50 years, which results in the DC. In the SC, however, two seed numbers are used:
one seed number for one load including 15,000 proportions and another seed number for
the other load including 15,000 proportions. As a result, the total number of proportions,
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including one failure, would incorrectly become 15,0002. The outcome is an improbable
simultaneous occurrence of high values and an artificial load reduction. So, one seed
number must be applied for load combinations resulting in the DC.

3.6. The Variable Load Strikes Simultaneously with Multiple Permanent Loads

Assume that a roof has n similar girders, equally spaced apart, designed for 50 years
in a single process—i.e., one design and one design load combination apply to all girders.
Each girder i has a different permanent load gi, which consists of the self-weight of the
girder plus the weight of the roof structure over the area corresponding to the girder’s
length and spacing. One of the n girders has the maximum permanent load gmax. In
this case, the variable load is assumed to be a uniform layer of snow distributed evenly
over the roof, as prescribed by building codes and as typically observed in reality. Each
year j of the service life has a different variable load qj,i affecting girder i, which is the
actual snow load multiplied by the impact area of girder i. The maximum snow load
qmax occurs in one year j during the service life. This load qmax affects all the girders
of the roof simultaneously, including the one with the maximum permanent load gmax.
Consequently, the maximum loads gmax and qmax occur simultaneously, and the maximum
combination load can be approximated as gqmax = gmax + qmax. By analogous reasoning,
the next greatest loads, gmax−1 and qmax−1, are also simultaneous, and the second-largest
combination load is gqmax−1 = gmax−1 + qmax−1. Thus, full correlation exists between the
loads in the combination, even though any single pair of G and Q is independent. The
assumption of the SC incorrectly implies that the probability of the maximum loads gmax

and qmax occurring simultaneously relies on the assumption 1/50 when it is close to 1.
The example above demonstrates that the maximum variable load qmax and the maximum
permanent load gmax occur simultaneously, supporting the use of the DC.

This argument can be extended to the combination of permanent loads and all variable
loads. The design domain in the Eurocodes β50 = 3.8 includes 15,000 failure scenarios,
typically corresponding to an area of about 1 km2. Only one failure is permitted in this area
over a 50-year period. It is reasonable to assume that the variable load is always uniform
over this small area. Therefore, the permanent load and the variable load must be combined
dependently, following the same reasoning as explained above.

The SC is based on the combination of individual load pairs, where one permanent
load is randomly selected and combined with a random variable load. One might argue
that the reasoning above regarding the group effect is irrelevant. However, even though the
loads are combined in individual pairs, the DC should still be applied, as the distributions
of permanent loads and variable loads are fully correlated, as explained above.

3.7. Correlated Loads

Imposed loads in multi-story buildings are correlated, as they are sub-loads of the
total imposed load in the building. Due to this correlation, these loads follow the DC, as
explained in more detail in [37].

3.8. Secondary Arguments

There are secondary arguments for the DC:

• The SC is based only on probabilistic assumption disregarding mechanics. Although
it may seem obvious, no proof or supporting arguments are provided for its validity.

• The basic assumption of the SC is that adjacent load pairs are independent. However,
adjacent load pairs of permanent and variable loads are not truly independent—while
the permanent loads in adjacent load pairs are independent, the variable loads are not,
as adjacent load pairs typically have the same variable load.
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• The concept of independent load combination is not applied consistently in design
codes. For example, although the permanent loads of different stories in multi-story
buildings are independent, the DC approach is still applied. Similarly, when a perma-
nent load consists of multiple layers, the current interpretation would imply the use of
the SC approach; however, the DC approach is applied in the codes.

• A consensus method for safety factor setting and reliability calculation does not
exist. For instance, the Eurocodes include three combination rules, safety factors
vary between countries, and various reliability calculation methods produce different
results, apparently due to inconsistencies in the SC.

4. Discussion
The DC vs. the SC is realized differently in the load combination, in the reliability

calculation, and in target reliability setting; these issues are discussed in this section.

4.1. Load Combination of the Design Loads

The load combination applies to the summation of loads G and Q in the basic
design equation:

γGG + γQQ <
M
γ M

, (4)

where G, Q and M are deterministic characteristic values. There is no randomness in this
summation; therefore, the DC should be used.

The Eurocodes include three load combination rules (8.12), (8.13) and (8.14) [1,2] for
the design load Fd calculation. Rule (8.12) is

Fd = 1.35G(1− α) + 1.5Qα, (5)

where α is the proportion of the variable load. It is deterministic and follows the rules of
mechanics and applies to the DC.

Rule (8.13) is

Fd = max(1.35G(1− α) + 1.05Qα; 1.15G(1− α) + 1.5Qα), (6)

and rule (814) is

Fd = max(1.35G(1− α); 1.15G(1− α) + 1.5Qα), (7)

These rules are independent and apply the SC.
Figure 2, on the left, shows load factors for rules (8.12), (8.13), and (8.14) and on the

right the relative load factors in comparison to rule (8.12) as a function of the variable
load proportion α. The solid line represents rule (8.12), the dashed-dotted line represents
rule (8.13), and the dashed line represents rule (8.14). We find that rules (8.13) and (8.14)
indicate a load reduction of up to 13% compared to the dependent combination (8.12). Rules
(8.13) and (8.14) are incorrect from a summation perspective but are still implemented
because rule (8.12) is considered excessively conservative. This belief stems from the
assumption that the current reliability calculation does not account for the load reduction
necessary in the SC. However, the current reliability calculation includes a load reduction
as explained next.
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Figure 2. (Left Figure): load factors as a function of the variable load proportion α: solid line, rule
(8.12); dashed line, rule (8.14); dash-dotted line, rule (8.13). (Right Figure): corresponding relative
load factors regarding (8.12).

4.2. Load Combination in the Reliability Calculation

Figure 3, on the left, shows the material safety factors calculated using the DC and
SC based on the authors’ Eurocode proposal β50 = 3.2, γG = γQ = 1.2; the characteristic
load of the variable load is 32% higher than the one-year 0.98 fractile [36] as function of the
variable load proportion α (solid line steel, DC; dashed line timber, DC; and dash-dotted
line concrete, DC). The DC curves in Figure 3 on the left are generated by combining two
loads. Although they appear nearly linear, they should, in fact, form straight lines under
the DC approach when reliability is evaluated using independent load–material pairs. The
slight deviations from linearity arise from distributional anomalies in the probabilistic
combination of the two loads. Dotted lines denote the SC values. Figure 3, on the right,
presents relative factors regarding the DC.

γM
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Figure 3. (Left Figure) shows material factors: solid line, DC, steel; dashed line, DC, timber; dash-
dotted line, concrete, DC; dotted lines show the corresponding SC material factors. (Right Figure):
the SC material factors in comparison to the DC ones.
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The load reduction varies across different materials, being largest in steel and smallest
in concrete. The load reduction in the load combination is slightly greater than in the safety
factor calculation. Figure 3 shows that the reliability calculation using the SC includes a
load reduction. If the SC is also applied in the load combination, a double reduction is
obtained. However, the total reduction in the codes is not too large, as the calculations
in these respects are correct for single loads when the reliability is calculated without a
reduction in the target reliability.

4.3. Safety Factor for Timber

To demonstrate the various calculation methods and their differences, the safety factors
for timber are given using six approaches for the Eurocodes β50 = 3.8, γG = 1.35, γQ = 1.5,
rule (8.12). The results are presented in Figure 4.

γM
 

α 

Figure 4. Material safety factors for timber calculated using six options: 1: DC, β50 = 3.2, 50-year
loads, solid line; 2: SC, β50 = 3.8, 5-year loads, dashed line; 3: β1 = 0.9 × 4.7 ≈ 4.2, one-year loads,
dash-dotted line; 4: β50 = 3.8, one-year loads, lowest dotted line; 5: DC, β50 = 3.8, 50-year loads,
highest dotted line; 6: SC, β50 = 3.8, 50-year loads, mid-level dotted line.

Option 1—The authors’ proposed approach, DC, β50 = 3.2, 50-year loads, uses a
reduced reliability compared to the Eurocode target, β50 = 3.8 because current material
factors do not consistently achieve β50 = 3.8 for variable loads (solid line). This view is
supported by [41].

Option 2—Gulvanessian et al. [6–8], SC, β50 = 3.8, 5-year loads, represents the most
plausible approach for current Eurocode reliability calculation (dashed line).

Option 3—Köhler et al. [9], SC, β1 = 0.9 × 4.7 ≈ 4.2, one-year loads, although applied
in some contexts, results in the same outcome for variable loads as option 2. This method
leads to unrealistically high safety factors for permanent loads; permanent load reliability
is independent of time, and this reliability need not be higher than the Eurocode target,
β50 = 3.8 (dash-dotted line).

Option 4—Ranta-Maunus et al. [10], SC, β50 = 3.8, one-year loads: this method results
in unrealistically low safety factors for variable loads (lowest dotted line).

Option 5—Eurocode approach, DC, β50 = 3.8, 50-year loads: in the authors’ opinion,
this is the correct calculation for β50 = 3.8, as it results in much higher safety factors than
current code values (1.55 > 1.3 for variable loads) (highest dotted line).

Option 6—Same as option five but SC reliability calculation is applied (mid-level
dotted line).
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4.4. The Safety Factors of the Eurocodes

The Eurocodes are fundamentally based on the SC approach. Within this framework,
load reduction is consistently applied in reliability calculations and in load combinations,
as specified in rules (8.13) and (8.14), where two different partial factors for permanent
loads are employed. These reductions affect only combination loads—i.e., when both
permanent and variable loads contribute significantly. No load reduction is applied for
single-load scenarios. As a result, the overall effect of these two reductions is relatively
minor. However, a third form of reduction—lowering the target reliability index—has a
much greater impact. In current practice, the target reliability for variable loads is calculated
using a 5-year reference period, while the actual design life is 50 years. This mismatch
results in material factors for variable loads that do not align with the intended Eurocode
target reliability of β50 = 3.8. Conversely, the material factors match well for permanent
loads, creating a systemic imbalance between the safety of permanent and variable actions.

An alternative SC approach [10] is sometimes applied using a one-year reference
period, where the one-year target reliability β0 = 4.7 is reduced by 0.9, yielding β1 ≈ 4.2.
While this method produces results comparable to the 5-year approach for variable loads,
it leads to higher safety factors for permanent loads.

In the authors’ view, the reliability assessment should consistently use a 50-year
reference period and target a 50-year reliability index. When this is done, the actual
reliability provided by the Eurocodes is below the nominal target of β50 = 3.8, as confirmed
in [41]. According to the authors’ ongoing studies and articles in review, the actual reliability
is approximately β50 = 3.2, except in the case of steel, where the factor γM = 1.0 appears
to be insufficient for variable loads VQ = 0.4. Recognizing β50 = 3.2 as the actual achieved
reliability and recalibrating material safety factors accordingly using the DC approach can
yield significant material savings, as demonstrated in previous studies [36].

The Direct Design Method is a recent development in structural engineering, in
which design is based directly on statistical distributions of loads and resistances, without
applying code-prescribed safety factors [23]. The SC approach is used, resulting in load
reductions of up to approximately 10% for combinations involving two loads and up to
approximately 15% for combinations involving three loads.

4.5. Implications

The implications are examined in detail in the authors’ ongoing research and articles
in review and are briefly summarized here. The present design equation is

γGG + γQQ1 + ∑i γQψ0Qi ≤
M
γM

. (8)

The reasoning above supports the DC approach, i.e., load–material pairs are treated
as independent, and the loads are combined without reduction. Consequently, the design
equation can be simplified as

∑
i

γL,iγM,iLi

M
≤ 1. (9)

This approach offers significant advantages:

• The current reliability calculation relies on combining load pairs, a process that intro-
duces multiple complexities. In the DC model, the load–pair combination is eliminated:
each load is treated independently and assigned a proportion of the material’s resis-
tance. These proportions are then summed directly—without reduction—and the total
must not exceed the material’s actual resistance.

• Safety-factor selection is challenging in current design codes because a single material
factor must be optimized to cover all loads. In the proposed code, this issue is
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eliminated: no optimization is required, and the target reliability is reached for each
design. Load factors can be chosen freely, while material factors are derived from well-
established statistical distributions that already enjoy broad professional consensus.

• The DC approach simplifies the calculation of reliability and safety factors. It enables
a consistent and unified methodology, allowing the elimination of inconsistent load
combination rules. No load reductions like combinations (8.13) and (8.14), combination
factors ψ, or any other load or reliability reductions are applied, as these reductions
are unsafe. This simplifies the design codes and reduces the number of load cases by
approximately one half.

• The proposed design model is safe regarding the current one, since no load or reliability
reductions are applied, and its implementation is straightforward. In theory, the new
design might be expected to increase material usage. However, this is not the case,
because current calculations contain inconsistencies that lead to both unsafe and overly
conservative designs.

• With the DC approach, reliability is calculated directly for 50-year reference periods
without artificial reduction of variable loads. This results in balanced reliability be-
tween permanent and variable actions. In contrast, current codes use 5-year reference
periods for variable loads, which leads to permanent loads being about 20% more
reliable. Balancing reliability through appropriately calibrated material factors can
yield substantial material savings, as shown in prior studies [36].

• Clarity between ultimate and serviceability limit states: Current design codes, based
on the SC approach, require load reductions in ultimate limit state (ULS) but not in
serviceability limit state (SLS), introducing complexity and inconsistency. The DC
approach aligns more naturally with traditional allowable stress design, yet it remains
compatible with partial safety factor formats when needed.

• In the authors’ view, implementation of the proposed design model requires virtually
no additional training for designers. The fundamental structure of the Eurocodes is
retained; however, partial safety factors are updated, and the load combination rules
(8.13) and (8.14), together with the combination factors ψ, are eliminated.

5. Conclusions
Current structural reliability theory focuses primarily on complex combinations of

independent load pairs. In contrast, the present research shifts the focus to independent
load–material pairs, which leads to a dependent formulation of load effects. Consequently,
load combinations are also treated as dependent.

Despite their stochastic nature, loads are always combined, and reliability is evalu-
ated deterministically according to the rules of mechanics. This means they are added
dependently without any reduction in magnitude or in the target reliability.

Rule (8.12) of the Eurocode without any load reduction appropriately captures the
dependency between loads and is therefore the preferred formulation. In contrast, reduced
load combinations such as (8.13) and (8.14), together with the combination factor ψ, are
inconsistent and should be excluded from structural codes.

The material safety factors in the Eurocodes are generally well calibrated, or even
conservative, with respect to the target reliability index β50 = 3.8 for permanent loads.
However, this target reliability is not achieved for variable loads.

The overall reliability of the Eurocodes across typical load combinations is approxi-
mately β50 = 3.2, which is below the intended target of β50 = 3.8.
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