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Abstract

Knowledge of the fatigue life is required to properly predict pavement structure reliability with respect to the number of
loading cycles. The possibility of using foamed bitumen and bitumen emulsion as binders in the compaosition of road bases
makes it necessary to identify the influence of the binder type on the service life of these layers through dynamic tests.
Obtaining proper physical and mechanical parameters does not necessarily ensure the correct evaluation of the recycled
base quality. Satisfaction of the quality-related requirements does not guarantee the provision of the required fatigue life
parameters. Cold recycled bases with cement should work within the viscoelastic range due to hydraulic bonding in the
structure. If this range is exceeded, a considerable rise in strains occurs as a result of brittle fracture, leading to the loss
of fatigue life.

The paper presents the results from the fatigue tests of recycled bases. The amount of bitumen used in both cases was 3%
and 5%. For the production of the bitumen emulsion and foamed bitumen, 70/100 pen bitumen was used. Portland cement
I 32,5R was applied as a binder. The binder comprised 3% of the mineral composition of the recycled base layer. Fatigue
tests were performed in compliance with the requirements of enclosure E of PN-EN 12697-24 at a constant normal stress
of 250 kPa, 375 kPa and 500 kPa. The results were used to compare the effects of the binder type applied to the recycled
base and determine the service life in terms of the stress applied.
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1. Introduction loads (controlled stress or strain). Dynamic loads

Deep cold recycling technology is now a solution ¢ more destructive in cement-based structural
applied worldwide to the rehabilitation of distressed ~ 1ayers than in fully flexible layers. Exceeding the

pavement layers [1-3]. Limiting values for cold limiting values of indirect tensile strength leads
recycled bases (RCM — Recycled Cold Mix) are to cracking due to inadequate support of the layer

established nationally [4-8]. Investigations into the 'elative to the load applied or, in extreme cases, to the
influence of individual components and interaction overload. Cyclic I_oads reduce structural capacity (_)f
between them on the quality and service life of RCM the pavement, which r_esults_from the drop in elas_tlc
bases in terms of, for example, frost durability [9], modulus and increase in strain [15_, 1_6]. The location
effect of the binding agent type [10, 11], possibility of of the rgcycled_ base layer [1_7] Wlthln_ the structural
using recycled aggregates, bitumen types, etc., have system is also |mport§nt, as is the d_es!gn number of
been reported in numerous publications. The design ~ @xIes 100 kN per design lane. Preliminary analyses
in which RCM base quality assessment is based only ~ [18] show that obtaining the required physical and
on conventional parameters, i.e., elastic modulus, Mechanical parameters of the emulsion-based RCM
indirect tensile strength or resistance to the action of ~ Pase during the designing phase does not ensure
water, does not provide required information about ~Providing the pavement structure with the required
the fatigue life of road pavement structure with the ~fatigue life. Stress values from the computational
recycled base layer. Many researchers in the highway model transferred to the laboratory simulation showed

engineering area [12-14] evaluate the quality of the that the fatigue life criterion laid down in enclosure E
recycled layers using fatigue life testing under cyclic ~ ©f PN-EN 12697-24 was not met. With the above in
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mind, determining the fatigue life of a given recycled
base layer with respect to type of the binder may
facilitate decision-making process concerning the
selection of binders for RCM bases.

2. Research plan
2.1. Object of study

To study the influence of the bitumen binder on the
service life of the RCM base, the designed mineral-
cement mix had to meet the requirements for limit
curves of base layers with foamed bitumen [7] and
with bitumen emulsion [8] intended for the road
under 0.50 — 2.5 million axles 100 kN [19]. The
combination of components allowed a simulation
of the use of waste material derived from a road
pavement. To evaluate the fatigue life of the recycled
base layer, samples were obtained and tested in
a laboratory using the indirect tensile test (ITT)
in compliance with PN-EN 12697-24 Appendix
E. To assess the impact of loading on the recycled
base layer, the test was performed at constant stress
levels. The normal stress levels used in the tests were
selected based on the literature data [18, 19] and
preliminary calculations of computational models for
typical layer systems in the road pavement structure
laid on elastic subgrade. Three levels were selected to
vary the load effect: 250 kPa, 375 kPa and 500 kPa.
The end of the test was tantamount to the failure of
the specimen or to the completion of 30 000 strain
cycles at the constant stress value. These assumptions
comply with the regulations as given in enclosure E
to the PN-EN 12697-24 reference standard.

2.2. Mix design

The mineral-cement mix design was prepared based
on the technical guidelines and limit curves specified
therein for the mix with foamed bitumen [7] and with
bitumen emulsion [8].

The following components were used to produce
the mineral-cement mix intended for the recycled
base layer with foamed bitumen (FB-RCM) and
bitumen emulsion [20] (BE-RCM): recycled asphalt
pavement (RAP), crushed-stone aggregate from
the existing base layer and continuously graded
aggregate 0/4 mm. The design of the grading curve
had to meet the criterion of good grading both for FB-
RCM [7] and for BE-RCM [8, 21]. To provide the
required aggregate grain size relative to the size of the
Marshall mould, aggregates of sizes greater than 31.5
mm were separated. Figure 1 shows the designed
grading curve.
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Fig. 1. Design grading curve of the recycled base layer

The same bitumen grade, 70/100, was used to
produce foamed bitumen and emulsion. The bitumen
binder in the cold base mix comprised 3% (m/m)
and 5% (m/m). Type of the bitumen emulsion [20,
22] (C60B10ZM/R) was chosen according to the
requirements laid down in PN-EN 13808:2013-10.

The design amount and the applied amount of the
foamed bitumen were equal, whereas the amount of
the bitumen emulsion had to be adjusted by adding
water in order to obtain the same amounts of bitumen
in the base mix composition. Thus the emulsion
contents in the recycled base amounted to 5.0% (m/m)
and 8.3% (m/m). Portland cement class 32.5 with
high early strength, without additional constituents
(CEM 132,5R), was used as a binder at 3% (m/m).

Foaming characteristics of the bitumen were
determined based on changes in water injection rate
from 1.0% to 4.5% added at 0.5% increments, as well
as on the expansion ratio ERm (maximum Expansion
Ratio) and half life of the bitumen H-I (Half life) [7].
The test results indicated that the optimum content
of water needed to foam the bitumen in question was
3.0% at ERm = 8.0 and H-1= 6.0 s.

The next stage of the recycled base mix design
included determination of the optimum water content
needed to obtain the maximum density of the mineral
skeleton using the Proctor method defined by PN-
EN 13286-2. The amount of water for the optimum
moisture content was found to be 5.5% (m/m).

3. Durability assessment of the recycled base layer

The fatigue test of the RCM with respect to the
bitumen binder was performed in compliance
with enclosure E of PN-EN 12697-24 (Fatigue life
test, IT-FT - Indirect Tensile-Fatigue Test). The
specimens were subjected to compressive semi-
sinusoidal repeated loading. A vertical diameter plane
applied the load until the failure of the specimen.
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To determine changes in the RCM, the fatigue test
was performed at controlled stress. Normal stress
values in the centre of the specimen were 250 kPa,
375 kPa and 500 kPa. Owing to varied specimen
sizes and stress values, it was necessary to calculate
the force, which induces stresses of equal value. The
stress was calculated according to equation (1) with
conversion to the value of the force sought.

2P
= 1
7T ztD @)

where: 6, — tensile stress; P — maximum load, t —
thickness of sample, D — diameter of sample.

Fatigue evaluation was represented as a change in
strain level in the recycled base with respect to the
binder used (foamed bitumen and bitumen emulsion).
Prior to the test, the specimens were conditioned for
4 hours at 20°C.

The classical approach was used for fatigue life
estimation of the RCM in terms of the binder amount
and type [23, 24]. In the conventional method the
fatigue failure is determined either when the strain
reaches the double of initial value or when the elastic
modulus drops to 50% of initial value [23, 25].

4, Results
4.1. Fatigue curves

Figure 2 shows fatigue characteristics. The fatigue
plots are presented as a relationship between the
number of loading cycles (log) and strain increase.

Different fatigue progress was observed at the
stress of 375 kPa for the RCM with emulsion, and
identical at 250 kPa for the base with foamed bitumen.
The stress of 6, = 375 kPa applied to the RCM with
bitumen emulsion (3% and 5%) showed an increase
in strain and the specimen failure before required
30 000 stress/strain cycles were completed. At failure,
the specimens made with bitumen emulsion showed a
strain of 830 um. Fatigue resistance loss in the RCM
with bitumen emulsion occurred after 12 401 cycles
for 3% emulsion content and after 3021 cycles for 5%
emulsion content. Also, the recycled base layer with
foamed bitumen at 375 kPa did not show any changes
in fatigue life within 30 000 cycles. An increase in
initial strain of 20 um was observed for FB-RCM at
the stress increase of 125 kPa relative to 250 kPa.
Analysis of fatigue curves of recycled bases made
with foamed bitumen and bitumen emulsion at 500
kPa indicated a decline in fatigue resistance before
the completion of 30 000 loading cycles. Similarly to
the results obtained at 250 kPa and 375 kPa, the RCM

with bitumen emulsion at 500 kPa had the higher
initial value and lower fatigue life with respect to the
number of stress/strain loading cycles that the RCM
base made with foamed bitumen.

a)

b)

c)

Fig. 2. Fatigue curves of the recycled base layer with
respect to the binder type and normal stress: a) 250 kPa;
b) 375 kPa; ¢) 500 kPa

4.2, Fatigue life evaluation

Fatigue life estimation was performed with respect
to assumptions of the conventional method, which
determines fatigue failure after reaching the double of
initial strain. Regression curves describe the fatigue
failure at the set level of stress, and the results are
summarised in Figure 3.
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Fig. 3. Regression curve of fatigue life according to
conventional method (log N, — stress 6)

Normal stress equal to 250 kPa does not cause any
changes in the recycled base structure, irrespective of
the type or amount of bitumen binder used. All bases
are characterised by the maximum, test-determined
number of stress/strain loading cycles (6-¢). The
fatigue correlation curves of the recycled bases with
foamed bitumen, regardless of the bitumen content,
lie close to one another. This confirms that the foamed
bitumen content does not affect the fatigue life of
the RCM base. The evaluation of the exponent of
the function describing the fatigue life indicates that
the RCM base with 3% content of bitumen emulsion
shows two times faster decline in fatigue life compared
with the RCM base made with 3% foamed bitumen.
When 5% emulsion is used, the rate of fatigue life
decline is three times faster. Therefore, it can be stated
that recycled base layers with foamed bitumen will
work over a wider viscoelastic range with respect to
the stress levels that occur in the base layer.

5. Conclusion

Based on the analyses of fatigue life and fatigue
characteristics of the recycled bases with foamed
bitumen and bitumen emulsion, the following
conclusions can be made:

— The type of the bitumen binder used does not
affect the void space content in the recycled base
layer. Recycled base layers with foamed bitumen
and bitumen emulsion have the same void space
contents, which allows a comparison of the results
from the tests of their physical and mechanical
properties as well as fatigue resistance.

— The recycled cold base with foamed bitumen shows
the higher indirect tensile strength at 25°C compared
with the strength of the base with bitumen emulsion.
This is probably due to the technology of lowering
bitumen viscosity by bitumen dispersion in water
and the need to add emulsifiers and stabilizers to the
binder to stabilise the mix.
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— Recycled base layers with foamed bitumen and
bitumen emulsion at a low stress of 250 kPa show
similar changes of fatigue curves and do not show
fatigue failure associated with the double increase
in the initial strain value.

— Higher resistance to fatigue in the mode of
controlled stress is observed in the base layer made
with foamed bitumen as a binder. Generation of
high stresses equal to 500 kPa changes the fatigue
life of the base layer with foamed bitumen and
leads to exceeding acceptable strain levels.
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Porownanie trwatosci zmeczeniowej recyklowanej
mieszanki na zimno z roznym rodzajem
lepiszcza asfaltowego

1. Wprowadzenie

Technologia recyklingu glebokiego na zimno stoso-
wana jest na szeroka skale w swiecie do przebudowy
zniszczonych warstw konstrukcji nawierzchni dro-
gowych [1-3]. Dynamiczne obcigzania wystepujace
w warstwach konstrukcyjnych, zawierajagcych w swo-
im skladzie cement, sg bardziej destrukcyjne niz dla
warstw w petni podatnych. Przekroczenie granicznej
warto$ci wytrzymato§ci na rozcigganie posrednie
wplywa na powstawanie spgkan zwigzanych z nie-
wystarczajaca nosnosciag warstwy w stosunku do ob-
cigzenia lub w skrajnych przypadkach przecigzenia
w dopuszczalnych obcigzeniach. Cykliczne obcigze-

nia powoduja zmniejszenie nosnosci, wynikajace ze
spadku modutu sztywnosci oraz przyrostu odksztat-
cenia, obcigzanych warstw konstrukcyjnych [15, 16].
Dlatego tez okreslenie trwato$ci zmgczeniowej recy-
klowanej podbudowy, w aspekcie rodzaju lepiszcza,
umozliwi prawidtowe podejmowanie decyzji przy
wyborze lepiszcza do warstw recyklowanych prze-
znaczonych na podbudowy drogowe.

2. Plan badan
2.1. Obiekt badan

Do oceny wptywu rodzaju lepiszcza asfaltowego na
trwato$¢ recyklowanej podbudowy (RCM) zaprojek-
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towano mieszanke mineralno-cementowa spetniajaca
wymagania krzywych granicznych dla podbudowy
z asfaltem spienionym [7] oraz emulsjg asfaltowa
[8] przeznaczong na drogg obcigzong 0,50-2,5 min
osi 100 kN [19]. W celu oceny trwatosci zmeczenio-
wej recyklowanej podbudowy przygotowano prébki
w laboratorium i poddano obcigzeniu dynamicznemu
w tescie posredniego rozciggania (ITT), zgodnie z za-
leceniami normy PN-EN 12697-24, zatacznik E. Wy-
brano trzy wartosci naprezen, umozliwiajace zrézni-
cowanie oddziatywania obcigzenia, tj. 250 kPa, 375
kPa oraz 500 kPa.

2.2. Projekt mieszanki mineralnej

W  mieszance mineralno-cementowej przezna-
czonej do wykonania recyklowanej podbudowy
z asfaltem spienionym (FA-RCM) [7] oraz emulsja
asfaltowa (BE-RCM) [8, 20] zastosowano nastepu-
jace sktadniki: destrukt asfaltowy (RAP), kruszywo
famane z istniejacej podbudowy oraz kruszywo o cig-
glym uziarnieniu 0/4 mm. Do wytworzenia emulsji
asfaltowej i piany asfaltowej wykorzystano ten sam
rodzaj asfaltu o penetracji 70/100. Lepiszcze asfal-
towe wykorzystane do przygotowania recyklowanej
podbudowy na zimno stanowito odpowiednio 3%
(m/m) oraz 5% (m/m). Rodzaj emulsji asfaltowej [20,
22] (C60B10ZM/R) wynikal z wymagan normy zhar-
monizowanej PN-EN 13808:2013-10.

3. Ocena trwatosci recyklowanej podbudowy

Badanie zmeczenia recyklowanej podbudowy,
w aspekcie rodzaju lepiszcza asfaltowego, przepro-
wadzono zgodnie z wymaganiami normy PN-EN
12697-24, zatacznik E. Probki wykorzystane do oce-
ny poddane zostaty cyklicznemu obcigzeniu $ciska-
jacemu z sygnalem pot -sinusoidalnym. Obcigzenie
zostato przyktadane do probki poprzez srednicowa
ptaszczyzne pionowa, co w efekcie powoduje znisz-
czenie probki poprzez roztupanie wzdhuz pionowej
srednicy. W celu okreslenia zmian w recyklowane;j
podbudowie ocene trwatosci przeprowadzono przy
kontrolowanym naprezeniu. Warto$ci naprezenia
normalnego zastosowana do oceny jakoSci recyklo-
wanej podbudowy w $rodku probki byta rowna 200
kPa, 375 kPa oraz 500 kPa.

4. Wyniki badan
4.1. Krzywe zmeczeniowe

Badanie zmeczenia przy naprezeniu réwnym 250
kPa nie wykazalo znaczacej zmiany przyrostu od-

ksztatcen (g), ktéra moglaby $wiadczy¢ o zniszcze-
niu struktury probki. Nalezy jedynie zaznaczy¢, ze
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recyklowane podbudowy z asfaltem spienionym cha-
rakteryzuja si¢ nizszym poziomem odksztalcenia po-
czatkowego w porownaniu do podbudowy z emulsja
asfaltowg. Odmienny przebieg zmeczenia recyklowa-
nej podbudowy stwierdzono dla napr¢zenia rownego
375 kPa — w przypadku recyklowanej podbudowy
z emulsjg asfaltows, a jednakowy jak dla napreze-
nia 200 kPa — dla podbudowy z asfaltem spienio-
nym. Przylozone naprezenie 6, = 375 kPa do recy-
klowanej podbudowy na zimno z emulsjg asfaltowa
(3% oraz 5%) wykazuje przyrost odksztalcenia oraz
zniszczenie probki przed wymagang iloscig 30 000
cykli naprezenie-odksztalcenie. Przy zniszczeniu
probki recyklowanej podbudowy z emulsja asfaltowa
charakteryzowaty si¢ odksztatlceniem na poziomie
830 um. Utrata trwato$ci recyklowanej podbudowy
z emulsjg asfaltowg wystgpila po przekroczeniu od-
powiednio 12 401 cykli dla 3% ilo$ci emulsji oraz
3021 dla 5% ilosci emulsji w sktadzie podbudowy.
Nalezy rowniez zaznaczyé¢, ze recyklowana pod-
budowa z asfaltem spienionym dla naprezenia 375
kPa nie wykazuje zmian trwatosci w zakresie ilosci
cykli okreslonych w badaniu 30 000. Jedynie zaob-
serwowano wzrost poczatkowego odksztalcenia dla
FB-RCM na poziomie 20 pm przy wzroscie napre-
zenia o 125 kPa w stosunku do wartosci 250 kPa.
Dokonujac analizy charakterystyk krzywych zme-
czeniowych recyklowanych podbudéw z asfaltem
spienionym oraz emulsjg asfaltowa przy naprezeniu
rownym 500 kPa nalezy stwierdzi¢, ze recyklowane
podbudowy wykazaly spadek trwatosci przed wyma-
gang iloscig 30 000 cykli. Tak jak w przypadku ana-
lizy trwatosci przy naprezeniu rownym 250 kPa oraz
375 kPa recyklowana podbudowa z emulsja asfalto-
wa dla naprezenia réwnego 500 kPa charakteryzuje
si¢ znacznie wyzszg wartoscig odksztalcenia poczat-
kowego oraz nizsza trwatoscig w odniesieniu do ilo-
sci cykli obcigzeniowych napregzenie-odksztatcenie
niz podbudowa z asfaltem spienionym.

4.2. Ocena trwatosci zmeczeniowej

Przytozone naprezenie normalne rowne 250 kPa,
niezaleznie od rodzaju oraz ilosci lepiszcza asfalto-
wego, nie wywotuje zmian w strukturze recyklowa-
nych podbudow. Wszystkie charakteryzuja si¢ mak-
symalng, okreslong w badaniu, ilo$cig cykli obcigze-
niowych naprezenie-odksztalcenie (6-¢). Nalezy za-
uwazyé¢, ze krzywe korelacji trwatosci w przypadku
recyklowanych podbudéw zawierajagcych w swoim
sktadzie asfalt spieniony, niezaleznie od ilosci asfaltu,
s3 utozone blisko siebie. Swiadczy to o braku wply-
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wu ilosci asfaltu spienionego na trwalo$¢ recyklowa-
nej podbudowy. Dokonujac oceny wyktadnika funk-
cji opisujacej trwalos¢ zmeczeniowa, mozna stwier-
dzi¢ ze, recyklowana podbudowa z emulsja asfaltowa
w ilosci 3%, w odniesieniu do podbudowy z asfal-
tem spienionym w ilo$ci 3%, charakteryzuje sie dwu-
krotnie szybszym spadkiem trwato$ci. Zastosowanie
emulsji w ilosci 5% powoduje ponad trzykrotnie
szybsze tempo spadku trwatosci. Dlatego tez moz-
liwe jest stwierdzenie, ze recyklowane podbudowy
z asfaltem spienionym bedg pracowaly w szerszym
zakresie lepko -sprezystym w odniesieniu do pozio-
mu naprezen wystepujacych w podbudowie.

5. Wnioski

Na podstawie przeprowadzonych analiz trwatosci
zmeczeniowej oraz charakterystyk zmeczenia recy-
klowanych podbudéw z asfaltem spienionym oraz
emulsja asfaltowa, mozliwe jest sformutowanie na-
stepujacych wnioskow:

— Rodzaj zastosowanego lepiszcza asfaltowego nie
powoduje zrdéznicowania ilosci wolnych prze-
strzeni w recyklowanej podbudowie. Recyklo-
wana podbudowa z asfaltem spienionym oraz
emulsja asfaltowa charakteryzuje si¢ taka samg
zawarto$cig wolnej przestrzeni, co umozliwia na

dokonywanie porownan uzyskanych wynikow ba-
dan witasciwosci fizycznych, mechanicznych oraz
odporno$ci na zmeczenie.

Recyklowana podbudowa z asfaltem spienionym
charakteryzuje si¢ wyzsza wytrzymatos$cig na po-
Srednie rozcigganie w temperaturze 25°C w po-
rownaniu z wytrzymatosciag podbudowy z emul-
sjg asfaltowa. Zwigzane jest to prawdopodobnie
z technologia obnizenia lepkosci asfaltu poprzez
dyspersje asfaltu w wodzie oraz koniecznoscia
wprowadzenia do sktadu lepiszcza emulgatorow
1 stabilizatoréw umozliwiajacych wytworzenie
stabilnej mieszaniny.

Recyklowane podbudowy z asfaltem spienionym
oraz emulsjg asfaltowa przy niskim poziomie na-
prezenia rownym 250 kPa charakteryzuja si¢ po-
dobng zmiang krzywych zmegczeniowych. Nie wy-
kazujg utraty trwatosci zwigzanej z dwukrotnym
wzrostem poczatkowego odksztatcenia.

Wyzsza odpornoscig na zmeczenie w trybie kon-
trolowanego naprezenia charakteryzuje si¢ podbu-
dowa, w ktorej sktadzie zastosowano jako lepisz-
cze asfalt spieniony. Wygenerowanie wysokich
naprezen rownych 500 kPa wywotuje zmiany
w trwatosci podbudowy z asfaltem spienionym
1 przekroczenie dopuszczalnych odksztatcen.
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