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Lateral Track Stability: Theory and 
Practice in Japan 

SHIGERU MIURA 

In Japan theoretical and experimental st ud ies have been con
ducted since the early 1930s to work out effective mca ures to 
maintain lateral track stabili ty. In 1957 the theory of track buck
ling based on the principle or virtunl work was establi hed, which 
is the basi. for curre111 practical mea urcs to ensure lateral trnck 
stability. The theory define !h minimum buckling trengch, which 
orre pond, 10 the minimum longitudinal load at which a stable 

di tortion wave can exi t. Based on the theory and practie<1l ex
perience, laying and maincenance standurd. t r conti.nuous welded 
rail (CWR) and joint-gap control methods have so far been es
tablished. both of which have effectively contributed to lat ml 
track stabi lit y. Recently. it has become necessary to u e CWR 
even on sharp curves and to remove expansion joints in front of 
and behind a turnout to reduce maintenance . From this point of 
view, it is important to make clear the cause of track lmckling 
and to understand more clearly the behavior of long welded rn.il 
connected to tu rnouts. The historical background and the current 
tatus of the 1heory and practice of laternl track stability in Japan 

are described in this paper. 

Thermal longitudinal forces caused by an increase in the tem
perature f rajlway track can cause th· track to be laterally 
and suddenly deformed. Thi phen menon, called buckling, 
i s m time · fata l. lts prevention ha · been a seriou concern 
of track engineers for a long time, especially with the in
creased use of continous welded rail (CWR), which has been 
brought into practical use since the 1950s. 

In Japan the first theory of track buckling was presented 
in 1932. In 1957 the theory of buckling was establi ·hed and 
is the basis for various measures currently taken to ensure 
lateral track stability. 

The theoretical basis of CWR was defined in 1934, and in 
1937 a 4.2-km-long CWR was laid in a tunnel on a trial basis. 
Thereafter, through experimental verification, regular laying 
of CWR was started in 1953. By the end of 1983, when the 
Japanese National Railways (JNR) was still in existence, the 
total length of CWR laid was about 7940 km, of which 3470 
km is on the Shinkansen lines and 4470 km is on the narrow
gage lines and accounts for about 16 percent of the whole 
length of those lines. 

On the ba is of theoretical amlly es and practical experience 
on the buckling stability of t rnck, laying and maintenance 
standards for CWR and a joint-gap control method have been 
established in Japan, both of which have been effective con
tributors to the prevention of track buckling. The the ry and 
practice of lateral track stability of the now-defunct J R and 
the Japan Railways (JR) Group, wh.ich took over after pri
vatization of JNR, will be described here. 

Track and Structure Laboratory. Railway Technical Research Insti
tute, 2-8-38 Hikari-cho, Kokubunji-shi, Tokyo 185 Japan. 

THEORY OF LATERAL TRACK STABILITY 

Minimum Buckling Strength 

It wa not until 1932 that studies on lateral trnck tability were 
undertaken in Japan. Horikoshi had carried out buckling te t 
on a full- cale test track fixed with concrete blocks at both 
ends of a 48-m-long track. In 1934, on the basis of the test 
result., he esrabli heel a theoretical equation f r track buck
ling. Around the ame time. lnada of Kyu hu Imperial Uni
ver ity studi.ed railway track buckling as a part of the stability 
theory of a long column ubjected to lateral ela tic resi tance. 
Further, in 1938 Hoshino established an expansion and con
traction theory f WR on the basis of expansion tests on a 
full- ca le track and its theoretical consideration. In 1943 Ono 
derived buckling loads from a differential equation in which 
the ballast resistance was assumed constant and the balance 
of a longitudinal rail force in front of and behind a buckling 
waveform was taken into consideration. 

Thereafter, umata suggested a new buckling theory (1) 
based on the principle of virtual w rk. This theory is a foun
dation for the variou · ountermea ure urrently taken in 
Japan again t track bu kling and is outlined a fo llow . 

The shapes of CWR that are subjected to longitudinal force 
and laterally buckled aJe categ rized a. sh wn in igure l 
and appr ximated with a sinusoidal waveform. Meanwhile , 
balla t re i tance should b constant regardless of di. place
ment a · hown in Figure 2c. ;Here, the following energie 
accumulated in a crack are tak n into c n iderati a: 

(a) Strain energy generated by longitudinal force change, 
(b) Strain energy generated by rail bend, and 
(c) Internal energy created by ballast resistance. 

An application of the principle of virtual work to these 
energies yields the following expression of buckling strength: 

{
'Y2,2 Ctr [( p) 2 

P, = p + p + P' (P)112 g - s R 

where 

(1) 

P, = buckling strength, 
P = longitudinal rail force balanced after buckling, 
g = longitudinal ballast resistance, 
r = lateral ballast resistance, 
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FIGURE 1 Classification of buckling waveforms. 
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FIGURE 2 Relation between tie displacement and ballast 
resistance. 
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radius of track curvature, and 
constants that depend on track structures and 
waveforms. 

As for virtual wavelength(/) and displacement (f), the buck
ling tre ngth le termined by che above equation and lh re
lationship bet ween I and fin balance a ft er buckling a re shown 
in Figure 3. The longitudinal fol'ce less than the minimum 
value of buckling trength , as shown by Equation J and Figure 
3, does not generate buckling. 

When minimum buckling strengths by radii of curvature 
are determined for the various waveforms shown in Figure 1, 
on tangent track and track with a larger radius of curvature 
the minimum buckling strength of the second waveform is the 
smallest, whereas on the track with a smaller radius of cur
vature the minimum buckling strength of the first waveform 
is the smallest. The minimum buckling strengths determined 
for various ballast resistances are shown in Figure 4. 

The minimum buckling strength shown in Figure 4 sets a 
limit at which the longitudinal force less than the one cor
responding to the minimum buckling strength cannot bring 
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FIGURE 3 Buckling strength of track. 
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FIGURE 4 Minimum buckling strength as a function of radius 
of curvature. 

about any balance under the condition of bent rail. Howeve r. 
the minimum buckling strength does not rep res nt the load 
that actually induces buckling. 

In order to make clear the relation between the minimum 
buckling strength and the load that actually induces buckling, 
400 mode l tests were carried out on tangent and curved track · . 
The loads that induced buckling in the tests were found to be 
distributed in an approximately normalized form where the
oretically calculated minimum buckling strength constituted 
a lower limit. Here. the re la tion hip between longitudinal 
force at the time of buckling and lateral di placement of track 
panel is in agreement with the theoretical calculations . The 
variation of the loads that induced buckling was caused by 
track irregularity, variation of lateral ballast resistance and 
the like. Furthermore, the results of buckling tests on full-
cale track in l957 demonstrated the theory's validity . 

A stated above, E quation I give th lowest magnitude of 
loads that induc buckling and ha a certain margi n to the 
longitudinal force that cau. e an actual buckling. The margin 
depends on the variation of ballast re i'5 tance , unev n lift of 
track panel, initial irregularity, and other factors . Thus, in 
practical application of Equation 1, 70 percent of mea ured 
ballast re i ·tance is adopted, considering the variation of bal
la t resi lance, uneven lift of track panel, and so on . Buckling 
stability also is examined a llowi11g fo.r a margin f 20 percent 
for the longitudinal rail force determin d by Equation 1. Thu. 
a ufficient afety factor can be guaranteed. Beca u ·e th equa
tion i a liule complicated the following simplified equation 
which yield· a good approximate value, is preferred: 
when R ~ R0 

p 
12 
* = 3.63 JO 383go.535N / ·267 (2) 
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when R < R0 , 

(3) 

where 

Ro = (112.2 JD .406N io 333)/g0.535, 

P,n = track buckling strength (tf) expressed by the buckling 
waveform with the number of waves (n), 

J = lateral rigidity, 
g = lateral ballast resistance (kgf/cm), 
r = longitudinal ballast resistance (kgf/cm), 

Ni = flexural rigidity of track panel (including lateral rail 
rigidity and multiples of it), and 

R = radius of curvature (m). 

Buckling Analysis Using Energy Method 

Thereafter , in order to give a theoretical basis to the actual 
buckling generating load , a theoretical analysis using an en
ergy method was carried out (2). It is summarized as follows: 

• As track deformation caused by buckling occurs, the first 
and second waveforms in Figure 1 are assumed. 

•Lateral track resistance force (g) is expressed in Figure 
5 as follows: 

(4) 

• L ngi tudinal ballast resistance is constant regardless of 
displacement. 

• The rotating resistance moment is expressed by the for
mula 

T = To (0)112 (5) 

where To is a constant and 0 is the angle of rotation. 

• Longitudinal rail force after buckling is shown in Figure 
6. 

0 S·a 10 ·a a 

Lateral displacerent y(cm) 

FIGURE 5 Characteristics of lateral ballast resistance. 
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FIGURE 6 Assumption of deformation form and longitudinal force distribution 
(first waveform). 

By virtue of the above, rail-axial strain energy, rail-bend 
strain energy accumulated in rail, work done against lateral 
and longitudina l ballast resi lance and work done to over
come the rotating n::si l< I\ r rail fastening a.re determined. 

Whe n. on a track. with initial irregularity , lhe l tal of the 
above-mentfoned energies and of work done for track d for
mation wavelength (1) and lateral displacement (c) caused by 
a tempernture ri ·e (1) i equal t~ t::i.U this value ha extremes 
depending on c and/, and the ·tability of deformation mn be 
judged by these extremes. By fixing the latera l displacemem 
magnitude c and partially differentiating with/. the minimum 
value of t::i.U can be determined. The relationship between 
these t::i. U and c is shown in Figure 7. A portion of the diagram 
with small values of c is on a linear scale, whereas the rest of 
the diagram with larger values of c is on a logarithmic scale. 

The minimum value of t::i.U indicates a stable ba lance, and 
the maximum value represents an unstable balance. Figure 7 
shows that, when tis less than 40°C, tht: balance is stable only 
again t minute displace me11ts; when t i equal l 49° . ep
arate inflection point · come ou t between C = JO cm and 
= 20 cm; when the temperature is higher than 49° . a distinct 
minimum value a1 pears within a larger di placement range. 
In other words, a table balance generates in this range. When 
th • tempe rature ri ·e • the minimu111 value. r balance. can 
no I nger be found in a minute displacement range-it exist · 
only within a larger displacement rang . The relatior1'11 ip be
tween this minimum va lue and temperature variation ti hown 
in Figure 8, in which continuous lines indicate stable balance, 
and broken lines represent unstable balance. 

Figure 8 shows that with less variation of temperature, a 
stable balance appears only under a minute deformation, 

whereas at a temperature exceeding a certain degree a table 
ba lance emerge · under a larger deformation as well as under 
a minute deformation. The longitudinal rail forces corre
·ponding to the tempernture variations coincide with the min
imum buckling strength as described above. It is seen also 
from Figure 8 that, even with the temperature variation that 
exceeds the one corresponding to the minimum buckling 
strength , a balance stat under a minimum deformation exists 
and does not immediately lead to a larger deformation. 

The results of these analyses are as follows: 

• An ultimate lateral ballast resistance considerably influ
ences the maximum longitudinal force (Load A), under which 
a stable balance can be kept under a minute deformation and 
the minimum buckling strength (Load C). 

• Initial characteristics of a lateral ballast resistance greatly 
influence Load A. 

• A longitudinal ballast resistance has a great effect on 
Load C, but a small one on Load A. 

• Influences of rotating resistance generated from rail fas
lt:11i11gs are small in general. 

• Alignment and inital track irregularity greatly influence 
Load A, but slightly influence Load C. 

TESTS OF LATERAL TRACK ST ABILITY 

Characteristics of Lateral Ballast Resistance 

The characteristics of lateral ballast resistance have a great 
influence on buckling strength of track. Therefore, in order 
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FIGURE 7 Relation between energy variation and lateral 
displacement. 

to evaluate lateral track stability , it is important to define the 
characteristics of ballast resistance. Lateral ballast resistance 
depend not o nly on dirnen. ion , geometry. mass, and spacing 
of ties but al o on profile, bulk de n it y. compacting magnitude 
of ballast , and so on. Figure 9 shows the cha racteristic of 
lateral ballast resistance that resulted from the tests with ties 
laterally pulled on the track under commercial operation. 
The,e tests have revealed that the characteristics of lateral 
ballast resi'tance a re expres ·ed by a. hyperbol a with a good 
approximation· lowered ballast resi tance by tamping is re
stored in due course by train running; and o forth . In th e 
meantime, as a result of the tests with ti es laterally pulled on 
a test track , it has been ascertained that the lateral ballast 
resistance per tie is expressed by the following equation: 

F = aw + brGe + crGS 

where 

F = ballast resistance per tie , 
W = track mass on a tie, 

r = bulk density of ballast , 

(6) 
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G e = statical moment of area around top chord of a 
tie end, 

Gs = statical moment of area around top chord of tie 
side face, and 

a, b, c = coefficients in Table 1. 

Moreover , these tests have revealed that the tie bottom , side , 
and end surfaces share a third of the resistance with one 
another. 

Buckling Tests 

Several buckling tests, including the ones by Horikoshi as de
scribed above , were carried out on full-scale tracks in Japan . 

The tests in 1932 were performed not only on a tangent 
track but also on curved tracks with radii of curvature 300 m 
and 500 m constructed on a 48-m-long test track. Longitudinal 
force was applied to the rail by means of hydraulic jacks and 
vapor pipe heating. The tests in 1956 were carried out on a 
320-m-long test track with a 600-m curve radius . Longitudinal 
force was applied by vapor pipe heating, yielding data such 
as buckling wavelength and buckling length. In 1964, before 
the inauguration of the Shinkansen , on several sections of its 
line under varied ballast conditions , the rails were heated to 
buckling in trials with acetylene gas burners , verifying their 
safety against buckling. 

Thereafter, beginning in 1981, a new buckling testing unit 
was installed on a full-scale track at the Railway Technical 
Research Institute, and seven series of various tests were 
performed , along with a study on a buckling stability theory . 
A test using this unit is shown in Figure 10. On a test section 
approximately 60 m long, the tests on tangent sections, curved 
track with radii of 300 m or less, and turnouts can be con
ducted. As for rail heating, a temperature rise to 70°C can 
be generated within 60 min with a flow of direct current through 
the rail. 

The tests performed until now using this testing unit are as 
follows: buckling tests on a tangent section and curved sec
tions with radii of curvature less than 400 m , buckling tests 
on wooden tie track, buckling tests that take the effect of 
load on the track into consideration , tests on longitudinal 
force characteristics of turnouts, and buckling tests on two 
tracks with different gages laid side by side . As a result of 
these tests, it was made clear that the value of a buckling
generating load on normal tracks is between Load A and Load 
C, determined by the theoretical analysis discussed previ
ously. However , it is necessary to continue the investigation 
into the quantitative relationship between various fact ors and 
the buckling-generating load . The results of tests on sharp 
curve sections and turnouts have been implemented in en
gineering practices. 

PRACTICES IN TRACK BUCKLING STABILITY 

Laying and Maintenance of CWR 

For lateral track stability, the track conditions for laying CWR 
in Japan were established as follows: 

• For the rail with a mass of 50 kg/m or more , the number 
of ties must be more than 38 per rail unit length of 25 m; 
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FIGURE 9 Characteristics of lateral ballast resistance. 

TABLE 1 COEFFICIENTS FOR VARIO US BALLASTS 

Coefficients a b c 

Concrete tie and crushed stcne ballast 0.75 29 1.8 
W:xxlen tie and crushed stcne ballast 0.75 29 1.3 
W:xxlen tie and gravel ballast 0.6 29 1.4 

FIGURE 10 Full-scale test of track buckling. 

• For track alignment, the radius of curvature must be 600 
m or more and the vertical curve radius at a changing point 
of gradient must be 2000 m or more; 

•The road bed must be stable and free from subsidence; 
•The ballast must consist of crushed stone; 
•The ballast shoulder must be 400 mm or more wide; 
• The lateral resistance must be kept to 4.0 N/mm or more 

for the 50-kg/m rail, and 5.0 N/mm or more for the 60-kg/m 
rail. 
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Meanwhile, on the Shinkansen lines that were constructed of 
CWR for high speeds of more than 200 km/h, it is specified 
that ballast resistance be more than 9.0 N/mm on the standard 
sections and more than 1000 kg/m on the sections subjected 
to additional force at bridge ends. Furthermore, the tightening 
temperature of CWR in general must be within the range 
shown in Figure 11. 

A routine control of CWR track to prevent buckling is 
carried out such that its tightening temperature , creepage, 
work history at low temperature, and ballast conditions are 
grasped, which enables comprehensive decision making about 
the buckling stability of the track before the planning and 
implementation of CWR tightening changes, ballast mainte
nance, and so on. A flow chart depicting this process is shown 
in Figure 12. 

To be more precise, when the tightening temperature is 
less than specified, or when work on rail renewal or on loos
ening and tightening of rail fastenings on a considerably long 
section is undertaken at a low temperature, or when creepages 
are different in different portions of a certain CWR, longi
tudinal rail force in the summer is greater than that of the 
standard CWR. A reduced additional temperature is deter
mined by converting this additional longitudinal force into 
temperature difference, whereas a ratio of ballast resistance 
for the standard state is obtained from sectional geometry of 
ballast, which yields a safety factor through the following 
equation: 

(7) 

where 

a safety factor of CWR, 
i = ratio of lateral ballast resistance, 

t:l.t = reduced additional temperature, and 
t:l.tmax = regularly allowable rate-of-rise from a tightening 

temperature . 

The safety factor defined by the above equation is the ratio 
of the minimum buckling strength described previously to the 
maximum longitudinal rail force, including added longitudinal 
fo rce. Depending upon chi value, the necessity of tightening 
changes or ballast maintenance is decided. 

Joint Gap Control on Jointed Track 

The joint gap on jointed track must be maintained through 
periodic inspection, judgment, and alignment to ensure lateral 
track stability. 

The judging standards for lateral track stability of rail joint 
gaps are categorized administratively in three ranks, accord
ing to the ratio of the maximum longitudinal force (P) on 
jointed track to the minimum buckling load (P,) described 
previously. Here, the maximum longitudinal force (P) on 
jointed track is determined by the following equation: 

P = EA(j (tmax - t - e/[jl) + Ro 

where 

P = possible maximum longitudinal force, 
E = Young's modulus for rail steel, 

(8) 
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* It is 40°C in the case of other than Wkg/m rail in which 
the lateral ballast resistance force can be obtained. 

FIGURE II Tightening temperature of CWR. 
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FIGURE 12 Concept of CWR maintenance. 

13 = coefficient of linear expansion for steel, 
tmax = possible maximum rail temperature, 

t = rail temperature at inspection, 
e = rail joint gap at inspection, 
l = rail length, and 

R0 = restraining force of joint bar. 

RECENT STUDIES 

CWR Use on Sharp Curves 

CWR use in Japan so far has been limited to curve sections 
in which the radii of curvature exceed 600 m. The reason is 
that the volume of railway traffic in Japan is enormous and 
the frequency of rail renewal because of wear is high on sharp 
curve sections; the size of ties on the narrow gage lines is so 
small that the lateral ballast resistance is not sufficiently main
tained , which leads to a lower safety against buckling. How
ever, in order to fully exploit excellent features of CWR, it 
recently has been considered necessary to extend its use to 
curve sections in which the radii of curvature are smaller than 
600 m. The study for implementing this idea is currently being 
undertaken. 

According to the conventional theoretical analysis de
scribed previously, the effect of the radius of curvature on 
the minimum buckling strength is insignificant. Consequently, 
so long as buckling stability is evaluated in terms of the min
imum buckling strength as in recent practice, CWR use on 
sharp curves should offer no serious problem. However, in 
practice, when safety on a sharp curve section is evaluated 
by means of the conventional method, it is feared that the 
real safety factor is lowered. Therefore, on the basis of the 
recent track buckling theory an investigation into its quanti
tative evaluation is being made. 

Figure 7, expressing the variation of energy and workload 
induced by lateral track deformation, gives useful information 
pertaining to this problem. According to this figure, under a 
temperature variation of 49°C, which approximately corre
sponds to the minimum buckling strength (Load C), the value 
of t:.U corresponding to the balance state at major defor
mation (C = 20 cm) is at a higher level than the t:.U value 
at minor deformation (C = 0.1 cm or less) . Here , in order 
to keep a balance state at major deformation, it is necessary 
to supply energy from the outside or to do work equivalent 
to the difference between these two t:.U values. Accordingly, 
it is likely that the difference in t:.U values between the two 
balance states has something to do with suppressing the buck-
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ling. Thus, the relationship between !J.U values and radii of 
curva ture is hown in Figure 13. It i evident from the figure 
that these values are con iderably variable, depending on rndii 
of curvature. From this fact , it eem thar the minimum buck
ling trength doe not much depend on the radiu, of curvature , 
while the margin to buckling is substantially lowered as the 
radius of curvature decrcas . The quantitative relationship 
between !J.U value difference and safety factor to buckling as 
well as the rela tionship f ilU value versu various factors 
lowering the buckling load on real track and their compen
sation must be investigated further. 

CWR Connected to Turnouts 

The connecti.on of WR to turnouts was tried early on the 
German Federal Rai lway (3). In Japan such an attempt wa 
not made unti l recently except in experimental ca es. Instead, 
expansion joints usually were located in front of and behind 
a turnout. One of the problems of direct connection of a 
turnout to 'WR by welding or glueing is the increa ed lon
gitudinal force generated near the point of the turnout by the 
two track being joined there . 

In order to solve this problem, full-scale tests were carried 
out, complemented by a theoretical analysis (4) . The outline 
is as follows: 

• The model of a turnout track used is one shown in Fig
ure 14. 

x 10' 
12 .--~~~~-r--,.-~-,-~~~---.-~~~--. 

0 '--~~~-1-0~00-o~O-O~-ij0~0~~~-,1~0-0~~~~300 

Curvature (m) 

FIGURE 13 11U as a function of radius of curvature. 
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(8) Switch rail 

m m+l 
r -- -:--, 
I I I 

~ ~ c%' ! ~ ! ~ (A) Stock rail 

~ cs i~ ! ~ (8) Switch rail 

~ ~ l $? l le L --- -...J 
Heel of point 

FIGURE 14 Dynamic model of turnout. 

• Provided stock rail and lead rail are connected to each 
other throttgh a. pring system, the spring constant used is one 
obtained from full-scale tests . 

• Characteristics of longitudinal ballast resistance are sim
ilar to the ones in Figure 5. 

Under the condition mentioned above , a computer im
ulation of the change of rail expansion and longitudinal force 
cau eel by temperature change wa done. A compari ·on of 
tbe simulation r . ults with measure ments i made in Figure 
15 , which shows that the longitudinal rai l force change near 
tJ1e turnout , with its maximum value generated within the 
stock rail near the heel. The maximum value of the longitu
dinal rail force for the turnout rail is larger than that for 
standard WR . Figure 16 how the ra te of longitudinal rail 
force increasing with parameters . uch a longitudinal balla t 
resi lance and rail re trai ning spring constant. ompari on 
between the re ult. of the above-mentioned analysis and full-
cal tests ha revealed the following: 

• The results of analysis of longitudinal rail force agree well 
with analytical results of the full- ·cale tests. 

• The maximum value of longitudinal rail force near the 
turnout generates near the heel portion of the turnout. The 
value is about 1.35 times the value of rail axial force in stan
dard CWR. 

• The restrained spring constant between rails and longi
tudinal ballast resistance influences the distribution of I Jl

gitudinal rail forces but influences slightly its maximum value. 
• Within about 30 m of the heel, longitudinal rail force is 

larger by 5 percent or more than the lol1gitudinal force in 
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FIGURE 15 Longitudinal force distribution of turnout. 
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FIGURE 16 Variation of the maximum longitudinal force 
depending on k and r. 

standard CWR under the same temperature variation as in 
the turnout rail. 

• There is relative displacement between the stock rail and 
the point rail. 

Owing to the above facts, when CWR is connected with 
the turnout, measures to increase ballast resistance at the 20-
to 30-m-long portion of the turnout from the heel to the tip 
of the point rail should be taken. In addition, a means to 
prevent a large relative displacement between the stock rail 
and the point rail will be adopted. On this line, applications 
of CWR connected with turnouts are now advancing to the 
practical stage. 
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CONCLUSIONS 

In Japan all the lines of the JR Group and most of the lines 
of private railways except for the Shinkansen with standard
gage track and some of private railways are on the 1067-mm
gage tracks. This gage has many disadvantages with respect 
to lateral track stability. It is difficult for this gage to hold 
sufficient lateral stability because the size of the ties and the 
mass of the ballast are smaller than those for the standard 
gage. Moreover, Japanese topography features mountainous 
terrain and hence many steep curves and gradients along the 
railway lines. Nevertheless, the railway traffic volume in Ja
pan is considerably higher in comparison with foreign rail
ways. Also, most of the traffic is generated from passenger 
operation. Consequently, it is very important to keep the track 
in good condition and to secure its lateral stability. It is be
lieved that efforts so far and maintenance practices established 
on the basis of the results have been considerably successful, 
but the efforts are expected to be continued to make further 
advances. 
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