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Abstract

Highly permeable materials provide drainage and noise-absorption properties that are useful in pavement top layers. In such porous
concretes, the voids reduce the mechanical integrity, which may have to be compensated for with the incorporation of nonconventional
components, such as polymers. A basic property needed for the design of pavements is the fatigue behavior of the material, which has not
been studied thoroughly for polymer-modified porous concretes. This paper presents experimental results of fatigue tests in compression
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 values of the stress level, S, and
appears to be negligible for the case of traffic loads in main roads or highways (number of load cycles, N > 10°). Additionally, the defor-
mation and internal temperature evolutions have been monitored, and it is concluded that their trends are similar to those of conventional
concrete, with temperature increases significantly higher than in conventional concretes. © 1999 Elsevier Science Ltd. All rights re-
served.
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“Porous concretes’ are materials with the same basic
components as conventional concretes but designed to have
high porosity and permeability. The porosity is achieved by
using a gap-graded aggregate distribution in which thereisa
very low proportion of fine aggregates. In practice, thistype
of concrete has been used in shoulders, bases, and subbases
of roads and highways, taking advantage of its drainage
properties [1-5]. A more recent application in which both
drainage and noise absorption are relevant is asthe top layer
or overlay of concrete pavements [6-10], similar to that of
porous asphalt.

Along with the high porosity and permeability, appropri-
ate mechanical strengths and durability must be guaranteed
in the concretes [9,11,12]. However, when the porosity in-
creases, the mechanical strength tends to decrease. For this
reason, porous concretes may require a new component, for
instance a polymer or microsilica. The use of polymersis a
good solution but the high associated costs restrict their use
to thin top layers bonded to a bottom layer of conventional
concrete [6,13].

As considered in different design codes [14,15], an im-
portant requisite due to the effect of traffic on pavementsis
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the fatigue behavior. The fatigue of conventional concrete
has been studied extensively in the literature. However, few
references are available about the fatigue behavior of po-
rous concretes [16], and the trends of conventional concrete
cannot be readily extrapolated to them. For example, in con-
ventional concrete, the fatigue life decreases with an in-
crease in air or void content [17], which is not necessarily
true in porous concrete [13,18]; its mechanical behavior de-
pends on the aggregate skeleton, and the intergranular con-
tact is strengthened by the mortar, while in conventional
concrete the air content generally weakens the material.
The aim of this paper is to evauate the effects of the in-
corporation of a polymer on the fatigue behavior of porous
concretes and to determine the Wohler fatigue curves to be
used in pavement design. The compressive test is chosen as
the basis for this study since it yields the least amount of
scatter in the results when compared to other tests such as
flexure [19]. Moreover, fatigue life is more or less the same
in compression and tension (including splitting and flexure)
when expressed as a fraction of the corresponding static
strength [20]. These aspects are important since the scatter
in fatigue results (Wohler curves) is mainly attributed to the
scatter in the static strength [20]. The study is part of an ex-
tensive project on the optimization of mix design and char-
acterization of mechanical, durability, and noise absorption
properties of polymer-modified porous concretes. Other re-
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sults from the project have been presented elsewhere
[13,21,22].

1. Methods
1.1. Materials

The details of the components and the mix proportions
used have been reported elsewhere [21,22] and are summa-
rized in Table 1. Since ingtitutions from Germany, The
Netherlands, and Spain participated in the project, commer-
cially available components from these countries were used
inthisstudy. Mixes 1 and 2 were made with Spanish materi-
als and mixes 3 and 4 were made with Dutch and German
materials, respectively. Mix 1, used as the reference, did not
contain any polymer. Mixes 2 and 3 had 13.3 and 23.4 kg/
m?® of polymer, respectively. Mix 4 contained microsilica.
The polymer used was an acrylic copolymer dispersed in
water (FORTON VF-774) and manufactured by DSM Res-
ins (Barcelona, Spain), with the characteristics summarized
in Table 2. This polymer was selected on the basis of previ-
ous experimental work [13,21,22]. Note that the use of an-
other polymer or type of polymer would presumably have
led to different results.

In mix 1, a melamine-based superplasticizer (SIKA 300,
Sika, Madrid, Spain), which meets ASTM C 494 require-
ments for Type F admixture, was used in order to obtain a
workability similar to that of mix 2. The density and cylin-
der compressive strength of each concrete at the age of 28
days are given in Table 1. All mixes were intended to have
the same porosity (about 25%) to be able to isolate the influ-
ences of the polymer and microsilica used.

1.2. Specimen preparation

The specimens of mix 3 were cast in the Intron labora
tory in Sittard, The Netherlands and those of mix 4 in the
VDZ laboratory in Dusseldorf, Germany. They were shipped
for testing to the Structural Technology Laboratory (Barce-
lona, Spain), where the specimens of the other mixes were
fabricated. All concretes were prepared in vertical axis mix-

Tablel
Mix proportions used and properties

Table2
Polymer characteristics

Concentration (by mass) 51% solids, 49% water

Appearance Milky white
Odour Mild
Viscosity at 25°C 150 mPa- s
Acidity (acid value or pH) 4555
Minimum film = forming temperature 7C

Size polymer particles 150-200 nm
Density (solids) at 20°C 1136 kg/m®
Working temperature range 5<T<40°C

ers with total mixing times of 1.5 min. The specimens were
cylinders cast in 150 X 300-mm molds. Mixes 1, 2, and 4
were compacted with a vibrating hammer in two layers and
mix 3 was compacted on a vibrating table. The consistency
of the fresh concrete was determined through the Walz test
(ISO Test Standard 4111). After compaction, all the speci-
mens were maintained for 1 day in the molds at 20°C. Later
the specimens were demolded; mix 2 were cured at 50% rel-
ative humidity, mix 3 at 65% relative humidity, and mix 4
was cured under water for 6 days and subsequently at 65%
relative humidity. In all cases, the ambient temperature dur-
ing curing was 20°C. The curing of the specimens of mixes
3 and 4 was interrupted for transportation at the age of 28
days, after which they were maintained at 50% relative hu-
midity along with those of mix 2 until testing. Specimens of
the reference concrete, mix 1, were maintained in a fog
room (at 98% relative humidity) after demolding until test-
ing. The age at testing varied from 1 to 3 months. Before the
test, the flat faces of the cylinder were capped with a sulfur
compound.

1.3. Testing procedure

All tests were performed in an INSTRON 8505 Digital
Servohydraulic Testing System with a dynamic capacity of
1 MN. The ratio between the minimum and the maximum
stress levels (R) was chosen to be small, equal to 0.05, in the
fatigue tests in order to simulate the nature of the loading-

Mix proportions/properties

Component/property 1 2 3 4

Gravel type and content (kg/m°) Crushed granite Crushed granite River gravel Crushed basalt
(5-12 mm), 1427 (5-12 mm), 1506 (4-8 mm), 1352 (5-8 mm), 1534

Sand type and content (kg/mq) Crushed limestone Crushed limestone River sand River sand
(0-5mm), 101 (0-5mm), 106 (01 mm), 89 (02 mm), 77

Cement type and content (kg/m®) Spanish V-35 Spanish V-35 CEM Il 325R, 279 German PZ 35 F

Water (I/md)

Polymer (kg/mq)

Superplasticizer (I/m3)

Microsilica (kg/m®)

Density (kg/m?®)

Compressive strength (28 day, MPa)

(40% fly ash), 350
110

35

1980
26.8

(40%fly ash), 275

(CEM | 42.5), 280

78.5 64 95
13.3 234 -

- - 28
1930 1815 2070
20.6 232 13.9
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Fig. 1. Loading history and fatigue variables.

unloading cycles due to traffic. However, some tests with
mix 2 were conducted with R = 0.2 and 0.5 to study the ef-
fect of the stress ratio. Maximum stress levels ranging from
60 to 95% of the static strength were used. The fatigue tests
were carried out in dry conditions and no special measures
were adopted to prevent moisture loss. Since loading fre-
guencies in the range of 1 to 15 Hz have little effect on the
fatigue life of concretes [20], a frequency of 15 Hz was se-
lected for the tests in order to reduce their duration. How-
ever, afrequency of 10 Hz had to be used for the stress ratio
R = 0.05 because of limitations of the testing machine. The
loading function was triangular as shown in Fig. 1, aong
with the definitions of the fatigue variables. A maximum of
2 million cycles was imposed for limiting the test durations.

The specimens were grouped according to their composi-
tion and age at testing, and for each group the corresponding
static strength (o) was determined through standard mono-
tonic tests (according to 1SO Standards) of a minimum of
three specimens. This strength was used as the reference for
the applied stress level (S = o, /0, Where o, 1S the max-
imum stress applied in each cycle) of the fatigue test. The
maximum coefficient of variation in these static tests was 3%.

The deformation of the specimen was measured from the
piston displacement and corresponded to the total deforma-
tion, including the capping layers. The maximum and mini-
mum values in each cycle were registered during the test. In
some specimens, the temperature was also monitored by in-
troducing thermocouples to a depth of about 2 cm from the

surface. Three thermocouples were placed in each speci-
men, along avertical line, near the top and bottom faces and
in the center. The ambient temperature was also registered.

2. Results and discussion
2.1. Fatigue life

The observed fatigue behavior was characterized through
Wohler, or SN, curves, which plot the number of cyclesto
failure (logN) for each applied stress level S (=0 ./00)-
Each Wohler curve was defined with the logN values for
five or six Svalues ranging from S = 0.6 to S = 0.95; for
every Svalue, one to five tests were performed. The analyt-
ical expressions for the curves (intheform S= alogN + b)
were obtained through linear regression, using the values of
Sand logN of the tests. The parameters of the fits are given
in Table 3. Additionaly, the confidence interval of each
curve was obtained using statistical analysis.

Fig. 2 shows the SN curves for mix 2 a R = 0.5, 0.2,
and 0.05. To make the figure clearer, individual results have
not been included. It can be seen that the fatigue life in-
creases when R increases; that is, for a constant value of
o max the fatigue life increases with a decrease in the ampli-
tude of the loading cycle. Moreover, it can be seen that for
small values of N, the SN curves tend to converge to Sval-
ues that are greater than 1. Thisis mainly because the com-
pressive strength used as a reference was obtained from

Table3
Parameters of the SN curves (S= alogN + b; R, correlation coefficient)

Mix 1 Mix 2 Mix 3 Mix 4
R 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
05 —0.050 1.058 0.947
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Fig. 2. SN curvesof mix 2, at R = 0.05, 0.2, and 0.5.

static tests in which the loading rate is much lower than that
of the fatigue tests.

Fig. 3 shows the experimental data points, the corre-
sponding SN curves, and the 90% confidence interval ob-
tained for each mix at R = 0.05. The data corresponding to
specimens that did not reach failure after approximately 2 X
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10° cycles are represented with a point and an arrow; these
points have been considered in the linear regression analysis
of the SN curves as plotted.

Fig. 4 showsall 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 certain value of Sthe fatigue life (N) of the porous con-
crete with polymer (i.e., mixes 2 and 3) isimproved in com-
parison with the concrete without polymer (mixes 1 and 4).
The improvement is not constant in the entire range of S
values tested but is maximum (by approximately one order
of magnitude) at high values of S and decreases with a de-
crease in S. This trend has also been observed in polymer
concretes under flexure [23]. Also, the difference between
the behaviors of the two polymer-modified concretes mixes
2and 3issmall.

Since the concretes had practically the same porosity and
the aggregate gradings were not very different, the varia-
tions in the static strength and, in general, the mechanical
behavior can be attributed to the differencesin the composi-
tion of the matrices. The changes in the ductility and/or
creep behavior of the matrix produced by the incorporation
of the polymer [24] probably lead to the observed improve-
ment in the fatigue behavior of the concrete. An increasein
the ductility can be expected to decrease the rate of evolu-
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Fig. 3. SN curvesand 90% confidence intervalsat R = 0.05. The black points represent the one to five tests that were performed.
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tion of damage, especialy at higher values of S(i.e., higher
loading rates), leading to higher values of N. On the other
hand, at low values of S(i.e., low loading rates), which cor-
respond to the case of traffic loads in main roads or high-
ways, an increase in the creep deformation due to the poly-
mer would lead to lower or negligible improvements.

The behavior of the two mixes without polymer (1 and 4)
is practically identical, suggesting that the incorporation of
microsilica (in mix 4) does not significantly modify the fa-
tigue behavior of concretes studied here.

2.2. Evolution of deformations

Fig. 5 shows the typical evolution of the maximum and
minimum deformations in each cycle 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 defor-
mations during the cyclic loading, as seen in conventional
concrete [25]. In the first stage, the deformations increase
rapidly until about 5% of the fatigue life, then stabilize until
about 95% of the life. After that the deformations again in-
crease rapidly up to failure.

2.3. Thermal behavior

It was observed that during cyclic loading the specimens
exhibited a significant increase in temperature, indicating
that part of the energy consumed was dissipated as heat, as
in conventional concrete [26]. However, no reports have
been found in the literature of temperature increases as high
as in those observed in this study. In order to quantify the
temperature evolutions, thermocouples were placed in some
of the specimens as explained earlier. The maximum tem-
peratures registered in the concretes were as high as 50°C in
the tests of specimens from mixes 1 and 2 (at ambient tem-
peratures of about 23°C). Fig. 6 shows the temperatures reg-
istered by the three thermocouples in a specimen of mix 3

1.00 1 1 I — I

0.90 < Mix 4. R=0.05, S= 0.65, N=559992

0.80 —

Total Deformation

0 10 20 30 40 50 60 70 8 90 10
N (%)

Fig. 5. Maximum and minimum total deformation evolution during atest.

(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 confine-
ment due to the friction between the loading plattens and the
specimen. Also, the temperature is slightly higher at the up-
per thermocouple than at the lower one, which can be attrib-
uted to the fact that the upper loading platten could rotate
while the lower platten was fixed, leading to more deforma-
tions in the upper part of the specimen. Thisis supported by
the fact that more damage was observed in the upper halves
of the specimens. Comparing the temperature evolutions
with those of the deformations (Fig. 5), it can be seen that
the trends are similar with three distinct stages.

At higher values of S where the fatigue life is much
shorter, the temperature increases monotonically throughout
the duration of the test, without exhibiting the stabilized
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Fig. 6. Evolution of temperature in a specimen of mix 3.
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Fig. 7. Evolution of temperature in a specimen of mix 2.

stage seen in Fig. 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, all three thermocouples reflect a
continuous increase in temperature. In other specimens,
maximum temperature differences of 15 to 30°C, between
the center of the specimen and the environment were ob-
served.

The increase in the specimen temperature can be ex-
pected to depend on the frequency and rate of loading. Nev-
ertheless, the measured temperature evolutions also reflect
the effect of the amount of heat that can be transferred to the
environment during each loading cycle. This would be
lesser for higher frequencies and faster loading rates, lead-
ing to higher temperature distributions in these cases. Ac-
cordingly, it would be better to perform the fatigue tests at
lower frequencies (which simulate the traffic oading better)
to avoid undesired effects of the higher temperatures on the
mechanical behavior.

3. Conclusions

« The fatigue behavior of porous concrete is adequately
represented by Wohler curves in terms of linear rela-
tions between the maximum stress level S and logN,
where N is the fatigue life in cycles. The slope of the
curves depends on the stress ratio of the cyclic loading
asin the case of conventional concretes.

* For larger values of S, polymer modified porous con-
cretes exhibit better fatigue behavior than those with-
out polymer. However, the improvement decreases for
lower values 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 microsilica and the other without,
exhibited similar fatigue behavior.

* Intests with low values of S the evolution of the axial
deformations and the internal temperature of the con-
crete specimens exhibit three distinct stages, with rap-
idly increasing first and third stages and a metastable
second stage. In tests with high S values, the second
stage tends to vanish.

e The internal temperature of the concrete increased
with the number of cycles. This increase was signifi-
cantly higher than in conventional concretes. More-
over, the temperature distribution was not constant
over the height of the specimen and the maximum tem-
peratures occurred in the middle. Also, higher temper-
atures were observed in the upper half of the specimen
due to the lack of symmetry of the loading produced
by amoving upper platten and afixed lower platten. In
order to avoid undesired effects due to the increase of
temperature, it seems advisable to use lower frequen-
cies for simulating the traffic loading.
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