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This paper presents the performance of permeable concrete mixed with various alternative construction mate-
rials such as fly ash, fibers, and tire chips subjected to instantaneous live load intensity representing traffic-
induced distress. Attention is paid to load-bearing capacity and hydraulic characteristics that affect the function-
ality of these concrete mixtures. Two test categories are examined depending upon the presence of fly ash and
each category encompasses seven specimens with a combination of the admixture materials. Experimental re-
sults show that the inclusion of fly ash and tire chips decreases the load-carrying capacity of the permeable con-
crete, whereas that of fibers increases the capacity. The infiltration rate of the concrete is improved by the fibers
and the degree of improvement is reliant upon their geometric configurations. Tire chips tend to clog pores and
decreases infiltration. The instantaneous load intensity causes significant degradation in hydraulic conductivity,
Reynolds number, and infiltration rate; particularly criticalwhenmixedwith fly ash. Predictive approaches based
onmultiple-regression and reliability theory provide useful information on achieving the sustainable design and
practice of permeable concrete with the admixtures.
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1. Introduction

Permeable concrete is an environmentally friendly composite mate-
rial consisting of cementitious binders, coarse aggregates, water, and
other admixtures. Use of permeable concrete is rapidly increasing be-
cause of several advantages such as storm-water management, reduced
tire-induced pavement noise, and pollutant control [1]. A number of fac-
tors influence the performance of permeable concrete installed on site,
including the retention of sand-sized particles [2], mixture designs [3],
aggregate gradation [4,5], use of recycled aggregate [6], design ap-
proaches [7], and service environment such as freeze-thaw [3,8]. Taking
into account economic aspects, residual materials such as fly ash or slag
are often considered when designing pervious concrete mixtures [9]
and their durability has been studied [10]. Infiltration of permeable con-
crete is considered as themost crucial parameter controlling functional-
ity, including the case with unconventional admixtures [11]. The
porosity of permeable concrete and its pore structure have, therefore,
extensively been studied previously and their effect was well docu-
mented. Typical pore sizes vary between 2 and 8 mm with porosity
ranging from 15 to 30% and permeability of 2 to 6 mm/s [12–14].
Haselbach et al. [12] tested permeable concrete to evaluate hydraulic
properties: total porosity and saturated hydraulic conductivity. It was
suggested that the lower bound of porosity be 15%. A design approach
was developed based on the Carman-Kozeny method. Bentz [15]
, adel.gaddafi@ucdenver.edu
modeled the porosity of permeable concrete to engage its microstruc-
ture with percolation and transport properties. To represent the voids
of the concrete, a three-dimensional reconstruction algorithm was
employed. The contribution of porosity to durability performance was
reported. Neithalath et al. [14] examined a relationship between the po-
rosity and permeability of permeable concrete by characterizing pore
volume and sizes. A two-dimensional imaging technique was utilized
and theWeibull parameters were fitted to estimate a pore size distribu-
tion. Lian et al. [16] developed a theoretical model to study the effect of
pore structure on the strength of permeable concrete, including the as-
sessment of existing models. The proposed model well predicted test
data as per statistical appraisal.

To comply with recent environmental regulations and recommen-
dations for construction materials such as those of the Environmental
Protection Agency (EPA), various alternatives are often used for con-
crete application. It is recognized that the types of binders influence
the performance and service life of constructedmulti-materialmixtures
[17]. Numerous studies have been concerned with the effect of admix-
tures (e.g., latex, fibers, silica fume, and fine aggregate) on the behavior
of permeable concrete [3,13,18] and the effect of synthetic fibers on
cementitious composites [19], whereasmost of these endeavors are de-
voted to enhancingmechanical properties and durability (e.g., strength,
toughness, and abrasion resistance), rather than characterizing hydrau-
lic performance [2,20]. Another important factor to consider is traffic
load that results in raveling of installed permeable concrete and
porous-clogging [21], including the influence of instantaneous vehicle
loading before mechanical damage is accumulated. Limited research,
however, has been conducted on this particular issue from a hydraulic
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perspective, while some research results are available about the in-situ
behavior of permeable concrete experiencing long-term damage [22,
23]. This paper presents an experimental program assessing
the hydraulic performance of various permeable concretemixtures sub-
jected to instantaneous live load intensity simulating traffic effect
(i.e., mechanical load applied within a very short time period), with a
focus on admixture-infiltration interaction. Theoretical prediction was
carried out to expand laboratory findings, based on multiple regression
linked with reliability analysis.

2. Research significance

Although a great deal of research effort has been spent on under-
standing the behavior of permeable concrete, its hydraulic charac-
teristics when mixed with alternative cost-saving construction
materials along with mechanical distress are limitedly studied.
There has been no research on multi-material interaction among
the constituents of permeable concrete in conjunction with instanta-
neous traffic load, which is one of the primary sources degrading the
in-situ performance of installed permeable concrete, followed by
damage accumulation with time. Current knowledge is insufficient
to explain technical issues involved in such a service environment
where significant live load is applied. The effect of various admix-
tures in a permeable concrete mixture subjected to instantaneous
load intensity needs to be examined to ensure sustainable function-
ality on site. It is worth noting that the major interest of the present
experimental study is in evaluating the performance of such con-
crete mixtures, rather than in examining the degree of resistance
against external attributes based on typical durability test protocols.

3. Experimental program

The performance of various permeable concrete mixtures is exam-
inedwith an emphasis on hydraulic characteristics in tandemwith con-
stituent materials and the intensity of live-load-induced distress. The
following summarizes material properties, mixture designs, and test
methodologies.

3.1. Materials

Two types of cementitious binders were used: Type III high-early
strength portland cement and Class C fly ash [24]. Given the
Table 1
Properties of fly ash tested.

Property Test
result

ASTM
C618

AASHTO
M295

Chemical
tests

Silicon dioxide (SiO2), % 30.86 – –
Aluminum oxide (Al2O3), % 17.13 – –
Iron oxide (Fe2O3), % 6.17 – –
Sum of SiO2, Al2O3, Fe2O3, % 54.16 70.0/50.0 min 70.0/50.0 min
Calcium oxide (CaO), % 29.53 – –
Magnesium oxide (MgO), % 7.84 – –
Sulfur trioxide (SO3), % 2.70 5.0 max 5.0 max
Sodium Oxide (Na2O), % 1.93 – –
Potassium (K2O), % 0.31 – –
Others, % 3.53 – –

Physical
tests

Moisture content, % 0.00 3.0 max 3.0 max
Loss on ignition, % 0.35 6.0 max 5.0 max
Amount retained on No. 325
sieve, %

14.31 34 max 34 max

Specific gravity 2.77 – –
Autoclave soundness, % 0.00 0.8 max 0.8 max
SAI, with portland cement
at 7 days, % of control

88.0 75 min 75 min

SAI, with portland cement
at 7 days, % of control

93.7 75 min 75 min

Water required, % of control 95.0 105 max 105 max
functionality of fly ash depends upon its chemical composition, a re-
fined material test was conducted. Table 1 summarizes test results,
including a comparison with the requirements of ASTM C618 [25]
and AASHTO M295 [26]. The coarse aggregates used had a nominal
diameter of 9.5 mm. The fibers blended with the binders were two
kinds: Ferro-green and Green-net, both of which were commercially
available. Ferro-green fibers consist of a mixture of recycled polypro-
pylene and copolymer [27]. Such a combination results in twisted-
bundle monofilament that can readily be distributed in a permeable
concrete mixture, as shown in Fig. 1(a). The 19 mm long absorption-
free fiber includes a specific gravity of 0.91 and is in compliance with
ASTM C1116 [28]. Green-net fibers (Fig. 1(b)) are another type of ad-
mixture to enhance the behavior of concrete, in particular cracking
and toughness, which are made from recycled polypropylene and
are non-magnetic and alkali-proof [27]. The fibrillated product has
a specific gravity of 0.91 with a length of 19 mm. To replace some
portion of aggregates, shredded tire chips were used (Fig. 1(c)).
The chips had no steel wires and included a maximum size of
12 mm characterized by ASTM C33 [29]. A specific gravity of 1.1
was measured for these chips according to ASTM C127 [30]. The
tire chips were cleansed and dried at room temperature for a mini-
mum of 24 h prior to mixing with other constituents. Fine aggregates
were not used in this experimental program.

3.2. Details of mix design

Two permeable concrete categories were designed with and
without fly ash, as listed in Table 2. Seven test groups were employed
for each one of those categories: RM (regular mix), GN1 and GN2 (1
and 2% replacement of cement with Green-net fibers by mass, re-
spectively), FG1 and FG2 (1 and 2% replacement of cement with
Ferro-green fibers by mass, respectively), TC5 and TC10 (5 and 10%
replacement of aggregate using tire chips by mass, respectively),
and the word ‘F’ indicated the inclusion of fly ash. Because synthetic
fibers are basically two-dimensional, their volumes cannot be accu-
rately controlled and hence a replacement ratio by mass was
exploited in this study. The replaced amount of cement for the spec-
imens with fly ash was 20% by mass. It should be noted that such a
replacement ratio is less than the permissible limit of 25% specified
in ACI-318 [31]. An aggregate-to-cementitious material ratio of 6.5
by mass was maintained, while the water-cementitious material
ratio of all the specimens was 0.3 (typically ranging from 0.27 to
0.34 in permeable concrete [32]). All specimens were manually
mixed in the laboratory using an electric mixer. Seven concrete cyl-
inders (100 mm in diameter × 200 mm in length) were cast per
test group. To evenly distribute the admixtures in the mixed con-
crete, standard rodding was performed for uniform tamping
(i.e., 25 times of rodding in three layers of the concrete). The slump
of the concrete mixture was not measured because it would not pro-
vide meaningful data for permeable concrete [3]. The demolded cyl-
inders were cured for a week in a moisture-controlled room at a
relative humidity of 98% and completely dried for an infiltration test.

3.3. Test procedures

The test protocol used was two-fold: hydraulic properties and
mechanical deterioration by instantaneous live load intensity. One-
dimensional flow was designed to evaluate the performance of the
permeable concrete mixtures, as shown in Fig. 2. To achieve this
test condition, all concrete cylinders (Φ100 mm by 200 mm) were
wrapped with a membrane layer. Discharge of each specimen was
measured seven times with the custom-made infiltrometer until
the 400 ml of water completely drained and their average rate was
recorded. The use of such a handy infiltrometer was proven to be ef-
fective for measuring the hydraulic properties of permeable concrete
at a low cost [33]. After measuring the discharge of each specimen,



Fig. 1. Admixtures in permeable concrete: (a) Ferro-green fiber; (b) green-net fiber; (c) shredded tire chip.
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Reynolds number (Re) was calculated to characterize the perfor-
mance of the permeable concrete mixtures tested:

Re ¼ ρQdg
μA

¼ Q
dg
υA

ð1Þ

where ρ and μ are the density and dynamic viscosity of the water, re-
spectively; Q is the discharge rate (m3/s); A is the cross sectional area
of the specimen perpendicular to flow (m2); dg is the representative
grain diameter of the permeable concrete (for the present study,
dg = 9.5 mm); and ʋ is the kinetic viscosity of the water
(1.0 × 10−6 m2/s at room temperature). Infiltration was obtained
using the discharge Q divided by the cross sectional area A. The hy-
draulic conductivity (K) of the test specimenswas determined using:

K ¼ Q
iA

ð2Þ

where i is the hydraulic gradient. For the present experimental setup,
a unit hydraulic gradient may be assumed because of a constant
pressure head. Given the large pore size of the permeable concrete,
capillary action was negligible.

Selected cylinders were loaded to failure to obtain admixture-
dependent compressive strength as per ASTM C39 [34]. Both top and
bottom surfaces were capped to prevent local crushing of the speci-
mens. For simulating the damage of permeable concrete caused by traf-
fic load on site, three levels of instantaneous live load intensity were
applied using a compression machine: 0%, 50%, and 75% of the capacity
of the control RM category (i.e., pre-compression forces of 0 kN, 37 kN,
and 55.3 kN, respectively). Previous research reports that such a test
scheme was effective to represent in-situ traffic load [35].
Table 2
Test details.

Category ID Cement
(kg/m3)

Fly ash
(kg/m3)

Gravel
(kg/m3)

Water
(kg/m3)

Fiber
(kg/m3)

Tire chips
(kg/m3)

Without
fly ash

RM 311 0 2029 93 0 0
GN1 308 0 2029 93 3.1 0
GN2 305 0 2029 93 6.2 0
FG1 308 0 2029 93 3.1 0
FG2 305 0 2029 93 6.2 0
TC5 311 0 1928 93 0 101
TC10 311 0 1827 93 0 202

With
fly ash

RMF 249 62 2029 93 0 0
GNF1 246 62 2029 93 2.5 0
GNF2 244 62 2029 93 5.0 0
FGF1 246 62 2029 93 2.5 0
FGF2 244 62 1928 93 5.0 0
TCF5 249 62 1928 93 0 101
TCF10 249 62 1827 93 0 202
4. Test results and discussion

Technical results obtained from the mechanical and hydraulic tests
are summarized below, including the effect of various admixtures.

4.1. Effect of admixtures on compressive strength

Fig. 3 shows the effect of admixtures on the compressive strength of
the permeable concrete. The control RM specimens failed at an average
strength of 9.4MPa. The inclusion of fly ash caused a decrease of 9.6% in
strength. This experimental observation is typical for fly ash concrete at
early age because all cylinders were tested at 10 days after casting due
to use of the high-early strength portland cement (typical permeable
concrete is cured for 7 days in practice) and thus the slow pozzolanic re-
action of fly ash might not be fully utilized [36]. The fiber admixtures
consistently improved the compressive strength of the concrete, as
shown in Fig. 3. The average strength of the specimens mixed with
Green-net fibers (GN1 and GN2) was 11.7% and 22.3% higher than
that of the control RM specimen, respectively. The specimens with fly
ash (GNF1 and GNF2) showed a similar trend. The use of Ferro-green fi-
bers was better than that of Green-net fibers: the average strength of
the FG categories with and without fly ash was 7.3% and 5.0% greater
than that of the GN categories, respectively. This result illustrates that
the Ferro-green fibers with the twisted monofilament geometry was
more effective than the Green-net fibers having a flat surface in terms
of enhancing the interfacial behavior between the cementitious binder
and the fibers. The presence of tire chips decreased the compressive
strength of the concrete by 9.6% and 21.3% for TC5 and TC10, respective-
ly, in comparison with the strength of the RM specimen. Such an obser-
vation is attributed to i) the softening behavior induced by the elastic
tirematerial (i.e., rubberized concrete) and ii) the premature disintegra-
tion of the chips from the cementitious binder because of the interfacial
stresses developed during themechanical loading process, accompany-
ing micro-cracking of the binder and slip of the chips [37]. It is worth-
while to note that the effect of air entrapping that can reduce the
compressive strength of tire-chip concrete [38,39] is not a significant
factor in permeable concrete having large pores. Overall, the inclusion
of the fibers exhibited better performance than that of the tire chips
from a strength perspective. This conclusion is supported by the me-
chanical interaction between the cementitious binder and the admix-
tures. In other words, the fibers continuously transferred mechanical
stresses when the binder cracked; however, the chips were not able to
do so because of their short geometric configuration.

4.2. Failure mode

Typical failure modes of the permeable concrete specimens loaded
in compression are given in Fig. 4. The primary failure of the control
RM category was induced by disintegration of the cementitious binder,
as shown in Fig. 4(a) and (b). The conventional diagonal failure pattern
frequently observed in ordinary concrete cylinders was not noticed due
to the contribution of the random pores that caused the localized



Fig. 2. Experimental details: (a) test in progress; (b) details of infiltrometer.
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deformation of the permeable concrete specimens. The fiber-embedded
cylinders exhibited a different failure mode relative to the control
(Fig. 4(c) and (d)). Fiber-entangling or clustering was not observed in
the mixed concrete (Fig. 4(c)), which means that the embedded fibers
were evenly distributed in the concrete. The presence of fibers, thus,
better distributed internal stresses so that the failure of the specimens
was relatively uniform as observed in Fig. 4(d). Other specimens dem-
onstrated similar failure modes (i.e., the tire-chip and fly ash concrete
specimens failed in an analogous manner to the RM cylinders, whereas
the specimens with Green-net fibers were comparable to the ones with
Ferro-green).

4.3. Effect of fibers on infiltration rate

The averaged infiltration rates measured in each test series are pro-
vided in Fig. 5(a) with focus on the effect of the embedded fibers. The
presence of the fibers, by and large, increased the infiltration rate of
the permeable concrete. For example, the specimens mixed with
Green-net and Ferro-green fibers demonstrated average increases of
0.8% and 4.5% in infiltration when compared with the control RM, re-
spectively. This observation indicates that i) the embedded fibers creat-
ed additional voids inside the permeable concrete mix, thereby
accelerating the flow of penetrating water and ii) the geometry of the
twisted Ferro-green fibers causedmore voids than the flat Green-net fi-
bers (i.e., difference in contact surface). The inclusion of fly ash to the
control mixwithout fibers (RMF) caused an increase of 14.1% in infiltra-
tion when compared with the RM specimen, as shown in Fig. 5(a). The
infiltration of the fly ash concrete, however, tended to decrease with in-
creasing fiber contents: the infiltration rates of GNF and FGFwere 14.1%
and 16.8% lower than the rate of RMF, on average. There seems to be
Fig. 3. Effect of admixtures o
some micro-level interaction between the fibers and fly ash in terms
of creating voids. Further research is recommended to address this un-
known phenomenon.

4.4. Effect of tire chips on infiltration rate

The variation of infiltration with respect to the amount of tire chips
is summarized in Fig. 5(b). The average infiltration rates of TC5/TCF5
and TC10/TCF10were 3.13mm/s and 2.92mm/s, respectively. These in-
filtration rates were 6.0% and 12.3% lower than the average infiltration
of RM/RMF. It is, therefore, obvious to report that tire chips have a pro-
pensity for clogging permeable concrete and anoptimized dosage is rec-
ommended when used to improve mechanical properties such as
toughness and crack-resistance. The infiltration rate of the tire-chip
specimens was lower than that of those with the fibers (Fig. 5(b)).
The average infiltration of the TC/TCF categories showed decreases of
3.2% and 2.6% in comparison with that of the GN/GNF and FG/FGF coun-
terparts, respectively. This observation can be explained by the fact that
the aggregate-like tire chips blocked more pores of the permeable con-
crete than the relatively small fibers. The effect of fly ash on the tire-chip
concrete was found to be similar to that of the fiber-embedded ones
discussed earlier.

4.5. Effect of instantaneous live load intensity on hydraulic properties

Fig. 6 compares the infiltration rate of the permeable concrete
subjected to various levels of instantaneous live load intensity. The
cylinders exposed to these traffic load effects exhibited a significant
reduction in infiltration. The overall average decrease of infiltration
was 51.3% and 63.1% for the cylinders subjected to 50% and 75% of
n compressive strength.



Fig. 4. Failure mode: (a) RM specimen before loading; (b) RM specimen after loading; (c) FG2 specimen before loading; (d) FG2 specimen after loading.
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instantaneous intensity (designated 50% load and 75% load in Fig. 6), re-
spectively, relative to the infiltration of the specimens without such a
live load effect (0% load). The contribution of the instantaneous live
load to a reduction in infiltration was reliant upon admixture types:
the specimens with tire chips were more susceptible to the live load in-
tensity than those with fibers, as shown in Fig. 6. For example, the aver-
age reduction of infiltration was 11.9% and 7.9% for the specimens
having the tire chips (TC) and fibers (GN and FG), respectively, in com-
parison with the control (RM) when the live load intensity increased
from 0% to 75%. These reduction rates became more pronounced with
the mix of fly ash, leading to 15.2% and 10.7% for the tire chip and the
fiber categories, respectively. Such observations illustrate i) the cemen-
titious binders were damaged due to the instantaneous load and their
debris clogged micro-pores of the permeable concrete, ii) interfacial
damage between the binder and tire chips was more vulnerable to the
external load than that of the fibers, and iii) the damage of the fly-
ash-hybrid binder was more critical than that of the homogeneous
portland cement binder.

Other hydraulic characteristics of the permeable concrete tested are
summarized in Table 3. The regional failure of the cementitious binder
due to the live load effect significantly reduced the Reynolds number
(i.e., increased clogging). The Reynolds number of the specimens with-
outfly ash (RM,GN, FG, and TC categories) subjected to 0%, 50%, and 75%
load were 30.7, 15.3, and 11.5, on average, and similar values were
obtained for those with fly ash (30.8, 14.1, and 10.8, respectively).
Fig. 5. Variation of infiltration rate: (a) effect o
These Reynolds numbers greater than 10 imply that the flow of water
penetrating the permeable concrete was a kind of turbulence flow.
Physical interpretation of this observation is that a stochastic flow has
occurred and hence inertia effect tended to dominate the flow over vis-
cous effect, while thewater passed through the concrete specimens. The
hydraulic conductivity of the tested permeable concrete (K) was also
substantially influenced by the instantaneous live load intensity, as
shown in Table 3. The control RM specimen exhibited decreases of
45.6% and 61.2% in hydraulic conductivity when the live load effect in-
creased from 0% to 50% and to 75%, respectively. The specimens mixed
with the fibers and tire chips demonstrated higher decreases than the
RM category; for instance, the TC specimens showed reductions of
52.7% and 63.3%, on average, with increases in the instantaneous load
from 0% to 50% and to 75%, respectively. When the permeable concrete
was mixed with fly ash, the influence of the live load was more notice-
able, as shown in Fig. 7 where normalized comparisons are given (i.e., a
ratio of thehydraulic conductivity of a certain load intensity to that of 0%
load). The reduction of hydraulic conductivity of the RMF category was
18.8% higher than that of the RM counterpart with an increase in live
load effect from 0% to 50%. Other specimens with the admixtures
showed a similar trend. These observations imply that significant traffic
load on site results in clogging of the permeable concrete, thereby
reducing hydraulic conductivity, and use of fly ash needs additional
considerations when designing permeable concrete in such a service
environment. It is also worthwhile to note that, from a practice point
f embedded fibers; (b) effect of tire chips.



Fig. 6. Effect of instantaneous live load intensity on infiltration rate: (a) specimens without fly ash; (b) specimens with fly ash.
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of view, the effect of clogging in permeable concrete needs to be linked
with the type of base course (e.g., clean sand or other soils).

5. Predictive model

A descriptive statistics approach is employed to represent the per-
formance of the permeable concrete mixtures having various admix-
tures subjected to instantaneous live load. Given below are a summary
of the model development and a parametric study.

5.1. Regression for hydraulic properties of permeable concrete

The hydraulic properties of the tested permeable concrete were
modeled by multiple regression [40], including all the variables listed
in Table 2. The infiltration rate of the specimens was fitted using the ex-
perimental data, as shown in Eq. (3) (the coefficient of determination
was R2 = 0.9666):

Inf p ¼ 0:089573C þ 0:088128F þ 0:00034G
þ 0:050315Fb−0:00135Tr−0:02729L−25:2605 ð3Þ

where Infp is the predicted infiltration rate (mm/s); C, F, G, Fb, and Tr are
the amounts of portland cement, fly ash, gravel, fibers (Ferro-green and
Green-net concurrently), and tire chips in kg/m3; and L is the live load
intensity in percent. Thewater content was constant in this experimen-
tal program and thus its contribution to Eq. (3) was none from a
Table 3
Effect of instantaneous live load intensity measured from the test.

Category ID 0% load 5

Inf
(mm/s)

Re K
(mm/s)

In
(m

Without fly ash RM 3.33 32.3 3.40 1
GN1 3.24 31.4 3.31 1
GN2 3.03 29.3 3.08 1
FG1 3.27 31.7 3.34 1
FG2 3.22 31.2 3.28 1
TC5 3.18 30.8 3.24 1
TC10 2.95 28.5 3.00 1

With fly ash RMF 3.55 34.4 3.62 1
GNF1 3.35 32.4 3.42 1
GNF2 2.87 27.8 2.93 1
FGF1 2.98 28.1 2.96 1
FGF2 2.93 28.5 3.00 1
TCF5 3.08 29.8 3.14 1
TCF10 2.89 34.5 3.63 1

Inf = infiltration rate; Re = Reynolds number; K = hydraulic conductivity.
regression view point. The predicted hydraulic conductivity of the per-
meable concrete (Kp) was also provided:

Kp ¼ 0:175279C þ 0:174704F þ 0:000675G
þ 0:138756Fb−0:00054Tr−0:02846L−52:542: ð4Þ

Another version of regression equations to predict the infiltration
rate and hydraulic conductivity of the concrete is proposed with an em-
phasis on the effect of instantaneous live load:

Inf p Lð Þ ¼ aebL ð5Þ

Kp Lð Þ ¼ aebL ð6Þ

where Infp(L) and Kp(L) are the predicted infiltration rate and hydraulic
conductivity with respect to the level of instantaneous live load; and a
and b are empirical constants. Table 4 summarizes the constants obtain-
ed from experimental curve-fitting aswell as the coefficient of determi-
nation (R2). The constants listed in Table 4 are based on metric units,
while the predicted hydraulic properties can readily be converted to
those in the US customary units. As shown in Fig. 8 and Table 4, the de-
gree of regression was satisfactory. It should be noted that Eqs. (3) and
(4) are used for examining the effect of each constituent on the perfor-
mance of the permeable concrete, while Eqs. (5) and (6) are relevant to
concentrating on the effect of live load that is a critical parameter
influencing the hydraulic properties of the concrete.
0% load 75% load

f
m/s)

Re K
(mm/s)

Inf
(mm/s)

Re K
(mm/s)

.82 17.6 1.85 1.30 12.6 1.32

.60 15.5 1.63 1.20 11.7 1.23

.54 14.9 1.57 1.18 11.4 1.20

.62 15.7 1.65 1.22 11.8 1.24

.57 15.2 1.60 1.18 11.5 1.21

.47 14.3 1.50 1.14 11.0 1.16

.42 13.8 1.45 1.11 10.7 1.13

.63 15.8 1.66 1.20 11.6 1.22

.47 14.2 1.50 1.13 11.0 1.15

.43 13.8 1.46 1.10 10.7 1.13

.49 14.4 1.52 1.14 11.0 1.16

.45 14.0 1.47 1.11 10.7 1.13

.37 13.3 1.40 1.06 10.3 1.08

.33 12.9 1.35 1.04 10.1 1.06



Fig. 7. Normalized comparison of hydraulic conductivity depending upon instantaneous live load intensity: (a) specimens without fly ash; (b) specimens with fly ash.
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5.2. Parametric investigation

Fig. 9 shows the effect of various admixtures on the infiltration of the
permeable concrete, depending upon the level of instantaneous live
load intensity and a combination of constituent materials. To carry out
these parametric investigations using Eq. (3), the following base-line
properties were employed in compliance with the mixture designs de-
scribed in Table 2: the amount of fly ash or fibers (kg/m3) equals
311 kg/m3 minus the amount of portland cement (kg/m3) and the
amount of tire chips (kg/m3) is equal to 2029 kg/m3 minus the amount
of gravel (kg/m3). Extrapolation of Eq. (3) was not allowed (i.e., the
quantities of these constituents were within the variation ranges
shown in Table 2). It is important to note that the present parametric
study was intended to examine the tendency of specific constituent
materials' contribution to the hydraulic property of the permeable
concrete, rather than measuring their influence as reported in the
experimental program. The existence of fly ash resulted in a negligible
Table 4
Constants for simplified regression equation.

Category ID Parameter Mean

a

Without fly ash RM Hydraulic conductivity 3.4117
Infiltration rate 3.3478

GN1 Hydraulic conductivity 3.2715
Infiltration rate 3.2101

GN2 Hydraulic conductivity 3.0556
Infiltration rate 2.9983

FG1 Hydraulic conductivity 3.3054
Infiltration rate 3.2434

FG2 Hydraulic conductivity 3.2496
Infiltration rate 3.1887

TC5 Hydraulic conductivity 3.1823
Infiltration rate 3.1226

TC10 Hydraulic conductivity 2.9545
Infiltration rate 2.8991

With fly ash RMF Hydraulic conductivity 3.5747
Infiltration rate 3.5077

GNF1 Hydraulic conductivity 3.3429
Infiltration rate 3.2802

GNF2 Hydraulic conductivity 2.8880
Infiltration rate 2.8339

FGF1 Hydraulic conductivity 2.9348
Infiltration rate 2.9445

FGF2 Hydraulic conductivity 2.9650
Infiltration rate 2.8923

TCF5 Hydraulic conductivity 3.0749
Infiltration rate 3.0172

TCF10 Hydraulic conductivity 3.5052
Infiltration rate 2.8356

a and b= empirical constants; R2 = coefficient of determination.
variation of infiltration (Fig. 9(a)), however the effect of tire chips was
noticeable with amaximum variation of 37.8% (Fig. 9(b)). The inclusion
of the fibers considerably decreased the infiltration of the permeable
concrete as low as 45.9% (Fig. 9(c)). This result illustrates the optimum
dosage of fibers benefits the performance of permeable concrete, as
discussed in Figs. 3 and 5, whereas excessive amounts of fibers will be
detrimental. It is worth noting that the minor discrepancy between
Figs. 3 and 9(c) in terms of the fiber effect is attributed to the nature
of the regression model. The contribution of the instantaneous live
load was substantial to all cases. The response of hydraulic conductivity
(K) in conjunctionwith these parameters was similar to that of the infil-
tration discussed above (not shown here for brevity).

5.3. Performance assessment

The level of instantaneous live load intensity was the most critical
parameter affecting the performance of permeable concrete, as
Standard deviation

b R2 a b R2

−0.013 0.999 0.3406 −0.032 0.992
−0.013 0.999 0.3342 −0.032 0.992
−0.013 0.997 0.1179 −0.019 0.980
−0.013 0.997 0.1157 −0.019 0.980
−0.013 0.997 0.1827 −0.027 0.999
−0.013 0.997 0.1793 −0.027 0.999
−0.013 0.997 0.0964 −0.017 0.919
−0.013 0.998 0.0946 −0.017 0.919
−0.013 0.997 0.3928 −0.045 0.879
−0.013 0.997 0.3854 −0.045 0.879
−0.014 0.992 0.4284 −0.047 0.990
−0.014 0.992 0.4203 −0.047 0.991
−0.013 0.992 0.3256 −0.059 0.997
−0.013 0.993 0.3194 −0.059 0.998
−0.015 0.996 0.5585 −0.046 0.877
−0.015 0.997 0.5480 −0.046 0.878
−0.015 0.990 0.4787 −0.053 0.960
−0.015 0.990 0.4697 −0.053 0.960
−0.013 0.995 0.0867 −0.020 0.992
−0.013 0.995 0.0851 −0.020 0.992
−0.013 0.997 0.1963 −0.033 0.920
−0.013 0.997 0.1725 −0.031 0.922
−0.013 0.995 0.1294 −0.027 0.922
−0.013 0.996 0.1101 −0.024 0.925
−0.015 0.989 0.2066 −0.034 0.996
−0.015 0.990 0.2027 −0.034 0.996
−0.017 0.979 0.3982 −0.059 0.985
−0.014 0.990 0.1841 −0.048 0.947



Fig. 8. Assessment of proposed equations: (a) infiltration rate; (b) hydraulic conductivity.
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discussed earlier. Provided that the presence of traffic load on site is sto-
chastic, deterministic approaches have fundamental limitations in
assessing the hydraulic characteristics of such a concrete. Progressive
degradation of installed permeable concrete with an increasing live
load effect was thus probabilistically examined using the first-order re-
liability method. The following summarizes the reliability formulation
used for the present study, while further details are available elsewhere
[41]. The performance function of permeable concrete is given in
Eq. (7):

g Inf p Lð Þ; Inf th
� �

¼ Inf p Lð Þ−Inf th ð7Þ

where Infth is the threshold infiltration limit of the permeable concrete
depending upon a regionwhere a stormwater event takes place. Perfor-
mance degradation is expectedwhen Eq. (7) generates a negative value
and corresponding probability is determined using Eq. (8):

Pr Lð Þ ¼ Pr Inf p Lð Þ≤ Inf th
� �

ð8Þ

where Pr(L) is theprobability of performance degradation of theperme-
able concrete subjected to an arbitrary level of traffic load intensity L.
The infiltration functions, Infp(L) and Infth, are transformed to standard
normal for facilitating probabilistic investigations, including the stan-
dard normal random variables U. The norm of vector ∇g(U0(L)) is
then obtained using Eq. (9):

∇g U0 Lð Þð Þk k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

In f p
Lð Þ þ σ2

In f th

q
ð9Þ

but

g U0 Lð Þð Þ ¼ Inf p Lð Þ−Inf th Lð Þ ð10Þ

where ∇g(U0(L)) is the gradient of the initial random variable U0; and
σInfp(L) and σInfth are the standard deviations of the live-load-
Fig. 9. Effect of admixtures in conjunction with instantaneous live load intensity (C: portland c
C + F+ G + L); (b) tire chip (constituents: C + G + Tr + L); (c) fiber (constituents: C + G +
dependent infiltration and the threshold limit, respectively. After con-
structing a ratio of the gradient of the performance function to its
norm α0 and acquiring the norm of the initial random variable β0 [41],
the reliability index β is expressed as the most probable point within
the probabilistic domain U⁎:

β ¼ U�k k in whichU� ¼ −α0 β0 þ ∇g U0ð Þ= ∇g U0ð Þk k½ �: ð11Þ

The probability of performance degradation is estimated:

Pr ¼ Φ βð Þ or Φ −βð Þ ð12Þ

where Φ(β) or Φ(−β) is the cumulative density function of the stan-
dard normal distribution. To implement the reliability approach de-
scribed above, the infiltration rate functions of the permeable concrete
studied (Eq. (5) and Table 4) were utilized. It should be noted that the
focus of the present probabilistic investigation was on the effect of live
load due to its technical significance and thus Eq. (5) wasmore relevant
to use than Eq. (3). For a demonstration purpose, the threshold infiltra-
tion limit was taken from the suggestion of the Minnesota Department
of Transportation [33], leading to an infiltration of 2.54 mm/s for the
current test setup and corresponding coefficient of variation of 0.56
(based on the measured data in MnDOT [33]).

Fig. 10 shows the predicted response of the permeable concrete
mixes with respect to the level of live load intensity. Performance deg-
radation in terms of infiltration gradually increased up to a live load in-
tensity of 50% beyond which all specimens exceeded a probability of
degradation of 0.8 (i.e., the infiltration rate of these concrete mixes
was sufficiently lower than the threshold limit). The inclusion of various
admixtures tended to accelerate the degradation of the infiltration rate,
as shown in Fig. 10(a) and (b). This fact implies that multi-material in-
teraction, when live load is present, can cause deterioration of the
cementitious binder and produce residual debris that clogs the pores
of the permeable concrete. The categories mixed with fly ash demon-
strated larger variation ranges in degradation probability (Fig. 10(b))
ement, F: fly ash, Fb: fiber, G: aggregate, and L: live load effect): (a) fly ash (constituents:
Fb + L).



Fig. 10. Predicted degradation of infiltration due to live load effect: (a) permeable concrete without fly ash; (b) permeable concrete with fly ash.
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comparedwith those without fly ash (Fig. 10(a)), confirming themulti-
material interaction mechanism mentioned above.

6. Summary and conclusions

This paper has dealt with various permeable concrete mixtures
having alternative constructionmaterials subjected to instantaneous
live load intensity ranging from 0% to 75% of the control strength.
Specimens were classified into two groups depending upon the pres-
ence of fly ash and each group had seven cylinders mixed with non-
metallic fibers and tire chips. Experimental results characterized the
performance of these permeable concrete mixtures in terms of load-
bearing capacity and hydraulic properties such as infiltration, Reyn-
olds numbers, and hydraulic conductivity. A predictive approachwas
present based on multiple-regression and reliability theory. The fol-
lowing conclusions are drawn:

• The presence of fly ash decreased the compressive strength of the per-
meable concrete relative to the test categorywithout fly ash. The spec-
imens mixed with the fibers exhibited improved strength and their
geometric configuration affected the extent of strength increase. The
specimens including tire chips showed a decreased strength because
of their elastic softening nature and premature disintegration from
the cementitious binders.

• The failure of the control and tire-chip concrete was due to the local-
ized disintegration of the cementitious binder in conjunctionwith the
randomly distributed pores. The test category mixed with the fibers
demonstrated relatively even failure without noticeable fiber-
entangling.

• The inclusion of the fibers enhanced the infiltration rate of the perme-
able concrete and the twisted fibers created more pores than the flat
ones. The effect of fly ash on infiltration was dependent upon the
interaction with other constituents. Tire chips tended to clog pores
and decreased infiltration.

• Instantaneous live load intensity was a significant parameter
degrading the hydraulic performance of the permeable concrete.
Some correlations between the live load effect and the admixtures
were observed such that the tire chips were more vulnerable than
the fibers in terms of reducing infiltration capacity, however fly ash
accelerated performance degradation with increased clogging.

• The comparative parametric investigation implied that thefiberswere
a critical parameter that could clog the pores of the permeable con-
crete if used excessively, alternative admixtures replacing conven-
tional constituents of permeable concrete (i.e., fly ash and tire chips)
to enhance mechanical properties may be used with reasonable
amounts without concerns of degrading hydraulic properties, and ex-
cessive traffic load is detrimental on the performance of permeable
concrete.
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