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Abstract:

In order to investigate interlayer debonding ndainkage cracks or joints of “composite” pavemeats
four-point bending test on bi-layer structuresesfprmed. Before mixed mode failure, the quasi-gicl
calculations obtained by a specific elastic modalaim experimental results under static and coetloll
displacement conditions. Both the interface noramal shear stress intensities determined at thénspec
edge lie within the range of values found in ther&ture for cement concrete overlays on a bituosno
material type of interface. The strain energy redeaate is calculated. Results are discussedvuelatiboth
data provided in the literature and testing campsig

Keywords: crack, interface debonding, modeling, posite pavement, four-point bending test.

1. Introduction

To ensure a long lasting pavement, high bond stinsrgetween pavement layers are obviously requltieel.
importance of establishing a good bond betweenrpamelayers is clearly obvious between bituminous
layers and a bituminous material as well as a ceomcrete layer. During the pavement service life
however, due to the structural heterogeneity oftitayer systems, debonding between pavement lagers
occur, especially near the edges or vertical cruksigh one layer. This phenomenon has been glosel
observed near joints of UltraThin White-topping eaents (UTW) [1-3] or near reflective cracks of
composite pavement [4] during certain experimaadtssonducted using the accelerated pavement Igadin
facility. For these two types of “composite” pavarteemade both with bituminous and cement concrete
layers, vertical discontinuities typically origieafrom shrinkage effects or joints in the cememiccete
layer. To complete a study of crack initiation gmdpagation within the structure, a specific maated

experimental device dedicated to characterizingriate behavior between pavement layers near stgénk



cracks or joints, needs to be introduced. It ingptheat a mechanical analysis on bi-material systanst be
performed, as is the case for other applicatioasubkually use bending tests (see, for examplé])[5-

In order to investigate the properties of pavenetfaces, a number of experimental works caroedin
the past mainly for reflective crack studies [8-fr@y contribute to the knowledge. When charactayitne
buckling-delamination that occurs in the tack aoaterial placed at the interface between two bitious
material layers or between a bituminous materiarl@y and a ciment concrete layer, interested rsaate
referred to recent literature in either pure deligidhode (mode [) [14] or pure shearing mode (midde
[15-20], exclusively. For a characterization of emishrinkage or other effects on bonding between a
cement substrate and a cement concrete layer tneserts displayed in [21-25] also provide insighbut
bending tests. As regards the mechanical charaatiem of interfaces between the cement concrezday
and the bituminous material layer, the data giveji] illustrate (see Table 1 below) the resultsvasl from
the literature on both field and laboratory measaets. For this last type of interface in particliawever,
the problem has not yet been fully investigated.

These data fall in the same range as those obtair84d elastic simulations run for a standard Fheload
of 32,500 N uniformly distributed over a rectangudeea at the edge of a joint on an Ultra Thin

Whitetopping pavement [32-33].

This paper is primarily focused on investigatiomslétermine mixed mode fracture resistance of bierra
interfaces made with bituminous and cement coneretierials. Depending on which material is chosen a
the overlay, the mechanical advantage of combihingninous material and cement concrete layens is i
fact to reduce both the effect of the existing ieattcrack, resulting from the shrinkage phenomeuwion
cement concrete layers, and the rutting phenomgaparated from the bituminous material. In Fraggen
though this latter type of pavement, called UlttdarTWhitetopping (UTW), is not commonly used, ityna
become more frequently dedicated to urban appbicatiRegardless of the type of interface and treatm
used however, the reflective, debonding or cornackcphenomenon in slabs may indeed occur [12,181].
fact, as for edge delamination in composite fiekisting joints or vertical cracks in a pavementlacreate
such a high concentration of both normal and simerface stresses that the crack could propadaieg the
interface between the two different layers befaegirating through one of the materials or everodeing

elsewhere far from them [1-4, 32-33]. The moduhisrbetween layers, due to the variation in terjpge



effect and the loading rate on mechanical propedfédituminous material as well as to the positbthe
load close to the vertical crack, plays an impdrtafe in the long-term performance of the bond![3-
Following the laboratory testing campaign [1] aedults stemming from other applications [5-7, 2134,

a four-point bending test (4PB), used on concretens strengthened by externally-bonded plated)dws
adapted for the pair of bituminous and cement airamaterials [35] (see Fig. 1). The aim of thipgrds to
explain the approach adopted here to optimizegbiein order to take into account the local steessind the
edge of the interface bonbhe advantage of this test is to be able to ingastithe mechanical properties of
interfaces under mixed mode conditions without gisiny supports or applied any loads directly on the
bituminous material. The main objectives of thipgraare so to present preliminary results to ingast and
to analyse, with the following points, if:

1. This 4PB test may be adapted and used to studgdhending phenomenon in a bi-layer material
composed with a cement concrete and a bituminotsriak

2. A specific elastic Multiparticular Model which casimulate the 3D interface stress in cracked
pavements [33] may be used in this investigation.

3. The elastic modeling combined with the experimetgat can provide interesting information at a
macro scale on interface fracture in mixed modeditmm; the elastic assumption may be adopted
here if one considers that the initial responseth&f bi-layer specimen is not affected by the
viscoelasticity of the bituminous materials.

The first section of this paper will present thelidated model used to simulate the mechanical &ettie
interface between composite layers. This modeliatons will be solved on the four-point bendingttas
illustrated on Figure 1. The two materials are abered to be homogeneous and isotropic. Mixed mode
fracture mechanisms on the interface between layerto be anticipated. By means of a specific hirogle
approach, convergence of the interface stresstiiedd the edge will be shown. An analytical expogsef

the strain energy release rate for each fractudenaoll be given as a function of both materialgraeters
and interfacial stresses. For materials testeldenaboratory, static elastic simulations will lb@ with the

aim of optimizing specimen geometry in order todiathe delamination phenomenon. Experimental result
mainly obtained under controlled displacement cihora (0.7 mm/min), will be given for two types of
interfaces. Lastly, according to these experimenitakrvations and data, an initial simplified alabgc

mechanical interpretation of results will be praadd



2. Simulations

This section will discuss the elastic simulationaducted for multilayer structures made from honmegels
and isotopic materials. The first subsection wilgent the specific model used to derive the mecalkn
interface field at the edge location before itsl@pgion to the four-point bending test. Next, tbe materials
tested herein, simulations will be run for the msg of designing bi-material specimens. These sitiouls
will also be useful for the developments in SecBoias well as for the discussion provided on erpanmtal

results under static conditions for two differesperature values.

2.1 The multi-particle model of multilayer materials with 5 equilibrium equations per layer (M4-5n)
An analysis of the delamination phenomenon on dilaygred system leads to studying a singular stres
field at both the interface and edge location betw®vo materials. By introducing classical modeling
techniques, the calculation of energy release des not converge. This nhon-convergence is due to
oscillatory singularities around the crack tip [3BYen though these irregularities are confinedsity small
regions near the end of the crack, this phenomédnen not convey any physical meaning [37]. Some
solutions may be found in the literature [38-41dwever, the use of conventional crack criteria resia
quite complex [42-43] and finite element simulai@re usually "cumbersome" to implement and exgensi
for common application by engineers.

The family of multi-particle models of multilayeraterials (M4) has been specially developed to saaiye
effects in composite structures [44-46]. As oppdseather classical models, these mechanical mgdkelis
finite stresses at a free edge or crack tip aintfegface point location of two different layer$i§ modeling
approach avoids singularities and reduces theoreadimensional problem that accelerates the emuati
resolution process compared to other modeling @ges. The interested reader should refer to pra f
complete description of this topic.

The M4 selected herein for the pavement bendingleno contains five kinematic fields per layer
(i0{1....n}, wheren denotes the total number of layers): average mispacements)! (x, y); the
average out-of-plane displaceméht(x, y); and average rotatior®’, (x, y), where(x, y) represent the

layer's plane coordinates and thelane directionda [1{1,2}). This model is labeled M4-5n. The M4-5n



construction is based on a polynomial approximatieneach layer of degree 1zfvertical direction) for
the in-plane stress fields. According to the edtiilim equations, this set-up provides, for eackrag 2°-
degree polynomial equation orfor shear stresses and"adegree equation infor the normal stress. The
coefficients of these polynomial approximations éxg/) fields per layer; they are expressed via the
classical Reissner generalized stress fields. Tpals@omial approximations offer the advantage efirdng
the out-of-interface plane normal'*(x,y) and shear stresse§ *(x, y) at interfacé,i+1 (and similarlyi-
1,), between layersandi+1 (and similarly between layeird andi). Hellinger-Reissner's formulation [47]
reduces the real 3D problem to a determinatioregflar plane fieldix, y) per each laydrand interface
i,i+1l (andi-1,)). This model may be viewed as a superpositiomRéissner plates connected by means of an
elastic energy that depends on the interlaminasstiields. For plane strain tension problemsstress
fields are obtained very quickly and lie very clésehose resulting from 3D finite element calciaas [48].
For crack initiation problems, delamination crigeih the angle-ply laminates have been proposedp6
50]. Two such criteria can be used for pavemenblpros. The first one is based on the maximum vabdfies
interface stresses, as evaluated by M4-5n. Thendatriterion is based on an analytical calculatbthe

individual strain energy release rates within adehated multilayer structure.

2.2 M4-5n equations applied to the 4PB test

In order to simplify the analysis, the 4PB tesiadni-layer specimen, as illustrated in Figure 5 been
simulated under the assumption of plane strainitiond. Subsequently, the mechanical fields ofNt#e5n
depend solely on variable The materials are considered to be elastic, hemmgs and isotropic. The layer
"i* (i 0{1,2}) is characterized by, o' E',J',i.e. its thickness, density, Young's modulus Boisson's
ratio parameters, respectively. The problem cadivided into three zones (Fig. 1a). The first aast zones,
where xJ[0,a; Jand xO[L —a» ,L ], are composed of just the single number 2 laygmBans of shear
forces, these zones allow analytically transmittaigx = a; and x = L —ay, the linking conditions of
displacements, forces and moments between theugazimes, in addition to support conditions oflibam
with respect to the bi-layer zone (i.e. wher&[aj, L —as ). Qn this central bi-layer zone, a series of

equation manipulations ultimately lead to solvingeaond-order system of differential equations dhet

solely a function of x, as written in the followimgpression (1):



AX"(x)+BX (x)=C with X(x)=| Qf (1)

where A, B and C are the analytical matrix funcsiah geometric parameters, the elastic charadtayist

material behavior, and the loading conditions djtin Figure 1, respectively. The expression£,0B,

and C are given in (2-4) whelh'% = ,0i ebx g (g = 981m/32) represents the dead weight of the layer i

(0{12}).
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The shear stressll2 (x) at the interface between layers 1 and 2, whiehfisction of the main unknowns of

system (1), is obtained analytically from the M4éguation of interface shear behavior (5) betwagark 1

and 2.
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The normal stresslz(x) at the interface between layers 1 and 2, whiehfisiction of the derivative of the

main unknowns of system (1), is also obtained ditaljy by means of the M4-5n equilibrium equatiai

shear forces (6).

vP=-Q (x) (6

(7).
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The expression of total enerdly, of the the M4-5n is given in [46, 48]. For a ca$@lane strain

assumptions, its expression is written in the feife equation (8)

=y J[w5” +w.’/Sn +w5n de (8)

i=1al

i [ i
Wherewg’” ,Wf,sn and Wgn are M4-5n energies of the layer i of the planesstes, the out of plane stresses

andthe shear stresses respectively. For each zore @pecimen (Fig. 1a), it is expressed analytic&iby
this elastic case, Hun's work [51] proved that thead weight of each material is neglegi %' =O).

According to the figure 1b, and that an artifiai@lamination crack, denotes a, is happening omighe side
of the specimen, it becomes (9).
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The interested reader should refer to [51] for mmlete description of this equation (9).
Then classically, for a little variation of a, déee®“da”, it becomes possible to study, by means of the M4

5n [46, 50-51],the initial state of delaminationrad with the total strain energy release rate usogations

(10) .
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To interpret these test results, the delaminatigar@ based on energy considerations must invthlee

strain energy release rates relative to each ichode. The virtual crack closure technique (VCGff@rs



a more useful and simpler approach to derivingehesults with the help of the M4 formulation. For
specific tension problems occurring with the conmgosaterials, each M4 strain energy release edédive
to each fracture mode (GG, , G;) is expressed as a quadratic function of inteafastresses at the crack
tip [46, 49-50]. For the bending test conditioneganted in the figure 1b, the analytical expressajrstrain
energy releases rates are given in the equatign@hly G is a pure quadratic function of the normal
interface stress. (Zakes into account the combined terms contairtiegshear interface stress, shear force
and load.

Gr(a)=G (a)+ Gy (a)
L
Gy (a) =2_1b_ 4l +U1)1'55|2£ s;(HUZ)El)(le(a))z (12)
_%{(“_Ul) Qll(a)+(1;’TU22) Qf(a)J_TLZ(a)

5L

with

2.3 Validation of the numerical M4-5n results

Boundary conditions of the central bi-layer zoneevghsystem (1) is solved are listed in Table 2. The
equations are numerically solved by applying a dionensional method along with the finite difference
method, according to the Newmark scheme used irsf8and implemented in the French open source
software for numerical computations known as Scilab

The solution to M4-5n equations has been succégsmiidated by comparison with 2D finite element
simulations [35]. Althought the M4-5n equations ¢take into account the dead—weight contributioraxth
material as given in equation (4) and (7), as jasly mentioned, Hun had proved that in elastitity
doesn't affect so much the results (that represemtenly 3.5% on the edge value of interface st®961].
In the case of the specimen geometry describeddtidh 2.4 and materials tested under the displanem
controlled condition laid out in Section 3.1, agegoint x = a(Fig. 1), the figure 2 then illustrates the
excellent level of convergence of the M4-5n integfmormal and shear stress values (5, 6). Along-theés
of the bi-layer zone I, for two different tempareg¢ conditions applied in the following tests, thietensities
are well within the range of values given previgualthe literature (see Table 1). Between the ¢éwternal

force points (i.e. B and C in Fig. 1), M4-5n intmsé stress intensities (Fig. 2), especially fommadrstresses



(Fig. 2b), are quite small and remain constanbimgarison with the values from zones | and Il nbar
edges. From these results, 1,200 elementary segmokttitex variable exceed the requirement for obtaining

good numerical accuracy of interface stresses (@r99.98%) at edge point= L —a,. Each simulation

consumes no more than 2 seconds (in CPU time) dBaiséhe interface stress field, this test shoudttyan
interface fracture in mixed mode (i.e. modes | Hrmbmbined).
For the specimens tested and presented in this,pggeending on the interface stress intensithettige of

an initially symmetrical specime(al =ap = 70mm) (Fig. 3), Gis greater than (XFig. 3b). The evolution

in energy release rate is given as a function®hibrmalized crack length a/LF where a vaslesg the x-

axle fromL—-ay to Lg +Lgg. The figure 3a validates the simulation of enegjgase rate calculated by

means of the VCCT method (11), in comparison withtotal strain energy release rate obtained
conventionally (10).

In addition, from the sign of the derivative of emerelease with respect to the crack length, thelc
expected to propagate along the interface is ulestafore turning quite stable.

In the following section, the finite intensity dfa M4-5n stresses at the edge location will subsettyube
used in the parametric calculation in order to fadelamination over fracture by the bending modesse
stresses are primarily correlated with the tenaiotitie bottom of layer 2, provided the modulusagelr 1

material is very small compared to the layer 2 nhaglu

2.4 Influence of specimen geometry and material chacteristics on the stress field

In this section, M4-5n simulations will be run dretglobal specimen geometry, which takes into atcou
both the space constraints of the test and thedgsteeities of the material. This set-up yieldpanslength
covering 420 mm, a width of 120 mm and a 60-mmkitnéss for each layer. Half of the 5-kN total load w
be applied on each third of the span length. Thddand the and reaction forces are applied oceitment
concrete material (layer 2) solely as a means oidavg boundary condition problems during the teish
the viscoelasticity and thermo-susceptibility of thituminous material constituting layer 1 (Fig. 1)
According to the NF EN 13108-1 Standard, the bihous material tested in Section 3 is a conventional
French bituminous mix obtained by using aggregate @10 and 5% of bitumen with 35/50 penetration

grade; it features a high air void content (9.59%h)e parameters of the Huet-Sayegh (HS) law [55&7]



the bituminous material selected herein (denote8BB/10) are listed in Table 3. The HS law depemds
both frequencye (with el as the time variation) and temperatér€12).

E. -Ey

Y,6)=E. +
= S arle) *+ (@) T

(12)

where E,, is the instantaneous elastic modults, is the static elastic modulus, k and h are the@eepts

of parabolic dampe($> h>k > 0) , and d is a positive coefficient. In relation (12),

T(H) = exp(Ao +A G+ A 492) is a function of temperature and involves threagarameters. The

frequency value is correlated with loading rateditions under some commonly used assumption [1]. Fo
the displacement-controlled condition at a 0.7-mm/lmading rate, under the assumption described in
Section 3.2 below, the equivalent modulus valuthefbituminous material equals approximately 2 0Ba
at 20°C and 11,000 MPa at 5°C. The Poisson's vat®assumed to be an elastic scalar.

The cement concrete material (denoted BC6) is maithea CEM | 52.5R cement (NF EN 206-1) and
aggregate size 0/11. Its characteristics are giv@able 4; moreover,Rnd R classically denote the tensile
and compressive strength values, respectivelyheofimaterial.

The following simulations have been performed fer B/E" < 30 in a symmetric case; @& = 70 mm.
Figure 4 indicates that as the Young's modulus ta#tween the concrete material (layer 2) and the
bituminous material (layer 1) decreases, the terssiess intensity at the bottom of layer 2 shows a
maximum at points A and D relative to points B &hdntensities of the normal and the shear interfac

stress rise in absolute value terms at these points

This M4-5n parametric analysis reveals that theilestress at the bottom of concrete layer 2 is in
competition with interface stresses; this stregmdds on the equivalent elastic value of the bitaus
material modulus and hence on the test temperdbaqgending on the tensile strength value of theecgm
concrete material, as well as interface propediesmaterial heterogeneity, the specimen fracturéem
during the test will also be influenced.

Due to the symmetry of a specimen's preliminaryltesas presented in Hehal. [35], delamination may
occur first or simultaneously with failure in coate on either side of the specimen. To force the

delamination failure mode onto just one side ofgpecimen, asymmetric specimens will be numerically



explored in the following discussion. The lengtlisaset at 40 mm maximum with respect to the alldwa
distance from support to the edge of layer 1. Fomer value of the bituminous material modulus.(E =
2,000 MPa), Figure 5 shows M4-5n simulations fatos a lengths. In Figure 5a, as lengthircreases,
the tensile stress intensity at the bottom of ceteclayer 2 increases under loading point C anthtkeface
normal and shear stresses increase at the edge-&)£Fig. 5b). The parametric analysis confirms that
intensity of interface stresses at the edge (xag) lincreases from 20% to 60%, in comparison withsses
on the other side when only the lengthsancreasing. For this test, a compromise muisbst found
between the tensile stress at the bottom of theokeooncrete layer and both the shear and normesisets

at the edge of the interface.

3. Experimental results on bi-material beam for corposite pavement

In [35,51], the modeling was first validated fost®on bi-layer specimen composed of aluminum esirtst
layer and PVC as the second. Debonding between thesmaterials was observed according to
expectations. The elastic M4-5n simulation fits ¢festicpart of experimental load-displacement esirv
This section will present the initial experimenaséults obtained on a bi-material specimen forctdraposite
pavement made with cement concrete and bituminaisrials, as described above. The first subseutilbn
discuss the experimental set-up, both types offatte characteristics (type | for UTW, type Il bsing a
tack coat), and the initial visual observationdailure events during testing. The second subseetit
examine the load displacement curves, as welleat#d vs. strain measured at the bottom of the
bituminous layer, focusing solely on delaminateecépmens. Depending on material properties, a first
interpretation of these results can then be pravilemeans of observations made on the experimantal

some simulation curves.

3.1 Description of test specimens and initial obseations

For the bituminous material and cement concreterigds described above in Tables 2 and 3, two tgpes
interfaces have been tested. The type | interfaceips to a cement concrete overlay on bitumimoaterial,
known as the Ultra Thin Whitetopping (UTW) type.€ltype Il interface corresponds to a bituminous

material with the cement concrete material beingdeo by means of a tack coat layer.



For type | specimen, the cement concrete layercassdirectly onto the prefabricated bituminoud sla
After one month, 3 composite slabs were sawed3drgpecimens (using the last number of the specimen
numbering). For type Il specimen, the cement cdrar@terial was initially kept 28 days in a corlgdl
chamber at 202°C and 5@10% of humidity rate before putting the tack cddte porosity of this material
is about 2.3%. The surface of the cement concager Wwas cleaned by water blasting before pladiag t
tack coat. The surface roughness of this mateyisinnilar to a smooth surface texture accordin¢ostudy
given in [20]. The tack coat is a French emulsiofq B4) used conventionally on top of the cement
concrete layer. It is normally kept in a climatitamber at 45°C prior to use. The emulsion, i.ek@/M? of
residual binder, was applied to the concrete layerleft for 24 hours before being covered by the
bituminous material layer. The bituminous mateniak then compacted by using the linear kneading
compactor developed by LCPC. Lastly, the compad#tbs were sawed into the same mandatory dimensions
as the Type | specimen.

The common dimensions of each specimen aggi=.480 mm for an L = 420 mm dimension between
supports, &= €= 60 mm, and &= 70 mm. Two width values, as well as symmetrical aon-symmetrical
specimens, have been tested. These geometriesiasigned by M4-5n calculations to simulate maximum
stress intensity towards the interface edges. Uaskrmptions of elastic, homogeneous and isotropic
materials and according to Figure 5, a higher vafui compared to aFig. 1) should favor delamination
on the aside first. If such idea is proven and observgukermentally, then only one side needs to be
instrumented in order to measure the crack propaygkangth. Tests were performed on a hydraulisgre
during the test, the specimen temperature wasaltatrin a climatic aquarium chamber (Fig. 6a). Tingn
advantage of this chamber is to offer the posgtiti follow with visual or digital image inspectipevery
side and fracture zone of the specimen duringdasie The test temperatures, loading rates, specific
dimension and fracture observations for each spEtimave been summarized in Table 5.

To control and measure the imposed displacemdiniear variable differential transducer (LVDT) sens
was placed mid-height on the specimen sectioneaill-span (Fig. 6b). Both types | and Il specimeage
delaminated according to this proposed test pro{see Table 5, Figs. 6a and 9a).

For ambient temperature values around 20°C, mpst ltgpecimens (80%) were delaminated at the aderf
between layers either under load or controlledldegment conditions. Figure 7 shows that delanonati

occurs exactly at the interface location betwegaraeven though the cement material has beenrftpau



top of the bituminous material, as is conventignaltticipated for a UTW structure. This finding iles
that even if cement concrete fills the bituminowsenal voids and then assumed to strengthen tedace
in the bituminous material just under the interféeig. 7a), the present four-point bending testiisable to
delaminate the bi-material layers under the coletiotonditions set forth in Table 5. On Figure iTks nice
to observe that this test produces an adhesivaufeafor this Type | of interface. This test showield
valuable results for characterizing this type ¢éiface.

For just a single specimen (Type I-PT-3-2), failwas observed in the central zone between therigadi
location points. In this case, the crack startetthinmiddle of the specimen and at the bottom eftément
concrete layer. The central crack propagated \aditirom the bottom of the concrete layer near the
interface location into each part of the two maisr{Fig. 8a). For an E2/EL1 ratio value of arou@idRlgure
4a demonstrates that a maximum tensile stressenigtis central part of the beam between loading
locations B and C. In this zone, if a defect existhe material, a crack may occur at the samé spo
Moreover, for the two specimens I-PT-2.1 and I-PZ-2 bending failure in cement concrete occurted a
x=al (i.e. point D in Fig. 4a). At a lower temperat (4°C - E/E" ratio of approx. 3) for the type I-PT-1-2
specimen, failure was also located at the bottothetoncrete layer very close to point D of thgeedones
(Fig. 4a). In addition to previous comments regagdhe competition between tensile stress andfader
stresses, these last failures are mainly facittaiea strong bond between the layers and theuiaeg
thickness of bituminous layers. For two speciméms cement concrete layer thickness in the midfiteeo
beam is indeed greater than at the edge (Fighixe precisely, the variation in thickness layedu in
particular to the method of compaction used foritiieminous material plates during the productibage.
This finding suggests that considerable care maisaken during specimen fabrication. Consequetiiéy,
results on Type I-PT-3-2, I-PT-2.1 and I-PT-2.2adpens have not been reported on the curves apgdari
the following section (3.2). In addition, for feye | specimens and results stemming from thealitee [7,
24, 34], some additional cracks at the bottom efakment concrete under point B or C in Figure dg m
have occurred prior to delamination at locatiompéi or D.

For specimen type I, much care was taken to iniceda regular thickness for all bituminous slab$ndu
the compaction phase. Hence, for all Type Il speasnboth the symmetric and non-symmetric specimens
were ultimately delaminated at the interface betwiagers not only at ambient temperature (arourf€p0

but also, as depicted in Table 5, at lower tempegat(near 5°C). As for Type | specimens, the exact



location of debonding occurred between the 2 lgyadllustrated in Figure 9. Yet failure still egmed
twice as fast as for the previous type of interf@cble 5), which provides an interesting resulewh
comparing these two types of interfaces. As foukagrb, the Figure 9b gives the typical fractuesasf the
the broken interfaces. It is observed that for Thate Il interface (with tack coat), as expectéd,a
cohesion debonding. It has happened in the middleeoviscoelastic tack coat and makes the teshmuc
more complicated to interpret by an elastic moahelan no dead weight assumptions.

Furthermore, some observations have displayedrédsepce of a non-negligible effect from the bitumis
layer self-weight on type Il interfaces (i.e. withe of a tack coat). For this type Il specimen eeixpental
results will likely be poorly modeled under thew@sptions exposed in the first part of this papgarding
elasticity and the lack of self-weight effects. Thst should be modified in order to deepen thellef/
understanding on this type of interface. In paféicuhis modification should be introduced in anetely
opposite manner when loads originate from the bat®uch a modification proved impossible with the

hydraulic press used in this study.

3.2 Experimental curve data

In this section, only the curves associated wigstéhat ultimately produced delamination failuneler
controlled displacement conditions are reportedHertwo width values of bi-layers (i.e. b = 10@dr20
mm). The equivalent Young's modulus value of therbinous material has been calculated through&s H
law (12) at the test temperature. In an initialragpnation for all tests conducted under the cdledo
displacement rate of 0.7 mm/min, the frequencyhissen as a function of test duration, which isdo b
determined by both experimental results (Tablengl)tae M4-5n model with respect to the tensilesstre
limit within the cement concrete material (Fig. Bhis time (T = ke=ssup) COrresponds to the maximum
load F=35mpa €qual to 5 KN and 7.2 kN at high and low tempees, respectively (see Figs. 10 and 12).
From these loads, the test duration is determiya@\iewing the experimental time-load result;maunts
to roughly 5.3 s for the two specimens testedgtt bind low temperature. In (12), the equivalent mhaosl of
the bituminous layer is assumed to equal 2,000 Mtfeler ambient temperature conditions (around 20°C),

though its value rises to 11,000 MPa at low tempeea(approx. 5°C).



In the following curves, all results from Table Bder controlled displacement conditions are disgdian
the same graph. The load has been normalized bgfaatent that depends on the interface length and
specimen width, both of which are parameters ofritexface surface area.

First, for ambient temperature conditions, strofffgeences appear between the two types of intesaas
observed in Figure 10. The static four-point begdést in static mode yields some highly repeatedsalts
for Type | specimens, even though results are mately dispersed for Type Il. In addition, the sage
maximum load value for the Type | interface is at¥f6 higher than for the Type Il interface. Excpt
the type I-PT-1-1 specimen, which raised certdificdities with the displacement sensor, the gldvedar
response of the Type | specimen can be simulateoh®tastic M4-5n before the load reaches its mamxim
value and cracking occurs. This comment is alsil ¥al strain measurements at the bottom of thediaid
part of the bituminous layer on the curves showhigure 11.

In order to experimentally determine if cracks odoefore or after the maximum load value, firstapen
type 1I-PT-1-3 and then type II-PT-2-2 (with feweadings) were subjected to several loadings before
conducting the static test, and this was repeatébtraaching the failure state. With respect teyious
observations, it seems obvious that the dead weighe bituminous material influences debondinghef
viscoelastic tack coat. More specifically, thiseeff could explain why the elastic M4-5n does notdry
closely over the first part of these curves (Fig). Buch is especially true for type 1I-PT-1-3, elhremains
in the same position for quite a long time. The mman load value is smaller here than for the other
specimens (Figs. 10 and 11). To properly testtiiue of interface, which is not exactly the ultieat
objective of this work, the present test would neede improved. Nevertheless, it is importantémpout
that this test is able to provode some resultshfeitwo different types of interfaces.

Under the same controlled displacement rate (0.7nnim as for previous results, only one test orheac
interface has been performed at a lower temperdtareset around 5°C (Fig. 12). Compared to result
obtained at ambient temperature (see Fig. 10),bseroe on Figure 12, that small visco-elactic effexists
in Type | specimen in regards to Type Il ones. Agreral indication for the type | specimen, theiimam
force value of this test carried out at 5°C wathefsame intensity as the value obtained for ss28°C.
The M4-5n curve perfectly fits the experimentapthsement and strain result before failure ocauthé
cement concrete layer. For the type I-PT-1-2 spewimo interface debonding was observed, as oposed

the type 1I-PT-1-1 specimen failure mode (TableG)ce again, for the type Il specimen, before failtan



occur at the bottom of the cement concrete laysaddveight effects of the bituminous layer on the
viscoelastic tack coat may complicate this analydie linear portion of the curve is in fact shottean the
elastic simulation performed with M4-5n before giesumed cement concrete failure (Fig. 12b). A much
greater number of tests must naturally be completedder to confirm these results.

According to the M4-5n simulations illustrated iiglire 4b however and in comparison with observation
and experimental results for ambient temperatuee ground 20°C), each type of interface appeassGto
resist higher values of both normal and shearfaterstresses at point D. In considering that t&&n
interface stresses might provide a good indicatdietamination criteria when very few visco-elasftect
exists (as for the Type | specimen), it could thennterpreted that the behavior of the compositerface

between the cement concrete and the bituminousrialegbould be considered as thermosusceptible.

3.3 Discussion

M4-5n simulations (Fig. 4), in correlation with cent concrete material characteristics (Table 3)iaitidl
experimental observations (Table 5, Fig. 8a), ia@i¢hat a competition exists between tensile saethe
bottom of the cement concrete layer and interfacenal and shear stresses. As opposed to testsateddu
on ALU/PVC specimens, the experimental determimagibstrain energy release rate by means of the
classical compliance method [58] and crack moumopy measurements seems more complicated to apply
to the bi-layer specimen made from cement conenedebituminous materials [52].

The competition between stresses described aboveecaummarized and discussed briefly at certaim$o
on the load displacement curves using simple elaatculus. Some values will be given below. Presio
experimental curves of load displacements (Figarid12) have indicated three distinct zones: AnB C.
These zones are illustrated in Figure 13 for spegitvPT-1-3 and II-PT-2-1 only. Cases 1 through 4
illustrate the finite element (FEM) simulations.

Zone A corresponds to the linear part of the curleefore either the possible failure at the bottdrthe
cement concrete layer or the viscoelastic effethebituminous material. In this zone, M4-5n cusrve
generally fit all tests of the type | specimen wtthaverage material modulus values for each tesmtyes
(Figs. 10-12). For type Il specimens, focusingantigular on the load versus strain curves at it of
the bituminous layer, the M4-5n curves do notialile experimental curves (Figs. 11 and 12b). As

explained in the previous section, this findingisbably due to the dead-weight effects of therbitwus



layer on the viscoelastic tack coat. For the typetérface, on the contrary to the type | intedathis effect
must therefore be taken into account in the modelse the test schematic diagram needs to be imddih
zone B, cracks may occur anywhere (either in tineeceg concrete material or on the interface locatibhe
end of zone B is chosen to be associated withdh®lete debonding case, without any cracks appgatin
the bottom of the concrete layer (Fig. 13). Thiewdation has been performed according to claséicat
point bending theory (RDM: strength of materialg)tbe cement concrete beam only. The curves atemtnbi
temperature match the maximum load value (Fig. ABJower temperatures, this value corresponds to a
point on the curve just after the maximum load gdlkig. 12). Regardless of the case, zone B islamdl
delamination cannot by itself describe the entineve. As a matter of fact, even if viscoelastieef$ of the
bituminous layer are taken into consideration,aHeglure possibilities exist in zone B: only orrack
appears at the bottom of the cement concrete (agse 1); total delamination of just one side eflibeam
(case 2) until point B or C (Fig. 1); or a smaliti@al crack at the bottom of the cement concrayel,
coupled with a total delamination of one edge (&seas can be observed as well in Figure 9a fbPa-2-
1 specimen. Under these assumptions, zone C, \ebéreracks at the bottom of layer 2 and delanomati
are sure to be found, should then mainly correspottide propagation zone for the crack in the cémen
concrete until the end of the test (case 4).

In subsequent studies, these investigations wédrte be improved and validated by further detlidsig
with both the introduction, in the M4-5n simulatjaof vertical failure in the cement concrete laged the
use of a digital image correlation technique. Toptete this first effort and provide some indicataf no
cracks occur at the bottom of the cement concaster Ibefore delamination (i.e. case 2), then aaftidi
values of the M4-5n interface stresses at poirtrDAj in Figure 1 and the strain energy release hate
been listed in Table 6. These values have beenlatdd for two force intensities (ks end of zone A; and
Fnax €nd of zone B) for tests carried out at ambientgerature. If debonding initiates from the edgthef
beam only, then the critical experimental interfattesses or G intensities should lie between thaises,
which are in the range of values given in the ditere (Table 1) [27].

In subsequent studies, these values will need twbgplemented by interface normal and shear sudass

near the vertical concrete crack (case 1 of Fiyst3s to precisely determine which intensityighér.

4. Conclusions



In order to deep the knowledge about the charaetiioh of interface bond, this aim of this artiid¢o give
some answers to the three questions given in thedinction and not to examine the debonding intarfa
problems with great details on interface charasties in a well-known test and not to propose atmal
test for being standardized. The term “mechanioalysis” is used to indicate that this experimeatad
modelling work is voluntary not performed at a miscale level (as for instance at the level of solee
zone behind the crack). This paper doesn’t preggther at all to do similar statistical investigais to
compare results of different tests such as thoee @o[59]. Actually, the work presented in thigopagives
some answers to the three points of the objectixes in the introduction. A 4PB test on bi-lay&ustures
has been analyzed using a specific elastic modiel.iffluence of geometry on the delamination
phenomenon in specimens has been studied. Fissghmws that the elastic model used is reallyieffido
design the geometry of the specimen. The elashitisns compute into Scilab are obtained very gyick
which allows making different parametric studis.expected, this test shows significant rupturiet
interface in mixed mode (modes | and Il combineat)ditions, though mode | should be recognized as th
main failure mode. The VCCT method helps sepalséwo modes from the strain energy release rate.
These initial results on various types of interfatasted under controlled static conditions hawnbe
presented. Actually, in a pavement, a concrete legre be covered by a bituminous surface courseand
tack coat is used to ensure the bond betweenybeslaAs second case, a bituminous layer can beredv
by a cement concrete without using a tack coat.tiMoepossibilities of construction during layingopess
give two kinds of interface. In each case, therfatee bond needs more investigation in laboratod/@ne
proposes in this paper some tests to evaluatatibdace bond meanly at ambient temperature. These
preliminary experiments have been done to checkapeability of the four-point bending test to dusfilish
between the two types of interface. In the same w@me tests have been also conducted at lower
temperatures. Different failure mechanisms, prilpanicluding delamination, have been observed. Bhis
point bending test has been able to highlight ckffiees between interface types. Due to the streifig s
weight effect of the bituminous layer for interfeggecimen type Il (bituminous layer placed on theent
concrete layer by means of a tack coat film), thst needs to be modified in order to improve tbhdysof
this type of interface. In considering the defleatbehavior of specimens, both experimental antythcel
results have been compared. Interface normal agaf sitress intensities between layers at the ede o

specimen, as output from the model, are in thegahgalues found in the literature for type | nidees



(UTW type). For this type of interface (Type llpetfour point bending test investigated here iy ver
interesting for its capability to debond such artaiterial specimen. We conclude that the statisticak

(with different temperatures/loading conditiongjgbness of material, moisture or water effect ..r) loa
planned. As for composite materials [45, 48-49Jadgnation can be predicted using the quadratlarki
criterion in terms of these M4 interface stresses.the pair of materials tested however, it wapgear

that strong competition exists between a crackeabbttom of the cement layer and a debonding ¢crack
which further complicates crack length measuremieyntsieans of classical techniques.

In looking to future studies, additional simulatsdior the purpose of introducing, under loadinghpoof the
specimen, an initial crack at the bottom of theccete layer into the model should help determimeetkact
cracking and debonding mechanisms of these spesini@nough the use of image analysis techniqués, th

information should be also provided and the pararseif mixed mode criteria should also be indicated
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Table 2: lllustration of some mechanical strengibacbetween a cement concrete overlay on a bitursino

material ¢ andt are the normal and shear interface stresses tashgc

B : Bituminous material  [___] : Cement concrete

Test Results
Direct tensile test (Mode 1)
F - Cores from a pavement with continuous slabs afterars of service [25}v: = 0.3MPa

- Cores from a thin bonded (milled surface) cenwemicrete pavement after 6 months of

traffic [26]: v = 0.5MPa

F

Wedge splitting test (Mode 1)
@

Shear test (Mode II)

- Cores from a bonded (milled surface) thin cenoemicrete pavement after 4 months of

traffic [27] :v = 2,6 & 3,2MPa (test at -10°Q@)= 1.3 & 1.6MPa (test at 10°@)= 0.7MPa

70J/m2 < G < 100J/m2 (test at 22°C)

- Cores from a concrete slab over a bituminous nadhtease [ 28} = 0.8MPa

- Cores from a bonded (milled surface) thin centanicrete pavement after 6 months of

F
traffic [26]: 7= 0.7MPa
- Cores from a bonded (milled surface) thin cenvemnicrete pavement [29]:= 0.4MPa
F

Cores from a bonded (milled surface) thin cementuoete pavement after 1 year of

traffic [30]: = 0.5 a 0.7MPa

EPCF test (Mixed mode)

Specimens from a laboratory test without any iateftreatment [1] :

F
E v= 0.6 to 1IMPas = 0.3 to 0.8MPa (static test at 0°C — 0.11mm/min)

v < 1.8MPag < 0.8MPa (fatigue test at 0°C and 10Hz)




Table 2: Numerical boundary conditions of the bi#lagnodelled (zone Il of Figure 1)

Analytical boundary Numerical boundary conditions Analytical boundary conditions
conditions (x =az) (XN =L-ap)

1 1 —
U7 bg)=0 FooE UL (x)=0

1 -

Q1 (xq)=0 | l l . Qilx)=0

1 a, L, L+L, La, X 1
@1 (1g)=0 ST T of)=o

2 (v )= X, X, X, X, X, 2'( V=
U{(x)=0 Us (xn)=0

6(1—022j 1 2 jjl J j-:-l NN 5(1_,}22)

2 Fay 2 Fap
02 (x)=—— 2 Fa 02 (xy )22 22

1\l 3 1 \*N 3

g2 b 2 g2 b

Table 3: Bituminous material characteristics wiiiphhlevel of void content (IFSTTAR A476)

Eo Eint

Bituminous material 0 k h Ao(s) A;(s°C-1) Ay(s°C-2) U
(MPa) (MPa)

BBSG 0-10 25 27535 2.38 0.23 0.69 3.8251 -0.39086 .001®H067 0.35

Table 4: Cement material characteristics (IFSTTART-6)

Cement Concrete Cementtype Granular size Air (@il E° (MPa) v R; (MPa) R;(MPa)

BC6 CEM152.5R 0/11 2.57 34878 0.25 3.46 47.67




Table 5: Dimension of bi-layer specimens, test @t and visual observations

Specimen b/g Controlled T Frax temax . .
name (mm) conditions (°C) (N) (s) Visual observations
I-PT-1-1 120/70  0.7mm/min 21.0 12150 17.5 Interfdebonding
[-PT-1-2 120/70 O0.7mm/min 4.0 12190 10.5 Bendisgture (Edge of layer 2)
I-PT-1-3 100/70  0.7mm/min  20.0 9760 28.0 Interfdebonding
I-PT-2-1 120/70 O0.7mm/min  20.0 11900 20.7 Bendnagture (Edge of layer 2)
[-PT-2-2  120/70  500N/s 20.0 8465 22.5 Bending frex{Edge of layer 2)
[-PT-2-3  120/70  100N/s 230 - 73.3 Interface delvogd

Cracking in cement concrete layer then
I-PT-3-1 120/70  O0.7mm/min  20.0 11560 20.0

interface debonding
[-PT-3-2 120/70 O0.7mm/min 21.0 11090 18.0 Bendnagture (middle of layers)
I-PT-3-3 100/70  0.7mm/min  22.0 8850 25.0 Interfdebonding
I-PT-1-1 120/70  0.7mm/min 6.0 10780 13.4 Interfdedonding

Cracking in cement concrete layer then
I-PT-1-2 120/70 O0.7mm/min 20.0 6800 13.9

interface debonding

Cracking in cement concrete layer then
I-PT-1-3 100/70  O0.7mm/min 20.5 4300 12.5

interface debonding

Cracking in cement concrete layer then
I-PT-2-1 120/40 O0.7mm/min 22.0 5600 11.0

interface debonding

Cracking in cement concrete layer then
I-PT-2-2 120/40 O0.7mm/min 20.0 6000 14.0

interface debonding

Cracking in cement concrete layer then
[I-PT-2-3 100/40 O0.7mm/min 20.5 5200 9.7

interface debonding
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Table 6: Interface stress intensity and strainggnegzlease rate results for ambient temperatucai(at 20°C)

G, (J/m?) for a crack

Average , , ,
Specimen Fi=s.35 e (L-a,) 1R (L-a) vii (L-a) vi2 (L-a) length of 2mm
maximum
type (N) MPa (MPa) (MPa) (MPa)
load (N) ( ) Model
GFmax GFI:S.SS
Type | 9760-12150 5000 0.42-0.48 0.20 1.18 -1.340.55 100-112 44-80
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Figure 1. (a) Four-point bending test on bilayetarials (b) anti-symmetrical debonding case
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Figure 2. Interface M4-5n stresses and numericatf@mence of calculations at poirt= L —a, (F= 5kN,

b= 120mm, g=a,=70mm): (a) Interface shear stre&é(x), (b) Interface normal stress-?(x)
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Figure 3. Evolution of strain energy release ratkinction of the normalized crack leng#fia (for Frype | =
12kN, for Frype n = 5kN, E/E’= 17.4, b= 120mm,;aa&=70mm): (a) Comparison of the two methods: energy
and VVCT,; (b) Gand G strain energy release rate compared to the total G
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Figure 6. (a) Four-point bending test arrangerfienEirst debonding observations of Type | specirfien

PT-2-3 under load controlled condition 100N/s)

Figure 8. Bending parasite failures at the: a)d&df the beam (I-PT-3-2) b) Edge of layer 2 duadn

regular thickness of layers (Type I-PT-2.1 example)
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Figure 9. Typical debonding fracture aspect ofdiipspecimen (lI-PT-2-2)
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Figure 10. Load versus midspan deflection curvesi-tdyer specimen tested under controlled disprasd

rate (0.7mm/min)
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Figure 11. Load strain results for bilayer specisasted under controlled displacement conditions

(0.7mm/min)
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Figure 12. Load displacement results for bi-laymrcimen tested under a lower temperature fixed@tahd
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Zone A Nocracking in the concrete layer nor inferface debonding
Zone B Possibility of only inferface debonding or both cracking in concrefe and debonding
Zone C Failure of the concrete layer coupled with interface debonding
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Figure 13. Different failure scenarios of the &ydred 4 pt bending test for pavement material
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