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Abstract: Since the roller-compacted concrete pavement (RCCP) is almost smooth due to roller vi-
brations in the construction process, the lack of macro-texture prevents it from being used as a final
surface. This study has made efforts to improve the RCCP by proposing different scenarios to cre-
ate new micro-/macro-texture surfaces and investigate their durability and skid resistance under
traffic abrasion conditions. To prepare the micro-texture, eight RCCP specimens were cast using
various 50-50% mixing proportions, and each of them alone in the form of siliceous and calcareous
fine aggregates (natural and manufactured). For the macro-texture, each specimen was textured
using such methods as seeding (three cases), stamping (two cases), and brooming (two cases). Since
the durable texture should withstand the abrasive traffic flow, the RCCP-surface abrasion re-
sistance was measured by the simulation method proposed in ASTM C944, and their skid re-
sistance was evaluated by measuring the British pendulum test according to ASTM E303 before
and after abrasion. The results showed that abrasion resistance of RCCP samples to changes in
mixing design and skid resistance to changes in macro-texture have significant changes. In addi-
tion, different siliceous-calcareous sand combinations not only made the concrete mix more eco-
nomical but also improved its performance in case of abrasion and skid resistance. The more was
the manufactured sand proportion, the higher the fracture rate was and, hence, the abrasion re-
sistance. Different macro-textures created on RCCP specimens generally showed acceptable skid
resistance. In this regard, stamping had the highest mean texture depth (MTD) as well as BPN, and
seeding had the lowest.

Keywords: roller compacted concrete pavement; abrasion and skid resistance; micro- and mac-
ro-texture; MTD

1. Introduction

The roller-compacted concrete pavement (RCCP) is more cost-effective than the
conventional type (PCC) due to its construction simplicity and less expensive than the
asphalt pavement. However, the main problem preventing it from being extensively
used as pavement in direct contact with traffic, especially in high-speed roads, is fric-
tional (and sometimes low abrasion) resistance due to the lack of proper and durable
texture. Rollers smooth the RCCP surface, omit the macro-texture, and increase the hy-
droplaning and accident potential. However, for a satisfactory riding quality, the pave-
ment surface should maintain its proper texture and skid resistance which, according to
AC], is affected by both the concrete micro-texture (provided by the fine aggregate
type/hardness) and the macro-texture (formed on freshly placed or cut in hardened
concrete [1]). Macro-textures provide mechanical resistance against skidding, while mi-
cro ones highly affect the frictional resistance against the vehicle tires [2]; both are essen-
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tial for safe driving on concrete pavements.

The texture of the concrete pavement surface should not only provide adequate
friction, especially in wet conditions but also minimize the tire-pavement interaction
noise. This surface can have longitudinally oriented texture (e.g., longitudinal tining,
brooming, grooving, turf drag, diamond grinding, and NGCS), transversely oriented
textures (e.g., transverse tining, brooming, and grooving), or textures with no particular
orientation (e.g., porous concrete and exposed aggregate finishes) [3].

When experiencing severe rubbing action from vehicles’” wheels, concrete pave-
ments need to maintain adequate texture to have a high skid resistance for proper ve-
hicular control [3]. For a rigid pavement, this resistance is the capacity to resist the rub-
bing-/cutting-/sliding [4,5]. Factors affecting it for the rigid pavement micro-texture are
the concrete compressive strength, aggregate type/properties, cement content, W/C ratio,
and curing conditions [6-12], and those affecting that of the surface macro-texture are
shape, depth, density per unit pavement surface area, and direction [13,14].

The micro-texture abrasion resistance is generally related to the concrete compres-
sive strength, hardness, and type of fine aggregates; harder aggregates resist wear better
than softer ones [15]. To provide proper skid resistance on pavements, at least 25% by
mass of fine aggregates should be siliceous [16]. Sadegzadeh et al. studied the relation-
ship between the concrete surface microstructure and abrasion resistance and showed
that the latter depends largely on the surface zone pore structure and microhardness [17].
The strength at any point of the transition zone depends on the volume and size of the
existing voids, and siliceous aggregates and limestone can reduce this size when calcium
silicate and carboaluminate hydrates are formed, respectively [18]. Many studies have
reported that adding low amounts of high siliceous additives such as silica fume, fly ash,
and so on can improve the concrete compressive strength and abrasion resistance
[4,6,19,20]. The CCAA (Cement Concrete & Aggregates Australia) research has shown
that the abrasion resistance depends on the compressive strength but is independent of
the sand used [21]. Beixing et al. showed that increasing the limestone micro-fines from
4.3% to 20% by mass of the manufactured sand would improve the abrasion resistance.
They concluded that the latter is improved in the PCC (Portland cement concrete) when
the surface roughness is increased and the crushing value and Los Angeles abrasion
value of sand particles are reduced; they did not find any evident relation regarding the
siliceous content of sand [22]. As regards the abrasion resistance [22], most studies are
now carried out on limestone manufactured sand and are seemingly gathering proper
information by investigating different combinations of natural/manufactured sili-
ceous/calcareous sands.

The European Concrete Pavement Association states that roller concrete pavement
is not suitable for high-speed roads due to the smoothness of the surface due to roller
work, and for high-speed roads, it is necessary to use asphalt surface to create skid re-
sistance and smoothness. The thickness of the asphalt surface should be enough to re-
duce the potential for reflective cracking. To reduce the risk of reflective cracking and less
joint activity, it is suggested to create fresh joints in freshly poured concrete at intervals of
up to three meters during the compaction process. However, the use of special
high-compaction pavers will make it impossible [23].

Rasmussen has comprehensive studies on the appropriate time of texturing, differ-
ent types of macro-textures, and the performance of each [24]. He found there is no clear
relationship between the type of macro-textures and skid resistance.

Skid resistance increases with increasing texture, which is often separated into mi-
cro-texture and macro-texture. The fine and coarse aggregates and the quality of their
failure under the load imposed by the traffic affect the micro-texture of the pavement.
The finer the molecular structure of the aggregates, the more likely they are to be pol-
ished. In fine materials, the lower the amounts of silica, the higher the amount of insolu-
ble carbonate coarse aggregate is often used to address polishing|[3].
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Studies have shown that the more brittle and rougher, the finer the material, the
better the polishing than aggregates with coarse structures but the lower the workabil-
ity[25-27]. Ping et al. expressed that the skid resistance of an asphalt mixture was affected
by many factors, including the abrasion resistance index and shape index of the aggre-
gate[28]. The best granular materials to create suitable skid resistance are actually a
combination of hard and abrasion-resistant aggregates with softer ones. This combina-
tion can provide the best output to achieve long-term skid resistance[29]. In another
study by Komaragiri et al., the surface friction of concrete pavement and the role of dif-
ferent materials were investigated. A total of 48 material combinations and two mac-
ro-textures formation methods were tested as part of this study. Three sources of aggre-
gate, such as silica, hard and soft limestone, were used, and samples were abraded with
the National Asphalt Technology Center (NCAT) traffic flow simulator. The results show
that the friction loss decreases with increasing silica content. However, some trends were
minor, and in some cases, silica aggregates lost more friction. There have been numerous
cases where carbonate-siliceous pavement surfaces perform better than siliceous concrete
pavement surfaces [30].

Since macro-textures are very effective in water drainage and reduce the hydro-
planing potential, an effort was made in this study to design and implement seeding,
stamping, and brooming textures on RCC specimens to create proper macro-texture on
RCCP surface, based on the possible changes in the common construction process.

Since both friction and noise are functions of texture and the latter changes over
time, a proper texture should withstand both the initial and long-term performance
qualities. In addition, since both micro-and macro-texture durability properties are criti-
cal for all concrete pavements, this research is not only aimed to provide some infor-
mation on the effects of the lithology, shape, and hardness of different sands as well as
the impacts of different macro-and surface textures on the abrasion resistance of the
RCCP but also simulate new macro-texture to improve its durability under the traffic
abrasion. Enough abrasion resistance will help proper skid resistance and enables RCC
pavement to be nature-friendly and used in high-speed roads without an asphalt overlay.
Investigation of skid resistance of different micro/macro-textures is another aspect of this
study that will help to decrease RCCP weaknesses for using this cost-effective and bene-
ficial type of pavement in the real world for high-speed roadways.

2. Materials and Methods
2.1. Materials and Mixtures

This research has used four different-lithology manufactured/natural sands (2 sili-
ceous, 2 calcareous) from different mines and mixed them together on a 50/50 basis to
prepare 8 mix designs. To determine the lithology, wet chemical analyses were per-
formed according to ASTM C114-7 and ISIRI1692 [31]; results (SiO2 and CaO) are listed in
Table 1.

Table 1. Chemical composition of the sand lithology.

Sand Type Ca0% 5i02% Other Oxides
Natural limestone 22.3 56.4 21.3
Manufactured limestone 21.7 58.4 19.9
Natural silica 86.3 4.52 9.18
Manufactured silica 79.5 7.74 12.78

Manufactured sands are fine aggregates produced by crushing rock deposits. They
are generally more angular and have a rougher surface texture than natural sand parti-
cles.

Table 2 shows the results of the wet chemical analyses [32] of Delijan Type 1-425 or-
dinary Portland cement (OPC) used in the present experimental investigations. Table 3
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presents the physical properties based on ASTM C 204, 187-16, and 191-19 [33-35], and
Table 4 lists the mechanical properties of the cement based on ASTM C109-20b [36].

Table 2. Chemical compositions of cement.

Cement Type

SiO:2 CaO Fe20:s Al0s MgO SOs K20 Na:0

Delijan 1-425

20.4 64.01 4.28 4.58 1.09 1.74 0.74 0.54

Table 3. Physical properties of cement.

Cement Type

Normal Con-  Initial Setting Time Final Setting Time Blain Specific Density
sistency % (min) (min) cm?/gr gr/cm®

Delijan 1-425

115 235 3385 3.08

Table 4. Mechanical properties of cement mortar.

Cement Type

Compressive Strength of Cement Mortar in Different Days (Kg/cm?)

Delijan 1-425

1 3 7 28
144 282 375.5 470

The RCC mix was prepared according to the ACI 211 3R-02 method [37] developed
for no-slump concretes, and the aggregates’” maximum nominal size was limited to 19
mm (based on PCA and ACI 325.10R-95 [38,39]) to limit segregation and surface striping
under the traffic load. In the RCCP mix, workability was measured with the VeBe appa-
ratus, and its acceptable range was 30—40 s. Since the macro-texture implementation on
the RCCP surface highly depends on the volume of the cement paste and RCC workabil-
ity, the VeBe time in this study was kept constant for all 8-mix designs, and other RCC
specifications (mixture grading in Figure 1, mixing quality, and curing conditions) were
also kept unchanged according to standard protocols [37,40,41].

Since the lithology, shape, and hardness of coarse aggregates were constant for all
mixes, they were named based on the sand lithology and angularity; Ca for calcareous, Si
for siliceous, N for naturally mined, and C for crushed (broken, manufactured). For
mixes made of two sand types, their percentages were shown after the abbreviations
(e.g., Ca50NSi50C means 50% natural calcium and 50% manufactured silica sands com-
bine with each other).

100— ACl upper limit

X e AC| lower limit
%o — -+ —Sil00C
2 e C2100N
g 50 — - — Ca50NSi50N
g Si100C
E — — —Calo00C
g Ca50Csi50C
a 0 = = = Ca50NSi50C

0.01 0.1 Aggregate Size (mm) 0 =TT Ca50CSi50N

Figure 1. Different RCC mixture grading.

Table 5 lists the mix proportions and material quantities; the cement content was 320
kg/m3 constant for different RCC mixes, and the water content was so set that the VeBe
could be approximately constant for different mixes.
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Table 5. Mix proportions per one cubic meter of RCC.

Compositions Code Name
(Kgperm3  Sil0OON CalOON Sil00C Cal00C Ca50NSi50N  Ca50CSi50C ~ Ca50NSi50C ~ Ca50CSISON
Coarse Agg.
(9.5-19 mm) 160 159 162 159 160 164 160 163
Coarse Agg.
454 4 4 454 454 4 4 4
(475-9.5 mm) 5 53 60 5 5 66 56 65
Sanfn(r?l_)4'75 1272 1263 1282 1264.25 633 + 633 650 + 650 635.5+635.5 637.5+637.5
Water 144 144 144 144 128 128 144 128
Cement 320 320 320 320 320 320 320 320

2.2. Specimen Preparation and Texturing

To prepare the specimens, concrete was poured into 15 cm cubic molds for a final
height of about 10 cm and vibrated for the VeBe time determined for each mix design by
applying the appropriate overhead.

Seeding, stamping, and brooming were the macro-textures designed and imple-
mented on RCC specimens in this study. For the stamping texture (Figure 2), a patterned
drum roller can be used, in the last roller pass, to move on the wet RCC pavement in the
opposite direction (rear gear) and stamp a pattern, but prior to this, a heavy pneumatic
tire roller can go up the mortar, pass the surface and thicken it to enhance the stamping
quality; this is an innovative idea originated from field experience.

In the lab, this type of macro-texture has been created on the RCC samples’ surface
by using metal mesh between concrete and surcharge plate during the vibrating time
(VeBe).

Figure 2. Steps of the stamping texture.

For the seeding macro-texture (Figure 3), the technique used to create texture on
rolled asphalt pavements can be used with a slight change in the RCCP aggregate size.
Experience has shown that passing several heavy pneumatic tire rollers will thicken the
cement mortar on the RCCP surface. Under such conditions, spreading SSD chips and
compacting with a vibrating roller can seed the aggregates on the RCCP surface, result-
ing in a macro-texture similar to no particular orientation commonly used in the PCC.

To seed the chips on RCC samples’ surface in the lab, the chips have been added to
the surface after two-thirds of the VeBe time has passed. In this regard, the VeBe appa-
ratus stop and chips speeded uniformly on the surface, and the surcharge plate was
added to stud the chips in cement mortar in the remaining one-third VeBe time.
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Figure 3. Steps of the seeding macro-texture (the right picture is author-originated).

The method currently practiced for the brooming texture on the RCCP (Figure 4) is
the technique [42] where the concrete surface is moistened with a special liquid hardener,
after the rolling is completed (because the RCC surface is very rough and dry), and pol-
ished with a trowel to thicken the cement mortar on the RCCP surface for the texture to
be created with a broom or burlap drag transversely or lengthwise.

After compaction of the RCC samples, this type of macro-texture has been created
by brushing the RCC surface by wire brush and extracting the mortar between the ag-
gregate in one or two ways direction.

Figure 4. Steps of the brooming texture (the right picture is borrowed from [42], and the left one is
author-originated: spaying on RCCP and passing heavy pneumatic tire roller on the RCCP surface).

The RCC samples are cast in 20 x 20 cm cubic molds and compacted by adding the
proper surcharge and vibrating in VeBe time on the standard vibrating table. Table 6
presents different macro-textures after being implemented on the RCC specimens' sur-
face in the lab according to described procedures presented before.
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Table 6. Different macro-textures on RCC.
Stamping Macro-Textures

The large stamping 4.75 X 4.75 cm size with 4 mm The Small stamping 2.75 X 2.75 cm size with 3 mm
grooving depth grooving depth

(A R, &

Seeding Macro-Textures

The Big seeding 9.5 — 4.75 cm chip  The medium seeding 4.75 — 2.38 cm The small seeding 2.38 — 1.19 cm chip
size . chip size size

2.3. Tests Performed

After casting and implementing macro-textures on the concrete pavement, the
specimens were cured for 28 days (ASTM C192 [41]) and tested for abrasion resistance
based on ASTM C 944 used successfully in the quality control of concrete high-
ways/bridges subject to traffic [43].

This test was performed with a chucked drill capable of holding and rotating the
abrading cutter (Figure 5) at a speed of 200 rpm and exerting a constant force of 98 N.
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Figure 5. ASTM (C944 chucked drill at the left and abrading cutter at the right.

In the abrasion test, a normal load was applied to the specimen and rubbed the
concrete surface for 400 rounds. After each period, the specimen was removed from the
device, and its surface was cleaned with a soft brush. The pre- and post-abrasion meas-
uring of the tested specimens with 0.1 g scales determined the concrete mass worn out
with this standard method. The test was performed two more times, and the mass loss
was recorded for each step; obviously, the less was the worn mass, the more was the
concrete surface abrasion resistance.

After abrasion, the texture depth was measured by the sand (volumetric) patch
method (ASTM-E 965 [44]), where a constant volume of sand (or glass spheres) is care-
fully spread with a flat disk over the test location in a circular motion until the disk
touches the material surface [45]. The result of this test is the average surface layer depth
or mean texture depth (MTD) that helps us have information about the macro-textures’
abrasive or nonabrasive depth. The sand size used in this study was a maximum of 0.2
mm, and its bulk density was 1.6051 gr/cm?, but due to some specimen size limitations,
some changes were made in the standard MTD measurement method, the steps of which,
based on the equation presented in step 4, are described in Figure 6; here, M2 is the con-
crete mass covered by sand, M1 is the specimen’s concrete mass and L1 and L2 are di-
mensions of the sand spread over the specimen.

‘Calculate
" MTD on

M2—-M1
MTD = ( )

: % " 1.6051(L1 x L2)
-nonabrasive .

surface

Figure 6. Measuring the MTD on abrasive or nonabrasive RCC samples.

In the end, to investigate different micro/macro-textures effect on skid resistance
before and after abrasion test, the British pendulum number (BPN) of different textures
are examined according to ASTM E303 in wet condition as it present in Figure 7.
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Figure 7. Investigation of different RCCP micro/macro-textures by British pendulum test setup.

3. Results and Discussion

This section first investigates the density and mechanical properties (flexural and
compressive strength) of the concrete mix and then evaluates the durability of different
concrete surface macro-textures by simulating the wearing traffic loads passing over the
pavement according to ASTM C944. The abrasion resistance of different mixes was in-
spected visually by checking the effects of different mixing proportions versus different

macro-textures and measured based on the mass lost with MTD during the abrasion test.

3.1. Density

Figure 8 shows the bulk density of the mixes, Ca50CSi50C, which is made by com-
bining same-ratio crushed calcareous and siliceous sands, shows the highest mass den-
sity, but CalOON has the lowest; the less porous is the mixture, the higher is its density.
The min-max density difference is about 55 kg/m?* equivalent to 2% of the average den-
sity of the mix designs. A mixture density-specimen strength (presented next) compari-
son shows that an increase in the former increases the compressive and flexural

strengths.
2450 -
a 2400 -
£ 2350 -
2300 -
=~ 2250 -
Z 2200
% 2150 |
2100 -
R 2050 -

2000 - T T T T T T

< ¢ & <
s & & & ¢ & S S

S & & 2 & S éﬁ &

4 & & P

&

Figure 8. The bulk density of different mixes.

3.2. Compressive and Flexural Strengths

Figure 9 shows the compressive and flexural strengths of different mix designs
based on ASTM C 39 [38] and ASTM C 78-2002 [39], for which two standard 15 x 30 cm
cylindrical and 10 x 10 x 50 cm prismatic specimens were cast, cured for 28-days, and
averaged for the final result; Si100C shows the highest compressive and flexural strength
while CalO0ON shows the lowest. A comparison of mix designs containing silica sand re-
veals that specimens made of manufactured sand have higher compressive and flexural
strengths than those made of natural sands; for the calcareous sand, the trend is the same.
Hence, it can be concluded that mixing siliceous and calcareous sands will increase the
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compressive and flexural strengths, and the increase is much greater than that produced
by each type of sand alone. The point worth noting in comparing the compressive
strength variations of specimens containing mixed sands with those containing homo-
geneous sands is that when several sand types are combined, the strength reduction is
less, concluding that mixed-sand specimens are less dependent on the sands’ crushing

rate.
34 4 . r 49

—_ mmm Compressive strength Flexural strength

P 32 - 4.8 —
2 a
= 30 - r ‘ S 473
En - 46 5
o 28 - &
= - 45 @
v 26 =
2 - 44 =
i 1=
o 24 - - 43 R
= ' E
§ 22 L 42 &
o ‘

20 - T T T T T T T 4 1
< < o
& & & & & & c}"°$ S
& & & %4

Figure 9. The compressive and flexural strength of RCC.

3.3. Visual Inspection

Since the macro-texture helps reduce hydroplaning, it not only plays a key role in
wet-condition friction characteristics of the pavement surface, especially at higher vehicle
speeds but is also a pavement surface feature with the highest impact on the
tire-pavement noise, splash, and spray [13]. The texture type (brooming, stamping,
seeding) and its design/construction details (width, depth, groove spacing, pattern ran-
domness, texture orientation, etc.) highly affect the pavement noise and safety. The
pavement surface visual inspection shows that textures are either positive (e.g., all types
of seeding and two-way brooming that extract the inter-aggregates mortar) or negative
(e.g., all types of stamping and one-way brooming). Figure 9 presents the abrasive and
nonabrasive part of the macro-texture on RCC specimens. Since all grooves in the nega-
tive macro-texture are under the concrete surface level, they are abraded from both the
groove edge as well as the inter-grooves concrete surface. Seemingly, big stamping has
better abrasion resistance, guides water better, and prevents hydroplaning due to its
higher groove depth. Contrarily, since grooves in the small stamping are dispersed uni-
formly on the surface, they have a higher density per unit surface and, therefore, have
more MTD and damp more noise pollution.

Figure 10 shows that seeding textures are much weaker against abrasion, have more
wear, and lose more seeded chip aggregates, maybe because all the aggregates added to
the specimen surface are submerged in the cement mortar and act relatively weak in the
paste-aggregate adhesion phase. As shown, chips 1.19-2.38 mm in size, in the small
seeding texture, are fully immersed in the cement paste and do not create a significant
macro-texture, but those 4.75-9.5 mm in size, in the big seeding texture, are generally
worn out due to insufficient penetration depth in the cement paste. However, it is worth
noting that removing aggregates does not mean a reduced surface roughness because the
specimens’ pre- and post-abrasion observations have shown that when aggregates were
removed from the concrete surface, the latter had a suitable negative macro-texture again
because the previously aggregate-filled points were emptied causing the macro-texture
to be regenerated; same was the case with the two-way brooming macro-texture. Among
all seeding macro-textures, the medium one (2.38-4.75 mm chip size) had the highest
adhesion to the cement paste and the least aggregate loss and provided proper durability
against abrasion.
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Figure 10. Visual inspection of different macro-textures.

3.4. Abrasion Resistance Versus Different Mix Proportions

Figure 11 shows two small and big stamping macro-textures (Figure 11 left) and
MTD of the abrasion area versus different mixing proportions (Figure 11 right). Com-
paring different mixing proportions with different sand lithology shows that the pres-
ence of the manufactured silica sand in each mixture can highly increase the abrasion re-
sistance; so does combining natural and manufactured sands with different siliceous and
calcareous lithology, but the increase in the combined form is more than that of the
mixture of each sand type except for the one with the manufactured silica.
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Figure 11. Abrasion resistance in form of average mass loss and MTD of stamping macro-textures
versus different mix proportions.

As regards different mixing proportions and the abrasion resistance, results of all
three stages for both small and big stamping macro-textures show that there is almost no
significant difference between the two. Low aggregate-hardness surfaces (e.g., limestone)
that wear out more easily than the siliceous material have more potential for an MTD
increase. Results in Figure 11 show that natural and manufactured calcareous sands, re-
spectively, can create the highest MTD in this type of macro-texture.

Figure 12 shows the abrasion test results for concrete surfaces with different seeding
macro-textures, and Figure 13 depicts the measured MTDs. As shown, small (1.19-2.38
mm) and medium (2.39-4.75 mm) seeding textures do not differ significantly but gener-
ally have more wearing resistance than big seeding macro-textures for all different mix-
ing proportions.
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Figure 12. Abrasion resistance in form of average mass loss of seeding macro textures versus dif-
ferent mix proportions.
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Figure 13. MTD in abrasive seeding macro-textures versus different mix proportions.

The mass lost in the first abrasion period is more than that of the other two indicat-
ing that most aggregates seeded on the cement mortar are separated in early abrasion
periods. Results show that mixtures containing manufactured silica sand or mixed sand
have a higher abrasion resistance than others.

In Figure 13, there is no clear trend among MTDs for different mixing proportions
due to the stochastic nature of these macro-textures and the regeneration mechanism of
the new ones after aggregates seeded on the concrete surface exit. However, due to the
roughness of the newly created macro-texture, the MTDs measured on the texture with
larger aggregates is greater than that of the surface with smaller ones.

Figure 14 shows the abrasion (weight loss) of different single- and two-way
brooming macro-textures (Figure 14 left) and MTDs of different mix proportions (Figure
14 right). As shown, their abrasion resistances do not differ significantly, and major
changes are related to different mixtures; those containing manufactured silica sand have
the least mass loss followed by those with combined sands. According to the results,
abrasion in each period decreases at almost a constant rate, and the two-way brooming
has more MTDs than its rival (one-way) because since the texture of the former is
brushed on both sides, more paste is emptied between the aggregates and, hence, more
empty space is created on the concrete surface causing more MTDs. The MTD data in-
vestigation of different mixtures shows that those containing manufactured silica sand or
a combination of different sands have higher MTDs. In fact, in the brooming of mac-
ro-textures with exposed aggregates, the higher is the abrasion resistance, the less is the
wear, and, hence, the higher is the depth of the exposed aggregates that resulted in more
MTDs.
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Figure 14. Abrasion resistance in form of average mass loss and MTD of brooming macro-textures
versus different mix proportions.

3.5. Durability Analyses of Different Mixtures

Results have shown that among all different specimens, except macro-textures, the
weakest abrasion resistance belongs to the mixture containing the most common sand,
namely natural calcareous sand, the low angularity of which causes the weakest mortar
strength. However, as the total aggregate hardness and sand angularity increase with a
decrease in the calcareous sand and an increase in the siliceous sand, the sand-to-cement
paste adhesion increases resulting in an increase in the abrasion resistance. Therefore, the
mixing proportion is very important to construct a durable RCCP surface.
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Considering the price of the natural and manufactured sands and approximately
similar abrasion resistance of RCC specimens containing them, using natural calcareous
sand can be more appropriate than the manufactured one to achieve an optimal mixing
proportion when dealing with the stamping macro-texture. Moreover, since the com-
pressive and abrasion resistance of concrete made with natural and manufactured silica
sand highly differ, using the latter is more justified to have a durable RCCP surface when
dealing with the brooming macro-texture. However, a mixture of both (either manufac-
tured or natural) can benefit the RCCP (optimize the price and durability) because their
prices are highly different due to the higher hardness of the silica sand and more crusher
depreciation.

3.6. Abrasion Resistance Versus Different Macro-Textures

Figure 15 shows the cumulative abrasion results for different similar mi-
cro/macro-texture mixes to study their abrasion resistance. Statistical analysis of variance
(one-way ANOVA) shows this resistance has not significantly different for different ap-
proximately similar macro-textures; it is the lowest for the big seeding because of the ex-
traction and separation of weakly bonded 4.75-9.5 mm seeded aggregates from the
low-thick cement paste on the RCC surface. Contrarily, it has a significant difference for
all mixtures, so that mix containing manufactured silica sand is a suitable candidate
when durable high abrasion resistance micro-textures are desired. The next mix with
high abrasion resistance has been made with a combination of manufactured sili-
ca/calcareous sand.
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Figure 15. Comparison of abrasion resistance of different micro/macro-texture.

Figure 16 compares MTD results of different mixing proportions and different
macro-textures; although changes in the mass loss due to abrasion may not well indicate
which macro-texture can be affected, results show that the best one is the small stamping
and the worst is the small seeding. Enough MTD on the surface texturing is crucial to
provide adequate surface friction to meet the safety requirements, particularly under wet
conditions, and reduce hydroplaning potential, splash and spray that scan highly reduce
the visibility. Nevertheless, excess MTD will affect other functional issues such as the
tire-pavement noise pollution and rolling resistance that increases fuel consumption.
Hence, it can be concluded that the friction-noise trade-off and optimum MTD determi-
nation to enhance the RCCP efficiency should be considered as vital necessities. Based on
NCHRP-634 [46], high levels of friction can be achieved with the ground, grooved, and
tined textures, especially if the good-quality aggregate is used in the concrete mix; how-
ever, it can become inadequate if less than 0.8 mm-MTD polish-susceptible aggregates
are used at the time of construction [46] (Minnesota Astroturf Texture [47] suggests
MTDs 2 1 mm). Although the literature does not clearly specify the MTD and noise
thresholds, there are facts that help find the proper texture. Newcomb et al. [48] believe
that negative textures have better acoustical performance than positive ones. Since in-
vestigations of different macro-texture properties, especially their average depth, show
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that many of them have depths in the range of 0.2-1.4 mm [46,47,49], this study has used
MTDs in the range of 0.8-1.5 mm to select the proper macro-texture (Figure 16).
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Figure 16. The MTD of different mixing proportions and different macro-textures.

Effective micro-textures generally provide adequate surface friction on dry pave-
ment surfaces at all speeds and on wet surfaces only at slower speeds, whereas mac-
ro-textures typically provide adequate friction on wet pavement surfaces at high speeds
[51]. To have wearing-/polishing-resistant concretes, micro-textures are usually gener-
ated by fine aggregates, 25% of which (minimum) should be siliceous [52]; therefore, the
combined sand mixture is preferable.

Results in Figure 16 show that the negative macro-texture mixes made by combined
sand (natural/manufactured and siliceous/calcareous) with MTDs in the range of 0.8-1.5
mm such as big stamping and one-way brooming are proper candidates to achieve du-
rable RCCP surfaces. In addition, all mixes with big and medium seeding macro-textures
approximately approved the MTD thresholds.

3.7. Skid Resistance

The BPN results for different fine aggregates to investigate the effect of mi-
cro-texture on RCCP skid resistance, as well as the effect of different macro-textures, be-
fore and after abrasion test are presented In Figure 17. The hypothesis is that the BPN is
dependent only on surface micro-texture and represents low-speed friction [53]. The re-
sults of this study appeared different and show that the BPNs are more related to mac-
ro-textures. Based on the results of the two-way analysis of variance, different macro and
micro-textures do not interact with each other, which means that in principle, two-way
analysis of variance is not necessary to analyze the data, and each texture could be ana-
lyzed independently by one-way ANOVA analysis.
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Figure 17. The BPN of different mixing proportions and different macro-textures before and after abrasion test.

The statistical analysis of two sets of BPN data before and after the abrasion test re-
veals that, based on the assumption of the level of 5 percent error, Ho is not accepted. In
this case, the significant difference between these two sets is available, and the abrasion
has a significant effect on the reduction in skid resistance. The difference between data
averages is approximately 10 percent of initial specimens” BPN.

One-way analysis of variance on each of the data sets of different mi-
cro/macro-textures separately to investigate significant differences in each data set reveal
that changes in skid resistance in the form of BPN before and after abrasion is not signif-
icant for different micro-textures, while it is significant for different macro-textures. By
comparing the percent results with previous studies that have considered micro-textures
to be effective in changing the skid resistance, it can be pointed out that changes caused
by macro-textures are much more than the values caused by micro-textures, and also the
standard variations deal with micro-textures are widely so that the statistical analysis
miss out their effects. Regardless of statistical analysis results and only by comparing
different BPNs’ mean, it can be claimed that in both before and after abrasion tests, the
combination of 50-50 manufactured calcium and natural silica sand (Ca50CSi50N) will
create the best performance in terms of skid resistance.

Grouping information using the Tukey method with the 95% confidence level re-
veals that BPN results categorized in two groups that one of them is consist of two types
of brooming as well as small stamping macro-textures that have the best performance in
skid resistance both before and after the abrasion test run on RCCP samples. In addition,
the small seeding macro-texture has the worst performance. Results of different seeding
macro-textures expressed that positive macro-textures may not be a preferred texture
because the benefit of fine aggregate micro-texture is lost with washing out of the surface
mortar.

Investigation of various studies on the relationship between MTD and BPN [53,54]
and comparison with the results of this study showed that there is a strong relationship
between the mean values for each type of macro-textures except brooming mac-
ro-textures with the average values of BPN. These relationships are plotted in Figure 18
for both before and after the abrasion test samples.

80
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Figure 18. The relationship between BPN and MTD in both before and after abrasion test on RCCP
samples.

Regardless of brooming macro-textures, the results showed that BPNs range after
abrasion; vary approximately between 65 and 75. Analysis has shown that a maximum
BPN with considering MTD threshold of maximum 15 mm is 70 that is effectively higher
than the minimum threshold (42) expressed in different studies for high-speed roads to
prevent accident [53]. In this study, no strong correlation was observed between the
amount of abrasive mass with MTD or with the BPN separately. In fact, the mass worn
depends on both the micro and macro-texture simultaneously. For example, in the
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seeding macro-texture, part of the abrasive material is formed from the protruding
seeded aggregate in the cement paste, and the other is the part of worn aggregates or
cement mortar.

Since simultaneous abrasion of micro and macro textures and their interactions are
realistic in the real field, this study was focused on investigating RCC samples’ micro and
macro-texture performance simultaneously. Therefore, the authors intend to investigate
the abrasion and skid resistance of RCC in the case of each type of textures individually
in forthcoming research

4. Conclusions

This research was aimed to provide information about the effects of various sand
types as well as different macro-textures on the abrasion resistance of RCCP by simulat-
ing the traffic abrasion. Results, enumerated below, are useful because enough RCCP
surface abrasion resistance will help maintain proper skid resistance during its service
life and enables to use of this type of pavement without an asphalt overlay in high-speed
roads:

In general, since different-size/-shape aggregate combinations had proper interac-
tions that led to better mechanical performance, mixtures made with different sand
compositions had higher density and flexural/compressive strength than those made
with only one type of sand (except silica mixtures that had the highest density).

Combinations of different types of siliceous and calcareous sands not only econo-
mized the concrete mixture but also improved its abrasion resistance and also skid re-
sistance. The higher was the fracture rate of the sand containing more manufactured
proportions, the more was the abrasion resistance; this did not apply to cases where only
one sand type was used (except manufactured silica sand). In the case of skid resistance,
the effect of different sand types on BPN is not statistically significant, but the combina-
tion of different sand types is useful when only the average values of BPN are consid-
ered.

In general, different macro-textures showed suitable durability against abrasion and
had almost the same performance regarding the abraded mass; almost all macro-textures
with minimum MTD = 0.8 mm met this criterion even after abrasion. Stamping mac-
ro-textures had the highest MTD, and seeding ones had the lowest.

The results show that abrasion reduces the skid resistance of the RCCP samples by
about 10%. Statistical studies showed that the skid resistance is completely dependent on
the type of macro-texture so that the brooming macro-textures show the highest, and the
seeding ones show the lowest skid resistance before and after abrasion.

Regardless of the results of skid resistance of brooming macro macro-textures, a
significant relationship can be established between the MTDs of the other macro-textures
and BPN. A trade-off between technical and economic conditions concludes that roller
compacted concrete pavement with big stamping and one-way brooming macro-textures
made of a combination of manufactured calcium and natural silica fine aggregate
(Ca50CSi50N) will have suitable performance in terms of abrasion and skid resistance as
well as mechanical performance.
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