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O N I

Abstract: Pavement deterioration is mainly caused by high traffic loading and by increased levels of
runoff water resulting from storms, floods, or other reasons. Consequently, this issue can be efficiently
solved by employing permeable pavement, such as permeable interlocking concrete pavement (PICP)
to control water runoff and endure increased traffic loads. This study investigates the performance of
PICP, in both 45° and 90° herringboned surface patterns, in terms of the infiltration of volumes of
water, runoff water volumes, and the ability of pavement to withstand static loading. All the related
tests in this study were implemented using a lab apparatus that was fabricated as a simulator for
rainfall. Various conditions were adopted during the performance tests, including the application of
longitudinal slopes (0, 2.5, 5, and 7.5%), side slopes (0, 2.5, and 5%), and different rainfall intensities
(25, 50, 75, and 100 L/min). The results indicated that at high rainfall intensities (75 and 100 L/min),
PICP with the 45° herringboned surface pattern had the highest volume of infiltrated water and the
lowest runoff water at all the adopted longitudinal and side slopes. In addition, PICP with the 45°
herringboned surface pattern showed higher resistance to deflection under a static loading test than
the 90° herringboned pattern under the same conditions. Therefore, PICP with a 45° herringboned
surface pattern showed supremacy in terms of runoff reduction and load resistance in comparison to
PICP with a 90° herringboned pattern. Even though there are differences between the two types of
PICP, they are both strongly recommended as alternatives to regular pavement.

Keywords: permeable interlocking concrete pavement; herringboned surface pattern; infiltrated
waters; runoff waters; static loading

1. Introduction

The quality management of on-site quantities of stormwater is provided through
permeable pavements. By infiltration, brief detention, and some stormwater evaporation,
the quantity is controlled. Various procedures, such as stormwater collection, filtering,
sorption, and biodegradation, are used to maintain quality [1].

Quality performance, long-term quantity, rates of surface infiltration, the kinds of per-
meable pavement, infiltration over low-permeability soils, clogging, and the consequences
of urban heat islands have all been examined by researchers [2-6].

Permeable interlocking concrete pavement (PICP) is made of solid concrete paving
units with joints in the pavement surface after assembly into a design pattern. Permeable
aggregates fill the joints, allowing water to enter the surface freely [7]. Flow rates of up to
1000 in/h (2540 cm/h) are possible due to the porous surface [8,9].

The paving units are set on a permeable aggregate bedding layer, resting on an open-
graded aggregate base and subbase [10,11]. Concrete curbs are often used in vehicle
applications to keep the concrete pavers, bedding, and base layers in place. The storage of
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water in the base and subbase allows it to permeate into the soil subgrade [12]. Underdrains
are normally perforated in the base or subbase to remove water that does not permeate
within the specified design period, which commonly takes place within 48 to 72 h [13].

The Kortright Centre for Conservation in Ontario has provided evidence of the ad-
vantages of permeable interlocking concrete pavements (PICPs) on the stormwater quality
of parking lots [14]. Permeable pavement effluent includes much lower quantities of
common contaminants than asphalt runoff, involving suspended particles, heavy met-
als, petroleum-based hydrocarbons, and certain nutrients, according to site-monitoring
results [14]. Despite the established environmental advantages, PICP is still a specialized
product in Canada. The Canadian interlocking paver business lags far behind the American
interlocking paver business due to the absence of national laws to encourage the usage
of PICP. Only 1.8 percent of all pavers sold in Canada are permeable, while 4.8 percent
of all pavers sold in America are permeable [15]. Because customers are worried about
winter performance and long-term operating and maintenance expenses, there has been
a sluggish increase in the adoption of permeable pavements [16,17]. In order to achieve
the structural and hydrologic goals of the design of permeable pavements, the subgrade
may be covered with geosynthetics such as geotextiles, geogrids, or geomembranes. To
stop fines (small particles) from migrating into the subbase and base layers from the near
soils, separation geotextiles are typically placed along the perimeter of the subbase and
the base [18]. PICP can be used in urban roads because it is considered to be a sustainable
solution for managing stormwater runoff and improving water quality in urban areas.
Moreover, PICPs can be designed to be both durable and aesthetically pleasing, making it
a practical and visually appealing option for use in urban roads [18].

Regarding the hydraulic design of PICP, three options are considered: PICP with
full-, partial-, or no-infiltration design. Full-infiltration design is used for PICP on top
of high infiltration subgrade soils and does not always require underdrains, as shown in
Figure 1A. The most common design type is partial-infiltration design, which can be used
with low-permeability soils that can benefit from a drainage system, as shown in Figure 1B.
No-infiltration design involves a geomembrane that is used to stop water from seeping
through to the subgrade, as shown in Figure 1C [19].
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Figure 1. Hydraulic designs of PICP [19]. (A) PICP with full-infiltration design; (B) PICP with
partial-infiltration design; (C) PICP with no-infiltration design.

Certain other designs of PICP are highly expensive or located near structures that en-
close the pavement with a geomembrane. Temporary storage and an outflow regulator are
provided via an outlet pipe, which is applicable in horizontal ground-source heat pumps
and water collection systems [20]. PICP has many benefits in terms of stormwater and
runoff control design requirements, including reducing runoff volume, controlling pollu-
tants in case of an accident, providing temporary storage for runoff, reducing overflows by
infiltrating surface water, and managing the quality of captured water and/or the quantity
of storm events [21]. The use of PICP is frequently less expensive than implementing
a complete drainage system; additionally, it can be built immediately, with no curing time
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required, and it can be exposed to low temperatures (freezing) without failure [22]. PICP
is mainly applicable in parking lots, low-speed roads, walkways, driveways, alleys, and
shoulders of roads [23]. Furthermore, PICP is suitable for roads with a 50 kph maximum
speed and medium traffic-loading applications [24]. In detail, the design of PICP layers is
demonstrated in Table 1.

Table 1. PICP layers in detail.

Layer Type Role Size of Aggregate Designed Thickness

Permeable surface
Normal concrete

interlocking blocks 1 m
Concrete pavers to withstand l?lo.Ck with 1'3.'5 8-10 cm of PICP [25].
. mixing proportion
the applied by volume
loads directly Y

Accommodation of
the surface layer
and distribution of
the applied load to
underlying layers

Bedding layer

Small-sized,
open-graded
aggregate (AASHTO
No. 8) [25].

4-5 cm of PICP [25].

Minimum thickness
of 10 cm for base

=i,

DGR, g 2
LR

Base and subbase layer [25]. '
layers constructed Subbase thickness
Reservoir layer Temporary storage using open-graded depends. on the
for infiltrated water ~ aggregate (AASHTO hydraulic and
No. 57 over No. 2, 3, structural design,
or 4) [25]. but it must be at

least more than
20 cm [25].

Permeable pavement comes in different types, including porous asphalt, pervious
concrete, and PICP. Among these types of permeable pavement, PICP is considered the most
efficient. Porous asphalt is made of openly graded coarse aggregate that is bonded using
bitumen [26]. Porous asphalt allows water to seep through, due to its large interconnected
voids between aggregates. Pervious concrete is a highly porous mixture of cement, water,
coarse aggregate, and limited fine aggregate [27]. It generates a porous medium that allows
water to pass through to the underlying layers. Figure 2 demonstrates the surface patterns
of the three main types of permeable pavement. PICP surface patterns and the opening
of joints vary, depending on the structural design [28], whereas the well-known surface
patterns are demonstrated in Figure 3.

Figure 2. Surface types of permeable pavements [27]. (A) Porous asphalt; (B) PICP; (C) pervious
concrete.
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Figure 3. Different types of PICP surface patterns [28]. (A) Running bond; (B) 90° herringbone;
(C) 45° herringbone; (D) double basket wave; (E) single basket wave; (F) Spanish bond.

Liu et al. [29] provided a study of the efficacy of 10 different PICP designs for treating
the nutrients that exist in runoff stormwater. The results indicated the successful removal
of different types of nutrients, including ammonia—nitrogen, orthophosphate—phosphorus,
and nitritenitrogen. Simpson et al. [30] aimed to evaluate the effectiveness of PICP in
filtering runoff water for non-potable domestic use. In order to filter rainwater before it
was further treated for non-potable purposes in buildings, PICP was shown to be a viable
alternative for filtering.

Nichols et al. [31] compared the performance of two measuring methods of PICP’s
surface infiltration rate in order to minimize some of the practical challenges associated with
the existing methods, including increased infiltration rates due to irrational pressure heads.

Tirpak et al. [32] studied the effectiveness of PICP in improving water quality in
a redesigned parking lot. The findings of that study illustrated the efficiency of PICP in
eliminating seasonally deposited contaminants several years after construction.

Smith et al. [33] presented a technical progress review of the standards issued by the
emerging American Society of Civil Engineers regarding the PICP, including the use of
high-strength concrete paver units connected to each other by permeable aggregate in the
joints and the structural and hydraulic design of the layers within PICP. Imran et al. [34]
showcased the versatility of permeable pavement for various applications, particularly in
managing drainage systems and improving the quality of stormwater runoff from roads,
driveways, rooftops, and parking lots. However, that study also revealed gaps in the
current understanding of PICP and identified areas where further research is needed for
future developments.

In addition, Van Vuuren et al. [35] explored the factors that affect the infiltration and
flow of water through PICP, specifically examining the impact of construction materials
and pavement slope. Their findings indicated that using materials with lower permeability
in the surface layer of PICP and/or increasing the slope of the pavement can reduce the
overall permeability of the system.

The novelty of the present study is that it provides a specific comparison between
two surface patterns of PICP, in terms of water infiltration and runoff volume, using a spe-
cialized rainfall simulator that has been fabricated for measuring the water infiltration
volume. Furthermore, we applied static loading on both surface patterns using a manufac-
tured scale model to predict the deflection behavior in order to attain the most sustainable
stretcher-bonded surface pattern that can serve as an alternative to traditional asphalt
pavement in public spaces, with a focus on factors such as durability, cost-effectiveness,
and optimal performance for potential users.
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We investigated the ability of PICP to reduce runoff volume under different rainfall
intensities, using different parameters of geometric roadway design, including employing
45° and 90° herringbone surface patterns of PICP (the most commonly used patterns in
Iraq), in addition to adjusting the surface longitudinal and side slopes for better infiltration.

2. Experiment Program
2.1. Details of the Rainfall Simulator

The fabricated simulator of rainfall, as shown in Figure 4, is composed of several vital
parts. The dimensions of the construction and the period of rainfall activation were deter-
mined based on previous studies by Alzamly et al. [36], Mhaske et al. [37], Yusuf et al. [38],
and Mendes et al. [39]. The parts of the fabricated simulator were as follows:

i

—
Rainfall simulation

Figure 4. The fabricated simulator.

i. A box made of steel with specific dimensions (65 cm height x 1.5 m length x 1.0 m
width) was used as a vessel for the layers of PICP, as shown in Figure 4.

ii. A rain-dropping system was developed to simulate rainfall, composed of 16 parallel
PVC pipes fixed with equal spacing (9.75 cm) between each pipe. Each pipe had a diameter
of one-half inch; in addition, holes were drilled along each pipe, with a center spacing of
11 cm and 2 mm in diameter, as shown in Figure 5.

Figure 5. Rain-dropping system.

iii. A water-feeding system was included, consisting of a steel tank attached to
an impeller pump with a 130 L/min maximum flowrate, connected to a steel pipe to deliver
the water to the rainfall simulator, as shown in Figure 6.
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Figure 6. Water-feeding system.

iv. A mesh of 40 steel containers or cells (20 cm high, 25 cm length, 15 cm wide) was
located 50 cm vertically beneath the iron box. The purpose of these cells was to collect
water permeated from the PICP layers, as shown in Figure 7.

Figure 7. A mesh of collecting containers.

v. A container made of steel was located at the lower side of the fabricated simulator
(20 cm height x 100 cm length x 15 cm width); it was used to gather the seeping runoff
water, as shown in Figure 8.

Figure 8. Runoff-collecting container.
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2.2. The Adopted Hydraulic Design of PICP

The hydraulic design of PICP includes several key elements: the permeability of the
pavement surface, the storage capacity of the underlying layers, the infiltration rate of
water into the pavement, and the drainage system that collects and channels water away
from the pavement surface [34]. The permeability of the pavement surface is typically
achieved by using open-jointed pavers that allow water to flow through the joints and
into the underlying layers. The storage capacity of the underlying layers is achieved by
using a layer of open-graded aggregate or gravel as the base. The infiltration rate of water
into the pavement is determined by the size and spacing of the joints, as well as by the
porosity of the pavers and the base layer. The drainage system is designed to collect and
channel water away from the pavement surface, usually through a drainage layer or system
of pipes. In this study, the selected hydraulic design of PICP was with full infiltration,
as shown in Figure 9, whereas the subgrade layer of the structure was considered with
high permeability to runoff water at a ratio of infiltration higher than 40 mm/h. Therefore,
conducting the hydraulic design for any proposed paving project at the site location was
governed by the nature of the soil subgrade [40]. Normally, PICP is constructed over
different types of subgrades, not just a specific type.

FULL WATER INFILTRATION

All the Water Infiltrates Through the
Subgrade

Figure 9. Full-infiltration design.

2.3. In-Detail Designing of the Layers of PICP
2.3.1. Surface Concrete Paver

A surface concrete paver of PICP is a type of paving system that allows water to
permeate through the surface and into the ground, rather than running off into stormwater
systems. Concrete pavers are impermeable; the permeable aggregate between the block
joints confers this characteristic. The thickness of the pavers is selected at 8 cm for pedestrian
and vehicular zones. For heavy-duty applications, thicker blocks of 10 cm are employed.
The surface square meter of concrete pavers is approximately occupied by 50 blocks
weighing about 4.30 kg each. The adopted surface dimensions of the concrete paver and
the physical characteristics are displayed in Figure 10 and Table 2.
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8cm

20 cm

Figure 10. Concrete block paver.

Table 2. The pavers’ physical characteristics.

Thickness Reduction

Property Compressive Strength Absorption SO;3 due to Abrasion
Result 38.32 N/m? 2.63% 2.75% 1.84 mm
o . 2 . o Maximum 6% by .
Limits Minimum 35 N/m Maximum 7% . Maximum 3.0 mm
weight of cement
Standards ASTM C140 [41]. ASTM C140 [41]. ASTM C563-96 [42]. ASTM C418 [43].

2.3.2. The Aggregate That Fills the Joints—ASTM No. 8 or 9

The spacing of the joints was selected at 10 mm between the pavers, as shown below
in Figure 11, which is the middle value between the recommended range (6—13 mm) for
achieving a minimum of 2540 mm/h surface runoff infiltration. The adopted aggregate to
fill the gaps between the joints was a chipped, angular, and crushed type (6 mm), as shown
in Figure 11, which served as an initial filter course in capturing debris. In addition, the
aggregate between the joints strengthens the bond between the concrete blocks.

Figure 11. PICP joints’ filling.
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2.3.3. Bedding Layer—ASTM No. 8

A bedding layer is a layer of material that is placed underneath a PICP system to
provide a stable base for the PICP to rest on. The ASTM No. 8 specification includes
requirements for the bedding layer, such as thickness, compaction, and drainage. The
conducted thickness of this layer is 5 cm, which was selected to provide a firm foundation
for the concrete pavers. The selected aggregate for constructing this layer consisted of
small-sized chipped and angular stones with an open gradation, as shown in Figure 12.
The used aggregate was well washed and cleaned so that water could soak in quickly at
a rate of more than 12,700 mm/h.

(A) (B) (©

Figure 12. Aggregate gradation of PICP layers. (A) Bedding aggregate; (B) base aggregate; (C) sub-
base aggregate.

2.3.4. Base Layer—ASTM No. 57

A base layer is a layer of material that is placed underneath the bedding layer in a PICP
system. The ASTM No. 57 specification includes requirements for the size, shape, and
gradation of the coarse aggregate used in the base layer, as well as the maximum allowable
amount of fines (small particles) that can be present in the aggregate. The base layer is at
least 10 cm in thickness and made with a standard openly graded crushed and angular
aggregate (12.5-25 mm), as shown in Figure 12. The base layer acts as a transition zone
between two layers, like tree roots, with an infiltration rate of over 12,700 mm/h.

2.3.5. Reservoir or Subbase Layer—ASTM No. 2

The reservoir or subbase layer is the layer of material that is placed underneath the
base layer in a PICP system.

The ASTM No. 2 specification includes requirements for the size, shape, and gradation
of the coarse aggregate used in the reservoir or subbase layer, as well as the maximum
allowable amount of fines (small particles) that can be present in the aggregate. The
reservoir or subbase layer is usually constructed using an open gradation of crushed
and angular aggregate (50—63 mm), as shown in Figure 12, and its thickness is predicted
depending on the structural and hydraulic design to achieve effective performance. This
layer is a firm pillar for weak soils by increasing their stability. The rate of infiltration for
this layer is over 12,700 mm/h.

Well-known quarries in Iraq supply all the needed types of aggregate, which must
be cleaned and double-washed to remove fine debris that could clog the interconnected
voids. The adopted gradation of aggregate for the PICP layers was selected in keeping with
ASTM D448 and is presented in Figure 13.

2.4. Determining the Thickness of the Reservoir Layer

Two design methods were conducted in this study, depending on the structural and
hydraulic design to efficiently resist the anticipated traffic loads, as well as to temporarily
preserve the infiltrated water.
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2.4.1. Designing by Structural Method

This method varies, depending on the pavement type and the magnitude of an-
ticipated loading conditions. The thickness of the reservoir layer must be adequately
designed to withstand the applied loads and to perform as temporary water storage. In
cases of weak underlying soils with a California Bearing Ratio (CBR) lower than 4%, ad-
ditional compacting may be required to achieve 95% of the standard Proctor density. The
AASHTO 93 guidance for designing pavement structures [44] is the most consulted source
for transportation design.

PASSING %

120
100
80
60
40
20

—4#—Reservoir layer Base layer Bedding layer
6_7
10 20 30 40 50 60 70 80
SEIVE SIZE BY MELEMETERS

Figure 13. Aggregate gradation for PICP layers.

Construction materials were examined and totaled to see if they suited the structural
number (SN) of the design, in order to determine the thickness of the layers required for
permeable pavement. The structural number (SN) was predicted using Equation (1):

SNReservoir = (al X Dl)surface & bedding + (aZ X DZ)base + (Ll3 X D3)reservoir ¢y

where: a1, ap, a3: are the layer coefficients that can be determined from Table 3, in accordance
with AASHTO 93.

Table 3. Layer coefficients of permeable pavement [44].

Paving Layers Surface Paver and Bedding Base Reservoir (Subbase)

Layer coefficient a 0.3 0.09 0.06

D1, Dy, D3: layer thicknesses for paving, base, and reservoir or subbase layers.

2.4.2. Designing by the Hydraulic Method

A reservoir layer of permeable pavement must be designed to store the stormwater
retention volume (SWRv). An adequate calculation must be made, considering the volume
of the water stored in the pavements in terms of how much water soaks into the ground
and how much water flows out through any underdrains [45]. Equation (2) was used to
calculate the depth of the reservoir or subbase layer.

B (DA/Ap X P x Rvi) — (tf X 1/21')

dp = = )

where:
dp = The layer of reservoir or subbase depth in ft.
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EODNE LRI

DA = Permeable pavement surface or drainage contributing area (ft?).

Ap = Surface area of permeable pavement (ft?).

P = Rain-falling depth for the SWRwv (ft).

Roui = Impermeable cover coefficient of runoff (0.95).

t¢ = Filling time by day (approximately 2 h).

i = Subgrade soils infiltration rate at field (ft/day).

nr = Reservoir porosity (0.4)

The calculated reservoir depth (dp) using this method must be checked with
(dp—Maximum) according to Equation (3):

tyx 1/ni
dpraximum = 11177?2 (3)
t; = Time of reservoir draindown (48 h).
The calculated depths in both structural and hydraulic design are provided in Table 4.

Table 4. The design depth of the reservoir layer.

Design Method Structural Method Hydraulic Method
Reservoir depth 35 cm 30 cm
Design criteria Minimum 20 cm

The selected depth of the reservoir layer is 35 cm in accordance with the structural
design method, as shown in Figure 14.

4mm Concrete Paver
¥ Bedding Layer

Si4mmm Basc Layer

C
ry

“');.E- Reservoir Layer

f"“‘ \, 1z |3 A (O W, Qe LAY P
S AR AR A A&t
Figure 14. Layer thicknesses of PICP.

2.5. Laying the Layers of PICP within the Steel Box

The sequence of permeable pavement layers inside the steel box of the simulator, as
well as the mechanism of water infiltration, is demonstrated in Figure 15.

The rain fell through the simulator pipes at four intensities (25, 50, 75, and 100 L/min)
to reveal the infiltration ratio through the layers of PICP with two different surface patterns,
as shown in Figure 16. In addition, the geometric design of the paver’s surface was changed
by applying different levels of longitudinal and side slopes. The conducted slopes in the
long direction of the paver were 0, 2.5, 5, and 7.5%, while the slopes in the transverse
direction were 0, 2.5, and 5%. The operating time of the simulator was 120 s for rainfall, as
shown in Figure 17.
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10 mm joint’s
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Concrete paver 8 cm spacing filled with
in thickness ASTM No. 8 or 9
Rainfall and Runoff Infiltration aggregate by
sweeping the paver
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aggregate laid at 5 cm in thickness and
s2 compacted us

Base layer - ASTM No. 57
aggregate laid at 10 cm in thickness and
: handy compactor
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. compacted using handy compactor
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‘S5 )
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.. .‘. 0.-.0.

i 4

Water collecting containers

Figure 15. Water infiltration process within the layers of PICP inside the simulator.
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(A) (B)

Figure 16. PICP’s surface patterns. (A) 90° herringbone; (B) 45° herringbone.

T
RITRTTS

=

Figure 17. Rainfall on both surface patterns of PICP. (A) 90° herringbone; (B) 45° herringbone.

The water that seeps through the compacted layers of PICP was collected beneath the
steel box of the simulator in specific containers (40 ones). Furthermore, the used containers
were labeled successively, as shown in Figure 18A,B, starting with the first row, from Aj 1,
Bi.1, Ci-1, D11, E11, F1a1, Gio1, Hia, 14, and Jp.1, the second row from Aj.; to J1.p, the third
row from Aj_3 to J1.3, and the fourth row from A4 to J1.4. Uninfiltrated runoff was gathered
or collected in an iron content which was located at the short side of the apparatus base.

A) | (B)

Figure 18. Water-gathering containers. (A) Water-gathering containers; (B) 2D drawing of the
simulator demonstrating the number of collecting containers.
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2.6. PICP Static Load Test

The performed test was carried out in the lab by using a fabricated scale model
composed of an iron box similar to the dimensions of the steel simulator’s box (65 cm
height x 1.5 m length x 1.0 m width), as shown in Figure 19. PICP layers were laid out
in the box in a manner similar to that in the simulator and in the same sequence. By
employing a hydraulic compressor, a normal force of 50 kN was applied through a 250 mm
circular plate in the middle of the pavement’s surface. The grown deflection in both surface
patterns of PICP was measured using two gauges with 0.01 mm sensitivity, which were
positioned 150 mm from the middle center of the applied load.

(B) (©)

Figure 19. PICP loading test for both types of surface patterns. (A) Static load applying; (B) loading
of 45° herringbone; (C) loading of 90° herringbone.

3. Results and Discussion
3.1. Water Infiltration through Both 45° and 90° Herringboned Surface Patterns

The longitudinal and side slopes (Ls and Sg) of the surface paver were adjusted to
reveal their effects on the volume of infiltrated water at four different rainfall intensities
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under 2 min of rainfall. Figures 20-23 describe the behavior of both patterns under different
geometric and weather conditions.

m 45° Herringboned  ®90° Herringboned

200
175
150

125
100
75
50
=1 HH

0% Ss 2.5% Ss 5% Ss | 0% Ss 2.5% Ss 5% Ss 0% Ss 2.5% Ss 5% Ss | 0% Ss 2.5% Ss 5% Ss

Volume (L)

=]

25 I/min 50 I/min 75 I/min 100 I/min

Rainfall Intensities

Figure 20. Water infiltrated volume for both surface patterns of PICP at 0% Lg + (0, 2.5, and 5%) Ss.
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Figure 21. Water-infiltrated volume for both surface patterns of PICP at 2.5% Lg + (0, 2.5, and 5%) Ss.
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Figure 22. Water-infiltrated volume for both surface patterns of PICP at 5% LS + (0, 2.5, and 5%) Ss.
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Figure 23. Water-infiltrated volume for both surface patterns of PICP at 7.5% Lg + (0, 2.5, and 5%) Sg

The behavior of both patterns under different slopes and rainfall intensities can be
interpreted as follow:

i. In the cases of permeable pavements with 45° and 90° herringboned surface patterns
at both 25 and 50 L/min rainfall intensities, the infiltrated water volume for both types
were approximately equal at all the adopted longitudinal and side slopes. The reason
behind such behavior at low intensities is that the surface joints of both types were working
at the same efficiency by absorbing all the surface water, regardless of the applied slopes.

ii. In the cases of permeable pavements with 45° and 90° herringboned surface
patterns at both 75 and 100 L/min rainfall intensities, the infiltrated water volume of the
45° herringboned surface pattern was relatively higher than that of the 90° herringboned
at all the adopted longitudinal and side slopes. The reason behind such behavior at high
intensities is that the surface area of the joints within the 45° herringboned pattern was
higher than that of 90° herringboned, as shown in Figure 24. Therefore, this advantage
works for the benefit of the 45° herringboned pattern, especially at high rainfall intensities
(>75 L/min). In other words, the runoff of the 90° herringboned surface pattern was higher
than that of the 45° herringboned surface pattern.

Number of Blocks Per m?

45° herringboned pattern 90° herringboned pattern = 45° herringboned pattern  ®» 90° herringboned pattern

Infiltration Area per m?

| ©

Paver Surface Pattern

Figure 24. Number of blocks and infiltration area for both 45° and 90° herringboned surface patterns.

3.2. The Distribution of Infiltrated Water Beneath the Layers of PICP

The water distribution pattern mainly depends on the conducted longitudinal (Lg)
and side slopes (Ss) of the surface paver. Direct measuring of the volume of water within
the gathering containers was considered to reveal the distribution of water beneath the
layers of PICP and is presented in the following cases.
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i. Applying 0% Ls + 0% Ss on the paver’s surface led to an equal distribution of the
infiltrated water for both surface patterns, especially at low rainfall intensities (25 and
50 L/min), as shown in Figures 25A and 26A). Basically, in this case, there was no slope
for the infiltrated water to follow, leading to a more even distribution of water beneath the
surface. This even distribution was especially noticeable at low rainfall intensities (25 and
50 L/min), since the volume of water infiltrated was lower and the infiltrated water had
more time to spread out across the surface.
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Figure 25. The distribution of infiltrated water from the 45° herringboned surface pattern at 0% Lg
and 0, 2.5, and 5% Sg. (A) 45° herringboned surface pattern at 0% LS and 0% SS; (B) 45° herringboned
surface pattern at 0% Lg and 2.5% Sg; (C) 45° herringboned surface pattern at 0% Lg and 5% Sg.



Infrastructures 2023, 8, 97

18 of 30

Volume (L)

)5 |/min
=750 |/min
e 75 | /mMin

=100 I/min

Al-1

Al-2

Al-3

Al-4

B1-1

B1-2

A DR DD D T DD DR PERDER
s e e R B A AR R = e e e e R R e I
MO0V 0LV UAN0O00WWWWWWLLWLODOOWTIITIIT ——=—™=—="="="-2

Container Label

(A)

Volume (L)

12

10

5 | /min
50 | /min
e 75 | /min

100 |/min

—
PRI FNOT I NIRRT I ANDTANOT TN DT F A
o A A A A A A A A A A A A A A A A A A A A A A A A A A A
00O OL0UOLOUULUOoOO0O0QWWWWLWLLOOOUOIIII ===

Containe Label

(B)

Volume (L)

=
(=]

O B N W H» U1 O N 0O ©O

25 |/min
@50 |/min
e 75 | /min

100 |/min

Container Label

©

Figure 26. The distribution of infiltrated water from the 90° herringboned surface pattern at 0% Lg
and 0, 2.5, and 5% Ss. (A) 90° herringboned surface pattern at 0% Lg and 0% Ss; (B) 90° herringboned
surface pattern at 0% Lg and 2.5% Sg; (C) 90° herringboned surface pattern at 0% Lg and 5% Ss.

ii. Applying 0% Lg + 2.5 and 5% Sg on the paver’s surface led to filling the containers
that were located on the edge of the long side within the simulator, with water to a high
level, as shown in Figures 25B,C and 26B,C).The intended containers were labeled from
Ajq to Ajqg or Dy to Dy.1p. The containers located on the edge of the long side within
the simulator represented the edge of the pavement. As water flowed over the surface
of the pavement, it collected at the containers due to the slope. The filling with water to
a high level of the containers located below the pavement layers on the edge of the long
side within the simulator indicated that the permeable interlocking concrete pavement was
functioning properly.
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iii. Applying 2.5, 5, and 7.5% Lg + 0% Sg on the paver’s surface led to filling the
containers that are located on the edge of the short side within the simulator with water
to a high level, as shown in Figures 27A, 28A, 29A, 30A, 31A and 32A. The intended
containers were labeled Aj_1, B1.1, Ci.1, and Dy.; or Aj_19, B1-10, C1-10, and Dy.1g. The slope
toward the edge of the pavement was designed to direct water toward the drainage system
and prevent it from ponding on the surface. The filling with water to a high level of the
containers located below the pavement layers on the edge of the short side within the
simulator indicated that the permeable interlocking concrete pavement was functioning
properly and allowing water to infiltrate into the underlying soil as intended.
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Figure 27. The distribution of infiltrated water from the 45° herringboned surface pattern at 2.5% Lg
and 0, 2.5, and 5% Sg. (A) 45° herringboned surface pattern at 2.5% Lg and 0% Sg; (B) 45° herringboned
surface pattern at 2.5% Lg and 2.5% Sg; (C) 45° herringboned surface pattern at 2.5% Lg and 5% Ss.
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Top of Form

iv. Applying both Lg and Sg as a combination on the paver’s surface led to gather-
ing the seeped water at the corners of the apparatus’s iron frame because the combina-
tion of Lg and Sg can create a low point or depression at the corners—specifically
at Aj.; or Ay g9 or Dyiq or Dj.jpo—where water can collect and pool, as shown in
Figures 27B,C, 28B,C, 29B,C, 30B,C, 31B,C, 32B,C). The water behavior under such slopes
can be attributed to the powers of gravity influencing it to take the runoff direction instead of
the infiltration direction.
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Figure 28. The distribution of infiltrated water from the 90° herringboned surface pattern at 2.5% Lg
and 0, 2.5, and 5% Sg. (A) 90° herringboned surface pattern at 2.5% Lg and 0% Sg; (B) 90° herringboned
surface pattern at 2.5% Lg and 2.5% Sg; (C) 90° herringboned surface pattern at 2.5% Lg and 5% Ss.
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Figure 32. The distribution of infiltrated water from the 90° herringboned surface pattern at 7.5% Lg
and 0, 2.5, and 5% Sg.; (A) 90° herringboned surface pattern at 7.5% Lg and 0% Ss; (B) 90° herring-
boned surface pattern at 7.5% Lg and 2.5% Sg; (C) 90° herringboned surface pattern at 7.5% Lg and
5% Ss.

3.3. Runoff Water Volume for Both Surface Types of PICP

The level of runoff is greatly affected by the spacing per square meter and the opening
size. As shown in Figures 33-36, at low rainfall intensities (25 and 50 L/min), the volume of
runoff water was equal to zero at 0 and 2.5% longitudinal slopes, corresponding to all values
of side slopes at 0, 2.5, and 5%. In addition, the runoff appeared at 5 and 7.5% longitudinal
slopes with equal levels for both 45° and 90° herringboned surface patterns.
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Figure 33. Volume of runoff water at 25 L/min rainfall intensity.
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Figure 34. Volume of runoff water at 50 L/min rainfall intensity.
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Figure 35. Volume of runoff water at 75 L/min rainfall intensity.
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Figure 36. Volume of runoff water at 100 L/min rainfall intensity.

At high rainfall intensities (75 and 100 L/min), the runoff levels were equal to zero
at 0% longitudinal slopes, corresponding to all values of side slopes at 0, 2.5, and 5%.
By increasing the longitudinal slopes from 0 to 2.5% to 5 to 7.5%, the runoff appeared
and started to increase by increasing the values of geometrical slopes. Furthermore, high
runoff was recorded for the 90° herringboned surface pattern compared to that recorded
for the 45° herringboned surface pattern, due to lower water infiltration of the 90° herring-
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boned surface pattern at high rainfall intensities in comparison to the 45° herringboned
surface pattern.

This study and Smith et al. [46] explored the application of PICP to control surface
runoff during different rainfall events. To improve the results of the previous research,
the current study enlarged the design parameters of the PICP by using varied rainfall
intensities, a new geometric design for the surface, and different block spacing.

Although residual runoff is the most essential component in conducting the optimal
surface pattern, other key factors, such as the ultimate loading resistance of traffic, aesthetics,
and functionality, as well as the performance of the structure hydraulically, must be taken
into account.

3.4. Load-Resistance forBboth Types of PICP

Many factors affect PICP behavior under static loading test, including the following;:
Paver’s shape: The employed blocks were rectangular with a thickness of 80 mm, a length
of 20 cm, and a width of 10 cm. The performance of a loaded PICP is significantly influenced
by the design of the pavers, whereas the ability of pavers to transfer a load is determined
by the vertical contact area and the frictional surfaces of the blocks.

Paver’s thickness: Due to their high friction area, thick concrete blocks distribute loads
well. Thus, 80-cm-thick concrete blocks reduce the developed deflection.

Spacing size between the pavers: 10 mm spacing between the blocks was selected
to construct the permeable surface, whereas the behavior of such a system exhibited less
deflection due to substantial frictional forces between the blocks at 10 mm spacings.

Surface pattern of pavers: For this kind of pavement, different surface patterns are used.
The conducted patterns in this research were 45° and 90° herringboned surface patterns.

As shown in Figure 37, the 45° herringboned surface pattern showed high resistance to
deflection in comparison to the 90° herringboned surface pattern, due to the high structural
bonding between the blocks at the 45° herringboned surface pattern. This result accorded
well with the results gained by Pal et al. [47] which indicated an appropriate aperture
diameter and its laying pattern to maximize the permeability of interlocking concrete paver
blocks (CPBs) and investigating their impact on strength. In addition, the current work
continued the earlier work by using two types of PICP laying patterns and evaluating those
two types under static loading.

A 45° Herringboned B 90° Herringboned
50 A -
45 A x|
40 ¥\ ]
35 A [
30 A [X]

Load (kN)

%

0.5 1 L.5

2
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Figure 37. Load resistance for both types of PICP.
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4. Conclusions

After operating the rainfall simulator at various intensities, the PICP function was
revealed by displaying the distribution of infiltrated water beneath the layers of PICP
in terms of water volume collected in the containers at all the adopted slopes in both
longitudinal and transverse directions. The volume of surface runoff was measured at
various geometrical slopes and design parameters to determine the quantity of surface
runoff. In addition, a static loading test was used to assess the load resistance of permeable
herringboned concrete blocks. The following conclusions were drawn from the results and
from earlier discussions.

i. PICP with the 45° herringboned surface pattern infiltrated more water at high
rainfall intensities (75 and 100 L/min) at all the applied longitudinal slopes (0, 2.5, 5, and
7.5%) and side slopes (0, 2.5, and 5%), compared to PICP with the 90° herringbone pattern.

ii. At high rainfall intensities, PICP with the 45° herringboned surface pattern resulte-
din a greater runoff volume, compared to PICP with the 45° herringbone surface pattern,
at all the applied longitudinal slopes and side slopes.

iii. The load resistance of PICP with the 45° herringboned surface pattern was
higher than that of PICP with the 90° herringboned surface pattern under the same static
loading conditions.

iv. The behavior of PICP with the 45° herringbone surface pattern, in terms of runoff
reduction and load resistance, was better than that of PICP with the 90° herringboned
surface pattern under the same geometrical and weathering conditions.

v. Both surface patterns of PICP (45° and 90° herringbone) showed high performance
during the operating tests, putting them at the same level as regular pavement.

The surface patterns of permeable interlocking pavement were considered in terms
of ability to infiltrate water, runoff volume, and behavior under static loading at different
longitudinal and side slopes and various rainfall intensities. However, the main limitations
of this study were that we employed only one spacing value between permeable pavers
and did not perform a statistical analysis. Future efforts should thoroughly investigate
these issues.

In summary, PICP with 45° and 90° herringboned surface patterns are effective design
options for permeable interlocking concrete pavements (PICPs), due to their interlocking
geometry, which provides greater structural stability and load-bearing capacity. However,
the success of a PICP project depends on proper design, proper installation, and proper
maintenance to ensure effective stormwater management and long-term durability. It is
important to consider the design of the base and subbase, the thickness of the aggregate lay-
ers, and regular maintenance to ensure the long-term effectiveness of PICP as a stormwater
management tool.
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