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Abstract. This presentation concerns vibration measurements related to tram
movements carried out in a residential building in downtown Bucharest, Romania.
The building, which shows significant cracking on some of its walls, is located on
a street where vehicles and trams travel in a single direction, in close proximity to
the building.

Vibration recordings made inside the house show that the tram causes vibra-
tions more than 20 times greater than the average background noise of the street.
Additionally, these vibrations last longer than those produced by the passage of
heavy vehicles (buses or trucks). Furthermore, it is shown that vibrations on the
upper floor are amplified around the building’s fundamental resonance frequency.

Moreover, on the ground floor near the entrance door inside, measurements
were performed using a triaxial accelerograph, and the records during the passage
of trams showed peak amplitudes in the same order of magnitude as free-field
seismic records from Vrancea subcrustal seismic source, obtained at a seismic
station at about 1.2 km distance, from earthquakes with magnitudes in the range
of moment magnitudes between 3.5 to 5.
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1 Introduction

Tramways generate vibrations as they move, particularly due to the interactions between
the wheels and the rails. These vibrations propagate through the ground and may affect
nearby buildings. Such vibrations can cause cracks in walls, weaken non-load-bearing
structures, and, in the long term, impact the stability of buildings, especially if they
are old or poorly maintained. Some buildings, depending on their height, structure, and
construction materials, may resonate with the frequencies generated by the trams. This
can amplify the vibrations, thereby worsening the impacts on the structure.
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The vibrations produced by traffic (cars, buses, trucks, and tramways) were measured
in a residential building in downtown Bucharest. The building, which shows significant
cracking on some of its walls, is located on a street where vehicles and trams travel in
a single direction, in close proximity to the building. The measurements presented in
this work helps to better understand the link between the tram-induced vibration and the
dynamic response of the building.

2 Studied Site Description

The Southern part of Romania is located on the Moesian Platform. At the north of
Danube this zone is called “Romanian Plain” and Bucharest is located in its central
part, at a distance of 110-150 km from Vrancea epicentral region. Oncescu (1957) [1]
indicates a geologic cross-section of the Romanian Plain with the Cretacic basement
at about 1000 = 1500 m depth covered by Sarmatian and Pliocene deposits. Before
Pliocene the whole area between Carpathian Mountains and Danube was a sea. The sea
gradually disappeared and heterogeneous Tertiary and Quaternary deposits of sediments
are now composing the Romanian Plain. Despite the marginal basin setting the Tertiary
formations of the Bucharest area are still about 700 m thick. Over the Tertiary deposits
in Bucharest region there are about 200 m (in the south) and 300 m (in the north)
of Quaternary sediments consisting mainly of gravels, sands and clays. At surface,
loess covered these deposits and rivers shaped the present landscape. Three sites were
investigated using array microtremor measurements: INCERC in eastern Bucharest,
EREN in north-western Bucharest and Civil Protection (PRC) in northern Bucharest,
estimating seismic bedrock depths of 1700-2000 m [2]. Down-hole tests in the vicinity
of the case-study building indicated S wave velocities between 350 m/s and 500 m/s in
the top 75 m [3]. Such soils conditions are known for damping the vibrations at very
high frequency and amplifying the low frequency ones.

The case study building is in an old district in central Bucharest, and was built in
1903. Initially, the building consisted of a ground floor, partial basement and attic, it
had brick columns on the main facade and structural brick walls (one brick thickness)
on all other sides. The layout is trapezoidal, the main facade, parallel to the street, is 20
m long, the perpendicular side facades are approximately 10m and respectively 6.60 m
and the posterior facade is 20.60 m long. The ground floor has a height of about 4m.
The partitioning walls are half a brick thickness. The floor over the basement is made
of brick vaults and steel profiles and the one over the ground floor is a timber one. In
1998, the building has been strengthened, and another story of 2.5 m height was built,
replacing the attic. The strengthening was made with reinforced concrete columns and
belts.

The tramway line was installed in the 80s, without a proper basement, RC elements
were directly posted over the road cover from that time. Table 1 summarizes the main
characteristics of this tramway (shown in Fig. 1). In recent years the tramway did not
circulate on the street. It started again in February 2024 and residents soon noticed cracks
within the entrance wall that continued to grow in length and width. Also, a vertical crack
appeared on the facade, along an RC column, and some cracks appeared on the ceiling
of the ground floor.
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Fig. 1. Tramway in central Bucharest (commons Wikimedia [4]).

Table 1. Tramway characteristics [5].

Length 26.210 m
Width 2.30-2.39m
Height 42m

Weight 55,000 kg (full)

The residents of the house reported a strong perception of vibrations when the tram
passes by. Also, some damage can be seen on the walls, for example a large crack, both
in length and width, visible on the wall with the entrance door (Fig. 2).

[

Fig. 2. Large crack visible above the front door of the building.
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At the ground floor level residents strongly felt vibrations in areas over the partial
basement. On the first-floor vibration was even stronger and sometimes the coffee was
spilling out of the cup on the table. In august 2024 a speed limitation was implemented
(5km/h). By the end of the year the tramway stopped circulating on the street.

3 Experimental Settings

Measurements of ambient vibrations (induced by urban noise—industry, subway, and
traffic) were conducted at the site. These vibrations characterize the dynamic behavior of
the building in the linear-elastic domain, with the recorded movements describing low-
amplitude vibrations, a situation in which the non-structural elements also contribute to
the stiffness of the building investigated experimentally.

The equipment (from the Seismic Risk Assessment Research Center at the Technical
University of Civil Engineering Bucharest) used for ambient vibration measurements
consists of the acquisition system and sensors, manufactured by Buttan Service-Tokyo &
Tokyo Soil Research Co., Ltd. CR4.5-1H type sensors were used for velocity mea-
surements. The main characteristics of the sensors are indicated in Table 2. The main
characteristics of the GEODAS acquisition station are presented in Table 3.

Measurements were made using velocity sensors simultaneously at four points in the
building: one sensor on the sidewalk next to the building, one sensor on the ground floor
near the entrance door inside, one sensor on the ground floor in the first room facing
the street, and one sensor on the upper floor, in the kitchen, at the rear (Fig. 3). The
recordings were made in the transverse direction of the building, perpendicular to the
street and the tram line. Two series of measurements were conducted, each recording
lasting 30 min with a sampling frequency of 100 Hz. During the recordings, several tram
passages were captured amid road traffic (Fig. 4).

Table 2. Velocity sensor characteristics.

Microtremor sensor

Model CR4.5-1H
Number of Component 1 - Horizontal
Sensitivity 1 cm/s =0.0338 V
Frequency band (1-20) Hz

Dimensions 30 x 30 x 60 mm
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Table 3. Digitizer characteristics.

Digitizer
Model GEODAS (up to 12 channels)
Pre-amplifier Entrance Impedance: 10 kQ
Gain 0, 20, 40 dB
Resolution 24 bites
Voltage 25V
Sampling frequencies 50, 100, 200, 500, 1000, 2000 Hz
Power DC12V
GPS Included
Operational conditions (10;45) °C - (20;80) % SR
Dimensions / Weight 367 x 342 x 90 mm/~ 5 kg
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Fig. 3. Studied building in Old Bucharest. Street view (left) and ground floor plan with position
of the recording points (right).

4 Analysis

Figure 4 shows the velocity recordings obtained during the first measurement (starting at
9:39 a.m.) at the four measurement points. On this figure one can already notice the big
difference between the vibrations due to the tramway, the ones linked to car circulation
and the ambient noise. Also, the recordings are quite different from one point to another.
During tramway passage, the maximum amplitude is largest for the recording on the
sidewalk, which is expected being the closest to the tram line, whereas the one made at
the first floor shows the smallest velocity peak. These differences are analyzed in more
detail in the following chapter.
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Fig. 4. Example of velocity measurements. 30 min of time histories obtained at the 4 recording
points (left). Zoom around a tramway passage, window duration of 25 s (right).

4.1 Tramway Against Ambient Vibrations

Figure 5 compares the frequency content of tramway-induced vibrations to that of ambi-
ent noise. To account for the natural variability in ambient vibrations, we averaged the
Fourier Transforms over 15 time windows, each of 25 s, matching the tramway sig-
nal’s duration. This approach reduces background noise fluctuations, providing a clearer
comparison between the tramway-induced vibrations and ambient noise.
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Fig. 5. Comparison of the amplitude of the Fourier Transform (FT) obtained from the tramway-
induced signals of Fig. 4. With the ambient noise energy derived from the average of the (FT) of
15 time windows of 25-s, free of tramway passage.

Tramway-induced vibrations exhibit significantly higher energy levels than ambient
noise across the analyzed frequency spectrum, except below 2 Hz and around 7.5 Hz.
At street level, the peak energy is observed between 15 and 25 Hz, whereas on the first
floor, this peak shifts to the 10 to 15 Hz range. This shift explains the lower peak velocity
recorded at the first-floor measurement point compared to the other three locations (see
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Fig. 4). This lack of high frequency energy in the signal recorded at the first floor seems
also to be observed on the ambient vibrations.

To assess the building’s dynamic response, we computed spectral ratios by comparing
the first-floor recordings to those from the other three measurement points (see Fig. 6).
Analysis of both ambient and tram-induced vibrations reveals a significant attenuation
of frequencies above 15 Hz at the first floor compared to street-level measurements.
Additionally, the building’s fundamental mode of vibration is identified at approximately
7.5 Hz, corresponding to a fundamental period of 0.13 s.
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Fig. 6. Spectral ratios on ambient noise windows (left) and tramway vibration (right).

4.2 Comparison with the German DIN Norm

Tram-induced vibrations were also recorded at the building’s entrance (same measur-
ing point as in case of velocity measurements) using an accelerometer, enabling mea-
surements over a broader frequency range than those achievable with velocity sensors.
Accelerometers offer a flat frequency response over a wide bandwidth, capturing both
low and high frequencies accurately. In contrast, velocity sensors are typically opti-
mized for specific frequency ranges and may not perform as effectively outside their
designated bandwidth. Using a CUSP 3D accelerometer manufactured by Canterbury
Seismic Instruments in New Zealand, we were able to record the vibrations almost up
to 100 Hz.

In Romania there is no currently enforced provision for limiting the artificial gener-
ated vibration on existing buildings. During construction site monitoring, the provisions
of DIN4150-3:2016-12 standard [6] are often used. For the current building, if we con-
sider it as a residential building the limits would be 5 mm/s for frequencies below 10 Hz,
5-15m m/s with linear variation for frequencies between 10 to 50 Hz and 15-20 mm/s for
frequencies between 50-100 Hz. Figure 7 presents a comparison between the DIN nor-
mative vibration thresholds and the actual measurements taken at the building’s entrance.
The data indicates that, within the 10 to 50 Hz frequency range, the recorded vibrations
significantly exceed the recommended standards.
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Fig. 7. Comparison of the vibration’s velocities produced by the tramway with the German norm
thresholds (DIN 4150-3:2016-12).

4.3 Comparison with Earthquake Recordings

We compared the accelerations recorded in the building during a tramway passage with
those from a seismic recording at the station UTC2 (from Technical University of Civil
Engineering Bucharest seismic network, [7]). The seismic station is located 1.2 km from
the case-study building. We selected the seismic record generated by the 18/06/2005
earthquake that occurred in Vrancea intermediate depth seismic source, at 153.7 km focus
depth, with Mw = 5.2, at an epicentral distance close to 150 km (Fig. 8). The measured
peak ground acceleration reaches almost 13 cm/s” on the horizontal components and
5 cm/s? on the vertical one. The acceleration recordings of the tram-induced vibration
exhibit a smaller peak ground acceleration in the horizontal component (about 8 cm/s?),
but a much higher peak on the vertical component (12 cm/s?).

Looking at Fig. 8, we can see the differences between the frequency content of the
earthquake recordings and the tram-induced acceleration. Indeed, 95% of the energy
of the vibration produced by the tramway is in the frequency band going from 10 Hz
to 90 Hz, whereas the accelerograms at UTC2 contains energy up to 20 Hz only. The
tram-induced vibration is thus richer in high frequencies than the Mw5.2 earthquake
recording, particularly on the vertical component.
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Fig. 8. Top panel: Earthquake recordings at UTC2 (Technical University of Civil Engineering
Bucharest seismic network). 18/06/2005 earthquake, Mw 5.2, epicentral distance of about 150 km.
Bottom panel: Acceleration recorded during the passage of a tramway at the entrance of the studied
building. Left: Times histories (EW, NS and V components, respectively transverse, longitudinal
and vertical building directions). Right: associated amplitudes of Fourier Transforms. The brown
boxes show the 25 s time window considered for the Fourier Transform computation.

5 Conclusion

In conclusion, the passage of trams induces significant vibrations in the studied building,
which are substantially stronger than those produced by ambient noise. These vibrations
exceed the recommendations of DIN German standards over a wide frequency range.
The acceleration peaks measured at the building’s entrance during tram passages are
comparable to those generated in Bucharest by Vrancea earthquakes of approximately
5.0 magnitude, with the vertical component of these vibrations being even significantly
stronger than during the earthquake. This observation aligns with the residents’ reports
of noticeable vibrations during tram passages. Consequently, the building is subjected
daily to multiple events, equivalent to small earthquakes, progressively weakening the
structure over time. The cumulative effect of these stresses, combined with the building’s
inherent vulnerability, has led to the development of a continuously evolving crack in
the facade. Therefore, trams operating on poorly founded tracks transmit strong ground
vibrations that can be hazardous to nearby older buildings, which are the most susceptible
to damage.
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