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ABSTRACT

Highly permegble materids provide drainage and noise absorption properties that are useful
in pavement top-layers. In such porous concretes, the voids reduce the mechanica integrity,
which may have to be compensated by the incorporation of non-conventional components,
such as polymers. A basic property needed for the design of pavements is the fatigue behavior
of the materid, which has not been dudied thoroughly for polymer modified porous
concretes. The paper presents experimenta results of fatigue tests in compresson in terms of
Wohler curves for four porous concretes (two of them with polymer). It is seen that the
polymer modified porous concretes exhibit better fatigue behavior than those without
polymer. However, the improvement decreases for low vaues of the dress levd, S and
gppears to be negligible for the case of traffic loads in main roads or highways (number of
load cycles, N >10°). Additionaly, the deformation and interna temperature evolutions have
been monitored, and it is concluded tha ther trends are smilar to those of conventiona
concrete, with temperature increases sgnificantly higher than in conventiond concretes.

1. Introduction

Porous concretes are materids with the same basic components as conventional concretes but
desgned to have high porosty and permesgbility. The porogty is achieved by usng a gap-
graded aggregate didribution in which there is a very low proportion of fine aggregaes. In
practice, this type of concrete has been used in shoulders, bases and sub-bases of roads and
highnways [1-5] taking advantage of its drainage properties. A more recent gpplication, in
which both drainage and noise absorption are relevant, is as the top layer or overlay of
concrete pavements [6-10], Smilar to that with porous asphalt.

Along with the high porosty and permesbility, appropriate mechanicd drengths and
durability must be guaranteed in the concretes [9,11,12]. However, when the porosty
increases, the mechanica drength tends to decrease. For this reason, porous concretes may
require a new component, for ingance a polymer or microglica The use of polymers is a
good solution but the high associated codts redtrict their use to thin top layers bonded to a
bottom layer of conventional concrete [6,13].

As consdered in different design codes [14,15], an important requisite for pavements is the
fatigue behavior due to the effect of traffic. The fatigue of conventiond concrete has
extensvely been dudied in the literature. However, few references are available about the
fatigue behavior of porous concretes [16] and the trends of conventional concrete cannot be
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readily extrgpolated to them. For example, in conventional concrete, the fatigue life decreases
with an increase in ar or void content [17], which is not necessarily true in porous concrete
[13,18] dnce its mechanica behavior depends on the aggregate skeleton and the intergranular
contact is strengthened by the mortar, while in conventional concrete, the air content generdly
weskens the materid.

The am of this paper is to evauate the effects of the incorporation of a polymer on the fatigue
behavior of porous concretes and to determine the Wohler faigue curves to be used in
pavement design. The compressive test is chosen as the bads for this study since it yidds the
least amount of scater in the results when compared to other tests such as flexure [19].
Moreover, fatigue life is more or less the same in compresson and tendon (including splitting
and flexure) when expressed as a fraction of the corresponding static strength [20]. These
agpects are important since the scatter in fatigue results (Wohler curves) is mainly attributed
to the scatter in the datic strength [20]. The study is part of an extendve project on the
optimization of mix desgn, and chaacterization of mechanicd, durability and noise
absorption properties of polymer modified porous concretes. Other results from the project
have been presented elsewhere [13,21,22].

2. Experimental Details
21 Materials

The details of the components and the mix proportions used have been reported esewhere
[21,22], and are summarized in Table 1. Since inditutions from Germany, The Netherlands
and Span paticipated in the project, commercidly-avaladble components from these
countries were used in this sudy. Mixes 1 and 2 were made with Spanish materids, and
mixes 3 and 4 were made with Dutch and German materias, respectively. Mix 1, used as the
reference, did not contain any polymer. Mixes 2 and 3 had 13.3 kg/n? and 23.4 kg/nt of
polymer, respectively. Mix 4 contaned microdlica The polymer used was an acrylic
copolymer dispersed in water (FORTON VF-774) manufactured by DSM Resins, with the
characterisics summarized in Table 2. This polymer was sdected on the bads of previous
experimental work [13,21,22]. Note that the use of another polymer or type of polymer would
presumably have led to different results.

In mix 1, a mdamine-based superplagticizer (SIKA 300), which megts ASTM C 4%
requirements for Type F admixture, was used in order to obtain a workability amilar to that
of mix 2. The dendty and cylinder compressve srength of each concrete a the age of 28
days are given in Table 1. All mixes were intended to have the same porosity of about 25% to
be able to isolate the influences of the polymer and microsilica used.

2.2 Specimen preparation

The specimens of mix 3 were cast in INTRON (Sittard, The Netherlands) and those of mix 4
in VDZ (Dussddorf, Germany). They were shipped for testing to the Structura Technology
Laboratory (Barcdona, Spain), where the specimens of the other mixes were fabricated. All
concretes were prepared in vertical axis mixers with totd mixing times of 1.5 minutes. The
specimens were cylinders cast in 150" 300 mm molds. Mixes 1, 2 and 4 were compacted with
a vibrating hammer in two layers and mix 3 on a vibraing table. The conastency of the fresh
concrete was determined through the Waz test (1ISO Test Standard 4111). After compaction,
al the specimens were maintained for one day in the molds a 20°C. Later the specimens were



demolded and those of mix 2 were cured & 50% R.H., of mix 3 a 65% R.H., and of mix 4
under water for 6 days and subsequently a 65% R.H. In dl cases, the ambient temperature
during curing was 20°C. The curing of the specimens of mixes 3 and 4 was interrupted for
transportation a the age of 28 days, after which they were maintained at 50% R.H. dong with
those of mix 2 until testing. Specimens of the reference concrete, mix 1, were maintained in a
fog room (at 98% R.H.) after demolding until testing. The age & testing varied from 1 to 3
months. Before the test, the flat faces of the cylinder were capped with a sulfur compound.

TABLE 1: Mix Proportions Used and Properties

Component/property Mix proportions/properties
1 2 3 4
crushed granite|crushed granite| river gravel | crushed basalt
Gravel type and content (kg/m®) (512 mm) (512 mm) (4-8 mm) (5-8 mm)
1427 1506 1352 1534
crushed crushed river sand river sand
3 limestone limestone
Sand type and content (kg/m°) (0-5 mm) (0-5 mm) (0-1 mm) (0-2 mm)
101 106 89 7
Spanish VV-35 | Spanish V-35 |[CEM Il 325 R| German PZ 35F
Cement type and content (kg/m°®) | (40% fly ash) | (40% fly ash) (CEM | 425)
350 275 279 280
Water (liter/m°) 110 785 64 95
Polymer (kg/m®) -- 13.3 234 -
Superplasticizer (liter/m°) 35 -- -- -
Microsilica (kg/m®) -- -- -- 28
Density (kg/m®) 1980 1930 1815 2070
Compressive strength (28-d; MPa) 26.8 20.6 232 13.9
TABLE 2: Polymer Characterigtics
. 51% solids
Concentration (by mass) 49% water
Appearance milky white
Odour mild
Viscosity at 25°C 150 mPa.s
Acidity (acid value or pH) 4.5-5.5
Minimum Filmforming Temperature (MTF) 7°C
Size polymer particles 150-200 nm
Density (solids) at 20°C 1136 kg/nt
Working temperaturerange 5<T<40°C




2.3 Testing procedure

All tests were performed in an INSTRON 8505 Digitd Servohydraulic Testing System with a
dynamic capecity of 1 MN. The ratio between the minimum and the maximum gtress levels
(R) was chosen to be smal, equa to 0.05, in the fatigue tests in order to Smulate the nature of
the loading-unloading cycles due to traffic. However, some tests with mix 2 were conducted
with R = 0.2 and 05 to study the effect of the stress ratio. Maximum dress levels ranging
from 60 to 95% of the datic strength were used. The fatigue tests were carried out in dry
conditions and no specid measures were adopted to prevent moisture loss. Since loading
frequencies in the range of 1 to 15 Hz have little effect on te fatigue life of concretes [20], a
frequency of 15 Hz was sdlected for the tests in order to reduce their duration. However, a
frequency of 10 Hz had to be used for the stress ratio R=0.05 because of limitations of the
teding meachine. The loading function was triangular as shown in Fg. 1 dong with the
definitions of the fatigue vaidbles A maximum of 2 million cycdes was imposed for limiting
the test durations.

FIG. 1: Loading history and fatigue variables
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The specimens were grouped according to their composition and age a testing, and for each
group the corresponding dtatic strength (s¢) was determined through standard monotonic tests
(according to 1SO Standards) of a minimum of three specimens. This strength was used as the
reference for the applied stress level =S max/Sc, Where s max is the maximum dress gpplied in
each cycle) of the fatigue test. The maximum coefficient of variation in these ddic tests was
3%.

The deformaion of the specimen was measured from the piston displacement and
corresponded to the tota deformation, including the cepping layers. The maximum and
minmum vaues in each cycde were regidered during the test. In some specimens, the
temperature was aso monitored by introducing thermocouples to a depth of about 2 cm from
the surface. Three of them were placed in each specimen, dong a vertical line, near the bp
and bottom faces, and in the center. The ambient temperature was a so registered.



3. Results and Discussion
3.1 Fatiguelife

The observed fatigue behavior was characterized through Wohler, or SN, curves, which plot
the number of cydes to falure (logN) for each applied stress level S (=S max/Sc). Each Wohler
curve was defined with the logN vaues for five or 9x S vaues ranging from S=0.6 to S=0.95,
and for every S vaue, one to five tests were performed (black points in Fig. 3). The anaytica
expressons for the curves (in the fom S = a logN +b) were obtaned through linear
regression, usng the values of S and logN of the tests. The parameters of the fits are given in
Table 3. Additiondly, the confidence intervd of each curve was obtaned usng dSaidica
andyss.

TABLE 3: Parameters of the SN curves (S= alogN +Db; r: correaion coefficient)

Mix 1 Mix 2 Mix 3 Mix 4

a b R a b r a b r a b r

0.05 | -0.050 | 0.920 | 0.806 | -0.069 | 1.080 | 0.841 | -0.057 | 1.003 | 0.834 | -0.054 | 0.935 [ 0.950

0.2 -0.065 [ 1.084 | 0.958

0.5 -0.050 [ 1.058 | 0.947

Fig. 2 shows the SN curves for mix 2 & R=0.5, 0.2 and 0.05. Individual results have not been
included to make the figure clearer. It can be seen tha the fatigue life incresses when R
increases; that is, for a congtant vaue of s max, the faigue life increases with a decrease in the
amplitude of the loading cycle. Moreover, it can be seen tha for smadl vaues of N, the SN
curves tend to converge to S vaues tha are greater than 1. This is manly because the
compressive drength used as a reference was obtained from datic tests in which the loading
rate is much lower than that of the fatigue tests.

Fig. 3 shows the experimentd data points, the corresponding SN curves and the 90%
confidence intervd obtained for each mix a R=0.05. The data corresponding to specimens
that did not reach failure after approximately 2 10° cycles are represented with a point and an
arrow; these points have been conddered, in the linear regresson analyss of the SN curves,
as plotted.

Fig. 4 siows dl the SN curves of Fig. 3 in the same plot. It can be observed that the addition
of polymers improves the fatigue behavior of porous concrete. In other words, for a certan
vaue of S the faigue life (N) of the porous concrete with polymer (i.e, mixes 2 and 3) is
improved in comparison with the concrete without polymer (mixes 1 and 4). The
improvement is not condant in the entire range of S vaues teted but is maximum (by
approximately one order of magnitude) a high vaues of S and decreases with a decreasein S
This trend has aso been observed in polymer concretes under flexure [23]. Also, the
difference between the behaviors of the two polymer modified concretes mixes 2 and 3 is
amdl.



FIG. 2: SN curvesof Mix 2, & R=0.05, 0.2 and 0.5
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Since the concretes had praecticdly the same porosity and the aggregate gradings were not
very different, the varidions in the datic srength and, in generd, the mechanicad behavior can
be atributed to the differences in the compodtion of the matrices. The changes in the ductility
and/or creep behavior of the matrix produced by the incorporation of the polymer [24]
probably leads to the observed improvement in the faigue behavior of the concrete. An
increese in the ductility can be expected to decrease the rate of evolution of damage,
epecidly a higher vdues of S (i.e, higher loading rates) leading to higher vdues of N. On
the other hand, a low vaues of S (i.e, low loading rates), which correspond to the case of
traffic loads in main roads or highways, an increase in the creep deformation due to the
polymer would lead to lower or negligible improvements.

The behavior of the two mixes without polymer (1 and 4) is practicdly identica, suggesting
that the incorporation of microdlica (in mix 4) does not Sgnificantly modify the faigue
behavior of concretes studied here.

3.2 Evolution of deformations

Fg. 5 shows the typicd evolution of the maximum and minimum deformations in each cyde
as a function of the number of cycles, for a specimen of mix 4 corresponding to S=0.65 and
N=559,992 cycles. The trend confirms the presence of three distinct stages in the evolution of
deformations during the cycdlic loading, as seen in conventiond concrete [25]. In the firgt
dage, the deformations increase rapidly until about 5% of the fatigue life, then Sabilize until
about 95% of the life, after which the deformations again increase rapidly up to falure.
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FIG. 3: SN curves and 90% confidence intervals at R=0.05

1.00
Mix1 [ Mix2 [
0.90
(8]
SO e IR
A0S g 0.80 Ny -
~ N
> N - b \_ o
S (',') NN
. \?x . 0.70 . \.\. .
N \ BN
AN N Y
\\
N NG 0.60
10° 10t 102 10° 10* 10° 10° 107 108 10° 10t 102 10% 10* 10° 10° 10" 108
N N
1.00
Mix3 ] Mix 4
0.90
. 5°
N ~
SN go.so s
AN & "N
N N wn
N N
DN L 0.70 RN o
\ ~ N N
o oS .
NN
0.60 .
10° 10t 102 10° 10* 10° 10° 107 108 10 10t 102 10% 10* 10° 10° 10" 108
N N
FIG. 4. SN curvesfor R=0.05
100 +—mm—F——m— — — — — — — NMi>< A |
_— —_— —_ NMi>x< =2
R — Mix< = | |
0.90 NMi>x 4 ||
[S)
S|
~x \\
g080
3]
b =
0.70 A
\~
N \\
N
N
0.60 >
10 108 102 10° 100 100 10®° 10 108



FIG. 5: Maximum and minimum total deformation evolution during atest
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3.3 Thermal behavior

It was obsarved that during cydlic loading the specimens exhibited a Sgnificant incresse in
temperature, indicating that pat of the energy consumed was disspated as hesat, as in
conventiona concrete [26]. However, no reports have been found in the literature of
temperature increases as high as in those observed in this sudy. In order to quantify the
temperature evolutions, thermocouples were placed in some of the specimens as explained
earlier. The maximum temperatures registered in the concretes were as high as 50°C in the
tests of specimens from mixes 1 and 2 (at ambient temperatures of about 23°C). Fig. 6 shows
the temperaiures registered by the three thermocouples in a specimen of mix 3 (R=0.05)
subjected to S=0.70, which failed after 1,493,113 cycles. The maximum temperatures occur at
the middle of the specimen, where there is the least confinement due to the friction between
the loading plattens and the specimen. Also, the temperature is dightly higher at the upper
thermocouple than at the lower one, which can be attributed to the fact that the upper loading
platen could rotate while the lower platten was fixed, leading to more deformetions in the
upper pat of the specimen. This is supported by the fact that more damage was observed in
the upper hdves of the specimens. Comparing the temperature evolutions with those of the
deformations (Fig. 5), it can be seen that the trends are smilar with three distinct stages.

At higher vdues of S where the fatigue life is much shorter, the temperature incresses
monotonicaly throughout the duration of the test, without exhibiting the dtabilized stage seen
in Fg. 6. For example, in Fig. 7 corresponding to a specimen of mix 2, with R=0.05 and
S=0.80, which failed after 56,465 cycles, dl three thermocouples reflect a continuous increasse
in temperature. In other goecimens, maximum temperature differences of 15 to 30°C, between
the center of the specimen and the environment, were observed.

The increase in the specimen temperature can be expected to depend on the frequency and
rate of loading. Neverthdess, the measured temperature evolutions aso reflect the effect of
the amount of heat that can be trandferred to the environment during each loading cycle. This
would be lesser for higher frequencies and faster loading rates, leading to higher temperature



digributions in these cases. Accordingly, it woud be better to perform the fatigue tests at
lower frequencies (which smulate the traffic loading better) to avoid undesred effects of the
higher temperatures on the mechanica behavior.
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4. Conclusions

» The faigue behavior of porous concrete is adequately represented by Wohler curves, in
terms of linear relations between the maximum dress levd S and logN, where N is the
fatigue life in cycdes. The dope of the curves depends on the dress ratio of the cyclic
loading asin the case of conventiond concretes.

o For larger vaues of S polymer modified porous concretes exhibit better fatigue behavior
than those without polymer. However, the improvement decreases for lower vaues of S
and appears to be negligible for the case of traffic loads in main roads or highways
(N>10°%). This behavior is probably due to changes in the ductility and creep behavior of
the matrix induced by the incorporation of the polymer.

* The two porous concretes studied here without any polymer, one with microslica and the
other without, exhibited smilar fatigue behavior.

* In teds with low vaues of S the evolution of the axid deformations and the internd
temperature of the concrete specimens exhibit three diginct stages, with rapidly increasing
firg and third sages and a metastable second stage. In tests with high S-vaues, the second
stage tends to vanish.

e The interna temperature of the concrete increased with the number of cycdes. This increase
was dggnificantly higher than in conventiond concretes. Moreover, the temperaure
digribution was not condant over the height of the specimen, and the maximum
temperatures occurred in the middle. Also, higher temperatures were observed in the upper



haf of the specimen due to the lack of symmetry of the loading produced by a moving
upper platten and a fixed lower platten. In order to avoid undesred effects due to the
increase of temperature, it seems advisable to use lower frequencies for smulating the
traffic loading.
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