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ABSTRACT
Buildings located close to transportation corridors experience structure-borne sound and
vibrations due to passing traffic which are disruptive to operation of sensitive equipment in
manufacturing, and medical facilities. These are also annoying to human occupants in
residential, office, and commercial buildings. There is a growing need for cost effective
sound and vibration predictions for mitigation. The research focuses on in-situ testing of a
full-scale building for verification of a previously proposed impedance-based prediction
model for ground-borne vibrations and examination of a mitigation methodology using the
verified model.
Train-induced floor vibration measurements in an existing four-story building in Boston
were collected and compared with predictions of the impedance model. The impedance
model predictions closely matched with the measured floor responses. Impact hammer tests
were performed as means of verifying the impedances of floor slabs. A controlled vibration
test was performed by exciting the test column top down using a dynamic shaker. The
vibration predictions were found to follow the trend observed in the shaker-induced floor
vibration measurements.
A thickened “blocking floor” has high impedance and reflects a major portion of the
vibration transmitting in the columns preventing it from reaching the upper floors. The
efficiency of using a blocking floor as a mitigation methodology on lower levels of the
building was demonstrated by comparing floor vibration levels in the verified impedance
model with and without the blocking floors. The blocking floor was found to mitigate the
transmission of ground-borne vibrations to upper floors.
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INTRODUCTION AND OVERVIEW
Structure-borne sound and vibrations from transportation systems are an inevitable part of

the modern society today. Increasing urban population and rising land prices have been
driving an increase in real estate development adjacent to, and above transportation corridors.
Precision manufacturing facilities, medical facilities, and research laboratories house
vibration sensitive equipment and require low noise environments. Human comfort in
residential and office buildings is also of prime concern. Buildings with similar usage when
constructed near transportation corridors are susceptible to structure-borne sound and
vibrations. The traffic induced vibrations can propagate through the ground and air into the
occupied space of the building, disturbing the human occupants as well as the sensitive
equipment operation.
As awareness of structure-borne sound and vibration issues grow among developers,
owners, designers, and building occupants, there is a corresponding increase in demand for
cost effective sound and vibration prediction and mitigation methodologies.
This research focuses on developing and verifying an impedance-based analytical model
of a column and floor system in an existing four-story building in Boston. Using geometric
properties, the dynamic behavior of the test building is defined in terms of column
impedances (modeled as finite, axial wave propagating rod) and floor impedances (modeled
as infinite plates). Impact hammer tests were performed as means of verifying the
impedances of the structural components. Shaker and train-induced vibration measurements
were collected near the test column to validate the ability of the impedance model to predict
floor vibrations. The modeling approach and the effectiveness of using this approach to
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predict the vibration response of buildings subject to ground-borne vibrations is discussed in
detail in this thesis.
The ability to predict floor vibration levels in a building with reasonable accuracy will
give designers the opportunity to develop cost-effective vibration mitigation strategies in the
initial stages of design of the structure. A mitigation strategy referred to as “blocking floor”
has been investigated as part of this research and the findings are discussed.
The main contribution of this thesis has been presented in Chapter 2, which will be
submitted for publication. Shaker-induced floor vibration predictions using the impedance
model are discussed in Chapter 3. Chapter 4 presents detailed information about the testing
and data acquisition equipment. Information regarding the relevant data processing
methodology is presented in Chapter 5. Chapters 6 and 7 present additional test results from
train-induced vibration tests and impact hammer tests respectively. Future scope of the
research has been discussed in Chapter 8. The appendices contain details of relevant
calculations and construction drawings of the test building.

2

2

PREDICTING TRAIN-INDUCED VIBRATIONS IN BUILDINGS
AND MITIGATION BY BLOCKING FLOOR

2.1

Introduction

2.1.1 Basis of research
In major cities around the world, urbanization and rising land prices have been driving an
increase in real estate development adjacent to, and above in some cases, railway lines and
other transportation corridors. Structure-borne sound and vibrations from traffic are not only
annoying to human occupants, they are disruptive to operation of manufacturing facilities,
medical facilities, and research laboratories. As awareness of structure-borne sound and
vibrations issues grow among developers, owners, designers, and building occupants, there is
a corresponding increase in demand for cost effective sound and vibration predictions for
mitigation. If designers could predict the vibration response of buildings with reasonable
accuracy, cost-effective vibration mitigation strategies could be incorporated into the initial
stages of structural design.
2.1.2 Background
Previous researchers have investigated in detail to identify the source of vibration from
railway lines and to find possible solutions to mitigate the effect of train-induced vibrations in
buildings. Cox et.al (2003) summarized the track geometry and the rail head roughness as
possible causes of vibration. Vibrations transmit from the rail to the track structure and then
to the surrounding ground. Reducing wheel and rail irregularities, noise isolation pads
(Hansaka et. al, 2012), soil replacement below tracks (Kirzhner et. al, 2006), and specialized
track structure design (Gupta et. al, 2008) have been found to reduce level of vibrations
transmitted from the track to the surrounding ground. The use of open and filled trenches
3

(Adam et.al, 2005), wave barrier of lime-cement columns (With et. al, 2009) and gas cushion
screens (Massarsch et. al, 2004) have been investigated and found to be effective in reducing
vibration transmission between the railway track and the nearby buildings. Base isolation in
buildings using resilient foundations or elastomeric bearings (Sharif, 2000), compacted sand
fill below foundation (Evans et. al, 2003) were also found effective in reducing vibration
transmission into buildings. The cost of each mitigation methodology may vary depending on
each site condition and it is important for the designer to review and identify the most costeffective solution on a case-by-case basis.
The characteristics, frequency range and magnitudes, of train-induced vibrations have
been well identified by researchers. The challenge is to predict floor vibration levels in a
building based on the ground-borne vibration input at the base of the column, at the
foundation level. A prediction model will facilitate the study and comparison of different
design alternatives for floor vibration mitigation. There have been several attempts to develop
predictive finite element models (Lee et. al 2000, Fiala et. al 2007). However, a detailed finite
element model required to accurately replicate the dynamic behavior of the building from low
to high frequency ranges is not available at initial stages of design. Current guidelines for
predicting train-induced vibrations in buildings, published by the FTA (2006), rely on a
heuristic predictive model. The FTA's recommendations for estimating floor-to-floor
vibration attenuation are -2 dB per floor (1 to 5 floors above grade) and -1 dB per floor (5 to
10 floors above grade).
Study of train-induced floor vibrations and mitigation is an area of ongoing research at
Tufts University. Previously researchers at Tufts (Brett 2007, Hughes 2008, Sanayei et. al,
2008) have developed a simplified impedance-based analytical model for train-induced
4

vibration predictions. A single column axial wave propagating model with impedance of
columns and slabs representing stiffness, mass and damping properties was considered. Floor
vibration levels were predicted based on measured input at the base of the column using the
impedance-based analytical model. The prediction model validated using tests on four-story
scale model building (Hughes 2008, Zhao 2009) and the robustness and efficiency of the
modeling technique demonstrated by comparison with finite element models (Sanayei et. al
2012b). Researchers (Maurya 2012, Sanayei et. al, 2013) measured train and subway-induced
vibrations in open ground and at grade slab level within buildings located in the vicinity of
the railway tracks at six locations in Greater Boston area. The measurements were analyzed
to study the characteristics of the train and subway-induced vibrations. The investigation
revealed that in case of subway-induced vibrations measured within the building, the
vibration energy levels were concentrated in the frequency range of 10 to 250 Hz and for
open ground measurements vibrations were observed to decrease by approximately 1 VdB
per meter with an increase in distance from the tracks.
A thickened “blocking floor” has high impedance and reflects a major portion of the
vibrations transmitting from the columns to the upper floors. The use of lower levels of the
building to serve as a blocking floor for mitigating ground-borne vibrations was investigated
using a four-story scale model building designed and constructed at Tufts with and without
the blocking floor (Hughes 2008, Zhao 2009, Sanayei et. al, 2012a). The physical insights
gained from these investigations serve as founding blocks for the research presented in this
paper.
2.1.3 Scope of research
The impedance-based modeling concept and the associated wave propagation equations
are readily available through earlier research work at Tufts and published literature (Sanayei
5

et. al, 2012a). The use of a blocking floor as a mitigation methodology has been verified on
scale model buildings. A summary of the relevant wave propagation equations and the
blocking floor concept are presented here for completeness.

The original scope and

contributions of this research are (1) Verification of the train-induced vibration characteristics
and its propagation within a full-scale building (2) Examination of impedance of complex
floor systems and verification using in-situ impact hammer testing (3) Prediction of traininduced ground-borne vibrations using the impedance model and comparison with measured
response of the actual building (4) Examination of the blocking floor concept using the
verified impedance model.
2.2

Impedance model
A previously proposed impedance-based prediction model representing a single column

and the connected floors was used to simulate the dynamic behavior of the test building and
predict floor responses to train-induced vibration input measured at the base of a column.
Impedance represents stiffness, mass and damping properties of the system. The finite
column segment between floors is represented as impedances at the top and bottom of the
column and the impedance of the infinite floor slabs included at the junction between
columns above and below.
An impedance model considered to represent the test building includes a single column
and the connected floors. Statistical independence of individual column responses to traininduced excitation demonstrated in section 2.5 justifies the single column approach. Previous
research has shown that vertical vibrations are the dominant mode of ground-borne vibration
transmission to upper floors of the building (Sanayei et. al, 2012a), hence the analysis
presented here is limited to vibration transmission in the vertical direction.
6

An axial wave propagating model shown in Figure 2.1 is considered to represent a
column segment. Where, f1 and f2 represent the axial forces and u1 and u2 represent the axial
displacements at the column ends.

Figure 2.1 Axial wave propagation model for a column segment
The dynamic force displacement relationship established based on the column model
shown in Figure 2.1 is used to develop the dynamic stiffness matrix of the column defined by,

-1 
   cos(  L)
[k ]   Ac 

cos(  L) 
 sin(  L)   -1

(2.1)

Where, L are the length of the column, ω is the driving frequency, β is the wave number
defined in terms of the wave speed, c and material density, ρ (Cremer et. al, 1988).




c





(2.2)

E

and c  E


(2.3)

Where, Ē is the complex modulus of elasticity of the column defined by,

E  E 1  i 

(2.4)

Where, E is modulus of elasticity of the column and η is the material loss factor.
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Vibrational energy in the column radiates as bending waves out into the floors. The axial
harmonic load transmitted through the column is transferred as harmonic point load to the
floors which are modeled as thin infinite plates as per Kirchhoff plate theory. Thin infinite
plates are resistive in nature and carry energy away from the driving point at the column
interface. This resistance referred as the driving point impedance is defined by Cremer et al.
(1988) as,

z  8 Dh

(2.5)

Where, ρ is the slab material density and D is the bending stiffness of the slab given by,

D

Eh3
12 1   2



(2.6)



Where, ν is the Poisson’s ratio of the slab material, Ē is the complex modulus of elasticity of
the slab and h is the slab thickness. The dynamic mass of the floor depends on the driving
frequency and is given by,

m

z
i

(2.7)

Figure 2.2 shows the simplified one-column impedance model for the test building. The
model consists of four axial degrees of freedom, excluding the degree of freedom at the
interface of the foundation with the column base. The dynamic stiffness matrix of the column
elements (Eq. 2.1) and the dynamic mass of the floors (Eq. 2.7) are assembled into global
stiffness matrices [K] and [M] to obtain the steady state response {U} of the column
subjected to a harmonic loading {F}, the relationship represented by Eq. (2.8). (Clough and
Penzien, 2003).
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Figure 2.2 Impedance-based model of the test structure
[ K ]{U }   2 [M ]{U }  {F}

(2.8)

The stiffness and the mass matrices depend on the driving frequency and the frequency
dependent steady state response for all floors is given by,
{U }  [ K   2 M ]1{F}

(2.9)

And the velocity is given as,
{V }  i{U }

(2.10)

For train-induced excitations, the harmonic loading vector {F}comprises of a non-zero force
at the column base and zero force at all other floors as shown in Figure 2.2.
2.3

Test building
A four-story building in Boston, Massachusetts was selected to develop and verify the

predictive capability of the impedance-based analytical model considered in this research.
The test structure selected is a convention center with large open halls and a limited number
of partition walls, an ideal choice for creating a simplified model as the alternate vibration
9

paths are avoided and vertical transmission of vibrations is mainly through the columns. The
building, originally constructed in the 1960’s and substantially renovated in the 1980’s,
contains a mix of concrete and steel-frame construction, one-way slabs on wide-flange beams
and two-way waffle slabs. The superstructure founded on pile caps, distribute load to steel
piles. The main structural columns are located on a square grid of size 9.144m (30 ft). Four
floors of the building were considered for the test plan and identified from bottom to top as
loading dock, plaza floor, second floor, and third floor. Two tracks of the commuter rail line
pass through the building tunnel at the loading dock level. Figure 2.3 shows a train exiting
the test building.

Figure 2.3 Train passing through the test building
To ensure stronger train-induced excitation and avoid floor complexities, a column on
grid 19-L, located close to the train tracks and away from any masonry walls or large floor
openings was selected. Figure 2.4 shows the plan and section of the building identifying the
test column location. The foundation system below the column consists of an isolated pile
cap supported on four steel-encased concrete, end bearing piles.
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Figure 2.4 Test building plan and section
2.3.1 Modeling of composite columns
The chosen column on grid 19-L consists of three finite segments. The two lower
segments between the loading dock, plaza floor and second floor are reinforced concrete and
the third segment between second floor and third floor is steel section encased in concrete.
The dynamic stiffness of a column defined in Eq. (2.1) depends on the material wave speed
and the area density of the column. The train-induced vibration in the composite column
segments is assumed to be uniform across the column cross-section in the frequency range of
interest. It is also assumed that the concrete and steel portions have similar axial motion
corresponding to the train-induced vibration and no shear slippage occurs between them.
Hence an equivalent wave speed and equivalent area density are considered for the column
cross-section as per the given equations,

ceq 

As Es  Ac Ec
 s As  c Ac

(2.11)

(  A)eq  s As  c Ac

(2.12)
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Eq. (2.11) and (2.12) use composite column material properties, that are the density of steel
ρs, density of concrete ρc, cross-sectional area of steel As, cross-sectional area of concrete Ac,
complex elastic modulus of steel Ēs and complex elastic modulus of concrete Ēs.
2.3.2 Modeling of composite slabs
The impedance of the floor slab, z defined in Eq. (2.5) can be represented as,

z  8 Dhm

(2.13)

and the bending stiffness of the slab, D defined in Eq. (2.6) can be represented as,

D

Ehk3
12 1   2



(2.14)



Where, hk and hm are the slab thicknesses considering an equivalent homogeneous flat plate
with the same bending stiffness and mass respectively of the actual composite slab.
The loading dock floor, a structural grade slab can be represented as a uniform flat slab.
The plaza and second floor have concrete waffle slab construction. The waffle slab consists
of 0.4826m x 0.4826m (19”x19”) domes at every 0.6096m (2 ft) with 0.0889m (3.5”) thick
slab and 0.0254m (1”) topping layer. Equivalent flat slab thicknesses hk and hm were
computed based on waffle slab properties available in CRSI design handbook (2008). The
third floor, a composite slab with light-weight concrete over metal decking is supported on
grid of steel beams and girders spanning in perpendicular directions. Equivalent flat slab
thicknesses were computed for the floor system considering contribution of the concrete slab,
steel beams and girders.
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Table 2.1 and Table 2.2 summarize the properties of relevant structural elements of the
building which serve as building blocks for the impedance model. All three column segments
have same gross cross-sectional area, however the reinforcement contents are different.
Table 2.1 Column properties based on construction drawings
CrossLength sectional
Equivalent wave
Column
Construction
(m)
area (m2)
speed (m/s)

Equivalent
area
density
(kg/m)

Reinforced
3.74E+3 + 86.33i
concrete
Reinforced
PL→SF
6.121
0.372
3.57E+3 + 99.84i
concrete
Concrete encased
SF→TF
8.255
0.372
3.54E+3 + 83.81i
Steel column
LD: Loading dock, PL: Plaza level, SF: Second floor, TF: Third floor
LD→PL

6.521

0.372

Table 2.2 Floor slab properties based on construction drawings
hk
hm
Floor
Construction
ν
E (GPa)
(m)
(m)
Grade Slab
LD
0.330
0.330
0.12
23.0
Waffle slab
PL
0.340
0.267
0.12
23.0
Waffle slab
SF
0.340
0.267
0.12
23.0
Concrete over
TF
0.205
0.132
0.12
15.4
metal decking

980.62
914.83
963.18

ρ
(kg/m3)
2400
2400
2400

0.06
0.06
0.06

1842

0.06

η

Where, ν is the Poisson’s ratio of the material, E is the modulus of elasticity of the material, ρ
is the density of the material and η is the material loss factor.
2.4

Measurement of floor impedance
Floor impedances calculated analytically using Eq. (2.5) and Eq. (2.13) were verified

using impact hammer tests performed at several locations on each floor level. An impulse
force generated on the floor slab using a PCB-086D20 impact hammer and the corresponding
floor response were measured and analyzed using an Agilent 35670A dynamic signal
analyzer. The test equipment and setup are shown in Figure 2.5.
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Figure 2.5 Impact hammer test equipment and typical test setup
(photograph source: Agilent technologies (2000), Meggitt-731A operating guide (2012)
and www.pcb.com)
Measurements are recorded as accelerance, which is the acceleration response divided by
the applied force. To reduce the influence of other structural components to the floor
impedance, impact hammer tests were performed away from column locations and also away
from beam and girder locations on the third floor. The mass and tip of the hammer were
selected to ensure that sufficient energy was applied to the structure in the frequency range of
interest (10 to 300 Hz). Accuracy of the measurements was increased by averaging ten robust
measurements performed at each test location to generate the accelerance spectra.
Accelerance computed analytically for the floor based on the floor impedance calculated
using Eq. (2.5) and Eq. (2.13) were compared with measured floor accelerance. The
comparisons are shown in Figure 2.6.
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(a) loading dock

(b) plaza floor

(c) second floor

(d) third floor

Figure 2.6 Floor accelerance based on measurements and slab properties (analytical)
Figure 2.6 (a) shows that for most frequencies the loading dock grade slab completely
replicates the constant impedance behavior associated with an infinite flat plate. Deviations
observed at frequencies above 50 Hz at loading dock, could be associated with the local
behavior of the test location since the slab rests on compacted soil, and hence has different
support condition. The measurements match the composite waffle floor analytical model for
the plaza and second floor slabs shown in Figure 2.6 (b) and Figure 2.6 (c). Measurements for
these two floors above 200 Hz were not considered for comparison due to low coherence. For
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the third floor slab, a light-weight concrete slab on metal deck supported on a grid of steel
beams and girders, the measurements fairly replicate the composite analytical slab model
behavior as seen in Figure 2.6 (d). The lower accelerance observed in the measurements can
be associated to the presence of the metal deck, beams and girders which increases the local
stiffness of the slab at the test location. Comparison of the analytical and measured
accelerance plots indicate that the composite slab models considered replicate the
measurements, hence the floor impedance computed using Eq. (2.5) and Eq. (2.13) are used
in the impedance model to represent the floor behavior.
2.5

Train-induced vibration measurements in the building
Train-induced floor vibrations were measured to study the characteristics of the train-

induced excitation at the base of the building. These measured vibrations were used to
validate the impedance modeling assumptions and to verify the prediction model developed
in this research. Vibrations were measured simultaneously on all floors using an array of
transducers installed adjacent to the test column. Figure 2.7 shows the test setup to measure
vertical components of the train-induced vibrations.

Figure 2.7 Train-induced floor vibration measurement setup
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Train passage events were identified by reviewing the vibration time histories, removing
events that were significantly corrupted by vibration from other sources. Ambient
measurements collected provide a sense of the robustness of the measured data. Thirty second
long ambient measurements were simultaneously recorded from all transducers in each setup.
Train pass by were transient events varying from 15 to 25 seconds. Vibration time records
used for subsequent analysis included approximately five seconds before and after the train
passage event. Sampling rate of 2000 Hz was used for train-induced vibration measurements.
The extracted time history was processed considering one second segments at a time and
updating the peak amplitude value at each frequency. This method is termed as “peak hold”
analysis. The amplitude of the power spectrum was converted to acceleration amplitude and
then to the corresponding floor vibration velocity in decibel scale using a reference velocity
of 1x10-8 m/s recommended by FTA (2006). FTA also recommends one-third octave band
frequency spectrum to represent the detailed analysis of building response and performance
of vibration mitigation methods. In one-third octave band representation, energy associated
with each one-third octave band is summed and assigned to corresponding central frequency
of each band. The velocity levels obtained are represented in decibel scale. A set of
measurements for five train passage events were recorded and the mean of the processed
vibration amplitudes gives the measured floor vibration velocity on each floor.
The train-induced measurements recorded at the base of the test column serve as the
source of vibration input for validation of the impedance model considered in this research.
Figure 2.8 shows the measurements recorded at the base of test column.
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Figure 2.8 Train-induced vibrations at base of the test column
The solid lines represent the train-induced vibration measurements and the dotted lines
represent the ambient vibration measurements. It is seen that the important part of the traininduced vibration spectrum lies between 30 to 200 Hz with a broad peak around 50 Hz.
Ljunggren (1991), Maurya (2012) and Sanayei et. al (2013), have also inferred similar
conclusions regarding the frequency range of interest for train-induced vibrations based on a
large number of measurements carried out along railway lines in Stockholm and Boston,
respectively. Hence, the scope of the study on train-induced vibrations was focused in this
frequency range. The ambient vibration measurements were well below the train-induced
vibrations in the frequency range 40 to 150 Hz. Measurements recorded below 30 Hz were
ignored due to significant ambient noise present in the building associated with moving
equipment, vehicles, and the ventilation system. Vertical component of vibration at the base
of the test-column was observed to be lower than the horizontal components.
Train-induced vibrations originate from the interaction between train wheel and the track.
Individual wheel sets act as independent sources of vibration. Two adjacent columns in a
building which are equidistant from a rail track, receive vibrations primarily generated at
different sources of the rail track and from different wheel sets. The sources of vibration at
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the base of two adjacent columns are completely independent of each other and so is the
nature of vibrations generated from them. A statistical analysis performed on the vibrations
measured due to a train passage event, on the same floor at two adjacent column locations
verified this phenomenon. The coherence between measurements from two adjacent columns
is shown in Figure 2.9.

(a) loading dock

(b) plaza floor

(c) second floor
Figure 2.9 Coherence plot between vibration measurements at adjacent columns
Low coherence observed indicates that the measurements are statistically independent.
Also, high frequency waves in slabs do not travel far from their sources at the column-slab
connection (Sanayei et al.,2012), preventing the influence of the vibrations observed at one
column location over the vibrations measured at the adjacent column location. Hence, a one
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column mathematical impedance model shown in Figure 2.2

can be treated as an

independent system to represent the propagation of train-induced vibrations in the building.
2.6

Train-induced vibration predictions using impedance model
Train-induced floor vibration velocity can be predicted at each floor to column junction

from the displacement vector in Eq. (2.9). This however requires measurement of the force at
the base of the test column due to train-induced excitation, which was not essentially feasible.
Vibration relationship between floors in the impedance model was established by the
application of a unit harmonic load at the foundation level. The relative vibration velocity
levels (velocity ratios w.r.t. the base) obtained were used to predict the train-induced
vibrations on upper floors by multiplying them with the train-induced vibration measured on
the lowermost floor at the base of the column.
The ambient vibration measurements, measured train-induced floor vibration velocities
and corresponding predictions from the impedance model are superimposed in Figure 2.10.

(a) loading dock

(b) plaza floor

20

(c) second floor

(d) third floor

Figure 2.10 Train-induced floor vibration predictions superimposed on measured data
High signal to noise ratio observed for the train-induced vibration measurements indicate
robust measurements in the frequency range of interest. Measurement at the loading dock
level serves as the input to the impedance model. Comparison of the measured floor
vibrations levels below 50 Hz at all floors reveals similar amplitudes, indicating that the
higher floors follow the motion experienced at the column base. Below 50 Hz, a reasonably
good match is observed between the predictions and measurements on higher floors. Above
70 Hz, the floor vibration predictions on higher floors tend to deviate from the corresponding
measurements. In the impedance model, the resonant behavior of the columns was observed
at 70 Hz and above. A difference in interpretation of the actual behavior of the composite
columns would in turn affect the floor vibration predictions and may have been a possible
reason for the deviation in the predictions observed at higher frequencies. However a definite
reason for this deviation was not found. Overall, the reasonable match observed between the
predictions and the measured floor velocities in the frequency range of interest clearly shows
the capability of the impedance-based analytical model to predict the floor vibration
velocities of the actual building for train-induced excitations.
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For a building located close to a train-induced vibration source, impedance modeling can
offer a simplified and computationally efficient approach to predict vibration levels at various
floors with reasonable accuracy. For a target area of interest in the building, only column and
floor dimensions, material properties, boundary conditions and vibration measurements at the
base of the column are required to assemble the impedance model of the test building. The
developed impedance model can be used in existing buildings for studying retrofit scenarios
and for comparison of different design alternatives to mitigate ground-borne floor vibrations.
For new buildings impedance modeling has the potential to predict train-induced floor
vibrations based on open field measurements. The authors acknowledge that open field
measurements somewhat differ from the actual vibration levels that would be observed at the
grade slab level after the building has been constructed (Sanayei et. al, 2013). The vibrations
at the base of a column in the constructed building would also be influenced by the column
and foundation system.
Train-induced vibration predictions using the impedance model are obtained for a floor at
a location near the column. The total response of the floor is a sum of incoherent
contributions from individual columns surrounding the floor. The total response at an
arbitrary point on the floor can be obtained by considering the sum of the vibration energy
contributions from individual columns. The transfer functions between the point on the floor
and the nearest four columns are multiplied with the response measured at the respective
column locations and the vibration energy contributions are summed up. For existing
buildings, the transfer function can be estimated using impact hammer tests on the floor. In
design phase, closed form transfer function of floors or detailed finite element models of the
floor can be used.
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2.7

Train-induced floor vibration mitigation using blocking floor
Further inspection of the verified impedance model enabled the study of mitigation

measures to reduce train-induced floor vibration levels. Analyzing the impedance of a floor
slab defined by (2.5) and bending stiffness given by (2.6), we observe that impedance
increases with the square of the floor thickness. Increasing the thickness of a single floor in
the model significantly reduces the vibration velocity level on that floor and the floors above
as vibration energy is dissipated by the thickened “blocking floor” and also reflected back
down towards the foundation. The method is more effective when lower floors of the
building above ground are treated as blocking floors. Two different cases with the plaza floor
slab thickened by two times (2X) and three times (3X) in the impedance model were
considered to observe the sensitivity to this phenomenon. The reader should note that only
the plaza floor is thickened. The train-induced floor vibration predictions using the
impedance model with and without the blocking floors are compared in Figure 2.11.

(a) loading dock

(b) plaza floor
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(c) second floor

(d) third floor

Figure 2.11 Blocking floor effectiveness to mitigate train-induced floor vibrations
Comparison of the results from the three cases reveals the effectiveness of the thickened
plaza floor to reduce the train-induced vibration levels on the higher floors of the building.
The floor vibrations levels above 30 Hz on the plaza and higher floor levels are lower by 5
dB or more for the 2X case and 10 dB or more for the 3X case when compared to the
vibration levels without the blocking floor action. Hence, a thicker blocking floor provides
better mitigation.
The observations indicate that the blocking floor has the potential to mitigate vibration
transmission to floors above the blocking floor level. A thickened blocking floor is a simple
method that can be easily integrated into the design of the structure with less impact on the
overall design, construction and cost of the building. In many buildings lower floors which
functionally serve as parking garages are thicker and designing them as blocking floors
would be an easier and cost-effective train-induced vibration mitigation solution.
The blocking floor is a floor with high impedance. The floor impedance can be increased
by either increasing the mass of the floor or making the floor stiffer. Floor systems such as
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waffle slabs or composite slabs offer higher bending stiffness that are more efficient for use
as blocking floors.
2.8

Conclusions
An impedance-based analytical model was used to simulate the dynamic behavior of a

four-story full-scale building and to predict the floor responses to train-induced vibration.
The predictions were compared to the measured building responses.
The following conclusions have been made from the findings of the research presented in this
paper:
1. Train-induced vibrations measured at the base of the test column serve as ground-borne
vibration input into the building. The important part of the train-induced vibration
spectrum was found to lie between 30 to 200 Hz with a broad peak around 50 Hz.
2. Individual column responses to train-induced vibrations were found to be statistically
independent, justifying the use of a single column analytical model to represent the
building.
3. Floor slabs behave as infinite bending plates, composite floor impedance calculated for
waffle slab and concrete slab on metal deck agreed with the measured floor impedances.
4. Impedance-based modeling offers a simple and quick approach for reasonably accurate
prediction of train-induced vibration with small computational requirements.
5. Based on the impedance model, blocking floor used at a lower level, above ground has
the potential to reduce train-induced vibration levels on higher floors of the building.
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2.9

Future work
The results from this work form the foundation for future full-scale building

investigations. The continuation of this research will include the following:
1. Study relationship between open field measurements and measurements after construction
of the building, both at column locations and away from columns on grade slabs.
2. Study vibration prediction on building floors based on vibration inputs from the
surrounding columns.
3. Full-scale testing of buildings to study the effectiveness of blocking floor concept as a
floor vibration mitigation methodology.
4. Development of design guidelines for the prediction and mitigation of building vibrations.
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3

PREDICTION OF SHAKER-INDUCED VIBRATIONS USING
IMPEDANCE MODEL

3.1

Shaker-induced vibration test on full-scale building
While train-induced vibrations are realistic, they do not originate from a source that can

be controlled or quantified easily. For this reason, an APS dynamics Model 400 Electro series
shaker used to generate harmonic excitations for a range of discrete frequencies was used to
excite the structure at a location directly above the test column on third floor. The steady state
response of the structure was captured using an array of transducers located adjacent to the
test column on each floor. The shaker test setup and the location of the transducers are shown
in Figure 3.1.

(a) Shaker on third floor above test column

(b) Instrumentation plan

Figure 3.1 Shaker-induced vibration test setup
An accelerometer attached to the shaker armature measures the acceleration of the
moving mass, the force applied to the floor is equal to the mass of the moving component
times its acceleration. Voltage inputs to the shaker and the voltage output from the
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transducers were recorded using National Instruments data acquisition unit and LabVIEW
signal express software.
The shaker-induced vibration test comprised of four stepped sine sweep cycles, dwelling
at specified frequencies between 2 to 300 Hz to reach steady state. The test parameters and
details are shown in Table 3.1. To expedite the execution of the tests, larger step sizes were
chosen for the higher frequency range. The shaker time histories corresponding to various
stepped sine sweep cycles are shown in Figure 3.2.
Table 3.1 Stepped sine sweep test parameters
Frequency
Sampling Rate (samples/s)
Run fstart fstop Step
Shaker
Accelerometer
Size
(Hz) (Hz)
Input
Output
(Hz)
1
2
50
1
1000
2000
2
50
100
1
1000
2000
3
100
200
2
2000
2000
4
200
300
5
3000
3000

(a) 2 to 50 Hz

Frequency step criteria
Min. cycles
(n)

Min. time
(s)

100
100
100
100

5
5
2
2

(b) 50 to 100 Hz
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(c) 100 to 200 Hz

(d) 200 to 300 Hz

Figure 3.2 Stepped sine sweep shaker time history
Each of the floor response measurements were analyzed individually. Time history for a
single dwell was extracted from the complete time record, windowed using hanning window
with a fifty percent overlap and processed to obtain the power spectrum. The maximum
amplitude of the power spectrum obtained for each dwell plateau corresponds to the response
with reference to the dwell frequency. The amplitude of the power spectrum was converted to
acceleration amplitude and then to the corresponding floor vibration velocity.
Improved coherence is obtained by the use of stepped sine sweep cycles. The force
actually dwells in a particular frequency band for short period of time and the amplitude of
the force is constant in this time period whereas, the ambient noise is generally applicable for
a longer period of time. When the time history for a single dwell is extracted for processing,
the average response in this time record is dominated by the force corresponding to the dwell
frequency and the effect of ambient noise within this time record is relatively low.
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3.2

Shaker-induced floor vibration predictions using impedance model
The impedance-based analytical model of the test building described in section 2.2 was

used as the basis for developing the analytical model to predict shaker-induced floor
vibrations. Unlike train-induced excitation, the shaker-induced excitations originate from the
column top on the third floor and propagate towards the ground. The force vector {F} in Eq.
(2.8) for this case comprises of the shaker-induced force on the third floor and zero external
forces on other floors. The steady state response of the system subjected to a harmonic
excitation at a particular frequency are evaluated using Eq. (2.9) and the displacement
magnitudes converted to floor vibration velocities using Eq. (2.10). The floor vibration
velocity ratios expressed in decibels for each floor were calculated relative to the floor with
the applied load. Using velocity ratios avoids any ill effects caused by windowing and the
normalization ensures a valid comparison between the measured and the predicted scenarios
which may have different input force magnitudes.
3.2.1 Modeling of foundation system
For the case of shaker-induced excitations, axial stiffness and mass of the foundation
system represents the boundary condition at the column base in the impedance model. The
foundation system below the column in the real building consists of isolated pile cap
supported on four steel-encased concrete end bearing piles. The piles are driven 150 feet to
the bed rock level. A cross-section of the soil strata and the piles are shown in Appendix B.5.
The force due to the shaker-induced excitation is not significantly high to engage the
complete length of the pile. Based on engineering judgment and studying various scenarios
using the impedance model, partial length of the steel-encased concrete piles and the
complete pile cap were considered to contribute to the axial stiffness and mass at the column
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base for the given excitation conditions. Details of calculations for the axial stiffness and
mass of the foundation system are available in appendix A.3.
To estimate the impedance of the foundation system, impact hammer tests were
performed adjacent to the test column and above the pile cap location as shown in Figure 7.1.
The force due to the hammer impact and the measurement location were not purely axial and
were made slightly away from the centroid of the column. This probably generated bending
responses due to rocking motion at the base of the column and hence influenced the impact
hammer test results. The rocking motion due to the bending response of the column increases
the overall floor response measured at the base of the column and resulting in a lower
impedance value as observed in the test results. Hence, the impact hammer test results were
not used to estimate the impedance of the foundation system. Based on the understanding of
the structure and the level of forces involved a reasonable estimate of the contribution of the
pile system was considered for calculating the stiffness and mass of the foundation system.
The estimated foundation stiffness and mass are added to the first elements of the global
system matrices [K] and [M] in Eq. (2.8) to represent the boundary conditions at the column
base in the impedance model.
3.2.2 Modeling of other local conditions
Impact hammer test performed on the third floor included a location exactly above the
test column. The accelerance plots based on impact hammer measurements at this location
and the shaker-induced vibration test are shown in Figure 3.3. The shaker-induced vibration
test excites a larger base area and hence the accelerance plots obtained show a higher
stiffness behavior when compared to the impact hammer test results.
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Figure 3.3 Accelerance plot for location above column on third floor
The accelerance plots reveal the presence of a local soft stiffness condition. A constant
stiffness generating an accelerance trend similar to that observed in the shaker-induced
vibration test is shown in Figure 3.3 . The stiffness obtained was associated to a local
construction condition which left a gap between the bottom of the third floor slab and the top
of the column below it. This condition would allow vertical movement of the slab when an
axial load was applied locally on the third floor slab, directly above the column, similar to the
case of an impact hammer or shaker-induced vibration test. The assumed construction detail
is shown in Figure 3.4.
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Figure 3.4 Assumed construction detail between column and third floor slab
A spring with stiffness equal to the estimated stiffness was introduced in the impedance
model between the column on second floor and the third floor slab to replicate this
construction detail. The spring stiffness is added to the corresponding degree of freedom in
global stiffness matrix [K] in Eq. (2.9). Train-induced vibrations excite the column base-up,
which in turn excites the third floor girder, beam and slab system together, transmitting the
base vibrations directly from the column to the third floor slab system. The local spring
condition does not play a role and hence, the addition of spring was not considered in the
impedance model for train-induced vibration predictions.
The measured floor vibration velocity ratios and the corresponding predictions from the
impedance model are superimposed in Figure 3.5. The internal resonance of the dynamic
shaker was observed at 190 Hz and to avoid its influence, shaker-induced floor vibrations are
compared only up to 160 Hz.
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Figure 3.5 Predicted floor velocity ratios superimposed on measured data
The decrease in floor velocity ratio levels as we move away from the source of the
vibration on third floor is apparent in both the measured and predicted results. The waviness
associated with resonances and anti-resonance of the real floor systems are observed in the
measurements. Real floor systems contain irregularities and have boundary conditions that
can reflect vibrations, potentially amplifying the floor vibration response. The waviness
reduces at higher frequencies as the floor approaches an infinite plate behavior. The
impedance-based analytical model considers floors as infinite plates and hence a smoother
behavior is observed in the predictions throughout the frequency range. The predictions stray
away from the measurements but appear to be an average representation of the measured
velocity ratios. The measured floor velocity ratios for the loading dock are observed to be
lower than the predictions for most part of the frequency range. The measurements were 5 to
10 dB lower than the predicted velocity ratios between 50 to 80 Hz. Overall, the reasonable
match observed between the predictions and the measured floor velocity ratios clearly shows
the capability of the impedance-based wave propagation model to predict the floor velocities
observed in the actual building.
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The impedance-based analytical model corresponding to shaker-induced excitations
considers two additional factors which are based on interpretation of the structural behavior
and engineering judgment. Firstly the degree of freedom at the base of the test column, where
the impedance of the foundation system could not be measured with accuracy, a stiffness and
mass was assumed to represent the foundation system. Secondly the local soft stiffness
condition observed between the second floor column and the third floor slab, which could not
be quantified exactly. Stiffness corresponding to a possible construction detail assumed to
replicate the shaker-induced vibration test results was considered in the impedance model.
These two factors influence the shaker-induced floor vibration predictions using the
impedance model and may be responsible for the deviations observed between the predictions
and the measurements. However, an exact reason for the difference between the predictions
and the measurements was not found.
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4
4.1

TESTING AND DATA ACQUISITION EQUIPMENT
Shaker
An APS dynamics Model 400 Electro-SEIS shaker was used to generate harmonic

excitations for a range of discrete frequencies to excite the structure. The excitation source
was located directly above the test column on third floor. The selected APS dynamics shaker
is a long stroke, electrodynamic shaker, designed to be used for exciting and studying the
dynamic response characteristics of structures in the low frequency range. The shaker is
designed specifically for driving structures at their natural resonance frequencies, delivering
maximum power to such resonant loads, with minimum total shaker weight and drive power.
The unit employs permanent magnets and is configured such that the armature coil
remains in a uniform magnetic field over the entire stroke range. Drive power for the shaker
is obtained from a power amplifier APS 145. Four Reaction Mass Blocks (APS 0412) are
attached to the armature support point on the shaker providing sufficient reaction mass (30.6
Kg) allowing vertical generated force to be applied through the shaker body to a horizontal
surface on which the shaker is placed. Figure 4.1 shows the shaker with the reaction mass
assembly.
The free body mode of the shaker was employed for exciting the test structure. In this
mode the shaker body is used as the reaction mass by suspending the shaker from an
overhead support. The force delivered to the test structure was calculated by measuring the
axial acceleration of the shaker body using a transducer and multiplying it with the total
reaction mass.
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Figure 4.1 APS400 Shaker with reaction mass assembly
(photograph source: APS 400 Shaker-Instruction manual)
The APS 145 is a dual mode power amplifier with options for current and voltage input
modes. The voltage mode is used for shaker operation. It produces an approximate “constant
velocity” shaker response in the lower frequency range. Internal damping prevents shaker
response amplification at the armature suspension resonance frequency.
4.2

Accelerometer
A combination of Wilcoxon 731A seismic accelerometer and P31 power unit amplifier

shown in Figure 4.2 are used for the measurement of extremely low level vibrations in
buildings and hence best suited for the experiments conducted in this research. A Wilcoxon
799M accelerometer with a P31 power unit amplifier was used to measure the acceleration of
the shaker armature.
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Figure 4.2 Wilcoxon 731A accelerometer with P31 amplifier
(photograph source: Meggitt-731A operating guide, 2012)
All vibration measurements were made using seismic accelerometers with a nominal
sensitivity of 1 V/g or 10 V/g. The details of the accelerometers used in the test and their
individual sensitivities are listed in Table 4.1.
Table 4.1 Accelerometer sensitivities
Channel
Accelerometer
Number
Model #
Serial #
0
799M
11039
1
731A
2353
2
731A
2354
3
731A
4026
4
731A
2428
5
731A
2420
6
731A
4091
7
731A
2559
8
731A
2984

Signal Conditioner
Model #
Serial #
P31
1656
P31
1568
P31
1569
P31
1657
P31
1659
P31
1653
P31
2645
P31
1692
P31
1820

Sensitivity
V/g
1.008
10.01
10.25
10.20
9.90
9.83
10.40
10.26
10.17

Vertical and horizontal components of vibration were measured for train-induced
excitations. Accelerometers were fixed on the floor slab adjacent to the test column to
measure the vertical component of vibration. Horizontal component of vibration was
measured using accelerometers fixed to the face of the columns on each floor. A pair of
accelerometers as shown in Figure 4.3 was used to measure the transverse and longitudinal
constituents of horizontal component of vibration. Fixing accelerometers away from the
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nodes of the vertical modes of vibration of the column reduces influence of the nodes on the
measured vibration amplitudes. The accelerometers were fixed 1.524 m (5 ft) above the base
of the column.

Figure 4.3 Horizontal vibration measurement setup on a column
4.3

Data acquisition system
A high speed data acquisition (DAQ) system from National instruments along with a

BNC connector block was used to for controlling the inputs to the APS dynamics shaker and
also to record the floor vibrations due to shaker and train-induced excitations. LabVIEW
signal express software was used as the user-interface for the DAQ system.
4.4

Impact hammer and Dynamic signal analyzer
A PCB-086D20 impulse hammer along with a PCB power amplifier was used to estimate

the point impedance of the structural components of the test building. The floor response was
measured using a Wilcoxon 731A accelerometer. Agilent 35670A dynamic signal analyzer
used to analyze and record the impact test data is shown in Figure 4.4.
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Figure 4.4 Agilent 35670A Dynamic signal analyzer
(photograph source: Agilent technologies, 2000)
The test setup for the impact hammer test is shown in Figure 4.5. The impact force
measurement and the measured floor responses were fed into the signal analyzer for data
analysis and processing.

Figure 4.5 Impact hammer test setup
A series of ten robust measurements were recorded at each test location. The analyzer is
configured to display the power spectrum for the impact, response and the coherence of the
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measurements. Impacts with low coherence, double impacts were discarded in real-time and
only robust measurements were recorded. The ten measurements recorded are averaged to
calculate the impact and response power spectrums, the transfer function cross-spectra and
the coherence of the measurements.
The excitation force is an impulse and the amplitude level of the energy transferred to the
structure is a function of the mass and velocity of the hammer. Since the velocity of the
hammer cannot be controlled, the mass of the hammer is changed to achieve the desired force
level. The frequency content of the energy applied to the structure is a function of the
stiffness of the contacting surfaces and, to a lesser extent, the mass of the hammer. The
stiffness of the contacting surfaces affects the shape of the force pulse, which in turn
determines the frequency content. The desired frequency content was achieved by choosing a
suitable hammer tip. The tip was so chosen that the amplitude of the force spectrum is fairly
constant in the frequency range of interest.
The time record for testing was chosen by selecting suitable length of the force and
response windows. The response signal is an exponentially decaying function, and depends
on the damping present in the system. Choosing longer time windows can increase the noise
in the collected signal and choosing a shorter time windows can result in forceful truncation
on the input and response signals and lead to leakage. A suitable length of window was
chosen after studying few sample impacts. The trigger delay, force window width and the
response decay time are all inversely related to the frequency span or resolution. The
frequency span was chosen to match the requirements of these dependent factors. The
equipment sensitivity and the parameters used for the test are mentioned below.
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Equipment sensitivity:
Hammer-PCB signal conditioner. Sensitivity = 0.2343mV/N
Accelerometer- P31 signal conditioner (Channel#6). Sensitivity = 10.4V/g
Test Parameters:
No. of Averages = 10 per location
Input Channel #1(Hammer):
Fixed range =500 mVpk for Locations: T3 (1), T3 (2) and T3 (3).
Fixed range =200 mVpk for all other locations.
Input Channel #2(Accelerometer):
Fixed range =500 mVpk for Locations: T3 (1), T3 (2) and T3 (3).
Fixed range = 1Vpk for all other locations.
Frequency Span = 1.6 kHz
Sampling Frequency of Analyzer = 2.56 * Frequency Range = 2.56*1600 Hz =4096 Hz
Trigger 10 (% of peak), Channel Delay = -100mS
Force/Response windows: Force width =500mS, Expo decay = 500mS
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5
5.1

DATA PROCESSING
Shaker-induced vibrations
The complete shaker-induced vibration input signal time history consists of zero

amplitude buffer and a cosine tapered amplitude portion at the beginning and end of the
signal as shown in Figure 3.2. The zero amplitude buffer and the tapered portion of the signal
are used to ensure smooth transition of the shaker armature from its rest position to the actual
load phase and again for the transition from the load phase to the rest position. The position
in the data set corresponding to the actual sine sweep signal is collected during the signal
generation stage and is used for analysis of the corresponding responses signals.
The steps for processing shaker-induced floor vibration response are mentioned below:
1. Collect the data set corresponding to the stepped sine sweep signal i.e. portions except
zero buffer and cosine taper from the recorded output file.
2. Obtain start and end points of the actual stepped sine sweep signal.
3. Calculate the number of samples for each tone of the stepped sine sweep using acquisition
rate considered and store this data during data generation stage.
4. Calculate vibration response in the form of floor acceleration by dividing the recorded
output file value by the product of the sensitivity and gain factor of the accelerometer
considered.
5. Segregate the vibration response in the form of floor acceleration data for each dwell
tone.
6. Process each dwell tone in frequency domain using the Matlab function “pwelch” using a
one second hanning window and fifty percent overlap. The function “pwelch” computes
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the power spectral density, which is the power of the signal spread over the frequency
step. Compute the amplitude of power corresponding to this dwell tone.
7. Collect the max. magnitude of power within each dwell tone, this corresponds to the
response with reference to the dwell tone.
8. Acceleration response is obtained from the magnitude of power with reference to the
dwell tone.
9. For each dwell tone, using the acceleration response values calculate the floor vibration
velocities and the velocity ratio with reference to the source of vibration as shown below:
Floor velocity,

Vx =

Ax
i

(5.1)



Floor velocity ratio, VR x (dB)=20×log  Vx 
 V3rd 

(5.2)

Where, Ax = Acceleration of a particular floor
ω = angular frequency
5.2

Train-induced vibrations

5.2.1 Selection of time segments
Train passage events were identified by reviewing the complete record of the measured
vibration time histories. Events that were corrupted by vibration from other sources were
removed. Vibration time records starting five seconds approximately before the train passage
event and continuing until five seconds approximately after the event were extracted from the
complete time record for subsequent calculation. The time history of a typical train-passage
event is shown in Figure 5.1.
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Figure 5.1 Time history for a train passage event
Ambient measurements provide a sense of the robustness of the measured data. Thirty
second long ambient measurements were simultaneously recorded for the various transducers
in each setup. A clear portion of the signal with minimum spikes due to highway truck traffic
or other activities on the floor was chosen before or after the train event. Figure 5.2 shows the
time history of an ambient signal measured between the train passage events.

Figure 5.2 Time history for ambient signal
The steps for processing train-induced floor vibration response are mentioned below:
1. Collect the time history from the output file corresponding to the start and end of the train
passage event.
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2. Calculate vibration response in the form of floor acceleration by dividing the recorded
output file value by the product of the sensitivity and gain factor of the accelerometer
considered.
3. Perform peak hold analysis by choosing a one second window and dividing the given
time history into separate segments.
4. Overlap each segment with the adjacent segment using a 50 percent overlap and the
“buffer” command in Matlab.
5. Process each of these overlapped time history segments in frequency domain using
pwelch with one second hanning window and no overlap.
6. Compare the amplitude of all the segments in frequency domain and choose the
maximum amplitude “peak hold” with reference to each frequency.
7. The resulting acceleration spectrum is converted to a velocity spectrum and represented in
decibel scale using the following equations:
Floor velocity,

Vx =

Ax
i

(5.3)

 Vx 

 Vref 

Floor velocity (dB scale), Vx[dB] =20log10 

(5.4)

Reference velocity,

(5.5)

Vref =10-6 in/s or 10-8 m/s [FTA, 2006]

8. The velocity spectrum is represented in one third octave bands using third octave
analysis.
The vibration amplitudes for all the recorded train-induced floor vibration measurements
corresponding to various train-passage events for a particular location are averaged to obtain
the average floor response due to train-induced excitation.
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5.2.2 Third octave analysis
Vibration environments on floors are generally dominated by random broadband energy.
Pure tone components may arise only due to poorly isolated mechanical equipment (fans,
pumps, etc.). FTA (2006) recommends one-third octave band frequency spectrum to
represent the detailed analysis of building response and performance of vibration mitigation
methods. In one-third octave band representation, energy associated with each one-third
octave band is summed and assigned to corresponding central frequency of each band. The
bandwidth of the filters used in frequency-domain measurements are critically important
when broadband energy is involved, the wider the filter the higher will be the measured
levels. Representation on one-third octave band measurements, where the filter width bears a
constant proportion (0.23) to the band center frequency substantially simplifies the
complexity of the vibration spectrum.
Although Narrowband spectra are invaluable when diagnosing the causes and sources of
floor vibration, the one-third octave band frequency spectrum is also used by a number of
tool vendors in their siting specifications and so it is meaningful to represent the floor
response in the same manner. The central, lower and upper bound frequencies for each octave
band are found using the following mentioned equations:
Central Frequency,

1


f o  1000  2 3 



 a  21

(5.6)

Where, “a” is the band number.
Lower frequency bound,

Upper frequency bound,

f
f l =  o1
 6
2






(5.7)

1


fu   fo  2 6 
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(5.8)

The train-induced vibrations measured along the test column using transducers located on
various floors are shown in Figure 5.3. The floor vibration velocities are shown in narrow
band frequency spectrum with amplitudes in VdB computed using equations Eq. (5.3), (5.4)
and (5.5).

(a) Loading dock

(b) Plaza floor

(c) Second floor

(d) Third floor

Figure 5.3 Train-induced floor vibrations represented in narrow band frequency
spectrum
The measured floor vibration velocities presented in Figure 5.3 are represented in one third
octave bands using the equations (5.6), (5.7) and (5.8) and shown in Figure 5.4.
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(a) Loading dock

(b) Plaza floor

(c) Second floor

(d) Third floor

Figure 5.4 Train-induced floor vibrations represented in one-third octave bands
5.2.3 Coherence calculation
Coherence function is used to determine the level of statistical interdependence between
two sets of measurements. The coherence function is given by the equation:

Cxy ( f ) 

Pxy ( f )

2

(5.9)

Pxx ( f ) Pyy ( f )

Where, Pxx, Pyy are the power spectral densities and Pxy is the cross power spectral densities
of the x and y signals. The coherence function is calculated in matlab using the command
“mscohere”. The syntax for the function is given below:
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[Cxy, F] = mscohere(x, y, window, noverlap, nfft, fs)
The mscohere function finds the magnitude squared coherence estimate Cxy of the input
signals x and y using welch's averaged, modified periodogram method. The magnitude
squared coherence estimate is a function of frequency with values between 0 and 1 that
indicates how well x corresponds to y at each frequency. The coherence value of 1 indicates a
perfect correlation between the two signals.
Coherence has been used as the yard stick to verify some of the assumptions considered for
impedance modeling in this research.
5.3

Impact hammer measurements
The force and response power spectra and the coherence function are generated from the

data files recorded by the analyzer using the available MS-DOS functions. The following
steps are involved for processing the impact hammer test data:
1. Use “data2hp” program to convert .DAT files to .asc files (3 files at a time)
The output from the analyzer (.asc file) is the floor vibration acceleration in volts.
2. Use “idp3a.in” to enter input parameters for processing. The parameters considered for
processing are:


Sensitivity of Impact Hammer = 0.2343mV/N



Input gain for channel#1, (dB) for Hammer = 20*log[sensitivity of hammer]
= 20*log [(0.2343/1000)V/N] = -72.6 dB/N



Sensitivity of accelerometer = 10.40 V/g = 1.06 V/(m/s2)
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Input gain for channel#2, (dB) for accelerometer = 20*log[sensitivity of accelerometer]
=20*log[(1.06)V/(m/s2)] = 0.507 dB/(m/s2)

3. Run “Dia.exe” and “idp3a.in” to process multiple files together. The output is stored in
“data.asc” with the following units:


Power spectra of channel #1 (Hammer)

[dB]



Power spectra of channel #2 (Accelerometer)

[dB]



Accelerance Spectra

[dB]



Coherence (2/1)

[Value between 0 and 1]

The accelerance spectra at each impact hammer test location is superimposed and
compared with the accelerance plot for a constant stiffness and constant impedance value.
The location of the impact hammer test on each floor is shown in Figure 7.1, Figure 7.3,
Figure 7.5 and Figure 7.7 and the relevant test results for each location are shown in Figure
7.2, Figure 7.4, Figure 7.6 and Figure 7.8 respectively.
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6

TRAIN-INDUCED VIBRATION TEST-ADDITIONAL RESULTS
Train-induced vibration propagation in the test building is studied by collecting

measurements simultaneously on several floors along the test column using an array of
transducers. Accelerometers mounted on floor slabs next to the column measure the axial
component of the vibration transmitted through the column. Longitudinal and transverse
horizontal components of the vibration are measured by mounting accelerometers on the
adjacent faces of the test column. The accelerometers are fixed 1.524m (5 ft) above the base
of the column, the fixing arrangement is shown in Figure 4.3. Figure 6.1 shows the test setup
for these measurements. The National Instruments data acquisition system used for
measurements had a maximum limit of eight channels and hence simultaneous measurement
of vertical component of vibration could not be collected on the second floor.
Four train passage events were recorded in this setup and the floor vibrations velocities
for each train passage event are represented in third octave bands in Figure 6.2 to Figure 6.9.
The average of all the four events and the ambient measurement is also superimposed in the
respective figures. The velocity spectrum obtained from the four different train passage
events show a consistent trend and so the average of these events was considered as a
representation of the vibration levels at the particular location. The average floor vibration
level has been considered for further analysis. Robust measurements are observed in Figure
6.2 to Figure 6.9. The train induced vibration levels are appreciably higher (5~20 dB higher)
than the ambient vibration levels in the frequency range of interest which is from 20 to
200Hz.
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Figure 6.1 Test setup to study vertical transmission of train-induced vibrations
Comparing Figure 6.4 to Figure 6.6 and Figure 6.7 to Figure 6.9, which represent the
lateral horizontal and longitudinal horizontal components of train-induced floor vibrations
respectively on various floors, we can observe that the horizontal vibrations decrease
significantly when moving up a floor level. At most frequencies, the transverse horizontal
vibrations decrease by 7 dB per floor and the longitudinal horizontal floor vibrations decrease
by 5 dB when moving up a floor level. This trend is not seen in the case of vertical
component of the train-induced vibrations shown in Figure 6.2 and Figure 6.3. There is less
than 2 dB reduction in the amplitude of vertical vibration when moving up a floor level.
These observations are consistent with the assumption that horizontal vibrations attenuate
faster when moving up a floor level when compared to vertical vibration transmission.
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Figure 6.2 Vertical train-induced vibration component measured at loading dock

Figure 6.3 Vertical train-induced vibration component measured at plaza floor
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Figure 6.4 Transverse (H) train-induced vibration component measured at loading dock

Figure 6.5 Transverse (H) train-induced vibration component measured at plaza floor
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Figure 6.6 Transverse (H) train-induced vibration component measured at second floor

Figure 6.7 Longitudinal (H) train-induced vibration component measured at loading
dock
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Figure 6.8 Longitudinal (H) train-induced vibration component measured at plaza floor

Figure 6.9 Longitudinal (H) train-induced vibration component measured at second
floor
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The analytical impedance model is verified by the use of train-induced vibrations.
Vertical component of floor vibration is measured on various floor levels using an array of
transducers located along the test column. The test setup is shown in Figure 6.10.

Figure 6.10 Test setup to validate the analytical impedance model
The source of vibration input considered for validation of the impedance model are the
train-induced measurements recorded at the base of the test column. Figure 2.8 shows the
measurements recorded at the base of column 19-L. Vertical component of vibration at the
base of the test-column was observed to be lower than the horizontal components. A pair of
accelerometers were also placed near the track level to record the vertical and transverse
horizontal components of the train-induced vibration close to the source. Five train passage
events were recorded in this setup and the results are shown in Figure 6.11 to Figure 6.18.
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The train-induced vibrations measured for different train passage events are found to have
similar amplitudes and frequency distribution. The vibration amplitudes for all the recorded
train-induced floor vibration measurements corresponding to various train-passage events for
a particular location are averaged to obtain the average floor response due to train-induced
excitation.
Figure 6.11 and Figure 6.12 show the components of vibration near the source at the track
level on the loading dock floor. The major portion of the vibration energy is observed to be
concentrated in the frequency range from 20 to 150 Hz with the maximum amplitude
observed at 50 Hz. Maximum average amplitude of 80 dB for vertical component of vibration
and maximum average amplitude of 79 dB for the transverse horizontal component of
vibration is observed at 50 Hz. The amplitudes of both vertical and horizontal components of
the vibration are observed to be comparable at the track level.

Figure 6.11 Vertical train-induced vibration component measured at track level
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Figure 6.12 Transverse (H) train-induced vibration component measured at track level
Figure 6.13, Figure 6.14 and Figure 6.15 show the horizontal and vertical components of
the train-induced vibration at the base of the test column. All components of vibration are
found to have comparable amplitudes with the maximum concentrated around 50 Hz.
Comparing the vertical component of vibration shown in Figure 6.11 and Figure 6.15, a
significant decrease in the vertical vibration levels is seen between the measurements at the
location near the track to the base of the test column (20 dB within a distance 50ft).
Significant reduction is also observed in the transverse horizontal component of the vibration
(10 dB within a distance 50ft) as seen in Figure 6.12 and Figure 6.13 .
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Figure 6.13 Transverse (H) train-induced vibration component measured at column
base

Figure 6.14 Longitudinal (H) train-induced vibration component measured at column
base
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The vertical transmission of vertical component of the train-induced vibrations can be
observed in Figure 6.15 to Figure 6.18. Comparing the amplitude of vibration in various
floors, a slight decrease in the amplitude is observed when moving from loading dock level to
plaza level. The vibration amplitude is observed to increase slightly at certain frequencies
when moving higher from plaza level to the second floor and then to the third floor level.
In general, FTA recommends a 2 dB decrease per floor for estimating floor-to-floor
vibration attenuation in a multi-story building (1 to 5 floors above grade). Counteracting this,
resonances of the building structure, particularly the floors, will cause some amplification of
the vibration. The overall effect needs to be considered. The amplification of the vibrations
observed on higher floors can be associated with the resonant behavior of the floors.

Figure 6.15 Vertical train-induced vibration component measured at loading dock
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Figure 6.16 Vertical train-induced vibration component measured at plaza floor

Figure 6.17 Vertical train-induced vibration component measured at second floor
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Figure 6.18 Vertical train-induced vibration component measured at third floor
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7

IMPACT HAMMER TESTS-ADDITIONAL TEST RESULTS
The goal of the impact hammer test was to estimate the impedance exhibited by the floors

in the test building. The impact test is performed at various key positions on each floor. The
test locations in the building are identified for each floor in Figure 7.1, Figure 7.3, Figure 7.5
and Figure 7.7. The power spectrum, accelerance spectra and the coherence function for the
various test locations on each floor are superimposed and shown in Figure 7.2, Figure 7.4,
Figure 7.6 and Figure 7.8.
7.1

Loading Dock floor
Impact tests are performed at four different locations at the loading dock level. Two test

locations are considered over the pile cap and two test locations are considered on the grade
slab and away from the column.

Figure 7.1 Impact hammer test locations on loading dock
The amplitude of the force spectra seen in Figure 7.2 (a) is fairly constant in the
frequency range of interest. The hammer impact on test locations above the pile cap engage
the pile cap, piles and the superstructure and have larger impedance when compared to the
location near the mid-bay which mainly engages the grade slab and some portion of soil
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below it. Higher the impedance, lower is the amplitude of response of the system to the
hammer impact. Figure 7.2 (b) shows that the response of the system is lower for the
locations above the pile cap and similarly due to high impedance, the accelerance plot in
Figure 7.2 (d) for the locations on the pile cap are observed to be lower than locations that are
on the grade slab.
Good coherence in observed in the measurements in the frequency range from 20 to 180 Hz
as shown in Figure 7.2 (c).

(a) Force spectra

(b) Response spectra

(c) Coherence

(d) Accelerance spectra

Figure 7.2 Impact hammer test results on loading dock
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7.2

Plaza floor
The test locations on the plaza floor are shown in Figure 7.3. Impact tests are performed

near the column and away from the column location and close to the mid-span of the slab.

Figure 7.3 Impact hammer test locations plaza floor
The amplitude of the force spectra seen in Figure 7.4(a) is fairly constant in the frequency
range of interest. The hammer impact on test locations near the column engage the system of
the columns and floor slabs resulting in larger impedance when compared to the location near
the mid-bay of the floor. Higher the impedance, lower is the response of the system to the
hammer impact. Figure 7.4 (b) shows that the response of the system is lower for the
locations near the column and similarly due to high impedance, the accelerance plot in Figure
7.4 (d) for the locations near the column are observed to be lower than locations that are near
the mid-bay on the floor slab.
The accelerance plot for the column has a steep slope, indicating a constant stiffness
governed behavior which is expected for a column, whereas the accelerance plot for the
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locations on the floor slab are more gradually varying with frequency indicating constant
impedance behavior similar to that of an infinite slab.
Good coherence in observed in the measurements in the frequency range from 30 to 200 Hz
as shown in Figure 7.4 (c).

(a) Force spectra

(b) Response spectra

(c) Coherence

(d) Accelerance spectra

Figure 7.4 Impact hammer test results on plaza floor
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7.3

Second floor
The test locations on the second floor are shown in Figure 7.4. Impact tests are performed

near the column and away from the column location and close to the mid-span of the slab.

Figure 7.5 Impact hammer test locations on second floor
The plaza and the second floor have identical geometry and design, both floors are
concrete waffle slabs. The impact hammer test results for second floor are shown in Figure
7.6. The test results are found to be similar for both the plaza and second floors.
Good coherence in observed in the measurements in the frequency range from 30 to 200 Hz
as shown in Figure 7.6(c) indicating robust measurements.
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(a) Force spectra

(b) Response spectra

(c) Coherence

(d) Accelerance spectra

Figure 7.6 Impact hammer test results on second floor
7.4

Third floor
The test locations on the third floor are shown in Figure 7.7. Impact tests are performed

above the test column and away from the column location. Tests are also performed on
locations on the floor slab above the steel girder, above the beam and at a location on the
floor slab between the supporting beams.

70

Figure 7.7 Impact hammer test locations on third floor
The amplitude of the force spectra seen in Figure 7.8(a) is fairly constant in the frequency
range of interest. The hammer impact on test location directly above the column engages the
complete system of the columns and the floor slabs directly below the test location resulting
in larger point impedance when compared to the location near the mid-bay of the floor.
Figure 7.8 (b) shows that the response of the system is lower for a location above the column
and similarly due to high impedance, the accelerance plot in Figure 7.8 (d) for the location
above the column are observed to be lower than locations that are away from the column and
on the floor slab.
The accelerance plot for the column has a steep slope, indicating a constant stiffness
governed behavior which is expected for a column, whereas the accelerance plot for the
locations on the floor slab are more gradually varying with frequency indicating a slab like
constant impedance behavior. The results from the impact tests at locations over the girder or
beam have slopes steeper than that for a location over the floor slab which is away from a
beam or column. This is due to additional stiffness and impedance exhibited at the test
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location associated with the presence of the girder and beams below the floor slab. The result
for the measurement over the girder is associated with an impact with a lower amplitude
power spectrum, the resulting accelerance spectrum also indicates an anomaly in the results
and hence this test result is not considered during further analysis.
Robust measurements are indicated by high level of coherence observed in the measurements
in the frequency range from 10 to 200 Hz as shown in Figure 7.8 (c).

(a) Force spectra

(b) Response spectra

(c) Coherence

(d) Accelerance spectra

Figure 7.8 Impact hammer test results on third floor
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8

FUTURE WORK
The results from this research form the foundation for future full-scale building

investigations. Characteristics of train-induced vibration input and its propagation within the
building were studied as part of this research. The impedance-based analytical model created
predicts train-induced vibrations with reasonably accuracy based on input vibration
measurements at the column base in the building.
The continuation of this research can include the following:
1. Study relationship between open field measurements and measurements after
construction of the building, both at column locations and away from it.
2. Study vibration prediction on the floor based on vibration inputs from the surrounding
columns.
3. Full-scale testing of buildings to verify blocking floor concept.
4. Investigate application of Mindlin theory of plates which includes effects of shear
deformation, for thickened blocking floors.
5. Include provision for other vibration propagation paths such as walls and effect of
structural systems such as beams in the impedance model.
6. Develop impedance-based model for buildings involving load bearing walls, without
columns.
Further studies on train-induced vibration propagation within buildings can help in
development of design guidelines for the prediction and mitigation of building vibrations.
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APPENDIX A: CALCULATIONS
A.1.

Column-Calculation of derived and equivalent properties
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A.2.

Floor slab-Calculation of derived and equivalent properties
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A.3.

Foundation system-Calculation of contributing stiffness and mass
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APPENDIX B: DRAWING PLANS OF THE TEST BUILDING
B.1.

Architectural floor plans
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B.2.

Structural floor plans
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B.3.

Foundation plan
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B.4.

Foundation detail and pile cap
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B.5.

Soil profile
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B.6.

Column encasement detail

B.7.

Waffle slab detail
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