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IMPACT OF DEFECTS AND DESTRUCTION ON THE CHANGE IN THE BEARING CAPACITY
AND DURABILITY OF RIGID PAVEMENT STRUCTURES
Part 1. Clarification of the stress-strain state of a cement concrete slab
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Summary. 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 most dangerous location of the load is at the corner of the slab, where the stresses are
1.8 times greater than in the center.
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Introduction.

Under the influence of vehicles and weather and climatic factors, micro defects accumulate in the layers
of materials treated with binders, which eventually develop into macro cracks; contact destruction of crushed
stone grains occurs with the appearance and accumulation of small particles surrounding these grains and in
the presence of water, small parts of the destruction are plasticized; the material of the drainage layer is silted,
which impairs its filtration capacity and, in combination with increased cracks in the connective layers and the
flow of atmospheric water, this leads to waterlogging of the soil. All this, ultimately, leads to a decrease in the
overall modulus of elasticity of the road pavement.

For the first time, an attempt to assess the change in layer moduli depending on the condition of the
pavement in terms of destruction was made at the KhADI by prof. A.K. Birulya [1]. When implementing VSN
46-72 by the authors of the work [2], on the basis of experimental data from the Khadi, it was recommended
to multiply the calculated values of the layer modulus by decreasing coefficients, the values of which depend
on the presence of defects and destruction, depending on the degree of their development, after a visual
assessment of the condition of the layers when opening the pavement. These results, practically unchanged,
are now accepted in the pavement management system (SUSP), which is implemented by NTU specialists in
the organizations of the corporation "Ukravtodor".

The paper [3] presents the results of measuring elastic deflections with an increase in the number of
axial loads applied during the testing of road pavement. In this case, by the time visible cracks appeared on the
surface of the pavement, the deflection increased by 1,8 times, and after their development - by 2,3 times
compared to the deflection at the beginning of the tests.

Presenting main material.

During the inspection of roads, similar results were obtained, which show that in the destroyed areas the
average modulus of elasticity is 1,9 times less than the average total modulus of elasticity of the road pavement
in undeformed areas [3-4].

In Belgium [4], the results of experimental surveys proposed the following dependence for calculating
the equivalence coefficient of cement concrete with defects relative to crushed stone:

a, = (Ez /E,, )1/3 ) (D

where £ is the modulus of elasticity of cement concrete;
Egrn = 500 MPa — modulus of elasticity of the crushed stone layer — are made dependent on the
condition of the cement concrete pavement.

So, for a new pavement a; = 2.7, and for a very badly destroyed a; = 1.0, which corresponds to crushed
stone. Then the decreasing coefficients to the modulus of elasticity of cement concrete have the following
values (Table 1):

In general, it can be stated that despite the significant impact of deformations and destruction on the
strength of the road pavement, the results of direct measurement of the reduction in the bearing capacity of the
pavement structure are clearly not enough. There are even fewer works devoted to the theoretical description
of the impact of defects and destruction on changes in the strength of the pavement structure during operation.

The purpose of the work is to establish mathematical dependencies to assess the effect of mechanical
damage to the pavement on the overall modulus of elasticity of the pavement.

Research review. Cement concrete pavements are designed with the assumption that the slab rests on
a perfectly flat base, not taking into account the joint work between the concrete and the substrate.

In the United States, several methods of designing cement-concrete pavements have been
developed [5 - 10].
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Table 1 — Reduction coefficients to the modulus of elasticity of cement concrete
Taonuysa 1 — Koeghiyienmu 3nudicennsi MOOYIsL BPYICHOCTI YeMeHmMobemony

New pavement 1,00
No cracks, moderate deformities 0,80
Crack insulation, moderate deformations 0,41
Frequent cracks, crack mesh, individual deformities 0,17
Frequent cracks, a network of cracks or traces of repair on a large part of the 0.05
coastline, severe or frequent deformations ’

The main ones are:

- ACPA (American Cement Concrete Pavement Association) method since 1991,

- AASHTO method (American Association of State Road and Transportation Employees) from 1993
[5, 6].

The above methods, which are successfully used in the USA, are based on the theoretical solution of
Westergaard [7 - 8], modified by local conditions, according to which, taking into account the coefficient of
the bedding Ks of the substrate and the tensile strength when bending cement concrete, the thickness of the
concrete slab is established.

In our country, the calculation of rigid garments is carried out in accordance with SNiP 2.05.08-85 for
aerodrome pavements [9] and GBN V.2.3-37641918-557 for road pavements [10].

The experience of inspecting linear infrastructure facilities indicates that the first and main type of
destruction is breaking off the corners of pavements. Therefore, it is important to find theoretical confirmation
of this mechanism.

This problem is important for new types of rolled concrete pavements, where, for technological reasons,
there are no rebar and reinforcement in the seam area.

The purpose of the study: to establish analytical dependencies for calculating the impact of cracks and
joints on reducing the bearing capacity and durability of cement concrete pavements.

Problem statement. The mechanism of destruction of plates in time can be divided into the following
stages: exceeding the permissible loads on the support, wheel or axle and breaking the corner of one plate —
water flowing into cracks and seams and soaking the plate at a cracked corner and weakening the base —
sedimentation of the broken part — breaking the corner of the plate located in front or in another lane of
movement — the settlement of parts, broken off with stagnant water and filling with dirt — subsequent
breaking off of the body of the plate with the formation of block cracks — grinding of block cracks with the
formation of a network of cracks "crocodile skin" — complete loss of bearing capacity (Table 2).

This situation is typical for objects that have served more than 40 ... 50 years at rated load and for newly
built, after 3-4 years with a significant excess of permissible design loads.

The coefficient of bringing to the equivalent bearing capacity for fractures in the form of breaking the
corner of the slabs is located (in the absence of reinforcement of the slabs or the presence of rebars in the joints,
etc.) as the stress ratio at the corner of the slab o to the center of the slab o;:

Kei=2 )

The coefficient of bringing to the equivalent bearing capacity for fractures in the form of breaking the
edge of the slabs is located (in the absence of reinforcement of the slabs or the presence of pins in the joints,
etc.), as the ratio of stress at the edge 0., 0f the slab to the center of the slab o;.

Keg i =2 3)

g ’
Reduction coefficient, as the ratio of stress at the corner of the slab to the edge of the slab:

Oc

Kc_eg = (4)

Oeg’
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Table 2 — Mechanism (dynamics in time) of destruction of cement-concrete slabs of linear infrastructure
facilities (voads, airfields, container sites of ports, logistics centers, etc.)

Tabnuysa 2 — Mexanizm (Ounamika 6 uaci) pYUHYBAHHS YEMEHMOOCMOHHUX HAUM  JIUHIUHUX
iHghpacmpykmypuux 00'ekmig (dopie, aepoOpomie, KOHMEUHEePHUX MAUOAHYUKIE NOpmMie, JO02ICMUYHUX

YyeHmpie mowyo)

Destruction of cement-concrete slabs

b) the devloet of a branch of cracks from
corner cracks with the division of the plates into
three or four parts

d) rogresswe truction of sla with the

subsidence zones, waterlogging of the base)

Destruction of cement-concrete slabs in time

susce an of 0 orthree
ad'acet corners of the sabs

¢) further subsidence and breaking off of four
adjacent corners of the slabs with formation of
cracks parallel and perpendicular to the corner
ones

S e e %

formation of block cracks (stagnation of water in

e) grinding block cracks with the formation of a
network of cracks "crocodile skin".

Similarly, for the second group of boundary states, we have the corresponding ratios of deflection the

corner J. and egle Je, to deflections center of the slab d;:
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Assumptions of the Westergaard method

The formulas for determining the thickness of a concrete slab were determined using the Winkler-
Zimmermann hypothesis, which assumes that the response of the soil to external loads is directly proportional
to the magnitude of the load [6 - 7]:

Three cases of load installation are considered: in the center of the slab, at the edge and in the corner of
the slab,

With the external load, the safety factor of 1,15 and the dynamic impact of the load due to the coefficient
of dynamism Ky, = 1,2 ... 1,3 should be taken into account.

Theoretical calculation model

In the computational model of the method, a slab resting on a Winkler base is characterized by a
coefficient of base (soil) resistance (bedding) K. The material of the slab is characterized by the following
parameters: modulus of elasticity of cement concrete £ and Poisson's coefficient v. 1 below.

The calculation of the stress according to the tensile criterion during bending of monolithic layers is
performed depending on the contact conditions between the layers:

a) "soldered" contact, when the layers are completely interlocked,;

b) contact with "slippage" — incomplete contact, taking into account the shear;

¢) "smooth or slippery contact" - there is no grip.

The first case is practically difficult to implement. The second most closely matches the contact
conditions for the pavement layers. The most dangerous for the work of the pavement is the last case.

:
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1) in the center (circle)

>
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3) at the corner (circular)
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2) on the edge (circle)
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4) on the edge (semicircular)

Figure 1 — Model for calculating pavement by the Westergaard method [6 - 7]
Pucynok 1 — Mooens 015 po3paxyHky nokpumms memooom Becmepeaapoa [6-7]
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According to the assumptions, the methods of stress in the plate are determined in three places, using
the following ratios [6 - 23]:

I. INTERIOR LOADING (LOAD IN THE PLATE’S CENTER)

As defined by Westergaard, this is the case of a wheel load at a "considerable distance from the edges,"
[14] with pressure "assumed to be uniformly distributed over the area of a small circle with radius a" [15].
After an extensive literature survey and comparisons with finite element results, the following interior loading
equations are considered to be in their most general form.

Maximum bending stress, i

1.Ordinary theory of Westergaard’s

3P (1+u) 1 3P aY
Ui_orig—h—z' o . 10g ; +0,5—]/ +64h2 (1+‘Ll) T . (6)
2. Special theory:
3P (1+ p) (2-1} 3P _(bT
o, =——2.log| — [+0,5—y |+ 1+ -1 | 7
e T T T ( g el G ()
3. For square:
B 2
3P (1+p) 2-1 3P c'
: =— | log| — [+0,5—y |+ 1+ — 1 |- 8
Cisqe =57 " 5 (og( clj 7} 64hz( 1) [1 ®)

4. For the center of the slab from the circular load:

At large values of the pavement thickness, which is typical for aerodromes and roads of I - II category
with cement-concrete pavement, the solution of the Westergaard theory of thick plates can be used to calculate
the maximum tensile stresses on the lower surface of the plate:

3
P E-h
(04 )max = 0275-(1+4)— (41g —
. 12(1- 4*)K -b

5. Maximum deflection, for load distributed in a circle, J;:
P 1 a 5 aY

O, iv = A1+ — || In| = |+y— || = 10

o [Sklzm (m)[ [21 4 4} (IH (10

II. EDGE LOADING

Westergaard defined edge loading as the case in which "the wheel load is at the edge, but at a
considerable distance from any corner." The pressure is assumed to be "distributed uniformly over the area of
a small semi-circle with the center at the edge" (~). Equations for a circular load at the edge were first presented
in 1948 [16]. The most general forms of the edge loading formulas follow.

Equations for circular load at edges were first introduced in 1948 [16]. The most common forms of
formulas for plate edge loads are given below:

Maximum bending stress, 6.,

1. Conventional theory (semicircle):

0,529P E-K
S, wor :T-(1+0,54y)-(10g( o~ J—O,71j, (11)

2

+1,069), 9)

Hayxoswuii )xypHan « ABTOMOBUIBHI JIOPOTH 1 JOPOXKHE BYJIBHUIITBO», 2025. Bunyck 117. Yactuna 1.
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 1.

68



BYJAIBHUILITBO TA IIUBIJIBHA TH’KEHEPISI / BUILDING AND CIVIL ENGINEERING

2. Special theory (semicircle):

0,529P E-K’
O, wsr = h— (1+0,54)- (log[ b2 J_O”HJ’ (12)

2

3. "New" formula (circle)'

3 —
0. e =| 20 | XA N _ER +1,84—4—'u+(1—ﬂj+1,18(1+2,u)(gj . (13)
- 7Z'h B+ u) 100ka 3 2 [
4. "New" formula (semicircle):

A+ w) Eh’ A (14241 a,
O, gic ™= |:7Zh2 {(3+,U):|:| |:ln(—100ka24]+3’8 3 +[—2 j} ;- (14)

5. Simplified "New" formula (semicircle):

S, s =[( :Pj (1+0,54)- {0 48910g( 1 ]+o 091-0, 027( ; m (15)

6. Simplified "New" formula (circle) ( Loseberg equation):

O, s = ( :Pj (1+0,5)- [o 489log(1j+0 012-0 063(% (16)

7, The Kelly equation for edge load is represented below with b, which is equal to the load radius of
the plate [17]:

3
Cmax =0,529(1+0,54y)%1og % : (17)
h Kb
Maximum deflection, 0.,
1. Original formula:
o =(1+0,40)| —= || — 18
e_ 3aeanvHe ( ﬂ)[\/_j (klzj ( )
2. "New" formula (circle):
2
5, po=| D2HL2H" 1 (0,76+0 4/1)( ﬂ (19)
(EW k)2
3.  New formula (semicircle):
2
5, s =| LEFLIA 1 (0,323+0 17/1)( H (20)
(ER’ k)2

4. Simplified "new" formula (semicircle):

(L. P a,
§e_ELS —(\/gj (1+O,4y)(klzj{l O,323(1+O,5y)( ; H (21)

5. Simplified "new" formula (circle):
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(L) Lo a
56‘ELC_[\/EJ (1+0’4ﬂ)(klzj{l 0’760(1+O’5ﬂ)(lﬂ’ (22)

III. CORNER LOADING

Of the three fundamental cases of loading investigated by Westergaard, corner loading is undoubtedly
the most obscure and debatable. The theoretical background for maximum corner deflection and stress
equations is particularly weak. Their semiempirical and approximate nature has led to numerous revisions and
modifications in the years since their original publication, in an attempt to reconcile observed slab behavior
with theory. These are discussed by Kelley [17] and Pickett [18] and are summarized as follows:

Maximum bending stress, Gcor:
1. Goldbeck [19], Older [20]:
- _(3}))
od | 72
s (23)

2. Westergaard [5] Ioannides et al.:

3P a "
o,=|—=11,0-| =+
c2 (hZ |: ( l j :|
> 24)
0,6
" _3P| 1-41b
max — 2 0,25
h Eh3
12(1- u?HK
or , (25)
3. Bradbury [21]:
0,6
o)
) (26)
4. Kelly [17], Teller and Sutherland [22]:
3P a )\’
o.=|—|1,0-| =+
(3]
: 27)

5. Spangler [16]:

o (3o ]
h 1] (28)

o (Pa) = 4,2P(1_( Jalt D

6. Pickett [18]:

2
b 0,925+0,22(a/?) 09)

3

. Geoffroy:

n?

Ok Gam = P |:2, 720261’741{?j:|

(30)
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Geoffroy and Pickett's formulas differ only by a factor of (1+).
8. Finite element solution [23]:

€1y
9. Suggested based on research data:
1—(e—1)-[%]

o =(l+u)—=|e
52

c_Gam
(32)
Maximum deflection, dcor.:
11. Original formula Westergaard:

12.
i fonfs]
ki 1)) 33)

11. Approximation of calculations by the finite element method:

Sy = (izj {1, 205-0,69 (Eﬂ
ki ! . (34)
The above formulas indicate:

P — the value of the applied load on the wheel;

h — the required thickness of the cement concrete slab;

Plate length, not less than L = 5-I;

[ — the radius of relative rigidity, determined by the dependence [10 -13]:

. E I
{12-(1-v?) K, 55)

where Z=0,2; for reliability 80%.
A — the radius of the loading surface;
v — the Poisson's ratio for cement concrete;

_ . 2 2 .
4= a~\/5; b=y1,6-a”+h"=0,675-h equivalent radius of stress distribution on the bottom

surface of the plate,

E — the modulus of elasticity of the cement concrete from which the slab is made;

K,s — the coefficient of base (soil) resistance under the cement concrete slab (cement concrete on the
existing base and soil):

2
bk:1/1,6-D—+hf—0.675-hr bk:B
4 , for D/2< 1,724}, 2 for D/2>1,724h

The latter formula is widely used to calculate acrodrome cement concrete pavements.

The change in tensile stresses during bending for the center, edge (according to the refined Westergaard
formulas) and corner of the plate when calculated according to our approximations depending on the thickness
of the plate is shown in Fig. 2.

: (36)
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Figure 2— Comparison of tensile stresses during bending for the center, edge (according to the refined
Westergaard formulas) and corner of the plate when calculated according to our approximations

Pucynox 2 — Illopisnanna HanpyjceHv posmszy ni0 4ac 32UHAHHA Ol yenmpy, Kpaw (32i0Ho 3
ymounenumu opmynamu Becmepeaapoa) ma kyma naacmunu npu po3paxyHKy 3a HAWUMU HAOIUNCEHHAMU

Conclusions

The paper presents an analysis of the analytical relationships for determining stresses and
strains in a cement concrete slab, used in various codes for the design of rigid pavements.

The comparison is made starting with the pioneering analytical work of N.M. Westergaard,
which has been the basis of slab pavement design since the 1920s. Every code of practice published
since then contains a reference to the “Westergaard solution”.

These solutions are obtained for three specific loading conditions (internal, edge and corner)
and assume a slab of infinite or semi-infinite dimensions. Since their first appearance, starting in the
early 1920s, the Westergaard equations have often been misquoted or incorrectly applied in
subsequent publications.

Westergaard’s original equation for the edge stress is incorrect. Instead, the long-ignored
equation given in his 1948 paper should be used. Improved expressions for maximum angular loads
have been developed. Dependencies for calculating deflections in a cement concrete slab of a rigid
road pavement have also been analyzed.

The specified dependencies are recommended for use in the development of domestic
regulatory documents for the design of rigid road pavements.
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Anoranisi: CraTTs NpPUCBSYCHA OIHIN BIUIHBY MEXaHIYHUX  IOMIKOKEHL  TOKPUTTS
LEMEHTOOETOHHUX J>KOCPTKHX IOPOXHIX OJAATIB Ha iX 3arajJbHUNA MOAYJb MPY)KHOCTI Ta JIOBTOBIYHICTS.
3a3HavyaeThCsl, M0 pyHHYBaHH, COPUYMHEH] TPAHCIOPTHUMH 3aCO0aMH Ta MOTOJHUMH YMOBAaMH, 3HUXKYIOTh
MOZIYJIb TIPY>KHOCTI JOPOKHBOTO TIOKPHUTTSL.

PosrnsiHyTO pi3HI TeopeTHyHi Mozneni Ta ¢opMyiH, 30Kpema Timoredy Binknepa-Llummepmana Ta
MeTox Bectepraapaa, aist po3paxyHKy Halpy>KeHb Ta MPOTMHIB IUIHT I1iJl HABAHTAXXEHHSAM Y LIEHTP1, HA Kparo
Ta Ha KyTi. OCHOBHUM THIIOM PYWHYBaHHS KOPCTKHX JOPOKHIX TIOKPUTTIB € BiIKOJIOBAHHS KYTiB IIUT, SKE
9acTO CIIOCTEPIraeThcs B OeToHI 0e3 apMyBaHHSA. AHam3 IOKa3ye, IO HaWOIIbII HEOE3MEYHHM €
pO3TallyBaHHs HABAaHTaKEHHS Ha KyTi IUIUTH, Jie HANpy»XeHHs B 1,8 pa3 OibIii HiX M0 LHEHTPY.

Kiro4oBi cjioBa: >KOpPCTKE JOPOYKHE IMOKPUTTA, AepeKTH Ta pyHHYyBaHHS, TPIIIMHH, Koe]ilieHT
Hepexoy, IUINTa, IPOTHH, 3THHAEHINA MOMEHT.
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