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Determining the effect of damping layers in flexible pavements on
traffic induced vibrations

Jiandong Huang, Massimo Losa & Pietro Leandri
Diiversity of Pisa, Pl Taly

ABSTRACT: This paper proposes a novel method to evaluating the effect of damping layers on traflic
induced vibrations; it's hased on the estimation of the Ravleigh damping cocfficients of different liyers
to be implemented in a FEM of the pavement structure. Two commonly wsed methods 1o determining
those parameters are compared and then an improved approach is introduced by considering natural
Mrequencies of the pavement structure buil without underestimating damping in the basic frequency range.
In addition, a more reasonable method is proposed to caleulating pavement structure vibration based on
shear beam model. Finally, the resulis of in-situ FWI lests are used to validate the accuracy of the model;
the comparison between simulation and FWD results demonstrates the accuracy of the proposed method
that is aceeptable,

Finite Element Model (FEM ) 1o predict the effect of a damping interlayer with different damping prop-
eriies on vehicle-road vibration reducing. The mode]l was (ine-tuned wsing mmplicit analysis in ABAQUS
and validated by comparing with pivement response from Falling Weight Dellectometer (FWID) Deld test,

The predicted and caleulated dellections al sensor posilions Were in agrecment,

I INTRODICTTONMN

Trallic induced vibralions is a relevant issuwe in
some European cities where heavy traflic is run-
ning close 1o buildings; the problem is partscularly
relevant when pavement surfaces are uneven like in
the casze of stone pavements or artificial bumps.

When measures of eliminating or limiting the
excitation of the pavement aren’t Feasible, vibra-
tions can be controlled by means of either an
inerense in steuctural dampang of a varmalion in the
natural frequency of the structure,

In order to account for damping and mass iner-
tia elfects, damping properties must be delined for
all pavermnent lavers in the model, The sources ol
damping could be an arbittary damping factor,
fmction factor, or viscoclastic material behavior,
Giiven that the asphalt lavers are charscterized by
viscoglasticity, the structural damping is appropri-
ately accounted lor, However, the granular layers
and subgrade are defined with elastic moduli val-
ues, which do not constder dissipation.

As Tar as damping effect, a popular schems
that is oftcn consistent with experimental data is
Rayleigh damping. This method considers the
damping matnix [C] as the combination of the
mass proporficnal dampang and the stiffness pro-
portional damping, which can be deseribed as,

[C]=a| M|+ AK) (h

where @ is the Rayleigh coellicient lor the mass
proportional dumping whilst b s the Ravieigh
cociTicient  for stiffness proportional  damping,
The relationship between o, B and the fraction
of damping £ at crcular frequency o for one-
degree-of fmeedom problem s given by the follow-
ing equation:

o]

From Eq. (2}, it cin be conjectured that there
15 a relationship belween damping and frequency
whilst experimental results, specifically in soils,
show the damping i mostly frequency independ-
ent in a limited fregquency range that is typical of
ground motion; outside of this range, high fre-
guencies are [ltered and an artificial high damp-
ing is introduced (Park et al, 2004). Consequently,
the Rayleigh damping coefficients, o and [ showld
be appropriately formulated in order to 11 expen-
mental results.

S0 far several researchers have tried 1o get mean-
ingful values of Rayleigh damping cocfficients o and
[t i the specific case of Asphall Conerete (AL pave-
ments, some Authors have defined damping coef-
ficients for these layers too instead of considering
viscoclasticity, Yoo ot al, (2007) assumed o and [ are
proportional and inversely proportional to the natu-
ratl Frequency of the system, respectively, Wang ¢f al,
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{208%) applied the same method but assuming that
o and f are constant and the natural frequency 1
changing for each layer. Zeng et al. {2005) assumed
different o and [ for cach kind of pavensent mate-
rial. Al-Qadi et al. (2008) used viscoelastic mate-
rial behavior for the AC layer, and hence there was
o feed 1o introduce additional structural or mass
damping rules for that laver whilst, for the layers
that were defined by elastic material behavior, o
and [ were determined from the i, and j, modes of
vibration, However, from these resulis it's clear that
structural damping in pavements isn't determingd in
a umigue way but cach author assumces different val-
ues with birge differences.

In order to identfy a common method to evalu-
ating structural damping in pavemenis, a method-
ology to estimating Rayleigh damping cocfficients
is proposed. Two commonly used meithods 1o
determining the parametlers are compared and
then an improved approach is introduced, A more
reasonable method to calculating natural frequen-
cies of dilferent lavers is proposed, and linally sim-
wlations and experimental results are compared in
order to validate the accuracy of the model,

2 FUNDAMENTALS OF RAYLEIGH
DAMPING

2.0 Dertermiining Ravleigh damgring parameiers

Typacally there are two pnncipal methods to deter-
mimng damping paramelers 1o be wsed in FEM
analyses.

The first one was proposed and applicd by
Idriss (1973 in the QUADS software for geotech-
nical seismic analysis, where it is assumed that the
contributions of mass and stiffness proportional
coeflicients are the same. In this way, o and b can
b described as,
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where £, 15 the damping matio and w, is the natural
circular frequency of the sysiem. The relationship
between frequency and damping ratio is reported
in Figure 1, and it results in an overestimation of
damping in all frequency ranges, determining @
lower dynamic response of the system.

Hudson et al. (1994) ntrocluced  appropriate
improvements to these shortcomings of using
only the fundamental freguency to determining
the damping coefficient. and adopted a dilferent
method in QUADMM, the improved version of
QUADY,
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Figure 2. Relionship between damping and frequency
by LA,

This method uses the first two natural fre-
quencies o, and w, 1o determining the reference
frequency for o and f; particulurly, o, 18 the first
fundamental Mregquency, and o, = no,, where nis an
odled aumiber greater thai &0, ; @, is the dommnant
frequency, The coefTicients alpha and beta can be
determined by these relationships:

e,

“zl:m+m (5)
ﬁ:];’mlﬂ )

As shown in Figure 2, this method can take into
account both the natural frequencies and spectral
characteristics of the structure, but underesiimaies
the damping between @, and o, as well as ovengs-
timates damping outside the considered frequency
range.

Most dvnamic analvzes consider [frequency
ranges between , and w., and hence it is very
essemtial to improve the decoupling accuracy in
such mequency range in order (o make the damp-
ing ratie close to the frequency-independent one.

The frequency-independent damping ratio is
given by,
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by mew method.
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In this way, the Ravleigh damping coeflicients
can be determined by making all the damping
ratios {in the considered frequency range) close
to the lrequency-independent one, as shown in
Figure 3.

2.2 Determining the natural frequency of
ety

As a multilayer system, a road pavement is consist-
ing of finile layers over a semi-infinile subgrade.
As the natural frequency is strongly dependent on
thickness and modulus of layers, it assumes very
different values for the finite and semi-infinite lay-
ers Consequently, 11 seems more reascnable 1o
extimate the natural frequency for cach layer of a
pavement strocture, As far as the semi-infinite layer
{subgrade) 15 concerned, the thickness is so large
that the effect of finite lavers on natural freguency
can be disreparded. As a result of uncomplicated
boundary conditions, it can be exiracted directly
from the FE model by ABAQLS

However, for finite layvers (surface and base
layer), the support elfect from the infimte layver is
eausing complicated boundary conditions so that
it cannot be extracted dircetly. In onder (o solve
this problem, an wealized shear beam model of the
pavemnent 15 analyzed.

In this model, the pavement multilayer system
is transformed in a lavered system of shear heams,
without considerimg the horzontal length of the
different layers, as shown in Figure 4. Each shear
beam is considered 1o be homogencous and with
the same cross-sectional arca. The cffect of the
subgrade support on the pavement system s mod-
¢led by a shear spring than takes inlo account of
the 20il shear stiffness.

Correspondingly, the vibration shape functions
of surface and base layers in the pavement maodel

Fugure 4. Shear beam model for pavement

Figure 5,

Infinitesimal segment section of one layer.
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Figure 6. Povemeni shear beam model

can be calculated by differential element method
deseribed in Figure 5 and (he results are reported
in Figure 6.

The natural frequencies w,. w,.. .0, can be deter-
mined as the solutions of the system composed
of these vibration shape functions, taking into
account the boundary conditions,

3 FEM SIMULATION AND IN-5ITU
VALIDATION
31 Deseription of the FEM vimiilation

The dynamic analysis of a pavement struciure can
b solved in ABAQUS by using explicit or implicit
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Tilsle 1. Properties of paveient structie

Young's

Thickness Modulus Poisson Density
Layers {em) (MPa) ratia (K gim)
Surface layer 205 Sai 3 24060
Bass layer 215 ik 3 20k
Subgrade 11 035 1500
Table 2. Damping of povement lavers
Layers Dumping ratio Alpha Beta
Surfuce lyer [A1A] L] 1.5E-5
Rase layet 0,03 32 00,0043
Subarade 1N L} 32 00043

infegration method, In this paper. the mwplicit
analysis is sclected because of its stability and
cificicnoy.

For this purposc, an axisvmmctric FEM is
developed; it assumes the pavement structure has
constant properties in horizontal planes and traf-
fic loads are modeled consadering a clreular fool-
print. The kayer moduli, density and Podsson’s ratio
are back-calcukited from FWID lowd tests and ane
shown in Table 1. The damping ratios are oblained
by aptimeamg the values from Zhong e al, ( 202),
Tha dsirripring malios of virious Livees as well as the
comesponding  Raylcigh damping cocilicients o
and [ are shown in Table 2 for the puvement layers,

3.2 Compurison hetween nontevical rexulis o
in xetw FWD meaxsiremenis

The resubts of the FE model are compared with
those of FWD tests. The recorded peak deflection
basin and the dynamic response of sensors D] {at
the center of the loading plate), D5 (500 mm apart
from the loading center) and D9 {190 mm apart
from the loading center) are used in this study as
benchimarks o validate the FEM.

The numerical mesults of the peak deflection
buisinn are completely overlapping to leld, dala a5
shown in Figure 7. Figure 8a, 8b and 8¢ compare
measured and modebed deflection time historics at
D1, D3 and D9, respoctively,. With the exception
of a small magnitude difference at DI and dephas-
ing at W, good agreements are achieved between
measured and calculated deflection time histories
under FWD load. As far as the magnitude differ-
ence is concerned, it can be explained considering
that the FWD masses are interfering with pave-
ment vibration. Theoretically speaking, the deflec-
tion time history should be a vibration curve along
the pavement-air interface similar to the FEM
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resull. For dephasing at D9, it can be inlluenced
by the heterogeneity of pavernent lavers or sub-
grode. As shown above, these errors are considered
accepiable for the developed method,

4 CONCLUSIONS

This paper proposes a novel method to estimat-
ing Rayvleieh damping coefTicients. Two commonly
used methods 1o determining the parameters are
compared and il can be noted that the QUATH
method overestimates damping in all Mreguency
Tanges, resulting moa lower dynamic responsc;
QUADHENM can improve the accuracy m the main
freguency range, but still undercstimate damp-
ing within this range. The improved ealeulation
method can consider the nstural freguencies ol the
pavement structure, resulting more close 1o the so-
called frequency independent damping.

A more reasonable method to calculating natu-
ral frequency of different layers is proposed based
on an idealized shear beam model. The FE model
and in-sitw eld test results are compared (o vali-
dating the accuracy ol the method. Good agree-
ment is observed between simulation amd eld
in=sila resulis, demonsiniing thai ihis meibod
wan provide o more accurate basis for consider-
ing damping ellects m FE modeling of paverment
struciures dynamic
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