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Abstract

Introduction: The paper addresses the issue of using regression equations to determine the residual operating
life of structures made of wood of various species in high humidity conditions. Purpose of the study: The study is
aimed at deriving general equations for calculation of the ultimate life of wooden structures using univariate regression
equations for subsequent calculation of the residual operating life (option 1), or equations for immediate calculation of
the residual operating life (option 2). Methods: Univariate regression equations are used: linear, logarithmic, second-
degree polynomial, power, exponential, natural exponential, and hyperbolic. Results: The authors derive general
equations for calculation of the ultimate life of wooden structures for subsequent calculation of the residual operating
life (option 1), and equations for immediate calculation of the residual operating life (option 2), presenting advantages
and disadvantages of both options. They propose an algorithm to process the obtained results in case the calculation is
carried out using several equations at once. The authors also present an example of calculating the residual operating
life using the second option. Discussion: Based on the proposed relationships, it is possible to determine the residual

operating life of any wooden structures under any operating conditions.
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Introduction

Wood is one of the oldest materials used in
construction. Besides, it is an essential finishing
material we cannot do without when building structures,
especially residential ones. Wood is still widely used
in both exterior and interior finishing. In recent years,
the construction of eco-friendly wooden houses
has got a second wind.

Wood is both a traditional and modern material. For a
while, it gave way to concrete, brick, and other materials.
However, engineered wood resumed its rightful place
and now it plays an important role in the construction of
residential buildings, including high-rise ones (up to 18
stories), public buildings, bridges, sport and industrial
facilities. Wood resources recover naturally and relatively
quickly. Therefore, the use of wood in construction
addresses the issue of sustainable development in society.
The share of wooden structures in construction increases
rapidly in almost the entire world, and even in those
regions that have not significant wood resources. Timber
merchants pay much attention to the development of
woodworking technologies, improvement of woodworking
equipment. New methods of sawing wood of various
species, drying and zero-waste processing, joining and
gluing pieces make it possible to obtain durable structures
of high quality.
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Wood has many valuable properties. It is used to
manufacture most of the important items, workpieces,
and structures for welfare improvement. Wood has a
relatively low density (500...600 kg/m?®), high strength
to weight ratio, low thermal conductivity, and sound
insulation characteristics. Among its main advantages, low
electrical conductivity and high corrosion resistance can
be mentioned. Due to its low electrical conductivity, it can
be used as an electrical insulating material for wiring. Such
important quality of wood as its eco-friendliness shall be
noted as well. Wood is a product of wildlife and it does not
emit any harmful substances. Due to its use in construction,
it is possible to reduce greenhouse gas emissions into the
atmosphere. Obviously, we shall take into account the
effect of impregnation compounds intended to increase the
protective properties of construction wood. And when such
compounds are applied with no procedural violations, the
quality of wood will only improve.

Among the disadvantages of wood as a building
material, the following can be mentioned: anisotropy of
wood; the presence of defects in the material (knots,
cracks); the presence of residual deformations in wooden
structures; changes in the volume and shape under the
action of humidity. Most of the issues related to wooden
structures can be compensated for with: a proper design
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and suitable wood products; a combination of wood with other fire-resistant, sound-proof or heat-insulating materials;
treatment of wooden structures with protective chemical compounds.

All properties of wood mentioned above highlight its significance in our life. Wood remains an essential material used
for construction, exterior and interior finishing, creation of various exterior and interior elements, providing comfortable
conditions and ensuring design safety of buildings and structures. That is why it is required to estimate the residual
operating life of wooden structures.

Residual operating life is the total operating time of an item from the moment of monitoring its technical condition
to the moment of reaching the limit state (Rules and Regulations NP-024-2000, State Standard GOST 27.002-2015). It
is needed to determine how much longer wooden structures can be in use and what actions can be taken in case the
calculated residual operating life is quite short.

Methods

To find a relationship between two variables, regression analysis is used.
The following regression equations are used most often.
1) Multiple linear regression:

y=aptay-x;+-ta, x, +e (1)
Linear regression with one regressor is its special case:

y=Qqp+a;-x+e& 2)
2) Polynomial regression:

y=apta; x+tay x> +-+a, x"+e

3)
3) Power regression:
a a
Y=g X, Xyt €
(4)
4) Exponential regression:
— . X1, . Xn
y=Qp R 4 + €
®)
5) Natural exponential regression:
y = e(@o+aixq++anxn) +¢ (6)
6) Logarithmic regression:
y=aytay-Inx;+-+a, - Inx, +¢ (7)
7) Hyperbolic regression:
a an
=ap+—+-+"+e¢
Y= T3 X (®)

where

o, A, ..., &y - regression equation parameters;

X0, X1, ---» Xn - independent variables;

€ - the error of approximation;

Y- a dependent variable that can be found using the regression equation.

The equations listed above are multivariate. In real practice, univariate regression equations are used to simplify a
problem being solved.

Erofeev et al. (2014) studied the strength of wood of various species in high humidity conditions over time using
univariate regression equations. Operating time in high humidity conditions was chosen as an independent variable.
The error of approximation was neglected since the true value of wood strength is not known (only the average value
based on the test results is available).

Following the experimental research, regression equations were obtained for the compressive strength along/
across fibers and bending strength of wood depending on the duration of exposure to high humidity. Here, we present
only those equations that have a determination coefficient of more than 0.85 or regression equations with the highest
determination coefficient.
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Table 1. Regression equations for the compressive strength of wood along fibers depending on the duration of
exposure to high humidity

No b Regression equation  eanatay
’ species 9 9 coefficient R?
y = 86.465 — 2.319x 0.9893
y = 84.624 — 4.9792In(x) 0.9890
1 Birch y =87.802 — 3.6565x + 0.2675x? 0.9999
y = 84.659x0-0614 0.9864
y = 86.621e70.0287 0.9916
y =77.365—1.639x 0.9681
y = 75.911 — 3.3266In(x) 0.8648
2 Redwood y = 75.703 + 0.0235x — 0.3325x2 0.9999
y = 75.94 x70.0455 0.8586
y = 77.47¢700225 0.9647
3 Pine y = 52.288 + 14.619x — 2.6925x2 0.9122
4 Spruce y =52.927 + 18.195x — 3.5075x2 0.9373
5 Ash y =97.563 + 2.8785x — 1.3675x2 0.7883
6 Oak y = 66.348 + 6.6605x — 1.5175x> 0.9880
7 Elm y=63.16 + 2.121x - 0.635x? 0.8555
y=100.3 — 3.859x 0.8205
8 Maple
y=90.213 + 6.2285x — 2.0175x2 0.9999
y =80.9 —3.287x 0.9378
9 Linden y =76.312 + 1.3005x — 0.9175x2 0.9962
y = 81.382g70.0458x 0.9282
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Figure 1. Changes in the strength of different wood species exposed to high humidity, compression along fibers
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Table 2. Regression equations for the compressive strength of wood across fibers depending on the duration of
exposure to high humidity

No. qud Regression equation Deter[n_i IECED)
species coefficient R?
y=19.55-0.78x 0.9990
y =18.90 — 1.63In(x) 0.9500
1 Birch y =19.425 - 0.655x — 0.025x? 0.9998
y = 18.921x70.0927 0.9408
y = 19.64370.0444x 0.9974
y =19.565 — 0.562x 0.8796
2 Redwood y =18.565 + 0.438x — 0.2x? 0.9687
y = 19.62e700512 0.8788
3 Pine y =9.0325 + 2.2665x — 0.4475x? 0.7963
4 Spruce y=9.375 + 2.45x — 0.5x? 0.9000
5 Ash y =25.063 + 0.0505x — 0.2575x? 0.7580
6 Oak y=16.275 + 1.274x — 0.27x? 0.9501
7 Elm y=17.663 + 1.1455x — 0.2925x? 0.9943
y =25.165 — 1.004x 0.8608
8 Maple y=22.94 + 1.221x — 0.445x? 0.9961
y = 25.32470.0451 0.8507
y =19.33 - 1.065x 0.9140
9 Linden y=17.668 + 0.5975x — 0.3325x2 0.9853
y = 19.56470.0653 0.8984
=

Compressive strength across fibers
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Figure 2. Changes in the strength of different wood species exposed to high humidity, compression across fibers
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Table 3. Regression equations for the bending strength of wood depending on the duration of exposure to high

humidity

14
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No. qud Regression equation Deter!n!nation
species coefficient R?
y =754.46 — 37.626x 0.9424
y = 726.46 — 83.154In(x) 0.9981
1 Birch y =805.18 — 88.351x + 10.145x2 0.9972
y = 727.24x012¢ 0.9996
y = 758.77¢70.056% 0.9531
y =577.65 - 22.032x 0.9987
y = 559.65— 46.668In(x) 0.9716
2 Redwood y = 581.85 — 26.232x + 0.84x? 0.9998
y = 560.22x70-08 0.9654
y = 580.01 00422 0.9996
y =593.45 - 26.61x 0.9595
y =570.77 — 55.191In(x) 0.8950
3 Pine y = 577.58 — 10.735x — 3.175x? 0.9704
y =571.79x7010% 0.8792
y = 597 .4g70:0050% 0.9528
4 Spruce y = 319.68 + 42.984x — 10.44x* 0.9664
y =831.78 — 26.856x 0.9748
y =808.27 — 54.918In(x) 0.8839
5 Ash y = 808.83 — 3.906x — 4.59x? 0.9976
y = 809.02x70.072 0.8736
y = 834.58¢70:035% 0.9696
Oak y=614.81 + 15.007x — 3.7125x? 0.7225
Elm y = 559.57 + 62.595x — 15.525x? 1.000
y =875.93 — 60.885x 0.8988
8 Maple y=761.74 + 53.302x — 22.838x? 1.000
y = 894.39¢0.0868 0.8824
. y =608.63 — 39.915x 0.8417
9 | Linden y = 515.81 + 52.897x — 18.563x? 0.9873
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Figure 3. Changes in the bending strength of different wood species exposed to high humidity
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As compared with other approaches to the estimation
of wooden structures’ durability (Chaouch, 2011; Faydi et
al., 2017; Hannouz, 2014; Khrulyov, 1981; Kdhler, 2006;
Lamov, 1999; Perret, 2017), this method is quite interesting
as it used regression analysis, which can be applied to any
structures and operating conditions.

Results and Discussion

According to the research results, it is possible to
estimate the long-term strength of wood using univariate
regression equations (with operating time as a variable).
Then, the same equations can be used to estimate the
residual operating life of wooden structures. It is assumed
that operating conditions remain the same during the entire
useful life of structures.

This idea can be implemented in two ways. The
first one is as follows: if we know the minimum (design)
strength of a wooden structure and a regression equation
with established parameters, it is possible to determine
the ultimate life of such a structure. Subtracting the time,
during which it was actually in use, we obtain the residual
operating life.

The ultimate life will be as follows.

In case of linear regression:

Rmin—ao

Rpm=a1"t+ay—>t= ™ (9)

In case of logarithmic regression:

min—%o

Rminzal-lnt+a0—>lnt=R ->t=

a;
_ Rmin—Qo
= exp [0
In case of polynomial regression: since second-order
equations (parabolic regression) are presented, then the
solution will be in the form of a solution to a quadratic
equation.

Rpym =0, t?+a; t+ayg—>a, t?+a; t+

+a1't+(a0_Rmin):0 (11)

—ay+y/a;2-4-a,"(ag—Rmin)

2:a,

. (12)

The solution has the following constraint: time cannot
be a negative value.
In case of power regression:

= Bmin 4 _ 1 [Rmin (13)
Qo Ao

The constraint will be as follows: o; > 1.

If a; is negative, then we shall divide 1 by ¢ obtained
using equation (13).

The solution has the following constraint: time cannot
be a negative value.

In case of natural exponential regression: let us present
two possible options.

— . $a a
Rmin = ao " t™ — t™

_ . ,aqt a;t —
Rpin = Qg e®1" - et =

— Rmin_)al_tzlanin_)t=i_1anin (14)
Qo Qo ay Qo
Ropin = e(art+ao) a, - t+ay,=
1
=In Rmin -t = a_1 ' (ln Rmin — ao) (15)
In case of exponential regression:
= an-at t — Rmin - Rmin
Rmm =0Qy a2 a; = a -t loga1 a (16)

The constraints will be as follows: a; > 0u a; # 1.
In case of hyperbolic regression:

— A A _
Rmin_ao‘l'__)__
t t

aq

=Rpin—qp—ot= (17)

Rmin—Qo
where

(g - the initial value of the parameter (strength), MPa;

a4 - the rate of the parameter (strength) change, MPa/s;

;- the rate of the parameter (strength) change

acceleration, MPa/s?;

Rumin - the minimum strength.

Since it is possible to apply several regression
equations at once to some wood species, then, in that
case, we shall take the arithmetic mean for the operating
life. We also can accept the arithmetic mean when
establishing the final value if the divergence from the mean
does not exceed 10%.

1

n
— -t
n 1=1"

tmean = (18)

In case of combined stress—strain state, it is required
to estimate the ultimate life by several states at once. The
least of the obtained values shall be taken as the final
value. The least value shall be also chosen if the values
are in the range from 10 to 20%.

Tult 1

Tyir = min (19)

Tulti

The residual operating life of wooden structures will be
as follows:

(20)

Tres =t — tsery

where ¢ is the actual service life of a structure.

It shall be noted that the equations derived to estimate
the ultimate life of wooden structures can be applied to any
operating conditions since these equations use abstract
parameters a and b.

These equations can be also applied in case of the
simultaneous action of several variables.

Then, the residual operating life will be calculated as
follows:

15



Architecture and Engineering

Tres = A" [— % tserv + Tuiel 21

The physical meaning of coefficient A is that it reduces
the initial (set) residual operating life of building structures
due to the immaturity of the manufacturing technology
as well as installation and assembly procedures, design
errors, etc.

The physical meaning of coefficient B is that it reduces
the residual operating life of building structures during
their use.

Therefore, coefficients A and B can be considered as
safety factors (reduction coefficients).

In the general case, they will take values from 0O to 1.

The disadvantage of this approach is that we need to
know the type of regression equation in advance. Such
equations are available not for every operating parameter
and every wood species.

The second option is as follows: if we know the margin
of the load-bearing capacity in wooden structures, it is
possible to estimate their residual operating life.

It can be determined in the following way.

In case of linear regression:

AR=a1-At+a0—>At=Ai—_1a° 22)
In case of logarithmic regression:

AR = a,'InAt +ag > InAt =

= ARa—_la" - At = exp [ARa;lao] (23)

In case of polynomial regression: since second-order
equations (parabolic regression) are presented, then the
solution will be in the form of a solution to a quadratic
equation.

AR = a, - (At)? + a, - At + ay > a, - (At)*+

+a; At+ (ag—AR) =0 (24)

—a,+Ja12-4-a,-(ag—AR)
2'(12

At =

(25)

The solution has the following constraint: time cannot
be a negative value.
In case of power regression:

a1 |AR

Qo

AR = ap- (A)™ — (At)™ =2min  pp = 2 (26)
0

The constraint will be as follows: a; > 1.

If a1 is negative, then we shall divide 1 by ¢ obtained
using equation (26).

The solution has the following constraint: time cannot
be a negative value.

In case of natural exponential regresion: let us present
two possible options.

— . paq'At a-At_A_R . —
AR =qy-e™™™ - et —a0—>a1 At = 27)

AR 1 AR
=In—->At=—-In—
Qo a ao
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AR = e(@8t+a0) 5 g, At +qy =

=InAR - At = —- (InAR — a,) (28)
1
In case of exponential regression:
AR AR
AR = ay - @bt — aft = o A= logg, o (29)

The constraints will be as follows: a; > 0u oy # 1.

In case of hyperbolic regression:
ay

= —_— ﬂ: — = @1
AR—a0+M—>At AR —ay - At AR-ay

(30)

AR -the margin of the load-bearing capacity;

At - the residual operating life.

Since it is possible to apply several regression
equations at once to some wood species, then, in that
case, we shall take the arithmetic mean for the final value
of the residual operating life. We also can accept the
arithmetic mean when establishing the final value if the
divergence from the mean does not exceed 10%.

Atmean = ==

i=1 AL (31)

In case of combined stress—strain state, it is required
to estimate the residual operating life by several states at
once. The least of the obtained values shall be taken as
the final value. The least value shall be also chosen if the
values are in the range from 10 to 20%.

Tres 1
Tres = min
Tresi (32)
It is important to note that the residual operating life
can be calculated only after it is established that the load-
bearing capacity is ensured.
Another disadvantage of this approach is that we need
to know the type of regression equation in advance.
Let us present an example of calculation using the
second option.

Confirmatory analysis and calculation of the
residual operating life for a wooden beam

Table 4. Summary of loads on a wooden beam
(distance — 1.5 m)

No. Load Standard Coefficient | Design load,
load, kg/m? yf kg/m?
1 Slab weight 149 1.1 183
2 | Live load, 70 kg/m? 105 1.2 126
Total (q) 254 309

Operating conditions: heated space, high humidity.
Wood species: birch, grade 1.
Normal stress analysis
h=20cm;b=14cm; b, =14 cm; =400 cm; |, =400
cm.
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12 309-42
M = _"8 -

=618 kg -m = 61800 kg- cm (33)

According to Clause 7.9 of Regulations SP
64.13330.2017, the following condition shall be fulfilled:

M des
/ Wdes = Rb

des
where Rp

(34)

is the design bending strength of wood.

Rges = R? "Mpyp " Mt " Mm " Meemp " Myl (35)

where Rp = 24 MPa is the design bending strength
for loading mode A (where A is the loading mode No.);
m__=0.53 is the rupture strength coefficient corresponding
to Ioading mode B; m =1.1is the transition coefficient for
birch wood; m _=0.9i is the coefficient taking into account
operating conditions 3.1 (moisture conditions); My
= 1.0 is the coefficient taking into account temperature
conditions; m , = 1.0 is the coefficient taking into account
the estimated useful life of a structure.

RJ®S =24-0.53-1.1:09-1-1-10 =

=125.9 kg/cm? (36)
b-h? _ 14-202 3

Woes = = =933.33 cm (37)

M — 61800 d

=125.9 kg/cm? (38)

The element meets the requirements of Regulations
SP 64.13330.2017 regarding the strength under normal
stresses.

Shear stress analysis
The element is subject to a transverse force:

309:4

0=L="-¢18kg (39)
The following condition shall be fulfilled:
Q'Sgross < Rdes (40)

Igross'bdes

where S, and ] is the static gross moment of inertia

. . . des .,
and gross moment of inertia of cross section, Rsk” is the
design shear resistance of wood along fibers;

des _
Rgp Rsh Mypyp " Mg " My " Meemp ~ Mull,

(41)
R{= 2.7 MPa; m 1y, = 0.53; m = 1.3;
My =0.9; Myeryp = 1.0; My, = 1.0.
RS =27-053-1.3-09-1-1-10=
= 16.74 kg/cm? 42)

b-h?  14-202

= — - 3

Sgross =5 — g = 700 cm 43)
b-h3  14-203

Igross =45 =7, = 9333.33 cm* (44)

Loross _ SI878 3318 < RS = 16.74 kg/em? (45)

IgrossDdes " 9333.3314

The element meets the requirements of Regulations
SP 64.13330.2017 regarding the strength under shear
stresses.

Let us determine the residual operating life.

The margin of the load-bearing capacity will be as
follows.

For normal stresses:

66.21
Race = 05311091110 12.62 MPa (46)
AR =24 —12.62 = 11.38 MPa (47)
For shear stresses:
_ 3.31 _ (48)
Race = 0.53-1.3-0.9-1-1-10 0.53 MPa
(49)

AR =2.7—0.53 = 2.17 MPa

Let us assume that the regression equation is known.
It will have the following form:

AR = 754.46 — 37.626 - At (50)

Then, the residual operating life will be as follows:

At = 238775446 _ 197 ~ 20 years (51)
-37.626

Conclusions

The authors analyzed regression equations for the
compressive strength along/across fibers and bending
strength of wood of various species over time. For each
of them, they derived equations for the estimation of the
ultimate life of wooden structures.

They presented two options for the calculation of the
residual operating life using regression equations and
identified disadvantages of both options.

The authors proposed the following: to take the
arithmetic mean for the final value of the ultimate life if
the ultimate life is determined using several regression
equations at once, or if the divergence from the mean does
not exceed 10%. In case of combined stress—strain state
or in case the divergence from the mean is in the range
from 10 to 20%, the least of the obtained values shall be
taken as the final value.

Subtracting the time, during which the structures were
actually in use, from the obtained value, we obtain the
residual operating life of such structures (first option). In
case of the second option, we can obtain the residual
operating life right away.

The authors also presented the example of calculating
the residual operating life of a wooden beam.
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OLLEHKA OCTATOYHOI'O PECYPCA NEPEBSAAHHbIX KOHCTPYKLUA B
YCINTOBUAX NMNOBbLILWLEHHON BITAXXHOCTHU

AnekcaHap puropbeBuy YepHbix!, OAmutpunn Uropesny Koponbkos?, leHuc BanepbeBuy Huxeropoaues?, TaTbaHa
HukonaeeHa KasakeBuy 4, Lnpanun Maxappamosuy Mamenos®

123.45CaHkT-MeTepOyprckmii rocyaapCTBEHHbIN apXUTEKTYPHO-CTPOUTENBHbIA YHUBEPCUTET
2-aga KpacHoapwmeiickas yn., 4, CaHkT-leTepbypr, Poccus

'E-mail: ag1825831@mail.ru

AHHOTauuA

PaccmaTtpuBaeTcsd BONpoC NpUMEHEHUS YypaBHEHUN perpeccum gns onpegeneHuss oCTaToO4HOro pecypca
AepeBSAHHbIX KOHCTPYKUMN U3 pas3fnuyHbiX NOPOA ApPeBeCUHbl B YCNOBUAX MOBbILEHHOW BnaxHocTu. Lenb
uccnepoBaHuAa. BoiBog dhopmyn pacdeTa npefenbHOro cpoka akcnnyaTaunm epeBaHHbIX KOHCTPYKUNN ANS
0OHOMaKTOpPHbIX YpaBHEHUN perpeccun B obuiem Buae Ans nocrneanyrLllero pacyeta ocTaTo4YHOro pecypca
(BapuaHT Ne1) nnbo HenocpeACTBEHHO ANA pacyeTa ocTaTovHOro pecypca (BapuaHT Ne2). MeToabl. MicnonbaytoTcs
OOHOMaKTOpPHbIE YpaBHEHUS perpeccun: NIMHENHOe, norapnmMmuyeckoe, NOMHOMMANbHOE BTOPOWN CTEMNEeH!,
CTeneHHoe, 3KCNoHeHUMansHoe, nokasaTtensHoe 1 runepbonnyeckoe. Pesynbrathbl. BoiBefeHbl ypaBHeHMs B 0bLLeM
BUAE AN pacyeTa npefenbHOro cpoka cnyxbbl ApeBecuHbl C NOCAeayoWmnM pacieToM OCTaTOYHOrO pecypca
(BapuaHT Nel), a Takxe ypaBHeHMs ANSA HENOCPEOCTBEHHO pacyeTa BennyMHbl OCTaTOYHOro pecypca (BapuaHT
Ne2). NpuBeaeHbl JOCTOMHCTBA M HEAOCTATKM KaXXAoro u3 npeanoxeHHbX BapnaHToB. [peanoxeH anroputm Ans
006paboTkM NONyYeHHbIX Ppe3dynbLTaToB, ECMM pacyeT BeeTCs MO HECKONbKMM ypaBHEeHUAM cpasy. [MprBeaeH npumep
pacyeTa BenM4YMHbI OCTaTOYHOrO pecypca no BTOpoMmy BapuaHTy. O6cyxaeHmne. C NoMOLLbO NpeanoXeHHbIX
3aBNCUMOCTEN MOXHO PacCcyYmUTbiBaTb BENMYNHY OCTAaTOYHOrO pecypca nobbix 4epeBsaHHbIX KOHCTPYKUUIA Npu nobbix
yCroBUSAX 3KcnnyaTauum.

Knro4yeBble cnoBa
OcTaTouyHbIN pecypc, ypaBHEHUs perpeccun, AepeBsaHHbIE KOHCTPYKLNN, BIIaXXHOCTb.
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