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Abstract. Modular pavement studies traditionally using physical modelling appear to be
relatively expensive and risk substantial losses. Because of that, numerical simulation studies are
a smart way to either create a new design or build a modular pavement on site before starting.
This research examined the correlation of xyz velocity, flow depth and Froude number in a
diagonal HDPE modular pavement using FLOW 3D. The simulations use Malaysian actual
rainfall data to assess the ability of diagonal pavements to diffuse rainfall. The parameters xyz
velocity, flow depth and Froude number were taken to see the absorbed rainfall capacity and the
results show that the velocities X and y are greater than the velocities z. The flow depth was
maintained at 425.6522 mm during the 600s and 6000s throughout the rainfall events for rainfall
intensities of 5 mm/h and 8S5mm/h. Froude's number is lower than zero. This FLOW 3D software
is suitable as a modular pavement modelling since the velocity, flow depth and Froude number
are closely related to the previous study. FLOW 3D can be used as an preliminary method for
designing modular pavements.

1. Introduction

The traditional pavement asphalt has a major impact on the environment which it divert usual pathway
of water from ecosystems and play a major role in increasing of flood issues nowadays. More than that,
the operation and maintenance is a challenging and it becomes even more complicated with the
continuous growth of traffic [1]. Compared to invented modular pavement which has holes in each slab
to promote water to be absorbed by the earth below. In Malaysia, modular pavement system is designed
to capture particles and pollutants at the surface by filtering infiltrated stormwater. Interconnected void
spaces in the pavement allow stormwater to filter through the soil below the paved surface, to minimize
the environmental issues associated with rainfall runoff. Besides, it also allow groundwater recharge
and to reduce contamination [2]. Generally, the surface layers of the pavement designed with permeable
materials, while the sub-layers are impermeable. It is low-maintenance and high-adaptability which
offers substantial cost savings to traditional forms of road, like asphalt. However, inappropriately
planned works lead to modular pavement construction and performance problems.

Therefore, it is crucial to consider the rainfall runoff for modelling in order to plan pavement
construction properly [3]. More generally, a quantitative understanding of this process is vital to our
ability to relate surface and subsurface processes in describing the hydrologic cycle, potential energy,
kinetic energy and gravitational energy along the rainfall event. The fluid velocity in pavement need
to be measured however there is limitation in the methodology to measure it. One of recent methodology
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introduce by Ahn et al. [4], FLOW-3D provided a comprehensive CFD simulation platform to
investigate the dynamic behaviour of liquids and gas in a wide range of industrial applications and
physical processes. This method was tested in pavement study which is made by Rashid et al [5] and
the result shows that there were 5 seconds differences between the observed and computed results using
FLOW 3D. Therefore, the data that used to run with the software were verified, since there was just
slightly difference with the laboratory condition. This study concluded that Reynolds Averaged Navier-
Stokes model by FLOW-3D can be used as a practical method to predict infiltration of stormwater in
layered modular pavements [5]. The study of hydraulic performance of pavement using FLOW 3D was
seem useful which it help critical analysis and save cost. However the study of FLOW 3D for modular
pavement is still lack and need to be improved.

This paper discuss about the performance of diagonal HDPE modular pavement in term of hydraulic
characteristics using numerical simulation based on Malaysia actual rainfall data. Hydraulic
characteristics of modular pavement xyz velocity, flow depth and Froude number were analysed. The
relationship of these characteristics and rainfall intensity on porous medium flow were studied. The
modular pavement from HDPE is to improve infiltration because it have higher stiffness, resistance to
corrosive, tensile strength, minimal moisture absorption and sustainability [6]. This numerical
simulation is useful as preliminary methods to obtain the critical measurement in project such us the
hydraulic characteristics.

2. Material and methods

2.1 Design of pavement model

The modular pavement profile was created first using AutoCAD and analysed in FLOW-3D software.
The pavement model consisted of 3 layers which are modular pavement layer, gravel layer, and sand
layer. The diagonal High Density Polyethylene (HDPE) modular pavement is a thin-walled diagonal
column (80 mm diameter and 5 mm thickness). All design parameters followed the standard stated by
Jabatan Kerja Raya [7]. The uniformity coefficient (C,) for sand and gravel is 20. Fig 1 shows a 3D
view of (a) diagonal HDPE modular pavement, (b) base layer and (c) subsurface.
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Figure 1. Pavement model in AutoCAD for surface, subsurface and base layer

2.2 Numerical model setup

The 3 layers of pavement model was arrange with surface layer with modular pavement, base layer with
gravel, and sub-base layer with sand. Fig 2 (a) shows the 2D view of bedding layers. Each of the
designed geometry was save as stereolithography (STL) file format and imported into the FLOW-3D.
The STL format specifies the surface of a geometrical object using surface triangulation. Fig 2 (b) show
the model geometry for pavement model with STL format in FLOW-3D. The workspace with porous
medium flow model was chosen in the FLOW-3D software. According to the fundamental law of
physical conservation, the flow of pavement is a Newton fluid. The tracking interface was a free surface
or sharp interface with one fluid, and the simulations units were set as SI units. In the viscosity and
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turbulence tab, the fluid was set to viscous flow, and the pavement model was chosen with no-slip as
the wall shear boundary conditions.

___ Modular
~ Pavement

50 mm

T Gravel

_——— Sand

200 mm

| -

(a) 2-D view of bedding layers (b) Model geometry of pavement model
with STL format in FLOW-3D
Figure 2. The 2D view of bedding layer and model geometry of pavement model with STL format in
FLOW 3D for numerical model setup

2.3 FLOW 3D mathematical model

FLOW-3D software was used to predict the hydraulic characteristics of modular pavement in this study
that are velocity, flow depth and Froude number. The software solved the Navier-Stokes equations for
the solution domains numerically. The flow of fluids in the pavement was described using the Navier-
Stokes equations with constant of density and temperature of fluids in the void [8]. In order to increase
the accuracy of the simulation result, the meshing was done so that the computational error is decreased.
The boundary condition for modular pavement was fixed as symmetry, continuative, volume flow rate,
and wall. The governing equations used by FLOW-3D for 3-dimensional incompressible flows are
shown in (1) [9]. Where VE is volume fraction, p is fluid density, u, v, w is coordinate direction of X, y,
z, Ax, Ay, A, is fractional area open to flow in the x-, y-, z- direction and Rsor is mass source. Velocity
has three components as x, y, and z directions. In this study, x-velocity, y-velocity and z-velocity with
different rainfall intensities were identified.

Ve 0 oud JuA owA uA R 1
_F_'D+ X + R Y + 4 + E X — ﬂ ( )
pc ot d0x dy 0z x p

2.4 Froude number

The Froude number, Fr represents the relative proportions of the kinetic and potential energy of the
surface runoft [10]. As shown in (2), Froude number is controlled by the ratio between the average flow
velocity and the inertial forces: where F; is Froude number, v is average flow velocity, g is gravitational
acceleration and d is flow depth.

v )

Jod

3. Result and discussion

3.1 Effect of X-, Y-, Z-velocity with various rainfall intensity

The Fig 3 to 5 shows the simulation result of x, y, and z-velocity of the pavement for rainfall intensity
5 and 85 mm/h. It shows that x, y, and z- velocity of the pavement significantly decreases with respect
to time and not significantly affected by rainfall intensity. For x velocity, in Fig 3 shows at 200s for both
rainfall intensity was in range of 122.40 cn/h to 125.28 cm/h. However, after 6000s it decreases to half
from early velocity to in range of 68.04 cm/h to 78.12 cm/h. The result showed similar for y-velocity
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shown in Fig 4 which the velocity decreases significantly by time. Which at 200s, the maximum y-
velocity is in range of 146.52 cm/h to 148.6 cm/h for rainfall intensity 5 mm/h and 85 mm/h. Later the
maximum y-velocity decrease to 34.56 cm/h — 44.65 cm/h at 6000s. Lower velocity observed for z-
velocity at 200s was in range of 40.68 cm/h to 44.28 cm/h at rainfall intensity of 5 mm/h to 85 mm/h
shows in Fig 5. Then at 6000s the velocity slightly decreases which maximum z-velocity for the
pavement reduced to in range of 22.32cm/h to 30.6 cm/h at all rainfall intensity.

Overall result shows that only at early 200s of x and y velocity same with previous study made by
Ahn et al. [4]. This is because Ahn et al was measured the velocity using constant and falling head
method. It is only measured one type of velocity for short time period. In addition it was found that the
value of hydraulic velocity using FLOW 3D is consistent with the value of hydraulic velocity using
laboratory equipment. More than that the FLOW 3D measured longer time which means the final results
include the effect of particle clogging and it is important for long term performance of modular
pavement. Below pavement model consists of well-graded soil structure (because C, is 20) which having
low soil permeability. Therefore, the soil structure was obstructing the water velocity to be increased by
rainfall intensity. Even the rainfall intensity only increases the volume of water infiltrated into the
pavement but not the velocity of fluid. Which the fluid velocity is determined by the capillary of
pavement. By time the moisture content of the pavement increases because of the rainfall so that the
velocity becomes decrease due to limitation of capillary. The decreasing of velocities indicated small
pore spaces of low porosity [11].

Furthermore, it is also indicate that the x and y velocity value was bigger than z velocity. This is
because of the vertical velocity project the gravity force than horizontal velocity [12]. Flow velocity in
xy direction is parallel to the horizontal permeability and z direction parallel to vertical permeability.
Usually in groundwater the horizontal permeability greater than vertical permeability. Due to the low
velocities in porous media, the kinetic energy become smaller along the rainfall duration. In addition,
rainfall will decrease flow velocity of the surface layer by exerting momentum when drop mass enters
the flow orthogonally and accelerates to the velocity of the flow. Since the volume of fluid in the modular
pavement falls significantly at the initial stage and eventually approached a steady value gradually after
reached saturated conditions. Hence, the velocity of modular pavement reduced and reached a steady
condition at the saturated conditions. The gravity forces in the pavement was beneficial in downward
displacements as they tended to stabilize the displacement process.

3.2 Effect of flow depth with various rainfall intensity

Flow depth calculated in this simulation is the depth of flow normal to the direction of flow. Fig 6
illustrate the 2D analysis of flow depth for modular pavement with rainfall intensities of 5 mm/h
and 85 mm/h at 600s and 6000s when rainfall infiltration occurs at the surface of pavement.

The result shows that the flow depth for both low (5 mm/h) and high (85 mm/h) rainfall intensities
was constant at 425.65 mm by 600s and 6000s, which near to the total of maximum depth for model
pavement is 430 mm. Therefore, the fluid flow in the pavement classified as steady state which water
level remain constant with respect to time. When the fluid is in steady flow, the potential energy, kinetic
energy and gravitational energy are constant along the rainfall event. This is because during steady flow
the volume of inflow and outflow from the modular pavement was equal and the infiltrated stormwater
will fully discharge. Therefore, surface water runoff may not happen because the precipitation rate is
always lower than the infiltration rate for modular pavement. Reduction of surface runoff will cause less
gravitational and potential energy of the rainfall converted to the kinetic energy of water motion [13].
The diagonal modular pavement able to capture low (5 mm/h) and high (85 mm/h) rainfall volume at
once reduce the surface runoff.

The previous study by Zhang et al. [14] and Liu et al. [15] have demonstrated that flow depth will
increase with flow discharge. Where section 3.1 shows xyz velocity was not constant like flow depth.
Besides, Khan et al. [16] also demonstrated that rain will affect flows. As discussed in section 3.1, the
modular pavement xyz velocity decreases was due to the low permeability in porous media and reached
a steady condition at the saturated conditions. Therefore, the flow depth was constant. It also found that,
the big different of xy velocity and z velocity. This also was not affecting the flow depth because the



International Conference on Civil and Environmental Engineering 2022 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 1135 (2023) 012017 doi:10.1088/1755-1315/1135/1/012017

horizontal which mean x and y exfiltration through the side walls of the subsurface storage unit is a
prevailing factor in determining the hydrologic performance of the system [17]. Where the x and y
velocity (horizontal) was quite similar by time compare to z velocity. In this condition, the velocity of
modular pavement reduced by time and reached a steady flow at the saturated conditions. The flow
depth may effected by the rainfall and flow if there is no modular pavement which act as storage area.

3.3 Effects of Froude number with various rainfall intensity

Fig 7 shows the Froude numbers with rainfall intensities of 5 mm/h and 85 mm/h at rainfall duration of
600s and 6000s. The simulation results showed that Froude number is in subcritical flow (Fr < 1) which
remains constant at zero value along the rainfall event. The flow velocity in the modular pavement is
slow and low energy state [18]. In contrast if soil without modular pavement where study made by Lei
et al. [19] was demonstrated that the Froude number increase when the simulated rainfall intensity
increases at the same soil bulk density. After stabilisation, the Froude number was greater than one,
which indicated that the flow pattern would vary as the simulated rainfall intensity increased. This is
because the modular pavement act as storage area and underlying surface was well-graded gravel layer.
Liu et al [15] noted that gravel retarded the Froude number and it the presence of gravel decreased the
turbulence of water flow. The underlying surface had the most influence on Froude number, which
tended to reduce as the gravel coverage degree increased and the flow pattern changed from supercritical
flow to subcritical flow. In addition, the higher Froude number indicated a lower shear force discharge
and a higher sediment carrying capacity. In this study, decreased of Froude number shows an increasing
of runoff shearing force. This is good in order to promote the infiltrate water to be storage water at the
base stream, which reduce the water shortage during dry season [20].
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(a) x-velocity in 2D view at rainfall intensity of 5 mm/h (b) x-velocity in 2D view at rainfall intensity of 85 mm/h
Figure 3. Simulation result of x-velocity for the pavement at rainfall intensity Smm/h and 85 mm/h
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Figure 4. Simulation result of y-velocity for the pavement at rainfall intensity Smm/h and 85 mm/h
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Figure 5. Simulation result of z-velocity for the pavement at rainfall intensity Smm/h and 85 mm/h
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Figure 6. 2D analysis of flow depth for modular pavement with rainfall intensities of 5 mm/h and 85 mm/h at 600s and 6000s
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Figure 7. Froude number at rainfall intensity Smm/h and 85 mm/h
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4. Conclusion

In conclusion, these findings demonstrated that using FLOW 3D the hydraulic characteristics in
modular pavement can be analysed critically. Using FLOW 3D the xyz velocity, flow depth and Froude
number was calculated using Numerical simulation. The Naiver Stove formula was used to calculate
the xyz velocity, flow depth and Froude number which same value as previous study. Using FLOW 3D
the x and y was observed higher than z velocity. The z velocity parallel to vertical velocity shows
normally smaller compared x and y direction because of against gravity. The flow depth maintained at
425.6522 mm during 600s and 6000s along the rainfall event for rainfall intensities 5 mm/h and
85mm/h. The modular pavement has been prove can improve the effectiveness of infiltration rate and
reduce surface runoff for pavement. The HDPE diagonal modular pavement suitable to be used in
Malaysia as it can tolerate with the actual rainfall data in Malaysia. These findings provided a useful
guidance for future stormwater management, theoretical development and model application. However
the simulation may extend to application at different slope and tested for the optimum rainfall intensity.
The FLOW 3D can be used as preliminary method in order to design a modular pavement.
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