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A four-point bending test for the bonding evaluation of
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Abstract. The aim of this paper is to present a specific-foaint bending test with
a specific model to help investigate the crackiatidn and propagation at the
interface between layers of composite pavements.ififuence of the geometry
on the delamination phenomenon in specimens isyze@dl Considering the
deflection behavior of specimens, both experimeatadl analytical results are
compared. Two different types of interface (corerétasphalt and asphalt /
concrete) are tested in static conditions. Differéalure mechanisms whose
mainly delamination is observed. The crack moutlenopg displacement is
monitoring by means of linear variable differentic@insducer (LVDT). The strain
energy release rate is provided and compared sfallggo the literature.

Introduction

Due to shrinkage phenomenon occurred in cementrialstethe existing vertical
crack through the cement concrete layer combinedntgronmental and traffic
loadings affects the durability of composite pavateemade with asphalt and
cement materials. Two main problems have to be stiy&ted: i) debonding
mechanisms at the interface between two layers; réflective cracking
phenomenon through asphalt overlay or corner cratkoncrete overlay. This
paper deals with the study of debonding. Previ@search works have proposed
some experimental devices to characterize the Istreshgth of asphalt-concrete
interface in mode | [1]. But the combined normati amear stresses near the edge
of the layer as the vertical crack usually initsatnd propagates the delamination
[1]. The optimum design incorporating these vagabhas not been done yet.
Mixed mode test to evaluate the delamination rastst is needed. On site, only
few devices [4-5] allow testing the bond strengthniixed-mode. The literature
review offers interesting ideas especially thoseaainforced concrete beams and
on concrete beams strengthened with composite izaiat§s].



2 M. Hun, A. Chabot, F. Hammoum

In this paper, we propose to adapt existing founpbending test (4PB) to bi-

material specimens made with asphalt and cemerdrialayers as illustrated in

Figure 1. By using a specific elastic model, thtuence of the specimen geometry
and the material characteristics on internal st®sss presented. Then,
experimental program is described and a discussicstatic results is given.
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Figure 1 (a) Schematic of test configuration, (b) Schematiapted for calculating
strain energy release rate calculation

Quasi-analytical investigation

The Multi-particle Model of Multi-layer Materials ith 5 equilibrium equations
per layer (M4-5n, n: total number of layers) [Bed to calculate stress and strain
energy release rate on the 4PB test (Figure 1.bjiédly presented. Considering
homogenous, elastic and isotropic material asswmgtithe specimen design is
studied in order to optimize stresses to causerde&ion between layers.

Introduction to the M4-5n

The M4-5n has five kinematic fields per Iayerii[({l...,n}): the average plane
displacement,(x, y), the average out of plane;(x, y) and the average rotations
d)ia(x,y) (a'D{lZ}). Stress field is assumed to be written with potyiad

approximation in z (vertical direction) per layefcharacterized b)ei JE' U its

thickness, Young modulus and Poisson ratio parasjetdts coefficients are
expressed with the use of the classical Reissneerghized stress fields (lx, y)
per layer i. These polynomial approximations have advantage to define the
normal stresses/'"*(x,y) and the shear stressag™(xy) at the interface
between i and i+1 layers. Theses stress fieldsemonsible for the delamination
between layers at the edge or cracking locatiomtpoiHellinger-Reissner's
formulation reduces the real 3D problem to the misiteation of regular plane
fields (x,y) per layer i and interface i, i+1 (andl, i). This model can be viewed as
superposition of n Reissner’s plates, connectechbgns of an elastic energy that
depends on the interlaminar stress fields J2je M4-5n advantage is tgive finite
value of stresses near the edge or crack perniitedientify easily delamination
criteria [3].
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In order to simplify the analysis, the 4PB testsgrged in Figure 1.a is simulated
under the assumption of plane strain. Then, thehamdcal fields depend only on
the variablex. The problem is divided in three zones (see Fidui@. By mean of

shear forcesQ, (X) of layers 1 and 2, linking conditions of displa@as, forces
and moments between zones, the first and last esitgler zone XU[0, &,]

andxO[L —a,,L]) allow to pass on the support conditions of tharbeat the
bilayer zone(xD[al,L—aZ]). On this central zone (wheren=2), different

manipulations of M4-5n equations let to put finalfyo a system of second order
differential equations in function of x only withe form Eqn. (1)

Ui

@
AX"(x)+BX(x)=C with X(x)=| Q¥(x (1)

U

®7

where A, B, and C are the analytical matrices fiemst of geometric parameters,
elastic characteristics of material behaviors aodding conditions specified
(Figure 1.a). The expression of A, B, and C aregin Eqn. (2-4):
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The shear stressaq“(x) and normal stresseus“(x) of M4-5n at the interface

between layer 1 and 2, are obtained analyticalljuirction, respectively, of the
unknowns of the system of Eqn. (1) and their deifresby the Eqgn. (5) of interface
behavior, and the equilibrium equation of sheacderof Eqn. (6). The sum of
shear force of layers has to verify the conditienralicating in Eqn. (7).

()= U )= & i) - 2 ()a 1Y if) s 1HYY 2
o [UF0-U3)-§ 0i(0-S et Tl @i+ L el
e AeE?[1+0t)+ B L+ 0?))
2)=-q (x) (6)
F . L| . L 2L F . 2L
Qi+ Q)= 2x1000 " XD{%‘E{’ 0 'fXD[E ?{ 2x1000 " ¢ D{? - az} (7)

Eqgn. (8) gives the M4-5n elastic energy.\Wccording to linear elasticity theory
for a system under constant applied load, the gneigase rate can be expressed
as in Eqn. (9) in case of the crack propagationatbe interface (Figure 1.b).
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Both the methods of adimentionalisation and nuraériesolution of equations by
the Newmark finite difference scheme used by Pauféhand Le Corvec [7] are
adapted to this test. This method is programmee it free software Scilab. For
a symmetrical case, the excellent convergence ohaloand shear stresses at the

interface between layers &t= @, and X = a, is obtained in [8]. It has showthat
the discretization of the x variable into 1200 elementsegments is sufficient.
One simulation takes few seconds (CPU time). latarfruptures are expected in

mixed mode (mode | and Il). The results have bemnpared successfully with
finite element calculations and different statist$éeon Alu/PVC structure [8]
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Effect of the specimen geometry and material characteristics on stressfield

In the following, M4-5n simulations are done on eratl characteristics presented
in Table I. The total load of 4kN is chosen. The@dmen geometry takes into
account the space constraints of the test anddugteeity of used material (span
length 420mm, width 120mm, each layer thickness répniHalf of total load is
applied at each third of span length.

The equivalent elastic modulus of the asphalt maltdepends of the temperature
and the loading speed conditions. Simulations arfopmed for 1 < HE; < 60 in a
symmetric case;& & = 70mm. Figure 2 shows that the more the Younguiuzd
ratio between asphalt material (layer 1) and cdacneaterial (layer 2) decreases,
the more the tensile stress intensity at the botibtayer 2 is maximal at points A
and D relative to point B and C, and the more tiierisities of normal and shear
interface stresses are raised in absolute valu¢hede points. This M4-5n
parametric analysis indicates that the tensilesstat the bottom of the concrete
layer 2 is in competition with interface stressepa&hding on the modulus of the
asphalt. This variation influences the specimenungomode during the test.
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Figure 2 Effect of Young modulus ratio between layers:qa)he tensile stress at
the bottom of layer 2 (ga=70mm), (b) on the interface normalf) and shear
(t*?) stresses at xza70mm

Due to the specimen symmetry of preliminary resutteesented in [8],
delamination can occur first or simultaneously whilure in concrete on either
side of the specimen. To reduce the experimentsi fm@ measuring the crack
propagation and to get the maximum areas of danagards one edge only,
asymmetric specimens are explored numerically énfttiowing. The length ais
fixed to 40mm with respect to the allowable dis&fiom support to the edge of
layer 1. For a low asphalt modulus condition, FegBrshows M4-5n simulations
for a variable @glength. In Figure 3.a, the more the lengilinereases, the more the
tensile stress intensity at the bottom of conctayer 2 is increasing under the
loading point C and the more interface normal amels stresses increase at the
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edge (x = g (Figure 3.b). The parametric analysis confirmat tthe intensity of
interface stresses at the edge (% Figincreasing from 20% to 60% compared to
those on the other side when the lengtts énhcreasing. A compromise is still to be
found between the tensile stress at the base oémeconcrete layer and the shear
stresses as well as the normal stresses at theoétlgeinterface.
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Figure 3 Effect of variation of length,g E; = 1600MPa): (a) on the tensile stress
at the base of concrete layer, (b) on the normd) @nd sheart{?) stress at x=a

Experimental program

In this study, two types of interface were tesi@);type | — concrete over asphalt
known as Ultra Thin Whitetopping (UTW), (b) type H asphalt bonded with
concrete by a tack coat layer. The crack monitor@ginique is investigated.

Test specimens

In order to allow evaluation of bonding behavionlyoone type of asphalt and
cement concrete were used for all samples (seeeTabA semi-coarse bituminous
mix with aggregate size 0/10 and bitumen grade@B&%sedThe cement CEM |
52.5R and the aggregate size 0/11 are used fornteroecrete layer. Two types of
specimen were made; (a) type | — concrete overadtsphown as Ultra Thin
Whitetopping (UTW), (b) type Il — asphalt overlagnerete with an intermediate
tack coat layer. For type |, the cement concreyerlavas cast directly on the
prefabricated asphalt slab. For type Il, the s#faicconcrete layer was cleaned by
water blasting before tack coat placement. Them taélck coat was placed on the
concrete layer. A classical emulsion (C69 B 4) usedack coat was kept at 45°C
in autoclave. After placing the emulsion with thesdge of 0.4kg/m? of residual
binder on concrete layer and leaving for 24 hotlws,asphalt layer was placed and
compacted by means of the plate compactor develbpddCPC. The composite
slabs were sawed into a required dimension (seleT@b
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Table |.Material characteristics

Material E (MPa) v % air void R(MPa) R (MPa)
Cement concrete 34878MPa 0.25 2.57 3.46 47.67
Asphalt concrete 11258 (15°C, 10Hz) 0.35 9.59 - -

Table 1l. Dimensions of bilayer specimens and static testitmns (0.7mm/min)

Specimen name L/e/b/a, (mm) Liotar (MmM) Temperature (°C) Test duration (s)
Type I-PT-3-1 420/60/120/70/70 480 20.0 20.0
Type I-PT-3-2 420/60/120/70/70 480 21.0 18.0
Type I-PT-1-3 420/60/100/70/70 480 20.0 28.0
Type I-PT-3-3 420/60/100/70/70 480 22.0 25.0
Type I-PT-1-1 420/60/120/70/70 480 21.0 175
Type I-PT-1-2 420/60/100/70/70 480 4.0 10.5
Type II-PT-1-1 420/60/120/70/70 480 6.0 13.4
Type I-PT-1-3 420/60/100/70/70 480 20.5 12.5
Type I-PT-2-1 420/60/120/40/70 480 22.0 11.0
Type II-PT-2-3 420/60/100/40/70 480 20.5 8.3
Test setup and conditions

To avoid any problems with the viscoelasticity ahé thermo-susceptibility of

asphalt material, the loading points and suppadspéaced on the concrete layer
(Figure 1). The specimen geometry is designed nulsite the maximum stress
intensity towards the edges of interface. Testiraps werformed by a hydraulic
press. A linear variable differential transduceVT) placed in the middle height

of specimen section at the midspan was employethé&asuring the deflection and
controlling the imposed displacement test. The 4B&s were conducted for
bilayer specimens for various environmental coonddi During the test, the

specimen was placed in a climatic chamber. The tegaperatures and loading
rates for each specimen are shown in Table II.

Crack propagation monitoring

An ideal way of measuring the crack growth shouldegthe possibility of

continuous crack length determination without iefiaing the specimen or the
delamination process itself. LVDT technique was sgho for this study. It

consisted on using two LVDT per specimen edge figadasphalt layer and its
respective ends supported on aluminum sheets attachconcrete layer (Figure
4). The two LVDT were placed atyxll0 and ¢+d;=40 mm distances from the
edge. Figure 4.b represents the crack mouth opedigglacement (CMOD)

measured by the LVDT sensors in function of load aime. The crack length of
delaminationl is determined by knowing mand w values measured by LVDT
during the test. Its expression is given in EqQ) (Figure 4.b). |
w,d; (10)

s =dy+d, +
f~H0 "M W, — W,
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Results and discussion
I dentification of failure phenomenon and influence of interface between layers

Various kinds of failure mode were exhibited by tkayer specimens under 4PB
test around 20°C. Typical specimens after failusedepicted in Figure 4.a.

Edge of interface

Figure 4 (a) Typical failures of specimens, (b) Schemaitiraof CMOD

Both types | and Il specimens were delaminatedhiyy proposed test. At 20°C,
most (80%) of type | specimens were delaminatettieainterface between layers.
Only for one specimen (Type I-PT-3-2), a failuresvedoserved in the central zone
between the loading location points. The crackrigppgated vertically from the
bottom of the asphalt layer to the top of the cetetayer. Figure 2.a shows that a
maximum tensile stress exists in this central pdrén the modulus ratio is high
and if any defect in the material exists the creak occurred. At low temperature
(4°C), one specimen failure was located at theobotbf the concrete layer
between central and edge zones (Type I-PT-1-2) twkimnfirms the previous
elastic modeling (point A and D of Figure 2.a). Rbe type Il specimen, all
specimens were delaminated at the interface betvamgrs not only at low
temperature (6°C) but also at high temperature@®0°

12000 ——M4-5n 120 —Type I-;PT-3-1 LVDT-RL | 12000
Type I-PT-3-3_227C_V=0.7mm/min 10 | — Type lPT3-1 LVDTR2
= = Type |-PT-1-3_20C_V=0.7mm/min = = Type I-PT-3-1 LVDT-R3
10000 | Type lI-PT-1-3_20.5T_V=0.7mm/min 100 Type I-PT-3-1 Load-Time 10000
N 9 | /
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z N O
< 6000 [ ™~ 2 0 6000 Z
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Figure 5 (a) Load-deflection curve of different types pesimen; (b) Crack
mouth opening displacement measured by LVDT
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In the modeling, the asphalt modulus value wasrtdkam its master curve at the
test temperature and by converting the static dasation (T) into the frequency
(f=1/T). In Figure 5.a, it is shown that the maximuoad of type | specimen is
about 50% more higher than the maximum load of typespecimen. The
dissymmetric specimens were successfully delandnaseexplained previously in
the M4-5n analytical analysis. The combined apgnosith the 4PB test and M4-
5n can evaluate the bonding between layers.

Stressintensity at edge of interface and energy release rate

According to the experimental results, the delatmmais usually dissymmetric.
Knowing the failure load (experimentally determipddr a specimen pre-crack
length @, the energy W@ stored in the specimen for this load was caledlatt
performs the same calculation for a pre-crack lergtda, and the energy release
rate was calculated by the relation presented m £3).

140

e Typelfor F=12150N (a) 2.6E-04 (b) ATypell-PT-1-3
——Type Il for F=5600N Type ll-PT-2-1
120 e, C, = 0.0004 al347 = Typell-PT-2-3
...... u .
...... 2.1E-04 R2=0.99695 +Typel-PT-3-1
100 1 e 2 2 xType I-PT-3-2
~ ® Typel-PT-1-1
£ 80 i Z 1.6E-04 TTypeLPT L
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20 | —mm C,=0.00012 at17
R2=0.99849
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Figure 6.(a) Evolution of G for different types of speciméh) Compliance
curves C = R4for different types of specimen (at 20°C)

The evolution of the energy release rate is giveriunction of the normalized
crack length 2a/t (Figure 6.a). Based on the derivative of the eneetease with
respect to the crack length, the crack growthablstat the crack length of 50mm.
In the other way, the energy release rate cantsstetermined experimentally by
using the compliance method. From the load-deflectturve, the relation of
compliance is determined. The compliance C is,eénegal, expressed by C = u/P
where u is the midspan deflection related to ttzal IB. Figure 6.b represents the
compliance curve for different type of specimensheTcompliance versus
respective crack length a can be plotted and fth wihe expression C = Ra

2
Therefore, the energy release rate can be four@@ asZ—b nRd™. Table Ill shows

a summary of the interface stress intensity andetiergy release rate which are
comparable to the values found in literature [t eTesults show that the interface
normal and shear stress of type | specimen areoaippately 50% higher than
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those of type Il specimen. But due to the self Weigffect of asphalt layer on
failure, the type Il specimen test needs to be awed.

Table Ill. Stress intensity at the interface and energy seleate

} ) G (J/m?) for a crack length of 2mm
S t Failure load (N ! v
pecimen type ailure load (N) (MPa) (MPa) Model Experiment
Type | 9760 - 12150 0.36 - 0.41 0.99-1.14 88 - 98 82 - 106
Type |l 4300 - 5600 0.17-0.21 0.49 — 0.59 19 - 28 64 - 83
Conclusions

Experimental results on bilayer specimens, in ataoce with quasi-analytical
analysis given by the M4-5n, have demonstrated tthatproposed 4PB test can
determine the interface behavior of bilayer matsrieasphalt-concrete and
concrete-asphalt. The crack growth was monitoring rheans of a LVDT

technique. An approximate crack length was obtaikext better measuring the
crack length and understanding the failure phenamerthe Digital Image

Correlation technique will be used for the next exipental campaign. For the
geometry chosen, the specific test has shown mixede failure at the interface
between layers. Comparisons with experimental tesaid analysis of failure
modes given above demonstrate that the M4-5n carudeel effectively for

designing the specimen and as well as for analytniedest.
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