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Part 2. Assessment of the change in the coefficient of reduction of bearing capacity and deformability
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Summary. The article is devoted to the assessment of the influence of mechanical damage to cement
concrete pavements on their overall modulus of elasticity and durability. It is noted that the destruction caused
by vehicles and weather conditions reduces the modulus of elasticity of the road pavements. The studies
described in the article show that on damaged road sections the average modulus of elasticity can be 1.9 times
lower than on undamaged ones.

Various theoretical models and formulas are considered, in particular the Winkler-Zimmermann
hypothesis and the Westergaard method, for calculating the stresses and deflections of slabs under loading in
the center, at the edge and at the corner. The main type of failure of rigid road pavements is the chipping of
the corners of the slabs, which is often observed in concrete without reinforcement. The analysis shows that
the presence of a through crack can increase the deflection of the slab by 1.3-2.7 times.
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The authors concluded that it is more logical to consider the destruction due to a decrease in the modulus
of elasticity of cement concrete, rather than due to a decrease in the layer thickness. The article also analyzes
the influence of the modulus of elasticity of the base on the deflection of the slab. The optimal value for
highways is 120-150 MPa. A formula is proposed for calculating the coefficients of reduction to equivalent
bearing capacity for destruction in the form of chipping of corners and edges of slabs.

Keywords: rigid road pavements, defects and destruction, cracks, transition coefficient, slab,
deflection, bending moment

Presentation of the main material
The limiting bending moment m, per unit cross-sectional width for concrete and reinforced concrete
covers is determined by the formula [1]:

_7C.Rbtb.h2.ku

mu
6 : (1)
where, y.— the coefficient of working conditions;
Ry — the estimated value of tensile strength during concrete bending,
k. — the fatigue coefficient:
k,=2-0,167-1g (Uy), (2)

here Uy is the given number of applications of the design axes of loads.

For rigid road pavements, the fatigue coefficient of concrete under repeated loading is determined by
the formula:

ky = 1,08 - Np;°%, ©)

where N, - calculated total repetition of design loads for a service life of ¢ years.
Ultimate (design) tensile strength of concrete in bending fatigue Ry»(N,) from the number of load cycles
Npt is determined by the formula (A.1) [2]:
- for road pavements:

R? = BuwKr1,08- Npi°% 'K, )

where Kr— coefficient that takes into account the reduction in strength due to repeated freeze-thaw
cycles, Kr=0,95;
K, — strength gain coefficient: for natural hardening concrete at air temperatures above 10 °C K, = 1.2;
for natural hardening concrete at air temperatures below 10 °C and during winter concreting K,, = 1.
- for airfield pavements [1]:

Rbtb(Npt) = 7/0 'Rbtb ’ (2_0’167 lg(Npt) (5)

Despite the fact that different logarithmic (2) and power (3) dependences are used to calculate the limit
condition (Fig. 1), taking into account the number of cycles to failure, almost the same value of the ultimate
strength is obtained, taking into account fatigue (Fig. 2).
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Figure 1 — Dependence of fatigue coefficients k, and ku on the number of load cycles Ny
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Figure 2 — Dependence of ultimate fatigue strength Ryw(Ny) on the number of loading cycles Ny,
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Taking into account formulas (1 - 5) the number of cycles to failure (durability), is determined by the

formula:
- for road pavements:

Npe =Rons'(1 +I,64IOKF-[M] 15873. g,

- for airfield pavements:

pt

=10

Oriega6o corn

o .
1/0,167-[2— rl,eg,corrn]

Ve Ryt

Hayxowuii )xypHan « ABTOMOBUIBHI JIOPOTH 1 JOPOXKHE BYJIBHUIITBO», 2025. Bunyck 117. Yactuna 2.
ISSN 0365-8171 (Print), ISSN 2707-4080 (Online), ISSN 2707-4099 (CD), http://addb.ntu.edu.ua.
Scientific journal «K AUTOMOBILE ROADS AND ROAD CONSTRUCTION», 2025. Issue 117. Part 2.

(6)

(7

53



BYJAIBHUIITBO TA IIUBIJIBHA IH’KEHEPISI / BUILDING AND CIVIL ENGINEERING

Formulas (6) and (7) allow calculating the durability of road and airfield concrete pavements for stresses
n arising from the action of loads at the center, edge, and corner of the slab.

Solution of the problem. For a theoretical assessment of a possible increase in deflection and,
accordingly, a decrease in the total modulus of elasticity of the pavement due to mechanical damage to the
pavement, Prof. B.S. Radovsky considered the effect of a through crack on the deflection of a slab resting on
an elastic base [3]. A slab with a crack was considered as a semi-infinite slab loaded near the edge along a
circular platform, and a slab without a crack — as unlimited under the same load. Deflections under the center
of a loaded circular sites are determined according to Westergaard's formulas [4, 5, 6, 7]. As a result, an
expression is obtained to find the ratio of deflections:

1 —\2
W, 4(2+1’2sz (1-(0.76+0.4v)R)

ko =—b—_
"ow BT R 2
B P )
7. R , (8)
where parameter R equal:
- 3
R= E (112 73
4(h1/D)[1( 'Vg)}
E,(1-v))

) )
where wj, — deflection under the center of the loaded circular platform when loaded near the edge of the
semi-limited slab on a Winkler base;

w. — deflection under the center of the loaded circular platform on the pavement of the unlimited slab;
h — plate thickness; E;, E> and v;, v2 — respectively the modulus of elasticity of the material of the plate and the
base and their coefficient of transverse deformation; P is the load.

According to the above formula, nomograms have been compiled, which make it possible to determine
the effect of crack on the reduction of the bearing capacity of the structure of rigid and non-rigid road
pavements in a wide range of changes in the input parameters £;, E», & and D [4 -5].

Analysis the results of calculation.

For the analysis, the results of a specific calculation of the structure of the dry port cover under the action
of a cover from a reach stacker weighing 100 - 120 tons were adopted. The equivalent load on one wheel is
P=260 kN. Pressure in the pneumatics of the wheels is p=1.0 MPa. The diameter of the impression is
D=0.575 m. The results of the analysis are given below (Fig. 3 —5).

On the Fig. 5 change in the ratio of deflections are from the thickness of the slab for different modulus
of elasticity of concrete £; (changes from the modulus of reinforced layers of 15000 MPa to the modulus of
reinforced concrete £,=45000 MPa) at the modulus of elasticity of the base £,=150 MPa.

The deflection ratio does not increase linearly with an increase in the thickness of the slab and an
increase in the modulus of elasticity of concrete. So, the calculation according to the formula (44) shows that

with a change R from 0.1 to 0.4, the kw value changes from 2.7 to 1.3. Accordingly, if there is a through
crack in the layers of the pavement and the base, then when loaded near it, the deflection increases by 1.3 - 2.7
times compared to rigid pavement without cracks, and to a greater extent, the lower the rigidity of these layers.

The modulus of elasticity of the base E> is of fundamental importance when its value is less than 160 -
250 MPa, where there is a transition from a rapid increase in deflection to its attenuation (Fig. 5). Which once
again emphasizes the well-known fact about the need to provide a minimum modulus of elasticity under the
surface of monolithic layers at the level of 120-150 MPa for roads.

For aerodrome pavements, as the analysis shows, the value of the modulus of elasticity of the base £
under the cement concrete slab, 180 — 250 MPa, depending on the load category and the thickness of the slab,
is rational.
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Figure 3 — Change in the ratio of deflections
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The analysis also shows that for each thickness of the pavement layer there is an optimal ratio between
the modulus of elasticity of the pavement and the substrate, at which the ratio of deflections is minimal (Fig. 4).
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Figure 4 — Change in the deflection ratio from the modulus of elasticity of concrete E; for the

modulus of the base E;=150 MPa at a slab thickness of 0.45, 0.40, 0.35, 0.30, 0.25 and 0.20 m, respectively
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With an increase in the modulus of the base, the effect of cracking is less significant, which indicates
the need to take into account the soil moisture of the roadbed when performing instrumental surveys of road
pavement structures. An increase in the modulus of elasticity of the pavement leads to an increase in the effect

of the crack on the decrease in bearing capacity.
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Figure 5 — Change in the ratio of deflections depending on the modulus of elasticity of the base E>,
varying from 50 MPa to 600 MPa with a plate thickness of 0,35 m.
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These results are quite consistent with the above experimental data.

In addition, the presence of destruction can be taken into account in the following ways:

1) due to a decrease in the thickness of the layer, similar to how it is done in SNiP 2.05.08.85;
2) due to a decrease in the modulus of elasticity of the pavement layer.

According to clause 5.68 of SNiP 2.05.08.85, when determining the stiffness and ultimate bending
moment of concrete and reinforced concrete layers of pavement reinforcement, their design thickness 7,4 should
be taken depending on the category of destruction established according to Table. 25, and the thickness 7., of
the existing pavement at the destruction category:

1 >ty=ter; 11 —tp0=0,940; —>t,1=0,8ex. (10)

Existing rigid pavements of the IV category of destruction in the calculation should be taken into account
as artificial bases with a bed coefficient of K;= 600 MPa/m? (60 kgf/cm?).

Given that during operation, the thickness of the concrete slab does not change in the presence of cracks,
it is more logical to take into account the destruction due to a decrease in the distributive capacity of the slab,
i.e. due to the modulus of elasticity of cement concrete. Then, for the above categories of destruction, given
that the cylindrical rigidity of concrete and aroma concrete sections is determined by the formula:

E, I
B:b—2:O,085-Eb 'h3
12:(1-v %)
(11)
Whence, equating to rigidity, it is obtained:
> Ep=E.; I—E;~0,9° -E,=0,729 E,; 1I—>E,~0.8*E.= 0,512-E,,. (12)

When testing existing aerodrome structures, modern installations for measuring the deflection of falling
cargo FWD or HWD should be used to establish real bearing capacity. The existing rigid pavements of the IV
category of destruction will be taken into account in the calculation as artificial substrates with a characteristic

value of the bedding coefficient:
Kviaaa= sicp(l - 1,64 'V): (13)
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where K, .,— is the average value of the modulus of elasticity or coefficient of the bed on the surface of
the aerodrome pavements;

V' — 1is the actual value of the coefficient of variation according to the test results.

In the first case, considering the effect of a defect in the form of a crack on the change in the cylindrical
rigidity of the pavement, the transition coefficient Ky was obtained to calculate the decrease in the modulus of
elasticity of a monolithic layer with cracks according to the formula:

cr ( 1 4)
where wi,, we— respectively, the deflection of the pavement without defects and with defects that reduce
its bearing capacity.
The equivalent thickness of the layer with /.. defects will be determined by the formula:

hcr :hin .Kh’ (15)
where £, — the initial thickness of the monolithic layer.
K,=—
In the second case, to find the coefficient of reduction in the bearing capacity of the pavement Win

using the formula (6.14 and 6.15) from [8]:

h; 3 +
[1,05-0,15(1 - /Eg'a;)/E,.)]a
E“ , hore _ 23] E;
0,71 Eael arctg (1220ee) + = . arcrg D D [gel*V’
( ) Egee 1) Hexe Where, 3a2 (1 5)

where E;= E; — module of the pavement layer;

Efoe =

E>= Eg:;l) — the modulus of the base under the cement concrete pavement;

h =h; — the thickness of the pavement layer;
D — the diameter of the wheel imprint, the formula is obtained:

cIn(h)-d
K, =K; 17)

where K7 is a coefficient that takes into account a decrease in the modulus of elasticity of the cement
concrete pavement as a result of cracking of the layer:

KT — ECF
E, , (18)
where ¢ =0.3359 + 0.0001-E>; d = 0,3093+0,0007-E>.

According to the proposed formula (18), for different values of the modulus of elasticity of the base and
the thickness of the pavement layer, the values of the coefficient of reduction of the bearing capacity of the
structure Kr were calculated at different values of the coefficient of reduction of the modulus of elasticity of
the Kr pavement. For example, Fig. 6 shows the values of the coefficient of reduction bearing capacity of the
structure for the thickness of the pavement layer of h = 20, 25, 30, 35, 40 and 45 cm with the modulus of

elasticity of the base of 150 MPa.
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Figure 6 - Estimation of the change in the coefficient of reduction of the bearing capacity of the
pavement from the cracking coefficient of cement concrete for the modulus of elasticity of the base E>=150
MPa
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Figure 7 — Change in the coefficient and K. iK.q4 ; depending on the thickness of the slab for the
values of the coefficient of seeding 50, 100, 150, 300 and 600 MN-m/m’
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The analysis of the change in the coefficient and K, ;K. ; depending on the thickness of the slab for
the values of the bed coefficient of 50, 100, 150, 300 and 600 MN-m/m? is shown in Fig. 7.

As follows from Fig. 6 and 7 stresses at the corner exceed the stresses in the center of the slab, vary
from 1,7 to 1,9 times (on average 1,8 times) and depend little on the coefficient of the bedding. Now it is clear
why breakage of the corner of the slab occurs most often, in the absence of reinforcement, which is associated
with an excess of stresses by 1,1 -1,6 times compared to the stresses at the edge of the slab, which is fixed in

the norms.

Table 1 - Effect of deformations on strength reduction (approximate reduction coefficients) in a wide
range of changes in road pavement structures
Taonuysa 1 - Bnaus Oeghopmayiit Ha 3HUdMICEHHs MIYHOCMI (MPUOAU3HI KOe@iyieHmu 3HUICEHHS) 8
WUpoOKoMy Oiana3oni 3MiH KOHCMPYKYIl 00POACHBO20 0052y

Reduction factor

water on the shattered slab
pavement)

Bearing Capacity

Type of damage / Nature of the bearing durability K, Notes
estruction impact .
capacity K¢

Hair (plastic) cracks <0.3 Virtually no effect 0.95-1.0 0.9-0,95 Control; Sealing is not

mm necessary
Initial defects,

Shrinkage cracks 0.3-1 mm acc.elerated 0.9-0,95 0.8-0.9 Seahng? thin-layer protection,
moisture ultra-thin pavements
penetration

Operational cracks 1-3 mm Local St1ffness 0.85-0.9 0.7-0.8 Repair cracks, keys/staples as
Reduction needed

Wide cracks >3—-5 mm {;loeszlgé solidity of 0,7-0,8 0,5-0,6 Structural repairs/local repairs

. Reduced slab

Edge chipping, edge integrity, risk of 0.75-0.85 0.6-0.7 chal replacement, edge

fracture reinforcement
fracture
Violation of

Crumbling/falling out of contact between Repair with cards, polymer-

. . 0,7-0,8 0,5-0,6 L

pieces of concrete (spalling) | the stove and the repair mixtures
wheel

Oscillation/settling of slabs Dyna;mc strokes, 0.65-0.75 0.5-0.6 Slab jacking, injection

at the seams opening seams

Slab Lifting and Joint Loss of load 0.6-0.7 0.4-0.5 Restoration of seams, new

Fracture (>6 mm) transfer T 7 dowels/staples

. . Violation of s .

Concre.te p;ehng/crumblmg integrity, rapid 0.6-0.7 0.3-0.4 M1111ng3 thin layer of

(delamination) : wear/reinforcement
progression
High

Corner breaks concentration of 0.5-0.7 0.3-04 Inserts, dowels, local
stresses at the replacement of plates
corner

Block cracks .

(transverse/longitudinal Disability 0,4-0,6 0,2-0,3 Full/partial replacement of the

. stove

cracking)

Crack mesh (crocodile skin) Actugl Loss Of. 0,3-0,5 0,2-0,3 Refurbishment/overhaul
Bearing Capacity

Soaking slab breakdown

(cracked slabs, stagnant Actual Loss of <0.4 <02 Refurbishment/overhaul
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The coefficient characterizing the ratio of stress at the edge of the slab to the stress in the center of the
slab K, ; varies from 1,1 to 1,5 and decreases with increasing base coefficient. So, for the 4th category of

destruction during reconstruction (coefficient of 600 MN/m?), you can take values from 1.1 for a slab thickness
of 0,20 m to 1,4 for a slab thickness of 0,50 m.

Thus, on a theoretical basis, it is possible to establish a coefficient of reduction in the bearing capacity
of the pavement depending on the factors of influence.

These values correspond well to the results of well-known experimental studies by various authors
(Table 1 [3]) for durable pavement structures and [1-2] for roads of lower categories. That is, using the given
dependencies (1-51), it is possible to take into account the influence of deformations on the reduction of
strength in a wide range of changes in road pavement structures and changes in durability, taking into account
the increase in stresses in different sections of the slab under different load schemes.

The coefficients of reducing the bearing capacity and durability of cement-concrete pavements
depending on the type of damage and destruction are generalized (Table 1). They are formed on the basis of
the experience of operation of roads and aerodromes (materials DBN B.2.3-4:2015, ICAO Annex 14, FAA
AC 150/5320.

Explanation: ¢, is the multiplier to the calculated bearing capacity. For example, ¢, 0.7 means that the
slab is operating at 70% of the design capacity.

@a is the coefficient of durability (the ratio of the actual resource to the standard).

The values are indicative, since specific values depend on: the thickness of the slab; base type; load
intensity; climatic conditions (freeze-thaw cycles), etc.

For use in practical calculations (for example, when determining the degree of damage or when
designing reinforcement layers), it is advisable to use these coefficients as corrective factors to the calculated
moduli of elasticity or to the residual resource.

Conclusions

For currently common pavement structures, in the extreme case, for a rough assessment, it can be
assumed that when the cracked pavement is loaded near the crack, the deflection is 3 times greater than further
from it. At a distance of more than 1.5 ... 2.5 m from the crack, the deflection does not change compared to the
original. Then, on average, the deflection increases by 2 times, and the average total modulus of elasticity of
the pavement for areas with a destroyed pavement decreases accordingly due to destruction by about 2 times.

Based on the results of the calculations, it is recommended to multiply the calculated values of bending
moments my, KN-m/m, per unit cross-sectional width of single-layer rigid pavements of all types by k& — the
transition coefficient from the bending moment at the central loading to the moment at the edge loading of the
slab, which is assumed to be equal: for concrete and reinforced concrete pavements with butt joints or structural
edge reinforcement — 1.2; for concrete and reinforced concrete pavements, which are arranged without butt
joints and edge reinforcement of slabs - 1.4 - 1.5; for slab corners 1.7 -1.8; - for prefabricated pavements made
of prestressed reinforced concrete slabs — 1.0; for reinforced concrete pavements with non-stressed
reinforcement — according to Fig. 1 of the mandatory Annex 10 of SNiP 2.05.05 Aerodromes [1].

Assessment of the maximum possible change in the total modulus of elasticity of the road pavement due
to destruction allows using the obtained coefficients to correct the degradation model according to the data of
visual and instrumental inspection of structures. The materials of the work were used in the development of a
classifier of defects in road pavements (a system for visual assessment of the condition of the pavement) and
the development of a system for managing the condition of the pavement of roads and aerodromes. Based on
the A manual for expert assessment of the condition of the pavement has been developed in order to establish
the impact of defects and destruction on the change in the bearing capacity of road pavement structures.

The publication was prepared based on the materials received within the framework of the project
2023.04/0097 "Creation of a technology and system for operational analysis and management of cement
concrete pavement condition of critical infrastructure facilities based on spectral photos of informational
images", funded by the National Research Foundation of Ukraine.
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Anotamisi: CraTTs TpUCBIYEHA OLHII BIUIMBY MEXaHIYHUX IOMIKOMXEHb IOKPUTTS
LEMEHTOOETOHHUX J>KOCPTKHX IOPOXHIX OJAATIB Ha iX 3arajJbHUHA MOAYJb MPY)KHOCTI Ta JIOBTOBIYHICTS.
3a3HavyaeThCsl, M0 pyHHYBaHHS, CIPUYUHEH] TPAHCIIOPTHUMH 3aC00aMH Ta IMOTOTHUMH YMOBAaMH, 3HHKYIOTh
MOJYyJb TPYKHOCTI JOPOXKHBOTO MOKPUTTA. JloCmipkeHHs, omucaHi B CTaTTi, MOKa3yloTh, IO Ha
MOUIKO/DKEHUX IUISIHKAaX JOpIr cepedHiii MOIynb NpY>KHOCTI Moxke OyTd B 1,9 pasa HIDKYMM, HiK Ha
HETIONIKO/KCHHUX.

PosrnsgHyTO pi3Hi TeopeTudHi Mojmen Ta (GopMmysid, 30Kpema rinoresy Binkiepa-llumMepmana ta
MeTox Bectepraapza, st po3paxyHKy Halpy>KeHb Ta MPOTMHIB IUTHT I1iJl HABAHTAXXEHHSAM Y LIEHTPi, Ha Kpaio
Ta Ha KyTi. OCHOBHUM THIIOM PYWHYBaHHS KOPCTKHX JOPOKHIX TIOKPUTTIB € BiIKOJIOBAaHHS KYTiB IIUT, SKE
9acTo CHocTepiraeTbest B 0eToHI 0e3 apMyBaHHA. AHAJII3 MTOKA3ye, M0 HASBHICTH HACKPI3HOT TPIIIMHA MOXKE
301IBLIMTH MPOTHH TUTH B 1,3-2,7 pasa.

ABTOpPH [JifIUIM BUCHOBKY, IO JIOTiYHINE PO3MNIAAATH PYyHHYBAaHHS uYepe3 3MEHIICHHS MOAYJA
MIPY’KHOCTI IIEMEHTOOETOHY, a HEe Yepe3 3MEHINICHHS TOBIIWHU IIapy. Y CTaTTI TaKOX aHATI3YETHCS BIUIUB
MOJYJIsl IPY>KHOCTI OCHOBH Ha MPOTHH IIUTH. ONTHMabHE 3HAYEHHS U1 aBTOMOOIIBHUX JOPIT 3 KOPCTKUM
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MOKPUTTAM cTaHoBUTH 140-180 MIIa. 3anpornoHoBano GopMyidy IS po3paxyHKy KOSQII[IEHTIB MPUBEACHHS
710 €KBIBAJIGHTHOI HECHOT 3/1aTHOCTI 3a pyHHYBaHHS Y BUIJIAI BiIKOJIIB KyTiB Ta KpaiB ILJIHT.

KirouoBi cioBa: XopcTke IOpOKHE MOKPHUTTS, NePEeKTH Ta PyHHYBaHHS, TPIlIMHH, KoedilieHT
Hepexoy, IUINTa, IPOTHH, 3THHATBHIA MOMEHT
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