
ISEV2009 - Environmental Vibration: Prediction, Monitoring and Evaluation

THE SHORT AND LONG TERM EFFECTS
OF ENVIRONMENTAL VIBRATIONS ON BUILDINGS
Stijn François, Hamid R. Masoumi and Geert Degrande
Department of Civil Engineering, K.U.Leuven
Kasteelpark Arenberg 40, B-3001 Leuven, Belgium

Abstract: In this paper, the short and long term effects on structures of environmental vibrations, as arising from traffic,
industrial and construction activities, is studied through the use of numerical models. In the first part of this paper, the short
term dynamic response is considered. A time domain finite element formulation is used for the structure, as the nonlinear
constitutive behavior of the structural materials requires a direct time integration procedure. The soil is assumed tobehave
linear elastically and a time domain boundary element method is used to fully account for the dynamic soil-structure interaction.
In the second part of the paper, a numerical model for vibration induced foundation settlements of structures is formulated that
accounts for the long term constitutive behavior of the soiland the dynamic response of the soil and the structure duringa
single load event. As the permanent deformations are only observed after a large number of load events, only the average
plastic deformation per load cycle is considered. The accumulation model accounts for the dependency of the deformation
on the stress conditions and the cyclic loading amplitude. With both models, it is demonstrated that instantaneous damage to
structures is only likely to occur in the case of large vibration amplitudes. Low-amplitude vibrations, such as traffic induced
vibrations, are not likely to cause any instantaneous damage. On the long term, however, these vibrations may give rise to a
significant settlement if the structure is founded on a loosesandy soil.

1 INTRODUCTION

Structures in urban areas are exposed to low amplitude cyclic
load events as arising from road and railway traffic or con-
struction activities. Property owners often complain about vi-
bration related structural damage. In practice, it is impossible
to attribute existing structural damage to the vibrations due to
the possible interaction with other deterioration processes.

In general, two distinct damage mechanisms for vibration
induced damage can be distinguished: (1) direct damage due
to an excessive dynamic response of structural parts or com-
ponents, and (2) indirect structural damage as a result of vi-
bration induced settlement of foundations. The direct damage
appears in the case of large amplitude vibrations as construc-
tion activities (e.g. pile driving). The second mechanism may
occur in the case of densification of loose sandy soils and is
related to the repeated occurrence of vibrations.

In order to study the effects of vibrations on buildings, nu-
merical models are developed that account for soil-structure
interaction and the consitutive behaviour of the soil and build-
ing materials.

In a first model, the possibility of direct damage to a ma-
sonry structure is studied by considering the short-term dy-
namic response of the structure due to a wave field induced
by road traffic and a wave field induced by pile driving. The
stress levels are assessed and compared to an evaluation using
the German DIN norm [8].

Secondly, the response of the structure is modelled using
an accumulation model for the soil that accounts for the long-

term deformation of the soil under the repeated action of a
large number of vehicle passages besides the structure.

This paper is organized as follows: in section 2, the prob-
lem outline of a structure excited by an incident wave field due
to road traffic and pile driving is given and the global method-
ology is described. In sections 3 and 4, the short and long
term response of the structure is computed and conclusions
are stated in section 5.

2 PROBLEM OUTLINE

Figure 1 shows the geometry of the hypothetical masonry
structure with dimensions12 m×6 m×6 m. The structure has
two stories, each subdivided into 4 rooms. The interior and ex-
terior walls have a thicknesstw = 0.10 m, and consist of clay
brick masonry. The floors are concrete slabs with a thickness
tf = 0.20 m. All floors are simply supported, corresponding
to hinged joints at the slab edges. The structure is founded on
a concrete strip foundation with a widthwfound = 0.60 m and
a thicknesstfound = 0.20 m.

Masonry is composed of bricks and mortar and is charac-
terized by an anisotropic mechanical behaviour, even in the
case where its constituents are isotropic. As an alternative
to a heterogeneous model, discretizing each individual brick
unit and joint [1], a homogenized orthotropic continuum is
considered, which can effectively predict masonry behaviour
[2, 3]. The field of application of such a macro model for
masonry are large structures subjected to boundary condi-
tions and loading such that the stresses and strains along the
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Figure 1: Geometry of the hypothetical masonry building.

macro scale can be assumed uniform. The masonry is charac-
terised by Young’s moduliEα = 2.5 GPa, Eβ = 5 GPa and
Eγ = 3.75 GPa, Poisson’s ratiosναβ = νβγ = νγα = 0.20,
shear moduliµm

αβ = µm
βγ = µm

γα = 1 GPa, and a density

ρm = 1200 kg/m3 [2]. The material axisα is parallel to the
bed joints, the material axisβ parallel to the head joints and
the material axisγ is perpendicular to the wall (figure 1).

For the concrete floors, an isotropic behaviour is consid-
ered, with a Young’s modulusEc = 33.3 GPa, a Poisson’s
ratioνc = 0.20 and a densityρc = 2500 kg/m3.

Furthermore, the structure is built on a soft homogeneous
half-space with a shear wave velocityCs = 200 m/s, a
longitudinal wave velocityCp = 400 m/s, a densityρ =
1750 kg/m3 and a material damping ratioβ = 0.02 in devi-
atoric and volumetric deformation.

The structure is modelled with finite elements. The finite
element program ANSYS is used. The finite element mesh,
depicted in figure 1, consists of 4-node shell elements with six
degrees of freedom at each node, accounting for both in-plane
deformations and out-of-plane bending. The ANSYS element
type SHELL181 is employed for the walls, the floors and the
foundation.

3 SHORT-TERM STRUCTURAL RE-
SPONSE OF A MASONRY STRUCTURE

The response of the masonry building due to the passage of
a truck on a nearby traffic plateau and due to pile driving is
considered. Figure 2 shows the location of the road and the
pile with respect to the structure.

3.1 Traffic induced wave field

The road has a width2B = 4 m and consists of three layers:
an asphalt top layer, a layer of crushed stone and a crushed
concrete subbase layer. A traffic plateau with a top length
L = 10 m, a heightH = 0.12 m and sine-shaped ramps
with a lengthl = 1.2 m is located on the road surface. The
road is supported by a homogeneous half-space with a shear
wave velocityCs = 200 m/s, a longitudinal wave velocity

Cp = 400 m/s, a densityρ = 1750 kg/m3, a Poisson’s ratio
ν = 1/3 and a material damping ratioβ = 0.025 in devia-
toric and volumetric deformation. A two-axle VOLVO FE7
truck with a wheel base of 5.2 m passes at a vehicle speed
v = 50 km/h on the traffic plateau. At the timet = 0, the
front axle of the vehicle is located atxS = 1 m, y = 0 m and
zS = 0 m. The axle loads are derived from a two-dimensional
4DOF vehicle model [4] and are applied atxS = B/2 = 1 m.

For the computation of the incident wave field, the model
proposed by Lombaert [5] is used. Figure 3 shows the Fourier
transform and the time history of the displacement at the point
{x = 8 m, y = 0 m, z = 0 m} in the free field. The time
history shows four peaks corresponding to the passage of the
vehicle axles on the two ramps of the traffic plateau. The fre-
quency content of the free field response is mainly dominated
by the axle hop modes.

Next, the response of the masonry building due to the traf-
fic induced incident wave field is computed, fully accounting
for dynamic soil-structure interation. For more details, the
reader is referred to the PhD thesis of the first author [6].

In order to assess the possibility of structural damage due
to the traffic induced incident wave field, the Dutch SBR
guideline [7] is applied. The SBR guideline is similar to the
German DIN norm [8] and is based on the assessment of the
peak particle velocity as a function of dominant frequency at
different points in the structure (figure 2). The points mustbe
chosen in rigid edges and corners (points A, B, and C) and in
the center of floors or walls where an excessive response is
expected (point D). Based on the number of receiver points,
the measurement is referred to as an indicative measurement,
a limited measurement or an extensive measurement. Depen-
dent on the measurement type, different factors of safety are
applied to the threshold values for the peak particle velocity.
No safety factors are employed in the present study.

The threshold value for the peak particle velocity differs
for points on the ground floor and points located at higher
floors. Furthermore, a distinction is made between the con-
struction type and the state of the structure. The first cat-
egory includes reinforced concrete or wooden structures in
good state. The second category comprises unreinforced con-
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Figure 2: Vibrations in a structure due to (a) traffic and (b) pile driving.
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Figure 3: Time history (left) and modulus of the Fourier transform (right) of the free field displacementsuz(t) at the point
{x = 8 m, y = 0 m, z = 0 m} due to a passage of a truck on a traffic plateau at a speed of 14 m/s.

crete or masonry structures. Finally, the third category covers
old and monumental buildings of great historical importance
or masonry structures in a poor state.

Figure 4 shows the evaluation of the SBR guideline for
structural damage at the ground floor and at the first floor. The
corresponding threshold values are plotted on figures 7 and
8. The peak particle velocities in all points is significantly
lower than the threshold value, even for the most strict thresh-
old value. The evaluation in figure 4 is related to structural
damage induced by an excessive structural response. In ad-
dition to this evaluation, the SBR guideline presents an addi-
tional criterion related to damage caused by differential foun-
dation settlements. This evaluation is only requested if the
foundation is prone to settlements. A threshold value is de-
fined for points on the foundation, as depicted in figure 5. The
threshold value decreases with the dominant frequency of the
excitation, as it is expected that higher loading frequencies
generate more soil compaction as the number of load cycles
is generally higher. For both points A and B, the peak parti-
cle velocities remain well below the threshold value. While
the SBR guideline is based on observations in the field rather
than on a thorough physical insight in the deformation of the
structure during the dynamic load event, the above assessment
of structural damage by means of the SBR guideline indicates
that vibration induced damage due to the traffic induced wave
field is unlikely to occur.

3.2 Wave field induced by pile driving

For the computation of the incident wave field induced by pile
driving, use is made of the results of an existing source model
developed by Masoumi et al. [9]. In this source model, the
dynamic pile-soil interaction problem is solved by means of
a subdomain formulation [6]. The calculation has been per-
formed for a concrete pile with a circular section with a radius
rp = 0.25 m with a penetration depth ofep = 2 m. The im-
pact force is generated by means of a 2DOF model for the
hammer-pile interaction [10]. Figure 6 shows the time history
and frequency content of the vertical displacement at the sur-
face of the half-space. The response of the masonry building
due to the incident wave field is computed, fully accounting
for dynamic soil-structure interation. For more details, the
reader is referred to the PhD thesis of the first author [6].

The SBR guideline [11] for the assessment of vibration
induced structural damage is also applied to the current exam-
ple. Figure 7 shows the evaluation of the SBR guideline in
the points A, B, C and D (figure 2). The threshold values are
exceeded for the all building categories, indicating the likeli-
ness of structural damage. Mainly the peak particle velocity
in point A is excessively large.

Figure 8 shows the evaluation of the guideline for ex-
cessive foundation settlements. The threshold values are ex-
ceeded for both the points A and B, indicating that foundation
settlements may occur as a result of impact pile driving.
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Figure 4: Evaluation of the SBR guideline for structural damage (a) at the ground floor and (b) at the first floor for the road
traffic induced vibrations.
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Figure 5: Evaluation of the SBR guideline for excessive foundation settlements.
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Figure 6: (a) Time history and (b) Fourier transform of the vertical displacement due to impact pile driving at the surface of
the half-space at a distance ofr = 20 m (black line) andr = 40 m (gray line).

4 LONG-TERM STRUCTURAL RESPONSE
OF A MASONRY STRUCTURE

The previous calculations show that the traffic induced inci-
dent wave field is not likely to cause structural damage on the
short term. However, under a repeated action of vehicles, a
foundation settlement may occur due to accumulation of de-
formation in the soil. This may lead in its turn to increased
stresses in building components and correspondingly to dam-
age.

To study the long-term effects, an accumulation model for
granular soils under low amplitude cyclic loading is used that
has been well suited for implementation in a finite element
framework reflecting the stress conditions in the soil under-
neath a structure loaded by a low amplitude incident wave
field.

This approach involves a double time scale. The first time
scale is the short term time scale, where the dynamic response
of the structure and the soil due to a single load event, e.g. a
single passage of a vehicle on a nearby road, is calculated. In
the second time scale, the long term behaviour of the soil and
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Figure 7: Evaluation of the SBR guideline for structural damage (a) at the ground floor and (b) at the first floor. The criterion
is shown for building categories 1 (black line), 2 (light gray line), and 3 (dark gray line).
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Figure 8: Evaluation of the SBR guideline for excessive foundation settlements.

the structure is considered in a quasi-static calculation.The
cyclic stress amplitude of the short time scale is used as an in-
put parameter for the constitutive model: a larger cyclic load-
ing amplitude results in a larger incremental permanent strain
per load cycle. In this sense, the two time scales are weakly
coupled. The accumulation model is implemented in a three-
dimensional nonlinear finite element framework, allowing for
the solution of general boundary value problems and the rig-
orous computation of static soil-structure interaction effects.
The formulation is described in a journal paper [12].

Figure 9 shows the deformation of the line AB (figure 2)
after the application of the gravity load, and after the passage
of 10000, 500000 and 1000000 vehicles. The initial vertical
displacement is much smaller than the vertical displacement
after the load events have taken place. Furthermore, most of
the soil deformation takes place during the first 10000 load
events, which is in correspondance with the logarithmic shape
of accumulation curves of cyclic triaxial tests.

As a result of the differential foundation settlement, the
stress distribution in the structure is modified. Figure 10a
shows the first principal stress in wall I (figure 2) after the ap-
plication of the gravity load, and figures 10b and 10c show the
first principal stress after the passage of 10000 and 1000000
vehicles. The differential foundation settlement causes a
global bending of the wall. At the bottom of the wall, the
principal stress increases to reach a maximum value of about
0.25 MPa and may result in cosmetic damage. In the case
of structures susceptible to differential foundation settlements,
e.g. for a structure where static foundation loads vary, thedif-
ferential foundation settlement is expected to be more impor-
tant and may result in more considerable structural damage.

5 CONCLUSION

In this paper, the effect of vibrations on structures has been
studied through the use of numerical models. For the study of
the short-term effects, the dynamic response of the structure is
computed where the dynamic soil-structure interaction is ac-
counted for. To study the long-term effects of repeated traffic
induced vibrations on buildings, an accumulation model for
granular soil under cyclic loading is used.

This paper demonstrates that instantaneous damage to
structures is only likely in the case of large vibration ampli-
tudes, as in the case of pile driving. Low-amplitude vibra-
tions, such as traffic induced vibrations, are not likely to cause
any instantaneous damage. On the long term, however, these
vibrations may give rise to a significant settlement if the struc-
ture is founded on a loose sandy soil.

Acknowledgements

The results in this paper have been obtained within the frame
of the SBO research project IWT03175 “Structural damage
due to dynamic excitations: a multi-disciplinary approach”.
This project is funded by the Institute for the Promotion of
Innovation by Science and Technology in Flanders.

References

[1] P.B. Lourenço and J.G. Rots. A multisurface interface
model for the analysis of masonry structures.ASCE
Journal of Engineering Mechanics, 127(7):660–668,
1997.



0 5 10 15 20 25 30
−0.2

−0.15

−0.1

−0.05

0

Distance [−]

D
is

pl
ac

em
en

t [
m

]

Figure 9: Vertical displacement along the line AB before accumulation (dashed line), and after 10000 vehicle passages (light
grey line), 500000 vehicle passages (dark grey line) and 1000000 vehicle passages (black line).

(a) (b) (c)
0 0.125 MPa0.25 MPa

Figure 10: Principal stress in wall I (a) after the application of the gravity load and after the passage of (b) 10000 and (c)
1000000 vehicles.

[2] P.B. Lourenço. Computational strategies for masonry
structures. PhD thesis, Delft University of Technology,
Delft, The Netherlands, 1996.

[3] P.B. Lourenço, J.G. Rots, and J. Blaauwendraad. Contin-
uum model for masonry: parameter estimation and vali-
dation. Journal of Structural Engineering, Proceedings
of the ASCE, 124(6):642–652, 1998.

[4] G. Lombaert.Development and experimental validation
of a numerical model for the free field vibrations induced
by road traffic. PhD thesis, Department of Civil Engi-
neering, K.U.Leuven, 2001.

[5] G. Lombaert, G. Degrande, and D. Clouteau. Numerical
modelling of free field traffic induced vibrations.Soil
Dynamics and Earthquake Engineering, 19(7):473–488,
2000.

[6] S. François. Nonlinear modelling of the response of
structures due to ground vibrations. PhD thesis, Depart-
ment of Civil Engineering, K.U.Leuven, 2008.

[7] Stichting Bouwresearch. SBR Richtlijn 1: Schade
aan bouwwerken door trillingen. Meet- en beoordel-
ingsrichtlijn, 1993.

[8] Deutsches Institut für Normung.DIN 4150 Teil 3: Er-
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