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Various numerical methods are commonly used to model the loading response of traffic infrastructures. How-
ever, the broader implementation of these methods into practice is typically limited by the high computing cost
or technical complexity of the models. Computationally lighter methods are especially needed when a substantial
number of calculations must be performed. Hence, this paper introduces a new simplified approach to estimating
the loading response of different traffic infrastructures, e.g. roads and railways. This approach is based on the
novel approximate solution for the vertical and shear stress fields caused by a uniformly distributed circular
surface load. The presented theory has been validated using versatile field measurement data from different types
of road structures under varied loading conditions. In the verification calculations, both the vertical stresses
within the structure and the deflection of the road surface were examined. The findings indicate that the model
closely aligns with the behavior observed in actual structures. The approach presented in this paper enables a
quick and easy determination of the loading response of multi-layer traffic infrastructures, providing a new
practical calculation tool for researchers and practitioners.

Introduction

In many practical engineering problems, an accurate estimation of
the internal stress distribution of earth masses holds significant impor-
tance. For instance, in designing road structures, it is important to
ensure that the structural layers possess adequate durability relative to
external traffic loads. Typically, stress calculations are conducted using
either analytical or numerical methods. Traditionally, the calculation of
the loading response of flexible pavement structures has relied on the
linear elastic multilayer theory. Initially proposed by Burmister for two-
layer systems [3], this theory later extended to encompass n-layer sys-
tems as computers became more common [23,27]. With the increase in
computing power, the finite element method (FEM) has become one of
the principal numerical tools for simulating the loading behavior of
various traffic infrastructures. In previous studies, FE models have been
widely used by many researchers to model the loading response of
pavement structures (e.g. [5,6,9,10,15,18-20,26,28,29,37]) as well as
railway structures (e.g. [8,13,24,25,33,38]). While numerical methods
offer generalizability and wide applicability, there are instances where it
is more practical to utilize computationally lighter methods, particularly
during preliminary assessments or when a substantial number of
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calculations must be performed.

Analytical loading distribution theories historically trace back to
Boussinesq’s [2] solution for the stresses and strains in a homogeneous
and isotropic linear elastic half-space, loaded by a vertical point force on
the surface [34]. Based on Boussinesq’s solution, a close form solution
can be derived for calculating the stresses caused by a circular uniformly
distributed surface load, when the observation point is located directly
below the center of the load (e.g., [31]). Similarly, utilizing Boussinesq’s
theory, a complete solution exists for stress fields caused by a line load
and a strip load [7,34]. Also, a close form solution has been presented for
determining stresses below the corner point of a rectangular surface load
[21]. Conversely, an analytical solution for the vertical stresses caused
by a circular surface load can also be derived (e.g., [11]). However, this
solution necessitates the computation of elliptic integrals of the second
and third kind, either numerically or using tabular methods [4]. Since
then, solutions have also been proposed for the vertical stresses and
displacements due to a uniform vertical circular load in an inhomoge-
neous and cross-anisotropic half-space [36] - nevertheless, this solution
is not in closed form and requires numerical integration. Additionally, a
complete solution has been presented for the stresses and displacements
caused by a surface vertical point load in a cross-anisotropic half-space
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[11.

In contrast to prior studies, this paper introduces a new approximate
method for determining vertical and shear stresses beneath a uniformly
distributed circular surface load, featuring a simple analytical function
structure. Initially, the proposed solution is validated against exact so-
lutions; subsequently, the theory is extended to estimate the loading
response of multi-layered road structures, and the functionality of the
proposed model is compared with a nonlinear finite element model.
Finally, the proposed model is verified using versatile field measurement
data from various structures. The presented calculation method offers a
fast and computationally efficient approach to estimating the loading
response of different traffic infrastructures, complementing existing
techniques. Due to its simplicity, this method can be easily implemented
in various applications, making it an alternative tool to support both
research and practical engineering endeavors. Additionally, mathe-
matical simplicity enhances method’s explanatory and educational
value, consequently reducing the risk of programming errors related to
its implementation in real-world applications.

Boussinesq’s solution for vertical and shear stresses
According to the Boussinesq solution, presented in more detail, e.g.,

by Timoshenko and Goodier [31], vertical stress o,, and radial shear
stress 7,, caused by a point load P at the point z, r, can be written as:

3P z8
2z — 2_71_ (rz +z2)52 (l)
3p rz? r
2

Ty =5 ——————5 = 0

where z is vertical distance and r is radial distance from the point load.
For uniformly distributed surface loads, the vertical and shear stress
fields can be determined by integrating stresses over the loading area.
The assumption of linear elastic material allows the principle of super-
position of solutions to be applied [34]. Hence, numerical integration
can be carried out using a superposition procedure; in this study, 7850
point loads have been utilized for integration. These numerically
calculated values are later used to validate the approximate solution
presented in this paper.

Derivation of an approximate solution
Vertical stress below a uniformly distributed circular surface load

The starting point of the method presented here is to determine the
stress field in a rotational symmetric case in a cylindrical coordinate
system. In this case, the increase in the vertical stress below a uniformly
distributed surface load at the point (z, r) is determined as the product of
the surface pressure omqy and the load variable f:

Cuz = Omaxf(2, T) 3)

Consider the scenario depicted in Fig. 1, where the point of interest is
located vertically at a depth z’ and horizontally at a distance r from the
centerline of the circular loading area with a radius R. Here, z’ repre-
sents the scaled depth from the surface. The relationship between the
scaled depth z’ and the actual depth z is directly obtained through a
conversion factor k:

Z =kz @

The value of variable f at the observation point (z’, r) is assumed to
be the square of the sine of the half apex angle of the triangle drawn
through the edges of the loading area:

f= sin? (g) = sin? (@) 5)
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Fig. 1. Loading situation below a uniformly distributed circular surface load.

Using Eq. (4), the load variable f can be directly expressed using the
coordinates (z, r):

f =sin® (% (tan’1 (r;ZR> —tan™! (r;ZR> )) (6)

By combining Egs. (3) and (6) and setting the conversion factor to k
= m/4, the vertical stress expression takes its final form:

1 4 R 4r—R
Oz = Uma_x'Sinz (E (tan’l (—'r * ) —tan’! <—'r ))) 7
2 n 2z

Here, the value of the conversion factor k = 1/4 represents the ratio
of the areas of a square and a circle whose diameter corresponds to the
side of the square. Fig. 2 illustrates the relationship between the
approximate prediction produced by Eq. (7) and the exact solution
calculated using the linear elastic theory. Generally, an approximate
solution can be considered to correspond reasonably well to the exact
solution.

Determining the shear stress field

In the cylindrical coordinate system (r, 6, z), the force equilibrium
equation with respect to the vertical axis z takes the following form:
10t doy

T 0 oz
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Fig. 2. Comparison of the approximate solution to the exact solution for ver-
tical stresses at different r/R ratios (exact solution from [11]).
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where 7, and 7,9 are the shear stress components, o, is vertical stress,
and f, is the vertical body force. By assuming 7,y and f;, to be zero and
considering the moment balance (thus 7, = ), Eq. (8) is simplified
into:

0Ty | Ty | 004

o ' r 6220 ©)

By substituting Eq. (7) into equilibrium Eq. (9), we obtain the solu-
tion for the shear stress component z,, with the boundary condition z,, =
0 when r = 0. In this case, the solution is:

(’;—Z)z +r2 4R

£ () 1) (=) )

Fig. 3 compares the solution of Eq. (10) (dashed line) with the
numerically calculated radial shear stress values 7., (solid line) under a
uniformly distributed circular surface load using Boussinesq’s theory.
Overall, the values computed using different theories are in good
agreement, but with large r/R ratios, the approximate solution slightly
overestimates the magnitude of the shear stress. However, the magni-
tude of error decreases as the depth increases.

When applying the superposition principle, the shear stresses trans-
mitted from different surface loads must be summed in the Cartesian
coordinate system. In the Cartesian coordinate system, the shear stress
components 7, and 7, caused by a single surface load can be deter-
mined using the coordinate system transformation:

74

4

Tar = Omax g

x
Ty = TgCOSO = Typ——ee 1)
VX2 +y?
Ty = 1SN0 = 1, 12)

X2 +y?

Characteristic error of the approximate solution

Fig. 4 compares the absolute error produced by the approximate
solution with the numerical solution based on Boussinesq’s theory. The
pointwise error is calculated as the absolute difference between the two
theories relative to the surface pressure of the loading area. For vertical
stresses, the largest pointwise error is observed at the outer edge of the
loading area (Fig. 4a). Also, directly below the centerline of the surface
load at a depth of z = R/2, the approximate solution underestimates the
stress level by about 2 %. Similarly, for radial shear stresses, the largest

0.3

o
N
32

o
N

o
N

Shear stress / Surface pressure
o
=
[6)]

0.05

r/R

Fig. 3. Comparison of the approximate solution to numerically calculated shear
stress values at different z/R ratios (numerical solution based on Boussi-
nesq’s theory).
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error is observed at the edge of the surface load, although the differences
between the methods decrease rapidly when moving away from the edge
region (Fig. 4b). Basically, the approximate method slightly over-
estimates the magnitude of shear stresses at the edges of the loading
area.

However, when it concerns earth structures, it is often more relevant
to determining the stresses deeper within the structure rather than
immediately below the loading area. Furthermore, from a practical
standpoint, it is also important to consider the limitations of the classical
theory in describing the behavior of real soil masses. In this context, the
accuracy of the proposed method can be considered reasonably good
overall, particularly in terms of its practical applicability.

Estimating the loading response of a multi-layered road structure

Now, let us extend the approximate method derived above to
examine the loading response of a multi-layered road structure. The
structure is assumed to consist of a bound, linear-elastic, uniformly thick
pavement, and unbound layers beneath it, with vertical stiffness treated
as scalar-valued quantities. For the unbound layers in this model, ver-
tical resilient deformations are primarily attributed to the compression
of the material’s grain structure (thus, the Poisson’s ratio of the mate-
rials is close to zero). Additionally, it is assumed that the unbound layers
cannot sustain tensile stresses, resulting in behavior that deviates
slightly from the linear elastic theory. Moreover, the vertical resilient
behavior of the unbound layers is considered to be independent of each
other.

The vertical displacement caused by a single surface load at a dis-
tance r from the load’s centerline is obtained as the integral of the
vertical resilient deformations with respect to depth:

Hi+he

u(r):/ezz(z, r)dz:i / w dz
he i=1 i

7 hithe

13)

where h; and H; are the distances of the top and bottom surfaces of the
unbound layer i from the bottom of the pavement layer, E; is the vertical
stiffness modulus of the unbound layer i, 6,,(z, r) is the vertical stress at
point z, r (Eq. (7)) and h, represents the equivalent thickness of the
pavement, which can be solved using Odemark’s method [22,32]:

iR

Here, h is the actual thickness of the pavement, E; is the elastic
modulus of the pavement material, and E; is the elastic modulus of the
infinitely thick homogeneous half-space beneath the pavement. By
ignoring the pavement compression, the vertical displacement of the
half-space at the center point (r = 0) of the uniformly distributed circular
surface load acting on the pavement surface can be obtained by inte-
grating Eq. (7):

1 T o, 4R 7 h,
== [ 6,z r= =% (9R——tan !(= =
Us, 5 /az(z, r=0) dz E, <R ﬂtan <4R>>

h

e

14

(15)

Rearranging Eq. (15) and setting the vertical displacement u,, of the
half-space and the vertical displacement u(r = 0) of Eq. (13) to be equal,
the expression of the elastic modulus E, can be written as:

z he
4R

no2 —1( z Hith -1 z hit+h
Yicimg <tan (Z 1T2> — tan <Z lTe>>

Substituting Eq. (16) back into Eq. (14), the equivalent thickness h,
of the pavement can be solved iteratively. For instance, starting with an
initial guess h, = h, the solution converges to the final approximation
value after a few iterations. After determining the equivalent thickness

1—2tan!

E; = (16
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Fig. 4. Characteristic error of the approximate solution for vertical stresses (figure a) and shear stresses (figure b).

of the pavement, the stresses caused by a single surface load can be
calculated using Egs. (7) and (10)-(12) (noting that the equivalent
thickness of the pavement must be calculated separately for each surface
load). Now, the coordinate z is obtained from the equation:

z = he ~+ Zunbound (17)
where h, is the equivalent thickness of the pavement, and 2,,poung is the
distance from the bottom of the pavement layer. Using Eq. (17), the
deflections of the pavement structure can be calculated with Eq. (13).
The integration of Eq. (7) (on right hand side of Eq. (13)) is recom-
mended to be performed numerically at points where r # 0 due to the
complexity of the analytical solution. The calculation of integral values
can be achieved, for instance, with standard spreadsheet software. It is
assumed in this paper that the contact area between the tire and the road
surface is circular. Moreover, the surface pressure caused by the tire is
assumed to be uniformly distributed and equal to the tire pressure.
Therefore, the radius R of the loading area can be calculated as a
function of the wheel load Q and the tire pressure p:

Re /2
7p

However, it should be noted that in reality, the load caused by the
tire is not perfectly uniform or circular. Additionally, the effects of
driving speed and temperature conditions on pavement response must
be considered through parameterization in the presented model. If the
loading configuration consists of multiple surface loads, the overall
response of the structure can be calculated using superposition method.

(18)

Comparison of the theory with the finite element model

To validate the multilayer theory introduced earlier, the behavior of
the model has been compared to the nonlinear finite element model. The
Plaxis 2D Connect Edition V21 software was utilized for the calculations,
which were conducted in rotational symmetry. The element model

dimensions are 2.7 m in height and 12 m in width, utilizing 15-node
triangular elements (totaling 74,575 elements). The modeled structure
includes a 50 mm thick pavement atop unbound structural layers. A
single circular surface load, 150 mm in radius with a surface pressure of
900 kPa (totaling 63.6 kN), was applied to the structure. In the FE
model, the pavement is modeled as a linear elastic material, while the
unbound structural layers are modeled using the elastoplastic Mohr-
Coulomb material model. Additionally, the effect of strength parame-
ters on the structure’s loading response was examined with two different
sets of parameters: the thicknesses of the structural layers and the
calculation parameters used in the FE model are presented in Table 1.
The thicknesses and modulus values were maintained consistently
across different calculation methods.

Fig. 5 illustrates the increases in vertical stresses, shear stresses, and
pavement deflection at various points within the structure, as calculated
by different methods. Overall, the calculated values match each other
quite well, though with lower strength parameters (parameter set B), the
FE model’s deflection is significantly greater than the deflection pre-
dicted by the approximate method. This difference is primarily attrib-
uted to the plastic behavior of the unbound structural layers in the FE
model. However, the impact of strength parameters on stress compo-
nents seems to be less significant. Furthermore, while the approximate
method slightly underestimates shear stress levels compared to the FE
model, overall, it provides a reasonably accurate estimate of the stress
levels within the unbound structural layers.

Model verification

Verification of the proposed approach utilizes measurement data
from the literature on different types of road structures under varied
loading conditions. In total, five different structures are included in the
review. Table 2 presents the thickness of the structural layers and the
modulus values used in the calculations. For the AC pavements, the
resilient modulus values were estimated based on the reported tem-
peratures and driving speeds using Tiehallinto [30]. Correspondingly,

Table 1
Parameters used in the FE model (A and B refer to different parameter sets).
h (m) y (kN/m?) E (MPa) v () c (kPa) o) v ()
A&B A B A B A B
Pavement (LE) 0.05 25 2500 0.3 - - - - - -
Layer 1 (MC) 0.25 22 250 0.2 25 6 52 46 16 10
Layer 2 (MC) 0.4 21 180 0.2 15 5 48 42 12 6
Layer 3 (MC) 2 19 75 0.2 10 5 40 35 5 2

LE=Linear elastic, MC=Mohr-Coulomb, v=Poisson ratio, c=Cohesion, ¢p=Friction angle, y=Dilation angle.
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Fig. 5. Comparison of the presented model with a nonlinear finite element model, with two different sets of strength parameters (z = the depth from the surface of

the structure, r = the horizontal distance from the center of the loading area).

Table 2

The thicknesses of the structural layers and the modulus values used in the calculations.

Structure A Structure B

h (mm) / E (MPa) h (mm) / E (MPa)

Structure C

h (mm) / E (MPa)

Structure D Structure E

h (mm) / E (MPa) h (mm) / E (MPa)

Pavement 50 5000 30 2000
Layer 1 250 300 100 250
Layer 2 2300 80 150 150
Layer 3 - - 200 100
Layer 4 - - 6000 30

110 1000 40 2200 107 3500
200 300 390 250 88 250
300 200 450 180 450 200
500 150 320 120 2350 50
3000 120 2500 55 - -

for unbound layers, resilient modulus values have been determined
based on the assumed granularity, stress, and moisture state of the
materials using the source Kolisoja [16]. As a basic principle, the
parameterization of the structures has been kept as simple as possible. A
more detailed description of each structure is provided in the following
chapters, along with the presentation of the verification results.

Structure A - Huhtala et al. [12]

The test structure comprises a 50 mm thick AC pavement (E = 5000
MPa, 7...10 °C) and two unbound structural layers. Below the pavement
is a 250 mm thick layer of crushed rock, and beneath that is a 2300 mm
thick layer of fine sand. The water-table level was approximately 2.3 m
from the road surface. The tests were conducted using a heavy vehicle

simulator (HVS), with loading from both a single tire and a dual tire.
Pressure sensors were installed at depths of 175 mm, 300 mm, and 600
mm (measured from the top of the pavement). Additionally, structure
deflections were measured using a falling weight deflectometer (FWD).
A more detailed description of test structure A is provided by Huhtala
etal. [12].

Fig. 6 shows the measured vertical stresses for different tire types and
tire pressures as a function of the wheel load, along with their correla-
tion with calculated values. The presented values represent the stress
state directly below the centerline of the wheel. In the calculations, the
dual tire setup was modeled using two circular loads, spaced 340 mm
apart. While the calculated values for single tires may differ slightly
from the measured values, overall, the calculated stresses align quite
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Fig. 6. Measured and calculated vertical earth pressures in structure A with different wheel loads and tire types.

well with the measured earth pressures. Similarly to the FWD-test, the
deflection of the structure has been calculated using a single 50 kN
surface load, with a diameter of 300 mm. The correlation between the
calculated and measured deflection values is considered to be good, as
depicted in Fig. 7.

0.3 A
0.4 A

0.6 ~
0.7 A
0.8

0.9 T T
0 02 04

Deflection (mm)

----- Calculated

Measured

06 038 1
Distance (m)

12 14 16

Fig. 7. Measured and calculated deflection of structure A in the FWD
measurements.

Structure B - Kolisoja et al. [17]

Test structure B is situated within the low-volume road network in
Vesilahti, Finland. The site features a thin, approximately 30-40 mm
thick, soft asphalt surface, with the total thickness of the structural
layers being around half a meter. Measurements were conducted in the
autumn of 2013. In the calculations, the moisture level of the lower part
of the structure is assumed to be slightly higher than usual, and there-
fore, slightly smaller modulus values for the lower unbound layers have
been used. Vertical stresses and road surface deflections were measured
during tests under a heavy vehicle overrun. At the time of measurement,
the air temperature was around 10 °C [17].

Fig. 8a shows the measured and calculated vertical stresses within
the structure at various depths under a single tire (tire pressure of 950
kPa and a wheel load of 37 kN). While the model’s accuracy for vertical
stresses is moderately good, noticeable differences are observed be-
tween the calculated and measured deflection profiles (Fig. 8b). It is also
worth mentioning that the surface of the road was rutted at the time of
measurement, leading to a slight deviation in the horizontal position
between the measured and calculated values. The test site’s subsoil
consists of a fine-grained silt layer, which was likely very close to a
water-saturated state during the measurement period. Consequently, the
Poisson’s ratio of the subsoil is likely closer to the value of 0.5, resulting
in the measured deflection shape of the road surface being significantly
steeper than the calculated prediction. Therefore, users of the suggested
approach should be aware that for thin structures located on highly
flexible subsoils, the presented calculation procedure may yield an
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Fig. 8. Measured and calculated vertical earth pressures in structure B (figure a) and the structure deflections (figure b).

incorrect estimate of the deflection bowl shape.

Structure C - Kalliainen et al. [14]

Structure C is situated in the Aurora smart road section in Finland
(test site 2). The pavement thickness is approximately 110-120 mm, and
the road structure has three unbound layers. The subsoil of the site is
composed of sandy moraine. The surface temperature of the pavement
during the measurement was recorded to be around 38-45 °C, and the
groundwater-table level was below the road’s structural layers [14].
Vertical stresses were measured at two different levels within the
structure: depths of 210-220 mm and 310-320 mm, measured from the
top of the structure.

In the calculations, the pavement thickness was set at 110 mm, and
the loading consisted of one end of a 114 kN dual tire driving axle on a
nine-axle heavy vehicle. The loading response of the dual tire was
modeled using two side-by-side circular loads, each with a tire pressure
of 850 kPa and a combined wheel load of 57 kN. Additionally, the effect
of the distance between the center points of the circular loads on the
calculated stresses was examined. A comparison between the measured
and calculated stresses is presented in Fig. 9. In the case of a narrower
loading diagram (yw = 260 mm), the calculated values correspond fairly
well to the measured ones, although the calculated maximum stresses
are slightly lower than the measured values. However, when using a
wider loading diagram (yw = 340 mm), the calculated values beneath
the tire remain slightly smaller than the measured earth pressures. Yet,
these differences even out as the depth increases.

250
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£
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1%}

o
k7
T 100 A
.g
>

50

0
-04 -0.2 0 0.2 0.4 0.6 0.8

Location (m)

Fig. 9. Measured vertical earth pressures in structure C and calculated pre-
dictions with different loading diagrams.

Structure D - Vuorimies et al. [35]

For structure D, the vertical displacements of the road surface during
the passage of a heavy vehicle combination were examined. A 12-axle,
92-ton HTC vehicle combination was used in the measurements. The
vehicle tire configuration and the resulting loading diagram are pro-
vided in Table 3. The dual tires are modeled as two side-by-side circular
loads, with the distance between the centers set at 340 mm. The test site
is located within a low-volume road network in Karstula, Finland. The
pavement thickness of the structure is 40 mm, and the estimated total
thickness of the structural layers is about 1.2 m. The structure consists of
a 390 mm thick mix-milled base layer (sandy gravel), the old road
structure beneath it (sandy gravel, 450 mm), and an old embankment
(sandy moraine, 320 mm). The test structure is situated on soft, fine-
grained subsoil, which was in fully saturated state at the time of mea-
surements. The air temperature at the site during the measurement was
around 15-20 °C, and the driving speed used in the measurements was
50 km/h [35].

Fig. 10a displays the measured and calculated vertical displacements
of the road at the wheel path, while Fig. 10b shows the vertical dis-
placements observed at the same time from the outer edge of the road,
600 mm from the wheel path. Overall, there is a good agreement be-
tween the measured and calculated values, except for the last bogie of
the vehicle combination. However, Vuorimies et al. [35] suggested that
pumping subsoil pore water into the road structure during the passage of
the vehicle combination might be the reason for the higher displace-
ments observed under the last axles. Furthermore, according to Fig. 10,
the presented method tends to slightly overestimate the deflection level
between the bogies and underestimate the magnitude of deflection
peaks under some wheels.

Structure E - Saevarsdottir & Erlingsson [28]

Structure E (designated as “SE10 -wet” in the original source) con-
sists of a 107 mm thick asphalt concrete (AC) pavement, with the bound
layers considered as a single unit. The total thickness of the unbound
structural layers is 538 mm, composed of crushed rock. Below these
layers of crushed rock lies a 235 mm subsoil layer of silty sand. In the
calculations, the modulus of the base course is assumed to be 25 %
higher than that of the subbase due to the higher stress levels in the
upper part of the structure. The loading of structure E was performed
using a Heavy Vehicle Simulator (HVS) with a dual tire setup (tire
pressure 800 kPa, distance between the centers of the surface loads used
in the calculation 340 mm). At the time of measurement, the tempera-
ture of the structure was 10 °C, and the water-table level was 945 mm
below the road surface. The driving speed used in tests was 12 km/h.
[28]

For verification purposes, vertical stresses at different depths were
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Table 3

Loading diagram used on structure D.
Axle number 1 2 3 4 5 6 7 8 9 10 11 12
Wheel load (kN) 38.7 26.5 50.5 51.0 40.7 40.7 33.4 32.4 29.4 34.8 35.3 38.3
Tier pressure (kPa) 900 900 900 900 900 900 900 900 900 900 900 900
Wheel type * S S D D D D D D D D D S
Location (m) 16.0 19.6 21.0 22.3 27.1 28.4 33.6 34.9 36.2 41.7 43.1 44.4

" S = Single, D = Dual.
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Fig. 10. Measured and calculated vertical displacements of structure D at the wheel path (figure a) and on the edge of the road at a distance of 600 mm from the

wheel path (figure b).

examined with a wheel load of 60 kN (Fig. 11a). Additionally, the
deflection of the structure was measured using a falling weight deflec-
tometer (FWD) with loads of 30, 50, and 65 kN [28]. Similarly to the
measurements, calculated deflections were modeled with a single sur-
face load with a diameter of 300 mm (Fig. 11b). Overall, the calculated
values match the measured ones very satisfactorily.

Conclusions

This paper introduced a novel approximate solution for determining
the vertical and shear stress fields below a uniform circular surface load
(Egs. (7) and (10)). The solution was validated using Boussinesq’s
method, followed by extending the theory to be applicable to the ex-
amination of the loading response of multi-layered road structures. The
performance of the proposed model was then evaluated against a
nonlinear finite element model. Through verification calculations, five
different reference structures were examined under various loading
situations. Comparisons between calculated and measured values

indicate that the model’s accuracy is reasonably good, particularly
regarding vertical stresses. The results demonstrate how the loading
response of a real structure can be estimated quite reliably, even with
such a simplified and idealized method.

However, the presented approach has some notable limitations,
particularly in determining the deflection shape of thin structures situ-
ated on highly flexible subsoils. At high deflection levels, the method
may produce “a stiffer” deflection shape than the shape observed in
reality. Additionally, calculated peak deflections and stresses in the
upper part of the structure beneath dual tires might be slightly under-
estimated. It should also be noted that in reality, pavement behavior
depends on the loading rate. Since the loading situation in the presented
model is static, the driving speed should be considered through
parameterization. This may limit the method’s usability to some extent,
and alternative calculation techniques may be needed when modeling
the dynamic loading behavior of pavements with highly viscoelastic
properties. Hence, further research is required to more accurately
identify the limitations of the proposed method.
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Fig. 11. Measured and calculated vertical earth pressures in structure E (figure a) and the structure deflections in FWD test (figure b).

The method proposed in this paper offers a computationally efficient
and easily implementable approach to estimating the loading response
of various types of traffic infrastructures. By utilizing the superposition
principle, the presented method also enables the examination of more
complex loading configurations. For further research, it is important to
examine in more detail the effects of external loading conditions and the
structural properties on the structure’s behavior, particularly in terms of
pavement temperature and the moisture state of unbound layers. In this
context, the presented simplified approach would enable a compre-
hensive parametric examination of various factors. Future developments
of the theory could focus on the determination of horizontal earth
pressures. However, in the case of unbound materials, it may be
necessary to consider material plasticity. Furthermore, the material
strength properties can, to some extent, affect the magnitude of the
mobilized shear stresses. Also, the applicability of Odemark’s equivalent
thickness principle to the determination of horizontal stress and strain
components must be verified, as it was developed primarily for the
vertical loading. Including horizontal stresses would allow for the
calculation of the total stress field, thereby enhancing the method’s
versatility for practical applications.
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