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MODELING ROAD SURFACE POTHOLES WITHIN THE MACROSCOPIC FLOW
FRAMEWORK

GABRIEL O. FOSU, JOSEPH M. OPONG, BRIGHT E. OWUSU, AND SAMUEL M. NAANDAM

ABSTRACT. The continual wearing of road surfaces results to crack and holes called potholes. These
road surface irregularities often elongate travel time. In this paper, a second-order macroscopic traffic
model is therefore proposed to account for these road surface irregularities that affect the smooth flow
of vehicular traffic. Though potholes do vary in shape and size, for simplicity the paper assumes that all
potholes have conic resemblances. The impact of different sized potholes on driving is experimented
using fundamental diagrams. Besides, the width of these holes, driver reaction time amid these
irregularities also determine the intensity of the flow rate and vehicular speed. Moreover, a local
cluster analysis is performed to determine the effect of a small disturbance on flow. The results
revealed that the magnitude of amplification on a road surface with larger cracks is not as severe as
roads with smaller size holes, except at minimal and jam density where all amplifications quickly fade
out.

1. INTRODUCTION

Traffic flow models have evolved from simple microscopic to complex macroscopic and mesoscopic
models. Macroscopic models are either of first-order or second-order. The model by [22, 30] is known to
be the inaugural offshoot of the first-order macroscopic branch. The second-order type was introduced
by Payne[25], and Whitham[36], to fill the modeling gap of the first-order equation. The classical Payne’s
model was not invariant with respect to direction. Thus, in the early 2000s some second-order models
were developed to address the backward wave traveling phenomena of Payne’s model [4, 16, 29, 38].
Subsequently, extensive work has been done in relation to second-order macroscopic traffic models
[9, 12, 19, 31]. All second-order macroscopic traffic models have followed Payne’s conceptualization.

An aspect of traffic modeling is the impact of road surface conditions on vehicular flow. Some authors
have developed a number of mathematical models to explain this connective conjecture [7, 32, 33]. In
[7], the authors modeled the effect of best and worst road conditions on flow using explicit equations; one
equation to model best road condition and the other to explain the worst road condition. In another
paper([33] the authors developed a car-following model with consideration of varying road condition
based on empirical data. An advantage of the model was the ability to qualitatively describe the effect
of road condition on the micro driving behavior. A similar model was formulated using macroscopic
properties [32], while [14] proposed a model to describe the effect of road, institutional and weather
conditions on the traffic flow. This model used the data-driven approach.

Another observable road surface phenomena not yet accounted for within the macroscopic modeling
domain is potholes. Potholes are significant feature of many parts of the highway network in third-
world countries. Beside cause driving discomfort, its adverse effect is not limited to sudden deflation
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of pneumatic tires, speed fluctuations cause passenger jerking, and steering misalignment [21]. These
potholes can be a nightmare for road-users. They are usually formed as a direct result of snow, ice,
and prolonged periods of rain. Potholes frequently begin as undetectable microscopic cracks in the road
surface. They are created when water penetrates these tiny cracks on the road-cracks that are usually
caused by traffic. When this water penetrates, it expands and widens the cracks as traffic thumps down
on these spaces. Extreme weather conditions, poor drainage, and heavy traffic can all cause that surface
to loosen and wear away. Moreover, this deterioration causes unnecessary delays in traffic flow, distorts
pavement aesthetics, and also causes road traffic accidents [23].

Even though potholes are observable road characteristic, the relation between potholes and macro-
scopic traffic characteristics is still a grey research area. It is imperative to know that literature on
potholes is related to its detection [3, 6, 8, 15] but not to its modeling as is the intent of this research.
Therefore, the paper seeks to derive a new second-order macroscopic model that accounts for these road
surface irregularities. The classical second-order macroscopic model is extended to characterize pothole
effect.

The subsequent sections are organized as follows. A new macroscopic traffic model is derived in
section two to consider vehicular road potholes. In sections three, the model is subjected to realistic
data values to examine the effect of these holes on the fundamental plot. Following-up with section
four, we explore how a small disturbance propagates on the road with diverse irregularities. The final
section presents a general summary of the entire work.

2. SECOND-ORDER POTHOLE MODEL

The two main branches of macroscopic traffic models are first-order and second-order classes of
models. Second-order models are oftentimes referred to as higher-order models. Macroscopic models
have a continuous property with respect to space and time as opposed to discrete models. Macroscopic
models aggregate its quantities and possess continuous feature along both temporal and spatial axes.
The three main aggregate variables required for macroscopic analysis are traffic density k(z,t), average
speed u(x,t), and traffic flow rate g(z,¢). Two classical traffic equations relate these variables; the
hydrodynamic equation, and the continuity or LWR equation [1, 11]. The hydrodynamic equation is
expressed mathematically as:

q(z,t) = k(x,t) - u(x, t) (2.1)
The second relation, called the LWR, is also expressed as:
k?t +q; =0— kt + (ku)m =0 (2.2)

In reducing the boredom of continual writing the bracketed spatial and temporal notations (z, t), it is
often omitted as in the case of Equation (2.2), and will follow suit in all other subsequent formulations.

The continuity equation is famous because of its simplicity and realistic efficiency. Compared to other
macroscopic models, the LWR is known to be simplest based on the parsimony principle. However, the
LWR model is handicapped for its inability to explain non-equilibrium traffic. This shortfall leads to
the development of higher-order models. Higher-order models supplement the continuity equation with
a dynamic velocity equation. A classical speed-gradient second-order model is of the form[16]:

Up + ULy = M + Colly (2.4)
T

U(k.) is the steady state speed, 7 is the relaxation time, and ¢, is the propagation speed of a small
disturbance.
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As emphasized in the introduction, an additional source term is to be added to the dynamic velocity
equation to characterize the effect of potholes on vehicular traffic. From [13, 26, 27|, a road surface
irregularity r(0) can be generated using equation (2.5).

—%(1—0052%9), 0<0<p

r(0) =
0, 0<0,0>0b

(2.5)

where « is the depth of the pothole; o < 0 corresponds to bulge road surface. 5 > 0 is the width of
the pothole, 0 is any location within the pothole measured starting from the leftmost endpoint. Unique
depth and width values will result in unique pothole sizes. Figures 1 and 2 show different sizes of
potholes differing by width and depth.
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FI1GURE 2. Different Pothole Sizes with Variable Depth

Figure 1 shows seven different potholes with a width ranging from 0.5 meters to 3.5 meters, having
a constant depth of 0.15 meters. Potholes with absurd widths (8 > 1.5) are characteristic of feeder
roads. In Figure 2 are potholes having fixed width of two meters and a depth ranging from zero to 0.30
meters. Zero depth denotes a normal/smooth road surface devoid of any form of cracks or holes.

It could be observed that Figures 1 and 2 have close similitude to a hollow cone. This assumption
is associated with some margin of error considering each hole as a microscopic entity. Nonetheless, the
errors may wane or extinct within the macroscopic framework due to variable aggregation. Therefore,
to quantize these road surface irregularity, all potholes are assumed to be cone-like, though with a
shorter vertical height. On this premise, a given pothole size (S,) can be approximated using equation
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As stated earlier, road surface irregularity is known to have some impact on vehicular flow, but the
intensity of this impact depends much on the density of the traffic as well. For highly dense traffic, the
effect of potholes is not so substantial compared to fairly moving traffic. The speed changes resulting
from some road surface irregularity on a near empty road vast exceed that of dense traffic. This to
say that the overall effect of these irregularities on flow during jam traffic may be insignificant. This
analogy is incorporated in the derivation, yielding the modified form of (2.6) as:

- _%FﬁT\/W (1 - kkt) , k < ket (2.7)

0, otherwise

kerit denote the critical density, and T is the driver physiological reaction time. The latter accounts
for the varying response time among different type of drivers/vehicles. Aggressive drivers have little
respect for potholes and will often maintain their speed driving through such irregularities, hence they
are associated with shorter reaction time. Directly opposite to this group of drivers are the sluggish type
who will slow down irrespective of the hole size. Moreover, vehicles with weaker shock absorbers often
slow down driving through potholes. These classes of drivers/vehicles are associated with a greater T'
value.

Equation (2.7) is appended to the dynamic velocity equation to yield the new second-order macro-
scopic pothole traffic model. The proposed equation is expressed as

ke + (ku)y = 0 (2.8)

_ 1 2
Up + Uy = M + oty — =BT (ﬁ + oz2> (1 — i ) (2.9)
T 2 4 kcrit

Equation (2.8) is the usual continuity equation, while (2.9) is the modified dynamic speed equation.
In the next section, the second-order pothole model is subjected to assumed realistic data values to
examine the effect of different sized potholes on vehicular traffic.

3. FUNDAMENTAL DIAGRAMS

Fundamental plots are graphical representation of the pairwise relationship between speed, density,
and flow. Some graphical illustrations are presented in this section to exemplify the effect of potholes
on these macroscopic variables. For uniform flow, traffic characteristics, specifically density and speed,
are invariant with respect to space and time. Hence, equation (2.9) reduce to:

w - %WBT <2 +a2> (1 _ ) =0 (3.1)

4 kcrit

Uniform speed is denoted by wu,, while k, represents uniform density. This equation (3.1) is again
simplified as:

uy = Ul(ke) — %ﬂ'BTT <4 + a2> (1 _ ) (3.2)

kcm’t

An equation for steady-state speed U(k.) is required for this qualitative analysis. Several of these
equations have been presented in [10]. An appropriate choice among these speed-density models for
this analysis is the exponential KK model (3.3) [17].

Uke) = u 1/<1 +ex & —372x 1078 3.3
e) — max p 006 X ()
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where U,,q,; denote the maximum attainable speed on a freeway, and k4, is the maximum density at
jam traffic.

The assumed parameter values presented in Table 1 are used for the computations. These are chosen
to be coherent with realistic traffic flow [18, 34].

TABLE 1. Simulation Parameters
Name Notation Value
Maximum Speed Umaz 25m/s
Relaxation time T 1s
Critical density kerit 0.38veh/m
Jam density kmac 1.0veh/m
Reaction time T [0.5 6]s

These values are adopted to exemplify the pairwise relationship between speed-density and flow-
density, taken into account different pothole widths and reaction times. In relation to sizes, potholes
are categorized under three broad domains; namely small, medium, and large potholes. Potholes with a
width of less than 0.5 meters is classified as small pothole. The width of large pothole category exceed
1.4 meters. Sandwich between the smaller and larger categories are the medium type of potholes.
Similarly, drivers are also grouped into three based on their reaction time. It is assumed that aggressive
drivers have a reaction time of 0.5 seconds, while the reaction time for sluggish drivers is 6 seconds. Any
time seconds within the neighborhood of the mean times of aggressive and sluggish drivers correspond

to normal driving.
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FIGURE 3. Impact of a pothole on speed-density plot (left), and flow-density plot

(right) with T' = 0.5s

Figure 3 exemplifies the fundamental plot of an aggressive driver for varying pothole sizes. These
potholes have a constant depth of 0.15 meters, with varying width from zero to 1.5 meters. Starting the
simulation from regular road surface (width=0.00), all subsequent simulations have width increment of
0.3 meters. Though not apparent, it can be observed that at lower densities, each simulation plot has
its corresponding speed value, and then merges after the critical point.

For a near empty highway, aggressive drivers decrease their speed slightly below the maximum when
driving through these potholes. The speed drop is totally insignificant for driving through holes with
a width of 0.3 meters. We only see aggressive drivers slowing down driving through larger potholes.
Likewise, from the flow-density plot, the effect of aggressive driving on flow rate is again not so remark-
able. Flow rate is seen to drop from 3.5veh/s to 3.3999veh/s as the width is widened from zero to 1.5
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meters. The flow rate on roads with these simulated surface irregularities is practically the same if all
drivers drive aggressively.
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FIGURE 4. Impact of a pothole on speed-density plot (left), and flow-density plot
(right) with T' = 6s

Figure 4 is related to the case of sluggish driving. The speed drop is clearly evidential in this case.
Bigger portholes cause sluggish drivers to reduce their speed to the neighborhood 15m/s, but, maintains
a speed limit between [20m/s, 25m/s] driving through small and medium potholes. From an empty
road to the critical density, the sizes of these road surface irregularities have a significant effect on
vehicular speed within the domain of sluggish driving. However, the speed remains the same during
jam traffic. This exhibit a practical exemplification of driving on the road with these irregularities.
Similarly, the flow rate is also influenced by these irregularities. From Figure 4, flow is observed to
increase, attain maximum value, and then decline. Flow rate is totally dependent on the width of these
potholes.

A clear case for regular driving is shown in Figure 5 with an average reaction time of three seconds.
This class of drivers are neither not too fast as aggressive nor too slow as sluggish. Except for width
equal 1.5 meters, they could still attain a speed value greater than 20m/s driving through the simulated
potholes. This has a corresponding effect on the flow-density diagram.
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FIGURE 5. Impact of a pothole on speed-density plot (left), and flow-density plot
(right) with 7' = 3s

Figure 6 shows the fundamental diagrams for road having potholes depths 0.05 meters (left) and 0.3
meters (right). Driver reaction time is assumed to be three seconds. It can be observed that the depth
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of potholes on vehicular speed is not as substantial as the width exemplification. From the simulation,
it can be actualized that the width of potholes highly induces vehicular speed/flow compared to its

depth.
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FIGURE 6. Impact of a pothole on speed-density plot with depth equal 0.05 (left),

and depth equal 0.25 (right)

These road surface irregularities are characteristic of many roads in Ghana, an hour journey could
span a minimum of two hours owing to these road surface irregularities [24, 28, 35], hence the essence of
this model. This corroborates that improving road infrastructure will enhance the efficiency of vehicular
flow.

4. CLUSTER EFFECT

The section investigates how a disturbance evolves on roads with differing surface irregularities.
We inquire how a local perturbation propagates through space and time amidst such irregularities.
Following from [16, 32] the finite difference upwind scheme is used to discretize the continuity equation
(2.8) and the modified dynamic velocity equation (2.9). First, the continuity equation is simplified as
ki + uk, + ku, = 0 to ease the discretization. Hence, the discrete pothole model is given as:

At At
1
A ka% (um, — tpiq) + qu% (k1 = K)
The dynamic speed equation has two discrete cases. If the wave disturbance speed is higher than the
vehicular speed, then the model is expressed as

(4.1)

At At At 32 K
n+l _ . n P ) n _n ny _ ,mn\__ 2 _ 'm
Uy, = Uy + A (CO um) (um+1 um) + T (U(km) um) 2 ﬂ-ﬁT ( 4 ta ) (1 >

otherwise

At At At 2 ky
= ok 3 o =) = ) + S W) — ) - Sy () (1- )
T

Az 4 kc’rit
(4.3)
where U(kI) has the form
Fn 0,25 L
U(kpn) = timaz |1/ {1+ exp | 22— | 6 = 372 x 10 (4.4)
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The simulation is subjected to a periodic boundary condition of the form
kE(L,t) = k(0,1) and u(L,t) = u(0,1)

where L is the total length of roadway.
The initial density is given by the wave profile (4.5) [17].

k(x,0) =k, + Ak, {COSh2 {120 (x — 51?)} — icosh72 {4[(1) (1: — 1;;)} } (4.5)

with v(z,0) = f(k(x,0)). k, is initial constant density, and Ak, is the amplitude of the displacement.

The additional parameter values required for these wave amplification are detailed as follows. Ak,
is chosen as 0.20veh/m, while k, will range between [0.10veh/m, 0.42veh/m]. A road length L = 1km
is equally divided into 100 grid points. The simulation time is 10 minutes with the time step of 0.1
seconds. The wave disturbance speed ¢, = 9m/s, the relaxation time 7 = 3s, and the reaction time
T =1s. kmaz, kerit, and Up,q, remain the same as in Table 1. Potholes will have the following specific
dimensions as in Table 2.

TABLE 2. Pothole Groupings

Pothole Type Width Depth
Small 0.4m 0.1m
Medium 1.4m 0.2m
Large 2.4m 0.3m

The following commentaries are based on the graphical presentations 7-9. The amplifications on
the road with smaller potholes is presented with Figure 7. These amplifications quickly dies-off when
the initial density is within the neighborhood of its endpoints. This is clearly evinced when k, =
0.10 and k, = 0.42. These amplifications increase with an increasing number of vehicles on the stretch
and then begin to flatten after reaching a critical density value. There are pieces of evidences of dipole
and multiple clusters within 0.24veh/m and 0.28veh/m. These are associated with stop-and-go traffic.

A similar effect could be realized considering the medium size and larger size potholes. These
illustrations are presented in Figures 8 and 9, respectively. Again, the disruption dissolve quickly at the
two extreme density values; k, = 0.10 and k, = 0.42. This implies that the effect of this disturbance
does not propagate through space and time for near-empty traffic or close to jam density traffic. For
medium densities, the amplification for large potholed road is not as severe as smaller once. The severity
of road surface irregularities may cause drivers to slow down first [2, 5, 20, 37], hence reducing the net
effect of any disturbance. Comparatively, the amplification for large sized potholed roads is quite stable.

In summary, this new second-order macroscopic pothole traffic model is useful for examining the
dynamics of vehicular flow on roads with cracks and holes.

5. CONCLUSION

This study applies mathematical models to describe road surface potholes within the macroscopic
flow framework. Potholes are created by the continual wearing of road surfaces resulting in cracks and
holes. These irregularities have not been explicitly modeled within the ambit of macroscopic models.
Therefore, we proposed a second-order macroscopic equation to explore the effect of these irregularities
of vehicular traffic. To ease the computations, ro ad surface irregularities were categorized into three
broad domains (small, medium, and large), and also assumed to be conical. A qualitative solution to the
model was presented to illustrate the effect of these irregularities on the speed-density and flow-density
plots. From the fundamental diagrams, speed was observed to reduce drastically, driving through these
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FIGURE 7. Space-time evolution of density on small size pothole road. The initial
density profiles are given as k, = 0.10(top left), k, = 0.18(top right), k, = 0.24(middle
left), k, = 0.28(middle right), k, = 0.35(bottom left), k, = 0.42(bottom right)

potholes as in the case of sluggish driving. The differences in the flow rate were not evident, as in the
case of a platoon of aggressive drivers. However, all vehicles-driver type were observed to possess the
same speed and flow characteristics beyond a critical density value. Showing a clear conceptualization
of realistic flow. A further simulation was carried out to determine the effect of a small perturbation on
uniform traffic. What is often referred to as the local cluster effect. The amplifications were observed to
be negativity related to pothole sizes but within specific density values. The degree of the disturbance
increases as the holes become smaller. However, the disruption quickly dies-off when there are either
few vehicles on the stretch or close to jam density traffic. These simulations suggest that the proposed
model is potent in exploring diverse traffic phenomena on roads with potholes. The possible extension
is to analyze road surface irregularity microscopically.



MODELING ROAD SURFACE POTHOLES

200 400 T
600 T
800
X(meters) Tooo. x(meters)

10
8
6
a
t(minu

tes)
1000

t(minutes)
1000

400

800
x(meters)

B~ <
200
. 400 T
t(minutes) 600
1000

800
x(meters)

t(minutes)
1000

FIGURE 8. Space-time evolution of density on medium size pothole road. The initial
density profiles are given as k, = 0.10(top left), k, = 0.18(top right), k, = 0.24(middle
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