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ABSTRACT13
14

Aims: Traffic kinematic and shockwaves have often been used interchangeably in any literatures.The
paper investigatedtraffic kinematic waves caused by road hump and their shockwave implications.
Study design:Road hump impact study.
Place and Duration of Study:The study was carried out at locations along Jalanunversiti, Skudai, Johor
Malaysia, between April 2012 and October 2012.
Methodology:Based on the hypothesis that road hump cannot be held solely accountable for traffic
shockwave occurrences, with and without road hump impact study was carried out at four sites in
Malaysia.Road section was divided into two sections A (without road hump) and B (with road hump).
Traffic volume, speed, headway, gaps and vehicle types were collected with automatic traffic counters
continuously for eight weeks. Empirical data were supplemented with design data supplied by ministry of
works. Data were collated and compared.
Results:Results show that road humps are effective speed reduction mechanism. Although speed
reductions were recorded, traffic shockwaves were not recorded and also there was no evidence to
suggest that significant kinematic waves were caused at road humps.Differences between traffic
shockwave and kinematic wave results affirmed that traffic shockwave will only occur at the capacity
constrained section of flow/density curve.
Conclusion:The paper asserted that traffic kinematic wave and shockwave propagations are related but
not the same and concluded that road humps cannot be held solely accountable for traffic shockwaves.
Further, that traffic shockwave is more likely to be caused by the led driver’s erratic behaviour on
approach to the barrier.

15
Keywords: hump, road, kinematic, rarefaction, shockwave16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31



1. INTRODUCTION32
33

Road humps are constructed as traffic control mechanism aimed primarily at vehicle speed reduction. Theyare the most34
effective speed reduction mechanism currently available and are likely to be in use for some time.Drivers traversing road35
segments with humps are persuaded to slow down because of induced discomfort to vehicle occupants travelling at36
overprescribed speed. Three parameters namely; hump heights, spacing and road hierarchy are important when37
considering road hump as a speed reduction device.Road hump that is of interest to the study was first introduced in38
1970s by Transport Research Laboratory England. Initial research comprised of numerous designs; flat top, round top,39
heights (12mm – 150mm) and lengths (50mm to 3600mm).As to be expected in research there were many failed40
expectations and dashed hopes. Eventually initial design standards of circular profile hump (3.6m by 100mm height) were41
installed at trial sites in 1983 and evaluated. The results were conclusive, road humps are effective speed control device.42
However, the studies focused mainly on speed reduction only.Whilst it is clear that 75mm road humps would reduce43
speed, their impact on traffic kinematic waves is yet to be fully studied. Also the components of traffic kinematic waves44
and their unique characteristics have often been ignored in many studies. Traffic kinematic and shock waves have often45
been used interchangeablyin many literatures. Kinematic is the geometry of motion without cause consideration. Since46
force consideration is not needed, traffic kinematic wave can be construed as a function of density. Traffic shockwave on47
the other hand is a function of traffic congestion. In essence, traffic stream can experience kinematic wave with48
shockwave but it cannot experience traffic shockwave without kinematic wave. The paper will address the components of49
traffic kinematic waves as well asdetermine the type and extent of kinematic wave that may or may not be triggered by50
75mm road hump.51

52
2. TRAFFIC KINEMATIC WAVE CONCEPTS / DATA COLLECTION53

54
Flow, speed and densitydrive traffic operation. Density drives speed and flow. As contained in many literatures,55
flow/density curve has two sections (constrained and unconstrained). The constraint is capacity. The two sections behave56
differently. Speed oscillates in the unconstrained section whereas flow contracts in the constrained section. Traffic57
shockwave is an abrupt and compressive limited motion that can only happen at the constrained section of the58
flow/density curve. Kinematic wave which is the overall motion may cut across the two sections of the flow/density curve.59
Therefore it would be misleading to describe a wave across the two sections for flow/density curve as shockwave. Since60
rarefaction wave is merely an expansive density loss, it would be restricted to the constrained section. Traffic flow shock61
waves are formed when there is a discontinuity of flow on a highway section.  This discontinuity arises from abrupt62
changes in density as a result of a disturbance to the flow.  Disturbances to traffic may be due to internal or external63
sources.Traffic stream with platooning effects can invoke the use of kinematic wave. Afteralla wave is the propagation in64
time (t) and space (ᵡ) of a disturbance in a medium. By investigating the presence of kinematic wave in the traffic stream,65
one is merely stating the obvious; that the outcome of the study could be traffic stream rarefaction and/or traffic66
shockwave. Drivers experience kinematic wave whenever he/she adjusts his/her speeds in accordance with the67
behaviour of the car or cars in front, on observing a brake light, or an opportunity to overtake. Kinematic wave theory was68
proposed jointly by Lighthill [4] and Richards] [16] who worked separately. Most applications of the model concentrated69
on traffic congestions from signalised intersections. Because of inherent traffic flowrate detection weakness the model70
has been severly criticised in previous studies. Notwithstanding,the model has been used extensively to explain traffic71
states and the length of queues along road segments and also in different traffic flow contexts. For instance, Xinkai et al[8]72
derived the traffic trajectories of four major shock waves using the model.Yan Qui et al [9]. also applied traffic shock wave73
theory to study the impact of large trucks on an expressway. Alica et al[10] studied the effect of aggresive driving on74
formation of traffic congestion using Lighthill Traffic shockwave theory.  Also Wen-Xing and Rui-Ling [11]  investigated the75
effects of highway slopes on the stability of traffic flows using the Richard’s model. Ngoduy [13] used the continuun theory76
and applied the multiclass approach to display the widely scattered flow–density relationship caused by random driver77
behaviour. Qiaoru et al. [14], relying on traffic shock wave theory studied the influence of moving bottleneck caused by78
large trucks in the traffic stream through simulation with VSSIM software. Hani and Rahim[15] analysed queue formation79
and dissipation in work zones using the shock wave theory. Suzuki and Matsunaga [17] evaluated the safety of platooned80
vehicles based on shock wave theory. Duret et al [12]. examined the onset of traffic congestion due to low-speed merging81
maneuvres in the traffic stream by use of shock wave theory.   The range of applications of shock wave theory on highway82
segements can therefore be extensive. According to wikibook [18] ‘Shockwaves are byproducts of traffic congestion and83



queueing. They are transition zones between two traffic states that move through a traffic environment like, as their name84
states, a propagating wave.” The statement is also supported by Khisty and Hall [7]. They also presented traffic85
shockwave propagations as function of congestion and queuing.So, it can be postulated that if kinematic wave is a mere86
motion and shockwave propagations are function of congestion and queing then they are clealy different. In any87
case,kinematic wave is a family of parallel characteristics in the x-t plane. Kinematic wave (kw) can be computed as:88

89 = (1)90

91
Kinematic model is made up of three components: the fundamental diagram, the conservation equation, and initial92
conditions. Where density is defined as ( , ) and flow is ( , ) then, > > : Integrating over an arbitrary time93
interval,[ , ]94
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This is equivalent to100

101
Therefore the integrand equation 2 is the Conservation Law[6].  It is the fundamental law governing the kinematic Wave102
Model.103

104 + = 0 (2)105
106

If q and ρ is assumed to be = ( ); Then + ( ) = 0, ( ) = ′( )107
Plug discontinuities into the solution by a simple jump in q and ρ assuming q and ρ are continuous; > > ( ), ( ) >108 > Then;109
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Where: ( , ), → ( , )are the values of ( , ), → ( ) (3)117
118
119

2.1 Shockwave- It is a formation of an abrupt change in traffic stream with compressive characteristics that will trigger120
temporary congestion. Traffic shockwave is a function of flow/density relationship.Lighthill and Whitham[4]postulated that121
there exists some functional relationship between flow and density that may vary with location but not with time. Where122
location is x and time is t; then123 ( , ) = ( ( , ), ) (4)124

If it assumed that there is no vehicle entering or exiting the traffic stream, then the equation of continuity can be applied to125
equation 8 to give a partial differential equation 7 for q (x, t).126

( , )+ ( , ) = 0 (5)127
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This is an exaggerated assumption, nonetheless;128

( ( , ), ) ( , )+ ( , ) = 0 (6)129
130 ( , ) = ( , ) (7)131
132

Should the lead driver brake abruptly due to changes in traffic, roadway, weather or ambient conditions the resultant133
kinematic wave will operate along lines C, A and Bas shownbelow in figure 1. However, traffic shockwave speeds will134
operate between A and B; as shown in figure 1. So care should be taken when expressing traffic kinematic so as not to135
misconstrue it as traffic shock wave propagation. They are clearly not the same thing. The area of traffic shockwave (sw)136
in figure 1 can be taken as:137

138 = ∫ ( ) = + − (8)139
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For kA< k ≥ 0.85q; Else Sw = 0141
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Figure 1Flow-density curve with kinematic wave ABC166
167
168

2.2Rarefaction wave-It is the effect that the kinematic profile with diverging characteristics has thinned out over time. In169
essence rarefactions are post shockwave formations, keep in mind that shockwave is a post capacity kinematic wave.170
Rarefaction can occur in circumstance where traffic change is spread across the stream simultaneously, for example at171
the onset of rainfall or snow. However, rarefaction expansion is limited to pre-capacity section of the flow/density curve172
shown in figure 1. As mentioned earlier, traffic shockwaves are by-products of congestion and queuing [4] whereas173
rarefaction waves are merely the kinematic effects that thin out over time. In order words rarefaction faction (Rw) will174
operate between C and A (see figure 1); hence175

176 = For kA ≥ k ≥ 0.85q; Else Rw → Sw (9)177

178

Flow, q(veh/h)

A

Density, k (veh/km)
0

BC

kC kA kB



As contained in main literature, the flow/density curve is made up of two sections (pre and post capacity). Travel speeds179
oscillate between free-flow and capacity (0 ↔ Q) at the pre-capacity section, oscillation stops at capacity and it is followed180
by traffic contraction till jam is reached. Where 0.85 is assumed as the bench mark for traffic flow it can be postulated that181
rarefaction and shockwave will operate between ± 0.85 of the road capacity. Rarefaction wave may be mild before 0.85182
whilst shock wave will be in congestion after 0.85 it can be argued.According to Ben-Edigbe [2, 3], the critical density (kA)183
is reached at the apex point of the curve shown in figure 1. Up till that point, traffic stream is operating under184
unconstrained conditions not free flow as often mentioned in many literatures.  Beyond the apex point, traffic flow is185
operating under constrained condition.186

Since our interest is in estimating the traffic kinematic wave, the choice of precise value of critical density need not be very187
critical to the study outcome. So, it may be postulated that road hump can cause traffic kinematic waves. The waves may188
be strong enough to send shock through the traffic streamor it may be mere rarefaction wave. If the assertion that, ‘traffic189
shockwaves are post capacity products as suggested in the paper is to hold, then congested traffic flow and density must190
be in temporary congestion. Therefore, a threshold capacity must be estimated in other to ascertain whether traffic191
shockwave has indeed occurred. Where the threshold capacity has been exceeded the passenger car equivalent values192
being an instrument of capacity computation must also be modified. Ignoring PCE modifications could lead to grossly193
inaccurate road capacity with consequences for modeling. Therefore care should be taken when expressing wave in194
traffic in order not to misrepresent one for another.195

196
2.3Data collection- In order to determine impact of road hump (RH) on traffic kinematic wave, ‘with and without’ RH197
impact studies were undertaken at selected sites in Skudai, Malaysia. The basic criteria for selection among others are198
that; sites must have straight section, flat terrain, and good pavement surfaces. The geometric shape of roads, height of199
road hump, pavement conditions and other environmental factors also were taken into account in selecting the study site200
to avoid biases. In addition traffic flow must not be influenced by factors such as petrol stations, bus stations, mosques,201
intersections, traffic signals, and parking. Roads were designed to Malaysian specifications [5]. Sites are divided into two202
sections A (free flow section) and B (hump constrained section) as shown below in figure 3. Section A is set 110m from203
the hump. Note that section A must be set at a distance greater than SSD so as to minimise the influence of road hump204
on drivers’ reaction as they approach the barrier. The distance is computed from stopping sight distance (SSD) equation205
10; assuming reaction time to be 2.5s and deceleration rate to be 3.4m/s2.  Automatic traffic counters (ATC) were installed206
on the road sections as shown in figure 2. Two pneumatic tubes were set at one meter apart across the carriageway lane207
width and connected to an automatic recorder. 24-hr traffic volume, speed, headway, and vehicle type data were captured208
per section continuously for twelve weeks. Random periodic hourly manual traffic counts were carried out to check209
reliability of traffic data captured by ATC. Three types of vehicles private car, light truck (4.8 and 11.1m length) and heavy210
trucks > 11.1m length were identified. Traffic stream data per section per site for working days (Monday - Friday) under211
dry weather, daylight conditions were collated into peak and off-peak traffic stream data. Average traffic stream weekly212
peak and off-peak data were determined and bunched into twelve (one per week). Then, twelve peak hour traffic stream213
flow and corresponding speed data from section A were used to determine the base traffic flowrate pattern. Twelve off-214
peak hourly traffic stream flow and corresponding speed data per site per section were used to develop flow/density215
function.216 = 0.278 + . (10)217
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Figure 2 Typical layout of impact study site226
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3. RESULTS AND DISCUSSION227
228

Traffic stream peak data for road section without hump were analyzed in order to estimate the base traffic flow and229
density performance criteria of the road section under observation. The method used for estimating empirical maximum230
flowrelied on flow, speed and density relationship [1], where flow is related to density, it is assumed that speed is the231
resultant slope. The paper used off peak traffic data for comparative assessment of kinematic waves so as to remove the232
effect of peak travel from the estimated outcomes.  As shown below in figure 3 and illustrated in figure 4, the base traffic233
flow data (qB) was computed as:234

235
qB = -0.51k2+74.6971k-1010.6                                         (11)236

237 = −1.02 + 74.697 = 0; ℎ ≈ 73
238

Plug k into the model equation11,239
240

Capacity QB = 1725pcu/h.241
242

243
Note: Red (q1=without RH); Blue(q2=with RH); Green (qB=base flowrate)244
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Fig. 3. Typical flow/densitymodel coefficients246
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Fig. 4. Estimated Base Parameters267
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The model equations have the correct signs, and for each case study model coefficients shown above in table 1 were270
statistically tested for reliability. Coefficients of determination R2 shown that equations are acceptable for prediction, t-test271
(>3) results show that the independent parameters are useful and the F- Statistics> 5, show that the model equations did272
not happen by chance. Typical results from the model coefficients are shown below in table 1.273

274
Table 1. Model Coefficients and coefficients of determination275

276
Case q1 R2 q2 R2

1 -0.5319k2+54.501k-71.395 0.84 -0.3831k2+43.083-144.57 0.95
2 -0.4226k2+35.042k-22.851 0.91 -0.5905k2+48.545k-22.698 0.96
3 -0.6519k2+54.071k-41.607 0.75 -0.3692k2+41.752k-120.67 0.93
4 -0.7137k2+48.86k-169.255 0.96 -0.4232k2+46.944k-6.9547 0.97

277
278

Notethat in figure 4 above speed (v) is the slope of flow (q) and density (k)It increases from q1 to QB and decreases279
thereafter because of capacity restraint. Traffic flow oscillates from zero to QB and flowrate contracts thereafter to zero.280
The difference in traffic flow behaviour partly explains why kinematic wave is not the same as traffic shockwave. In any281
case the base flowrate in figure 4 is 1725pcu/h; it hasa corresponding critical density of 73veh/km meaning that the critical282
density of 73veh/km must be exceeded for traffic shockwave to occur on the surveyed road sections. The base flowrate is283
absolutely crucial when determining traffic shock wave because it will show whether road capacity has been reached284
and/or exceeded. The beginning of traffic shock wave in figure 4 is at QB and it will terminate at q2. Should traffic kinematic285
waves occur they will start from q1 and end at q2286

287
It has been mentioned earlier that traffic shockwave can be construed as temporary congestion, further that in the288
flow/density curve and indeed its subordinate speed/flow curve, speed oscillate at the unconstrained section often called289
free flow of the curve. Whereas traffic flow contraction and expansion occur at the constrained section of the curves and it290
is this behavioural change that will trigger shock in the traffic stream. In all cases shown below in table 2, there is no291
evidence of traffic kinematic, rarefaction or shock waves whatsoever. That can be attributed to two factors namely;292
sufficient forward visibility and pre-hump warning signs.293

294
Table 2.    Traffic kinematic, shock and rarefaction waves295

296
Case q1 QB q2 k1 kB k2 Kw Sw Rw

1 1325 1725 1063 51 73 57 0 0 0
2 1267 1725 976 42 73 42 0 0 0
3 1069 1725 1074 45 73 58 0 0 0
4 672 1725 1298 35 73 56 0 0 0

Note - Kw=q2 - q1 / k2 – k1; Sw=q2 – QB / k2 – kB; Rw=QB – q1 / kB – k1;297
Provided k2>kB, Else Kw=Sw=Rw = 0:298

299
300
301

4. CONCLUSION302
303

The differences between traffic kinematic wave and shockwave were highlighted and discussed in the paper. The paper304
has shown that traffic kinematic waves can occur without triggering traffic shockwaves; and further that rarefaction305
wavesarereverse kinematic waves. Rarefaction waves occur when kinematic wave propagations terminate.Based on306
hypothesis that 75mm road hump cannot be called solely to account for traffic kinematic wave; traffic flows and densities307
for road sections with and without hump were computed and compared. The synthesis of evidence from the study show308
that road hump did not trigger kinematic in all four case studies; consequently the paper concludes that the hypothesis309
that road hump will trigger traffic shockwave is null and void; it is more likely to be driver’s error, poor judgment or sheer310
reckless driving.311

312
ACKNOWLEDGEMENTS313

314
We would like toacknowledge University of Technology Malaysia for providingfinancial assistance as well as enabling315
research environment.Also the Malaysia Royal Police for providing safety during and after installation of automatic traffic316
counting equipment. We thank staff, technicians and friends that have participated one way or the other with data317
collection and figure crunching. We take full responsibility for data accuracy or otherwise contained in the paper.318

319



COMPETING INTERESTS320
321

Authors have declared that no competing interests exist.322
323
324

REFERENCES325
326

1. Alhassan, H.M. and Ben-Edigbe, J. Effect of Rainfall Intensity Variability on Highway Capacity, European Journal of327
Scientific Research, 2011: 49(1):117-126328

2. Ben-Edigbe, J. Assessment of Speed-Flow-Density Functions under Adverse Pavement Condition’ International329
Journal of Sustainable Development Planning 2010:5(3):238–252330

3. Ben-Edigbe, J. and Ferguson, N. Extent of Capacity Loss Resulting from Pavement Distress’ Proceedings of the331
Institution of Civil Engineers 2005:158;27–32.332

4. Lighthill M.J and Whitham G, B On kinematic waves, I: Flood movement in long rivers. II: A theory of traffic flow on333
long crowded roads, proceedings royal Society, 1955: A229, 281-345334

5. IDRA Road layout Design Blueprint for Iskandar Malaysia”Iskandar Development Regional Authority (IDRA), Johor335
Bahru, Malaysia ISBN 9 78-967-5626 2011:23(4)15336

6. Newell, G.F. A simplified theory of kinematic waves in highway traffic, part I: General theoryTransportation Research337
Part B: Methodological1993: 27(4); 281–287338

7. Khisty C J, Hall B K Third Edition Transportation Engineering An Introduction Prentice hall 2008 p. 145339
8. Xinkai, W. and X.L. Henry, A shockwave profile model for traffic flow on congested urban arterials. Transportation340

Research Part B., 2011. 45(2): p. 1768-1786.341
9. Yan Qiu, Du Wen, and Y. Fenjuan, Application of Traffic Flow Wave Theory to Research the Impact of Large-Scale342

Trucks on the Flow of Expressway. Proceedings: International Conference on Transportation Engineering, American343
Society of Civil Engineering 2011.344

10. Alica, K. and K. Zuzana, Effect of Aggressive Driving on Formation of Congestion. Modern Traffic Telematics:345
Communications in Computer and Information Science. , 2011. 239: p. 218-225.346

11. Wen-Xing, Z. and Y. Rui-Ling, Nonliunear Analysis of Traffic Flow on a Gradient Highway. Physica A, 2012. 391: p.347
954-965.348

12. Duret, A., J. Bouffier, and C. Buisson, Onset of congestion from Low-speed Merging Maneuvers within a Free-Flow349
Traffic Stream. Transportation Research Record: Journal of Transportation Research Board, 2010. 2188(96-107).350

13. Ngoduy, D., Multiclass First-order Traffic Model Using Stochastic Fundamental Diagrams. Transportmetrica 2011.351
7(2): p. 111-125.352

14. Qiaoru, L., et al., Influence of the Moving Bottleneck on the Traffic Flow on Expressway. Applied Mechanics and353
Materials, 2011 97-98: p. 480-484.354

15. Hani, R. and B. Rahim, Analysis of Queue Formation and Dissipation in Work Zones. 6th International Symposium on355
Highway Capacity and Quality of Service 2011 Stockholm, Sweden.356

16. Richards, P.I., Shock Waves on the Highway. Operations Research, 1956 4: p. 42-51.357
17. Suzuki, H. and K. Matsunaga, New Approach to Evaluating Macroscopic Safety of Platooned Vehicles Based on358

Shock Wave Theory. SICE Annual Conference, Taipei, Taiwan, 2010359
18. http://en.wikibooks.org/wiki/Fundamentals_of_Transportation/Shockwaves accessed 12 December 2013360

361
362


