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Abstract

Introduction: Cross-laminated timber structural elements are being actively introduced into the construction practice of
residential and public buildings. A special factor in the design of CLT structures is the principles of ensuring their reliability,
since a large amount of statistical data on the safety level of such structures has not yet been accumulated due to their
relative novelty. Objective of the study is to develop an algorithm for probabilistic analysis of a bending CLT roof slab
over a given service life based on the deflection criterion (linear displacements). Methods: The reliability indicator of a CLT
roof slab is taken as the probability of failure-free operation, which is estimated by frequency based on random variable
generation using the Monte Carlo method, employing an adopted mathematical model of the limit state. The numerical
approach to reliability assessment, based on an analytical expression of the limit state, is the most effective approach due
to the simplicity of algorithm implementation and reliable results when using various types of random variables. Results:
An algorithm has been developed to evaluate the probability of failure-free operation of a CLT roof slab based on the
deflection criterion when designing the panel for a design service life. Probabilistic analysis allows selecting the most
efficient structural solution for a CLT roof slab for a given reliability index B. The influence of lamella thickness tolerance

factors of the CLT roof slab on reliability (probability of failure-free operation) has been established.

Keywords: cross-laminated timber; deflection; probability of failure; bending; slab; reliability index.

Introduction

Cross-laminated timber (CLT) is actively used
for load-bearing and enclosing structures of
residential and public buildings and structures.
From a structural point of view, a CLT roof slab is
a factory-manufactured solid timber slab consisting
of at least three orthogonally glued layers of solid or
finger-jointed boards. This structural solution allows
its effective use under various types of stress-strain
states, including bending, in the form of beams and
roof / floor slabs.

The global cross-laminated timber production
market volume in 2023 amounted to USD 1,024.4
million and, according to forecasts (Fortune Business
Insights, 2025), will grow from USD 1,174.1 million in
2024 to USD 3,537.9 million by 2032. It is also noted
there that CLT structural elements have advantages
in terms of construction assembly speed —
building assembly reaches up to 14,000 square
feet (1,300 m?) per day with 6 technical workers,
while construction work of a similar scale using
classical building materials can take several weeks
and require significantly more labor. According to
data (Zhang and Lan, 2022), the demand for CLT
structural elements in the Pacific Northwest region
will reach 0.190 million m?®year by 2035, compared
to approximately 0.008 million m3®/year in 2016-2018
(less than 1 % of the annual timber harvest volume

in the Pacific Northwest region). In 2020, the global
volume of cross-laminated timber production was
estimated at 3.4 million cubic meters per year (De
Araujo and Christoforo, 2023). The development
prospects for constructing buildings and structures
from CLT panels are also widely discussed in
research (Younis and Dodoo, 2022; D’Amico et al.,
2021; Anwar et al., 2024).

In a recent study (Kurzinski et al., 2022), it is
noted that the technology of using cross-laminated
timber in construction has only been introduced
over the last three decades, as a result of which
production and design standards for CLT structural
elements are still under development. One of the
key factors in regulating the calculation and design
of CLT structures is the principles of ensuring their
reliability and forming a system of design parameters
and limit states.

The reliability of building structures within the
current normative design method is ensured by using
safety factors (partial factors) for design parameters
in mathematical models of limit states. This method
of justifying the reliability of building structures is
called the limit state design method. Limit state
design, developed by a team of Soviet scientists
in the 1940s and first adopted into the USSR
regulatory document system in 1955, has gained
wide recognition worldwide and was subsequently
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used as the basis for ISO-2394 and the Eurocode
system, where it is called the “partial factor method”.
As noted in a study (Mkrtychev, 2022), “the limit
state design method allows ensuring the required
level of reliability of buildings and structures, which
is confirmed by design, construction, and operation
experience. However, this method has a number
of disadvantages, for example, it is impossible to
determine what level of reliability in quantitative terms
is formed as a result of applying design codes, and
whether this reliability level is the same for buildings
and structures of different structural schemes and
made from different materials”.

The next stage in the evolution of design codes
is the use of full probabilistic calculations for building
structures. This approach allows quantifying the
reliability of a building structure or its individual
element in the form of the probability of failure-free
operation or the reliability index B. One of the key
studies in this direction is the article (Kohler et al.,
2016), which provides statistical information on
random variables in CLT panel design and the main
principles of probabilistic calculation.

Currently, there are already a number of studies
containing algorithms for probabilistic reliability
assessment of CLT slabs. Bending tests of a CLT
slab were conducted (Solovev et al., 2024), and
a methodology for probabilistic reliability analysis
based on the strength criterion of normal sections of
the panel was developed. The probability of failure
of CLT panel building walls is assessed (Aloisio
and Fragiacomo, 2021), depending on the peak
ground acceleration (PGA) during an earthquake.
Probabilistic reliability analysis of CLT panels under
seismic loads is also considered in (Sun et al., 2018;
Sun et al., 2020). The influence of load duration on

the rolling shear strength of cross-laminated timber
panels with different cross-sectional arrangements
(five-layer and three-layer) was evaluated using
probabilistic reliability analysis (Li and Lam, 2016).

Algorithms for probabilistic reliability analysis
of CLT slabs under bending should also be
supplemented with criteria of the second group
of limit states, including deflection. Bending tests
of CLT slabs, for example, (He et al., 2018; Song
and Hong, 2018; O’Ceallaigh et al., 2018; Ma et al.,
2021; Dong et al., 2021), show that the maximum
permissible deflection according to aesthetic-
psychological requirements in slabs occurs earlier
than the maximum permissible normal or shear
stresses, as noted in Fig. 1.

Thus, in a number of tasks, the factor of the
second group of limit states (states exceeding which
disrupts the normal operation of building structures,
exhausts their durability resource, or violates comfort
conditions) may become decisive when assigning
cross-sectional dimensions of elements.

Subject, Tasks and Methods

The subject of this study is the reliability
of a CLT slab under bending based on the stiffness
(deflection) criterion. To develop an algorithm for
probabilistic reliability analysis of a bending cross-
laminated timber slab, it is necessary to solve the
following tasks: formulation of a mathematical model
of the limit state in analytical form; substantiation
of the randomness / determinism of parameters
in the limit state model with selection of the most
reliable distribution functions of random variables
and their parameters; development and automation
of a calculation algorithm with analysis of factors
affecting the reliability of the CLT slab. The Monte
Carlo data generation method, which is most
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Fig. 1. Graphs of reaching maximum relative deflections during testing of CLT slabs depending
on the relative ultimate bending moment based on strength
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effective for simple analytical mathematical models
of limit states and a set of different types of random
variable distributions, is adopted as the reliability
assessment method.

According to CSA 086-14 and the Canadian
CLT Handbook (2019), the maximum deflection of a
bending CLT slab can be determined by the formula:

A=Agr+Arr- creep? (1)

where Agy is the elastic deflection caused by short-
term and / or standard loads, without combination
with permanent loads; A;; is the elastic deflection
caused by the action of long-term and permanent
loads; K., is the creep factor, taken as K., = 2.0
for dry service conditions (DeSantis, 2023).

Loads can be classified by duration of application
based on Eurocode 5 “Design of timber structures”
(Table 1).

The deflection under a given uniformly distributed
load ¢, acting perpendicular to the surface of a
single-span slab (beam), can be calculated as the
sum of deflections caused by the bending moment
and transverse shear, using the effective bending

stiffness (E ~I)eﬁ, and the effective shear stiffness
(G- A)eﬁ 4 2
e

where [ is the span of the CLT slab; k is the shear
correction factor, taken as 1.0 for rectangular cross-
sections according to CSA 086-14.
For the case of a concentrated force P at mid-
span, formula (2) becomes:
3
A:L Pl +1 P-l-k 3)
48 (E-])eff 4(G- A)eﬁ

Table 1. Classification of load duration according
to Eurocode 5

Load Duration Class | Cumulative Load Duration
Permanent > 10 years
Long-term 6 months — 10 years
Medium-term 1 week — 6 months
Short-term <1 week

Instantaneous not specified

The effective bending stiffness is calculated by
the formula:

()ZEb

where E; is the modulus of elast|C|ty of the i-th layer
of wood in the CLT slab; designations of geometric
parameters are shown in Fig. 2.

+ZE b, (4)

The effective shear stiffness (G-4),, can be
calculated by the following formula:
(G'A)eff =
2
b1y
= ()

4 ooy Iy ,
+ D) +
2G,-b, | |5 Gi-by | | 2G, b,

where G; is the shear modulus of the i-th layer
of wood in the CLT slab; designations of geometric
parameters are shown in Fig. 2.

In (Volynsky, 2006), statistical indicators of the
properties of softwood timber in the USSR at 12 %
moisture content are established. The average
density of softwood timber is 485 kg/m? (4.76 kN/m?)
with a coefficient of variation of 18 %. The JCSS
Probabilistic Model Code, Part 2 — Load models:
2.1 — Self-Weight states that for the self-weight
of structural elements, a normal (Gaussian)
distribution hypothesis can be used. The cross-
sectional dimensions of the CLT slab and individual
lamellas have certain tolerances established by the
manufacturer’'s standard and industry standards
(e.g., GOST R 56706-2015 “Glued slabs made of
cross-laminated timber. Technical specifications” and
GOST 24454-80 “Softwood lumber. Dimensions”).
In the absence of sufficient data for fitting a
probability distribution, but having the variability
bounds of dimensions as random Vvariables,
a uniform probability distribution for the geometric
parameters of the cross-section is adopted at the
first stage of reliability analysis.

The modulus of elasticity and shear modulus
of wood have shown good convergence with
a normal probability distribution in many practical
studies (Solovev and Soloveva, 2025).
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Fig 2. Geometric parameters of CLT panel cross-section using the example of a three-layer panel
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Research Results and Discussion

Suppose the following statistical information
for random parameters in the mathematical model
of the limit state is known (Table 2).

Parameter values are given in N/m due to the
adopted panel width b,= 1m.

The roof slab is represented by a design
model of a single-span simply supported beam
with a uniformly distributed load.

The maximum snow load values s over n years
of operation of a CLT slab can be described by the
Gumbel distribution law:

F(s)= exp{— exp (%ﬁlnnﬂ’ (6)

where o is the location parameter of the Gumbel
distribution; B is the scale parameter of the Gumbel
distribution.

For example, for a weather station near the city
of Vologda, the following values were obtained
over >50 years of observations: a=86,9 kg/m?
(0,852 kPa), B = 28,5 kg/m? (0,280 kPa).

To generate random variable values using the
Monte Carlo method, it is necessary to perform

an inverse transformation of function (6) using the
N.V. Smirnov method. Hence:

S;=F ' (s)=a—In(-InU[0; 1]))+Blnn, (7)

where U[0; 1] are generated values from a uniform
distribution in the interval [0; 1].
The limit state function g(X) can be written as:

2(X) = Ay —A(X), (8)

where X is the vector of random variables (Table 2);
A,y is the maximum permissible deflection; A(X)
is the random deflection calculated from X values
based on the mathematical model (1).

The probability of failure P, can be calculated
using Monte Carlo data generation as:

N
Py z%Z[[g(X)<O], 9)

where I[g(X)<O is the indicator function, which
takes the value 1 if condition 7| g(X) < 0] is true and
0 if condition I[ g(X)<0] is false; N is the number
of initial data generations.

Based on the mathematical model of the
limit state (8) and the statistical data in Table 2,

Table 2. Statistical information for random parameters

Probability Distribution

Random Variable

Distribution Function Parameters Note

Self—weight of CLT slab, ¥ Normal distribution my =4850 N/m3, -
SY =873 N/m?®

Weight of structures on CLT Normal distribution my = 250 N/m. -

slab (insulation, membrane), ¢;
Sql =25 N/m*
Snow load, Gumbel distribution —869 N/ Based on processing data from
7 g1 m weather station No. 27026

to grain (layer 2)

Bql =285 N/m*
Span, / Deterministic value /=40m -
Thickness_i)f slab Ia)ier Uniform t; =t; =39.0 mm, According to GOST 24454-80
elements (=1, 3), f; =13 pal
tl = t3 =41.0 mm
Thickness of slab layer Uniform £+ =19.0 mm According to GOST 24454-80
elements (i=2), t, _t_z 210 '
h = .Umm
Uniform _ According to GOST 56706-2015
Slab width, b, b, =996.0 mm, g
by =1004.0 mm
Modulus of elasticity parallel to Normal me =12.0 GPa According to SP 64.13330.2017
grain (layers 1, 3) 5 ) ‘SGP ’
E =1L a
Modulus of elasticity Normal me =400 MPa According to SP 64.13330.2017
perpendicular to grain (layer 2) EL ’
Sg 1=60 MPa
Shear modulus parallel to grain Normal me =500 MPa
(layers 1, 3) S — 50 MPa
G =
Shear modulus perpendicular Normal

mGl =500 MPa,
SGJ_ =50 MPa
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100,000 values of each parameter were generated
for a CLT slab over a 50-year service life, as shown
in the histogram (Fig. 3).

If the obtained data array of maximum deflections
is approximated by a normal distribution with
distribution parameters fitted using the Distribution
Fitter App of the MATLAB software package,
the following parameters can be obtained:
my = 0.0125 m, S, = 0.0020 m.

It is proposed to approximate the obtained
empirical distribution functions with a GEV
(Generalized Extreme Value) distribution with the
analytical form:

exp(—e*9Y) if k= 0;
exp(—(1+k - s(x)) k)
ifk#0andk-s(x)>-1;

F(s(x),k)=10/if & >0 and s(x)s—%;

1if £ <0 and s(x) > (10)

where s(x)=ﬂ is the standardized random
()

variable, where p is the location parameter, o is the
scale parameter; k is the shape parameter.

Using parameters k =-0,0775; o =0,0017 m
and p = 0,0117 m, obtained by fitting the distribution
function through the Distribution Fitter App of the
MATLAB software package for 100,000 generated

deflection values A(X), a closer density distribution
can be obtained (Fig. 3).

Let the maximum deflection be 20 mm. Calculate
using (10):

exp(—(l +k- s(x))_l/k ) =

B ~1/(~0,0775)
exp| 1_0,0775 %:0200-0,0117 _
0,0017

=0,99779.

From 100,000 generations, in 99,723 cases
the design deflection over 50 years of operation
was less than 20 mm. Consequently, the reliability
(probability of failure-free operation) of the CLT slab
over 50 years of operation based on the deflection
criterion is 99.723 %. The relative error in calculating
the probability of failure-free operation using the
approximation (10) and by frequency is 0.56 %.
Therefore, the GEV distribution approximation can
be used when there are computational difficulties with
generating a large number of random parameters.

Thus, the presented algorithm for calculating the
probability of failure-free operation can be reduced
to the following steps:

1. Statistical parameters of distribution functions
of random variables (according to Table 2) of the
mathematical model of the limit state are established;

2. 100,000 values of each random variable are
generated;

3. 100,000 values of the design deflection are
calculated based on the mathematical model (1);
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Fig. 3. Geometric parameters of CLT slab cross-section using the example of a three-layer panel: vertical axis:
f(A) is probability density function of deflection A; horizontal axis: A is deflection value in meters
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4. The empirical probability distribution function
of the calculated values A(X) is approximated using
the GEV probability distribution;

5. In the obtained analytical form of function
(10), the variable x is replaced by the value of the
maximum deflection A,,;, and the probability of failure-
free operation of the CLT roof slab is calculated,;

6. Using the inverse Laplace function, the
reliability index B is calculated from the obtained
probability of failure-free operation.

According to the relationship equation between
the probability of failure-free operation and the
reliability index according to Eurocode 0 “Basis of
structural design,” the probability value obtained
above corresponds to a reliability index p = 2,77.

There are various proposals for standardizing the
reliability index and probability of failure (or failure-
free operation). For example, (Marek, 2003)
proposes the following values (Table 3).

If the data in Table 3 are taken as design values,
then the reliability of the investigated CLT roof slab
structure over a 50-year service life based on the
deflection criterion can be considered assured
under the given operating conditions. In the Table,
the target reliability index 3 for structural elements
of class RC2 over a 50-year service life is taken as
B = 1.500 — the calculated reliability index for the
CLT roof slab (B = 2.77) is also above this value.

However, the most effective solution for assigning
the target reliability index of a building structural
element or its probability of failure-free operation is

an individual calculation based on the acceptable
level of risk, expressed in financial equivalent of the
damage cost from the occurrence of a “failure” event.
More detailed information can be found in Solovev’s
study (Solovev and Soloveva, 2025).

An additional advantage of the developed
methodology is also that the CLT roof slab can be
designed for any service life, while the normative
approach provides discrete division depending on
the structural consequence class. Fig. 4 shows a
graph of the decrease in panel reliability over time.
This is mainly due to an increased probability of peak
snow load occurrence over a longer service period.

Under known operating conditions of the CLT
roof slab, it may be necessary to form a catalog for
structures, which indicates, for example, permissible
span values for the slab based on the required
reliability level. The change in reliability level
depending on the span for the investigated CLT
roof slab under given operating conditions (Table 2)
is shown in Fig. 5.

From Fig. 5, it can be seen that increasing the
span of the CLT roof slab significantly affects its
reliability based on the deflection criterion. Using
the same slab for a span 1 meter longer leads to
an almost 100 % probability of exceeding the
maximum permissible deflection A,;,. In the case
of unacceptably low probability of failure-free
operation, a repeat reliability analysis can be
performed for a shorter design service life of the slab

(Fig. 4).

Table 3. Standardized probability of failure values (Marek, 2003)

Structuralccllonsequence First Group of Limit States Second Group of Limit
ass States
Low 0.000500 (B=3.291) 0.160 (B=0.995)
Medium 0.000070 (B=3.808) 0.070 (B=1.476)
High 0.000008 (B=4.314) 0.023 (B=1.995)
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Fig. 4. Graph of reliability dependence of the designed CLT roof slab on the design service life
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Fig. 5. Graph of reliability dependence of the designed CLT roof slab on span
(based on deflection criterion)

Given statistical data from the manufacturer,
such tables can be constructed for various structural
panel options under different operating conditions
(climatic regions, types of loads, etc.).

It is also possible to analyze the thickness
tolerances of the panel lamellas ¢; and their influence
on reliability.

From Table 4, it can be seen that an increase
in tolerance of 0.5 mm leads to a proportional
increase in the probability of failure of approximately
0.06 %.

Probabilistic analysis allows identifying the factors
whose variability most significantly affects reliability
indicators, which will enable the formulation of control
measures and, accordingly, ensure the required
level of load-bearing capacity and serviceability
of building structural elements.

Conclusions

1. Structural elements made of cross-laminated
timber (CLT) began to be used in the 1990s, and the
dynamics of their production and the construction
of buildings and structures based on them have
grown exponentially in recent years. Due to the
fact that CLT structural elements are relatively
new and do not have a sufficiently large volume of
data on their durability, dynamics of load-bearing
capacity and serviceability, an important scientific
and technical task is the design justification of
the required level of safety during the design
and operation of buildings and structures made
of CLT. One of the most effective tools for design

reliability justification at present is full probabilistic
calculations.

2. The paper proposed an algorithm for probabilistic
reliability analysis of a cross-laminated timber panel
based on the stiffness (deflection) criterion over a given
service life. Using the developed algorithm for reliability
analysis will allow selecting the most rational cross-
section options for CLT roof slabs, taking into account
the design service life of the building structure. Every
10 years, the expected reliability in terms of probability
of failure-free operation decreases by approximately
0.5 %, which is associated with an increased
probability of occurrence of a large snow load over a
longer service period. Technical tolerances also affect
reliability — an increase in tolerance of 0.5 mm leads
to a proportional increase in the expected probability
of failure by approximately 0.06 %.

3. Under known operating conditions of a CLT roof
slab, itmay be necessary to form a catalog for structures,
which indicates, for example, permissible span values
for the panel based on the required reliability level
(according to load-bearing capacity and serviceability
criteria). Given statistical data from the manufacturer,
such diagrams can be constructed for various structural
panel options under different operating conditions
(climatic regions, types of loads, etc.) based on the
probabilistic algorithm proposed in this study.
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Table 4. Influence of lamella thickness tolerances of CLT roof slab on reliability

Tolerance t, +0.5 mm +1.0 mm

+1.5 mm +2.0 mm +2.5 mm

Reliability P 0.99818 0.99723

0.99713 0.99646 0.99603
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BEPOATHOCTHbINA AHAJIU3 HAOEXHOCTU U3TMBEAEMOW NNUTDI
NMOKPbITUA U3 CLT NO KPUTEPUIO NMPOIMBA

Cepren Anekcangposuy ConosbeB, Banepuin Muxannosud lNMyukos*, AHacTtacusa AHgpeesHa ConoBbeBa
Bonoroackuii rocygapcTBeHHbIN YHUBEpCUTET, . Bonorga, Poccusa

*E-mail: valpuch@mail.ru

AHHoOTauus

BBeageHune. OnemMeHTbl CTPOUTENBbHbBIX KOHCTPYKLMIA U3 NepeKpeCcTHO-KNEeeHoN APEBECHHbI aKTVBHO BHEOPSIOTCSA B Mpak-
TUKY CTPOUTENbCTBA XUIbIX U 06LLECTBEHHbIX 06bEKTOB. OCOo6bIM (hakTOPOM MpU NPOEKTUPOBAHUN CTPOUTENBbHbBIX KOH-
cTpykuuii n3 CLT aBnstoTca npuHUMnbl 06ecneveHmns nx HagexXHoOCTH, T.K. Ha TEKYLUMIA MOMEHT He HaKomnneHo 6onbLIoro
KOnu4yecTBa CTaTUCTUYECKMX AaHHbIX 06 ypoBHE 6Ee30MacHOCTU TakMX KOHCTPYKLUMIA B CBSA3U C UX OTHOCUTENBHOW HOBU3-
Hoi. Llenb uccnepoBaHus: paspaboTka anropMtMa BepOSiTHOCTHOIO aHanunaa uarmbaemont nnntbl NokpbiTns n3 CLT B
TeYeHue 3aJaHHOro nepuoda aKcnnyaraumm no Kputepuio npornba (NMMHenHbIX nepemMelleHnii). MeToabl: nokasarenem
HaOEeXHOCTU NNUTbI NOKPbITMSA 13 CLT npuHsiTa BEPOSITHOCTL 6e30TKa3HoM paboThl, KOTopasi OLeHMBAETCS MO YacToTe Ha
OCHOBE reHepaumi cryvyanHbIx BenuyuH no metogy MoHTe-Kapno Ha 6a3e npuHATOM MaTemaTuyeckor Moaenu npenenb-
HOro COCTOSIHUS. YNCNEHHbIN NOAXOA K OLeHKe HadeXXHOCTU, Ha 6a3e aHanMTUYeCcKoro BblipaXXeHUs1 NpeaenbHOro CocTo-
SHUSA, SBNsieTca Hambonee apeKTUBHBLIM NMOAXOAOM, BCreACTBME NMPOCTOThbI peanv3auun anroputma u LOCTOBEPHOro
pesynksraTta npu UCNonb30BaHMM PasnNnYHbIX BUAOB CryyaiiHbIX BENUMYMH. Pe3ynbTaTthl: paspaboTaH anroputm, no3sBoss-
IOLLMIA OLEHUTb BEPOSITHOCTb Ge30Tka3HoM paboThbl NNTLI NOKPbITUA M3 CLT no kputeputo npornba npy NpoeKkTMpoBaHNA
MaHemnu Ha pacyeTHBIN Nepuop, aKcnnyaraumm. BeposaTHOCTHbIM aHanmua3 no3sonseT nogobpatb Hanbonee addeKkTMBHOE
KOHCTPYKLMOHHOE peLleHmne NnnTbl NokpbiTvs 13 CLT Ha 3agaHHbI MHAEKC HaJEeXHOCTM 3. YCTaHOBMNEHO BNMSAHME haKTo-
pa [OMYCKOB Ha TOMLLUMHY namenei NnnTbl NokpbiThs n3 CLT Ha HagexHOCTb (BeposATHOCTbL 6e30Tka3HoM paboThl).

KniouyeBble crioBa: NnepekpecTHO-KNeeHas ApeBecuHa, I'IpOFVI6, BEPOATHOCTb OTKa3a, n3rnb, nnuTa, MHAEKC HaOEXHOCTU.
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