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RESUME

On a étudié ’effet des vibrations produites par les trains sur des maisons et des maisons
mobiles de Kamloops, en Colombie-Britannique, afin de déterminer si ces vibrations
auraient pu causer des dommages aux habitations situées pres des voies. Une investigation
détaillée a révélé que la résonance des batiments pouvait provoquer des dommages
architecturaux jusqu’a 250 m des voies et qu’un tassement dii aux vibrations pouvait se
produire dans le cas de certaines fondations de maisons mobiles reposant sur des remblais
humides meubles. Le critére de dommages architecturaux possibles au stuc et aux
revétements intérieurs fragiles a été fixé 2 la vitesse maximale de 5 mm/s, mesurée au
niveau du plafond des maisons d’un étage. Sur la base de cette investigation, on présente
des recommandations générales concernant les méthodes employées pour €tudier les
problémes semblables de vibrations produites par le passage des trains.




EFFECT OF TRAIN-INDUCED VIBRATIONS ON HOUSES - A CASE STUDY

J.H. Rainer, G. Pernica, A.H.P. Maurenbrecher, K.T. Law, and D.E. Allen

Institute for Research in Construction
National Research Council of Canada
Ottawa, Canada K1A OR6

ABSTRACT: Train-induced vibrations of houses and mobile homes in Kamloops, British
Columbia, were investigated to determine whether the vibrations could have resulted in damage to
residences near the tracks. A detailed investigation showed that building resonance could result in
architectural damage up to 250 m from the tracks and that vibration-induced settlement could occur
for certain mobile home foundations located on loose wet fill. The criterion for possible
architectural damage to stucco and brittle interior finishes was taken as S mm/s peak velocity,
measured at the ceiling level of the one-storey houses. As a result of this study, general
recommendations are presented regarding the methods employed in investigating similar train
vibration problems.

1. THE PROBLEM

The Canadian National Railways (CN) main line has passed through the Brocklehurst and Rayleigh
areas of the city of Kamloops, British Columbia since the early part of this century. In the fall of
1984, a second track was added adjoining the existing one. Immediately complaints were registered

by homeowners regarding excessive vibrations in houses nearby as a result of trains travelling on the
new track.

The complaints precipitated two investigations in the residential areas abutting the railway tracks.
These studies concluded that although the vibrations exceeded acceptable perception levels, they
would not be high enough to cause damage to the houses. The findings were rejected by the
Citizen’s Committee of homeowners. A subsequent investigation by the Institute for Research in
Construction (IRC) of the National Research Council of Canada (NRC), requested by Transport
Canada, determined that the rejection of damage claims was premature, since two possible damage
mechanisms, horizontal house resonance and vibration-induced soil settlement, had not been
sufficiently investigated. Although these mechanisms are not part of most traffic vibration studies,
they were considered to play a major part in this particular case.

This paper briefly describes the investigations carried out by IRC and the resulting conclusions

reached; it also contains recommendations on the methods that are used to study similar train-
induced vibration problems.
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2. THE INVESTIGATION

The purpose of the investigation was to establish whether vibrations from trains in Kamloops, B.C.
are a valid cause of damage to nearby buildings, notably those for which damage claims had been
submitted to CN. Two possible damage mechanisms - horizontal house resonance and vibration-
induced soil settlement - were to be investigated. The following measurements were undertaken:

2.1 Dynamic Properties of Houses: The lowest horizontal natural frequencies and damping ratios
were determined for six one-storey wood frame houses with basements in the Brocklehurst area.
See Figure 1 for locations. Excitations employed for these measurements were impacts from door
closures and ambient vibrations. The following results were obtained:

(a) fundamental frequencies of six typical houses in the Brocklehurst area of
Kamloops, B.C. ranged from 7.0 to 8.9 Hz, with an average of 7.8 Hz;

(b) damping ratios for the fundamental mode of the six houses range from 3.5 to 7.5%
of critical, with an average of 4.8%.

2.2 Ground Vibrations From Trains: Ground vibrations produced by passing trains were measured
at three locations along the track at 1160 Bentley Place, and at various distances from the track along
Lines 1 and 2 as shown in Fig. 1. Vibrations were measured in both horizontal and vertical
directions. Train speeds were measured by "radar guns" located near Line 1 and Line 2.

Ground vibrations from a number of trains were monitored on Line 1 under the then current
operating conditions, namely 50 mph (80 km/h) speed limit on the old track and 20 mph (32 km/h)
speed limit on the new track. The speed limit on the latter had been reduced from 50 mph (80 km/h)
as a result of the homeowners’ complaints. To provide a range of train speeds for purposes of this
study the speed limit on the new track was raised in stages from 20 to 50 mph over a two-day period.

The measurements of ground vibrations from train passages showed the following:

(a) The ground vibrations emanating from trains on the new track consisted of 1 or
more predominant sinusoidal waves (Fig. 2).

(b) The frequencies of the dominant ground vibration components generated from
loaded freight trains travelling on the new track increased linearly with train speed,
with a dominant frequency ranging from 6 Hz at 42 km/h train speed to 10 Hz at
70 km/h (Fig. 3). ‘

(¢) The maximum ground vibration amplitudes varied along the track and with
distance from the track, depending on train speed and train load (Fig. 4).

(d) The vibration amplitudes produced by trains on the old track were approximately
one-third those produced from the new track; this agrees with the results from
previous investigations.

2.3 House Response to Train-Induced Ground Vibrations: The horizontal vibration response of a
single-storey house with basement, 1160 Bentley Place (Fig.2), was monitored on the basement
slab, at the first floor level, and at ceiling level at the same time as the ground vibrations were
measured during train passage as described in 2.2. Typical results of the measurements are
presented in Fig. 5 in the form of envelopes of peak accelerations.

The results demonstrated that large resonant response in a house as a result of trains travelling on the
new track produced amplifications of 9 to 10 times between the ground and the first floor ceiling of
the house under investigation. The maximum response recorded at the first floor ceiling level in the
house tested was 4.0% g acceleration or 8.0 mm/s velocity.

2.4 Evaluation of Soil Behaviour: To determine the effect of ground vibration on foundation
settlement the following investigations were carried out on soil in the Brocklehurst area, Kamloops,
B.C. (Fig. 1):
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(a) A comprehensive picture of the type and geological history of the soil was
obtained from borehole information, air photo interpretation, soil analyses for grain
size distribution and other relevant data supplied by CN and the City of Kamloops.

(b) Vertical ground shaker tests were carried out in the field under both dry and wet
soil conditions to determine the effect of vertical cyclic loading on settlement.

(c) Laboratory tests were carried out to determine the compression of the soil, under
dry or wet conditions, due to static and cyclic loading. Most tests were on
undisturbed natural soil samples obtained by means of a new double tube sampler,
whereas some samples were reconstituted to represent loosely compacted fill that
may be found in the area.

The results of these investigations are as follows:

(a) Previous studies have shown that the silty soil present in the area under
investigation has high strength and low compressibility while dry, but its strength
becomes reduced when the soil is wet, whereupon the grain structure collapses. No
information on behaviour of this type of soil under vibrations could be found in the
literature.

(b) Air photo interpretation and borehole information showed that the surficial
deposits are composed of floodplain sediments of loose silt and sand. The soil
samples obtained from the top two metre surface layer are composed mainly of
angular silt size particles with 20 to 75% mica and the rest quartz. No appreciable
amount of calcium carbonate, a possible cementing agent, was found.

(c) Tests on naturally-deposited soil showed that the soil at its natural moisture content
does not undergo appreciable settlement for static loading intensity associated with
one- to two-storey residential buildings and trailer homes, or for dynamic loading
of an amplitude induced by the passage of trains at houses 40 m from the tracks.
The tests showed that wetting the soil produces an additional settlement of about
5 mm per metre of soil under the same static loading and that this settlement is
further increased slightly under cyclic loading. This increase, however, is not
iufﬁcient to give rise to appreciable settlement under footings of one- to two-storey

ouses.

(d) Tests on reconstituted soil samples showed that loosely compacted fill consisting
of the silty material present in Brocklehurst will, when wetted, settle substantially
more than the naturally-deposited wetted soil (Fig. 6). Vibrations of amplitudes as
stated above will cause little additional settlement when the void ratio of the soil is
less than 1.25.

(e) Foundations supporting trailer homes may rock under train-induced ground
vibrations (Fig. 7). This rocking motion can cause a high concentration of
dynamic stresses under small footings. If such footings rest on loose and wetted
fill, at a void ratio 1.25 or higher, some appreciable settlements may occur (Fig. 8).

3. DAMAGE SUSCEPTIBILITY OF HOUSES

3.1 Damage Criteria: Damage criteria for continuous vibrations for the types of houses considered
in this investigation are scarce. Previous investigations reported in the literature have shown that
damage to interior and exterior finishes such as plaster and stucco can occur at low vibration
amplitudes of 2 to 3 mmy/s, since locked-in stresses may already be present. The vibrations then
provide the small additional loading needed to cause cracking or extensions of existing cracks. It
was felt that for the frequency range and the brittle finishes under consideration, 5 mm/s represented
a realistic criterion, below which architectural damage was unlikely to occur. While failure strain
would provide for a more direct criterion, this is not usually done in practice due to numerous
complexities and uncertainties. Rather, an upper limit of velocity as a damage criterion is chosen
based on empirical data. For some special circumstances, however, a strain calculation is possible
and this was carried out for basement walls for which the strains induced by travelling ground waves
were found to be well below the cracking strength of concrete.
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It has been common practice in previous damage investigations to measure vibration levels at or
near the foundation level and to relate criteria to these measurements. This location is satisfactory
for short-term excitations and non-resonant conditions for which the amplification from foundation
to upper storey is close to 1.0. At resonance, however, the amplification may be 10 or more,
resulting in much greater deformations between the footing and the top of the building than those
referred to the ground measurements. The criterion of possible damage of 5 mmy/s therefore should
be applied over the full height of a one-storey building. This is also the position taken in the
German vibration standard for buildings, DIN 4150 (1983).

Since it was predominantly ground motion measurements that were carried out here, the ground
motion amplitudes that correspond to the criterion for possible damage of 5 mm/s vibration velocity
of the superstructure have to be divided by the resonant amplification factor of up to 10. Thus the
horizontal ground motion that corresponds to the resonant damage criterion of 5 mm/s is 0.5 mmy/s.

3.2 Operative Mechanisms Causing Possible Damage: For a damage mechanism to be considered

operative or valid, the response of the structure has to meet or exceed the applicable damage
criterion. On the basis of theoretical and experimental investigations conducted here, the following
emerged as possible damage mechanisms from train-induced vibrations in the Brocklehurst area:

(a) Horizontal resonance amplifications in houses from ground motion due to trains
travelling on the new track at more than 30 mph (50 km/h);

(b) Settlement of mobile home foundations of narrow configuration set on loose wet
fill, as a result of train-induced rocking of the footings.

3.3 Distance From Track for Possible Vibration Damage: The ground vibration measurements

indicated local variations in ground motion. Attenuation of ground vibration amplitudes with
distance from the track takes place due to material damping in the soil. A mathematical model
which incorporates this reduction is described in Richart, Hall and Woods, 1970. With this
attenuation relationship, the distance was calculated at which the maximum ground velocity
observed at 1160 Bentley Place (0.6 mm/s rms - see Figure 4) decreases to the 0.5 mm/s peak
ground vibration amplitude. This calculation and an evaluation of area-wide measurements from a
previous investigation (Barron and Associates, 1985) showed that, based on the 0.5 mm/s ground
velocity criterion, the affected area can be divided into three zones:

- Zone 1: up to 100 m from the track, where exceedance of the 0.5 mm/s ground
velocity criterion is likely and relatively widespread;

- Zone 2: from 100 to 250 m from the track, where exceedance of the 0.5 mm/s ground
velocity criterion is possible in isolated pockets;

- Zone 3: more than 250 m from the track, where exceedance of the 0.5 mm/s ground
velocity criterion is unlikely.

Within Zones 1 and 2, however, damage due to train vibrations need not necessarily have occurred
because of variations of material strengths and local attenuations observed along the track and at
various distances from the track. Furthermore, not all houses have the same dynamic properties as
those measured in this investigation and therefore may not reach the same response level. An on-
site inspection and evaluation of each damage claim was therefore required.

4. APPLICABILITY OF RESULTS TO ADJACENT AREAS

This investigation centred mainly on the ground and house responses to train-induced vibrations
south of the CN tracks in the Brocklehurst area of Kamloops, B.C. The phenomena of house
resonance and soil settlement also apply to the adjacent areas of Rayleigh where excitation and
house and soil properties are similar.

4.1 Rayleigh Area of Kamloops, B.C.: It was decided not to take any new measurements of
vibrations or soil properties in Rayleigh until the undcrltying phenomena were better understood.
The findings at Brocklehurst were transferred to Rayleigh for the following reasons.
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From previous measurements, the vibration intensities generated at Rayleigh by trains on the new
track were similar to those on the new track at Brocklehurst. Soil conditions are similar to those at
Brocklehurst, both in geologic origin, and type and depth of layering; and the type of wooden houses
are comparable, so that the anticipated range of dynamic properties would be similar.

4.2 Other Geographic Locations: The findings of this investigation are applicable only to the
Brocklehurst area, and by extension, the Rayleigh area of Kamloops, B.C. since the ground
properties, characteristics of track and trains, and building properties can vary from one site to
anothir. However, the methods employed and the mechanisms identified may be applicable
elsewhere.

5. RECOMMENDATIONS FOR FUTURE INVESTIGATIONS

This case study demonstrates that commonly used procedures and assumptions employed in
investigations of ground-induced vibrations are not always adequate for the following reasons:

- Itis common practice to measure only vertical vibrations in the ground and in houses
and to virtually ignore the presence of horizontal components. Both can be
significant since either can cause resonance; thus both should be measured.

- It is often assumed for attenuation, that ground vibrations originate from a point
source. While this may be justified for blasting and other localized sources, for long
freight trains a line source is more appropriate. In a perfectly elastic medium a line
source does not attenuate with distance from the source, whereas those from a point
source attenuate with the square root of the distance.

- Damage criteria for traffic vibrations are often selected from dissimilar types of
excitation, e.g. blasting. These do not apply to train-induced vibrations since the
frequency ranges and the durations are different, both of which affect the likelihood
of achieving resonance.

- Resonance of buildings or their components is rarely considered explicitly. The
planning of a program of investigation should deal with the possibility of resonance
response. :

- The properties of the subsoil are seldom studied. Such a study can produce
deformational and damping characteristics which are useful in analysis of the results.

In addition, certain analysis procedures and criteria, which are employed routinely for traffic-
induced vibrations, are not always adequate. These include:

- One-third octave band analyses of measured ground and house vibrations should be
supplemented by narrow-band spectra. The latter can provide important information
about signal characteristics such as frequency shifts.

- Peak vibration amplitudes rather than broadband or third-octave band r.m.s.
amplitudes should be used for assessing damage; cracking is a result of exceedance of
material strength which is more closely represented by peak vibration amplitudes
than r.m.s. or mean value.

- Operative damage mechanisms should be identified in order to understand the
problem better and develop strategies about how to avoid it.

These considerations should be taken into account in the assumptions and procedures contained in
guidelines or standards for assessing the effects of traffic-induced vibrations in buildings.

607




6. CONCLUSIONS
Investigations of train-induced vibrations in buildings should consider the following:

(1) Unexpectedly large house response can result from train-induced vibrations due to
resonance effects.

(2) Horizontal and vertical vibrations of ground motion and building response need to
be considered in investigating traffic-induced vibrations.

(3) Commonly used criteria for vibration damage need to be examined for
applicability and suitability. Consideration should be given to frequency range,
and duration of excitation, type of structure and materials, and signal description
(r.m.s., peak).

(4) One-third octave band analysis should be supplemented by narrow-band spectra for
additional information on signal characteristics.

In addition, there is a need for development of improved damage criteria.
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Figure 2: Transverse ground vibrations at Station 2, Line 1, from Train 5248.
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Figure 6:

Figure 7:
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