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Abstract: Traffic–induced vibrations may constitute a considerable load to buildings. In this
paper, vibrations transmitted through the ground caused by wheeled vehicles are considered.
This phenomenon may cause cracking of plaster, cracks in load-bearing elements or even, in extreme
cases, collapse of the whole structure. Measurements of vibrations of real structures are costly and
laborious. Therefore, the aim of the present paper is to propose a method of using Bayesian networks
combined with implementation of geoscience for assessment of impact of traffic–induced vibrations
on residential buildings. Firstly, the experimental tests were performed on different buildings using
specialized equipment taking into account five factors: Distance from the building to the edge of
the road, condition of road surface, condition of the building, the absorption of soil and the type of
vehicle. Then, probabilistic analyses applying Bayesian networks were conducted and two methods
of assessing the information value (EVSI method and entropy method) were compared. Finally,
the developed diagnostic–decision support model was tested, so as to verify the most important
parameter, affecting the possibility of structural vibrations to occur. The results of the study clearly
showed that the use of Bayesian networks was a very effective approach to assess the impact of
traffic-induced vibrations. The developed algorithm could be successfully applied both to existing and
planned buildings, for which the source of vibration is already present or may appear in the future.

Keywords: Bayesian networks; ground vibrations; traffic-induced vibrations; residential buildings;
value of the information

1. Introduction

Vibrations of buildings may be induced by different types of dynamic excitations. The most
common reasons of such vibrations are related to wind, earthquakes (see, for example, [1–4]),
piling works, large mechanical vibrating entities, jumping of people or vibrations resulting from
passing of vehicles and trains [5,6]. The last reason may lead to traffic-induced vibrations of geological
structures generating negative effects, both for buildings and residents of buildings subjected to
these dynamic excitations [7]. Vibrations caused by road traffic causes also noise troublesome for
residents. Fortunately, modern, constantly developing technology brings many possibilities to solve
such problems. One of them is the use of effective methods of forecasting the impact of traffic-induced
vibrations on residential buildings [8]. Experts are very important in the process and their experience
and knowledge can be used to provide information that forms the basis for calculation programs
and systems.

There are many methods of forecasting various types of phenomena, starting from decision
trees and risk analysis (see [9]) through statistics and random algorithms (e.g., [10,11]) to artificial
intelligence and machine learning. The problem is therefore to find solutions that are both useful
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and not expensive. That is why the approximate methods are often used. These methods allow us to
solve the engineering problem with satisfactory results, even if they are still approximate. The use of
Bayesian networks (BN) is an example of such applications. Definitions and detailed rules related to the
application of BNs in buildings can be found in [12]. An interesting example of the practical application
of the method, by using the conventional regularized learning approach, as a particular approximation
of the Bayesian framework, was described in [13]. The example concerns the two-step strategy for the
assessment of the integrity of a long-suspension bridge under ambient vibrations. In the first step of
the proposed strategy, the occurrence of damage was detected and the damaged portion of the bridge
was identified. In the second step, the specific damaged element was recognized and the intensity of
damage was evaluated. The Bayesian framework was applied in both steps and the improvements
in the results were discussed. Another application of BNs was presented in [14] and it demonstrates
how Bayesian belief networks (BBNs) can be used as a diagnostic–decision support model (D-DSM)
during the implementation phase of a large construction project. The example concerns a road tunnel
and demonstrates how the D-DSM can combine expert knowledge with the monitoring information.
The model is able to use evidence from various sources in a mathematically rigorous manner. Attention
should also be paid to the use of Bayes networks for building the model of cross passages between
tunnel tubes in soft soils [15]. To ameliorate the problem related to the scarcity of risks information,
often encountered in construction projects, the authors used BBNs and expert knowledge to augment
available information. The paper describes proposed modifications to the standard methods used
to develop BBNs in order to deal with divergent information originated from epistemic uncertainty
of risks.

2. Motivation and the Study Objective

Traffic–induced vibrations may be caused by wheeled vehicles, trams and trains. Meanwhile,
many structures are located near roads (tracks) with significant traffic. They are exposed to continuous
vibrations, which often affect not only people, but also buildings themselves. As a consequence,
structures may be subjected to considerable damages. When assessing the technical condition of a
building, an expert should also pay the attention to the reasons of structural degradation. That would
allow us to prevent the occurrence of cracks, or even major damages, in buildings in the future.

In this paper, the analysis is focused on vibrations transmitted through the ground caused by
wheeled vehicles, which may affect the technical condition of the building. Measurements of vibrations
of real structures are costly and laborious. Therefore, the aim of the present paper is to propose a
method of using Bayesian networks combined with the implementation of geoscience for assessment
of impact of traffic–induced vibrations on residential buildings. In this way, we can create an expert
system, which is able to predict, with a certain probability, the threat of negative dynamic impact on
the building considered, without performing costly and labor-intensive field measurements.

The need of field data for the development and calibration of numerical models should also be
emphasized [16–18].

A literature review shows that Bayesian networks can be successfully used in various fields,
and the implementation of the method can positively affect the development of technology and reduce
costs while minimizing the risk of adverse effects. However, according to the authors’ knowledge,
Bayesian networks have not been considered so far to predict the influence of traffic-induces vibrations
on buildings in relation to standard regulations [19–24]. That is why the aim of the present paper is
conduct such an attempt and to verify the effectiveness of the method analyzed.

3. Materials and Methods

Traffic-induced vibrations are becoming very common not only in urban areas but also in the
suburbs. The problem may occur everywhere in the cases of buildings located near roads or railways.
Vibrations are caused by various types of vehicles (columns of cars, trucks of different weights), trams,
trains and subway (see [25]). Polish standard [19] indicates that the distance of impact of vibrations on
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buildings is usually equal to about 25 m from the tram track axis or the outer road lane and about
50 m from the axis of the railroad track. The size of impact and the possible effects may be different.
Vibrations may cause cracking of plaster and damage to load-bearing elements. In the extreme cases,
they may also lead to the collapse of the whole structure [19]. Traffic-induced vibrations results in
degradation of a building reducing its durability and resistance to shocks [7,25].

The isolation of endangered buildings can be easily carried out due to the use of geomap,
which enables the construction of land information collections, their updating and analysis. The user
of the GEO PLUS module for geodetic calculations and data transmission from field recorders receives
the necessary data for the construction of expert systems.

Some formal regulations (e.g., [19–24]) describe the impact of vibrations on residential buildings
and people as well as measurement principles. The standard analysis in a number of countries,
including Poland, starts with performing measurements of accelerations in time using specialized
equipment. Then filtration in one-third bands in the range of 1–100 Hz takes place (see [20] for example).
The peak amplitude values are marked on the special scale, known as the dynamic influence scale (DIS).
The result may be located in one of five zones (see [19]). The first zone means no impact of vibrations
on building. The second zone shows that vibrations are noticeable but do not pose a threat to the
structure. The third zone means that the overall load bearing capacity of building may be weakened.
The next zone indicates that vibrations may have a major influence on building, the amplitudes for the
specific frequencies are high enough to cause various objects in the apartments to tremble and there is
also a negative impact on the health of inhabitants. The last zone means that the load bearing capacity
is dysfunctional and vibrations may lead to major malfunction or even total collapse of the structure.

The residential buildings should be analyzed so as to exclude dangerous impact of passing
vehicles. Laborious and costly measurements are often performed in such cases. It is believed that
Bayesian networks can be used not only to support the decisions concerning the necessity of in situ
measurements, but also to validate the probabilistic method (see [26] for example).

The Bayesian networks, based on the correlation between variables, allowed us to calculate the
probability of events. For variables Xi (i = 1, . . . , n) given Π(Xi), Xi is conditionally independent on all
non-parents nodes, a joint distribution probability of n variables can be decomposed according to a
chain rule as [27]:

P(Xi, . . . , Xi) = Πn
i=1P(Xi

∣∣∣X1, . . . , Xi−1) = Πn
i=1P(Xi

∣∣∣π(Xi)), (1)

where π(Xi) = ØP(Xi|π(Xi)) is a marginal probability of Xi, P(Xi). In order to conduct the Bayesian
inference, prior probabilities and posterior probabilities are required (see Figure 1) [27].
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Let X and Y be two stochastic variables, and suppose that X = x and Y = y. Before considering
the evidence Y = y, the prior probability of the event X = x or P (X = x) should be estimated first.
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After taking into account the evidence Y = y, according to Bayes theorem, the posterior probability
P (X = x|Y = y) can be calculated as [27]:

P(X = x
∣∣∣Y = y) =

P(X = x, Y = y)
P(Y = y)

=
P(X = x)P(Y = y

∣∣∣X = x)

P(Y = y)
, (2)

where P (X = x|Y = y) is the probability of the joint event P (X = x ˆ Y = y). If X, Y are independent,
then P (X = x|Y = y) = P (X = x).

In practice, information is usually introduced into the available and current network by updating
the distribution of probabilities for the next random variable (see also [28]). The algorithms defining
the probability are very complex, but still time to upgrade the network is very short. The principle of
operation of the Bayesian network is based on modeling the knowledge about the analyzed object by
assigning the probability P(Xi) to each of its state Xi. Subsequently, we obtained new information I
about the analyzed object, whereby we knew the probability for each object state, P(Xi/I) to obtain
this particular information, if the object was in the state Xi. By applying the Bayesian formula,
the probability P(Xi/I) was calculated taking into account new information I [27].

Bayesian networks can be provided by an expert and/or learnt from the data. The data was treated
as a set of m vectors (x1 (i), ..., xn (i)), i = 1, ..., m, generated independently of each of them from the
probability distribution represented by a real Bayesian network (X, S, P), S—structure, P—parameters.
Based on the data, a Bayesian network (X’, S’, P’) is created to bring (X, S, P) as close as possible [29].

Eliciting Bayesian networks from experts can be a laborious and difficult procedure, especially in
the case of large networks. Therefore, a number of methods for learning the structure of the network
and parameters from the data have been developed [30]. There are two, the most popular algorithms
that allow the automatic construction of the structural part and the parametric learning Bayesian
network to be created. These algorithms are:

1. The PC algorithm (see [30] for details). It relies on minimizing the amount of necessary d-separation
tests, which means quick and effective execution of lower-order tests. In the first phase of the
algorithm’s operation, the structure of the network is determined, and then some of the edges
are oriented as far as possible. Thus, a partially oriented structure is generated representing the
whole class of potential Bayesian networks. Algorithms take two input parameters. The first
one is the confidence level for the independence test. The lower the confidence level, the more
attributes are considered to be independent and the smaller edge has the resulting network.
The second parameter is the strategy of selecting pairs for the d-separation test. The d-separation
test is performed for all attribute pairs in the sample. The complexity of the test for each pair
depends on the number of edges eliminated in previous tests.

2. The expectation–maximization (EM) algorithm (see [31] for details). It is an iterative algorithm
to find the maximum likelihood or maximum a posteriori estimates of parameters in statistical
models, where the model depends on unobserved latent variables. The EM iteration alternates
between performing an expectation (E) step, which creates a function for the expectation of the
log-likelihood evaluated using the current estimate for the parameters and a maximization (M)
step, which computes parameters maximizing the expected log-likelihood found on the E step.
These parameter-estimates are then used to determine the distribution of the latent variables in
the next E step.

4. Results

4.1. Experimental Study

The experimental study was firstly conducted, so as to collect the real data to be used in the
Bayesian network created to study the impact of traffic-induced vibrations on residential buildings.
In order to create a network, it was necessary to collect an input database of our own measurements,
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data measured by other researchers (described in detail in [32], standard [19] and data specified by
the geographic information system [33]. Our own measurements for 11 buildings were carried out
(see Table 1). A number of different factors were considered in the study. The first factor was the
distance from the building to the edge of the road. In the cases analyzed, the distance was between one
and 23 m, and all the cases were divided into two sets: The first one for distances from one to 11 m and
the second set with distances from 11 to 23 m. Type and condition of road surface was also taken into
account. We could distinguish: Very good road condition (smooth surface, no damages, no breaks,
no manholes), average road condition (homogeneous surface, few damages) and bad condition (patchy
surface, a lot of damages, undulations, holes, cracks). Next factor considered in the study was related
to the building condition: Good condition (no damage of structural elements and plaster coatings),
average condition (no damage of structural elements, few damages of plaster coatings) and bad
condition (a lot of damages, wall cracks). A very important factor to consider is the type of soil in
which vibrations are transmitted. Since each soil absorbs the waves differently, the correlation between
the type of soil and vibration absorption can be approximated using the three-step criterion according
to [34]. The soil type, determined based on the geographic information system [33], was classified
for vibration absorption. For this purpose, the absorption coefficient was used. It is an approximate
parameter based on many field studies (see [35,36] for example) that can be used for approximate,
predictive methods. Taking into account the absorption coefficient, the soil type was divided into three
classes: Good (in the case of condensed sand, dry clay, cohesive soils, compact and half-compact),
average (in the case of medium and fine moistened clayey sand and hard-plastic cohesive soils) and
bad (in the case of wet, loose silty sand, fine clay sand and fine plastic cohesive soils) [35,36].

The type of vehicle is also important. In the analysis, this factor was classified for three different
types of vehicles: Type 1 (passenger car up to 3.5 t of total weight), type 2 (bus, truck up to 10 t of total
weight) and type 3 (truck from 10 t to 40 t of total weight). It should also be added that a number of
studies indicate (see [7,17] for example) that also the type of suspension system used in vehicles may
influence the resulting vibrations. This aspect, however, was not considered in the present study.

Field measurements for different types of vehicles were conducted for each residential building
(see Table 1). The data were analyzed and filtered in one-third octave bands within the 1–100 Hz
range [20]. The results were marked on the DIS scale (see [19]) and impact of traffic-induced vibrations
on each of the structure was determined (see last column of Table 1). The results of the experimental
study shown in Table 1 indicate that seven buildings belong to zone II of the DIS scale, meaning that
some kind of damage could be initiated due to vibrations. On the other hand, in the case of remaining
four structures, no impact of vibrations on these structures was expected (zone I of the DIS scale).
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Table 1. Characteristics of the buildings studied and the result of measurements.

No. Photo Distance Surface Road Surface
Condition

Building
Condition

Absorption
of Soil

Dynamic
Influence Scale

1
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condition of road surface, condition of the building, absorption of soil and type of passing vehicles,
were considered as variables in the model. Probabilistic relationships between them were created and
represented by the conditional probabilities (see the conditional probabilities tables, CPT, on Figure 2).
Model of network describing the problem of operational decisions related to impact of traffic-induced
vibrations on residential buildings is shown on Figure 3.
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road; (c) condition of the building; (d) absorption of soil and (e) type of passing vehicle.
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Figure 3. Model of a Bayesian network (BN) for impact of traffic-induced vibrations on
residential buildings.
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All 63 experimental measurements were treated as samples and randomly divided into two sets.
The networks were subjected to learning from available data, but also to verify using interactive
learning. 45 samples were randomly allocated to the training set (71.43% of all samples) and 18 cases
were assigned to the verification set (28.57% of all cases). The field results obtained by the network were
compared with the results from the experimental study obtained for the verification set (verification
phase). The details of the verification of the constructed model are presented in Table 2. It can be
observed from the table that the probability of prediction was larger than 50% for all the cases and the
average probability of prediction was equal to 84.27%. That confirms the accuracy of the model created.

Table 2. Characteristics of the input predictors and results of measurements.

No. Distance
Condition

of Road
Surface

Condition
of

Building

Soil
Absorption

Type of
Vehicle

Impact of
Vibrations—
BN Model

Impact of
Vibrations—
Experiment

1 1–11 m GOOD AVERAGE GOOD TYPE 1 NO 99.9% NO
2 1–11 m GOOD GOOD GOOD TYPE 2 NO 99.3% NO
3 11–23 m AVERAGE GOOD AVERAGE TYPE 1 NO 99.8% NO
4 1–11 m BAD GOOD AVERAGE TYPE 3 YES 92.4% YES
5 1–11 m GOOD AVERAGE AVERAGE TYPE 2 NO 89.2% NO
6 1–11 m BAD GOOD AVERAGE TYPE 2 YES 72.2% YES
7 11–23 m BAD GOOD GOOD TYPE 3 YES 58.2% YES
8 11–23 m AVERAGE GOOD BAD TYPE 1 NO 99.6% NO
9 11–23 m AVERAGE GOOD BAD TYPE 2 NO 81.7% NO
10 11–23 m BAD GOOD AVERAGE TYPE 1 NO 97.2% NO
11 1–11 m GOOD GOOD BAD TYPE 2 NO 92.4 % NO
12 1–11 m BAD AVERAGE BAD TYPE 3 YES 99.4% YES
13 11–23 m GOOD AVERAGE BAD TYPE 3 NO 57.6% NO
14 11–23 m BAD GOOD BAD TYPE 1 NO 93.7% NO
15 11–23 m AVERAGE GOOD BAD TYPE 2 NO 81.7% NO
16 11–23 m AVERAGE GOOD BAD TYPE 3 YES 51.3% YES
17 11–23 m BAD GOOD AVERAGE TYPE 1 NO 97.7% NO
18 11–23 m BAD GOOD AVERAGE TYPE 2 YES 53.5% YES

4.3. Rating the Value of Information

The decision making process is often defined in order to select one of the available actions: a1, a2,
. . . , an included in the space of action A, and its graphical representation is the dendrite decision [37].
The logical basis for the choice between alternative observations of variable diagnostic symptoms is
known as the expected value of sample information (EVSI) and defined as [38]:

EVSI = EV|SI− EMV, (3)

where:

EMV—expected decision value without any additional testing;
EV|SI—expected decision value as a result of an additional testing, which can be determined as:

EV
∣∣∣∣SI = E[u

∣∣∣∣(e)] =
∑

p(z|e)u(e, z), (4)

where:

p(z|e)—a priori conditional probability from a result of experiment (e) and observed state (z);
u(e, z)—value of the most preferred decision from a result of experiment (e) and observed state (z).

Based on the initial Bayes grid shown in Figure 3, the risk of the impact of vibrations on the
building was fifty to fifty percent. Taking into account possible decisions, the decision about conducting
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field measurements should be made. The value of such a decision was EMV = 6.00. The value of new
information regarding the condition of the building was:

EV|SI1 = 0.45 × 7.30 + 0.21 × 6.00 + 0.34 × 9.29 = 7.705,
EVSI1 = 7.705 – 6 = 1.705.

The monitoring network quality could also be assessed in terms of criteria that would allow us to
measure how information obtained from the monitoring network reduces uncertainty regarding the
decision/diagnostic variable.

It happens that, in spite of the extensive set of the data and high costs of maintaining the network,
a small amount of useful information is obtained [39]. It is often proposed (see, for example, [40]) to
use monitoring methods derived from information theory developed by Shannon [41] so as to assess
the quality of the network. The basic concept of this theory is the information entropy, which is a
measure of the information contained in the data. By treating the monitoring network as a signal
communication system, having the ability to transfer operational information, evaluation criteria using
the entropy of information could be applied to this system. It allows us (in a quantitative way) to
describe the uncertainty associated with the occurrence of the random phenomenon or, in other words,
to assess the amount of information that carries the observation of this phenomenon’s symptoms. If X
is a discrete random variable taking the value of x1, x2, . . . , xn with the probability p(xn), where n = 1,
2, . . . , N, the marginal entropy, H(X), can be calculated as [41]:

H(X) = −
∑

N
n=1p(xn) logk p(xn), (5)

where:

k—base of logarithm,
N—number of possible states.

The unit of H(X) is:

• Napier—if the natural logarithm is used in formula (5);
• Decibel—if decimal logarithm is applied in formula (5);
• Bit—if log with base 2 is used in formula (5).

The marginal entropy value is in the range from 0 to log N [42]. If we assume that the variable
X represents a decision variable in the monitoring network, thus the marginal entropy H(X) defines
the uncertainty associated with this variable. It should be noted that, in the case of the centered
distribution, the entropy is small. In particular, in an event in which there is no uncertainty (the
condition has only one value with probability 1), the entropy value is equal to 0. Alternatively, when a
high scatter distributions are concerned, for which there are various observation results with a suitably
low probability, the entropy is large. In the extreme case, when each from N observations xn (n = 1, 2,
. . . , N) is equally likely to take place with a probability of pn = 1/N, the entropy reaches its maximum
value equal to log N [42].

If two random variables X and Y are correlated (e.g., a diagnostic variable X and its symptom Y),
then for the evaluation of the data from an observation of symptom, the conditional entropy, H(X/Y),
is used. It is expressed as [41]:

H(X|Y) = −
∑

M
m=1H(X

∣∣∣∣ym) × p
(
ym

)
, (6)

where:

M—number of symptom Y variable states;
p(ym)—probability of the a priori state ym;
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H(X|ym)—entropy of the diagnostic variable at the given state ym of the symptom variable.

At this point, we could define the reduction of entropy as a result of observation of a variable
symptom Y [41]:

δH(X|Y) = H(X) −H(X|Y). (7)

Using Equation (5), the initial entropy for a state from the Bayes example network (Figure 2) was
calculated as:

H(X) = – (0.5 × log20.5 + 0.5 × log20.5) = 1.

Moreover, using Equations (6) and (7), the entropy for observations regarding checking the
condition of a building was calculated as:

H(X|’Condition of the building’ = GOOD) = – (0.189 × log20.189 + 0.811 × log20.811) = 0.6993,
H(X|’Condition of the building’ = AVERAGE) = – (0.5 × log20.5 + 0.5 × log20.5) = 1,
H(X|’Condition of the building’ = BAD) = – (0.912 × log20.912 + 0.088 × log20.088) = 0.4298,
H(X|’Condition of the building’) = 0.45 × 0.6996 + 0.21 × 1 + 0.34 × 0.4298 = 0.671,
δH(X|’Condition of the building’) = 1 – 0.671 = 0.329.

It should be underlined that the symptom that gives the largest reduction in entropy is more
efficient from the standpoint of minimizing the diagnostic variable uncertainty [42].

By using two methods, the influence of different parameters, affecting the possibility of impact of
traffic-induced vibrations on the building, was assessed. A summary of the results of the reliability of
network is presented in Table 3.

Table 3. A summary of the reliability of the network.

No. Parameter EVSI Method Entropy Method

1 Distance 0.070 0.029
2 Condition of road surface 2.116 0.426
3 Condition of building 1.705 0.329
4 Soil absorption 1.862 0.360
5 Type of vehicle 2.145 0.393

It can be seen from Table 3 that the most important parameter, affecting the possibility of impact
of traffic-induced vibrations, was the ‘Type of vehicle’ for the EVSI method. By contrast, using the
method of entropy, the largest influence had the ‘Condition of road surface’. In the case of both
methods, the ‘Distance from the building’ was the least important. Special attention should be paid to
the parameter relating to soil absorption. Both methods were shown that this was also an important
factor. The forecast of phenomena in the substrate related to the dynamic response of road pavements,
as well as the interaction of the structure with the ground, was not the subject of this study; however,
it is a very important aspect of geotechnical research [43–46].

5. Conclusions

Impact of traffic-induced vibrations on residential buildings located near roads was experimentally
and probabilistically studied in this paper. Firstly, the experimental tests were performed on different
buildings using specialized equipment. Then, probabilistic analyses using Bayesian networks were
conducted and two methods of assessing the information value (EVSI method and entropy method)
were compared. Finally, the developed diagnostic–decision support model was tested, so as to verify
the most important parameter, affecting the possibility of structural vibrations to occur.

The results of the study presented in this paper clearly show that the application of Bayesian
networks is a very effective approach for assessing the impact of traffic-induced vibrations on residential
buildings. An important aspect is that an author’s algorithm based on Bayesian networks allows
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the forecast of the impact of vibration without labor-intensive measurements. In addition, it could
be determined whether soil cross-section studies were justified. These are, of course, probabilistic
methods, but in today’s engineering they are very much needed to make economic decisions.

It allowed us to predict the threat exposed to structures with relatively large probability. The major
advantage of the proposed method lied in the fact that a created risk of the model works as an
integrating tool in which both past and current information about the building operation and the
surrounding conditions was used to assess the risk problems’ probabilities at any time. This effect was
obtained mainly due to the combination of the expert knowledge of the risk problem elements and the
cause–effect relationships among them (expressed by conditional probabilities) with new evidence
(monitoring observations). The results of the study also showed that the parameter with the largest
influence on structural vibrations was the type of vehicle (due to the EVSI method) and the condition
of road surface (due to the entropy method). On the other hand, the distance from the building was
found to be the least important parameter in the analysis, apart from the method applied.

The developed algorithm could be successfully applied both to existing and planned buildings,
for which the source of vibration is already present or may appear in the future. The algorithm
presented in this paper met the requirements to be helpful when making a decision on the location
of the planned investment; and in the case of existing buildings, it provides the basis for performing
specialized vibration measurements in the case of any doubts.
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