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Following the derailment and overturn accident of the “Inaho” 
Limited Express that occurred between the Sagoshi and Kita-
Amarume stations on the Uetsu Line on December 25, 2005, 
JR East provisionally changed its rules for operation control 
under wind for all the sections on conventional lines where those 
rules are applied.  Specifically, it lowered the wind speed at which 
operation suspension commands are issued in train operation 
control according to wind speed from 30 m/s to 25 m/s and the 
wind speed at which slow-down control commands are issued 
from 25 m/s to 20 m/s (train slow-down to 25 km/h, so-called 
“early restrictions”).

JR East has been evaluating overturn resistance of rolling stock 
by applying the evaluation formula established by Dr. Masaharu 
Kunieda (the Kunieda formula)1) in1972, and vehicle design is 
based on that formula even today.  In light of the aforementioned 
accident, however, we have adopted a new analysis formula 
proposed by the Railway Technology Research Institute (the 
“RTRI Detailed Equation”)2) that allows more accurate evaluation 
of the critical cross wind speed of overturning of rolling stock 
taking into account factors such as the effect of shape of car 
body and wayside structures, effect of wind angle, and difference 
between leading cars and intermediate cars, and we applied safer 
and more reasonable operation control rules to some lines and 
sections in advance of others.  With the application of that new 
formula, we have developed a calculation system for critical wind 
speed of overturning (hereinafter, the “System”)3), which enables 
us to efficiently calculate the critical wind speed of overturning 
with the RTRI Detailed Equation, which as many parameters.

The System allows large volumes of calculation involved in 
the establishment of new rules for operation control under wind 
to be performed easily, leading to introduction of “Handling 
Rules for Operation Control under Wind Based on the RTRI 
Detailed Equation”.

The Handling Rules for Operation Control under Wind Based 
on the RTRI Detailed Equation require bothersome data control, 
even though they enable detailed evaluation by taking into account 
shapes of wayside structures and effect of wind around the sections.  
Furthermore, specifications of wayside structures are manually 
determined from images and/or field survey results, requiring 
much labor and causing differences in accuracy.  We therefore 
performed research on how to determine the specifications of 
wayside structures without human intervention, and the research 
revealed that a new database needed to be created because JR East 

Introduction1
height data of embankments for wayside structures differs from 
the definition of height of wind rise (the height to which wind 
blows upward from the average surrounding elevation to the top 
of an embankment or other slope) that is needed for evaluation of 
overturn resistance of rolling stock.

We therefore improved the existing database of wayside 
structures with items for calculation of overturn resistance of 
rolling stock, such as kilometerage, line names, classification as 
single or double tracks, tunnels, height of wind rise, and girder 
height of bridges, and we reviewed the calculation flow of the 
existing System.  And finally we developed a more accurate 
method of automatically determining wayside structures 
automatically without human intervention and choosing 
aerodynamic force affecting rolling stock in the System and a 
method of calculating height of wind rise taking into account 
height and surface roughness of the surrounding ground 
surface.

RTRI Detailed Equation2
The RTRI Detailed Equation is a new formula to calculate 
critical wind speed of overturning.  It incorporates findings 
obtained in recent research on rolling stock overturning 
accidents.  Particularly for aerodynamic force, which greatly 
affects overturning, it takes into account factors such as effect of 
shape of car body and wayside structures, effect of wind angle, 
and difference between leading cars and intermediate cars as well 
as detailed effect of springs of the car body.

2.1  Difference between the Kunieda Formula and the RTRI 
Detailed Equation

The RTRI Detailed Equation differs from the Kunieda formula 
in the following major ways.
(1)  It takes into account difference in aerodynamic force on 

shape of car body and wayside structures and on difference 
between leading cars and intermediate cars and angle of 
natural winds.

(2)  It takes into account lift and side force as the aerodynamic 
force of crosswinds and calculates the height of the center of 
wind pressure from rolling moment.

(3)  While the Kunieda formula deals with winds to cars at a 
right angle only, the RTRI Detailed Equation evaluates 
aerodynamic force acting on the cars, assuming that the 
resultant wind from combining relative wind by a vehicle 
train and natural wind acts on the cars.

Improvement of Functions and Precision of the Critical 
Wind Speed of Overturning 
Calculation System
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With the critical wind speed of overturning calculation system that we have developed, we discovered that calculation results would give 
a critical wind speed of overturning lower than actual and make trains operate at speeds slower than necessary in some situations if we 
did not develop correct structure specifications.  We have spent much time and effort in the development of construction specifications.  
So, we made improvements to the system for better accuracy and to enable automatic determination of structures. 
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Calculation System for Critical Wind 
Speed of Overturning3

3.1  Overview of the New Calculation System for Critical Wind 
Speed of Overturning

Ahead of introduction of the Handling Rules for Operation 
Control under Wind Based on the RTRI Detailed Equation, 
we have developed a new calculation system for critical wind 
speed of overturning.3)  Since the RTRI Detailed Equation 
requires more parameters than the Kunieda formula, manual or 
spreadsheet calculation takes much time and labor.  Furthermore, 
specifications of cars and tracks, speed limit, and aerodynamic 
coefficient (to be obtained from the combination of the selected 
car shape and wayside structure) need to be combined for 
calculation.  We therefore developed a system with a database for 
specifications of cars, aerodynamic coefficients, sections where 
individual cars are in operation, maximum speed and speed limit 
applied to individual sections, and specifications of curves of 
lines.  By setting in the system the line and section (between 
stations or between kilometerage points) and the car type, the 
system calculates the critical wind speed for overturning based 
on the combination of the wayside structures and the curve 
specifications of the line and section and the car type.

However, specifications of wayside structures needed for 
calculating the critical wind speed for overturning are manually 
determined and input based on images or field survey results 
every 500 m.  That causes difference in accuracy and requires 
much labor.  We therefore performed research on how to 
determine the specifications of wayside structures without 
labor being necessary; however, the research revealed that a 
new database needed to be created because JR East height data 
of embankments is the height from the ground surface to the 
upper surface of the sleepers, which is deferent from definition 
of height of wind rise that is needed for evaluation of overturn 
resistance of rolling stock.

We therefore developed a method of automatically 
determining the type of wayside structure and the like needed 
for calculation of the critical wind speed of overturning and a 
method of calculating height of wind rise taking into account 
surface roughness of the surrounding ground surface.

3.2  Automated Determination of Calculation Parameters of 
Wayside Structures, Etc.

The Handling Rules for Operation Control under Wind Based 
on the RTRI Detailed Equation require bothersome data control, 
even though they enable detailed evaluation by taking into 
account shapes of wayside structures and effect of wind around 
the sections.  By improving the calculation flow of the System, 
we developed a method of automatically determining the type of 
wayside structure, etc.

We revised the existing database on kilometerage, classification 
as single- and double tracks, tunnel flags, and heights of sleeper 
upper surface needed for calculation of critical wind speed of 
overturning every 20 m.  This was done by combining the 
database of the Maintenance Assistant system for Railway 
Structures (MARS) for kilometerage and the database of the 
TRAck Maintenance System (TRAMS) for line or section names.

2.2  Parameters and Calculation Results of the RTRI Detailed 
Equation

As explained above, the RTRI Detailed Equation can take into 
account more factors (shape of car body, wayside structures, 
speed of a running train, difference between the leading and 
intermediate cars) than the Kunieda formula, allowing more 
detailed effect of wind to be obtained.

As the aerodynamic coefficients (to be obtained from 
information on track structures of the section in question and 
information of cars running there) needed for calculation with 
the RTRI Detailed Equation, we apply the results of wind tunnel 
tests RTRI conducted using combinations of five typical shapes 
of cars (series 103, 285, 485, 24, and series KOKI 50000) and 
seven wayside structure shapes (single-track bridges of girder 
heights 1 m, 2 m, and 3.5 m, double-track viaducts of girder 
heights 1 m, 3.5 m, and 6 m, and single-track embankment of 
slope gradient 1.5 and height 8.72 m, see Fig. 1)4) 5).  The nearest 
cross-sectional shape is selected from the five typical shapes of 
cars for calculation of the overturn resistance of the vehicle, and 
the aerodynamic coefficient of the selected car is applied for 
calculation.  For shape of wayside structures, wayside structures 
are to be regarded as one of the seven typical shapes of wayside 
structures based on the wayside structure assessment in the 
section subject to operation control under wind.  If it is difficult 
to select one from among the typical shapes in Fig. 1, assessment 
must be done on the safe side.

Other parameters necessary include dimensions of major parts 
of cars, mass, spring specifications, track curve specifications 
(curve radius and quantity of cant), and speed limit on the 
section in question.  Applying those parameters, permissible 
speed for a train running on a specific wayside structure, critical 
wind speed of overturning for inside and outside of a curve, 
and permissible running speed in terms of wind speed can 
be obtained.  Accordingly, we can develop rules for operation 
control under wind based on those calculation results.

Passenger car Double decker Commuter car Limited express Freight wagon

Single-track embankment

Five typical car shapes

Single-track bridge

Double-track viaduct

Seven typical wayside shapes

Fig. 1  Five Car Shapes and Seven Wayside Structure Shapes6)
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3.2.1 Determination of Height of Wind Rise
Aerodynamic force acting on cars on an embankment is 
determined from the surface roughness of the surrounding 
ground.  Moreover, aerodynamic force accelerates as air goes up 
from the ground surface along a slope, so average wind speed 
near a slope is larger than that on flat ground.8)  Thus, in order to 
more accurately calculate critical wind speed of overturning, it is 
necessary to obtain the height of wind rise taking into account 
the surface roughness of the surrounding ground surface.

The height of wind rise is calculated from three-dimensional 
track data as the height from the surrounding ground surface 
to the upper surface of the sleeper, determined separately for 
the right and left sides of the track.  For calculation, we first 
divided the line and kilometerage into 20 m sections.  Then we 
extracted the cross-section at the evaluation point (in the normal 
line direction of the track) and defined the points with the largest 
absolute gradient from the extracted center of the track to be 
embankment foot of slope (P1) and excavation top of slope (Q1) 
to search for the embankment foot of slope and excavation top of 
slope.  Between the extracted center of the track and P1 and Q1, 
we drew circles with the centers at points P and Q and defined 
the point with the smallest shielding factor (ratio of ground in the 
area of the circle) to be embankment starting point P0 and the 
point with the largest shielding factor as excavation starting point 
Q0 to search for the embankment top of slope and excavation 
foot of slope.  We obtained the altitude data of five points at 
20 m intervals on lines intersecting the track at right angles from 
the defined embankment foot of slope P1 on the upwind side, 
for a 100 m section in total, and calculated the average altitude of 
those five points.  Also, we calculated the average altitude of the 
surrounding ground surface at 20 m intervals, 100 m × 100 m 
in total, ahead of and behind the point for which the height of 
wind rise is to be calculated.  And finally, we obtained the height 
of wind rise in meters as the difference between the height at 
the upper surface of the sleeper and the average altitude of the 
surrounding ground surface (see Fig. 2, 3, and 4).

3.2.2 Calculation of the Effective Height
Height of wind rise H calculated here is the height from the 
ground surface without considering wayside structures such as 
surrounding buildings.  The System calculates effective height z 
as the real height of wind rise from H taking into account surface 
roughness of the surrounding ground surface, and it separates 
the civil engineering structures into high embankments and flat 
ground using z.  Effective height z is determined according to the 
surface roughness classification shown in Table 1 for the 400 m × 
400 m area that encompasses the surrounding ground of 100 m 
× 100 m calculated as in 3.2.1 (see Fig. 5).

Top of slope

Foot of slope

Define points with smallest/largest shielding factor as 
embankment/excavation starting point P0 and Q0 respectively

Searching embankment top of slope of 
and excavation foot of slope

*Shielding factor at points P and Q
Ratio of ground in area of circles with centers at points P and Q.  
At embankment top of slope, area is convex with shielding factor 
less than 0.5. At excavation foot of slope, area is concave with 
shielding factor greater than 0.5.

Q0

Q1

Extracted 
center of 
track

Calculation of height of wind rise <longitudinal> (average of heights at five cross sections)

Height of wind rise in question

Calculate average altitudes 
of 100 m X 100 m areas

Calculation of height of wind rise <transverse> (average of heights at points 100 m from foot of slope)

Obtain average altitude at five points at 20 m intervals in section to 100 m from the foot of slope.

Calculate average altitudes 
of 100 m X 100 m areas on 
right and left sides with 
height of wind rise in 
question as the center.

Determine as height of wind 
rise (H) the value from 
subtracting average altitude 
from altitude of surface of 
formation level.

×
Ground surface roughness classification
Determine for area 400 m × 400 m on 
windward side of track

Wind direction

• How to determine effective height z
  H: Difference between average altitude of 100 m × 100 m area 
  on windward side of track

Fig. 4  Calculation of Height of Wind Rise 
(average of heights at five cross sections)

Fig. 5  Height of Wind Rise H and Area for Evaluation of 
Ground Surface Roughness Classification

Extracted 
center of 
track

Calculate altitude in transverse
direction at every 20 cm

Up to 20 m from extracted center of track

Searching embankment foot of slope of 
and excavation top of slope

Up to 20 m from extracted center of track

Top of slope

Extracted 
center of 
track

Top of slope Foot of slope
Embankment

Excavation

Foot of slope

Part name

Q1

Define points with largest absolute gradient from 
extracted center of the track as embankment foot 
of slope (P1) and excavation top of slope (Q1)

Fig. 2  Method of Searching Embankment Foot of Slope of and 
Excavation Top of Slope

Fig. 3  Method of Searching Embankment Top of Slope and 
Excavation Foot of Slope
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In determination of the surrounding ground surface as being 
coastal or pastoral area classified as in ground surface roughness 
classification I or II, effective height z is equal to height of 
wind rise H.  In contrast, in a situation where there are many 
high-rise buildings around in as in ground surface roughness 
classification III, IV, or V, real height of wind rise can be reduced.  
Therefore, effective height z is reduced by 3 m in ground surface 
roughness classification III and by 5 m in IV and V.  If effective 
height z is more than 4 m, the surface is determined to be high 
embankment, and if z is less than 4 m, it is determined to be flat 
ground (low embankment, see Fig. 6).  Accurate calculation of 
effective height enables more realistic determination of effective 
height without overestimating safety.

According to the ground surface roughness classifications 
in Table 1, we defined how to determine ground surface 
classifications I to V (Fig. 7) and developed based on aerial survey 
data a database of ground surface roughness classifications for 
right and left sides of tracks of all lines and sections subject to 
operation control under wind.

Conclusion4
With the calculation system for critical wind speed of overturning 
developed in introducing the Handling Rules for Operation 
Control under Wind Based on the RTRI Detailed Equation, 
we have manually determined types of wayside structures from 
images and field survey results.  To reduce labor required, we 
revised the existing database and improved the existing calculation 
flow to enable automatic determination.  This development has 
eliminated the accuracy difference in determination of types 
of wayside structures and allowed more accurate calculation of 
aerodynamic force acting on cars.  Furthermore, we developed 
the new method of calculating height of wind rise taking into 
account surface roughness of the surrounding ground surface to 
more accurately figure out critical wind speed for overturning.  
We plan to further improve on the System into the future for 
wider introduction.
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Condition of surface of surrounding ground Typical example

I Flat ground with few obstacles Coastal area

II
Area with crops and other low obstacles and 
area with scattered trees and low-rise build-
ings scattered

Pastoral area

III
Area dense with trees and low-rise buildings 
and area with scattered middle- and high-rise 
buildings (four to nine stories) 

Woodland
Industrial area
Residential area

IV Area dense with middle- and high-rise build-
ings (four to nine stories)

City area with middle- and 
high-rise buildings

V Area dense with high-rise buildings (more 
than 10 stories) 

City area with high-rise 
buildings

Table 1  Ground Surface Roughness Classification

Wind direction
Two-story houses
(classification III)

Calculate effective height as
2 m by subtracting 3 m from 5 m

Fig. 6  Adjustment of Height of Wind Rise According to 
Ground Surface Roughness Classification

Classification I

Classification II

Classification III

Classification IV

Classification V

Fig. 7  Actual Examples of Ground Surface 
Roughness Classification7) 8)


