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Abstract: Semiflexible pavement (SFP) is considered a com-
posite mixture, as it consists mainly of a porous asphalt
mixture with high air voids grouted with highly flowed
cementitious grout. Numerous benefits have been attributed
to this technology, including exceptional slip resistance, a
high static bearing capacity, and rutting resistance. In this
study, two different types of semiflexible paving mix were
produced by using two different types of grouting materials
(GMs). There is a discrepancy between the compressive
strengths of the two GMs used, as the compressive strength
of the first mixture, which consisted of 96% cement and 4%
silica fume (SF), was approximately twice the compressive
strength of the second mixture, which consisted of 75%
cement and 25% sand. The mechanical and durable proper-
ties of the two SFPs were studied, in addition to the effect of
variation in the compressive strengths of the two GMs and
their effect on the final performance of the pavement. The
results of Marshall and rutting tests show that the SFP mate-
rial exhibits good high-temperature stability. The effect of
the variation in the compressive strength of the two mix-
tures was evident in the results of the tests compared with
the sand mixture at a strength of 20.8 MPa, the SF at a
strength of 48.1MPa witnessed a 39.54% increase in the
Marshall stability at 28-day curing age. Also, the composite
material (CM) showed better rutting performance than tra-
ditional asphalt mixtures, which did not exceed 2 mm. The
results of the indirect tensile strength (ITS) test showed a
discrepancy between the two types of CM, as the ITS value
of the grouting material of SF (GMSF) mixture increased by
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14.91% compared with the grouting material of sand (GMSN)
for the curing age of 28 days for unconditioned samples and
by 20.22% for the conditioned samples for the same curing
age, while the durability of two types of CM was measured
by Cantabro abrasion loss and tensile strength ratio. The
results were acceptable and within the specification limits.
With a variation for the two types of CM, the GMSF mixture
showed an increase in the value of Cantabro loss by 11.52%
over the GMSN mixture for ageing samples and 6.59% for
non-aging samples of 28 days of curing age.

Keywords: SFP, composite material, grouting, performance,
silica fume

1 Introduction

Semiflexible pavements (SFPs) are a variety of high-perfor-
mance pavements that were developed in France in the
1950s and were initially used to pave runways at airports,
which exhibited excellent road performance [1]. Subse-
quently, Britain, the United States, the former Soviet Union,
and other nations conducted research on SFP, demonstrating
that the pavement material can extend the pavement's ser-
vice life and has excellent high-temperature stability [2]. SFP
comprises a porous asphalt mixture (PAM) mattress with a
void rate in the range of 20-35%, grouted with high-fluidity
cement mortar (HCM) [3,4]. The enhanced performance of
cement grouting asphalt macadam materials, also known as
SFP materials, in contrast to conventional asphalt concrete
materials, may be attributed to the inclusion of cement
grouting material (GM) and matrix asphalt mixture [5]. It
features the flexibility of asphalt pavement and the rigidity
of rigid pavement in different degrees and has been widely
used in many countries [6,7]. Numerous benefits have been
attributed to this technology, including exceptional slip
resistance, good oil resistance and colourability, high static
bearing capacity, and rutting resistance. In addition, its vis-
coelastic behaviour can increase load tolerance without
causing ruts, reduce the number of temperature joints, or
even eliminate the need for a setting, thereby enhancing
driving comfort [8,9]. SFP provides a viable option for bridge
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deck overlay because it outperforms traditional hot-mix
asphalt pavements in terms of longevity and strength [10];
SFP construction is typically a two-phase process. First, the
PAM mattress is prepared and paved with lighter or com-
parable equipment to that used for traditional asphalt con-
crete. After the asphalt has chilled, the surface can be coated
with HCM. Due to the excellent connectivity of voids in the
PAM, HCM penetrates the entire layer with rubber scrapers
and light vibrating rollers to obtain a very low residential
void rate for SFP. After a few days of curing, the SFP even-
tually attains the required traffic strength.

Hou et al. [11] evaluated the mechanical properties and
durability of SFP materials and demonstrated that they
exhibit superior high-temperature stability, fatigue perfor-
mance, and water stability compared to conventional
asphalt mixtures. Yang [5] assessed the performance of
SFPs by analysing the volumetric parameters of the matrix
asphalt mixtures. The findings revealed that the SFP mate-
rials exhibited superior high-temperature stability and low-
temperature stability compared to conventional asphalt
pavement materials. The formation of SFP materials from
asphalt concrete skeletons under five distinct gradation
types was investigated by Zhao and Yang [12], and the
low-temperature fracture resistance performance of these
five skeletons was evaluated. The results demonstrated that
the low-temperature fracture resistance capability of SFP
materials based on continuously graded asphalt concrete
skeletons was superior to that of other SFP materials. Com-
paring SFP and conventional bituminous mixtures has revealed
that at higher temperatures, the ITS values of SFP exhibit an
increase of 2-3 times compared to bituminous concrete mix-
tures [10,13]. Hao et al. [14] examined differences between the
SFP and dense-graded asphalt mixtures and highlighted SFP's
superior performance at low temperatures and increased resis-
tance to moisture damage, while Zhao et al. [15] conducted an
investigation and discovered an improvement in the ability of
semiflexible materials to resist cracking at low temperatures
after modifying the asphalt within the hot mix asphalt (HMA)
structure.

A study conducted by Hassan et al. examined the
impact of fly ash and silica fume (SF) on the performance
of cement mortar in relation to the GM. The researchers
concluded that the incorporation of fly ash and silicon has
the potential to enhance both the workability and mechan-
ical properties of cement mortar used for SFP [16]. The per-
formance of the pavement, including stone matrix asphalt,
is influenced by the bond strength between the cement and
asphalt interface subsequent to the pouring of cement grout
into the asphalt mixture. Inadequate contact at the interface
leads to insufficient mechanical strength and suboptimal
deformation characteristics. Zhou analysed the failure
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mode of SFP, highlighting that the typical damage in
this type of pavement primarily manifests at the interface
between cement and asphalt, as well as within the cement
material itself. [17]. Yang [5] found that the cement slurry
infusion can significantly improve the compressive strength
of the material and contribute to even better mechanical
properties when the GM strength is 40.2 MPa.

Nevertheless, the research failed to examine the pre-
cise characteristics of viscosity and elasticity in the ske-
leton of HMA that offer greater benefits in enhancing the
resistance to low-temperature cracking in semiflexible
materials. The cost of semiflexible anti-rutting pavement
was approximately 15-2 times more than that of conventional
asphalt pavement. Despite the relatively larger initial expendi-
ture, the longevity of the service life for the alternative asphalt
pavement was found to be tenfold more than that of conven-
tional asphalt pavement. The implementation of this solution has
the potential to substantially decrease yearly maintenance
duration and expenses, alleviate traffic congestion, and
generate notable economic and social advantages [18].

The objective of this study is to assess the engineering
properties of an SFP. As a way to investigate the influence
of compressive strength on the ultimate performance of SFP,
two distinct GMs possessing varying compressive strengths
were employed; the experimental procedure commenced by
formulating a PAM characterized by an air void ratio within
the range of 25-35%. Subsequently, the mixture was sub-
jected to grouting using two distinct GMs, each possessing
varying levels of compressive strength. The initial mixture
had a compressive strength of 48.1 MPa, while the subse-
quent mixture demonstrated a compressive strength of
20.8 MPa. Upon completion of the necessary sample pre-
parations, the performance evaluation of the samples was
subjected to several laboratory tests. These tests included
the assessment of Marshall stability, the indirect tensile
strength (ITS), the compressive strength, the wheel truck
test, the Cantapro loss test, and tensile strength ratio.

2 Materials

Raw materials used in this study include asphalt, aggre-
gate, cement, SF, sand, and superplasticizer (SP) with
poly-carboxylate.

2.1 Asphalt cement
The production of the PAM involved the utilization of SBS-

modified asphalt cement. The utilization of styrene-buta-
diene-styrene (SBS) has resulted in enhancements to the
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Table 1: Physical and mechanical properties of SBS
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Table 2: Physical properties of asphalt modified with 4% SBS

Property or characteristics Unit Requirement Test Unit Specification Result
Density kg/m3 940 Penetration (25°C-100g-5s) 1/10 mm  ASTM D5 35
Tensile strength (at) MPa 32 min Ductility (25°C, 5 cm/min) cm ASTM D113 140
Melting point °C 180 Flash point (cleave land °C ASTM D92 326
Elongation % 88 open cup)

Fire point °C ASTM D92 368

Softening point °C ASTM D36 72

. . . Solubility in trichloroethylene % ASTM D2042-01 99.3

asphalt cement with a 40/50 grade. The incorporation of a **Ry 132/,, c y Pas . .
poly-butadiene block imparts elasticity, while the addition  ++gy 165°c 075
of a polystyrene block confers plastic properties to the After thin-film oven test (ASTM D1754)
asphalt mixture. This enhancement in performance is Retained penetration; % of % ASTM D5 80
achieved through the augmentation of stiffness, stability, °riginal

Ductility of residue cm ASTM D113 10

and elasticity of the asphalt binder. The asphalt binder was
supplemented with SBS at a concentration of 4% relative to
the weight of the asphalt. Tables 1 and 2 present the phy-
sical and mechanical characteristics of SBS and modified
asphalt materials.

2.2 Aggregate

The present study utilizes a regional aggregate comprising
crushed quartz sourced from the Al-Nibaie quarry, which
is extensively employed in Iraq's asphalt mixing facilities.
The coarse and fine aggregates utilized in the study under-
went a process of washing, sieving, and subsequent recom-
bination to achieve the appropriate proportions, as specified
by the SCRB (SCRB/R9Y, 2003) [10] for the wearing course
gradations. Table 3 presents the physical characteristics of
both fine and coarse aggregates.

2.3 Cement

The cement used in this study is ordinary Portland cement
(OPC), specifically CEM I 42.5N-SR 3.5, which adheres to the

Table 3: Physical properties of aggregates

(25°C-5 cm/min)

**Rotational viscometer.

Iraqi specification No0.5/1984 type I [19]. Table 4 presents a
comprehensive overview of the chemical and physical para-
meters associated with this particular variant of cement.

2.4 SF

The incorporation of fine-grained supplementary cementi-
tious materials, such as SF, into the composite cement paste
has been found to decrease the interparticle porosity of
cement and improve the impermeability, flexural strength,
and compressive strength of the GM. Table 5 presents the
characteristics of the SF utilized in the investigation.

2.5 SP material

SP was used in the liquid form, as it was found to disperse
faster during mixing and thus increase workability. It also

Property

Specification

Coarse aggregate

Fine aggregate

Bulk specific gravity

Apparent specific gravity

% of absorption

Los Angeles abrasion

Percent flat and elongated particles, 10% max
Fractured pieces %

Clay content by sand equivalent% 45 min

ASTM (127-128-15
ASTM (127-128-15
ASTM (C127-128-15
ASTM (C131-14
ASTM D4791-10
ASTM D5821-13
ASTM D2419-14

2.611 2.658
2.662 2.733
0.52 0.73
17.72 —

5 —

98 —

— 51
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Table 4: Physical and chemical properties of OPC
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Table 6: Properties of the SP material

Property Results Iraqi Specification
1984 [19]

Physical properties

Fineness (m*/kg) 340 250

Density (g/cm?) 2.1 2.981

Initial setting time (min) 149 (min) > 45

245

Final setting time (h) 3.14 <10

Expansion (mm) 1 <10

Property Results  Requirement

Chemical properties

Si0, 19.9 —

Al,04 457 —

Fe,03 4.82 —

Ca0 61.11 —

MgO 3.13 <5%

S0, 2.234 C5A < 5% SO < 2.5% C5A
more than 5% SO < 2.8%

Na,O3 0.20 —

K,0 0.52 —

Chloride 0.018 —

Loss of ignition LOI 2.92 <4.0%

Eq. alkalis 0.53 <0.6% for low alkalis

*IR 1.08 <1.5%

**| SF 0.9503 0.66-1.02%

GA 3.98 >3.5%

*Insoluble residue.
**|ime saturation factor.

conforms to the high-range water, reducing to EN 934-2 SP
[20]. Table 6 illustrates the properties of SP used in the
study.

2.6. Sand

The sand used in this study was brought from Al-Najaf city.
Sand does not contain fine particles or gravel particles, and

Table 5: Properties of SF used in the study

Property Value ASTM-C1240 2018
Color Grey —

Size 0.149 ~0.15um

Specific surface area 16,500 215,000 cm?/g
Specific gravity 21 —

Physical form Powder —

Bulk density 0.6 0.5+ 0.1kg/I
Moisture 0% <2%

Property Value Specification (EN 934-2)
Form Viscous liquid —

pH 6.6 5.9-7.9

Relative density 1.06 + 0.02 1.06-1.1kg/I|

Colour Light brown —

Viscosity 128 + 30 cps —

soil is classified, according to the Unified Soil Classification
System, as poorly graded sand (SP). Figure 1 illustrates the
particle size distribution curve for the adopted sand.

3 Experimental work

The laboratory work first began with the preparation
of the PAM to achieve the required void ratio by deter-
mining the required aggregate gradation and the optimal
bitumen content. The second stage required designing
the GM to achieve the required fluidity and strength and
then preparing SFP samples for laboratory evaluation of
performance.

3.1 Preparation of the PAM

A PAM is utilized only as a coarse surface [21]. However,
this type of pavement was used as a skeletal structure to
contain the GM. The PAM was designed to achieve an air
void ratio ranging between 25 and 35%, where a gradation
of aggregates was chosen within the limits of the American
specification [22], characterized by a high proportion of
coarse aggregate to achieve the largest possible air void
ratio, as shown in Table 7.

100 *
90
80
70
60
50
40
30
20

Percent Passing (%)

0 *
0.01 0.1 1 10
Grain size, D (mm)

Figure 1: Gradation of sand used in the study.
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Table 7: Aggregate gradation used in the study

Sieve size (mm) ASTM D7064-13 Selected% passing

% passing
19 100 100
12.5 85-100 86
9.5 35-60 355
4.75 10-25 10.5
2.36 5-10 5
0.075 2-4 3

Then, the optimal bitumen ratio was determined based
on the following equation [3]:

AC =325 x (q) x £02 @
a = 2.65/SGagg, (2)
X = 021C + 548 + 7.2s + 135f, 3

where OBC is the optimum bitumen content, SGagg is the
apparent specific gravity of the aggregate blend, X is the
specific surface area, C is the percentage of material
retained on a 4.75 mm sieve, S is the percentage of material
passing through a 4.75 mm sieve and retained on a 600 pm
sieve, s is the percentage of material passing through a
600 um sieve and retained on a 75 um sieve, and f is the
percentage of material passing through a 75 um sieve.
The percentage of bitumen reached 4.1% of the mix-
ture weight. The determination of the appropriate number
of blows or gyrations for compacting high void bituminous
mixes now lacks sufficient criteria. Various compaction
methods have been employed by researchers for these
mixtures. Several researchers have employed different
quantities of Marshall blows (ranging from 10 to 75), admi-
nistered on either one or both surfaces [10,11,23,24], while
others have used the gyratory compactor [16,25]. During
this study, three levels of humping stress were tested to

Performance evaluation of grouted porous asphalt concrete = 5

achieve the required void ratio (50, 35, 20) for each face.
From the results obtained, it was found that the 35 blows
on each face achieved the required void ratio, which
amounted to 31.4% of the sample size.

3.2 GM design (fluidity and strength)

The laboratory tests that were conducted on the appro-
priate GM are summarized in two basic tests. The first is
the fluidity test, which has been subject to the American
standard C939-97 [26]. In this test, 1,500 ml of the grouting
sample is passed through a cone with special dimensions.
Figure 2 shows the shape and dimensions of the cone used
in the test, and the time required for this quantity to run
out from the cone is calculated by using a stopwatch in
seconds, and ranges between (9-16) sec. [27].

The second test is the compressive strength test, which
was subject to the specification [20]. As shown in Figure 3,
to determine the hardness and resistance of the GM, the
cubic samples were cast with dimensions of 5cm x5 cm x 5
cm and tested at three curing ages of 1, 7, and 28 days. Two
GMs were used, the first consisting of cement, SF, and SP,
which were used in different proportions with different
water—cement ratios to obtain the optimal mixture for
use as a GM. Figures 4 and 5 show the effect of w/c and
% SP on the workability of the mixture.

As for the second mixture, cement and sand were used
in different proportions, as well as the SP, to obtain the
fluids required for the mixture, as shown in Figures 6 and 7.

The results showed an increase in workability with an
increase in the ratio of water to cement in a direct phase,
which is considered the main factor affecting the work-
ability of mixtures with a noticeable effect of the SP on
the workability.

Figure 2: Cone used in the flow cone test.
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Figure 3:

Compression machine.
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It is clear from Figure 5 that there is an increase in the
percentage of SP material with the increase in the percen-
tage of SF, and this is completely consistent with what has
been observed [15]. This is due to the very fine size of
particles of SF, which causes the absorption of some of
the SPs on its surface. As for sand, its granules are consid-
ered large compared to SF granules. However, the percen-
tage of SP increases with the increase in the percentage of
sand. This is because an increase in the percentage of sand
in the mixture leads to a significant decrease in the per-
centage of cement in it, and this, in turn, leads to a decrease
in the value of SP used as a percentage of the weight of
cement, and this leads to an increase in the percentage
of SP to achieve the required liquidity. By the results of
the fluidity test, the mixtures for which the compressive

35 strength will be tested were determined, as the percentages
_ o (96% cement, 4% SF, 1.5% SP, 4% w/c) were determined for
g2 R~ . . . .
2z T the SF mixture, as it gave the required compressive strength,
=20 - . . .
E g | = <100 cement L5 SE s which is not less than 40 MPa. As for the sand mixture, the
g ——— %98 tement, %2 SK, %1.5 S results of the compressive strength test were less than the
g 10 . . p
a p %96cement, %4SF, %1.5 SP required limit for all proportions but in varying propor-
o LT %92dement, %8S. %1.5SP tions, as 50% sand showed the highest strength, which
0.25 0.3 035/ ; (7())»4 0.45 05| amounted to 34.7, while 25% sand showed its lowest
w/c ratio ( 7o .
strength for 28 days. Figure 8 shows the development of
Figure 4: The effect of the w/c ratio on the SF mixture workability. the compressive strength of the selected mixtures with
curing age.
30
o 25
Q N ° °
Gl ——— 4 Preparation of SFP specimens
£ \
E 15 g U T —
i e 0 | 00cement,0.4% wic
§ 10 ="+ -98pcement,2%SF, 0:4%w! Laboratory samples of porous material were prepared in
5 96%cement,4%SF, 0.4%w/ I . : :
92scement 8%SF. 0.4%wi two distinct forms, namely cylinder and slab specimens, in
0 . . .
0 05 | I 5 55 ;| accordance with the specific requlre.ments of Ithe .test pro-
%SP cedure. The test samples were fabricated using identical
materials and procedures in order to ensure consistency
Figure 5: The effect of SP% on the SF mixture workability. across all laboratory Specimens‘ The production and
25
9 20 N
2 - ““\
é 15 ——
2 ——— 50%cement, 50%sand, R%SP T
210
§ = 60%cement, 40%sand, 2%SP
5
0 75%cement, 25%sand, [[.5%SP
0.3 0.35 0.4 0.45 0.5 0.55
w/c (%)

Figure 6: The effect of the w/c ratio on sand mixture workability.
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25
g 20 .
7} )
Z15 . ——
= o
=2 e 5() 90 cement, 50%sand,0.45 wic -~ -
210
5 = = 60%cement,40% sand,0.45%
a 5 w/i

75%cement, 25%sand, 0.4%w/c
0
0 0.5 1 1.5 2 2.5 3
%SP

Figure 7: The effect of SP percentage on sand mixture workability.

curing processes were devised with the intention of closely
emulating the circumstances experienced on the field. In
order to achieve the desired void ratio for the final design,
the PAM, consisting of a hot asphalt mix, was carefully
deposited into a Marshall mould and subsequently com-
pacted using 35 blows on each side. In a similar vein, the
rectangular slab specimens of PAM employed in the wheel
tracking test were manufactured within moulds with a slab
compactor, with the aim of achieving a specific void ratio.
The slab samples had dimensions of 40 cm in length, 30 cm
in width, and 5cm in thickness. Volumetric calculations
were conducted to ascertain the optimal quantity of the
hot asphalt mix necessary to achieve the desired void ratio
in the final mixture by considering the size of the mould.
The asphalt mix was placed in the mould, and an asphalt
slab compactor device compacted the mix. The specimens
were then air-cooled for a minimum of 4 h in order to pre-
pare them for grouting. Then, the samples were wrapped
with aluminium foil used for cooking, and then they were
also wrapped with a layer of nylon for cooking as well. To
ensure that the GM did not leak out, the cement slurry was
added to PAM cylinder and slab samples using gravitational
force. The grouting began first with the SF mixture, and a

smooth penetration of the GM was observed, as shown in
Figure 9.

The grouting of the sand mixture began at a rate of
50%. In the beginning, it was noticed that the sand granules
accumulated on the surface of the sample, causing closure
of the surface air spaces and thus preventing the GM from
penetrating, so this percentage was excluded from the
work. The percentage of sand was 25%, which showed
good penetration into the layer. The reason for this may
be due to the high percentage of sand in the mixture and
the large size of the sand grains compared to the size of the
cement grains, which caused the inhomogeneity of the two
materials and the small path of the internal air voids need
a high fluidity homogeneous material to penetrate.

5 Evaluation of the mechanical
properties
This section provides a comprehensive overview of the

mechanical strength tests conducted on samples manufac-
tured in the laboratory.

[=))
(=]

W
[=]

IS
o

®96%cement,4%SF,

(953
(=]

1.5%SP,0.4%w/c

(3]
(=]
4

® 50%cement,50%sand,
2%SP, 0.45%wlc

Compressive strungth, MPa
o 3

1 7
Curing age, day

75%cement, 25%sand,
1.5%SP, 0.4%w/c

28

Figure 8: Improvement of the compressive strength with curing age for selected mixtures.
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Figure 9: Grouting process of porous asphalt mixture samples.

Figure 10: Samples tested by the Marshall stability test.

5.1 Marshall tests

The SFP mixture's stability was assessed using the Marshall
test according to ASTM D6927 [28], as shown in Figure 10.
The results of Marshall stability and flow for two types of
SFP with different curing times at 1, 7, and 28 days are
shown in Figures 11 and 12, respectively. It is clear from
the results that SFP has greater Marshall stability and
lower flow value than those of traditional asphalt concrete
due to its enhanced strength and fewer residual voids by

1%
v

o
S

\

\

==<>==25% sand grouting
material

Marshall stability, kKN

={=4%S$f grouting material

10 15 20 25 30
Curing age, day

[,
[=) w (=) wn
4

(=]
wn

Figure 11: Marshall stability value for different curing ages of two types
of SFP.

grouting cement mortar, and this is consistent with the
results of Hassan et al. [16], noting that the Marshall stabi-
lity increases with increasing curing age of the GM. The
maximum value of Marshall stability was achieved at 32.75
kN with 4% replacement of cement with SF at 28 days.
The influence of the compressive strength of GMs is evi-
dent in the stability value of the SFP, where the compressive
strength value of the grouting mixture improved with 4% SF,
which was nearly twice the value of the compressive strength
of the 25% sand mixture. This is consistent with Yang [5]

4
? :\\
g 3
£ v \:N\\
£, —
Gl
-
E 1.5
= 1 ===25%sand_grouting material
0.5 =W—4% Sfgrouting material
0
0 5 10 15 20 25 30
Curing age, day

Figure 12: Flow value for different curing ages of two types of SFP.
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results that Marshall stability increases with increasing the
compressive strength of the GM.

During this study, the percentage of air voids after
grouting was not calculated; X-ray CT scanning could be
a good method to achieve this.

5.2 ITS

The determination of the ITS was conducted using the
ASTM D6931 (2012) [29] standard. This involved subjecting
cylindrical samples to loading along a diametrical axis. The
specimen's maximum load, denoted as P, was utilized in
the computation of the ITS. Figure 13 illustrates the outcomes
of two distinct categories of SFP alongside three varying dura-
tions of curing, namely 1, 7, and 28 days. The result of ITS for
conditioned samples at 28 days is shown in Figure 13. Gener-
ally, the ITS values increase with increasing curing time for
all mixes. This can be attributed to the cement hydration
reaction, which requires more time to complete, and the
enhanced strength of mixes, as illustrated in Figure 14.

The results also show the difference between the ITS
values for the two types of semiflexible paving used in this

1600
1400
g 1200 Ll
=< —
g 1000 b
2 800
g
» 600
= 400 4%Sf-grouting materiat
200 +{=25% sand grouting material
0
0 5 10 15 20 25 30
Curing age, day

Figure 13: ITS values for two types of SFPs at different curing ages.
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Figure 14: ITS test results conducted on samples at 28-day curing age.
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study, where the type resulting from the injection of cement
and SF, which has the highest compressive strength, showed
higher values than the type resulting from the injection of
cement and sand, and this agrees with the results of Solouki
[30]. This also agrees with the results of Momtaz et al. [31]
achieved from the fracture shape of the ITS test; it was clear
that there was no division of the mixture. Approximately,
similar shapes of failure were noticed in all samples. The
failure shape of the semiflexible samples was completely dif-
ferent from that of concrete specimens. This is a good indi-
cator that the GA mix, or SFP, is still flexible.

5.3 Compressive strength

The specimens undergo axial compression testing in the
absence of any form of lateral support. The term "specimen
failure" is operationally defined as the highest load encoun-
tered by the specimen while undergoing compression, as spe-
cified in the ASTM D1074-17 standard. Table 8 displays the
compressive strength values of two SFP combinations and the
corresponding two GMs employed. The study revealed that
GMs alone have much greater compressive strength com-
pared to SFP, and this is consistent with the conclusions
reached by Setyawan [32]. This suggests that incorporating
GM into the asphalt mixture can enhance its overall strength.
Despite the significant variation in the compressive strength
between the mixture improved by SF and others using sand,
the two SFP mixtures exhibit comparable compressive strength.
This observation suggests that the vulnerable area in the SFP is
located within the asphalt layer. These results are consistent
with the findings of Wang and Hang [18] and differ from those
of Yang [5], who showed an increase in the compressive
strength of the SFP with an increase in the compressive strength
of the GM. The reason for the difference in these conclusions
may be due to the materials used in the production of SFP if the
testing conditions are proven.

Table 8: Results of compressive strength

Mixture type Compressive strength, MPa

1 day 7 days 28 days
*GM, 4% SF 24.3 327 48.1
GM, 25% sand 9.3 13 20.8
**CM, 4% SF — — 6.7
CM, 25% sand — — 6.3

*Grouting material.
**Composite material (here, it is SFP).
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Figure 15: Samples after ITS test.

5.4 Wheel track test

The wheel track test is commonly employed for the assess-
ment of rut depth in asphalt concrete mixtures which can
be defined as a bowl-shaped depression in the wheel paths
that develop gradually with the increasing number of
load applications [33]. This testing method is increasingly
favoured due to its ability to replicate actual traffic condi-
tions closely [32], where the bituminous material perfor-
mance is affected basically by the prevailing temperatures
[34,35]. The samples for the rutting test were prepared as
mentioned in Section 4. The test was performed according
to BS EN12697-22:2003, which provides information about
the rate of permanent deformation from moving of con-
centrated load, using a dial gauge or ruler to measure the
permanent deformation of the specimen, as shown in
Figure 15. The applied loaded wheel was 70 kg (158 pounds)
at contact points and passed repetitively over the sample to
be moved backwards and forward. The test temperature

was 50°C, and the total distance of tire travel on the centre
of the top surface of the specimen was 230 + 10 mm. The
loading frequency remains constant at 25 load cycles every
60 s. The maximum deformation was observed when the
settling of the asphalt mixture reached a value of 20 mm or
when the number of cycles reached 10,000 cycles, which-
ever occurred first [36]. The results showed a high resis-
tance to rutting for the two SFP mixtures compared to the
porous reference mixture, which had a high rutting value.
The reason for this is due to the influence of the GM, which
increases the stiffness of the mixture and gives it a hard-
ness that resists this damage. Figures 16 and 17 show the
test results for the tested samples.

It is also clear from the results that a slight difference
exists between the final test result for the two mixtures of
SFP, which amounted to 2.1 mm for the grouting material
of SF (GMSF) mixture and 3.3 mm for the grouting material
of sand (GMSN) mixture. The reason for this is that a mate-
rial with high hardness supported the structure of the

Figure 16: Rutting test.
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Figure 17: Wheel truck test result for 28-day curing age samples.

porous mixture. The value of the differential resistance of
the two mixtures slightly affects the final test result. Yang [5]
found that the results of the rutting test show that the SFP
material mixed with the GM exhibits good high-temperature
stability, and the dynamic stability increases with the increase
in the strength of the GM.

6 Durability evaluation

Two tests were carried out to assess the durability of SFP:
the first is the TSR test to evaluate the effect of this type on
moisture, and the second is the Cantabro loss test to assess
its vulnerability to ageing.

6.1 Moisture sensitivity (tensile strength
ratio [TSR] test)

This test method covers the change in the diametrical ten-
sile strength resulting from the effect of water saturation and
accelerated water conditions with the freeze/thaw cycle of the
compacted asphalt mixture. Traffic loading and climatic con-
ditions may cause tensile stresses to develop within the pave-
ment, and result in two types of cracks called fatigue cracking
and thermal or shrinkage cracking. The standard method
(AASHTO T283-14) [37] was used to evaluate the moisture
susceptibility (TSR) of SFP samples. The TSR values for the
two types of mixtures were extracted from the results of the
ITS test for the two types of samples, conditioned and uncon-
ditioned, by using the following equation:

TSR = Sw/Sd x 100, @

where TSR is the ITS ratio, % Sd is the average of ITS of dry
unconditioned samples, kPa, and Sw is the average of ITS
of wet conditioned samples, kPa.

Performance evaluation of grouted porous asphalt concrete = 11

The results presented in Figure 18 show that the TSR
value of conditioned samples is lower than unconditioned
samples, and this is due to the conditions that the sample is
exposed to, such as humidity and heat. It is also clear from the
results that the TSR value of the GMSF mixture is relatively
more than that of GMSN. The approved specification requires
a TSR value of more than 80%. The results obtained from the
test are accepted with the required amount.

6.2 Cantabro loss test

The purpose of this test is to simulate mixture resistance to
erosion (wear) ravelling and indirectly evaluate cohesion
bonding and traffic abrasion effects. This test has been
applied to determine the value of abrasion loss for the
asphalt mixtures using the "Los Angeles Machine" Test
Method (ASTMC131-14) and to expect the durability of
OGFC pavements in the laboratory and during service
life. The abrasion loss of specimens should not exceed
20% for unaged samples and 30% for the aged specimens.
The results show that the Cantabro loss values of speci-
mens that have been aged are greater than those of unaged
specimens. This test was carried out on the Marshall sample
for unaged and aged conditions according to ASTM D7064-13.
Three samples were prepared for each asphalt content, as
shown in Figure 19. Samples are weighed before and after
the examination to calculate the loss value. The test results
were calculated using the following equation and are pre-
sented in Figure 20:
P= [M] % 100, (5)
Py
where P is the Cantabro abrasion loss, %; P; is the initial
weight of the sample, g; and P, is the final weight of the
sample, g.

86
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2
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Figure 18: TSR values for two types of CMs at 28 days.



12 —

Iftikhar Abdulsahib et al.

Figure 19: Sample for the Cantabro loss test.
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Figure 20: Cantabro loss test results for aged and unaged 28-day curing
samples.

7 Conclusions

Based on the comprehensive analysis of the existing litera-
ture about SFP and its performance, as well as the subse-
quent laboratory experimentation and result analysis, it
can be deduced that this material presents a feasible
alternative for the advancement of high-performance pave-
ment infrastructure. However, it is imperative to undertake
endeavours aimed at establishing a standardized technique
for the mixed design. The present study summarizes the key
findings and conclusions:

1. Grouting a cement slurry with high fluidity into a
porous, highly gradient asphalt mixture leads to a very
large increase in the resistance of the porous mixture.
The strength of the cement mixture is an important factor
in the final performance of the semiflexible paving resulting
from this process.

2. The homogeneity between the GMs is very important
to achieve the required penetration of the PAM. The
achievement of liquidity with the lack of homogeneity
between the mixed GM may lead to the accumulation of
the coarse material on the surface of the PAM as a result of
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the accuracy of the air spaces in it, causing the material to
stop penetrating the porous layer.

3. The findings from the Marshall and rutting tests
indicate that the incorporation of SFP material with the
GM demonstrates favourable thermal stability at ele-
vated temperatures. Additionally, it was observed that
the Marshall stability of the mixture improves as the strength
of the GM increases. In comparison to GMSN, with a strength
of 20.8 MPa, GMSF, with a strength of 48.1 MPa, demonstrates
a significant increase of 39.54% in Marshall stability after
28 days of curing. Furthermore, the comparative analysis
revealed that the crumb rubber modified (CM) asphalt mixes
exhibited superior resistance to rutting compared to conven-
tional asphalt mixtures. This was observed using a wheel
track rutting test, wherein the CM asphalt mixtures endured
10,000 wheel track cycles without exceeding a maximum rut
depth of 2mm.

4. The results of the ITS test showed a discrepancy
between the two types of composite materials (CMs), and
this is due to the difference in the strength of the GMs used,
as the ITS value of the GMSF mixture increased by 14.91%
compared with GMSN for the curing age of 28 days for
unconditioned samples and by 20.22% for the conditioned
samples for the same curing age.

5. The material remains flexible in addition to the
hardness it gained from injecting the cement material in
the presence of the asphalt material. This is evident in the
results of the compressive strength test of the CM, which
shows a large discrepancy between the compressive strength
of the injection material for the same curing age.

6. The durability of two types of CM was measured by
the Cantabro abrasion loss and tensile strength ratio. The
results were acceptable and within the specification limits
for the Cantabro loss test. With a variation for the two
types of CMs, the GMSF mixture showed an increase in
the value of Cantabro loss by 11.52% over the GMSN
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mixture for ageing samples and 6.59% for non-ageing sam-
ples of 28 days of curing age.

8 Recommendations

In subsequent studies, it is recommended to conduct an on-
site evaluation of a section of road using the semiflexible
type of pavement and compare the efficiency of the process
with the results achieved, as well as to study the micro-
scopic structure of this type of pavement and work to
increase the bonding strength between the asphalt for
the porous mixture and the cement for the GM, which is
considered one of the most important areas of strength for
this type of pavement.
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