
The main object of this study is to contribute to the study of the train-induced force on 
pedestrians with a theoretical model based on unsteady potential flow. The same method can 
be applied to other bodies and other kind of moving vehicles. 

The outcome of this theoretical model is that the force coefficient (referred to the vehicle 
speed and the pedestrian cross-section diameter) acting on the pedestrian are proportional to a 
single parameter which involves the pedestrian cross-section diameter, the vehicle cross-section 
area and the distance between the pedestrian and the vehicle. 

The results of the present model concerning the change in modulus and orientation 
experienced by the pedestrian, as the vehicles pass by, has a similar appearance to that 
considered in the European standards. 

The results obtained are mainly qualitative because of the simplifying assumptions needed 
to obtain a simple formulation leading to analytical results, except in the case of a vehicle with 
streamlined front shapes, where quantitative results can be expected. 

1. Introduction

High speed train operation creates many problems for railways companies, due to 
transient aerodynamic effects: lateral wind gust, pressure waves in tunnels, pressure 
applied to passing trains (unsteady aerodynamic effects associated with the passing 



Nomenclature 

d distance from the barrier to the cylinder axis (m) 
fix) complex potential (m2/s) 
git) dummy function (Pa) 
p static pressure (Pa) 
t t ime (s) 
tp characteristic time of vehicle pass (s) 
tv viscous time scale (s) 
XQ source position in ground-fixed reference frame (m) 
xv, r vehicle fixed reference system (m) 
x,y,z ground fixed reference system (m) 
x', z' reference sys tem al igned wi th V(XJ (m) 
A\,iN) width of the vehicle (m) for the two-dimensional case (N = 1) and twice 

the vehicle cross-section area far downstream (m2) 
FX,FX<,FZ,FZ< force components, per unit length (N/m) 
H cylinder height (m) 
Q volumetric source intensity (m3/s) 
R radius of the cylinder representing the pedestrian (m) 
C/oo vehicle speed (m/s) 
V velocity modulus (m/s) 
Fa, undisturbed velocity at the centreline of the cylinder representing the 

pedestrian (m/s) 
6 position on the cylinder in trigonometric variable (rad) 
p fluid density (kg/m~3) 
a speed orientation angle (rad) 
jS force direction angle (rad) 
q> velocity potential function (m2/s) 
x = x + \y complex variable (m) 
v kinematic viscosity (m2/s) 
Ft partial derivative with respect to time, d/dt (s_1) 
CFT ne t force coefficient, cpT = ic2

F + c2
F ) ! ' 2 

CFT m 

ex t reme value of the force coefficient cFT 

CFX1, CFZ< c o m p o n e n t force coefficients, cpy = F^/^pU^ilR) 
cFx, cFz c o m p o n e n t force coefficients, cFx = Fx/^p U1^ (2R) 
CFxmsi? €x mb 

extreme values of the force coefficient cFx 

cRiN) configuration parameter, cRiN) = RA^,iN)/dN+l 

N symmetry of the flow, N = I two-dimensional, N = 2 axisymmetric 
three-dimensional flow 

Re Reynolds number, Re = RUcx>/v 
T dimensionless time, T = tUcx>/d 
Txmb dimensionless time at Fx secondary maximum 
Tzm dimensionless time at Fz maximum 



of the nose of high-speed trains and of the slipstreams and the tail wake, dynamic 
excitation, coupled with the aerodynamic forces generated by the train), etc. 

One of the main problems that evidence the reality of the technical and economic 
impact is the safety of persons standing in the neighbourhood of the track, when 
placed under the effect of the vehicle-induced aerodynamic loads. 

A basis for industrial development of appropriate solutions and widely accepted 
guidelines is needed in order to allow for a deeply founded development of the 
transport sector. In spite of the fact that this development is very important, there is 
a lack of published research in the field of unsteady loads induced on objects placed 
close to the tracks (pedestrians, structures, traffic signs, etc.) by the train when it 
passes. 

The main object of this study is to contribute to the study of the train-induced load 
on pedestrians (although the same method can be applied to other bodies and other 
kind of moving vehicles). There are a few studies published concerning the pressure 
induced by a vehicle on pedestrians [1], vehicle-induced forces on flat plates and in 
traffic signs models [2], and full-scale measurements [3,4], which are mainly 
experimental. Some attempts have been made in order to explain, based on 
theoretical models, the observed time variation intensity of the load: 

• in Ref. [5] the pressure variation with time measured in Ref. [1] was explained by 
using a simple mathematical model, although the comparison was limited due to 
the lack of available data concerning the values of the experimental parameters. 

• in Refs. [6,7] the force variation (reported in Refs. [2,3]) measured on traffic signs 
was compared with a mathematical model, extension of the model presented in 
Ref. [5], and good qualitative (in some cases also quantitative) agreement was 
reported. 

However, in the theoretical models presented in Refs. [5-7], the case of the force 
on a pedestrian was not considered, which is the aim of the present paper. 

Following the method developed in Refs. [5-7], the aim of this paper is to obtain 
simple expressions for the speed generated by the vehicle motion and for the 
dependence with time of the force generated on the pedestrian, simple but able to 
explain the main characteristics of the phenomenon. The absence of appropriate 
experimental results published in the literature does not allow proper experimental-
to-theoretical result's comparison. In spite of that, the validity of the model 
developed here is based on the comparison with the results of the theoretical models 
already developed for traffic signs. Additionally, the parallelism between the 
solutions of the two problems is established. 

The model assumptions, as explained in Ref. [6], are based on the results of the 
full-scale measurements [3], which show "that the wind-induced forces can be treated 
separately from vehicle-induced loads, because the latter ones are generated largely 
by the transient pressure field induced by the vehicle motion relative to the sign and 
not by the motion of air". 

The outcome of the mentioned theoretical models and experimental studies is that 
the main parameters that influence the force coefficient (referred to the vehicle speed 



and the sign area) acting on a sign are: the sign size, the sign orientation, the vehicle 
cross-section area, and the distance between the sign and the vehicle. 

Of course, the nose shape is also important, but the study of this factor requires 
more complex mathematical (or numerical) models yet to be developed. 

The action of the train on the pedestrian should be similar to that on a traffic sign: 
when the vehicle passes an unsteady pressure force appears attracting the sign 
towards the vehicle, phenomenon which can be traced back to a potential flow effect. 
The aim of the paper is to cover the absence of published theoretical models (mainly 
analytical) in which the test methods could be based upon, or even better, new 
experimental simplified methods could be designed. 

The model developed here is an adaptation of the one presented in Refs. [5-7], 
which is based on the following assumptions: 

(1) The flow generated by the vehicle motion is considered as a potential one. The wake 
effect is not considered here and the attention is focused on the vehicle nose effects. 

(2) The potential flow is generated by a moving source, of intensity Q. Two cases are 
considered: 
(a) a tall vehicle close to the pedestrian (two-dimensional flow around the 

vehicle); 
(b) a not-so-tall vehicle or pedestrian not-so-close to the vehicle (three-

dimensional flow around the vehicle). 
(3) The transversal size of the pedestrian is small compared to both the vehicle 

transversal size and the vehicle-to-pedestrian distance. Therefore, the influence 
of the pedestrian in the flow generated by the vehicle is small. The existence of 
two length scales allow us to say that the problem can be split into two simpler 
problems: 
(a) a uniform (and steady in body-fixed reference frame) incident flow that 

flows around the vehicle (neglecting the pedestrian), which dominates the 
whole flow field, and 

(b) a uniform but unsteady flow around the pedestrian, which is relevant only 
close to the pedestrian at distances of the order of the pedestrian diameter. 

(4) The pressure field on the pedestrian is obtained by using the Bernoulli equation 
for unsteady flows. 

(5) As shown in Ref. [7] no wake is developed behind the cylinder at the first 
moments of the vehicle pass, as the vehicle pass is very quick, thus the primary 
forces on the cylinder just at the first moments are a result of rapid acceleration 
of the fluid. As shown below, the wake is not developed at the first vehicle 
passage time interval. The characteristic time of vehicle pass is tv = R/ U(XJ, 
where R is the cylinder radius and Uco the vehicle speed, larger than 10 m/s in 
the cases of interest. The viscous time scale needed to develop a boundary layer 
leading to the production of a wake behind the cylinder, containing vortices, is of 
the order of tv = R2/v, where v is the kinematic viscosity. Therefore, tv/tv = 
v/(RUoo) = 1/Re, where Re is the Reynolds number which usually is Re^l. 
Therefore, the pass is so quick that there is not time enough for a wake to be 
developed on the flow behind the cylinder. 



Following the above-mentioned scheme, the flow generated by a source will be first 
considered. Then the flow around the pedestrian body will be analysed. Finally the 
matching of both problems will give expressions for the force acting on the pedestrian. 

2. Flow generated by the vehicle motion 

The configuration considered is sketched in Fig. 1. In a reference frame (xv, r) fixed 
to the vehicle, it is represented by a source placed in an incoming steady, uniform 
flow C/QO, along the x-axis (the direction of the vehicle motion). Two different 
limiting situations can be considered. If the vehicle has a rectangular cross-section 
shape and the pedestrian is close to the tracks (in case of trains) or to the road (in 
case of road traffic) the flow induced by the vehicle at the pedestrian position is 
nearly two dimensional, so that the vehicle shape (in what concerns the flow close to 
the pedestrian) can be considered as generated by a vertical source line (a two-
dimensional source, that is, a source line parallel to j-axis, case denoted as TV = 1). If 
the pedestrian is far enough away, the flow produced by the vehicle at the pedestrian 
position can be considered as axisymmetric, and therefore to estimate the incoming 
flow impinging in the pedestrian the shape of the vehicle can be considered as 
generated by a three-dimensional source (denoted a.s N = 2), as the case sketched in 
Fig. 1. The second case, one could consider the situation to be analogous to the far 
field behaviour of the inner field in the slender body problem, where the non-
axisymmetric flow field that appears close to a non-axisymmetric slender body 
becomes axisymmetric as the distance from the body increases [8]. 

Therefore, for a vehicle with a nose shape similar to the one generated by a two- or 
three-dimensional source the present model will give two limiting values of the force, 
the two-dimensional limit (valid if the pedestrian is close to the vehicle) and the 
three-dimensional limit, which applies at larger distances. 

The velocity induced by a moving source, placed at XQ = U(XJ t (the position of the 
source in ground-fixed reference frame), on the pedestrian position is given by Sanz 
Andres et al. [6]. 

V -_ f i \ (1) 

Fig. 1. Sketch of the configuration considered, (r, xY) vehicle fixed reference system. (x,y,z) ground fixed 
reference system, d, distance from the vehicle path to the pedestrian location. Q, source intensity. Ab, 
cross-section area. The axisymmetric source case (3D, JV = 2) is represented. 



where N = 1,2 denotes two- (2D) or three-dimensional (3D) flow fields, respectively. 
d is the distance from the pedestrian to the moving vehicle middle plane. U(XJ is the 
vehicle motion speed. The time origin t = 0 represents the closest position of the 
source with regard to the pedestrian and, from now on, it is named as "vehicle pass 
origin". 

The orientation angle of the flow impinging in the pedestrian, a, is given by 

S m a = r 2 . ,,,1/9 ( 2 ) 

or 

H + d2]"2 

. = « » - ' ( ^ ) . (3) 

The source intensity, Q, is determined based on mass flow considerations to be 

Q = Ucx>Ah(N), (4) 

where A\,(N) is the moving body cross-section area far downstream, where the 
incident flow speed Uoo (in vehicle-fixed reference frame) is recovered. The vehicle 
itself and its image with regard to the ground plane form the moving body. In a two-
dimensional configuration A^(m) represents the area of the cross-section per unit 
length, that is, the vehicle width. A^(m2) represents the area of the vehicle far 
downstream for the three-dimensional case. 

The shape of the bodies obtained in such a way is rather streamlined, but a more 
representative shape could be obtained by using a superposition of sources, sinks and 
doublets, although at this stage just a rough model of the vehicle is enough for the 
aimed purposes. 

3. Flow around the pedestrian 

The pedestrian can be represented as a circular cross-section cylinder of radius R 
and height H, as shown in Figs. 1 and 2. The flow generated by the source that 
impinges in the pedestrian has a magnitude V{XJ(XQ) and direction a(xo), which 
depends on the position of the source with regard to the pedestrian position (Fig. 2). 
Fa, is the undisturbed velocity at the centreline of the cylinder representing the 
pedestrian. 

Close to the pedestrian, if H^>R, around each y section (except close to the 
cylinder ends) an almost two-dimensional flow is established. 

The solution of the two-dimensional problem is obtained by using the complex 
potential formulation, / ( r ) , where x = x + \z is the complex variable, 

f(x)=V00(e-i"-x + ei"-R2/x). (5) 

The velocity potential function q> on the cylinder surface (x = Re10) is given by 

cp = Re[f(x)] = 2Vcx>Rcos(6 - a), (6) 



Fig. 2. Model of the flow generated by the vehicle impinging the pedestrian. Vrxl, flow speed at the 
pedestrian position generated by the source Q. a, flow direction. (x,z), ground fixed reference frame. 
(x',zr), rotating reference frame oriented along incoming flow direction, d, distance from the vehicle path 
to the pedestrian location. 

where Re denotes the real part. Expression (6) is the classical solution for the 
potential flow of a uniform incident stream around a circular cylinder, but rotated an 
angle a. 

The pressure field is obtained by using the Bernoulli equation for a non-steady 
potential flow field 

P + \pV2 + P(pt = g(t), (7) 

where p, V and p are the static pressure, the velocity modulus and the fluid density, 
respectively, of the flow around the cylinder representing the pedestrian. g(t) is a 
function of time. 

In the calculation of the force acting on the cylinder the dynamic pressure term 
0 p V1 will not contribute (due to the symmetry of the velocity field) and the g(t) 
term is uniform on the whole flow field, so that its integral contribution to the force 
on the cylinder will be zero. Taking into account the only one term contributing to 
the force, pq>t, the pressure on the cylinder surface is reduced to 

p = —p<pt = —2pR[Vcx>cos(8 — a) + dVcx> sin(8 — a)]. (8) 

The force components Fx and Fz are given by 
p2% 

Fx = - p(8) cos 8R A8 = 2npR2[ Vm cos a - d Vm sin a], (9) 
Jo 

Fz = - / p(8) sin 8R A8 = 2npR2[Vm sin a + AVm cos a]. (10) 
Jo 



These results can be considered as if the force would be a combination of two simpler 
force contribution i v and i v along axes x' and z' {x! directed along V(XJ direction, 
and z' normal to x'), as shown in Fig. 2, given by 

Fx,=2npRzVcx>, (11) 

iV = 2iipR2<xVm. (12) 

The force component i v is generated by the acceleration of the fluid along x', and 
the force component i v is due to the change of direction of the impinging flow. 

The force coefficients in dimensionless form are given by 

iV Fa, 
CFV = -. = 2%R—r-, (13) 

\pUl(2R) ui; l ' 

civ = i ^ = 2nR ^ . (14) 

Substituting FQO, FQO and d from Eqs. (1) and (3) and using the dimensionless time T 

T=Ff, (15) 
expressions (13) and (14) become 

T 
CF* = cR(N) N/2+v (16) 

_ cR(N) 1 
CFz'~ N (T2+lf/1+v ' 

where 

is the configuration parameter. This parameter shows the dependence of the force 
coefficient on the several geometrical parameters involved: the pedestrian cross-
section radius, the vehicle cross-section area and the distance between the pedestrian 
and the vehicle. 

The force component coefficients referred to axes x and z are given by 

CR NT2 - 1 
cFx = cFx, cos a - cFz, sin a = - + (jy+3)/2. C19) 

1 + N T 
cFz = cFx, sin a + cFz, cos a = cR ^ ^ + 1)(jy+3)/2- ^20) 

The variation with time T of the force component coefficients cFx and cFz are plotted 
in Fig. 3. 



Fig. 3. Variation of the force coefficient, cp, with the dimensionless time, T. CR is the configuration 
parameter. 2D (3D), two- (three-) dimensional source. Solid line (symbol z), transversal force coefficient 
cpz. Dashed line (symbol x) longitudinal force coefficient cpx. cpx > 0 means force pushing in the vehicle 
direction. cpz > 0 means force pushing out of the road. 

Concerning the longitudinal force (along track), cFx, the force expression (19) is 
very similar to the force generated by a passing vehicle on a traffic sign placed 
normal to the track [6]: first a small force pushes in the vehicle direction when the 
vehicle is approaching, but a strong peak in the opposite direction to the vehicle 
motion occurs when the vehicle leading edge is close to pass the sign [2]. The time 
evolution is symmetric with regard to the vehicle pass origin (the pass of the source in 
front of the pedestrian). The extreme values of the force, cpxma, occurs at T = 0, the 
vehicle pass origin 

CFx ma — 
cR(N) RAb(N) 

(21) 
N NdN+x ' 

which gives a first estimation of the influences of the parameters A\,, d, R and N. 
The secondary maximum occurs at T = Tx mb 

Txmh=±yJ^ (22) 

and the associated relative maximum value is cpx mb 

cFxmb — CR 
N (iV+3)/2 

where 

cFxmb(l)^ 0.125 

cFxmb(2)^ 0.101 

RAh(l) 

N RAh(N) 2 
dN+l N\N + 3 

(iV+3)/2 

d2 ' 

RAh(2) 
d3 ' 

(23) 

(24) 

(25) 



The relation between extreme values is 

CFx mb 

CFx mb 

N N( iV+3)/2 

CFx 

= 2( - ) =0.125 for N=\, (26) 

0.202 for TV = 2 (27) 

and can be used, together with the position of the extreme values, to characterize the 
experimental results. 

Concerning the transversal force coefficient cFz, given by Eq. (20), the result is very 
similar to the force experimented by a traffic sign placed parallel to the vehicle 
motion (Fig. 3): the sign is pushed out of the road when the vehicle is approaching 
(T<0) (which is also the phenomenon experienced when a train crosses with another 
running in the opposite direction in a parallel track) and it is pulled towards the 
vehicle when the leading edge of the vehicle passes the sign. The time evolution is 
antisymmetric with regard to the vehicle pass origin (T = 0). 

The extreme values of the transversal force coefficient, cFzm, occurs at T = Tzm, 

T'»=±\INT* (28) 

\cFzm\ = cR(N)czm(N) = - ^ r - ( - - - - J (N + 3)(N+3)/2> <29) 

where 

N + 1 (N + 2')(jV+2)/2 

cFzm(l) = 0 . 6 5 0 ^ ^ , (31) 

cFzm(2)^ 0.429 ^ P - . (32) 

As in the previous case, expression (29) gives the influence of the configuration 
parameters included in CR(N) and of the flow characteristic (through czm(N)). 

The component force coefficients, cFx and cFz on a cylinder have twice the value of 
the force coefficient on a sign (flat plate model), oriented normal and parallel to the 
road, respectively, found in Ref. [6]. 

Eqs. (19) and (20) can be combined to obtain the net force coefficient, cFF, and the 
force direction angle jS, defined as follows: 

1 [N2T4 + (1 + N2)T2 + 1]1/2 

*F*^W -CR^>N (J-2 + 1)(A'+3)/2 
cFT = (cFx + c2

Ff2=cR(N)-

RAh(N)[N2T4 + (l+N2)T2+l] 

dN+1 N(T2 + l)(N+3)/2 ' 



0.25 

Fig. 4. Variation of the net force coefficient, cpr, with the dimensionless time, T. CR is the configuration 
parameter. 2D (3D) two- (three-) dimensional source. 

tan fi(T, N) 
CFz 

CFX 
(l+N)-

T 1+N sin 2 a 
(34) 

NT2 - 1 2 N cos2 a - sin2 a' 

The net force coefficient evolution with time, CFT(T), is shown in Fig. 4 for 2D and 
3D flows, where the symmetry with regard to vehicle pass origin T = 0 can be 
appreciated. The maximum value of the force coefficient CFT m occurs at vehicle pass 
origin T = 0 and is given by 

cR(N) RAh(N) n , RAh(l) / 0 , RAh(2) 
CFTi CFT m(l) CFTm(2) 

N - Nd™ ' ri m w - d2 ' ri myj - 2di ' 
where Â  shows the influence on the force of the flow characteristics (2D and 3D 
flows). 

The force direction evolution with time, \i{T, N), given by Eq. (34), is shown in 
Fig. 5a, where the influence of the dimensionality of the flow, and the sudden 
direction change in the range — 1 < T < 1 can be appreciated. In particular, it can be 
shown from Eq. (34), that in the 2D case (N = 1) the force orientation angle is 

p(T, 1) = 2a(T). 

The variation of the force direction jS, with the incoming flow direction a, is plotted 
in Fig. 5b. In the 3D case the evolution jS(a) is close to the 2D case. 

The change of force direction is as follows. As a(T) increases from 0 to re then fi(T) 
changes from 0 to 2%, that is, the force direction changes monotonously with time. 
At the beginning (a = 0) the force is oriented towards the vehicle motion direction 
(jS = 0); when the vehicle is passing (a = %/2) the force acts in the direction opposite 
to the vehicle motion (fi = it); when a = 3TC/4 the force pushes the pedestrian 
towards the track (fi = 3n/2), and afterwards (a = it) the force is oriented again in 
the vehicle direction (/? = 2%). 

The maximum transversal force towards the vehicle occurs when T = Tzm = 
v/l/(7V + 2)and is given by Eq. (29) and is shown in Fig. 3. 
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Fig. 5. (a) Variation of the force direction /J with the dimensionless time, T. 2D (3D) two- (three-) 
dimensional source, (b) Variation of the force direction, /J, with the incoming flow direction angle, a, 2D 
(3D) two- (three-) dimensional source. 
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Fig. 6. Instantaneous force coefficient, cpx and cpz for a circular cylinder at the road on track side, CR is the 
configuration parameter. 2D (3D), two- (three-) dimensional source. cpx > 0 means force pushing in the 
vehicle direction. cpz > 0 means force pushing out of the road. 



The variation of cpz with cpx is shown in Fig. 6. The change in modulus and 
orientation experienced by the pedestrian as the vehicles pass by can be clearly seen. 
This plot has a similar appearance to that of Fig. 7 in Ref. [9]. 

4. Conclusions 

In this paper, the force acting on a pedestrian produced by a vehicle passing close 
to it has been modelized by using unsteady potential flow theory. The following 
conclusions can be outlined. The evolution of the total force as well as the force 
component parallel to the vehicle motion is symmetric with regard to the time origin 
(vehicle pass origin), and the maximum values appear at just this time origin. 

On the other hand, the transversal force component, acting towards the vehicle 
path, is antisymmetric with regard to the vehicle pass origin, and the maximum value 
appears when the source representing the vehicle is at a distance 

dTzm = d\ ' 
N + 2 

from the vehicle pass origin. The direction of the force changes during the vehicle 
pass, the angle being nearly twice the angle between the vehicle trajectory and the 
source-pedestrian line. A sudden change in force direction happens when the vehicle 
is passing closest to the pedestrian, at distances in the range —d to d measured from 
the vehicle pass origin. 

The force coefficient depends on the geometrical parameters involved (pedestrian 
cross-section radius, R, vehicle cross-section area A\,, distance between them, d) 
through a non-dimensionless combination called configuration parameter: 

dN+v 

The results obtained in this paper help to appraise an impression of the effect of a 
moving vehicle (train, trunk, etc.) on a body with volume (pedestrian, worker, masts, 
etc.) close to the vehicle path and the influence of the parameters involved. A curious 
result is that the force coefficient depends on both the diameter of the body and the 
cross-section area of the moving vehicle. Therefore, care should be taken when 
designing aerodynamic tests at reduced scale. 

In the case of a pedestrian, taken as a dynamical system, the total effect depends 
on the applied transient force (described here) and the pedestrian response to this 
force. The problems for a pedestrian to keep in equilibrium during a vehicle pass 
could come from the intensity of the force (which can overpass the pedestrian 
available reaction force) or from the sudden and unexpected change in force 
direction (in such a way that the time constant of the pedestrian's nervous control 
system is too slow to catch up with the change, leading to control instability and loss 
of equilibrium). 



In the case of structures with volume (similar to the case of a pedestrian), the effect 
of the vehicle pass is to produce transient loads that can promote fatigue loads and 
failure of the structure. 

The results obtained are mainly qualitative. The simplifying assumptions needed 
to obtain a simple formulation leading to analytical results are responsible for this 
quantitative character. It is clearly demonstrated by experiments [2] that the actual 
forces on overheads signs and, by inference, on pedestrians are a strong function of 
the shape of the front of the vehicle. However, according to Ref. [6] the simple model 
presented would produce results applicable to vehicle with streamlined front shapes. 
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