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Hydrodynamic impact in an attempt to assess the possibility of analyzing the causes of
damage to asphalt concrete pavement

Abstract: The phenomenon of hydrodynamic impact was presented as an attempt to assess
the possibility of including this phenomenon as one of the main caused leading to the
formation of damage to the asphalt concrete pavement. This phenomenon occurs regardless of
the season. Pavement damage caused by the freezing of water solutions in the mesh cracks
and line cracks is widely known and, as well as swelling ice in clay soil, are among the main
caused of pavement damage. It was justified that the hydrodynamic impact caused by the
wheels of the front a then the rear axle of the vehicle with elastic tires causes the formation of
wave phenomena that may lead to exceeding the material effort. Exceeding the permissible
stresses in the formant range of the resonant frequency may lead to the loss of cohesion and
load capacity of this material.)
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Introduction
The damage to road surfaces is caused by several factors, among which the most significant
are:

o Traffic load: Effects of cyclic loads, localized overloads of the pavement, abrasion,
rutting, cracking of the wearing course leading to the formation of longitudinal and
alligator cracks, and ultimately the emergence of potholes and road failures [2, 23, 25,
26];

e Hydrological changes: Effects of erosion caused by water runoff and improper
drainage from the road base due to water stagnation, as well as frost heave formation
in the layers beneath the pavement during freezing periods;

o Thermal changes: Effects of local thermal gradient formation, consequences of water
solution freezing in pavement voids due to temperatures dropping below the freezing
point;

e Subgrade deformations: Due to material leaching from the road base, landslides, or
subsurface deformations in areas classified as mining regions;

e Chemical erosion: Effects of salt crystallization from water solutions in cracks [7, 8§,
9,10, 14, 21, 22, 30].

An analysis of the locations of road surface damage, not only those made of asphalt
concrete, indicates that areas where water accumulates and where vehicles subsequently travel
are more susceptible to mechanical damage. Such damage is attributed to the impact of low
temperatures below the freezing point of the solution. It is well known that liquid volume
increases upon freezing, which leads to increased tensile stress and, ultimately, local material
cohesion loss, creating pavement voids.

Figure 1 presents asphalt pavement damage caused by improper drainage of rainwater.
Figure 2 illustrates water condensation during winter from cracks in the fractured asphalt
pavement, beneath which frost heaves have formed. Figure 3 shows potholes and asphalt
pavement voids with visible water accumulation, also highlighting the destructive mechanism
of water solution retention by geotextiles (the recorded damages occurred during winter).
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Figure 4 depicts a damaged section of an asphalt concrete road lane with visible water
solution stagnation in pavement voids that reach down to the base layer.

1. Grid, block cracks and cavites — an example of damage to an asphalt pavement due to the
lack of proper drainage of rainwater, followed by frost.
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2. Grid, block and line cracks — damage to the asphalt surface consisting in its cracking as
a result of the formation of icy swelling in the base of road; water from melted ice from the
foundation, under the influence of gravity and external load, the water flows to the upper road
surface of the surface heated by solar radiation.
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DS

3. Potholes/cavites/bumps — examples of extensive superficial damage to the asphalt
concrete wearing course: wearing course separated by a fabric from the binder course: a)
elliptica-circular pit damage with considerable amount of stagnant water; b) a circular pit hole
with stagnant water in the binder course; c) deep damage to the surface of an elliptical-
longitudinal shape with a visible fragment of the ice lens (on the left) — deep erosion of the
binder layer under the damaged textile layer is also visible.

‘:.u ’ NS ;'
4. Bumps: a) A fragment of the road surface with significant losses in the wearing course
made of asphalt concrete, in the binding layer and in the foundation; b) vehicle wheel in a
deep loss of the surface road layer up to the foundation, with water stagnation visible.

Aqueous Solutions in Winter
During the winter season, road surfaces are treated with salt mixtures designed to lower the
freezing temperature of water solutions. Various salts and their mixtures are used for this
purpose [8, 14, 15, 19, 20, 21].

Analyses of the freezing process of certain aqueous salt solutions have enabled the
development of proposed empirical formulas, which may prove useful in estimating the
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freezing temperature ¢ [°C], depending on the percentage content of a given salt, expressed
in p[%] [17].

e For NaCl, the obtained relationship is given by equation (1).

o For MgClL, the corresponding formula is equation (2).

e For CaCl, the relationship is described by equation (3).

The summary of these relationships is presented in the collective graph in Figure 5.

The visualization of empirical formulas (1) + (3) highlights that there exist aqueous solutions
capable of remaining in a liquid state even at temperatures as low as -40°C.
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5. Graphs of freezing of aqueous (percentage) solutions of salts NaCl — marking with a
solid line; MgCl, — marking with a dotted line; CaCl, — marking with a dashed line. The area
“inside the curve” is “solution”; the area to the right of the extreme point is “solution and
salt”; the area below the extreme temperature is “ice and salt side by side”; the area from “0”
to the point of extreme is “ice and solution”.

Hydraulic Impact vs. Hydrodynamic Impact
In the literature, two distinct types of dynamic fluid interactions with surrounding structures
are generally recognized.

e One of them is the phenomenon known as hydraulic impact, which occurs in pipelines
and involves the sudden stoppage of a fluid stream moving at high velocity within an
installation. This phenomenon, however, is not the subject of this study.

e In contrast, hydrodynamic impact involves significant compression of a fluid within a
given volume, followed by expansion, which causes an impact load on the
surrounding structure due to the mass of the fluid (e.g., high-pressure fluids used in
machining processes) [5, 6, 12, 27, 28, 29].

In the case of a pavement void filled with liquid, the elastic tire of a wheel passing
over the void leads to fluid compression—analogous to the "piston compression in a cylinder"
phenomenon. Figure 6 presents the simplest schematic representation of the load from a
single wheel, which is used in subsequent simplified model calculations.
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a) b)
6. Illustration showing a diagram of a single ,,water hammer”, which can cause extensive
mechanical damage to a cracked road surface: a) a wheel of a vehicle traveling at speed ,,v” in
front of a liquid-filled gap; b) the entry of a whell with elastic tires on a gap filled with liquid
— the pressure of the compressed liquid causes stresses acting as in the case of “water
hammer”.

Finite Element Method (FEM) Model Calculations

Using the capabilities of Finite Element Method (FEM) modeling, an analysis was conducted
on the deformation of an isotropic material subjected to loads that could be analogous to the
stress exerted on a pavement crack by a freezing aqueous solution [4, 16, 31].

The liquid pressure was modeled as a continuous load applied to the surface and mesh
nodes on the inner side of the simulated pavement void. The adopted model provides an
approximate analogy to the phenomenon of pressure increase due to solution freezing.

o Figure 7a presents a section of the FEM mesh, supplemented with a load distribution
schematic.

o Figure 7b illustrates the theoretical continuous deformation of the assumed model
under the applied load conditions.
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7. a) Scheme of the uniform distribution of forces acting on the crack walls at a fixed liquid
pressure (fragment of the FEM model mesh); b) — result of FEM model deformation
calculations — exemplary deformation of an isotropic material with a given load scheme.

In the next FEM model, an analysis was conducted to evaluate the material stress
under a steady-state condition. The model was designed to represent voids in the material,
simulating pavement damage.

e It was assumed that the walls of the void located on the left side of the model are
subjected to linear loading.
e In contrast, the walls of the second void remain unloaded.
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The material was considered isotropic but asymmetrical in stress response. The
material stress was determined using the generalized Mohr’s hypothesis, which in a plane
stress state is expressed by the following equation (4):

2 2 2 2 g =
0'11+022+2‘0'12—2'V-(011-022—012)—(0+g)‘(011+022)+0-0—u “)

In which:
0,,,0,,,0,, —normal and shear stresses respectively,
v — Poisson's number,

0,0 —allowable compressive and tensile stresses respectively,

= — material effort according to the given effort hypothesis, [13, 18, 24].

In areas where the greatest material stress occurs, damage can be expected in the form
of loss of continuity within the material.

o Figure 8 presents the calculated results, including sections of the deformed mesh
structure and a stress distribution map from the FEM model.

e On the stress map (Figure 8b), the lighter shades indicate regions of highest stress
concentration.

From the calculation results, it can be inferred that:

A void filled with pressurized liquid may deepen further due to stress.

2. The material section separating two voids is susceptible to detachment, potentially
leading to progressive structural degradation.

—

b)

8. FEM model of material effort in a plane stress state with given geometry and material
constants of an isotropic material; a) a larger defect area in the analyzed vertical section
corresponds to a ,,crack filled with pressurized liquid”, while a smaller defect area
corresponds to the adjacent “empty gap”, unloaded; b) isoline map of the effort of isotropic
material: a lighter shade indicates the effort of the material at which a loss of continuity may
occur.
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Simplified Computational Model of Tire Impact on a Liquid-Filled Crack
For this analysis, a "hydrodynamic impact" model was considered, formulated using a
second-order matrix differential equation of the form, [5, 6, 11, 16, 24]:

mii + cu + ku = F(¢) (5)
In which:
m - Mass matrix (Inertia matrix),
u - Nodal displacement matrix (Generalized coordinate matrix)
¢ - Damping matrix,
k - Stiffness matrix,
F(¢) - Dynamic excitation matrix (Load matrix)

In the numerical model, an analogy to a multilayer pavement model was adopted with
given values contained in the inertia, stiffness, and damping matrices. In the computational
test, it was assumed that the analysis simultaneously covers seven layers: the first layer in the
model, marked on the charts with the variable "w7," is excited by impact impulses spaced
apart in time by a value resulting from equation (6). This equation includes two impulses, so
an analogy to a two-axle vehicle (function F(t)) was assumed. In the case of a five-axle
vehicle, the impact impulses were determined as in equation (7) — (function FC)(?)):

F(t) =aqa,- e’bo'(f*’O ) + a, - e’bl'(’*(fo +,)) (6)
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In which:

a.,b,,c,,d.,— empirical values modeling the impact excitation in the time domain,

t, — distance on the time axis of the first shock excitation pulse from the origin of the
coordinate system: assumed constant value in all computational tests 7, =0.1 [s];

t,, —the time needed to travel a distance equal to the distance between the axles of a two-axle
vehicle, at a given travel speed v;

tc,,tc,, tcy,, tc,s — names of variables defining the time needed to travel a distance equal to
the distances of adjacent axles of a five-axle vehicle at a given speed v.

In the calculations, it was assumed that each impact excitation impulse is modeled by
a curve similar in shape to a normal distribution. The range of travel speeds was analyzed
within the interval from 15 [km/h] to 100 [km/h]. The solutions to equation (5) under the
given impact excitation functions defined by equations (6) and (7) were obtained using the
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Runge-Kutta method. This method was implemented with an algorithm that generates
solutions at equal division steps within the integration interval, allowing direct execution of
further calculations using the FFT without requiring additional data quantization [16].

Figure (9) presents an example of the forcing function (in the time domain), while
Figure (10) shows a cumulative plot of the solution to equation (5). Since the formulated
problem requires reasoning in the frequency domain during computations, the Fast Fourier
Transform (FFT) algorithm defined by equation (8) was used for this purpose. The variable
name "w7" indicates that the calculations pertain to the first analyzed layer in the adopted
seven-layer model, while "w1" refers to the last layer):

17, = |RelFFT(w7. )} + Im{FFT (w7, )f ®)

The results obtained from equation (8) enable the analysis of frequency bands of the
main formants (formant analysis). In this analysis, the spectral amplitude is determined by
equation (9), while the spectral frequency is given by equation (10), [1, 3, 11, 15, 17]:

47,=(r7,f-(£,) ©)
f, =20 (10)
(3
With the markings:
u =1, —1 — variable indexing the frequency relative to discretized time,
i — TO
t= ro,rz—l..i — discretized time, adapted to FFT on a set of samples 2", whose elements
S &)
0
are arranged in a vector 7 =| 2" |, at sampling rate f, .
I

Results of the Analysis of Dynamic Excitations in Time and Frequency Domains

The calculations conducted in this study demonstrate an analogy to impact excitations
generated by two vehicle models: a two-axle and a five-axle vehicle, both traveling
individually at a given speed and unilaterally rolling their axle wheels over a single pavement
crack filled with liquid.

For the two-axle vehicle model, an axle spacing of 2.7 [m] was assumed,
corresponding approximately to the axle spacing found in many passenger car models. In the
case of the five-axle vehicle model, a multi-unit vehicle was selected, consisting of a two-axle
tractor unit with an axle spacing of 3.7 [m] and a three-axle trailer with axle spacings of +7.16
[m] + 1.21 [m] + 1.21 [m], resulting in a total extreme axle spacing of 13.28 [m].

It was assumed that the surroundings of the crack filled with liquid consist of seven
layers. Each layer is characterized by material constants defined in equation (5). The impact
excitations over time are proportional to the vehicle axle spacing and their test speeds, as
specified in equations (6) and (7).

Figure 9 presents the time-domain excitation plot for the two-axle vehicle model at a
test speed of 45 [km/h], while Figures 12 and 15 illustrate the same for the five-axle multi-
unit vehicle. In the time-domain calculations, the distances between impact excitation pulses
and the displacement plots of successive layers were analyzed (see Figures 10, 13, 16).

In the frequency domain, amplitude values and the positions of individual formants at
a given travel speed were examined (see Figures 11, 14, 17). The maximum amplitude values
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were used to create dependency plots of the main formants within the analyzed spectral
frequency range, corresponding to the maximum amplitude values (see Figures 18, 19, 20). In
addition to formant analysis, the relevant FFT spectrum plots defined by the equation were
extracted (8).
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9. Graph of the excitation pulses of layer system in the model over time — two-axle vehicle,
here: wheelbase 2,7 [m], movement at a speed of 45 [km/h].
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10. Summary chart of vertical displacements of seven layers of the pavement model analyzed
in this time interval. Excitation (load) by passing a two-axle vehicle with a wheelbase of 2,7
[m], at a speed od 45 [km/h]. Markings: (w7) outer layer (first) marked with a bold dashed
line; (w1) the outer (inner) layer in the model, marked with a thick solid line; (w2-w6)
intermediate layers located between (w7) and (w1).
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11. a) Graph of main formant amplitude versus frequency, frequency in [Hz]. Markings:
dashed bold line refers to the outer layer (w7); the solid line in bold refers to the inner, outer
layer (w1); the remaining lines refer to the intermediate layers between (w7) and (w1); the
example concerns a two-axle vehicle with an axle span of 2,7 [m] traveling at a speed of 45

[km/h]; b) spectra FFT — formula (8).
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12. Plot of the impact excitation of the layer system in the model in the time domain, [s]; five-
axle vehicle; here: wheelbase (two-axle truck tractor) 3,7 [m] + (three-axle semi-trailer) +7,16
[m] +1,21 [m] +1,21 [m]; traveling at a speed of 45 [km/h].
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13. Summary diagram of layer displacements in the time [s] domain under dynamic
excitation, the illustration of which is shown in Fig. 12. Symbols: (w7) — first layer — dashed,
bold line; (w4) — intermediate layer — continuous, thin line; (w1) — last layer in the model —

solid, bold line; five-axle vehicle, movement speed 45 [km/h].
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14. a) Summary list of the main excitation formants of the model layers from the spatial
analysis in the frequency domain [Hz]. Illustration of shock excitations in Figure 12; five-axle
vehicle, traveling at a speed of 45 [km/h]. Symbols: (I'7) — first layer in the model — dashed,
bold line; (I'6) do (I'2) — intermediate layers — presentation with thin lines; (I'1) — last layer —
solid, bold line; b) spectra FFT — formula (8).
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15. Plot of the impact excitation of the layer system in the model in the time domain, [s]; five-
axle vehicle; here: wheelbase (two-axle truck tractor) 3,7 [m] + (three-axle semi-trailer) +7,16
[m] +1,21 [m] +1,21 [m]; traveling at a speed of 70 [km/h].
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16. Summary diagram of layer displacements in the time [s] domain under dynamic
excitation, the illustration of which is shown in Fig. 15. Symbols: (w7) — first layer — dashed,
bold line; (w1) — last layer in the model — solid, bold line.
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17. a) Summary list of the main excitation formants of the model layers from the spatial
analysis in the frequency domain [Hz]. Illustration of shock excitations in Figure 15; five-axle
vehicle, traveling at a speed of 70 [km/h]. Symbols: (I'7) — first layer in the model — dashed,
bold line; (I'6) do (I'2) — intermediate layers — presentation with thin lines; (I'1) — last layer —
solid, bold line; b) spectra FFT — formula (8).
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18. Graph of the dependence of the main formants in the range of the analysed spectral
frequencies with the maximum value of the amplitude: dependence on the speed of the two-
axle vehicle (average formants values from the outer, middle and inner extreme layer in the
pavement model); there is a speed range at which the load transferred to the pavement and

ground has the highest energy; here: range of speed from 39 to 45 [km/h].
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19. Graph of the dependence of the main formants in the range of the analysed spectral
frequencies with the maximum value of the amplitude: dependence on the speed of the five-
axle vehicle (average formants values from the outer, middle and inner extreme layer in the

pavement model); there is a speed range at which the load transferred to the pavement and
ground has the highest energy; here: range of speed from 44 to 46 [km/h].
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20. Graph of the dependence of the main formants in the range of the analysed spectral
frequencies with the maximum value of the amplitude: dependence on the speed of the five-
axle vehicle (average formants values from the outer, middle and inner extreme layer in the

pavement model); there is a speed range at which the load transferred to the pavement and
ground has the highest energy; here: range of speed from 53 to 60 [km/h]; elasticity and
damping in the multi-layer model increased by 1/5.

Conclusions

The analysis of the hydrodynamic impact phenomenon was simplified here by reducing it to
solving equation (5) under impact excitations defined by equations (6) and (7). Subsequently,
a spectral FFT analysis was performed on the solutions obtained from the differential
equation in the time domain, along with an analysis of the frequency of occurrence of the
main formant.

The calculations carried out on multilayer numerical models confirmed the assumption
that there is a "dangerous" velocity range for various material constants defined by the
elasticity and damping of the pavement material. Under a given impact excitation, this
velocity range corresponds to the maximum energy transfer from the vehicle's wheels (here:
the frequency of occurrence of the main formant at a given travel speed).

It can be assumed that if the main formant coincides with the resonant frequency of
the material, its damage occurs in the shortest possible time. Hydrodynamic impact may
significantly affect the deterioration of asphalt concrete pavements, and conclusions from
deterministic models should be supplemented and verified through research on real-world
structures.
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