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ABSTRACT

In this work, a method for calculation of pavempetmanent deformation due to traffic
loading is presented. The mechanics behavior ohalsgoncrete layer is considered as
Perzyna'’s elasto-viscoplastic material. The pavenpenmanent deformation is incrementally
calculated using nonlinear finite element methodbdsl parameters are determined using
Hamburg Wheel Tracking Test result.

Keyworks: pavement permanent deformation, rut depth predictelasto-viscoplastic model,
finite deformation.

1. INTRODUCTION

Pavement permanent deformation (or rutting) is mroon distress of pavement structure
in Vietnam. The cause of this kind of distress g do the fact that the asphalt concrete
pavement does not completely recover its deformatinder the action of repeated vehicle
loading. With tropical climate in Vietham, the teenpture in asphalt concrete surface layer can
reach more than 70 °C at hottest time of the ddnys Temperature exceeds softening point of
most bitumen used and therefore facilitates ruttommation.

Asphalt concrete is a material with viscous andtpdgoroperties. When loading is applied
and released, there exists an irreversible padetdrmation called plastic deformation. After a
certain number of load passes, plastic deformaisocumulated enough to create ruts on
pavement surface, which cause difficulty with véddctraveling on it. Prediction methods are
necessary for pavement engineers to analyze thyetéom behavior of pavement and select the
suitable material based on analysis results. TAeréwo groups of prediction methods, namely
analytical and numerical methods.

In the analytical methods, elasticity theory ornténelement method is used for analyzing
stress, strain distribution in pavement structumg analytical models are proposed to predict rut
depth of pavement in function of stress or straiypical models are those developed by Shell in
1978 and Asphalt Institute in 1982. It is assunted tut depth is a function of normal stress in
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Shell method, and therefore uniaxial creep testsed for evaluating stiffness of asphalt
concrete. Base on creep test results, rut deptiheofpavement structure is calculated as the
summation of that caused by every sublayer. Ruthdispconsidered, however, as a function of
vertical strain at top of base layer in Asphalttimée method, which is widely inspired in the
design standards, namely AASHTO [1], IRC: 37-2022 Model parameters used in these
design codes are determined and calibrated by nfateta measured on Test Track facilities,
which depend strongly on traffic and weather cdad& of host country. The methods
mentioned above do not take into account the hardeeffect of material and interaction
between layers in the pavement structure. In VE8¥thod [3-4], irreversible deformation of a
load pass is assumed proportional to elastic deftbom and has its value decreasing with
number of load passes as a result of hardeningtetfsregarding loading time of every load
pass.

Second methods relate to numerical methods modtimdpehavior of pavement structure
under repeated vehicle loading. Asphalt concre@ssimed viscoplasticity in Refs. [5 - 7] or
elasto-viscoplasticity in Refs. [8 - 10] or, moremplicated, viscoelasto-viscoplasticity in [11 -
13]. Due to rearrangement of aggregates, permatefatmation rate decreases with time, and
therefore hardening laws are added to material titotige laws. In Ref. [9], the authors
proposed that hardening modulus decreasing withbeuraf load passes, whereas cumulative
equivalent plastic strain is used in Refs. [8, &8]a quantity to characterize the deformation
state of material instead of either number of Ipadses or total loading time. None of models
mentioned above takes into account large deformagftects. When rutting occurs, pavement
structure undergoes rather large displacement;efibver, geometric nonlinearity must be
considered in the formulation.

The objectives of this study is to modify Perzynalasto-viscoplastic model [14] for
asphalt concrete material in large deformation s, The results of this work is used for
stress, strain analysis of pavement structure ahdiepth prediction. Specific objectives are
those below

- modification of Perzyna’s elasto-viscoplastic mbdsing Drucker-Prager criteria
for asphalt concrete material in large deformatbomditions; implementation of
proposed constitutive law in finite element method

- application of Hamburg Wheel Tracking test resuti predict flexible pavement
permanent deformation

- validation of method proposed on the basis ofitoong data of specific projects

2. PERZYNA'S ELASTO-VISOPLASTIC MODEL

Let = denote second Piola-Kirchhoff stress tensor whiescribes stress state of a rigid
body in equilibrium under exterior loads and effecUnless otherwise stated, Einstein

summation convention is used throughout and the ‘SE] " denotes a tensor of second order.
The local equilibrium equation of a solid body ay @oint is written by Eq. (1)

Divs + pf =0 @)
where p is density of body,f is prescribed body force of unit mass abd/ operator is
defined aéﬁlg) =327”. Let E denote Green Lagrange strain tensor. Asphalt etacr
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material deforms when loads are applied on it @edvers a part of its deformation when loads
are released. One can therefore decompose straiorténto elastic and viscoplastic strain
tensors as follow

=e =vp

E=E +E ()
Stress - elastic strain relationship obeys Saintavie Kirchhoff's law
S =24E +AE | 3)
where | is second order tensor of unigyis shear modulus antlis Lamé constant.

Let decompose stress tensor into summation of tdmdapartg and spherical parp.T

Drucker-Prager plastic criteria

Drucker-Prager plastic criteria is suitable for hmeaical behavior of granular material like
asphalt concrete and is characterized by cohesidingernal friction as in Eq. (4)

f(2)= %§:=s+/7*. p-&* ¢ ()
wherec’ is cohesion7* and £* represent internal frictio * of material. In some cases,
Drucker-Prager model is equivalent to Morh-Coulamiidel as discussed in Refs. [15 - 16].

Plastic flow rule

Plastic flow rate obeys the following flow rule
=" _.0
E =% (5)
0z

In Eqg. (5),g function is potential plastic flow function andshthe same form dffunction
g(g) = %=S:=S+/_7. pt cons (6)
where 77 characterizes dilatant angle of material. Thetjldtow rate in Perzyna’s model is
defined by Eq. (7)
y=¢{o[f(2)]) )
where { is fluidity of material and functionb[f (Z)] represents plastic flow rate. For asphalt
concrete, functiorﬂJ[f (Z)] has the form of a power function
(2 _,)
(f ()) =[ o -1J (®)
o+
2

where w is model parameter and Macaulay bracfestis defined age) =
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Hardening law

Under repeated loading, aggregates are rearratigm@fore the resistance to deformation
of asphalt concrete increases with time. As a tesuinulative plastic strain rate decreases with
the number of load passes. Park proposed in Rethd8 cohesion has its value decreasing with
cumulative equivalent plastic strain, whereas Neéljal. proposed that viscosity increases with
the number of load passes [10]. Inspired of ideReh [10], fluidity ¢ is assumed to decrease

with cumulative equivalent plastic straie®

4
1+ 8e”

Z - Zo .e(aevp)"“ + (9)

L= =
wheree”is defined as"™ :I E : E dtand{,,{,,a,B,m are model parameters.
0

3. NUMERICAL RESOLUTION

Equations of Perzyna’s elasto-viscoplastic modahnoa be solved analytically and
therefore need to be solved numerically. Returnpimpalgorithm is widely used for this kind
of problem. Interested readers are referred to.R&617] for more detailed discussion. The
numerical resolution of Egs. [2-9] by means of netonapping algorithm is as follow.

Applying Euler’s first order difference for discighg time derivative quantities, one has

a()=ac=() - ).,

dt

wheren is current time step anwt1 is previous time stepA(+) is difference of(s) between

two time steps. For the sake of brevity, any qugethmputed at current step will not be indexed
by n, whereas any quantity related to the previouswikfe distinguished by subscriptl.

Elastic prediction

= =Vp

Evia = E— Ena (10)

Etrial :ZNE::iaI +AtrE:al T (11)

ftrial (E'ﬂ'i"JlI ) :1,%§trial :=$ial 1. R ~ & ¢ (12)

- If (Em ) <0, material is still on elastic domain, one has

= = =w =w
2=2a; E =Esa (13)
- Otherwise, material is on viscoplastic domaine@btains from Eq. (11)

1 = = =Vp = =D =wp 2/1 =vwp =
Pria ::—))terrim :K(trE —trEn—lj; Stial = 2#( E - En_lj+? trBes | (14)
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whereED = E—%tr(E) andtr(i) = (i) is trace of tensor.

Viscoplastic correction

EZEnaI —2uly \/Iﬁ"'%l: -/1Ay/_7 (15)

One can derive from Eq. (15)

S= S —fyAyH p= ma.—(z nAyMnij Ra —K7Ly  (16)

where K=§,u+/] is bulk modulus. Substituting Eq. (16) in Egs. @)d (7), one has a

nonlinear equation for determiningyy

w

a2

4. DETERMINATION OF MODEL PARAMETERS

Model parameters in Egs. (8 - 9) characterize @teabior of asphalt concrete material and
can be determined by means of laboratory tests asidhiaxial dynamic creep test. Due to the
lack of dynamic creep test device, the author maisesof Hamburg Wheel Tracking Test [18 -
19] results for back calculation of model paranetdthe process of determination of model
parameters is as follow. Hot mix asphalt was sachpled compacted into a rectangular slab
with dimensions 320 mm x 260 mm x 60 mm by RollectSr Compactor. After the asphalt
concrete slab had been cured for one day, it wastaiaed in temperature chamber at°60in
air condition. Once the temperature reached stabie, the slab was applied by a rolling rubber
wheel of 200 mm diameter and of 51 mm width. Thedepth of the slab surface was measured
and recorded automatically during the test. Whest tead finished, one obtained data
representing rut depth in relationship with numbg&ldoad passes (crossings). The mechanics
problems simulating the Hamburg Wheel Tracking éessolved with different ranges of input
model parameters. The input parameters producindeqpth curve which fits well tested one are
model parameters to be determined. Other matdik@graded aggregates and foundation can
be treated as elastic material of which elastic g and Poisson ratio can be determined by
testing at laboratory or refering to current degigide [20].

5. CALCULATION RESULTS

This section presents the calculation results wtiod carried out on the basis of the
previous formulation and compared with monitorirggadfor validation purpose. All numerical
results have been obtained by a homemade finiteezieprogram developed under Intel Visual
Fortran environment.
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5.1. Modelling of Hamburg Wheel Tracking Test

In this test, the wheel travels along the lengthhef slab in a straight line; therefore, one
can consider that the slab is in plane strain ¢ammdi [6 - 7]. Due to symmetry, just a half of the
problem is considered as shown in Fig. 1. The sainade of dense graded modified asphalt
concrete and is 320 mm long, 260 mm wide, 60 mekthihe total vertical load applied by the
rubber wheel to the sample is 710 N. The contaz apreads over an area of 51 mm x 20 mm
and the average contact pressure is 0,7 MPa. Bouodaditions of the problem are as follow.
Horizontal displacements are restrained for allesodt the left side of the slab and those on the
symmetric line. All nodes at the bottom of the sk fixed for all displacements.

Elastic modulus of asphalt concrete at 60 °€ 200 MPa for C12.5 and = 250 MPa
for C19 andv = 0,35. The cohesion, internal friction and dilatangle are* = 25 kPag* = 28°
and ¢/ = 5°, respectively. One should be noted tltat ¢*) are different from classicat ().
Classicalc and ¢ characterize limit state at which structure is et unstable and are
determined based on static tests like simple dlestiand triaxial shear test, whereasand ¢*
characterize limit state at which behavior of swue is still elastic and must be determined
based on dynamic tests like triaxial dynamic cresgp. In this work, values af* and ¢* are
back calculated from Hamburg Wheel Tracking testits.
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Figure 1.Mechanics problem simulating Figure 2 Rut depth in function of
Hamburg Wheel Tracking test. number of crossings.

Loading time is the time the wheel takes to traeellistance of tire print length [6]. For a
velocity of 1.1 km/h, loading time of a load pas3,i= 0.065 s. The rut depth curves calculated
and tested of two materials (C12.5 and C19 produws#dBMT modified asphalt) are shown in
Fig. 2. The model parameters of these materialdetermined and represented in Tab. 1.
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Table 1.Model parameters of dense graded asphalt concretes.

Model parameters

Material
$o ¢; a B m w
Cl12,5 25x10 1,75x10 39 39 15 1,0
C19 30x10 150x10 45 45 15 1,0

5.2. Application for predicting pavement permanentdeformation

In this section, model parameters determined almeeused to predict the pavement
permanent deformation of two specific projectshia Eouth of Vietnam.

5.2.1. Experimental project on National Road 1A

An experimental project for BMT modified bitumen svperformed at National Road 1A
adjoined to “Hot mix asphalt recycling at plant’peximental project. The pavement structure of
this project (Fig. 3) consists of two hot mix agpHayers and a graded aggregate layer as
described below

- dense graded asphalt concrete layer C12.5 okrtbgs 5cm produced with BMT
modified bitumen;

- dense graded asphalt concrete C19 of thickness pfoduced with BMT modified
bitumen;

- graded aggregates layer of thickness 50cm; stielmodulusE = 250 Mpa; of Poisson
ratiov=0,3;

- foundation of elastic modulus 50MPa, of Poissatiorv = 0,3.

Applied load is 13-ton dual tire axle. Current teclogy tires are much more inflated than
they were in the past. Tire pressure varies comynfsom 0.8 to 1.0 MPa [21]; therefore, an
average contact pressure of 0.9 MPa is chosenafoulation in this work. Due to symmetry,
just a half of problem is considered. Figure 4 espnts the dual tire print of a half of an axle.
The length of print is 167 mm. Average vehicle we@hp of 10 km/h is chosen for near
intersection area and corresponding loading tim@.06s. Standard calculating temperature is
60°C.

The program takes about 18 hours to complete tlmiladion. After one million of load
passes, the total rut depth (including upheavalipted is 17.84 mm. Cross section at tire print
position varied with number of load passes is shinwig. 5.
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Figure 3 Pavement structure. Figure 4 Dual tire print dimension.
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The pavement was monitored its deformation by sungemethod after 1 month, 3 months
and 6 months of exploitation. After 6 months, satiaid with recycle hot mix asphalt deformed
too much. The entire experimental project includiegeral different sections was milled out for
repaving; therefore monitoring data ended up &teronths.

In order to compare the predicted rut depth witk theasured one, traffic volume
circulating on the tested section was taken froenrtbarest tollgate and converted into number
of Equivalent Single Axle Load (ESAL) by the methaelscribed in appendix A of design code
22TCN 211-06 [20, p. 59]. In reality, pavement temgture is not a constant value but varies
with time. Traffic volume at other temperature dam converted into standard temperature
(60°C) by mean of temperature factor as proposed ih J2he time of monitoring, there were
three lanes in one direction of travel. The outesimiane reserved to cars and light trucks, the
inner one reserved to heavy trucks and the lasfammotors and bicycles. Based on statistics,
the number of ESALs travelling on the heavy truekid (monitoring lane) was 140.000
ESALs/lane/month.

Total rut depth curves predicted and measured hosvrs in Fig. 6. Total rut depth
measured is 20.0 mm after 840.000 ESALs (or 06 hzoof exploitation) and the predicted
value is 16.74 mm. The difference between the ptediand measured values is 16.3 %.

10.00
5.00
E 000 A "N
é b\/
>
-5.00 — 5,000 50,000
200,000 500,000
-10.00
0.00 0.20 0.40 0.60 0.80 1.00
x (m)

Figure 5 Cross section at tire print position. Verticahlecis amplified 1000 times.
5.2.2. East-West Highway Reparation Project

The pavement of East-West Highway - Ho Chi MinhyQias exhibited severe rutting
distress due to very high traffic volume movingaimd out of Cat Lai port. The pavement was
repaired with both asphalt and cement concrete rralteon October 2014. For the sections
repaired with asphalt concrete, the pavement streiactonsists of several layers as described
below

- dense graded asphalt concrete layer C19 of tagskBcm produced with polymer modified
bitumen of grade three (PMB3);

- dense graded asphalt concrete layer C19 of tegkid cm produced with PMB3;
- pavement base of equivalent elastic mod&#es160 Mpa;

Model parameters of dense graded asphalt concré& foduced with PMB3 are
&, =5,0x10°%,¢ =5,0x10°, a=£=46,5 m=1,55and w = 1,0.
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The predicted zone is at the intersection of EassMAighway and Dong Van Cong Street;
therefore, traffic velocity has lower value thamttiin the previous example, namely 5 km/h.
Other calculating conditions are the same as tlwwdbe previous example. Traffic volume
is taken from Xa Lo Ha Noi tollgate data and cotegrnto number of Equivalent Single Axle
Load (ESAL) by means of the method described ireadpx A of design code 22TCN 211-06
[20, p. 59].

There are two separate heavy truck lanes in omettn of travel on East-West Highway.
Based on statistics, the number of ESALSs travekingwo heavy truck lanes (monitoring lanes)
is 274.000 ESALs/month, i.e. 137.000ESALs/lane/thorithe pavement was monitored its
deformation after 1.5 months, 2.5 months and 3.®th® by straight edge as described in
standard ASTM E1703 with a density of one sectidonfB8 Total rut depth curves predicted and
measured are shown in Fig. 7 in which total ruttdlepeasured is 8.2 mm after 479.500 ESALs
(or 3.5 months of exploitation) and the predictetue is 9.4 mm. The differences between the
predicted and measured values is less than 14.6 %.

5.2.3. Conclusion

As can be seen from the examples above, rut deyitles predicted by proposed method fit
relatively well those measured on the field. Thigedénces between the predicted and observed
values are less than 16.3 %. Because of many ratfidctors such as pavement temperature,
distribution of traffic flow over time as well asrers in terms of geometry and material, this
level of accuracy can be accepted.

Rutting predicted

L i ——=—— Rutting predicted
i v Rutting measured

v Rutting measured

o
T

©® o & N O
[E=SA ARRE REEA |

o
T

i‘\ Rut depth = 10 mm

N
S
T

1

Total Rutting Depth (mm)
3 o
T
Rutting depth (mm)
»
T

Rut depth =20 mm

2600000 ESALs y N

301 | )
TE+06 2E+06 3E+06
ESAL

RN B | | I |
o 200000 400000 600000 800000 1E+06
SAL

Figure 6.Total rut depth predicted and Figure 7.Total rut depth predicted and
measured. Experimental project on National Road 1A. measured. East-West Highway Reparation
The project was performed as extension of “Hot mix Project.

asphalt recycling at plant” project - A project of
Institute of Transport Science and Technology and
BMT Investment Construction Joint Stock Company.

6. CONCLUSIONS

Perzyna’s elasto-viscoplastic model using DruckagBr criteria was modified for
calculating flexible pavement permanent deformatiolarge deformation conditions. The main
key of the method proposed is that Hamburg Wheelcking test results are used for
determining material constants and predicting ejitd of pavement. Most of factors causing
rutting are explicitly taken into account in thdatdation, namely ESAL, tire inflatable pressure
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and traffic velocity, whereas the influence of tergiure factor on the calculation results is
hidden on model parameters determined from labgragst results.

The formulation proposed is illustrated and vakdaby means of specific examples of
calculation. The first example is dedicated to bealculating model parameters while the last
two examples simulate behavior of real pavemenicgire. The prediction of pavement
permanent deformation with proposed method reaatesptable level of accuracy.

The program does not takes long time to finishudaton, approximately 12-24 hours for a
pavement problem. Therefore, one can predict quittid behavior of a pavement after millions
of load passes and the allowable number of ESAhss dontributes to the assessing of material
usability depending on different exploitation cdrat of every project.
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TOM TAT

TiNH TOAN BIEN DANG VINH CUU CUA KET CAU AO bUONG
SU DUNG MO HINH BAN HOI-DEO-NHOT PERZYNA

Nguyén Huynh Tan Ta %"

'Khoa Xay Drng, Trrong Pai hoc Thi Dau Mgt
’Phong Nghiénu Phat trén va Thi nghim, Cong ty CEau tr Xay deng BMT

"Email: tainht@tdmu.edu.vn, tainht@bmt-rnd.vn

Bai viét nay trinh bay @t phrong phap tinh toan ém dang vinh aru caa két ciu doduong

mém duei tac ding trung plc cia i trong xe 6. Ung xr co hoc cia lyp mat duong mem dugc
mo #@ bang quy ldt dan hi—déo—nhot cua Perzyna. Bn dang vinh aru cia ket cau aoduong
duoc tinh toan tan tr sr dung phrong phap pn tir hiru han phi tuyen. Cac thong s cua mo
hinhduoc xacdinh dra vao thi nglim d6 sau ¥t han banh xe Hamburg Wheel Tracking.

Tir khéa: bién dang vinh aru, dr tinhdo sau ¢t hin banh xe, md hinian bi—-déo—nhst, bién
dang lén.
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