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ABSTRACT
This dissertation presents the results of a study performed to investigate methods for
increasing the damping capacity of concrete. A variety of additives, both particle and latex
based, were added to standard concrete mixtures by replacing up to 20% of the fine aggregate to
measure their effects on strength, stiffness, damping, and air content. The additives included
rubber particles from recycled tires, calcium carbonate particles, styrene butadiene rubber (SBR)
latex, and a commercially available product named ConcreDamp which contains vegetable gum
suspended in styrene butadiene latex.
An initial investigation resulted in the observation that all of the additives with the
exception of the SBR latex would both increase air content and decrease compressive strength.
As a result, combinations of additives were investigated to see if both the mechanical and
dynamic properties could be improved. The addition of steel fibers to mixtures with ground
rubber were found to significantly increase air content which offset any gains in compressive
strength. The combination of ground rubber and latex was shown to improve both increase
compressive strength and reduce air content.
The study advanced to investigate the effects of rubber size on air content, strength, and
damping. It was found that for the same volume of rubber, a larger rubber particle would
decrease air content, decrease compressive strength, and improve damping.

The results of this study show that the best performing additive was the vegetable gum
latex which improved the concrete damping by a factor of 2 when added as 15% of the fine
aggregate. Additionally, an equation is presented for calculating a strength reduction factor for
concrete containing rubber particles of different sizes.
Finally, two full scale footbridge laboratory specimens were tested to investigate the
effect of increased material damping at the structural level. One footbridge was constructed
using a base concrete mixture without damping admixtures. The second was constructed with a
concrete mixture that contained a replacement of 15% of the fine aggregate with ground rubber.
The results were used to create a finite element model in SAP2000 that was used to predict the
effects that high damping concretes would have on the footbridge specimen.
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CHAPTER 1:

INTRODUCTION

1.1 General
Many structures are sensitive to vibrations caused by wind, earthquakes, vehicular traffic,
operation of machines, or human activity (e.g. walking, dancing). In some cases, the vibrations
may be excessive, resulting in damage to the structure, discomfort of human occupants, or
disruption of the intended use of the facility.
Floor systems of buildings are often constructed from light steel beams or joists, built
compositely with a steel deck and concrete slab. In many cases, the design of such systems is
controlled by vibration criteria, and specifically by the vertical accelerations caused by human
activity in the buildings. The floor acceleration due to walking excitation, given by Eq. 1-1 from
the AISC/CiSC Design Guide 11 Floor Vibration due to Human Activity (Murray et al. 1997), is
inversely proportional to the damping ratio.

ap
g

=

P0 exp(− 0.35 f n )
ζW

Eq. 1-1

where
ap

=

peak acceleration due to walking, ft/s2

g

=

acceleration of gravity, ft/s2

P0

=

a constant force representing the excitation, lbs

fn

=

fundamental natural frequency, Hz

ζ

=

modal damping ratio

W

=

effective weight supported by the beam, lbs

1

An example of the use of Eq. 1-1 is illustrated using a theoretical indoor footbridge
having a natural frequency of 9.2 Hz and a total weight of 15,000 lbs. For an indoor footbridge,
Design Guide 11 recommends using a value of P0 = 92 lbs and an acceptance criteria of ap/g ≤
0.015. Eq. 1-1 is plotted for different values of the modal damping ratio ranging from 0.0 to
5.0% critical in Figure 1-1.

Figure 1-1. Relationship of Modal Damping Ratio and Acceleration.

At the recommended modal damping ratio of 1.0% the footbridge does not meet the
criteria. However, if the structural damping ratio can be increased to 2.0% then the footbridge
meets the vibration criteria. For floors that inherently have small damping (i.e. footbridges,
shopping malls, and offices with open work areas) increases in damping can result in large
reductions in vibration accelerations.
In tall buildings, wind load magnitude (in the form of the gust factor) and the structural
response (in terms accelerations) are also dependent on the damping in the system (ASCE,
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2006). For buildings with a fundamental frequency less than 1 Hz, the gust factor, Gf which acts
as a multiplier on the external wind pressure, is defined using Eq. 1-2
 1 + 1 .7 I 3 .4 2 Q 2 + g 2 R 2
z
R
G f = 0.925

1 + 5.78 I z







Eq. 1-2

where

Iz

=

turbulence intensity factor

Q

=

background response factor

gR

=

peak resonant response factor

R

=

resonant response factor

For the purposes of this discussion, the relevant variable is the resonant response factor,
R, which is defined in Eq. 1-3
R=

1

ζ

Rn Rh R B (0.53 + 0.47 R L )

Eq. 1-3

where ζ is the damping ratio in percent critical and Rn, Rh, RB, and RL are factors associated with
the natural frequency, height, width, and length respectively. The resonant response is inversely
proportional to the square root of the damping ratio. The gust factor is plotted for typical
buildings measuring 50 ft, 100 ft and 300 ft in height in Figure 1-2 revealing the extreme
sensitivity to the damping ratio when damping is small.
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Figure 1-2. Relationship Between Gust Factor and Damping Ratio.

Increases in damping reduce both the wind load and the dynamic response to that load.
An increase in damping capacity of concrete would be particularly useful in tall slender concrete
shear wall systems. Such systems are often used for residential buildings, which have very low
vibration tolerances (Griffis, 1993).
Previous research has shown that it is possible to increase the structural damping by
increasing the inherent damping in the structural materials (Amick 2004). Since structural
concrete is engineered on the basis of a mixture composition for each application, it is a natural
choice for the development of a high damping structural material.
One possible method to increase the damping capacity of concrete is to add scrap tire
rubber particles. In addition to improving the damping characteristics of concrete, this solution
would help provide another use for the large number of tires that are discarded in the United
4

States each year. According to the Rubber Manufacturers Association (2009), in 2007 the
United States generated over 300 million scrap tires with an additional 128 million tires sitting in
stockpiles.
The use of recycled tires in Civil Engineering applications is not new. Rubber particles
are currently used as lightweight backfill for retaining walls and bridge abutments, as an
aggregate substitute in asphalt, drainage layers in landfills, and as a subgrading material for
roadways. Other applications outside of Civil Engineering include rubber mulch for animal
bedding, a ground covering for children’s playgrounds, the use as a filler material for artificial
sports surfaces, and the incineration of tires for the production of steam.
Existing research on the use of rubber as a substitute for aggregate in concrete has been
focused on the effects that the inclusion of the rubber particles has on the mechanical properties
of concrete (strength and stiffness) while investigations into the dynamic properties of rubber
modified concrete are much more limited.

1.2 Objective and Scope of Project
The main focus of the tests described herein was to develop a high damping concrete
(HDC) that utilizes ground rubber as a replacement for aggregate. The goal of the project was to
measure the increase in the material damping of rubberized concrete and compare it with other
materials that have been shown to also increase the damping capacity of concrete. These
materials are:
•

Calcium carbonate micro-particles

•

Styrene butadiene rubber (SBR) latex

•

Vegetable gum emulsion suspended in SBR latex
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While literature shows that each of these materials can improve the damping of concrete,
(Amick, 2004, Chung, 2004, Fu, et al., 1998, Madeo, 2006, Moiseev, 1992) there is little
consistency to the addition strategy or testing methods used to measure the concrete damping.
This makes direct comparisons between the different damping additives difficult. In this project,
each of the damping additives were added to a control concrete by replacing fine aggregate on a
volumetric basis. The damping was measured from the area within hysteresis loops that were
obtained from forced harmonic axial vibration tests.

This strategy allowed for a direct

comparison to be made between the different damping additives.
A commonly reported effect of adding rubber to concrete is a reduction in compressive
strength and stiffness associated with the inclusion of the relatively soft rubber particles.
However, little mention is given in the literature to the rubber’s effect on air content. In this
research that effect was found to be significant. When the addition of rubber increases the
entrained air in the mixture, the resulting reductions in strength and stiffness can be attributed to
both the addition of the rubber and to the air. For this project, the rubber particle size and
concentration is systematically modified to obtain the effects on damping, air content, and
strength and stiffness reductions. An equation is presented to calculate the strength reduction
factor for rubberized concrete that separates out the effects of the quantity and size of the rubber
particles and the increase in air content.
A common assumption in modeling damping is that for any particular frequency of
vibration, the damping ratio is constant regardless of the amplitude of the vibration. In dynamic
analyses, this is accomplished through the use of linear viscous damping. The tests used in this
research are designed to measure the damping of each concrete mixture at various amplitudes of
vibration to better understand the influence of amplitude on damping.
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In addition to concrete material testing, vibration testing on a footbridge containing HDC
was performed to measure the damping contribution of the concrete at a structural level for a
composite footbridge. Tests were conducted that used a rubberized concrete in a laboratory
footbridge to measure the increase in damping to the overall structure. Two 30 ft x 7 ft
footbridges were constructed; one using HDC and one using a normal concrete. Concrete
material damping was measured using forced harmonic tests then the damping in the footbridges
was measured using both modal analysis techniques and free vibration decay methods. The
results were used to compare the relative increase in structural damping between the two
footbridge specimens.
Finally, recent research has been completed that provides recommendations for finite
element modeling of composite floor structures (including footbridges) in SAP2000 (Barrett,
2006, CSi, 2009, Davis, 2008) however, these studies used a global damping ratio for energy
dissipation.

This project aims to expand on these modeling strategies to include

recommendations on specifying damping at the material level. This is accomplished by using
the concrete material damping properties, which were directly measured in the lab, and
comparing the finite element results to the damping results measured on the full scale specimens.

1.3 Overview
This report is broken down into 8 chapters. Following the introduction (Chapter 1),
Chapter 2 provides a review of the damping concepts that are referenced throughout this report
beginning with the most fundamental concept of damping: specific damping capacity and
hysteresis. This is followed by a summary of common concepts of damping as used in structural
engineering and a description of experimental modal analysis.

The chapter concludes by
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summarizing the different measures of damping and providing justification for the damping
metric used for this research: specific damping capacity.
Chapter 3 provides a summary of the literature pertaining to the damping of concrete.
The effects of normal concrete ingredients (water, cement, aggregate) on damping are presented
first followed by studies that are focused on damping additives (ground rubber, calcium
carbonate, vegetable gum emulsions, and SBR latex).
The experimental program is described in Chapter 4 beginning with a detailed description
of all the materials used for this study. Next a description of all the mixture designs is given
followed by the mixing, casting, and storage procedures.

Then the forced axial vibration

procedure used for measuring damping is detailed. Finally, the experimental procedures used for
validating the testing approach and performing the damping tests is presented.
Chapter 5 presents the experimental results for each concrete mixture including damping,
air content, and strength and stiffness results. Chapter 6 analyses the damping data to establish
some general trends with respect to additive type and concentration. This chapter also presents
an equation for predicting the reduction in strength for rubberized concrete mixtures and
examines whether currently available equations for elastic modulus are adequate.
Chapter 7 details the construction, testing, and analysis of two footbridge specimen used
to study the effect of rubberized concrete on structures highly susceptible to vibration problems.
Both the damping and accelerations due to walking excitations are measured and compared to
finite element models that incorporate the measured concrete damping properties from Chapter
5.
Finally, the project is summarized in Chapter 8 with conclusions and recommendations
for ways to extend this work in the future.
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Appendix A contains a list of all the concrete mixtures used in this study with a
description and the mixture designations. Appendix B has example calculations for the finite
element footbridge models while Appendix C contains a list of model input properties for all of
the finite element models. Appendix D contains the measured and predicted results for the full
scale footbridge tests while Appendix E contains the damping results for the finite element
analyses.
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CHAPTER 2:

A REVIEW OF DAMPING

2.1 Introduction
The purpose of this chapter is to provide a theoretical background of damping and to
describe the methods used in this research to quantify damping. The chapter begins with a
description of hysteresis (Chapter 2.2) followed by an overview of damping as it relates to
structural dynamics and this research (Chapter 2.3).

Methods to measure damping using

experimental modal analysis are described in Chapter 2.4 and a description of the different
parameters used in literature to quantify damping is presented in Chapter 2.5.

2.2 Specific Damping Capacity and Hysteresis
Hysteresis refers to the property of systems to follow two separate loading and unloading
paths. For example, the loading and unloading paths for a system subjected to a dynamic load is
typically not the same. A sample hysteresis loop is illustrated in Figure 2-1. When hysteresis is
plotted for the values of stress and strain then the area contained within the hysteresis loop, UD,
is a measure of the energy dissipated per unit volume per cycle of motion. The area defined by
the triangle, Uso, defined by the origin and the point of maximum strain represents the strain
energy per unit volume stored in a linear elastic system and can be defined as
U so

E ε
= sec max
2

2

Eq. 2-1

where
Esec

=

Secant modulus measured to point of maximum strain.

εmax

=

Maximum strain.
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The specific damping capacity, Y, is the fractional part of the strain energy dissipated
during each cycle of motion and is defined as

Y=

UD
U so

Eq. 2-2

where
UD

=

Dissipated energy per unit volume of material measured as the area
of a hysteresis loop as shown in Figure 2-1.

Specific damping capacity is useful for measuring systems (or materials) with very light
damping and, therefore it is a good measure for use in comparing the damping capacity of
materials (Chopra, 2007).

Figure 2-1. Hysteresis Loop for a Material Under Cyclic Loading.

This concept may be expanded to represent the damping found in a member or structure
by replacing the vertical and horizontal axes with force and displacement respectively. The
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measured quantities, UD and Uso, would then represent energy associated with the system and not
unit volumes.
Damping is considered to be viscous if the damping force is proportional to velocity.
Linear viscous damping is the predominant form of damping used in structural engineering as
discussed in Chapter 2.3. The damping force vs. displacement in a linear viscous damper forms
an elliptical hysteresis along the displacement axis. When the damper is put in parallel with a
spring, the hysteresis loop becomes inclined along the force deformation relationship of the
spring (Illustrated in Figure 2-1).
Because of its convenience, systems that are not completely viscous (elliptical) are
typically represented as an equivalent viscous system. The most common method for defining
equivalent viscous damping is to equate the energy dissipated in a vibration cycle of an actual
structure to an equivalent viscous system (Chopra, 2007).

When using this approach, all

damping mechanisms in a structure (linear and nonlinear) are condensed into a single equivalent
viscous damper.

2.3 Damping in Structural Engineering
The purpose of this section is to form a mathematical basis for the concept of viscous
damping and the methods that are used to measure damping in real structures. The equations of
motion are presented as well as solutions for both free and forced vibration. The effect that
damping has on these solutions is emphasized forming a basis from which a few of the most
common methods of measuring damping is discussed.
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2.3.1 Equations of Motion
The most common introduction to damping in structural dynamics is through the single
degree of freedom (SDOF) mass-spring-dashpot system illustrated in Figure 2-2. The equation
of motion is based on summing forces acting on the mass which are proportional to the
displacement, x(t ) , velocity, x& (t ) , and acceleration, &x&(t ) , (represented as first and second
derivatives to displacement) at any time.

The displacement, velocity, and acceleration are

considered positive to the right.

Figure 2-2. Mass-spring-dashpot system used to derive equations of motion.

The force in the spring, fS, will develop in a direction that is opposite to the direction of
displacement and is given by
fs = kx(t )

Eq. 2-3

where k is the proportionality constant relating force to displacement having units of force per
length.
When the mass is accelerating it will develop an inertial force, fI, opposite to the
acceleration and given by Newton’s law

f I = ma = m&x&(t )

Eq. 2-4
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Damping is added to the system through a dashpot which provides a force, fD,
proportional and opposed to velocity (viscous). This is the most common form of damping used
in analysis because of its convenience; however actual structures almost never exhibit true
viscous damping. The damping force is given by

f D = cv = cx& (t )

Eq. 2-5

where c is the proportional constant relating damping force to velocity having units of forcedistance per time.
A summation of the internal forces is set equal to the applied force giving
f I + f D + f S = P(t )

Eq. 2-6

Substituting Eq. 2-3, Eq. 2-4, and Eq. 2-5 results in the general form of the equation of motion
given as
m&x&(t ) + cx& (t ) + kx(t ) = P (t )

Eq. 2-7

Solutions to Eq. 2-7 are divided into four parts: damped and undamped free vibration and
damped and undamped forced vibration. Free vibration is the homogeneous solution to this
differential equation while forced vibration is the particular solution. The term undamped refers
to the equation of motion without the velocity dependent damping term. In the following
sections, only the solution to the damped equations will be presented as they are of interest here.
Derivations of these solutions can be found in any text on structural dynamics (i.e. Chopra
(2007)) and are not repeated.
14

2.3.2 Damped Free Vibration
Damped free vibration refers to a system that experiences an initial disturbance (such as
an initial displacement or velocity) and then is allowed to vibrate freely (i.e. a tuning fork or
bell). The initial disturbance is treated as initial conditions of the system and P(t) in Eq. 2-7 is
equal to zero. Dividing through by m leads to

&x&(t ) + 2ζω n x& (t ) + ω n 2 x(t ) = 0

Eq. 2-8

where

ωn

=

natural frequency in radians per second,

ζ

=

damping ratio,

ccr

=

critical damping coefficient, 2mω n

k

m

c
c
=
2mω n ccr

The natural frequency is the frequency at which the system will vibrate if not acted upon
by external forces. It is a function of the mass and stiffness of the individual system. The
natural frequency can also be expressed in units of Hz or cycles per second by multiplying by
2π. In this case the natural frequency of vibration is expressed as, fn, and is calculated from
fn =

ωn
2π

Eq. 2-9

The critical damping coefficient, ccr, is the smallest value of c that prohibits oscillation in
the free vibration system. The damping ratio, ζ, is a dimensionless quantity that represents the
fraction of critical damping present in the system and is one of the most common ways that
damping is quantified in civil engineering.
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A rigorous solution to Eq. 2-8 results in three different cases:
ζ = 1, called the critically damped case, where c = ccr
ζ > 1, called the overdamped case, where c > ccr
ζ < 1, called the underdamped case, where c < ccr
In both the critically damped and overdamped case there are no oscillations to the
motion. The damping forces can be considered dominant. Nearly all civil structures fall into the
last category as most damping ratios are less than 0.10 (Chopra, 2007). For this reason, only the
solution to the underdamped case will be presented and discussed.
The solution to Eq. 2-8 subjected to an initial displacement, x0 , and an initial velocity,
x& 0 , is given by



x& + ζω n x0
x(t ) = e −ζωnt  x0 cos(ω D t ) + 0
sin(ω D t )
ωD



Eq. 2-10

Observe that the solution is presented as an oscillatory function, contained within the brackets,
that is scaled by an exponentially decaying factor. The frequency of oscillation is called the
damped natural frequency and is denoted, ωD. The damped frequency is given by

ω D = ωn 1 − ζ 2

Eq. 2-11

The difference between the natural frequency and the damped natural frequency is insignificant
for structures with a damping ratio below 0.2.
Figure 2-3 shows a curve defined by Eq. 2-10 given an initial displacement of x0 and
x& (0) = 0 . The horizontal axis is normalized by the period of damped vibration. The vibration

period is defined as the inverse of the frequency or
16

Tn =

1
2π
2π
=
(undamped) TD =
(damped)
f n ωn
ωD

Eq. 2-12

the upper envelope is given by
x max = x0 e −ζωnt

Eq. 2-13

and the lower envelope is the negative of Eq. 2-13.

Figure 2-3. Damped Free Vibration Decay with Initial Displacement.

This figure illustrates the most common historical method of measuring damping, the
logarithmic decrement.

The logarithmic decrement (log decrement) method for estimating

damping is based on estimating the properties of the decay envelope. The log decrement is the
ratio of the displacement at time t to the displacement at time t+TD, or at one full vibration
period later.

This method works for any value of t but is commonly used to relate the

displacement measured on successive peaks. Using Eq. 2-10, Eq. 2-11, and Eq. 2-12, the
following equality for the displacement on successive peaks can be derived

17

 2πζ 
xi

= exp(−ζω n t ) = exp
 1−ζ 2 
xi +1



Eq. 2-14

where xi and xi+1 are the displacements measured from two successive oscillatory peaks.
The log decrement, δ, is defined as the natural logarithm of this ratio and noting that for
small values of ζ that 1 − ζ 2 ≈ 1 we get

δ = ln

xi
≈ 2πζ
xi +1

Eq. 2-15

The method can be expanded to looking at points measured at many cycles. If over j
cycles the position decreased from x1 to xj+1 then the log decrement can be calculated by
1
j

δ = ln

x1
≈ 2πζ
x j +1

Eq. 2-16

2.3.3 Forced Vibration
In free vibration, damping dictates the rate at which amplitude decays over time. In
forced vibration, damping controls the maximum response of a system subjected to a harmonic
force and creates a phase lag between the force and the system’s response.
A SDOF system subjected to a harmonic force can be described by the following
equation of motion.
m&x&(t ) + cx& (t ) + kx(t ) = P sin(ωt )

Eq. 2-17

18

where ω is the forcing frequency. The response of the system as defined as the solution to Eq. 217 can be broken down into two parts: the complimentary solution and the particular solution.
The complimentary solution is given in by Eq. 2-10 (as the solution to the free vibration case)
and the particular solution, denoted as xp(t), is

x p (t ) =

P
Rd sin(ωt − φ )
k

Eq. 2-18

where
P

=

The amplitude of the harmonic forcing function, force

k

=

The system’s stiffness, force/distance

Rd

=

Dynamic amplification factor, unitless

φ

=

Phase angle, radians

The complimentary solution (Eq. 2-10) is also known as the transient solution because it
decays out over time. Eq. 2-18 is known as the steady state solution because it is the only part
left once the transient part disappears.
From Eq. 2-18 it can be observed that the response oscillates at the forcing frequency but
lags behind the force by the phase angle φ. Noting that P/k is the displacement of a SDOF
system subjected to a static load of P, the Rd factor can be interpreted a scale factor applied to the
static displacement which determines the amplitude of the steady state response. Rd and φ are
defined in Eq. 2-19 and Eq. 2-20 and are both functions of only the damping ratio, ζ, and the
ratio of the forcing frequency to the natural frequency of the system denoted as β =

ω
.
ωn

19

Rd =

1
(1 − β 2 ) 2 + 4ζ 2 β 2

 2ζβ 

2 
1− β 

φ = tan −1 

Eq. 2-19

Eq. 2-20

Plots of Rd and φ are illustrated in Figure 2-4 for several values of damping. As damping
increases, the amplification factor decreases. The amplification factor is most affected where β =
1 (when the forcing frequency is equal to the resonant frequency of the system).

Figure 2-4. Variation of Amplification Factor, Rd, and Phase Angle, φ, with frequency ratio and damping
ratio.
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Undamped forced vibration is a special case for which the damping ratio is zero. When ζ
= 0 the dynamic amplification factor grows infinitely large when β = 1. This is also illustrated in
Figure 2-4 as Rd becomes tangential to β = 1 for small damping. The phase angle at ζ = 0
becomes a step function where φ = 0 when β < 1, and φ = 180 when β > 1. In the damped case,
the phase angle shows a smooth transition.
These relationships represent methods from which damping can be measured from
experimental data. Eq. 2-19 can be rearranged to solve for damping in terms of frequency and
may be used to calculate damping from frequency related data. It is convenient to use the
frequencies where Rd = Rdmax /

2 . This is known as the half-power bandwidth method and the

two frequencies on either side, ωa and ωb, are called the half-power points. When the damping
ratio is small then the half power points occur at ωn(1 ± ζ). The bandwidth is the distance
between the half-power points and is equal to (ωb - ωa) = 2 ωn ζ, or rearranging for the damping
ratio results in

ζ =

ωb − ω a
2ω n

Eq. 2-21

This method is useful when a shaker is used to excite a large structure but may only be
able to do so at a limited number of discrete frequencies. If a number of force and response
amplitudes are measured on either side of the resonant frequency, interpolation may be used to
estimate the half-power points from which a damping value can be calculated.
The maximum Rd factor itself can be used to quantify damping as well. For any given
damping ratio, the peak of the Rd curve is unique. This peak is commonly denoted Q, and is
called the amplification at resonance. It is related to the damping ratio by Q = 1/(2ζ).
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A third method of measuring damping involves fitting curves to the data representing
magnification factor and phase. This curve fitting procedure requires a large number of data
points taken at discrete frequencies. This forms the basis of experimental modal analysis which
is discussed in Chapter 2.4.

2.3.4 Frequency Independent Damping
Forced vibration tests on structures have shown that equivalent viscous damping ratios
are nearly the same for all natural frequencies (Chopra, 2007). Frequency independent damping,
also called rate independent damping, is a damping model that provides damping which is
independent of frequency. It is the damping model used when performing Steady State Analysis
within SAP2000 (Steady State Analysis is used in Chapter 7 for the analysis of the footbridges).
Frequency independent damping is associated with localized plastic deformation and the
plastic flow in a range of stresses within the apparent elastic limit (Chopra, 2007). The model
assumes that the damping force, fD, is proportional to velocity and inversely proportional to
frequency.
fD =

ηk
x&
ω

Eq. 2-22

where
k

=

structural stiffness, kip/in

η

=

damping coefficient known as the loss factor

ω

=

circular frequency of vibration, rad/sec

Substituting Eq. 2-22 into the equation of motion in Eq. 2-7 results in Eq. 2-23. For an
arbitrary forcing function the mathematical solution of this equation is complex. For a steady
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sinusoidal forcing function however, the solution is much more straight forward. For this reason,
it is the type of damping most commonly used in frequency domain analysis (such as Steady
State Analysis in SAP2000).
m&x&(t ) +

ηk
x& (t ) + kx(t ) = P (t )
ω

Eq. 2-23

For a steady state sinusoidal forcing function, P(t) = Psin(ωt), the steady state response
can be calculated as

P
1
x(t ) =
k  1− β 2 2 +η 2


(

)


 sin(ωt − φ )



Eq. 2-24

with the variables the same as defined above. The solution is very similar to the steady state
solution of a viscous system subjected to a harmonic load (Eq. 2-18). The only difference is
contained in the ratio within the square brackets. A comparison between rate independent
damping and viscous damping can be made by setting Eq. 2-24 equal to Eq. 2-18. By comparing
the term within the square brackets of Eq. 2-24 to the equation for the dynamic amplification
factor, Rd (Eq. 2-19), a relationship between the viscous damping ratio and the rate independent
damping factor is established and shown in Eq. 2-25.

η = 2ξβ = 2ξ

ω
ωn

Eq. 2-25

It has been shown that dynamic response is the largest when the forcing frequency
matches the natural frequency. Setting ω = ωn in Eq. 2-25 shows that a loss of η = 2ζ will result
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in the same peak steady state response at resonance as a viscous system at resonance with
damping ratio of ζ.
Figure 2-5 plots the dynamic amplification factor, Rd, as a function of the frequency ratio,

ω/ ωn, for rate independent damping as a dashed line (bracketed part of Eq. 2-24) and viscous
damping (Eq. 2-19) as a solid line where η = 2ζ. For systems with small damping (ζ ≤ 0.05) the
solutions using rate independent damping and viscous damping are very similar over a wide
range of excitation frequencies. This result will be useful in the finite element analyses methods
in Chapter 7 for setting equivalent damping properties in time history analyses using viscous
damping and frequency domain analyses using frequency independent damping.

Figure 2-5. Amplification Factor for Systems with Rate Independent and Viscous Damping.
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2.4 Experimental Modal Analysis
Experimental modal analysis (EMA) involves the testing of a member or structure
through a known frequency range and measuring the response. Measurements of input force
(through a hammer blow or shaker) and response (typically acceleration) in the time domain are
converted into the frequency domain using the fast Fourier transform. The result is a set of
curves from which natural frequency, modeshapes, and modal damping ratios can be estimated.
A overview of the process is given here because EMA has been used in this research to verify
damping results and perform full scale damping tests. Ewins (2000) provides a much more
thorough description of the process.
An EMA is performed by placing output (displacement, velocity, or acceleration) sensors
at one or more locations on a structure and exciting the structure through an instrumented force
hammer or electrodynamic shaker. The results of these tests are frequency response functions
(FRFs). A FRF is the ratio of the output at any measured point to the input at the driving point
for each frequency excited by the input force.
A FRF is obtained using the following steps. First the structure is excited at a specified
“driving point” while the response is measured at any desired location. For the footbridge tests
described in this paper, the excitation was in the form of a burst chirp function and the measured
response was acceleration. A burst chirp function is a sinusoidal function of constant amplitude
that sweeps through a varying frequency range. The purpose of the chirp is to provide constant
energy to the system at a range of frequencies. A sample of a burst chirp signal is shown in
Figure 2-6a.
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Figure 2-6. Burst Chirp Signal in (a) the Time Domain and (b) Frequency Domain.

The input and response time domain signals are then chirpconverted into the frequency
domain using the Discrete Fourier Transform (DFT).

As its name implies, the DFT is a

transformation function that converts discrete time domain data into a discrete series of sines and
cosines with varying amplitudes and frequencies. For actual computation, the fast Fourier
transform (FFT) is used in place of the DFT. The FFT is a specialized and efficient form of the
DFT which can only be used on discrete time domain signals of a record length that is a power of
2 (1024, 2048, 4096…). The result of the FFT is a description of the discrete sinusoids that are
summed in a Fourier series to represent the time domain signal. The sinusoids are specified at
evenly spaced discrete frequencies (or spectral lines).

The number and spacing of the

frequencies are dependent on the sampling frequency and the record length but the details are
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omitted here because they are not particularly relevant to later discussions. At each discrete
frequency, the FFT results in a complex number which is simply a mathematical way of
representing the magnitude and phase angle of the sinusoid at that frequency. As an example,
the FFT magnitude for the burst chirp shown in Figure 2-6a is shown in Figure 2-6b which
demonstrates that the chirp signal contains relatively constant amplitude sinusoids over a banded
frequency range.
Taking the ratio of the output at any measured point to the input at the driving point for
each discrete frequency obtained by the FFT results in a FRF.

A FRF can represent the

relationship between any measured output (displacement, velocity, or acceleration) and the input.
The equation for the displacement FRF, H(ω), is shown in Eq. 2-26
H (ω ) =

X (ω )
F (ω )

Eq. 2-26

where
X(ω)

=

Displacement response in the frequency domain

F(ω)

=

Input force in the frequency domain (such as in Figure 2-6b)

Because both X(ω) and F(ω) are complex numbers, the FRF is also a complex number
containing information about both magnitude and phase of the response with respect to the input.
The term H(ω) in Eq. 2-26 is a general term used to represent a FRF. Typically, a more
specific designation is used to specify FRFs calculated from displacements, velocities, and
accelerations. Using the notation from Ewins (2000), α(ω) is the displacement response per
input force. It can also be interpreted as the ratio of the harmonic steady state displacement of
the system to the harmonic input force, F(ω), at any frequency. This displacement FRF is known
as receptance. Y(ω) is used to denote the ratio of velocity to input force and is known as
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mobility, and A(ω) denotes the ratio of acceleration to input force and is known as accelerance.
Because displacement, velocity, and acceleration are related through derivatives and integration
the recptance, mobility, and accelerance can all be defined as follows:

α (ω ) =

Y (ω ) =

A(ω ) =

X (ω )
F (ω )

X& (ω )
= ( jω )α (ω )
F (ω )

Eq. 2-27

X&& (ω )
= ( jω ) 2 α (ω ) = −ω 2α (ω )
F (ω )

where
X& (ω ) =

Velocity response in the frequency domain

X&& (ω ) =

Acceleration response in the frequency domain

j

=

−1

The jω terms in the mobility and accelerance terms of Eq. 2-27 come from representing
the harmonic forcing function, f(t) = Fejωt, and harmonic displacement, x(t) = Xejωt, in complex
notation.

Solving for velocity and acceleration as derivatives of displacement yield

x& (t ) = ( jω ) Xe jωt and &x&(t ) = ( jω ) 2 Xe jωt = −ω 2 Xe jωt respectively.
In this research accelerometers are used to measure the output accelerations directly.
Therefore, accelerance is used directly in determining modal properties. A sample acclelerance
FRF plot is shown in Figure 2-7 with the FRF magnitude plotted as %g/lb (pronounced percent
gravity per pound) or 1 percent of the acceleration due to gravity caused by 1 lb of input force.
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Figure 2-7. Sample Frequency Response Function.

The location of the peak in Figure 2-7 indicates a natural frequency of the system while
the width of the spike is a function of the damping. The modal properties of the system
(frequency, mode shape, and damping) are estimated using Eq. 2-28 below (Ewins, 2000). Eq.
2-28 is an analytical expression for the FRF at any point i caused by an input force at any point k
and is a function of the input frequency, natural frequency, modal damping ratio, and mode
shapes.

R
&x&i
r φi r φ k
= ( jω ) 2 ∑
2
2
fk
r =1 ( −ω + ω r + j 2ζ r ωω r ) M r

Eq. 2-28

where

&x&i

=

acceleration at spatial location, i

fk

=

forcing function at spatial location, k

r

=

mode index
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R

=

number of modes

r

φi

=

rth mode vector amplitude at location i

r

φk

=

rth mode vector amplitude at location k

ω

=

forcing frequency (angular)

ωr

=

rth natural frequency (angular)

ζr

=

damping ratio of the rth mode

Mr

=

modal mass of the rth mode

In the modal tests conducted for this research, the FRFs have only one mode (the
fundamental mode) so the summation term in Eq. 2-28 can be removed. Using Eq. 2-28, an
analytical FRF can be fit to the measured data. If the approximated curve closely fits the
measured FRF then it is assumed that the mode shapes, frequencies, and damping of the
analytical model closely represent those of the actual system. For these tests, a least squares
analysis was used to fit Eq. 2-28 to the measured data yielding estimates for the modal
properties.

2.5 Different Measures Used to Describe Damping
Damping, as it relates to a variety of disciplines, has been studied by many researchers.
This has led to a number of different testing procedures used to quantify damping. Along with
these procedures, a variety of terms have been used historically to measure and describe
damping. The approximate relationships of these terms is given in Eq. 2-29 (Chopra, 2007,
Dowling, 2007, Sun and Lu, 1995) with a description of each term following.
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2ζ = b =

Y
c
1 δ
=2
= = = η = tan φ
2π
ccr Q π

Eq. 2-29

where

ζ

=

damping ratio, dimensionless

b

=

half power bandwidth, dimensionless

Y

=

specific damping capacity, dimensionless

c

=

viscous damping coefficient, kip-sec/ft

ccr

=

critical damping coefficient, kip-sec/ft

Q

=

quality factor or amplification at resonance, dimensionless

δ

=

logarithmic decrement, dimensionless

η

=

loss factor, dimensionless

tanφ

=

loss tangent where φ is the loss angle

All of these relationships are applicable only for small values of damping (ζ < 0.2) which
are most common in buildings and civil engineering structures.
Damping Ratio: The damping ratio represents the fraction or percentage of critical
damping. It is the most common form of damping used in the analysis of structures and
therefore the most common among structural engineers. The damping ratio implies viscous
damping and is expressed as either a decimal or a percentage.
Half-Power Bandwidth: The half-power bandwidth is the distance between the two
frequencies that have a response amplitude magnification measuring 1/ 2 of the amplitude
magnification at resonance.
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Specific Damping Capacity: Specific damping capacity is the ratio of energy dissipated
per cycle in a structure or a material to the strain energy at maximum strain. The dissipated
energy per cycle is measured from experimentally determined hysteresis loops. It provides a
method to calculate the equivalent viscous damping ratios for non-viscous systems using
experimental data.
Viscous Damping Coefficient:

The viscous damping coefficient describes the

relationship between velocity and viscous damping forces in a dynamic system. The most
common form of viscous damping is linear where the resisting damping forces are the product of
the damping coefficient and the instantaneous velocity. The critical damping coefficient, ccr, is
the smallest value of damping for which there will be no oscillation in a freely vibrating system.
Quality Factor:

The quality factor or amplification factor is a measure of the

displacement amplification at resonance from a harmonic load with amplitude P, when compared
to the static displacement cause by load P. An example of these peaks can be seen in Figure 2-4.
Logarithmic Decrement: This is a measure of the decrease in amplitude per cycle of a
freely vibrating viscous system and was defined in Chapter 2.3.2. This is a common method
used to measure the damping of concrete beams (or other systems) due to the simplicity of
performing a free vibration test.
Loss Factor: The loss factor can be defined as the ratio of the energy loss per radian over
an entire cycle to the strain energy at maximum strain. This definition implies that the energy is
being removed at a constant rate during a cycle of motion.
Loss Angle: The loss angle represents the phase lag associated with the relationship of
stress and strain. The tangent of this angle is known as the loss tangent.
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2.5.1 Damping Metric Used For This Research
Damping in its most general form is a loss of energy during motion. The specific
damping capacity, Y, is a direct measure of the energy dissipated per cycle of harmonic vibration
normalized by the strain energy needed to cause the deformation. Similar to the loss factor, η,
the measurement of specific damping is able to sufficiently measure both viscous and nonviscous damping. However Chopra (2007) points out the implied mechanism of the loss factor is
not realistic. Therefore, the specific damping capacity is used.
It should also be noted that the type of testing used for measuring damping (forced
harmonic vibration of concrete cylinders) results in data from which the specific damping can be
directly measured. Similar tests for measuring the damping of concrete were performed by
Jordan (1980) and described in detail by Ashbee et al. (1976). At the time, the hysteresis data
was obtained by physically plotting the hysteresis loops during testing. Due to the narrow nature
of the hysteresis, the signal sent to the plotter was amplified along the horizontal axis in order for
a more accurate measurement of the hysteresis area to be made. It was recommended that the
area of the hysteresis be measured by a planimeter, by cutting out the loop and weighing the
plotting medium, or by comparing it to the area of an equivalent ellipse. Clearly, advancements
in signal measurement since Jordan and Ashbee’s work allows for the digital recording of the
test data and a more accurate measurement of the hysteresis.
For the purposes of presentation in this research, damping will be discussed in terms of
specific damping capacity. Because the civil engineering community has a familiarity with the
damping ratio, and because concrete damping is generally considered to be independent of
frequency (discussed in Chapter 3.3.2) the equivalent viscous damping ratio calculated from Eq.
2-29 may also be presented.
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CHAPTER 3:

PREVIOUS RESEARCH IN CONCRETE DAMPING

3.1 Introduction
The previous research in the damping of cement paste and concrete can be broken down
into two general categories; the effects of normal concrete ingredients on damping and the
effects of additives used to specifically enhance damping properties. Research on concrete
damping has taken place over the last 80 years with Cole and Spooner (1968) identifying the first
research as that of Gehler and Hort (1934). Research examining the effects of normal concrete
mix proportioning on damping primarily took place in the 1950’s, 1960’s, and 1970’s and
focused on water-to-cement ratio, the effects of loading and frequency, aggregate proportioning,
and the effects of voids and the interfacial transition zone. This work is summarized in Chapter
3.3.
Studies that investigated ways that concrete damping could be enhanced through
additional ingredients have taken place over the last 40 years. Included in this research are
studies that include the addition of granular rubber, polymers, or calcium carbonate to the cement
matrix. A summary of these studies is presented in Chapters 3.4.

3.2 A Description of Concrete
In its most simplistic form, concrete is a composite material made from four ingredients:
water, Portland cement, fine aggregate, and coarse aggregate. Portland cement (from here on
referred to as cement) consists of hydraulic calcium silicates. Mixing cement with water creates
cement paste which is the binding material in concrete. Mortar is a mixture of fine aggregate and
cement paste and is most often used as a binding material in masonry. Fine aggregate is a
granular material (usually sand) ranging in size from 75 µm (No. 200 Sieve) to 4.75mm (No 4
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Sieve). Adding coarse aggregate to mortar results in concrete. Coarse aggregate is defined as
granular material larger than 4.75mm (No 4 Sieve). The coarse aggregate can be naturally
acquired which typically has a smooth weathered surface or created from manually crushing
stone which results in a jagged surface.
The structure of concrete is considered to have three phases (or parts): the hydrated
cement paste (hcp), aggregate particles of varying size, and the interfacial transition zone that
forms between the two. The hcp is formed through a chemical reaction called hydration that
begins immediately when cement is mixed with water. The resulting paste is a non-homogenous
matrix that contains both solids and voids.
The hcp solids are comprised of calcium silicate hydrate, calcium hydroxide, calcium
sulfoaluminates, and unhydrated cement particles. Voids in the hcp can be divided into capillary
voids, entrained air bubbles, and entrapped air. Capillary voids represent the space not filled by
the solid components of the hcp. It can be approximated that 1 cm3 of cement once hydrated will
“expand” and take up 2 cm3 of space. Therefore, cement hydration may be viewed as a process
of replacing the volume taken up by the water and unhydrated cement with solid hcp and
capillary voids (Mehta and Monteiro, 2005). It is common practice in engineering to use the
water-to-cement ratio as a way to predict concrete strength. However, the actual mechanism
causing strength reduction is an increase in capillary voids in the hcp. As the water-to-cement
ratio increases, the cement takes up a smaller percentage of the total initial volume (of water and
cement). Once hydrated, there will be an increase in capillary voids due to the larger initial
volume of water.
Entrained air bubbles are usually spherical in shape and range in size from 50 to 200 µm
and are typically added to the hcp through special admixtures. Entrapped air is bubbles that are
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trapped by the mixing process and can reach sizes of 3mm. Similar to capillary voids, both
entrained and entrapped air bubbles have a detrimental effect on strength.
The interfacial transition zone is the phase that forms around the aggregate particles
measuring 10 to 50 µm thick. The transition zone is less dense than the surrounding hcp causing
it to have less strength and be more apt to microcracking. The transition zone is formed because
a water film forms around the aggregate particles causing a localized area of a higher water-tocement ratio. This leads to a more porous hydrated cement structure.
This weak transition zone is the reason that concrete is inelastic in a uniaxial compression
test while both cement paste and aggregates remain elastic until fracture if tested separately. In
addition to the increase in voids, the transition zone also forms microcracks before the concrete
is ever loaded. These cracks are caused by stresses that are induced by differential movements
between the aggregates and hcp during cooling or drying. The behavior of the transition zone
and the presence of these microcracks have been a focus of some of the research investigating
the damping of concrete as presented below.

3.3 Effects of Normal Concrete Ingredients on Damping
This section focuses on previous research regarding the effects of normal concrete
ingredients and mix design on the damping of concrete. The majority of studies occurred
between 1950 and 1980. The majority of this work was performed by Cole (1966), Cole and
Spooner (1965, 1968), Swamy and Rigby (1971), and Jordan (1980) with the latter two papers
being very broad in nature and touch many of the aspects discussed below. Research has
focused on the effects of water content, water-to-cement ratio and age (Chapter 3.3.1), the effects
of loading and frequency (Chapter 3.3.2), the effect of aggregates (Chapter 3.3.3), and the effect
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of the interfacial transition zone (Chapter 3.3.4). Research in these specific areas is presented
below with a summary provided in Chapter 3.3.5.

3.3.1 Water-to-cement Ratio and Age
A number of researchers have studied the influence of water volume and water-to-cement
ratio on concrete damping. Swamy and Rigby (1971) noted that damping increased slightly with
increasing W/C and makes the argument that damping is related to the percentage of water-filled
pores. Amick (2004) also notes the slight general increase in damping with increasing W/C but
notes that the increase is less than the spread of the damping data.
Cole (1966) noted that the damping of specimens kept in a water bath or humidity cabinet
decreased as the amount of drying time increased and proposed that the damping is a
combination of a constant term, a variable dependent on the evaporable water content, and a
variable dependent on age.
Multiple studies reported the decrease of damping with increasing concrete age. Cole
and Spooner (1968) reported a decrease in damping of 50% when measured at one month and 30
months. Swamy and Rigby (1971) found that damping decreases with age much more rapidly in
the first 7 days then over the next 21. Hop (1991) found that prestressed beams made from
normal weight concrete lost up to 75% of their damping after 20 years.
Swamy and Rigby (1971) attributed the increase in damping of mortars with higher W/C
ratios to containing a higher percentage of water-filled pores.

3.3.2 Effect of Loading and Frequency
Nearly all research on the damping of concrete has led to the conclusion that damping at
frequencies above 10 Hz is not a function of frequency. An exception to this finding is in the
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work by Kesler and Higuchi (1955) who found that the dynamic modulus of concrete decreased
10% as fundamental frequencies increased from 1000 Hz to 4000 Hz. These results were
obtained from axial free vibration testing on beams made from the same concrete but differing in
dimension (to change the fundamental frequency). This work was refuted by Jones (1957) who
measured the damping of both wet (“wet” refers to concrete that was moist cured continuously
until testing) and dry concrete beams in extensional, torsional, and flexural vibration. Jones
found the damping measured from each mode of vibration to be the same for wet concrete but to
differ in the dry concrete. The three types of vibration tests used three different cross sectional
shapes leading Jones to conclude that the different drying rates associated with each shape led to
different damping. He used this reasoning to explain the reason that Kesler and Higuchi’s (1955)
results differed from all other studies. In addition, Jones found that although the damping
decreased once the concrete was allowed to dry, the measured damping for each type of vibration
remained constant for resonant vibrations between 150 and 10,000 Hz.
A study by Cole and Spooner (1965) measured the damping of cement and mortar beams
in the frequency range of 0.16 to 4.0 Hz. They found that the ratio of the damping at frequencies
below 4 Hz to the damping at 4 Hz decreased linearly from a factor of 1.6 at 0.1 Hz to 1.0 at
around 2.5 Hz. The damping from 2.5 to 4 Hz was found to remain constant. Similar results
were obtained by Jordan (1980) who tested concrete cylinders under forced axial vibration
finding that damping decreased approximately 7% as testing frequency increased from 0.2 to 1.0
Hz.
The amount of initial compressive stress has a detrimental effect on damping. Cole and
Spooner (1968) note that this is due to the closing of cracks before testing. Jordan (1980) found

38

that increasing the mean compressive stress from 2.5 N/mm2 to 4.5 N/mm2 decreased damping in
specimens loaded with the same amplitude range and frequency.
Both Jordan (1980) and Cole and Spooner (1965, 1968) found that damping increases
with increasing stress amplitude.

Cole and Spooner (1965) found a linearly increasing

relationship between the maximum stress amplitude and logarithmic decrement in cement and
mortar beams in free vibration. Jordan (1980) used forced axial vibration tests performed with
different mean stresses. An increase in damping was found to be associated with the larger
amplitudes of cyclic stress. Also, once the larger cyclic stress had been applied to the specimens,
the damping at the lower cyclic stress increased 15 to 20%. Jordan explains these results through
the formation of additional microcracks once the higher stress state has been applied.
Spooner, Pomeroy and Dougill (1976) found that the energy dissipated in damping of
cement pastes in compression is directly related to the range of cyclic strain and independent of
the amount of damage in the paste.

3.3.3 Effect of Aggregate
Studies on the effect of aggregates on damping can be divided into two categories:
studies that compared the damping of paste to mortar to concrete (Cole, 1966, Swamy and
Rigby, 1971, Wang and Chung, 1998) and studies that compared the damping of concrete with
changing volume fractions of aggregate (Jordan, 1980, Swamy and Rigby, 1971).
In general, Swamy and Rigby (1971) found that the damping capacity of cement paste to
be larger than that of mortar and that the damping of mortar to decrease with the addition of
coarse aggregate. Similar results were found by Wang and Chung (1998) who found that the
addition of sand to cement paste decreased damping. Both of these studies contradict an earlier
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study by Cole (1966) who concluded that the damping of small paste, small mortar, and large
concrete specimens was not greatly affected by the size or composition of the specimen.
The effect that aggregate volume has on damping was studied by Swamy and Rigby
(1971). The researchers found that the damping of mortar decreases as the absolute percentage
of fine aggregates increases up to 50%. A sharp increase in damping is observed as the fine
aggregate volume continues to increase to 70%. The authors theorize that the majority of the
damping occurs in the cement paste and not in the aggregates or the interface zones. However,
at large aggregate volumes the interface zones may become more important to damping leading
to the increase. For coarse aggregates added to concrete, there is a continuously decreasing trend
of damping for increased coarse aggregate volume.
Jordan (1980) concluded that “the presence of microcracks is of great importance in
determining the damping level of [mortar or concrete]”. His conclusion is based on the finding
that a higher aggregate to cement ratio and lower bond strength (due to higher W/C ratio) led to
more frictional damping in the transition zone.
Other studies have shown that the type of aggregate can have a small effect on damping
as well. Swamy and Rigby (1971) reported that limestone aggregate had lower damping than
crushed gravel aggregate while Hop (1991) observed that beams with lightweight aggregate had
lower damping than those with normal weight aggregate.

3.3.4 Effect the Interfacial Transition Zone
It has been proposed by Swamy and Rigby (1971) as well as Jordan (1980) that part of
the damping mechanism in concrete is due to cracking and weak bonding in the interfacial
transition zone.
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A thorough study on the effect of transition zones on the dynamic modulus and damping
was carried out by Lee (1997). Lee systematically controlled the surface area of the aggregate,
and therefore the volume of transition zone, in mortar mixtures by using 5 separate gradations of
sand. Damping, in the form of the logarithmic decrement, was found to be unaffected by the
specific surface area of the aggregate in the mix.

3.3.5 Summary of Normal Concrete Ingredients on Damping
Previous studies on the damping of normal concrete has investigated the effects of waterto-cement ratio, age, loading frequency, aggregate size and type, and the amount if interfacial
transition zone. A summary of the findings is discussed below.
Increasing the water-to-cement ratio increases damping capacity. It is possible that the
damping is related to the amount of water filled pores within the cement paste. The increasing
trend is minimal and usually less than the scatter in the damping data. Tests of “wet” specimens
(a wet specimen was kept in a water bath until testing) showed more damping than specimens
that were allowed to dry. Damping decreases with the amount of drying time for these wet
specimens.

Although interesting in an academic atmosphere, the high damping of “wet”

concrete has little practical value. The increase in damping is largest in young mixtures, but
decreases with time, possibly to a limiting value. This phenomenon is believed to be caused by
drying.
Damping is not dependent on frequency with the exception of frequencies below 2.5 Hz.
This has been confirmed from both tests at specimen’s natural frequency and through forced
vibration tests.
There is no significant consensus on the effect of aggregate on the damping capacity of
mortar or concrete. Some findings indicate that adding sand to cement paste and adding coarse
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aggregate to mortar generally reduces the damping. However, other research indicates that higher
aggregate/cement ratios tend to increase damping due to increased surface areas available for the
mobilization of Coulomb friction. This is countered by studies that show that the amount of
interfacial transition zone does not have an effect on damping. Damping appears to be little
affected by the type of coarse aggregate, except that somewhat higher damping occurs in
concrete with crushed aggregate as compared to smooth stone aggregate. Lightweight concrete
appears to have a lower damping capacity than normal weight concrete.
Based on the above summary, it does not appear that significant increases in damping can
be achieved through modification of the basic components of normal concrete.

3.4 Effects of Materials Specifically Added to Increase Damping
A variety of approaches have been used to enhance the damping of concrete with
additives. These approaches include the addition of granular rubber (Chapter 3.4.1), calcium
carbonate particles (Chapter 3.4.4), vegetable gums emulsions (Chapter 3.4.2), and styrenebutadiene latex (Chapter 3.4.3).

Each has been shown to increase damping capacity with

tradeoffs in wet and hardened concrete properties. A review of this literature is given in the
following sections.

3.4.1 Granular Rubber
Research regarding the use of granular rubber as an additive to concrete started in the
early 1990’s and was initiated as a means to address the problem of accumulating scrap rubber
tires (Siddique and Naik, 2004). Initial research focused on the use of rubber particles as
aggregate replacement in both asphalt (McQuillen, et al., 1988, Mull, et al., 2002, Wang, et al.,
2006, Zeng, et al., 2001, Zhong, et al., 2002) and concrete (Eldin and Senouci, 1993, Fattuhi and
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Clark, 1996, Fedroff, et al., 1996, Khatib and Bayomy, 1999, Lee, et al., 1998, Topcu, 1995,
Toutanji, 1996). Nearly all of the initial studies on concrete focused on the effect that rubber had
on its mechanical properties (compressive strength, flexural strength, stiffness, and toughness).
Research on damping properties did not begin until the early 2000’s (Hernandez-Olivares, et al.,
2002, Resende, et al., 2003, Zheng, et al., 2008) and is still limited. A summary of the studies
looking at both mechanical and dynamic properties is divided into two sections below.
3.4.1.1 Mechanical Properties of Rubberized Concrete
The majority of research of rubberized concrete focused on the replacement of either the
fine or coarse aggregates by similarly sized rubber particles with replacements as high as 100
percent.
The first study that focused on the addition of rubber in concrete was performed by Eldin
and Senouci (1993). The authors used both rubber chips (38mm, 25mm, and 19mm) and crumb
rubber (smaller than 2mm) to replace coarse aggregate and fine aggregate respectively by
volume. Volumetric replacements of 25%, 50%, 75% and 100% were evaluated for compressive
and tensile strength.
Strength reductions increased as the volume of rubber increased however the relationship
was not linear. The larger rubber particles had a larger reduction in strength than the smaller
ones. The rubber chips reduced the strength from 45% at a 25% replacement up to a 85%
reduction at 100% replacement. The smaller crumb rubber had strength losses of 33% and 65%
and the 25% and 100% replacement levels respectively. Reductions in tensile strength were less
than compressive strength. The authors concluded that the rubber acts as very weak inclusions in
the concrete matrix which partially contributes to loss of strength. The additional strength loss is
attributed to tensile stress concentrations that form in the cement paste at the boundaries of the
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rubber aggregate. These tensile stresses increase with an increase in particle size explaining the
additional strength loss for the larger rubber particles. Similar observations of a nonlinear
relationship between rubber concentration and strength was later reported by Toutanji (1996).
A dependence of particle size on strength was also reported by Topcu (1995). A strength
loss of 57% was measured in concrete when replacing 45% of the coarse aggregate with rubber
chips ranging in size between 1 to 4 mm. The loss in strength was greater than the loss of 37%
measured for concrete with the same amount of fine aggregate replaced by rubber particles
smaller than 1 mm.
Ferdorff et al. (1996) produced a rubberized concrete with rubber particles ranging from
approximately 0.05mm to 0.3mm. Different mixtures were obtained by adding 10, 20, or 30
percent rubber by weight of cement. Air content was seen to increase significantly with the
addition of rubber (from 5 percent for the normal mixture with an air entraining agent (AEA) up
to 10 percent for the mixture with 30% rubber and no AEA). There was a minor decrease in
slump with added rubber. Loss of compressive strength was very high, with the 10% rubber
mixture reducing strength by 50%, and the 30% rubberized mixture reducing strength by 70%.
At least part of the strength loss can be attributed to the reduction of cement as rubber was
added. Similar loses were observed in modulus of elasticity. The researchers attribute the
increase in air content “to the nonpolar nature of rubber particles and their capability to entrap air
in their jagged surface texture.” Ferdoff et al. (1996) suggested that future rubberized mixtures
be based on the replacement of fines by volume, rather than as an addition by weight of cement.
Fattuhi and Clark (1996) researched the relationship between the density and
compressive strength of rubberized concrete. Twelve different concrete mixtures containing
either large (5 mm) or small (0.6 mm) rubber particles were mixed in concrete with varying
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ratios of cement to CA to FA to water. The largest proportion of rubber was 0.50 by mass of
cement with the smallest proportion was 0.10. Regardless of rubber size, mixtures of the same
density had similar strengths. The results did show that the fine rubber decreased strength more
than the coarser rubber for the same rubber to cement ratio which is not in agreement with Eldin
and Senouci (1993) or Topcu (1995). The air content was not measured which would have an
effect on both density and strength.
Lee et al. (1998) added styrene-butadiene latex to rubberized concrete in an attempt to
improve the bond between the rubber particles and cement paste to increase strength. The study
looked at five mixtures; standard concrete (SC), latex modified concrete (LMC), standard
concrete with rubber (SC/R), latex modified concrete with rubber replacing fines (TALC/F) and
a latex modified concrete with rubber replacing latex solids (TALC/L). The LMC contained a
weight ratio of latex to cement of 0.15 while all mixtures with rubber contained a weight ratio of
rubber to cement of 0.05.
Images were taken using a scanning electron microscope (SEM) 10 days after mixing
(before full cement hydration had taken place. The images showed the latex had coated the
rubber particles. After 28 days, SEM images showed a better bond between the cement, latex,
and rubber when compared to a mixture with just rubber only.
Strength tests were inconclusive on the effect of the rubber and latex. The LMC and
TALC/L increased the strength over the control by 21% and 3% respectively while the SC/R and
TALC/F decreased the strength by 21% and 27% respectively.
Khatib and Bayomy (1999) proposed a model for a concrete strength reduction factor for
mixtures that contain rubber. Their study looked at the influence of fine aggregate replacement
with 1mm crumb rubber (Group A), coarse aggregate replacement with 10-50mm rubber chips
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(Group B), and a combination of both fine and coarse rubber in the same mix (Group C). In
groups A and B, eight rubber contents ranging from 5-100% replacement of aggregate by
volume were studied. In group C, the aggregates were replaced with equal volumes of fine and
coarse rubber up to 50% of the total aggregate in the mix.
The researchers found that a decrease in workability was associated with an increase in
rubber content with the fine rubber having the more drastic effect. In all cases, the slump
decreased to zero at the maximum studied rubber percentages. Similar to Ferdoff et al. (1996),
the researchers also observed an increase in air content with increasing rubber concentrations.
Maximum air measurements of 4% (increased from 1% for the control) were found for the
concretes with the largest volume of rubber with the fine rubber increasing air content more
quickly.

The method used for measuring the air content was not reported, however the

researchers noted that the increased air was measured in spite of added compaction efforts which
were required as the workability decreased.
Khatib and Bayomy (1999) found that the compressive strength was affected most by the
large rubber particles (Group B) and least by the small rubber particles (Group A) with Group C
falling in between. They also noted the reduction of compressive strength was not linear which
was in agreement with previous studies (Eldin and Senouci, 1993, Toutanji, 1996) and proposed
a strength reduction factor (SRF) model in the form of
SRF = a + b(1 − R ) m

Eq. 3-1

a = 1− b

Eq. 3-2

with the condition that

where R = rubber content, volumetric ratio by total aggregate volume: and a, b, and m = function
parameters. The exponent m is a measure of the degree of curvature of the downward curve that
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is obtained when plotting the SRF against the percentage of rubber content (Figure 3-1). The
model was fit to both their data set as well as data from Eldin and Senouci (1993) with the results
shown in Figure 3-1. Table 3-1 lists the model parameters for each set of data. It was found that
the model parameters a = 0.1 and b = 0.9 fit both data sets while the sensitivity measure m
differed.

a) Data from Khatib and Bayomy (1999)

b) Data from Eldin and Senouci (1993)

Figure 3-1. Relationship of Compressive SRF and Rubber Content (From Khatib and Bayomy, 1999 p. 211;
Reprinted with permission, ASCE, 2011)

Table 3-1. Parameters for SRF Compressive Strength Model (Adapted from Khatib and Bayomy, 1999 p.
211; Reprinted with permission, ASCE, 2011)
Model
Parameters
a
b
Kahtib and Bayomy
m
(1999)
r2*
a
b
Eldin and Sencouci
m
(1993)
r2*
2 i
*r s coefficient of determination
Researchers

28-day Compressive
SRF Model
0.10
0.90
7
0.93889
0.10
0.90
3
0.963466
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Due to the significant reductions in strength the researchers conclude that any practical
rubberized concrete should be not exceed 20% of the total aggregate volume.
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3.4.1.2 Dynamic Properties of Rubberized Concrete
A summary of the research related to the measurement of damping in rubberized concrete
is reported below. Most of the studies also included measurements on compressive strength,
stiffness, and in some cases air content. Only the results regarding the mechanical properties
which are not adequately summarized in the above section are presented.
One of the earliest studies to attempt to quantify the damping of rubberized concrete was
performed by Hernandez-Olivares, et al. (2002). The study introduced rubber particles that the
authors referred to as “fibers… measuring 0.85 to 2.15 cm in length”. The rubber particles
added as 3.5% and 5% of the total mixture volume keeping the proportion of all other materials
in the mixture the same. A small amount of polypropylene fibers (0.1% of the mix volume) were
also included to prevent shrinkage cracking but no influence on the mechanical or dynamic
properties were expected due to the small quantity. The damping specimens were 6 in. x 12 in.
cylinders which were cyclically loaded between 0 and 30% of the ultimate compressive strength.
The study focused on the effect of loading frequency (5, 10, and 20 Hz) and temperature (-20, 20
and 60 °C) on damping. Specific damping was measured from experimentally obtained values
of load, strain, and phase shift.
Measured specific damping ranged from 0.23 to 0.30 with higher damping measured for
the concrete with the 5% volumetric replacement with rubber. The damping was not reported for
any control mixture without rubber. Measured damping was highest at 20 °C at a loading
frequency of 20Hz. The damping did not change between the 5 Hz and 10 Hz loadings.
The detrimental effects on compressive strength and stiffness mirrored the findings of
previous researchers. SEM images revealed “perfect adherence between rubber and cement
matrix” which contradicts the images taken by Lee et al. (1998)
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Resende et al. (2003) investigated the influence of scrap tire rubber particles on the
damping capacity of concrete. Rubber particles were tested with an average particle size of 2.4
mm, but with two different fineness moduli, 3.29 and 4.8. The mixture proportions were based
on replacing sand by rubber, in mass percentages of 5, 10, 15, and 20. It was found that the
rubber with the finer gradation (smaller fineness modulus) significantly affected strength with
strength loss as high as 70 percent for the concrete with the largest volume of rubber. The
authors note the visual observation of air bubbles in the wet concrete, however no air
measurements were taken.
A second mixture group containing two mixtures was prepared with only 5% rubber
replacement using the more coarsely graded rubber. One of the two mixtures contained 1% steel
fibers, 30 mm long with an aspect ratio of 60, added as reinforcement. The authors note taking
extra measures to reduce incorporated air by using a vibrating table and manual vibration.
The measured air content for the second mixture group was reported to be 4.4% without
steel fibers and 5.2% with steel fibers.

It is implied but not explicitly stated that these

measurements were taken after the concrete had been vibrated. The compressive strength of
both mixtures increased as compared to the original 5% rubber replacement mixture, however
both fiber mixtures still had a 50% reduction in strength as compared to the control.
To determine damping, prisms of 100x100x400mm were tested under cyclic loading,
with the damping ratio estimated on the basis of the size of the area within the hysteresis loop.
The specimens were tested at a frequency of 0.5 Hz and at a cyclic amplitude of 4 kN which
corresponds to 1.5% of the 28-day compressive strength. The damping ratio did not increase for
the concrete with rubber only but increased by as much as 51% for the concrete with both rubber
and steel fibers.
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Zheng, Huo, and Luan (2008) investigated the use of ground rubber (3.0 mm particle
size) and chipped rubber (15-40 mm particle size) to enhance the damping capacity of concrete.
Rubber replacement of 15, 30, and 45 percent by volume of coarse aggregate was used. Beam
specimens and cube specimens were prepared. Damping ratios were obtained by log decrement
analysis of the free vibration response of the beams, and by an elastic wave approach for the
cubes. The damping ratios were found to increase by as much as a factor of two for the ground
rubber, and by a factor of 2.5 for the chipped rubber. The damping appeared to be amplitude
dependent, with the amount of damping decreasing as vibrations reduced. A recommendation
was made that rubber replacement be held to less than 30% (replacement of coarse aggregates).
Skripkiūnas, Grinys and Miškinis (2009) replaced fine aggregate by mass in percentages
of 5, 10, 20, and 30 percent using waste tire rubber in gradations of 0-1 mm, 1-2 mm, and 2-3
mm. The authors measured damping by harmonically loading a 100 x 100 x 300 mm beam and
by finding the resonant frequency and the two frequencies where the maximum amplitude of
vibration drops to 0.707 of the response at resonance. Damping was reported as the quality
factor or dynamic amplification factor. The quality factor was found to decrease from 23 in the
control concrete to 18, 14, and 15 for the concrete with increasing size fractions. In general,
damping increased with increasing additive but showed little dependence on the size of the
rubber particles. Decreases in strength and modulus were consistent with previous research.
3.4.1.3 Summary of Research in Rubberized Concrete
In summary, it appears that damping capacity of rubberized concrete is increased when
compared to normal concrete, but that strength and elastic modulus can be significantly reduced.
Strength decreases non-linearly with the largest incremental reductions in strength occurring at
lower rubber concentrations. The amount of strength loss cannot be completely attributed to the
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loss of concrete volume (due to rubber inclusion) as there appears to be a greater loss in strength
caused by larger rubber particles. This relationship between particle size and strength loss is
reported by the majority of researchers that studied this influence but not all.
Slump and workability appear to be little affected by the rubber as long as the total
concentration of rubber is less than 20% of the total aggregate volume. Air content may be
increased significantly with one study showing that smaller rubber particles increase air more
than larger ones.
Mixtures that are based on the replacement of fines by volume appear to be superior to
designs based on replacement of cement because the reduction of cement leads to additional
strength loss. Steel fibers may be used to mitigate the strength and stiffness loss associated with
the addition of rubber alone however an increase in air content was reported in some cases.
The use of SBR latex has been shown to increase the bond between the cement paste and
rubber particles however the beneficial effect on strength remains inconclusive.

3.4.2 Concredamp
The Durasol Corporation has developed an additive, called Concredamp, which is
specifically designed to enhance the damping capacity of concrete. The basic ingredient in
Concredamp is a vegetable gum (a kind of rubber) that is suspended SBR latex.
A study was published by Moiseev (1992) where the top 2 inches of three in situ floors
were topped with concrete containing Concredamp. Two of the floors were located in hospital
laboratory spaces and the third was an exercise area located in an office building. Because the
experiments were not carried out in a controlled setting other factors that could affect damping
(i.e. partitions, furniture, ceilings) were present. Damping was measured in the form of the
dynamic amplification factor, Q, calculated from measurements taken using an electrodynamic
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shaker. Amplification factors between 16 and 20 were measured for the three floors which
corresponded to damping ratios between 1.3% and 1.5%.
Soon, et al. (1997) studied the effect of this material on the damping capacity of concrete.
In the tests, Concredamp was added to a control mixture in volumes of 17.33 and 61.89 liters per
cubic meter (3.5 and 12.5 gallons per cubic yard). It is noted that no modifications to the mix
were made to account for the added water present in the latex, nor for the volume of solids
supplied by the vegetable gum.
Damping was measured on 4000 x 500 x 130 mm deep slabs in both free vibration and
using experimental modal analysis. Damping ratios were calculated using logarithmic decrement
methods from the free vibration tests and calculating the dynamic amplification factor from the
modal analysis.
The damping ratio increased 50% (from 4% to 6%) and the amplification factor
decreased 40% for the slab with the high concentration of Concredamp when compared to
specimens made from normal concrete. For this same mixture, the strength loss was only 8
percent. For the mixture with 17.33 liters of added material, the strength loss was 30 percent.
The researchers associated the higher strength loss with excessive air entrapment (total air
content greater than 10% compared to the control mixture with 2.8 percent air and the mixture
with 61.98 liters of admixture with an air content of 4.6 percent). The excessive air content was
attributed to exposure of the admixture to air for an extended period of time. Associated with the
increase in air content was a significant reduction in workability in the fresh concrete.
Amick (2004) performed an investigation of the effect that polymers had on concrete
damping. His investigation studied both ConcreDamp and styrene-butadiene rubber latex. The
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study measured modal damping of beam specimens using experimental modal analysis. It was
reported that the loss factor, η, is linearly related to the ratio of polymer solids to cement (P/C).
ConcreDamp was added in P/C ratios of 0.01, 0.02, and 0.03 which corresponded to 7,
14.5, and 22 gallons per cubic yard of concrete. The results were compared to SBR latex added
in P/C ratios of 0.1 and 0.2 corresponding to 70 and 145 gallons per cubic yard. Adjustments
were made to account for the water present in the latex however the P/C ratio and a reasonable
workability were of primary concern. As a result, each latex modified mixture had a different
W/C ratio. The SBR mixtures were mixed with a low W/C ratio of 0.2 because of the tendency
of the latex to increase workability. The ConcreDamp mixtures were mixed with W/C ratios of
0.54, 0.59, and 0.63 to account for the stiffening effect the ConcreDamp had on the workability.
Damping results showed that the largest concentration of Concredamp (0.03 P/C, 22
gal/yd3) increased the loss ratio from 1.5 to 3.5 following a linear relationship for the
intermediate concentrations. The largest SBR latex mixture (0.2 P/C, 145 gal/yd3) increased the
loss ratio from 1.5 to 3.0 indicating that it took nearly 10 times the polymer solids to achieve
similar damping to the ConcreDamp.

3.4.3 Styrene-Butadiene Rubber (SBR) Latex
Fu et al. (1998) investigated the use of SBR latex, methylcellulose fibers, and silica fume
to improve the damping capacity of cement paste. Their specimens were 24x8x3 mm beams
subjected to three point bending at frequencies of 0.2, 1.0 and 2.0 Hz at various temperatures.
This research indicated that damping increased as latex concentration increased but
decreased with increasing temperature. Methylcellulose fibers also increased damping but not as
much as the SBR latex. Damping increased with concentration and decreased with increasing
frequency. Silica fume used in an as-received state increased damping at 0.2 Hz only. However,
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if soaked in sulfuric acid, the damping had an additional increase at 0.2 Hz and also increased at
1.0 and 2.0 Hz.
Amick (2004) studied SBR latex as part of a greater study including multiple polymers in
concrete. The results indicated that damping increases linearly with polymer to cement ratio.
More specific details on the findings of this research can be found in the preceding section.
Morin et al. (2011) took an interesting approach where they pre-coated coarse aggregate
with an acrylic ester and styrene latex in an attempt to improve post cracking toughness. The
purpose was to investigate more efficient methods for distributing the latex in the transition zone
between the aggregates and the cement paste. The researchers premixed the latex with the coarse
aggregate (in concentrations of 0.5%, 1% and 2% weight of latex solids to coarse aggregate
weight) and let the mixture dry for 2 to 3 minutes before adding it to the concrete. The
researchers found that this premixing method was an effective means for creating a latex coating
around the aggregate and that post cracking toughness was improved.

However, it was

concluded that accompanying reductions in compressive strength and modulus were of enough
significance that the benefit of the method was not justified.

3.4.4 Calcium Carbonate
Madeo (2006) studied the effect of micro-particle additions on the frictional energy
dissipation capacity and strength of concrete. Also included in this work is the study of the
physical damping mechanism within concrete.

In her research, it was determined that the

principle source of energy dissipation is frictional resistance in "mesocracks" that exist within the
cement matrix. These cracks are in the range of 1 to 100 µm in size.
To increase damping, four calcium carbonate micro-particle types, with grain sizes in the
range of 1 to 40 um were added to the mixture, replacing cement in volumes of 3, 7, and 10
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percent.

Three of the particle types had a rough surface, and one had a smooth surface.

Damping capacity was determined by testing 150 mm cubic prisms under cyclic loading, and
damping capacity was determined from the area of the hysteresis loops obtained.

Energy

dissipation capacity was found to increase by as much as 200% for specimens which utilized the
"Valtochim", (a calcium carbonate product produced by Umbria Filler) filler at 10% cement
replacement.

This increase in damping was not typical of the other fillers or the other

concentrations of “Valtochim”. The 3% and 7% replacement of “Valtochim” increased damping
by 14% and 6% respectively while the other fillers achieved a maximum increase in damping
between 50% and 70%.
The 10% replacement with “Valtochim” led to a significant decrease in elastic modulus
(51%) and strength (29%). Clearly, part of the reason for this strength loss is the replacement of
cement with the non-reactive filler. It is expected that instead of replacing cement, a volume to
volume replacement of fine aggregate particles will produce increased damping capacity without
significant strength or stiffness loss

3.4.5 Summary of the Effects of Materials Added to Increase Damping
A wide variety of materials have been used to enhance damping in concrete, with
damping capacity in some cases increasing by an order of magnitude or more. However, in
almost all cases, the increase in damping capacity was accompanied by losses in stiffness and
strength, with strength reducing to less than half of the strength of the control mixtures in some
cases.
It appears from the data collected that part of the reduction in strength and stiffness is
caused by an increase in air content. The air content has been attributed to air entrained in the
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added materials (rubberized concrete), foaming of emulsions (latex), or handling of added
damping materials (vegetable gum emulsions).
Another factor that clearly contributes to strength loss is the addition of additive by
weight of cement, or of the addition of a water based emulsion without properly accounting for
the water present in the emulsion. At least one researcher noted that the loss of strength and
stiffness could be partially recovered by the use of steel fibers however an increases in air
content caused by the fibers was not reported.
Several researchers noted that the workability (as measured by slump) of the modified
concrete was reduced. However, the workability could be recovered by proper handling of
materials, or by the addition of a superplasticizer.
It was also noted by several researchers that silica fume, or other very fine particles (such
as calcium carbonate) have a very beneficial effect on the damping capacity of concrete.
However, the silica fume may contribute to loss of workability.
The benefits of adding fibers to concrete seems to be mixed. In some cases the fibers
appear to provide strength and stiffness that is lost due when additives are used. In other cases,
however, the fibers have been found to reduce the damping capacity by preventing the growth of
microcracks.
Based on the above, it appears that the damping capacity of concrete may be significantly
enhanced, without excessive loss in strength, stiffness, and workability if some or all of the
following measures are taken:

1. Avoid excessive entrainment of air
2. When adding solids (either dry or as a component of an emulsion), use the additive as a

replacement for fine aggregate, not cement.
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3. Account for any water present in latex to maintain a constant water-to-cement ratio.
4. Use a super plasticizer to control workability
5. Consider the use of steel fibers to control loss of strength and stiffness
6. Use latex to both increase workability, reduce air content, and increase the bond between

the cement paste and damping particles (such as rubber).

All of these measures were used in some form in this study with mixed results. For all
mixtures, the damping additives were added by replacing volumetric percentages of the fine
aggregate. Also, for all latex additives, the mixing water was reduced to account for the water in
the latex. Steel fibers and latex were seperately used in combination with ground rubber in an
attempt to recover compressive strength.
Finally, another factor not mentioned in the research reviewed is the fact that the overall
gain in damping capacity in a complete structural system is likely to be less that the gain
achieved at the material level. Such losses are due to the fact that the complete volume of the
structure is not uniformly contributing to damping. Additionally, in composite steel-concrete
systems, the damping capacity has been increased in the concrete only.
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CHAPTER 4:

EXPERIMENTAL PROGRAM

4.1 Introduction
The experimental program can be broken down into five parts: a preliminary study, three
phases of material testing (Phase I, II, and III), and a full scale footbridge test. The purpose of
the preliminary study was to validate the experimental approach used to measure the damping of
concrete cylinders.

Phases I, II, and III contain the experimental program dedicated to

measuring the material damping of concrete with different damping additives. The footbridge
tests were designed to study the effects that a concrete mixture with increased damping had on
the vibration characteristics of a full scale specimen.
First a description of the materials, both normal concrete materials and the damping
additives, is given in Chapter 4.2. Next the proportions of all the concrete mixtures used in this
study are presented in Chapter 4.3. Chapter 4.4 describes the procedures used for mixing and
casting the concrete as well as the tests used to measure mechanical properties. The methods
used to measure damping are described in Chapter 4.5 and the experimental procedures are
described for all five parts of this project in Chapter 4.6.

4.2 Materials
The concrete materials are broken down into materials typically found in normal concrete
and materials added specifically to enhance the damping. All materials were obtained as single
bulk quantities, with the exception of the fine aggregate, to aid in the reduction of the variability
of the results. A secondary quantity of fine aggregate had to be obtained when the first ran out.
The secondary quantity was obtained from the same supplier as the first and the material
properties (specific gravity and absorption) were verified to be the same as the first.
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4.2.1 Normal Concrete Materials
4.2.1.1 Cement
Portland cement was obtained directly from Roanoke Cement Plant in Troutville, VA.
The cement met ASTM Type I and II specifications (2007b). The specific gravity of the cement
was assumed to be 3.15 as recommended in the Design and Control of Concrete Mixtures
(Portland Cement Association, 2008).
4.2.1.2 Aggregates
The coarse and fine aggregates (CA and FA, respectively) were obtained from ConRock,
a ready mixed concrete plant in Blacksburg, VA. Two separate sizes of crushed limestone CA
were used in this study; one with a maximum nominal size of 3/8 in. and one with a maximum
nominal size of 3/4 in. These aggregates are designated as 78’s and 57’s respectively according
to ASTM C33-03 (2007a). For mixtures in this study that contain identical ingredients with the
exception of the size of the CA, the 78 and 57 designations are used to distinguish between the
size of the CA used.
The 78’s had a maximum size of 3/8 in., a finesses modulus of 6.0, an oven dry bulk
specific gravity of 2.74, and an absorption of 1.02 percent. The 57’s had a maximum size of 3/4
in., a fineness modulus of 7.29, an oven dry bulk specific gravity of 2.79 and an absorption of
0.86 percent.
The FA was from Wythville, VA and will be referred to as Wythville Sand throughout
this report. The sand had a fineness modulus of 2.59, an oven dry bulk specific gravity of 2.46,
and an adsorption of 2.85 percent. Throughout the research, efforts were needed to be taken to
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counter excess entrained1 air content. One method is to reduce the amount of FA material in the
range of 0.30 to 0.60 mm in size (50 to 30 sieve) (Portland Cement Association, 2008). Sand
with a finer gradation was obtained by sieving the Wythville Sand and keeping only the material
that was left on the 50 and finer sieves (particle sizes of 0.30 mm and less). This material is
referred to as Wythville Fines.
Figure 4-1 shows the results of sieve analysis of all the aggregates performed in
accordance with ASTM C136 (2007d).

Figure 4-1. Sieve Analysis of CA and FA.

1

Metha (1986) defines the difference entrained air and entrapped air by the size and shape of the air voids.

Entrapped air voids can be as large as 3 mm and can be irregular in shape while entrained air voids usually range
from 50 to 200 µm and are spherical in shape.
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4.2.2 Damping Materials
Four different materials identified from the literature review were chosen for
investigation of damping properties: ground rubber, Concredamp, latex and calcium carbonate.
Three different sizes of ground rubber were used ranging from 0.02 in. (0.5 mm) to 0.08 in (2
mm) up to 3/8 in. The rubber was obtained from three different manufacturers , Crumb Rubber
Manufacturers (CRM), Lehigh Technologies Ltd., and Global Tire Recycling. Each of the
materials are described in detail below.
4.2.2.1 Lehigh Technologies Rubber
The first ground rubber used in this study was obtained from Lehigh Technologies, LLC.
The product, PolyDineTM, is a mixture of natural and synthetic rubbers, carbon black, filler and
oils. The rubber has a specific gravity of 1.14 and a maximum particle size of 0.60 mm (0.024
in.). The rubber has a fineness modulus of 1.9. The Lehigh rubber was used in the first set of
ground rubber mixtures which contained rubber only (no latex).
4.2.2.2 CRM Rubber
Due to difficulty in obtaining the material from Lehigh Technologies, the remaining
mixtures that contained the fine rubber came from Crumb Rubber Manufacturers who creates
ground rubber products primarily for the asphalt industry.
The rubber, which has a maximum particle size of 0.6 mm (0.024 in.), is manufactured
from recycled tires. The material contains small non-rubber particles which may be other
materials that are present in tires which were not filtered out in the manufacturing process. The
rubber has a fineness modulus of 1.8. Figure 4-2 shows the results of a sieve analysis performed
on the CRM rubber and the Lehigh rubber. The sieve analysis along with microscopic images
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(Figure 4-3) reveals that the two rubber samples had similar gradations and surface
characteristics.

Figure 4-2. Sieve Analysis of Ground Rubber. CA and FA gradations shown in grey.

Microscopic photos of both the CRM rubber and Lehigh Technologies rubber are shown
in Figure 4-3. The microscopic images were used to compare the shape and surface textures of
the two rubber samples.

As seen in the images, the rubber particles are jagged from the

shredding process and can be considered granular instead of slivers of rubber material. As
mentioned previously, the Lehigh rubber was used in the initial testing of damping mixtures but
due to difficulty in obtaining more of the rubber, CRM rubber was used in subsequent mixtures.
A more thorough description of the composition of the damping mixtures that contain each type
of rubber is given in Chapter 4.3. Because both the sieve analysis and microscopic images show
that the two rubber samples are similar in particle gradation, shape, and surface texture it is
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assumed that the mechanical and dynamic behavior of the materials are similar enough for
comparison.

(a)

(b)

Figure 4-3. Microscope images of fine rubber particles (a) CRM Rubber and (b) Lehigh Technologies.

4.2.2.3 GTR Rubber
The medium and large gradations of rubber were obtained from Global Tire Recycling
(GTR) in Wildwood, Florida. GTR produces crumb rubber from whole waste tires in various
maximum sizes and gradations and was used to supply the larger size rubber particles because
they were not readily available from CRM. The material contains fibrous strands that are present
in tires which were not filtered out in the manufacturing process (Figure 4-4).
Two different gradations of rubber were used from GTR: a medium gradation containing
particles ranging in size from 0.093 in. (No. 8 Sieve – 2.36 mm) down to 0.024 in. (No. 30 sieve
– 0.60 mm) and a large gradation containing particles measuring 0.375 in. down to 0.19 in. (No.
4 seive – 4.75 mm) (Figure 4-5). In order to create a separation between the fine and medium
rubber gradations, the rubber particles passing the No. 16 seive (0.05 in.) were removed from the
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medium gradation. A sieve analysis of the GTR rubber is compared to the aggregates and the
other rubber samples in Figure 4-2.

Figure 4-4. Microscope image of medium rubber particles containing fibrous material.

Figure 4-5. Microsope image of large rubber particles containing fibrous material.
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4.2.2.4 Styrofan 1186 Latex
Styrofan 1186 is an aqueous styrene-butadiene copolymer suspended in water produced
by the BASF Corporation. Its most common use is as an additive in latex-modified concrete
used in bridge deck overlays to help the concrete adhere to the base concrete layer. It is used in
this study as a material to help bond rubber particles to the cement matrix and possibly increase
damping. According to product literature (BASF, 2010), upon drying, the polymer forms an
elastic membrane through the matrix of the cured concrete reducing the formation of voids and
hairline cracks. Styrofan 1186 is has a styrene to butadiene ratio of 66 to 34, is 48% solids by
mass (52% water) and has a specific gravity of approximately 1.02.
Styrene-butadiene is a synthetic rubber that is used as a replacement for natural rubber.
Other common uses beyond civil engineering include tires, shoe soles, and gaskets.

The

copolymer molecule is shown in Figure 4-6. The styrene molecule is on the right with the
attached benzene ring.

Figure 4-6. Styrene-butadiene copolymer molecule.
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4.2.2.5 Concredamp
Concredamp, produced by the Duresol Corporation, is a commercially available concrete
admixture marketed specifically for increasing damping.

Concredamp is a vegetable gum

suspended in styrene-butadiene rubber (SBR) latex. The gum results from soybean oil reacted
with sulfur monochloride. The vegetable gum and latex are mixed at a ratio of 6 to 44. The
emulsion has a measured specific gravity of 1.025 and contains 48% solids by mass.
4.2.2.6 Calcium Carbonate
Calcium Carbonate “fillers” were studied by Madeo (2006) as to their effect on
increasing the frictional energy dissipation of concrete. Madeo studied four different calcium
carbonate fillers, of which the filler Valtochim produced by Umbria Filler was selected for the
initial phases of this project because it was reported to provide the largest increases in damping.
Valtochim is nearly 99 percent calcium carbonate with particles sizes ranging from 1 to 10 µm.
It has a specific gravity of 2.71 and does not adsorb water.
4.2.2.7 Steel Fibers
Steel fibers were used to reinforce the weaker mixes that contained ground rubber to
recover some of the strength lost through the addition of the weaker material. The fibers were
obtained from Propex Concrete Systems and have deformed ends to improve anchorage into the
concrete (Figure 4-7). The fibers measure 2 in. in length, have an aspect ratio of 50, and a tensile
strength of 152 ksi.
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Figure 4-7. Propex Steel Fibers.

4.3 Mixture Designs
All of the mixtures used in the study were concrete. No cement paste or mortar was
tested. The concrete mixtures can be broken down into four groups. The first group was used in
a preliminary study to validate the procedures implemented for measuring damping.

The

remaining mixtures were used in three separate phases of this project. In Phase I, a comparison
of all the damping additives is performed. Phase II is a study on the effect of rubber particle size
on damping and Phase III uses information gained in Phases I and II to create a final rubberized
concrete mixture. The purpose of this section is to provide details on the mix designs while
details on the experimental procedures for all three phases is given in Chapter 4.6.
In all concrete mixtures, both the CA and FA were added in an oven dried condition and
the water was adjusted to account for the absorption of the aggregates.

For the mixtures
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containing Concredamp and SBR Latex the amount of water added to the mix was reduced to
account for the water present in the latexes.

4.3.1 Initial Mixtures Used to Preliminary Study
Two mix designs were used in the preliminary study for comparison of damping obtained
using two separate methods (Table 4-1). The first mixture was of normal concrete while the
second contained 12 gal/yd3 of the vegetable gum emulsion Concredamp which has been shown
by Soon (1997) to increase damping by 50%. Both mixtures had a water-to-cement ratio of 0.6,
used Withville sand, and the smaller of the two coarse aggregates (78’s). The mix water was
reduced to account for the water in the Concredamp however the latex solids added volume to
the mixture. As a result, the mixture proportions in Table 4-1 for the CA, FA, and cement are
slightly reduced from the P-Base mixture because all of the weights are shown in a per cubic
yard basis. This method of adjusting all of the ingredients in the mix to account for the added
vegetable gum emulsion solids was used only in this preliminary study. In subsequent phases of
the project the damping additives were added as a percentage of fine aggregate by volume. The
two mixtures are identified by P-Base and P-VG where the P represents that the mixtures are
from the preliminary study.
Table 4-1. Mixture Proportions for Preliminary Study.
Mix components, lb/yd3

a

Mixture IDa

Coarse
Agg.g

Fine Agg.h

Cement

Water

Vegetable Gum
(gal/yd3)

Total

P-Base

1589

1282

566

371

-

3806

P-VG

1511

1220

538

266

171 (12.0)

3706

VG = Vegetable Gum
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4.3.2 Phase I Mixtures
The majority of the mixtures in Phase I were used to measure and compare the increase in
damping through the addition of damping additives (rubber, vegetable gum…). However, a
secondary part of Phase I was to investigate whether any additional damping could be achieved
by inducing extra cracking to occur within the cement paste during curing (“Damage”
designation in Table 4-2).
Phase I consisted of a single control mixture and 24 damping mixtures using the
vegetable gum emulsion Concredamp (VG), ground rubber with the smallest particle size
gradation (GRs), Styrofan latex (L), calcium carbonate (CC), and steel fibers (SF). All of the
admixtures were added to the control mixture by replacing the fine aggregates on a volumetric
basis. The smaller CA (78’s) and the unmodified Wythville sand was used. All of the mixtures
were proportioned to have a constant W/C ratio of 0.6. Proportions for all of the Phase I
mixtures are shown in Table 4-2. In the case of the control mixtures and the mixtures that
contain a combination of rubber and latex, a “_78” is appended to the end of the mixture
identification to indicate the size of the CA. This is done because subsequent concrete mixtures
contain the same concentrations of rubber and latex but the larger CA (57’s) are used. Each
mixture is described in more detail in the following sections.
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Table 4-2. Mixture Proportions for Phase I.
3

Mixture ID

a

Coarse
g
Agg.

Fine
h
Agg.

Cement

Water

Base_78

1714

1244

567

393

Base-Air_78b

1714

1244

567

393

Mix components, lb/yd
Vegetable
Calcium
Gum
Rubber
Carbonate
3
(gal/yd )
-

-

-

Latex
3
(gal/yd )

Steel
Fibers

Total

-

-

3918

-

-

3918

VG5

1714

1182

567

367

51 (6.0)

-

-

-

-

3881

VG10

1714

1119

567

340

102 (11.9)

-

-

-

-

3842

VG15

1714

1057

567

314

153 (17.9)

-

-

-

-

3801

GRs5c

1714

1182

567

391

-

29

-

-

-

3883

58

-

-

-

3847

GRs10

c

1714

1119

567

389

-

GRs15

c

1714

1057

567

388

-

86

-

-

-

3812

GRs20

c

1714

995

567

386

-

115

-

-

-

3777

1714

1132

567

368

-

29

-

43 (5.1)

-

3853

1714

1020

567

343

-

58

-

87 (10.3)

-

3789
3723

GRs5L4_78

d

GRs10L8_78

d

GRs15L12_78d

1714

908

567

318

-

86

-

130 (15.4)

-

L4

1714

1194

567

369

-

-

-

43 (5.1)

-

3887

L8

1714

1144

567

345

-

-

-

87 (10.3)

-

3857

L12

1714

1095

567

321

-

-

-

130 (15.4)

-

3827

CC2.5

1714

1213

567

392

-

-

34

-

-

3920

CC5

1714

1182

567

391

-

-

69

-

-

3923

CC7.5

1714

1150

567

390

-

-

103

-

-

3924

CC10

1714

1119

567

389

-

-

137

-

-

3926

e,f

1689

1225

558

387

-

0

-

-

196

4055

d,e,f

1689

1183

558

386

-

28

-

-

196

4040

d,e,f

1689

1122

558

385

-

56

-

-

196

4006

d,e,f

1689

1061

558

384

-

84

-

-

196

3972

GRs20_SF

d,e,f

1689

999

558

383

-

112

-

-

196

3937

Damage

1714

1244

567

393

-

-

-

-

-

3918

Base_SF
GRs5_SF

GRs10_SF
GRs15_SF

a

VG = Vegetable Gum, GRs = Small Ground Rubber, L = Latex, CC = Calcium Carbonate, SF = Steel Fibers, Material is specifed
by damping additive followed by % replacement of fine aggregate
b
3
Contains 166mL/yd of air entraining agent
c
Lehigh Technologies Ground Rubber
d
CRM Ground Rubber
e
Steel Fibers are added as 1.5% of the total volume of concrete mixture
f
3
Contains 470mL/yd of ADVA Cast 575 Superplasticizer
g
Maximum 3/8" coarse aggregate designated as 78's
h
Wythville Sand with unmodified gradation

4.3.2.1 Base Mixtures
Two separate normal concrete mixtures were used to establish a baseline for
comparisons. In the first mix, no air entraining agent was used and the mix was proportioned for
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2 percent entrapped air. This mixture is designated as Base_78 and is used as the main control
mixture to which all other mixtures are compared.
The results from the preliminary study showed that some of the additives had a tendency
to entrain air, raising the air content of the resulting mixtures to the range of 6 percent to 10
percent.

Because of this, a second base mixture was made including 166 mL/yd3 of air

entraining agent that increased the air content to 9 percent (Base-Air_78). This high-air mixture
was used as a control to investigate the effects that increased air content had on damping. No
adjustments were made to the other ingredients to account for the increased volume caused by
the air because such adjustments were not made for the mixtures containing additives that entrain
air.
4.3.2.2 Vegetable Gum Mixtures
Three vegetable gum mixtures were created by replacing 5%, 10%, and 15% of the fine
aggregates by volume with gum polymer solids and designated VG5,VG10, and VG15 (Table
4-2). The volume of vegetable gum is more typically presented in gallons per cubic yard of
concrete as is shown in the table. The concentrations used in this study are similar to those used
in previous studies by Soon (1997) and Amick (2004). The water was adjusted to account for
both the water present in the vegetable gum emulsion, as well as the reduction in water that is
adsorbed by the removed fine aggregate. Originally, a mixture containing 20% vegetable gum
solids was to be mixed, however the significant decrease in slump caused by adding the gum
emulsion prohibited a 20% mixture. Using a super plasticizer to increase slump was considered
but decided against because no super plasticizers were used in the other three vegetable gum
mixtures.
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4.3.2.3 Ground Rubber Mixtures
Four concrete mixtures with ground rubber from Lehigh Technologies, LLC. were
created by replacing 5%, 10%, 15%, and 20% of the fine aggregates by volume designated as
GRs5, GRs10, GRs15, and GRs20 (Table 4-2). Again the water was adjusted to account for the
water that would not be adsorbed by the removed FA.
4.3.2.4 Ground Rubber and Latex Mixtures
The purpose of combining the ground rubber with SBR latex was twofold. First, it has
been theorized by Khatib and Bayomy (1999) that increases in air content caused by rubber
particles was due to “the non-polar nature for the rubber particles and the tendency to entrap air
in their rough surfaces”. Pre-coating the rubber particles with latex serves to reduce the surface
area of the rubber that comes in contact with the mix water which, in theory, would reduce the
air content. The latex might also act as a bonding agent between the rubber and hydrated cement
as shown in the study by Lee, et al. (1998) helping to engage the rubber particles when the
concrete is under strain.
CRM ground rubber and latex were mixed at a consistent weight ratio of 1.5:1 latex to
rubber which was found to keep the rubber particles from clumping together and maintained a
flowable consistency. Figure 4-8 shows the result of mixing the latex and rubber in weight ratios
of 1:1 and 1.5:1. As illustrated in the figure, the mixture containing equal parts rubber and latex
by weight results in large clumps of rubber coated by the latex. Only the rubber on the outside of
these clumps is being coated by the latex. When the latex to rubber weight ratio is increased to
1.5:1, the mixture becomes more flowable and a more consistent coating of the rubber particles
by the latex can be seen.
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(a)

(b)

Figure 4-8. Rubber and Latex Mixture at a) 1 to 1 weight ratio and b) 1 to 1:5 weight ratio.

The rubber and SBR latex were premixed 20 minutes before being added to the concrete.
The rubber concentrations were kept the same from the GRs group (5%, 10%, and 15%) with the
latex concentrations working out to be 4%, 8%, and 12% replacement of fine aggregate by latex
solids (which maintains the 1.5:1 latex to rubber weight ratio). The mixtures are designated
GRs5L4_78, GRs10L8_78, and GRs15L12_78. A mixture containing 20% rubber was omitted
because testing of the GRs mixtures showed a significant decrease in mechanical properties at
the 20% rubber replacement level. The water was adjusted to account for the water present in
the SBR latex.
4.3.2.5 Latex Mixtures
Three mixtures containing only latex as a fine aggregate replacement were used to isolate
the effects of only the latex on both mechanical properties and damping. The latex was used in
the same concentrations as in the ground rubber and latex mixtures (4%, 8% and 12% fine
aggregate replacement by volume). It was known that even after adjusting the mix water to
account for water present in the latex that the resulting concrete would exhibit an increased
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workability. At the 8% and 12% replacement levels, this resulted in mixtures with extreme
slumps (8 to 12 in.). A reduction in mix water would provide a more realistic workability at the
expense of changing the water-to-cement ratio. It was decided that consistency in the water-tocement ratio of all the mixes was more important from a comparison standpoint than keeping
slumps between 4 to 6 in.
4.3.2.6 Calcium Carbonate Mixtures
The calcium carbonate filler “Valtochim” was added by replacing 2.5%, 5%, 7.5%, and
10% of the fine aggregates by volume designated as CC2.5, CC5, CC7.5, and CC10 (Table 4-2).
The concentrations are reduced compared to the ground rubber and vegetable gum because, as
noted by Madeo (2006), the physical mechanism of damping is different for the calcium
carbonate additive. Unlike the other additives in this study which all have inherently high
damping properties, the calcium carbonate increases concrete damping by filling and increasing
the frictional resistance in “mesocracks” within the cement matrix. Madeo suggests that an
optimum concentration may exist in which all the “mesocracks” are filled and that more is not
necessarily better when it comes to increased damping. Given that the maximum concentration
of calcium carbonate in Madeo’s study is less than 5% of the fine aggregates by volume, it was
decided to reduce the range of concentrations of the filler as compared to the other admixtures.
4.3.2.7 Ground Rubber and Steel Fiber Mixtures
It has been widely reported that ground rubber particles result in a reduction of
compressive strength. One approach to regain some of the compressive strength is to include
fibers in the concrete. Two types of fiber reinforcement are commonly available; polypropylene
and steel. The most common usage of both is to provide secondary reinforcement against
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temperature and shrinkage effects. An additional use for steel fibers is to provide increased
strength and ductility to high strength concretes. For this reason, steel fibers have been chosen
over polypropylene to increase the strength of the rubberized concrete.
Studies (Daniel and Loukili, 2002, Eren and Celik, 1997, Khaloo and Kim, 1996, Song
and Hwang, 2004) report that strength gains from the addition of steel fibers range from 15% to
37%. The optimal amount of fibers appears to be between 1.0% and 1.5% by volume of
concrete. This corresponds to 132 lbs to 200 lbs of material to be added per cubic yard. The
research also suggests the use of a water reducer or superplasticizer when adding steel fibers to
maintain workability and to reduce the tendency for the fibers to ball together while mixing.
Two inch hook end steel fibers purchased from Propex Inc. were added to the Base
mixture and mixtures containing 5%, 10%, 15%, and 20% CRM rubber resulting in 5 mixtures
(Base_SF, GRs5_SF, GRs10_SF, GRs15_SF, and GRs20_SF). Each fiber mixture contains steel
fibers measured as 1.5% of the total concrete volume. The fibers were added to the concrete
without adjusting the ratios of the other ingredients. ADVA Cast 575 super plasticizer was
added in a concentration of 470mL/yd3 to each of the five mixtures to maintain workability.
4.3.2.8 Damaged Concrete Mixtures
Unlike the other Phase I mixtures, the damping “additive” used for the damaged concrete
mixture was micro cracking in the cement paste. The damage was induced by vibrating cylinder
specimen on a vibrating table at a specific time between 1:00 hour and 3:00 hours after mixing.
The concrete mix design was the same as the Base_78 mixture and is designated as “Damage” in
Table 4-2. The detailed procedure used to vibrate and damage the specimen is described in
Chapter 4.6.2.
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4.3.3 Phase II Mixtures
Phase II consisted of three separate mixtures designed to investigate the effects that the
size of the rubber particles had on air content, strength, and damping. A total of 13 mixtures
were made including a control, four with the fine gradation of ground rubber plus latex
(GRsXLX), four with the medium gradation and latex (GRmXLX), and four with the large
gradation and latex (GRlgXLX) where the “X” in the mix designations is a placeholder for the
concentrations of the additives. Proportions of all Phase II mixtures are shown in Table 4-3.
Results from Phase I showed that the mixtures with rubber and the combination of rubber and
latex had high air contents (up to 7.5%) which led to excessive decreases in compressive
strength. The strength of these mixtures were not suitable for structural concrete (2.1 to 3.3 ksi).
Therefore, the W/C ratio and mixture proportions of the control concrete were modified in an
attempt to increase the resulting compressive strength and reduce the air content in the mixtures.
All of the Phase II mixtures are described below.
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Table 4-3. Mixture Proportions for Phase II.

Mixture IDa

Base_57
GRs5L4_57

b
b

Mix components, lb/yd3
Super
Silica
Water
Plasticizer, oz
Fume
(oz/100lb)

Coarse

Fine

Agg.d

Agg.e

Cement

2143

867

686

329

52

31.3 (4.6)

2143

789

686

312

52

19.1 (2.8)

Rubber

Latex
(gal/yd3)

Total

-

-

4077

20

30 (3.6)

4002

2143

711

686

294

52

19.1 (2.8)

40

60 (7.2)

3926

b

2143

633

686

277

52

19.5 (2.8)

59

90 (10.7)

3850

b

GRs20L16_57

2143

555

686

260

52

18.2 (2.7)

79

120 (14.3)

3775

c

2143

789

686

312

52

19.5 (2.8)

20

30 (3.6)

4002

GRs10L8_57

GRs15L12_57

GRm5L4_57

GRm10L8_57

c

2143

711

686

294

52

19.5 (2.8)

40

60 (7.2)

3926

c

2143

633

686

277

52

18.2 (2.7)

59

90 (10.7)

3850

c

2143

555

686

260

52

13.0 (1.9)

79

120 (14.3)

3775

2143

789

686

312

52

26.8 (3.9)

20

30 (3.6)

4002

40

60 (7.2)

3926

GRm15L12_57
GRm20L16_57
GRlg5L4_57

c

GRlg10L8_57

c

2143

711

686

294

52

22.8 (3.3)

c

2143

633

686

277

52

17.3 (2.3)

59

90 (10.7)

3850

c

2143

555

686

260

52

6.7 (1.0)

79

120 (14.3)

3775

GRlg15L12_57
GRlg20L16_57
a

GRs = Small Ground Rubber, GRm = Medium Ground Rubber, GRlg = Large Ground Rubber, L = Latex
Material is specified by damping additive followed by % replacement of fine aggregate
b
CRM Ground Rubber
c
Global Tire Recycling Rubber
d
Maximum 3/4" coarse aggregate designated as 57's
e
Wythville Fines

4.3.3.1 Base Mixture
Because the mixtures with ground rubber in Phase I all had high air contents resulting in
decreased compressive strength, modifications were made to the base mix for Phase II to offset
these effects. First, the W/C ratio was decreased from 0.6 to 0.4 to increase the strength of the
base mix. Therefore, any resulting decrease in strength due to the addition of the rubber would
still result in a concrete with strength greater than 4.0 ksi. This change required the use of
ADVA Cast 575 superplasticizer to maintain consistent workability.
Next, multiple adjustments were made to the base mix in an attempt to control the air
content. Although the exact cause of the air entrainment from the rubber is not known, the
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effects that the aggregates and cement have on air content can be found in literature (Kosmatka,
et al., 2008, Whiting and Nagi, 1998). The majority of this research has focused on the effects of
the quantity and gradation of CA, FA, and cement on the effectiveness of air entraining agents.
The following characteristics of a concrete mix have been shown to affect air content in
both air entrained and non-air entrained concretes: cement content, addition of silica fume,
maximum size of CA, sand-to-total aggregate ratio, sand gradation and water-to-cement ratio
(Kosmatka, et al., 2008). The specific details of how each of these parameters influence air
content is not presented, rather the general trends that are pertinent to the Phase II mix designs
are discussed.
Particle size (whether it be CA, FA, or cement) is one of the main controlling factors in
how much air is entrained into a mix. Coarse aggregate size has a significant effect on air
content. As CA size increases up to a nominal size of 1” the amount of air will decrease. The
amount and size of FA also affects air. As the ratio of FA to total aggregate decreases, air
content decreases. Fine aggregate passing the No. 30 sieve (0.60 mm) to the No. 100 sieve (0.15
mm) entrain more air than other sizes of FA with the larger sizes (No. 30 to No. 50 sieves)
having a more significant effect. An increase in cement content as well as a decrease in the
water-to-cement ratio will also decrease air content. Finally, the addition of silica fume up to
10% of the weight of cement will reduce air content.
The following adjustments were made to the Phase I base mix for Phase II and are
summarized in Table 4-4. First, the cement content was increased from 567 to 686 and the
water-to-cement ratio decreased from 0.6 to 0.4. The nominal size of the CA was increased from
3/8” to 3/4”, the FA was sieved to remove all particles greater than the No. 50 sieve (Wythville
Fines), and silica fume was used to replace 7% of the cement by weight. Seven percent was
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chosen as it was in the middle of the typical range used for concrete (Portland Cement
Association, 2008). The resulting mixture is designated Base_57 where the 57 represents the
size of the CA.
Table 4-4. Comparison of Parameters Effecting Air Content Between Base_78 and Base_57.

Base_78

Base_57

Phase I

Phase II

Cement Content (lb/yd )

567

686

W/C Ratio

0.6

0.4

3/8" (78's)

3/4" (57's)

Full Gradation

Passing No. 40
Sieve

FA / Total Agg.

0.45

0.31

Silica Fume (% wt Cement)

0%

7%

Parameter
3

CA Size
FA Gradation

4.3.3.2 Ground Rubber Mixtures
In Phase I, the mixtures containing rubber and latex showed improved damping, strength,
and air content properties when compared to the mixtures with rubber alone. Therefore, for
Phase II, only mixtures with rubber and latex were made. Three different gradations of rubber
were added to the Base_57 mix in 5%, 10%, 15%, and 20% replacements of FA. The latex
concentrations associated with these rubber concentrations were 4%, 8%, 12% and 16%
replacement of FA with latex solids. This equates to a latex to rubber weight ratio of 1.5:1. The
same adjustments to the water content to account for absorption of the aggregates and water
present in the SBR latex were made as in Phase I.
Because a reduction was made to the total volume of FA in the Base_57 mixture,
replacing 5% of the FA in the Phase II mixtures does not equal the same amount of rubber that
was added in a 5% replacement of the Phase I mixtures. For this reason, Phase II mixtures with
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20% ground rubber were mixed when they were not mixed for the GRxLx_78 mixtures of Phase
I. A comparison of the percentage of rubber per total mixture volume between the rubber and
latex mixtures of Phase I and Phase II are presented in Table 4-5.

Table 4-5. Percentage of Rubber per Total Volume of Concrete in Phase I and Phase II Mixtures.

Volumetric
Replacement of FA

Percentge of Rubber in Total Volume
Phase I

Phase II

5%

1.4%

1.0%

10%

2.9%

2.0%

15%

4.3%

3.0%

20%

-

4.1%

4.3.4 Phase III Mixtures
Phase III consisted of four final mixtures as a blend of the Phase I and II mixtures (Table
4-6). The results of Phase I and II revealed that the smaller rubber particles and smaller CA
produced mixtures with better damping qualities while the increased water-to-cement ratios
produced mixtures with sufficient strength and that the air content is highly related to the
gradation of the FA. These ideas were used to produce a final mixture set to be tested for
damping.
For the base mix, designated as Base_78III, the volume of FA and CA were the same as
Base_78 (Phase I) to maintain the same ratios of FA to CA and FA to total volume. The water
was decreased and the cement was increased until a water-to-cement ratio of 0.45 was achieved
while maintaining the same total combined volume of water and cement. A water-to-cement
ratio of 0.45 was selected in an attempt to achieve rubberized mixtures near 4 ksi. The water-to80

cement ratio of 0.4 used in Phase II resulted in rubberized mixtures closer to 5 ksi. Also, the
smaller FA particles (Wytheville Fines) were used in lieu of the full gradation.
Three rubber and latex mixtures containing the CRM rubber were mixed using the same
substitution procedures as previous mixtures. Rubber was replaced in 5% volumetric increments
of FA up to 15%. The resulting mixtures are designated GRs5L4_78III, GRs10L8_78III, and
GRs15L12_78III. The “III” appended to the end of the names represent the phase number and
are needed to distinguish between Phase I and Phase III mixtures with the same name.

Table 4-6. Mixture Proportions Phase III.
Mix components, lb/yd3
Mixture IDa

Coarse
Agg.

Base_78III

c

Fine
Agg.

d

Cement

Water

Super
Plasticizer, oz
(oz/100lb)

Rubber

(gal/yd3)

Total

Latex

1714

1244

678

358

34.4 (5.1)

-

-

3994

1714

1132

678

331

22.9 (3.4)

29

43 (5.1)

3884

1714

1020

678

305

20.6 (3.0)

58

87 (10.3)

3775

1714
908
678
278
17.2 (2.5)
86
130 (15.4)
GRs15L12_78III
a
GRs = Small Ground Rubber, L = Latex, Material is specifed by damping additive followed by % replacement
of fine aggregate
b
CRM Ground Rubber
c
Maximum 3/8" coarse aggregate designated as 78's
d
Wythville Fines

3664

b

GRs5L4_78III

b

GRs10L8_78III

b

4.4 Specimen Casting and Measurement of Mechanical Properties
The concrete was mixed at the Thomas M. Murray Structures and Materials Research
Laboratory at Virginia Tech in a pan mixer with a capacity of mixing 2.5 ft3 of concrete. Before
mixing, all the ingredients were weighed to the nearest 0.1 lb and stored in plastic 5 gallon
buckets. The CA was added first followed by half of the water. Next the FA was added and
allowed to mix with the CA. The cement was then scooped into the mixer with care taken to
break up any large chunks. The damping additive (ground rubber, latex, Concredamp, calcium
carbonate) was added after the cement followed by the remaining water. The concrete was
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allowed to mix for 3 minutes. Then the mixer was turned off and the concrete was allowed to sit
for 2 minutes before being mixed for another 3 minutes.
In addition to measuring damping in each mixture, the compressive strength, static
modulus, and air content were measured. Four inch diameter by 8 in. cylinders were cast from
each batch. In some instances a vibrating table was used for concrete compaction in the cylinder
molds. These mixtures are identified in the experimental procedures in Chapter 4.6. The
cylinders were cast in capped molds and allowed to cure for 2 days. They were then removed
from their molds and stored in a temperature controlled room that maintained at 72 ºF and 50%
relative humidity until testing. The specimens were kept in a consistent environment so that all
the specimens were subjected to the same drying conditions to minimize the effect of differential
drying on damping.
Concrete compressive strength was measured at 28 days in accordance with ASTM C39
(2007c). The compressive strength was taken as the average strength of three cylinders. Static
modulus was measured at 28 days in accordance with ASTM C469 (2007f). The modulus was
measured using a compressometer on two cylinders. Two readings were taken on each cylinder,
with the average of the four measurements resulting in the reported static modulus.
The entrained air in the concrete was measured using the pressure method as soon as the
concrete finished mixing as specified in ASTM C231 (2007e).

4.5 Measurement of Damping
The equipment and procedure described in this section was the main procedure used to
measure damping in Phases I, II, and III of this research. A slightly different loading procedure
with regards to loading frequencies, amplitudes, and number of cycles was used in the
preliminary study and is described in Chapter 4.6.1.
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Forced harmonic tests were used to apply a 10 Hz frequency excitation to the concrete
cylinders. The preliminary study as well as findings by others (Amick, 2004, Cole and Spooner,
1965, Jordan, 1980) show that concrete damping is independent of frequency above 2.5 Hz. A
loading frequency of 10 Hz was chosen because it was found to be the highest loading frequency
for which the testing machine could maintain constant loading amplitudes during the tests. At
frequencies higher than 10 Hz, the machine was unable to consistently apply the largest desired
cyclic loads. Lower frequencies were not used to minimize the amount of time spent on the
testing machine.
The concrete cylinder specimens were tested under cyclic axial compression loading. By
plotting the applied stress versus strain, a hysteresis loop was obtained. The areas of the
hysteresis loops were then used to calculate and compare specific damping capacities of the
different specimens.

4.5.1 Testing Equipment
Each cyclic test was performed using a closed loop servohydraulic testing machine made
by MTS and located in the Rock Mechanics Laboratory at Virginia Tech (Figure 4-9). The MTS
machine has an internal load cell with a capacity of 110,000 pounds.
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Load Frame

MTS Controller

Figure 4-9. MTS Controller and Load Frame.

Strain was measured using two extensometers, with a gauge length of 2 in., mounted to
opposite sides of the cylinders near mid height using rubber bands (Figure 4-10). The total strain
through the specimen was estimated to be the average reading of these two extensometers. Each
extensometer has a total range of measurement of +/- 0.16 inches. The extensometers were
monitored individually during testing to verify that the applied stress was uniform across
cylinder’s cross section.
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Figure 4-10. Concrete Cylinder in Forced Harmonic Vibration Test.

4.5.2 Measurement Procedure
The procedure presented here refers to the damping tests performed during Phases I, II,
and III of this research. A preliminary study was carried out to determine the number of cycles
and loading frequency that are used for this part of the research. The details of this preliminary
study are described in the Experimental Procedures in Chapter 4.6.1.
For the first batches in Phase I only one cylinder was tested for damping out of each mix.
This included the VG, GRs and CC mixtures. For all remaining mixtures, the damping was
measured for 2 cylinders to study the variability between two specimens from the same mixture.
Damping was measured using multiple load ranges on each tested specimen.
Before the damping tests could be performed, it was verified that the test setup was
loading the cylinders axially without bending moment. Each specimen was loaded statically to 5
kips (400 psi) and the extensometer readings were compared to ensure that they were similar. In
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some cases, this check revealed that one extensometer could be compressing 10 times as much as
the adjacent one indicating a non-uniform strain through the cross section. When this was the
case, a slight repositioning of the cylinder between the platens was found to fix the issue.
Multiple damping measurements were taken at increasing cyclic load amplitudes. First,
100 cycles of sinusoidal loading were applied at 10 Hz with a minimum stress near 8 psi (100
lbs) and a maximum stress of 160 psi (2,000 lbs) with periodic damping measurements every
10th cycle. Next the maximum stress was increased by 160 psi (2,000 lbs) and the process
repeated, and the procedure was continued up to the limit of 0.4 f’c. The maximum stress of 0.4
f’c was chosen to limit the testing to within the elastic range of the concrete and thus minimize
further cracking within the cement/aggregate system.
One hundred data points were collected every 10th cycle to calculate the hysteretic area
using linear interpolation.

The specific damping was calculated for each of the measured

hysteresis loops, resulting in 10 measurements for each 100 cycle test. The reported specific
damping for each load level was calculated as the average of these 10 measurements.

4.5.3 Analysis of Data
In general, the damping results presented in this study are in terms of specific damping
capacity which is described in more detail in Chapter 2.3. It is the ratio of the energy dissipated
per cycle per unit volume of material normalized by the maximum strain energy stored per unit
volume of material during that cycle.
The energy dissipated per cycle per unit volume, UD, is measured as the area of the
hysteresis loop drawn on axes of stress and strain. An example of a measured hysteresis is
shown in Figure 4-11. The area of the resulting hysteresis loop is calculated using Eq. 4-1 which
linearly interpolates between these points
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n −1
σ +σi 
U D = ∑  i +1
(ε i +1 − ε i )
2

i =1 

Eq. 4-1

where
UD

=

Dissipated Energy, lb-in/in3

n

=

total number of points measured for each loop

σi

=

stress of point i, psi

εi

=

strain of point i

This equation calculates the area of the hysteresis by calculating the total area between
both the ascending and descending branches of the loop and the horizontal axis. The area
beneath the descending branch is calculated as negative such that it subtracts from the area
beneath the ascending branch leaving behind the area within the loop. Implicit in Eq. 4-1 is that
the ascending branch of the hysteresis loop is at a higher stress than the descending branch or
that the loop is formed in a clockwise fashion.

Figure 4-11. Calculation of Hysteretic Area.
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The specific damping capacity, Y, is calculated using Eq. 2-2 and reprinted here for
convenience

Y=

UD
U so

Eq. 2-2

where Uso is the cyclic strain energy defined graphically in Figure 4-12 and also in Eq. 4-2. The
cyclic strain energy is measured as the area of the triangle formed between the point of
maximum strain and the midpoint between maximum and minimum strain.

Figure 4-12. Cyclic Strain Energy and Secant Modulus.

U so =

Esec (ε max − ε avg ) 2

Eq. 4-2

2

where
Esec

=

Secant Modulus, psi

εmax

=

maximum measured strain

εavg

=

average of the maximum and minimum measured strain
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The specific damping can be related to an equivalent viscous damping ratio, ζeq through
Eq. 4-3. The equivalent damping ratio is the damping ratio that would provide the same energy
dissipation in an equivalent viscous system.

ζ eq =

1 ω
Y
4π ω n

Eq. 4-3

where

ω

=

forcing frequency, rad/s or Hz

ωn

=

resonant frequency, rad/s or Hz

Eq. 4-3 is commonly used in engineering to convert stress-strain or force-displacement
experimental data into a damping ratio. If the forcing frequency is the same as the resonant
frequency then Eq. 4-3 can be simplified to

ζ eq =

1
Y
4π

Eq. 4-4

This simplifying assumption can also be made for concrete specimens that are not forced
at a resonant frequency if it is assumed that the damping is independent of the forcing frequency
(a common conclusion based on previous research).
A complete test for one cylinder specimen consists of a series of 100 cycle tests
performed at increasing load ranges. For each 100 cycle test, the presented damping values
(dissipated energy or specific damping) are calculated by averaging the results of the 10
measured cycles over the 100 cycle test. When plotting dissipated energy, there is a general
trend of increasing dissipated energy as the range of cyclic strain increases as shown in Figure
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4-13. A trendline specified with a power function provides a best fit to the data. This trendline
has the form
U D (ε range ) = Cε range

α

Eq. 4-5

where

εrange =

εmax – εmin, the total range of strain caused by the cyclic
loading.

εmin

=

the minimum measured strain

C

=

Coefficient determined by the curve fit

α

=

exponent determined by the curve fit

Figure 4-13. Sample Trendline for Dissipated Energy Data.

The coefficient, C, is a measure of the magnitude of the power function while the
exponent, α, is a measure of the linearity.
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The independent variable in Eq. 4-5 is the range of cyclic strain and not the range of
cyclic stress. Because all of the concrete mixtures used in this study have different stiffness
moduli, plotting results based on the range of applied stress does not provide a proper
comparison when looking at two different mixtures. It is more likely that the amount of damping
provided by each concrete mixture is a function of the magnitude of the axial compression
applied during each cycle rather than by the magnitude of stress. An example of this concept is
shown in Figure 4-14 where the dissipated energy is plotted for two cylinders made from the
same batch of concrete. The left side of the figure is plotted against cyclic stress range while the
right side is plotted against cyclic strain range.
Due to mix variability, the modulus of Cylinder 1, (plotted with the squares) was 17%
less than Cylinder 2 (plotted with the diamonds). As a result, when cycled with the same load
(stress) amplitude, Cylinder 1 had more strain (due to the lower modulus) and dissipated more
energy (Figure 4-14a). When the results are plotted against the range of strain then the two
curves provide a much closer match (Figure 4-14b).
The implication of Figure 4-14 is that the choice of horizontal axis (cyclic stress or cyclic
strain) will affect the comparison of damping results. Comparing the damping on the basis of
cyclic strain range seems to make the most sense. As an example, when rubber is added to
concrete, the additional damping is theorized to come from the cyclic straining of the rubber
particles. To compare two rubberized mixtures that have different axial stiffness (which could
be caused by the stiffness of the cement paste), the most meaningful damping comparison is
made when each specimen is compressed the same amount and therefore providing the same
compressive strain to the rubber particles. For this reason, all damping results in this report are
plotted against cyclic strain range as opposed to cyclic stress.
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(a)

(b)

Figure 4-14. Dissipated Energy plotted against (a) cyclic stress and (b) cyclic strain.

An approximation of the specific damping can be obtained from the parameters of the
curve fit in Eq. 4-5. First, rewriting Eq. 4-2 in terms of εrange and Esec gives

1 ε range Esec ε range Esec ε range
U so (ε range ) =
=
2 2
2
8

2

Eq. 4-6

and dividing Eq. 4-5 by Eq. 4-6 gives an equation for specific damping as a function of εrange,
Esec, and the curve fit parameters C and α.

Y (ε range ) =

8Cε range
Esec

α −2

Eq. 4-7

The specific damping for the same specimen shown in Figure 4-13 is shown in Figure 4-15
where the dashed trendline is calculated using Eq. 4-7. The dashed line fits the data well
however a linear trendline (shown as the solid line) fit directly to the specific damping data also
provides a reasonable relationship.
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Figure 4-15. Sample Trendline for Specific Damping Data.

Some implications of using Eq. 4-7 is that the material damping goes to zero when the
material is not being strained and the fitted curve is significantly nonlinear at low strains. This
behavior at low strain amplitudes was not able to be verified by the testing procedure because the
extensometers used to measure strain did not have enough resolution to accurately measure the
small width of the hysteresis loops. Also, the possibility exists that the damping mechanism at
very low strains is different than at the strains measured for this research. Jordan (1980) argues
that at very low strains, concrete damping is provided by water moving through pores in the
paste and that this damping is viscous. If this is the case then it would be expected that the
exponential (dashed) trendline in Figure 4-15 would not continue to zero but become horizontal
(as is the representation of viscous damping). These effects were not captured with the damping
tests performed herein as the minimum strain range tested was 0.00003.
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Figure 4-16 shows the 10 stress-strain cycles used to calculate the specific damping for
the first data point in Figure 4-15. The width of the loops are on the same order of magnitude as
the oscillation of the strain measurements on both the ascending and descending branches of
each loop resulting in a large variability of the measured dissipated energy for each cycle.

Figure 4-16. Hysteresis Loops measured at a strain range of 33 µε.

The ten measured hysteresis loops for the same specimen tested at a strain range of 200
µε corresponding to the 5th data point in Figure 4-15 is shown in Figure 4-17. The measured
hysteresis loops are well defined and consistent.
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Figure 4-17. Hysteresis Loops measured at a strain range of 200µε.

The effects of the variability in measuring dissipated energy and specific damping are
shown in Figure 4-18 and Figure 4-19 respectively. The ten individual measurements for each
strain range are shown with X’s while the average of each ten cycle set is shown with a square.
Figure 4-18 shows that when measuring dissipated energy, the spread of each cluster of ten data
points is small.
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Figure 4-18. Variability in Dissipated Energy Measurements.

Figure 4-19. Variability in Specific Damping Measurements.
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The spread in the data for the specific damping measurements is much more severe at
low strain ranges (Figure 4-19). This is because specific damping is a measure of dissipated
energy per unit input energy and at small strains the input energy is small which magnifies the
effect of the variable hysteresis loops.
Because the measured specific damping data can be described equally well with either
Eq. 4-7 or a linear trend, and given the inability to accurately measure data at strains below about
30 µε the specific damping measurements are fit with the linear trendline in the form of Eq. 4-8.
The main focus of this research project is to both compare the damping of concretes with
different damping admixtures and to describe the effect that strains (loads) have on damping.
Fitting specific damping data with a linear relationship can accomplish both of these goals. The
linear trendline fit to the specific damping data is
Y (ε range ) = Y0 + Aε range

Eq. 4-8

where
Y0

=

the intercept of the vertical axis

A

=

slope, measure of the increase in Y, over a unit increase in

εrange

For the representation and comparison of damping data in this report, the linear specific
damping trendlines are plotted for strain ranges greater than 30 µε. This is done because, as
shown, the damping behavior at lower strain ranges was not measured accurately. Because the
damping is dependent on the strain range, the amount of damping provided at 30 µε is reported
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along with the curve fit parameters and used as the main value for the comparison of damping in
this dissertation.

4.5.4 Artificial Damping in Equipment
Recognizing that the measured damping from these tests can come from many sources in
the test setup, a cyclic test using a strengthened aluminum alloy bar was used to identify any
damping associated with other mechanisms.

Sources of hysteresis not associated with the

concrete specimens include:
•

hysteretic behavior associated with the axial load in the cross arm of the MTS
machine and the connection to the load cell.

•

friction between the concrete specimen and the steel support rollers.

•

hysteretic material behavior in the constructed support frame and friction in the
frame’s bolted connection to the base of the testing machine.

•

hysteresis in the instrumentation and the possible inability to obtain accurate
readings a higher frequencies. Dynamic effects could disrupt the accuracy of the
instruments.

To quantify the damping associated with the “system”, an 8 in. aluminum bar was tested
under the same loads and frequency as used in the experiments (Figure 4-20). The diameter of
the bar was sized (approx. 2.3 inches) such that the bar had approximately the same axial
stiffness as the concrete specimens.

Aluminum is known to have small material damping

(Dowling, 2007), and therefore, any hysteresis obtained from a cyclic test can be attributed to the
MTS machine and the instrumentation.

98

Figure 4-20. Aluminum Bar used to determine damping in the "system".

A sample hysteresis loop measured from the aluminum is shown in Figure 4-21. The
loop shown in the figure is for a stress range of 10,000 psi (42 kips) and a strain range of 0.001.
This range of load and strain exceeds those used for any of the tested specimens. As seen in the
figure, the loading and unloading branches are nearly identical showing no visible hysteresis.
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Figure 4-21. Sample Hysteresis Measured From Aluminum Bar: 0-42 kips.

A plot of the measured dissipated energy and specific damping against the range of cyclic
strain is shown in Figure 4-22 and Figure 4-23. The measured dissipated energy is nearly zero
for strain ranges below 0.0004 and increases to 0.0023 lb-in/in3 at strain ranges above 0.0009.
For some of the data points at low strain ranges, the dissipated energy is below zero. In these
cases, the ascending and descending branches of the hysteresis are closer than the tolerance of
the extensometers. The measured energy, on the order of -0.0001 can be considered zero or that
energy dissipation was not measured.
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Figure 4-22. Dissipated Energy for Aluminum Bar.

The maximum strain range tested for all of the concrete cylinders was 0.0006 and the
dissipated energy of the aluminum bar was of 1% of that measured in the base concrete mixtures.
In addition, the specific damping of the aluminum bar never rises above 0.0022 with the
exception of the first data point.
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Figure 4-23. Specific Damping for Aluminum Bar.

The minimum measured specific damping for the concrete specimens is around 0.1
meaning the damping in the “system” is 2% of the damping in the concrete. Any added damping
from the “system” is ignored throughout the rest of these experiments.

4.6 Experimental Procedures
The experimental program consisted of forced harmonic vibration tests to measure
damping and conventional tests for strength, modulus, and air content. At the beginning of the
study, tests were done to validate the forced harmonic vibration procedure used to measure
damping. This preliminary study investigated the role of loading frequency, loading amplitude,
and the number of cycles on the measured damping in concrete cylinders. The damping results
were also compared to damping estimated using experimental modal analysis techniques.
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The remaining experiments are divided into three phases. The goal of Phase I was to
compare the different damping additives used for this study. Phase II looked at the effect of
rubber size on damping and air content and also investigated methods used to reduce air content
while Phase III used results from Phase I and II to create a final concrete mixture containing
rubber and latex. Finally, a study on two full scale footbridges was conducted to investigate how
the damping results from the material tests translate to a full scale specimen.
The following sections describe the individual studies that were carried out and the
results are presented in Chapter 5:.

4.6.1 Preliminary Study to Validate Testing Approach
The purpose of the preliminary study was twofold: to validate the forced harmonic tests
as a valid method to extract damping information and to investigate the roles of loading
frequency, amplitude of cyclic stress, and the number of cycles have on damping. The results
were used to help design the testing procedures used in the remainder of this study.
Two separate batches of the P-Base concrete (P-Base-I and P-Base-II) and three batches
of the P-VG concrete (P-VG-I, P-VG-II, and P-VG-III) were mixed. Cylinders were cast from
all five batches for forced harmonic testing while 90 in. cruciform specimens were made from
the P-Base-I and P-VG-III mixtures. The cruciforms were used in the free vibration tests
described in Chapter 4.6.1.4.

The measured damping from these free vibration tests was

compared to the results from the forced harmonic vibration tests.
In addition to damping, slump, air content, 28-day compressive strength, and static
modulus were measured for each batch.
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4.6.1.1 Effect of the Number of Loading Cycles

A cylinder from each of the mixtures was loaded with a sine wave function having a peak
load corresponding to a stress of 2.0 ksi and a minimum stress of 0.2 ksi. The cyclic load was
applied at a frequency of 2 Hz for 10,000 cycles. The step by step procedure was as follows:
1. The specimen was quasi-statically loaded with a ramp function to 10% of the
peak cyclic load (0.2 ksi).
2. The load was held on the specimen for 5 seconds to allow any dynamic effects to
settle out.
3. The specimen was loaded with a sine loading function ranging from 0.2 ksi to 2.0
ksi for 10,000 cycles at 2 Hz.
4. Cyclic Data was collected through 100 data points at cycles 2, 5, 10, 20, 50, 100,
200, 500, 1000, 2000, 4000, 5000, 6000, 8000, 10000.
5. The specific damping from each measured cycle was calculated using the
methods described above.

The procedure was then repeated using a loading frequency of 10 Hz to determine if the
damping changed as a function of the number of cycles.
4.6.1.2 Effect of Loading Frequency

In the previous section, each of the 5 specimens from the different mixtures was tested at
2 Hz and 10 Hz from 0.2 to 2.0 ksi. Damping measurements were taken for 15 individual cycles
during the test.

Damping comparisons are made by averaging these 15 specific damping

measurements for each specimen giving a measure of specific damping over the entire test.
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4.6.1.3 Effect of Stress Amplitude

The effect of stress amplitude was studied by taking a previously untested cylinder from
the P-Base-II and P-VG-III mixtures and testing them under two different load ranges. Each
cylinder was tested from 0.1 to 1.0 ksi and 0.2 to 2.0 ksi at 2 Hz for 500 cycles. The lower stress
range was tested first and it was assumed that the lower stress loading had a minimal effect on
the results from the higher stress loading. Specific damping was measured at cycles 2, 5, 10, 25,
50, 75, 100, 150, 200, 250, 300, 350, 400, 450, and 500 and the specific damping for each test
was taken as the average of these 15 measurements.
4.6.1.4 Comparison of Forced Vibration to Free Vibration Tests

In addition to concrete cylinders, a concrete cruciform was cast from mixtures P-Base-I
and P-VG-III. Free vibration testing using Experimental Modal Analysis (EMA) was used to
estimate the modal damping properties of each concrete cruciform. The cruciforms had overall
dimensions of 90 in. by 90 in. with each arm having a cross section measuring 1.5 in. by 9 in.
(Figure 4-24). The cruciform was designed to have as low of a fundamental frequency as
possible while maintaining enough strength to sustain free vibration testing.
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Figure 4-24. Cruciform Used for Experimental Modal Analysis.

The purpose of EMA was to measure time domain signals of force and response to
produce an estimate of the frequency response function (FRF) from which modal properties such
as natural frequencies and damping can be determined. A PCB Model 086D20 impulse hammer
produced by PCB Piezotronics was used to excite the specimen at the center of the cruciform for
the modal tests. Acceleration responses were measured using PCB Model 333B accelerometers.
One accelerometer was placed as close as possible to the impact location for an impact point
measurement. Other accelerometers were moved or “roved” across the cruciform to obtain a
sufficient number of degrees-of-freedom (DOF) for reliable damping estimates. Acceleration
response was measured at a total of 17 locations on the cruciform (Figure 4-25).
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Figure 4-25. Accelerometer Locations on Cruciform.

It is advantageous to perform EMA on specimens supported in a “free support” condition
(Ewins, 2000) so the cruciform was hung from a high bay crane. The support conditions allowed
the cruciform to vibrate or swing in a rigid body pendulum motion. This frequency was not of
concern, however, because its long period was not near the flexural frequencies of interest.
Energy was input into the cruciform by striking it with an impact hammer in the center
and the resulting accelerations were measured using accelerometers.

Impact hammer and

accelerometer signals were recorded using a Model 20-42 Siglab digital signal processing unit.
The Siglab uses these time domain signals to produce FRFs for each DOF. FRFs are typically
plotted as the complex ratio of displacement, velocity, or acceleration to applied force on the
vertical axis and frequency on the horizontal axis. Because accelerations are measured directly
in this study, the acceleracnce (ratio of acceleration to force input) are used.
The modal damping values from the FRFs were extracted with curve fitting techniques
using ME’ScopeVES Version 3.0 from Vibrant Technology. The basic concept of FRF curve
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fitting is to attempt to fit a parametric mathematical model (containing different modes with
specific frequencies, damping ratios, and mode shape components) to the estimated FRFs. An
example of a single DOF FRF and curve fit using ME’Scope from experiments performed on the
P-VG-III cruciform are shown in Figure 4-26. The black line in Figure 4-26 is the measured
response at the tip of the cruciform, and the red line (grey line) is the curve generated by the
mathematical model.

The lines are nearly identical with the only variation being that the

mathematic model did not predict the small peak near 18 Hz. If the FRFs derived from the
model closely resemble the estimated FRFs from the measured time domain data, then the
natural frequencies, damping ratios, and mode shape components assumed in the model likely
approximate those in the actual specimen.

Figure 4-26. Example of FRF Curve Fit for a point located at the tip of the P-VG-III Cruciform.

ME’Scope provides a variety of curve fitting methods. In this study, a simultaneous fit to
all FRFs (or all DOF) was used. Previous research at Virginia Tech has shown that the General
Polynomial Method within ME’Scope gives the best estimate of the modal parameters, however
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manual manipulations of these modal parameters consistently gives better matches (Davis,
2008). Once a best fit curve has been visually obtained, the modal damping ratios can be
estimated as those used in the mathematical model to produce this best fit curve.
Damping measurements from the cruciform tests were compared to the forced harmonic
vibration tests from the cylinders cast from the same batch of concrete. The damping from EMA
is measured as a modal damping ratio so the specific damping form the cylinder tests is
converted to damping ratio using Eq. 4-4.

4.6.2 Phase I: Comparison of Damping Additives
4.6.2.1 Mixtures with Damping Additives

The purpose of Phase I was to measure and compare the damping performance of seven
different damping additives designed to increase damping. Initially, the effects of calcium
carbonate, vegetable gum, and ground rubber were studied by adding each material to the
concrete as a replacement of FA by volume. The air content, strength, modulus, and damping
were measured as described in Chapters 4.4 and 4.5 above. For the CC, VG, and GRs mixtures,
only a single cylinder was tested for damping while two cylinders were tested for the remainder
of the mixtures.
A second series of mixtures were designed to improve the performance of concrete
mixtures with ground rubber. Steel fibers and latex were added to the rubberized mixtures in an
attempt to both recover some lost strength and improve damping. In addition, a mixture set with
only latex was also made to separate out the effects of the latex from the rubber and latex
mixtures.
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4.6.2.2 Mixtures with Damage

Included in Phase I was a feasibility study on the influence that microcracking had on the
damping of concrete. The purpose was to see if the damping capacity of concrete could be
increased by inducing damage through vibrating the concrete during the early stages of curing. It
is theorized that the presence of additional cracks would provide more frictional surfaces to
dissipate energy when the concrete is deformed.

Damping and strength were the only

measurements used to measure the success of the procedure. A more in depth testing procedure
could be performed if the results show they are warranted.
Certain constraints existed within the lab that restricted the maximum concrete batch size
and the time it will take to prepare and mix each batch. The available mixer could handle +/- 2
cubic feet of concrete. This was enough concrete to make 35 concrete cylinders per batch.
Testing constraints required that the 35 cylinders be divided into groups no smaller than five.
This would allow for 3 cylinders to be tested for strength and 2 to be used for the damping tests.
Within this framework, there were three variables that can be modified: the method of
vibration, the time spent damaging the concrete, and the age at which the concrete is damaged.
Each of these variables is discussed in more detail below.
Method of Inducing Damage
The methods considered for inducing damage included vibrating the cylinder molds with
either a wand vibrator or a vibrating table or knocking on the molds with a hammer. It was
important that the method of inducing damage be able to be applied consistently to each
individual cylinder. The vibrating table was the best option to achieve this goal.
It should be noted that the best method of inducing damage in cylinder specimen, may
not be the same method that must be employed to damage a full size concrete slab or wall. The
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issues of shape and scale may provide additional problems that must be worked out. For
instance, will vibrating formwork be able to induce the same damage in a 12 in. thick concrete
wall as it does in the 4 in. diameter cylinder.
Damage Time
The amount of time damaging the cylinders was not studied as a variable. Instead, each
cylinder was vibrated for one minute on the vibrating table at a specific curing time.
Curing Time When Damaged
The age of the concrete when damaged was the main variable tested. From observations
of previous concrete pours, concrete with this mix design is still fluid 1 hour from the completion
of mixing and solid to the touch 3 hours after mixing. Therefore, the seven cylinder groups were
vibrated at 20 minute increments between 1 and 3 hours to find the optimal damage time.
Mixing Procedure
The following testing procedure is was used to mix, cast and damage the concrete. First
two cubic feet of concrete was mixed and 35 cylinder specimens were cast. The 35 specimens
were divided into 7 groups of 5 cylinders each. Starting at 1 hour after the completion of mixing,
the first cylinder group was vibrated using the vibrating table for 1 minute on high. The next
cylinder group was vibrated in the same manner 20 minutes after the first and this procedure
continued until the 3 hour mark when all cylinders will have been vibrated. The cylinders were
stripped from their forms at after 2 days, labeled and placed in the temperature and shrinkage
room until testing. At 28 days, three cylinders from each group were tested for strength and the
remaining two cylinders were used for the forced harmonic vibration tests to measure damping.
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This procedure resulted in seven groups of cylinders damaged at 20 minute intervals
starting at 1 hour after mixing completed.

The designation for each cylinder group is

“Damage_X:XX” where “X:XX” designates the time of damage (1:00, 1:20, 1:40…)

4.6.3 Phase II: Effect of Rubber Size
The findings of Phase I showed that mixtures with ground rubber alone did little to
enhance damping but that improvements in both damping, air content, and strength could be
achieved by adding latex to the rubber mixtures at a weight ratio of 1.5:1 rubber to latex.
Additional findings showed that the addition of the rubber as well as high air contents led to
mixtures without the required strength to be used as structural concrete.
The primary purpose of Phase II is to investigate the effects of rubber size on air content,
strength, and damping. In order to achieve concrete mixtures with sufficient strength (above 4
ksi) modifications to the base mix were made. The W/C ratio was decreased from 0.6 to 0.4 for
improved strength and the quantity and gradations of the aggregates where modified to help
entrain less air.
Three mixture groups were mixed as part of Phase II: one with the fine CRM rubber that
was used in Phase I, one with a medium sized rubber, and one with a large rubber particle. Four
mixtures were made for each group containing 5%, 10%, 15% and 20% replacement of FA by
volume. Tests for air content, strength, modulus, and damping were the same as in Phase I.

4.6.4 Phase III
Phase III consisted of four final mixtures as a blend of the Phase I II mixtures (Table
4-6). The results of Phase I and II revealed that the smaller rubber particles and smaller CA
produced mixtures with better damping qualities while the increased water-to-cement ratios
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produced mixtures with sufficient strength, and that the air content is highly related to the
gradation of the FA. These ideas were used to produce a final mixture set to be tested for
damping.
A control (Base_78III) and three damping mixtures (GRs5L4_78III, GRs10L8_78III, and
GRs15L12_78III) were tested and compared to the results of Phase I and Phase II.
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CHAPTER 5:

EXPERIMENTAL RESULTS

5.1 Introduction
This section presents the experimental results from the materials portion of this
dissertation. First the results of the preliminary study used to verify the testing methods is
present in Chapter 5.2. Next, the results of Phase I, II, and III are presented in Chapters 5.3, 5.4,
and 5.5 respectively. In each of these chapters, the damping results are presented for each
additive group followed by comparisons between additives and an discussion on the effect of that
each additive had of air content and strength.

5.2 Results of the Preliminary Study
The purpose of the preliminary study was twofold: to validate the forced harmonic tests
as a valid method to extract damping information and to investigate the roles of loading
frequency, amplitude of cyclic stress, and the number of cycles have on damping. Two separate
batches of the P-Base concrete (P-Base-I and P-Base-II) and three batches of the P-VG concrete
(P-VG-I, P-VG-II, and P-VG-III) were mixed and tested.
The measured properties for all three batches are shown in Table 5-1. Some of the initial
mixtures did not have slump or air measurements because those parameters were not tracked
initially. In all measured cases, the vegetable gum mixtures had a reduction in slump, an
increase in air content, and decreases in strength and stiffness. These results are consistent with
Soon (1997) and others who have tested concrete with the vegetable gum emulsion. The effects
that the damping additives have on these properties are investigated more thoroughly in the
subsequent phases of this project while the main purpose of this initial study was to validate the
methods used for measuring damping.
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Table 5-1. Measured Properties for Preliminary Study.

Slump (in.)

Air (%)

28-Day
Strength (ksi)

Static Modulus
(ksi)

P-Base-I

-

-

6.50

5400

P-Base-II

6.5

2.5

5.45

4450

P-VG-I

-

-

2.95

3600

P-VG-II

0.5

3.5

3.40

3050

P-VG-III

2.25

6.6

3.50

-

Mix ID

5.2.1 Effect of the Number of Loading Cycles
The measured specific damping for all five cylinders loaded from 0.2 to 2.0 ksi at 2 Hz
for 10,000 cycles is shown in Figure 5-1. The damping of both of the base concrete mixtures
decrease slightly as the number of cycles increase while the VG mixtures remained more
constant.

Figure 5-1. Damping vs. Number of Cyclies, 2Hz.
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Figure 5-2 shows the same information for a loading frequency of 10Hz.

At this

frequency, the base mixture’s damping remains more constant. There is an increase in damping
between the first two measured cycles (cycle 2 and cycle 5) for 3 out of 5 specimens at 2 Hz and
4 out of 5 specimens at 10 Hz. This initial increase is caused by the measurement equipment and
not the specimens. The loading was done through load control (instead of displacement control)
using feedback from the internal load cell. As a result, it took the computer 3 to 4 cycles to
adjust the loading to the desired frequency and amplitude. This led to a varying number of
datapoints collected in the first few cycles which affected the damping calculations.

Figure 5-2. Damping vs. Number of Cycles, 10Hz.
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5.2.2 Effect of Loading Frequency
The effect of loading frequency on damping was studied by testing the same specimen
from 0.2 - 2.0 ksi at both 2 Hz and 10 Hz. Samples of the measured hysteresis loops at the
5,000th cycle from the P-Base-I and P-VGI mixtures at both frequencies are shown in Figure 5-3
and Figure 5-4 respectively. The loops are offset along the horizontal axis for clarity.

Figure 5-3. Hysteresis Loops for P-Base-I.

Comparing Figure 5-4 to Figure 5-3, both the increased damping (hysteresis area) and
reduced stiffness of the P-VG-I mixture when compared to the base mixture is evident. Visually,
there is not a noticeable difference in two loop sizes for the P_Base and P_VG_I mixures when
loaded at a frequency of 2 or 10 Hz (Figures 5-3 and 5-4 respectively).
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Figure 5-4. Hysteresis Loops for P-VG-I.

The complete results for the frequency effect are tabulated in Table 5-2. The largest
change in damping between the two frequencies was 8% for the P-Base-I mixture with all others
changing less than 6%. There was much more variability in the measured damping between
batches of the same mix design than there was for loading frequency. The damping did not
consistently increase or decrease with changing frequency.
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Table 5-2. Effect of Frequency on Measured Damping.

Specific
Damping
2Hz, Y2Hz

Specific
Damping
10Hz, Y10Hz

Y10Hz / Y2Hz

P-Base-I

0.109

0.100

0.92

P-Base-II

0.156

0.164

1.05

P-VG-I

0.252

0.237

0.94

P-VG-II

0.303

0.314

1.04

P-VG-III

0.252

0.256
Average

1.02

Mix ID

0.99

5.2.3 Effect of Cyclic Stress Amplitude
The effect of cyclic stress amplitude did show a significant effect on the measured
damping. Two previously untested cylinders (from P-Base-II and P-VG-III) were tested for 500
cycles at stress ranges from 0.1 - 1.0 ksi and then 0.2 - 2.0 ksi. The hysteresis loops obtained at
cycle 400 for the base mixture is shown in Figure 5-5 while the vegetable gum mixture is shown
in Figure 5-6. Visually, damping is a measure of the “fatness” of the hysteresis loops or a
comparison of the width of the loop to the length. In both figures, when a higher stress range
was applied, the loops appear “fatter”. This observation is confirmed from the measured data
shown in Table 5-3. For both specimens, the specific damping increased roughly 50% as the
stress range doubled showing that the amplitude of stress has a significant effect on the damping.
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Figure 5-5. Effect of Stress Amplitude, P-Base-II.

Figure 5-6. Effect of Stress Amplitude, P-VG-III.
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Table 5-3. Measured Damping at Different Cyclic Stress Ranges.

Specific Damping, Y
Mix ID

Y2ksi / Y1ksi

0.1 - 1.0 ksi

0.2 - 2.0 ksi

P-Base-II

0.131

0.190

1.45

P-VG-III

0.167

0.265

1.59

5.2.4 Comparison of Forced Vibration Tests to Free Vibration Tests
The accelerance FRF and curve fit for the tip of the horizontal arm of the P-Base-I
cruciform is shown in Figure 5-7, while the accelerance FRF for the same point of the P-VG-III
cruciform is shown in Figure 5-8. Note that there is a difference in vertical scale between the
two figures. Inspection of the mode shapes shows that the mode at 39.9 Hz of the P-Base-I
sample best corresponds to the 30.1 Hz mode of the P-VG-III specimen and the mode at 78.3 Hz
of the P-Base-I sample best corresponds to the 70.0 Hz mode of the P-VG-III specimen as seen
in the mode shape plots in Figure 5-9 and Figure 5-10. The cruciform with the vegetable gum
shows an increase in damping that can be visually detected in both the decreased magnitude and
increased width of the FRF peaks.
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Figure 5-7. FRF Curve Fit for Tip Node of P-Base-I.

30.1 Hz

18 Hz
70 Hz

Figure 5-8. FRF Curve Fit for Tip Node of P-VG-III.
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There are two other frequencies in the Base cruciform that have significant response
(Figure 5-7). It is possible that the 12.8 Hz and 25.1 Hz modes in the P-Base-I cruciform were
either not measured or too small to be accurately curve fit (note the small spike in the FRF plot at
18 Hz mode in Figure 5-8) in the vegetable gum specimen. The absence of these modes in the
damped specimen could be a result of slightly different boundary conditions, an off center blow
by the force hammer, a non-uniformity of mass throughout the N-PI-1 specimen causing nonsymmetric modes of vibration, or simply that the increased damping in the P-VG-III cruciform
significantly reduced the response at the lower frequency modes.

3DView: 30.1 Hz

3DView: 39.9 Hz

Amp: 1.0, Dwell: 10
Dir(g): X,Y,Z Persp: +10

a) 39.9 Hz

Amp: 1.0, Dwell: 10
Dir(g): X,Y,Z Persp: +10

b) 30.1 Hz

Figure 5-9. First Modeshape for a) Base Concrete and b) Vegetable Gum Concrete.
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3DView: 70 Hz

3DView: 78.3 Hz

Amp: 1.0, Dwell: 10
Dir(g): X,Y,Z Persp: +10

Amp: 1.0, Dwell: 10
Dir(g): X,Y,Z Persp: +10

a) 78.3 Hz

b) 70.0 Hz

Figure 5-10. Second Modeshape for a) Base Concrete and b) Vegetable Gum Concrete.

The measured modal damping ratios for both cruciforms are shown in
Table 5-4. The cruciform containing the vegetable gum additive had an increase in
modal damping of 235 percent and 276 percent in the first two measurable modes, respectively.

Table 5-4. Modal Damping Ratios for Cruciform Specimens.

Mode 1
Mix ID

Mode 2

Freq. [Hz]

ζ

Freq. [Hz]

ζ

P-Base-I

39.9

1.00%

78.3

0.37%

P-VG-III

30.1

2.35%

70.0

1.02%

% Increase

235%

276%

Both methods used to measure damping, forced vibration and experimental modal
analysis, demonstrated increased damping in the vegetable gum concrete when compared to the
base mix. The two methods can be compared on the basis of a viscous damping ratio. In the
forced vibration tests, the specific damping capacity which was measured directly was converted
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to an equivalent viscous damping ratio using Eq. 4-4. For the free vibration tests, the modal
damping ratio was estimated directly using EMA curve fitting techniques.
Table 5-5 shows a comparison of the results using the two methods.

The relative

increases from the untreated concrete to the concrete with the damping additive are very similar.
The magnitudes of the damping ratios are not the same. This is not a concern because, as shown
above, the amount of damping is dependent on the amplitude of vibration. This is demonstrated
in the amount of measured damping for the two modes of the free vibration test. The higher
mode vibrates at a higher frequency (which does not affect damping) and at a lower amplitude
which has been shown to decrease damping. The important result here is that either method
reports similar increases in damping.

Table 5-5. Comparison of Results from Free and Forced Vibration Tests.

P-Base-I

P-VG-III

Y

ζ

Y

ζ

ζ
Increase

Free Vibration Mode 1

-

1.00%

-

2.35%

235%

Free Vibration Mode 2

-

0.37%

-

1.02%

276%

Forced Vibraton 2 Hz

0.109

0.87%

0.252

2.01%

231%

Forced Vibration 10 Hz

0.100

0.80%

0.256

2.04%

256%

Measurment Method

5.2.5 Conclusions from Preliminary Study
The results of the preliminary study indicated that vibration amplitude can have a
significant effect on the material damping of concrete. In addition, the number of cycles and
loading frequency were shown to have minimal effects on damping.
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Based on these results the following decisions were made with regard to the experimental
design of the damping tests used in the remainder of this project. First, using forced harmonic
vibration tests on concrete cylinders yields the same comparative results as those obtained using
experimental modal analysis.

This is a benefit because the cylinders used for the forced

vibration tests are much easier than handle than any larger beam or cruciform specimens needed
for EMA tests. Next, the measured damping is relatively insensitive to both the number of
cycles (under 10,000) and loading frequency (between 2 and 10 Hz). Therefore, consistent and
reliable damping data can be obtained by running tests for only a few cycles at a high frequency
resulting in decreased testing time. This is a big advantage when there are numerous tests to be
performed. For the majority of cyclic tests in the remainder of this study, the damping is
measured by loading cylinder specimens for 100 cycles at 10 Hz.

5.3 Phase I Results
The results for Phase I of the project are detailed below. The results from the damaged
cylinders are presented first followed by the results of the more broad damping additive study.
For the damping additives (GRs, VG, CC…) the effects on the mechanical properties and
damping for each additive are presented separately.

Next damping comparisons are made

between the additives. This is followed by a discussion on the entrainment of air with emphasis
on the mixtures with ground rubber.

5.3.1 Results for Damaged Cylinders
The compressive strength for the damaged cylinders is shown in Table 5-6. If any of the
mixtures received additional microcracking compared to the others, then a reduction in
compressive strength might result. The measured compressive strengths ranged from 4.52 to
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5.09 ksi. Figure 5-11 plots the measured strength against the time of vibration. The solid line
connects the average strength for each three cylinder set while the error bars shows the standard
deviation. The lowest strength was measured for the cylinders vibrated at 1 hour and 20 minutes
however the strength (4.52 ksi) was within one standard deviation of cylinder sets vibrated at
three other times. The results do not support any significant measurable reduction in strength
due to vibrating the concrete during curing.

Table 5-6. Measured Compressive Strength for Damaged Cylinders.
Time of Vibration
[hr]

1:00
1:20
1:40
2:00
2:20
2:40
3:00

Average
[ksi]
4.88
4.52
4.64
4.81
4.66
4.71
5.09

Figure 5-11. Compressive Strength for Damaged Cylinders.
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A plot of energy dissipation and specific damping is shown in Figure 5-12 and Figure
5-13 respectively. The specific damping was tightly banded showing no significant increase in
damping for any of the mixtures. The two best cylinder sets from a damping perspective were
those damaged at 1:40 hr and 2:40 hr.

Figure 5-12. Energy Dissipation for Damaged Concrete.

Figure 5-13. Specific Damping for Damaged Concrete.
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Further comparison is made to the Base-78 mixture which is detailed in the next section.
This mixture had the same mix proportions as the damaged cylinders but there was no attempt to
induce damage through vibration. The measured specific damping of this mixture is shown as
the heavy dark line in Figure 5-14 and is compared to the data shown in Figure 5-13. As shown
in the figure, measured damping for the undamaged concrete is in the middle of the range of
damping measurements made for the damaged cylinders. With a couple of exceptions, the slope
of the specific damping curve is the same as the damaged specimen as well. Because only two
cylinders were tested for each mix and damage time, there is not sufficient data to measure the
variability of damping that exists within either batch or damage time. Some indication of the
variation can be seen by the spread of the Base-78 measurements shown as the dark squares in
Figure 5-14.

Figure 5-14. Comparison of Damaged Cylinder Damping to an Undamaged Mixture.

129

The results of only two separate cylinder specimen for the Base_78 mixture show a range
of damping values that encompasses the measured damping for nearly all of the damaged
specimen at low to medium strain ranges. This indicates that the most likely cause for the
apparent increase or decrease in damping is in reality the natural variation that exists in the
mixture and that no significant increase in damping is gained from the attempt to induce
microcracking.

5.3.2 Results for Base Mixtures
The mechanical properties for the Base_78, BaseAir_78, and Base_SF are presented in
Table 5-7. The Base_78 mix had a measured air content (1.8%) which was close to the design
air content (2.0%). The air entraining admixture increased the measured air content to 9.0%
while the addition of the steel fibers also increased the air content. The increased air content
resulted in a 36% strength reduction in the BaseAir_78 mixture and a 14% reduction in the
Base_SF mixture.

Table 5-7. Mechanical Properties of Base Mixtures.

W/C

% Additivea

% Air

Strength,
ksi

Static
Modulus, ksi

Base_78

0.6

-

1.8

4.39

4000

BaseAir_78

0.6

-

9.0

2.80

3150

Base_SF

0.6

-

8.0

3.78

3200

Mix ID

a

Percentage of total mix volume that is damping additive.

The plot of dissipated energy is shown in Figure 5-15. Both mixtures with the increased
air had a reduction in dissipated energy, when compared to Base_78, as a result of the decreased
stiffness of the mixtures. There was also much more variability between the two Base_78
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cylinders than the to the Base_SF cylinders. Only a single BaseAir_78 cylinder was tested
dynamically so no assessment on the variability of the damping could be made.

Figure 5-15. Dissipated Energy for Base Mixtures.

The specific damping for the three mixtures is plotted in Figure 5-16. Both the specific
damping and also the calculated equivalent viscous damping ratios are plotted on vertical axes.
The first observation is that the Base_78 and Base_SF mixtures provide linear relationships that
are nearly identical. Trendlines for both plots cross 30 µε near 0.1 (ζeq = 0.80%) and increase to
a specific damping of around 0.2 (ζeq = 1.60%) as the strain range increases throughout the
elastic range (Table 5-8). The BaseAir_78 mixture provides less damping at lower strain ranges
but has a larger slope. The higher sensitivity of damping to strain range most likely is a result of
the extra air that is included in the mixture. At the boundaries of the air bubble voids there are
locations for stress concentrations to form even when the average stress is below the elastic limit.
These stress concentrations cause local strains and cracking which dissipate energy. The larger
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the average stresses, the larger the stress concentrations leading to more energy dissipation. This
phenomenon also provides reasoning that air within a concrete matrix will reduce strength
beyond simply the reduction in solid volume (Popovics, 1998).

Figure 5-16. Specific Damping for Base Mixtures.

These results indicate that the decreased modulus of the mixtures with excessive air does
indeed reduce the amount of dissipated energy per cycle but that the specific damping capacity is
affected much less.
Table 5-8 lists the regression coefficients used to generate both the power function trends
for the dissipated energy and the linear trends for the specific damping. The two columns on the
right list the specific damping and equivalent viscous damping ratio associated with a strain
range of 30 µε. As discussed earlier, this was the smallest strain range for which damping was
measured. For specific damping in general, most of the discussion regarding the damping
behavior of the different additives will focus on the visual characteristics of the dissipated energy
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plots. The table of regression coefficients is also provided for all mixtures for a numerical
comparison.

Table 5-8. Regression Coefficients for Base Mixtures.

UD Regression

Mix ID

α
2.21
2.39
2.24

C
521704
1700851
511134

Base_78
BaseAir_78
Base_SF

Y Regression
Y0
Slope
222.1
0.100
328.4
0.071
221.7
0.096

Damping, εrange = 3E-5
Y3E-5
ζeq
0.107
0.85%
0.081
0.64%
0.103
0.82%

5.3.3 Results for Calcium Carbonate Mixtures
The mechanical properties of the calcium carbonate mixtures and the Base_78 mixture
(repeated for reference) are shown in Table 5-9. The air content increased with increasing
calcium carbonate up to a maximum of 6.8% for the CC7.5 mixture and then reduced slightly for
the CC10 mixture. The calcium carbonate also reduced strength at an average rate of 520 psi per
2.5% replacement of FA until also stabilizing for the CC10 mixture. The static also decreased
uniformly with increasing additive.

Table 5-9. Mechanical Properties of Calcium Carbonate Mixtures.

% Air

Strength,
ksi

Static
Modulus, ksi

-

1.8

4.39

4000

0.6

0.7

2.8

3.65

3650

CC5

0.6

1.5

4.5

3.14

3600

CC7.5

0.6

2.2

6.8

2.85

3350

CC10

0.6

2.9

6.5

2.89

3100

Mix ID

W/C

% Additive

Base_78

0.6

CC2.5

a

a

Percentage of total mix volume that is damping additive.
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The dissipated energy for all CC mixtures decreased with increasing concentration up to
7.5% replacement of FA with an increase when replacement went from 7.5% to 10% (Figure
5-17).
The plot of specific damping capacity in Figure 5-18 shows that at low strains the
calcium carbonate decreases damping when compared to Base_78.

However, increasing

concentrations of calcium resulted in a near uniform increase in the 30 µε intercept values for the
damping trendlines. An increase of 2.5% calcium carbonate resulted in an average increase in 30
µε intercept of 0.57 (ζeq = 0.045%).

Figure 5-17. Dissipated Energy for Calcium Carbonate Mixtures.
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Figure 5-18. Specific Damping for Calcium Carbonate Mixtures.

Three of the four CC mixtures (exception being CC7.5) did have a more rapid increase in
damping with increasing strain ranges than the base. Tabulated in Table 5-10, the slope of the
specific damping curve increased from 222 Y/εrange for the base to an average of 347 Y/εrange , an
increase of 56%. The single exception is the CC7.5 mixture which has a slope more similar to
the base, however, this trendline appears to be affected by an outlier at a strain range of 0.00033
as pointed out in Figure 5-18.
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Table 5-10. Regression Coefficients for Calcium Carbonate Mixtures.

UD Regression

Mix ID

Damping, εrange = 3E-5
Y3E-5
ζeq

Y Regression
Y0
Slope

C

α

Base_78

521704

2.21

222.1

0.100

0.107

0.85%

CC2.5

1624569

2.36

350.9

0.057

0.068

0.54%

CC5

741660

2.28

332.8

0.076

0.086

0.68%

CC7.5

1409647

2.37

234.3

0.087

0.094

0.75%

CC10

1249524

2.34

356.1

0.098

0.109

0.86%

5.3.4 Results for Vegetable Gum Mixtures
The tested properties for the vegetable gum mixtures are shown in Table 5-11. Unlike
the other additives, the vegetable gum created a significant decrease in workability.

The

measured slump for each mixture is included in Table 5-11. There was a significant reduction in
workability at the 10% replacement level while the 15% replacement resulted in a nearly
unusable concrete. The VG5 and VG10 mixtures increased the air content to 9.0% and 8.5%
respectively while the VG15 mixture only caused a 6.0% increase.

Table 5-11. Mechanical Properties for Vegetable Gum Mixtures.

Mix ID
Base_78
VG5
VG10
VG15
a

W/C
0.6
0.6
0.6
0.6

%
Slump, in.
Additivea
1.4
8.5
2.8
1.25
4.3
0.5

% Air

Strength,
ksi

Static
Modulus, ksi

1.8
9.0
8.5
6.0

4.39
2.71
2.88
2.25

4000
2850
2800
2350

Percentage of total mix volume that is vegetable gum solids.

The reduction in compressive strength is significant for all three VG mixtures. The
strength of the VG5 and VG10 mixtures appear to be related to the air content (higher air results
in a lower strength) but the VG15 mixture has the lowest strength but also the least amount of
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air. Although the additional vegetable gum in the VG15 mixture could be the cause for the
strength reduction the more likely cause is poor consolidation of the cylinder specimen caused by
the lack of workability.
This is illustrated in Figure 5-19 which is a photograph of a VG5, VG10, and VG15
cylinder. The poor consolidation is evident in the VG15 cylinder. Additionally, inspection of
the surfaces of each specimen reveal a large number of small air bubbles on the surface of the
VG5 and VG10 cylinders indicating that the air bubbles are being chemically entrained by the
vegetable gum emulsion (Figure 5-20). The surface of the VG15 cylinder, however, does not
have these small voids suggesting that the 6.0% air is from larger entrapped voids. If the
vegetable gum does have a tendency to entrain air then the lack of these small air bubbles in the
VG15 cylinder can be explained by the fact that the mix was not fluid enough for air
entrainment.

Figure 5-19. Consolidation of VG Cylinders.
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Figure 5-20. Entrained Air Bubbles on VG5 and VG10 Cylinders.

The plot of dissipated energy is shown in Figure 5-21. Unlike the CC mixtures, the
VG10 and VG15 mixtures show in increase in dissipated energy over Base_78. This increase is
despite the fact that the decreased stiffness of these mixtures requires less input energy for the
same range of strain.
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Figure 5-21. Dissipated Energy for Vegetable Gum Mixtures.

The large dissipated energies lead to significant increases in specific damping. Shown in
Figure 5-22, all three VG mixtures increase the damping over the Base_78 mixture with the
VG5, VG10, and VG15 increasing the damping by 14%, 76% and 152% at the 30 µε intercept
(Table 5-12). The VG15 mixture has an equivalent damping ratio of 2.15% (compared to 0.85%
for Base_78) at the 30 µε intercept. Additionally, the slope increases from 222 Y/εrange in the
Base_78 mixture up to between 266 to 326 Y/εrange for the VG mixtures.
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Figure 5-22. Specific Damping for Vegetable Gum Mixtures.

Table 5-12. Regression Coefficients for Vegetable Gum Mixtures.

Mix ID

UD Regression

Y Regression
Y0
Slope

Damping, εrange = 3E-5
Y3E-5
ζeq

C

α

Base_78

521704

2.21

222.1

0.100

0.107

0.85%

VG5

1109822

2.32

326.4

0.112

0.122

0.97%

VG10

403120

2.18

266.0

0.180

0.188

1.50%

VG15

376930

2.13

326.2

0.260

0.270

2.15%
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5.3.5 Results for Ground Rubber
Similar to the VG mixtures, the GRs mixtures had a significant increase in air content for
even the 5% replacement of FA. The percentage of air decreases with increasing concentration
up to 15% replacement before an increase back up to 10% air for the 20% replacement. This
decreasing trend of air content with increasing concentration (the GRs20 mixture excluded) does
not agree with the findings of Fedroff et al. (1996) and Khatib and Bayomy (1999) who found
that air content increased with increasing rubber concentrations. Additionally, the initial spike of
9.0% air with only 5% replacement is much higher than previously reported air content
measurements. Khatib and Bayomy (1999) measured an air content of of 4% when 50% of the
total aggregate was replaced by rubber and Fedroff et al. (1996) reported an air content of 9.5%
but at a much higher concentration with 20% replacement of cement by weight with rubber. The
strength and modulus measurements decrease consistently with an increase in rubber. This
shows that both the air content and rubber concentration may have an effect on the resulting
strength. This topic is discussed more thoroughly in Chapter 5.3.10 below.

Table 5-13. Mechanical Properties of GRs Mixtures

Mix ID
Base_78
GRs5
GRs10
GRs15
GRs20
a

W/C

% Additive

0.6
0.6
0.6
0.6
0.6

1.4
2.8
4.3
5.6

a

% Air
1.8
9.0
8.5
7.6
10.0

Strength,
ksi
4.39
2.52
2.40
2.15
1.60

Static
Modulus, ksi
4000
3100
2750
2650
2050

Percentage of total mix volume that is damping additive.

Figure 5-23 shows that the dissipated energy is less for all of the GRs mixtures when
compared to Base_78.

Like the previous mixtures, this is expected with the reduction in
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modulus. The specific damping results (Figure 5-24) show that the damping of all the GRs
mixtures are very similar in both magnitude and slope through the elastic range. While all four
mixtures have a higher slope than the base, all of the damping results are banded within a
specific damping range of 0.025 (zeq = 0.20%).

Figure 5-23. Dissipated Energy for GRs Mixtures.

There appears to be no relationship between the amount of damping and the
concentration of the rubber. At the lower end of the elastic range, the GRs5 provides the least
amount of damping while the GRs20 provides the most but at higher strain ranges the GRs15 has
about the same amount of damping as the GRs5.
A possible explanation is that there is a weak bond between the cement paste and the
rubber particles. It has been theorized that the increase in air due to the rubber particles is due to
the lack of a chemical attraction between the mix water and rubber surface (Khatib and Bayomy,
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1999). It is possible that this could also be causing poor bonding between the rubber and cement
paste. If this is the case, then the cement paste may not be transferring stress (and strain) to the
rubber particles and therefore not utilizing the rubber’s damping capacity.
The slopes of the GRs mixtures are very similar to those of BaseAir_78 and for the most
part, the measured damping data points are contained within the measured damping of the two
Base_78 cylinders. This further supports the theory that the rubber particles are not being
effectively engaged when the concrete strains and are behaving similar to voids.

Figure 5-24. Specific Damping for GRs Mixtures.

143

Table 5-14. Regression Coefficients for GRs Mixtures

Mix ID
Base_78
GRs5
GRs10
GRs15
GRs20

UD Regression
C
521704
591748
826638
563814
496852

α
2.21
2.27
2.30
2.28
2.29

Y Regression
Y0
Slope
222.1
0.100
324.1
0.075
347.6
0.090
281.9
0.082
296.0
0.096

Damping, εrange = 3E-5
Y3E-5
ζeq
0.107
0.85%
0.085
0.67%
0.100
0.80%
0.090
0.72%
0.105
0.83%

The GRs concrete was examined microscopically to determine the size, shape, and
location of the air bubbles within the cement matrix. A GRs15 cylinder was cut and polished to
be used in the microscopic examination.

Figure 5-25 shows a couple of rubber particles

surrounded by cement paste and air. All of the air bubbles are spherical and less than 0.2 mm in
size which would classify them as entrained rather than entrapped. Additionally, the air bubbles
are distributed throughout the cement paste and are not concentrated around the rubber.

Figure 5-25. Image of Rubber and Air in GRs15 Mixture.
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A closer image of the rightmost rubber particle is shown in Figure 5-26. The image
shows that there does not appear to be any noticeable gaps or air bubbles between the rubber and
the cement paste. However, the arrows in the image point to locations along the cement and
rubber interface where the cement looks to be less dense, almost translucent.

The image

suggests that there is weak bonding between the rubber particles and the cement paste.

Figure 5-26. Locations of Weak Bonding between Rubber and Cement Paste.

5.3.6 Results for Ground Rubber and Steel Fibers
The purpose of adding steel fibers to the GRs mixtures was to try to recover some
strength lost to the increase in air content. The steel fibers, however, only increased the air
problem. Significant increases in air content (14% - 20%) were measured for the rubber and
steel fiber mixtures (Table 5-15). Even without any rubber, the Base_SF mixture increased air
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content from 1.8% to 8.0%. The steel fibers do appear to increase strength however when
comparing the GRs5_SF mixture with the GRs5 mixture. Both mixtures had strength of roughly
2.5 ksi but the GRs5_SF mixture had 5% more air.

Table 5-15. Mechanical Properties of GRs Mixtures with Steel Fibers.

Mix ID
Base_SF
GRs5_SF
GRs10_SF
GRs15_SF
GRs20_SF
a

W/C

% Additive

0.6
0.6
0.6
0.6
0.6

1.3
2.5
3.8
5.0

a

% Air
8.0
14.0
19.0
19.0
20.0

Strength,
ksi
3.78
2.56
1.39
1.30
1.14

Static
Modulus, ksi
3200
2550
2200
1850
1400

Percentage of total mix volume that is damping additive.

Dissipated energies are shown in Figure 5-27, specific damping is shown in Figure 5-28,
and the regression coefficients are shown in Table 5-16. Similar to the mixtures without the steel
fibers, the specific damping results are very tightly banded. The specific damping for all of the
mixtures does increase over the Base_SF mixture. Similar to the GRs mixtures, it appears that
the rubber particles are not bonding to the cement paste resulting in no significant increases in
damping.
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Figure 5-27. Dissipated Energy for GRs Mixtures with Steel Fibers.

Figure 5-28. Specific Damping for GRs Mixtures with Steel Fibers.
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Table 5-16. Regression Coefficients for GRs Mixtures with Steel Fibers.

UD Regression

Mix ID

C
511134
391186
319569
355493
363700

Base_SF
GRs5_SF
GRs10_SF
GRs15_SF
GRs20_SF

Y Regression
Y0
Slope
221.7
0.096
233.3
0.105
282.3
0.110
297.3
0.099
308.8
0.107

α
2.24
2.23
2.24
2.27
2.28

Damping, εrange = 3E-5
Y3E-5
ζeq
0.103
0.82%
0.112
0.89%
0.118
0.94%
0.108
0.86%
0.116
0.93%

5.3.7 Results for Latex Mixtures
The results for the latex only mixtures (L4, L8, and L12) are presented in this section.
Although the latex was tested as a separate damping admixture, the concentrations were chosen
to match those used in the mixtures that contained both rubber and latex.
The measured properties of the latex mixtures are shown in Table 5-17 where it can be
seen that the higher quantities of latex decrease the air content. This is because the SBR latex
contains air detraining agents added to the latex specifically to offset the air entraining
tendencies of the surface-active agents used to hold the polymer particles in suspension (Metha,
1986). As a result, the lower air content as well as the presence of the latex increased the
strength of the Base_78 mixture. The strength of the L4 and L8 mixtures increase while there is
a decrease in strength from the L8 to L12 mixture.

Table 5-17. Mechanical Properties of the Latex Mixtures.

Mix ID
Base_78
L4
L8
L12
a

W/C

% Additive

0.6
0.6
0.6
0.6

1.3
2.6
3.9

a

% Air
1.8
2.4
1.4
1.0

Strength,
ksi
4.39
4.80
5.32
4.52

Static
Modulus, ksi
4000
4450
4400
4200

Percentage of total mix volume that is damping additive.
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The cause of this decrease is shown in Figure 5-29. The spherical polymer molecules in
the latex tended to increase the workability of the concrete. At 12% replacement of FA, the L12
mixture was extremely soupy which led to some segregation within the concrete. As shown in
Figure 5-29, a layer of segregated cement paste accumulated at the top of the cylinder specimens.
Shrinkage cracks developed in this paste layer (Figure 5-30) which initiated a premature failure
during strength tests.

Figure 5-29. Segregation of an L12 Cylinder.

Figure 5-30. Shrinkage Crack in the Paste Layer of L12 Cylinders.
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The possibility of remaking the L12 mixture with a lower W/C ratio to keep the
workability within an acceptable range was considered but rejected for the following reasons: (1)
a constant W/C ratio was desired for all the Phase I mixtures for purposes of comparison, (2) the
main goal of the latex only mixtures was to provide a comparison for the mixtures with rubber
and latex, (3) similar workability problems did not occur in the GRs15L12_78 (latex and rubber)
mixture, and (4) the sulfur caps applied after the strength tests reinforced the cracked part of the
specimen so it would not effect other tests.
Both the dissipated energy (Figure 5-31) and specific damping (Figure 5-32) increased
with the addition of the latex. For all three mixtures, the damping increased nearly uniformly
with increasing latex concentration. Both the 30 µε intercept and the slope of the specific
damping regression line increased with each incremental increase in latex concentration with the
30 µε intercept (in terms of damping ratio) increasing by an average of 26.7% per 4% latex
addition.

Figure 5-31. Dissipated Energy for Latex Mixtures.
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Figure 5-32. Specific Damping for Latex Mixtures.

The regression coefficients are shown in Table 5-18. The damping of the L12 mixture
increased 51% at the 30 µε intercept over the Base_78 mixture and had a larger increase with
increasing strain range.

Table 5-18. Regression Coefficients for Latex Mixtures.

Mix ID
Base_78
L4
L8
L12

UD Regression
C
521704
550299
935719
952845

α
2.21
2.21
2.25
2.24

Y Regression
Y0
Slope
222.1
0.100
263.5
0.115
321.6
0.126
364.8
0.151

Damping, εrange = 3E-5
Y3E-5
ζeq
0.107
0.85%
0.123
0.98%
0.136
1.08%
0.162
1.29%
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5.3.8 Results for the Ground Rubber and Latex Mixtures
The final mixture in Phase I was the combination of rubber and latex. The measured
properties of these mixtures are shown in Table 5-19. Compared to the results in Table 5-13 for
the GRs mixtures, the air content has decreased with the addition of the latex. The improvement
in the air content increased compressive strength compared to mixtures with rubber only.

Table 5-19. Mechanical Properties if Rubber and Latex Mixtures.

% Air

Strength,
ksi

Static
Modulus, ksi

-

1.8

4.39

4000

0.6

GR 1.4 - L 1.2

7.5

3.21

3350

GRs10L8_78

0.6

GR 2.9 - L 2.5

7.0

2.98

2650

GRs15L12_78

0.6

GR 4.3 - L3.7

6.0

2.81

2150

Mix ID

W/C

% Additive

Base_78

0.6

GRs5L4_78

a

a

Percentage of total mix volume that is damping additive. Ground Rubber or
Latex Solids.

Figure 5-33 shows that all four of the mixtures dissipate about the same amount of
energy. Figure 5-34 shows the increase in specific damping for each of the rubber and latex
mixtures. The regression coefficients for these mixtures are shown in Table 5-20. All three
rubber and latex mixtures have increased damping for increasing rubber and latex
concentrations.
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Figure 5-33. Dissipated Energy for Ground Rubber and Latex Mixtures.

Table 5-20. Regression Coefficients for Ground Rubber and Latex Mixtures.

Mix ID
Base_78
GRs5L4_78
GRs10L8_78
GRs15L12_78

UD Regression
C
521704
615520
369766
435831

α
2.21
2.24
2.18
2.20

Y Regression
Y0
Slope
222.1
0.100
285.8
0.124
241.1
0.151
275.7
0.162

Damping, εrange = 3E-5
Y3E-5
ζeq
0.107
0.85%
0.133
1.05%
0.158
1.26%
0.170
1.35%
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Figure 5-34. Specific Damping for Ground Rubber and Latex Mixtures.

The influence of both the rubber and latex as individual additives and as combined
additives shows that the combination of rubber and latex provides improved damping over either
additive used individually. Figure 5-35 compares the specific damping of the Base_78, GRs5,
L4, and GRs5L4 mixtures while Figure 5-36 compares mixtures with 10% replacement of rubber
and 8% replacement of latex and Figure 5-37 compares 15% rubber and 12% latex mixtures.
All three plots have the same general trends. At low levels of strain, the GRs mixture has
less damping than the base while the latex only and ground rubber plus latex mixtures improve
damping. Also, the damping of the GRsL mixtures is greater than the mixtures with only latex
indicating that the latex helps to engage the rubber particles during loading. The extra benefit
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gained from the rubber addition decreases with the increase in rubber concentration indicating
that there may be an optimal concentration of rubber to maximize its effects.

Figure 5-35. Comparison of Specific Damping for 5% Rubber and 4% Latex Replacement.

Figure 5-36. Comparison of Specific Damping for 10% Rubber and 8% Latex Replacement.
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Figure 5-37. Comparison of Specific Damping for 15% Rubber and 12% Latex Replacement.

Like the concrete containing only the ground rubber, the GRs15L12_78 mixture was
examined under a microscope to evaluate air bubble size and to examine the interface between
the cement paste and the rubber particles. Figure 5-38 shows a couple of rubber particles within
the cement paste of the GRs15L12_78 mixture. The first observation is the white color of the
cement paste caused by the latex. Also, the maximum air bubble size is similar to the GRs
mixture (around 0.2 mm) but the number of air bubbles with diameters less than 0.1 mm have
been eliminated.
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Figure 5-38. Magnified image of GRs15L12_78 Concrete.

5.3.9 Comparisons for the Different Additives
Specific damping plots comparing all the additives tested in Phase I reveal that the
mixtures that contain latex or vegetable gum are superior (from a damping perspective) to those
with ground rubber alone, steel fibers, or calcium carbonate.

The damping results for all

mixtures with 5% replacement are shown in Figure 5-39, while the 10% and 15% replacement
mixtures are compared in Figure 5-40 and Figure 5-41 respectively.
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Figure 5-39. Specific Damping Comparisons for all 5% Replacement Mixtures.

Figure 5-40. Specific Damping Comparisons for all 10% Replacement Mixtures.
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Figure 5-41. Specific Damping Comparison for all 15% Replacement Mixtures.

At the 5% and 10% replacement levels, the GRs5, CC5 mixtures have similar results and
provide a decrease or minimal increase in damping over the Base. The GRs_SF mixtures all
provided a small increase in damping with a maximum increase of around 20%.
The VG mixtures provided the largest increase in damping per unit increase in damping
admixture with the rubber and latex providing the second best damping results. The VG15
mixture increased damping 2.5 times over the Base while the GRs15L12_78 mixture increase
damping 60%.
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5.3.10 Air Content and the Effect on Strength
5.3.10.1 The Effect of Damping Additive Concentration on Air Content

It is clear from the results that with the exception of the latex, all of the additives both
increased air content and decreased compressive strength. It is known that higher air will have a
detrimental effect on strength but the influence of the additives on strength is not immediately
clear.

The results of the relationship between air content and additive concentration on

compressive strength is presented here.
First, Figure 5-42 presents the data of measured air content compared with the total
concentration of the damping additives. The horizontal axis shows the concentration of the
additives (CC, GRs, VG solids, and Latex solids) as a percentage of the TOTAL mixture volume
instead of as a replacement of FA. Also, for the GRs_SF and GRsL mixtures the concentration
of only the rubber is plotted on the horizontal axis.

For the latex only mixtures, the

concentration of latex solids are plotted. The concentration of the latex is not included when
plotting the GRsL mixtures because it is clear from the other samples that the air is added into
the mixture through the rubber and not the latex.
Figure 5-42 illustrates the significant increase in air content caused by the addition of the
steel fibers both with and without ground rubber. Recall that the amount of steel fibers was
constant in all of the GRs_SF mixtures and that the concentration of the ground rubber was
modified. The air increases with increasing rubber concentration up 19% where the air remains
constant. The high air is most likely a result of the mixing action of the elongated steel fibers as
they tumble around during mixing. As a result, the ability of the steel fibers to increase the
strength of rubberized concrete is offset by the air.
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Figure 5-42. Air Content for Different Concentrations of Additives.

The calcium carbonate increases the air to a maximum of 6.5%. Other than the GRs_SF
mixture, it is the only mixture that shows an increase in air content with an increase in additive.
The Latex helps to decrease the air both in a Base mixture and when added to the ground
rubber mixtures. Comparing the GRs with the GRsL_78 mixtures (hollow circles and solid
squares respectively) shows a consistent decrease of 1.5% air.

The cause of decrease is

discussed below.
Aside from the CC and GRs_SF mixtures, all of the other mixtures initially increase the
air content at the lowest additive concentration but then the air decreases with increasing
concentrations. These results are initially counter-intuitive, as it would seem that if 5% additive
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causes a significant increase in air then adding more of the additive should increase the air
content even more.
5.3.10.2 The Effect of FA Gradation on Air Content

The cause for the decline of air may be a result of the addition strategy used to
incorporate the damping additives. It is known that for air entrained concrete, both the quantity
and size of fine aggregate can have an effect on air (Portland Cement Association, 2008, Whiting
and Nagi, 1998). More specifically, the more No. 30 to No. 50 sieve (0.6 to 0.3 mm) sand in a
concrete mixture the higher the air content will be. By replacing the FA with damping additive,
there was a reduction of sand content, including the No. 30 to No 50 sieve, related to the increase
in additive.
Figure 5-43 plots the measured air of the VG, GRs, and GRsL_78 mixtures against the
percent of No. 30-50 sand size. The plot indicates that although both the vegetable gum and
ground rubber increase air content, the amount of air entrained is much more positively
correlated to the percentage of No. 30-50 sieve sand than it is to additive concentration. Another
result shown in Figure 5-43 is that the difference in air content between the rubber mixtures with
and without latex appears to be related to the additional removal of FA to account for the latex.
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Figure 5-43. Effect of Increasing Percentage of No. 30-50 Sieve Sand on Air Content.

5.3.10.3 The Effect of Additive Concentration and Air Content on Strength

In general, the compressive strength for each mixture decreases as the additive
concentration increases. However, the reduction in strength is related to both the increased air
content and the additives. The smallest reduction in strength is in the CC mixtures. The
relationship between strength and air content for the CC mixtures is shown in Figure 5-44 and is
compared to both the Base_78 and BaseAir_78 mixtures. The exponential relationship between
air and strength is common (Popovics, 1998).
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Figure 5-44. Effect of Air Content on Strength for CC Mixtures.

The changing concentrations of calcium carbonate do not appear to significantly alter this
trend. Most likely this is because the size fraction of the calcium carbonate particles is small
enough to allow them to fill voids within the cement matrix instead of creating additional
porosity or weak inclusions.
For the GRs, and GRsL_78 mixtures, the relationship between strength and air exhibit a
reverse relationship (Figure 5-45). This is because, unlike the calcium carbonate, the rubber
particles are affecting strength in addition to the air voids. The low strength rubber particles are
acting similar to voids in the cement matrix. The rubber mixtures with the lowest air content
contain the highest concentration of rubber, and an apparent reverse relationship between air
content and strength results. This same trend is not seen on the mixtures with steel fibers
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because the amount of air is so much greater than the amount of rubber that it dominates the
effect on strength.

Figure 5-45. Effect of Air Content on Strength for GRs, GRsL_78, and GRs_SF Mixtures.

By plotting strength against the sum of the air content and rubber content, Figure 5-46, a
trend more consistent with the control mixtures results. The increase in compressive strength
due to the latex and steel fibers is also more easily seen. All three strength values of the rubber
and latex mixtures as well as the steel fiber mixtures are greater than the general trend of the
control mixtures.
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Figure 5-46. Effect of Air Content + Rubber Content on Compressive Strength.

The increase in compressive strength caused by the latex is also noticeable when plotting
the strength of the latex only mixtures against air content (Figure 5-47). The strength for all
three mixtures containing only latex had a higher compressive strength than the Base_78
mixture. Recall that the L12 mixture had a reduction in strength due to shrinkage cracks formed
by segregation in the mix. This data point is labeled in Figure 5-47.
Figure 5-48 plots the strength and air relationship for the VG and GRsL_78 mixtures.
The vegetable gum mixtures with 5% and 10% replacement have air contents and compressive
strengths similar to the control mixture with 9% air. The VG-15 mixture however appears to
follow a similar reverse trend to the rubber and latex mixtures. The most likely explanation is
that the low strength is a result of poor consolidation due to the extremely low workability of the
concrete with high VG concentrations.
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Figure 5-47. Effects of Air Content on Strength of Latex Mixtures.

Figure 5-48. Effects of Air Content on Strength of VG Mixtures.
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5.3.11 Summary of Phase I Results
Phase I consisted of a single control mixture and 24 damping mixtures using Concredamp
(VG), ground rubber with the smallest particle size gradation (GRs), Styrofan latex (L), calcium
carbonate (CC), and steel fibers (SF).
The best damping admixture was the vegetable gum improving damping up to 2.5 times
compared to the base. The other single additive mixtures (CC and GRs) did not improve
damping significantly. The addition of steel fibers to the GRs mixtures caused significant
increase in air content and although the presence of the steel fibers helped strength, this was
offset by the high air.
Adding latex to the rubber mixtures improved air content, strength, and damping. The
GRsL_78 mixtures had the second best damping performance out of the Phase I samples. The
presence of the latex caused a decrease in air of 1.5% while moderate strength gains were also
observed.
All of the additives increased air content with the GRs mixtures having the most
detrimental effect. Although the ground rubber and vegetable gum did have a tendency to add
entrained air, the amount of air added to the mix was shown to be dependent on the amount of
No. 30-50 sieve sand present in the mix.
Finally, the increase in air content led to a decrease in strength for all mixtures. For the
VG and CC mixtures, the decrease in strength appears to be a result of only the added air while
the mixtures with rubber have an addition reduction due the presence of the weak rubber
particles.
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5.4 Phase II Results
Phase II was an investigation into the effects of rubber size on damping and air content.
Using the results of Phase I, a second Base mix (Base_57) was used for the preparation of the
mixtures. This new base mix used different aggregate gradations and silica fume in an attempt to
reduce the entrained air caused by the rubber. First, the effects on the mechanical properties and
damping for each rubber size are presented separately. Next damping comparisons are made
between the additives. This is followed by a discussion on the entrainment of air.

5.4.1 Results for Base_57 Mixture
The measured properties for the Base_57 mixture are presented in Table 5-21 and
compared to the Base mixture from Phase I.

The Base_57 mixture had nearly twice the

compressive strength as Base_78.

Table 5-21. Measured Properties for Base_57.

Mix ID
Base_78
Base_57
a

W/C

% Additive

0.6
0.4

-

a

% Air
1.8
1.6

Strength,
ksi
4.39
8.30

Static
Modulus, ksi
4000
5150

Percentage of total mix volume that is damping additive solids.

Plots for dissipated energy and specific damping are shown in Figure 5-49 and Figure
5-50 respectively. Due to the increased strength, nearly all the Phase II mixtures had a larger
elastic strain capacity than the concretes in Phase I. This is clear from both figures. The 30 µε
intercepts of the specific damping were nearly the same (Table 5-22) while the dissipated energy
was also very similar despite the differences in W/C ratio, CA size, aggregate ratios and the
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gradation of the FA. The main difference was that the stronger and stiffener Base_57 mixture
had a smaller increase in damping over the elastic range.

Figure 5-49. Dissipated Energy for Base_57.

Figure 5-50. Specific Damping for Base_57
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Table 5-22. Regression Coefficients for Base_57 Mixture.

UD Regression

Mix ID

Y Regression
Y0
Slope

Damping, εrange = 3E-5
Y3E-5
ζeq

C

α

Base_78

521704

2.21

222.1

0.100

0.107

0.85%

Base_57

836209

2.25

138.2

0.113

0.117

0.93%

5.4.2 Results for GRs Mixtures
The mechanical properties for the GRsL_57 mixtures are tabulated in Table 5-23. The
first observation is that the air content follows the same decreasing trend with increasing additive
but is much more sensitive to changes in rubber content. The air at 20% replacement is 2.7%
compared to 6% for the GRs15L12_78 mixture. The air and rubber still caused a significant
decrease in compressive strength, but because the Base_57 mixture was over 8 ksi, the resulting
strengths of the rubberized mixtures were all over 4.5 ksi which is suitable for structural
concrete.

Table 5-23. Measured Properties for GRsL_57 Mixtures.

Strength,
Static
ksi
Modulus, ksi
Base_57
0.4
1.6
8.30
5150
GRs5L4_57
0.4
GR 1.0 - L 0.9
8.5
4.56
3950
GRs10L8_57
0.4
GR 2.0 - L 1.7
6.5
5.65
3500
GRs15L12_57
0.4
GR 3.0 - L 2.6
4.5
6.06
4400
GRs20L16_57
0.4
GR 4.1 - L 3.5
2.7
5.57
4250
a
Percentage of total mix volume that is damping additive solids.
Mix ID

W/C

a

% Additive

% Air

The dissipated energy increased with increasing rubber and latex concentration but all
mixtures dissipated less energy than the control (Figure 5-51). Specific damping increased with
increasing additive (Figure 5-52), however, similar to the previous ground rubber mixtures, the
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lower concentrations had less damping than the base.

There was a consistent increase in

damping per increase in rubber and latex up to a replacement level of 15% rubber. The specific
damping line at 20% replacement had less damping at the lower strain ranges but had steeper
slope meaning it was more sensitive to changes in the strain range.

Figure 5-51. Dissipated Energy for GRsL_57 Mixtures.

Figure 5-52. Specific Damping for GRsL_57 Mixtures.
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Table 5-24. Regression Coefficients for GRsL_57 Mixtures.

UD Regression

Mix ID

Y Regression
Y0
Slope

Damping, εrange = 3E-5
Y3E-5
ζeq

C

α

Base_57

836209

2.25

138.2

0.113

0.117

0.93%

GRs5L4_57

501006

2.24

170.5

0.091

0.096

0.76%

GRs10L8_57

424554

2.20

153.7

0.120

0.125

0.99%

GRs15L12_57

664923

2.23

187.1

0.134

0.140

1.11%

GRs20L16_57

1661119

2.35

251.6

0.099

0.107

0.85%

5.4.3 Results for GRm Mixtures
The measured properties for the mixtures containing the medium rubber are shown in
Table 5-25. Comparing the air content to the mixtures with the fine rubber shows that the
medium rubber particles entrain less air. The results indicate that the smaller surface area of the
larger rubber particles (at a constant volume, there will be less surface area for larger particles)
plays a role in air entrainment.

Table 5-25. Measured Properties for GRmL_57 Mixtrues.

Mix ID
Base_57
GRm5L4_57
GRm10L8_57
GRm15L12_57
GRm20L16_57
a

W/C

% Additivea

% Air

0.4
0.4
0.4
0.4
0.4

GR 1.0 - L 0.9
GR 2.0 - L 1.7
GR 3.1 - L 2.7
GR 4.1 - L 3.6

1.6
6.0
3.5
1.4
1.1

Strength,
ksi
8.30
5.04
5.76
5.64
5.16

Static
Modulus, ksi
5150
4200
4100
4100
3700

Percentage of total mix volume that is damping additive solids.

The dissipated energy plot (Figure 5-53) as well as the specific damping plot (Figure
5-54) show similar results of the cylinders with the smaller rubber particles. Dissipated energy
and specific damping increase uniformly with increasing rubber and latex. Only the 15% and
20% rubber mixtures have more damping than the Base.
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Figure 5-53. Dissipated Energy for GRmL_57 Mixtures.

Figure 5-54. Specific Damping for GRmL_57 Mixtures.
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Table 5-26. Regression Coefficients for GRmL_57 Mixtures.

UD Regression

Mix ID

Y Regression
Y0
Slope

Damping, εrange = 3E-5
Y3E-5
ζeq

C

α

Base_57

836209

2.25

138.2

0.113

0.117

0.93%

GRm5L4_57

243179

2.15

123.1

0.099

0.103

0.82%

GRm10L8_57

202400

2.11

82.8

0.116

0.118

0.94%

GRm15L12_57

248186

2.11

133.3

0.135

0.139

1.11%

GRm20L16_57

334873

2.13

168.3

0.152

0.157

1.25%

5.4.4 Results for the GRlg Mixtures
An even further reduction in air content was measured for the mixtures with the large
rubber particles (Table 5-27).

For all mixtures containing 10% or more fine aggregate

replacement with rubber, the measured air was below the design air content of 2.0%. Similar to
the other Phase II mixtures, all of the concretes had acceptable strength.

Table 5-27. Measured Results for GRlgL_57 Mixtures..

Mix ID
Base_57
GRlg5L4_57
GRlg10L8_57
GRlg15L12_57
GRlg20L16_57
a

a

W/C

% Additive

0.4
0.4
0.4
0.4
0.4

GR 1.0 - L 0.9
GR 2.0 - L 1.7
GR 3.1 - L 2.7
GR 4.2 - L 3.6

% Air
1.6
4.5
1.9
1.0
0.9

Strength,
ksi
8.30
5.65
5.58
5.24
4.22

Static
Modulus, ksi
5150
4650
4150
3950
3150

Percentage of total mix volume that is damping additive solids.

The dissipated energy (Figure 5-55) and specific damping (Figure 5-56) results are much
more scattered than the smaller rubber mixtures. The specific damping remains nearly constant
throughout the elastic strain range. Comparing the regression coefficients of Table 5-28 with
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those from the GRsL_57 and GRmL_57 mixtures there is a consistent reduction in the slope of
the specific damping curves with increasing rubber particle size. For the large rubber particles,
nearly all of the damping capacity is utilized at very low strain ranges.

Figure 5-55. Dissipated Energy for the GRlgL_57 Mixtures.

Figure 5-56. Specific Damping for the GRlgL_57 Mixtures.
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Table 5-28. Regression Coefficients for GRlgL_57 Mixtures.

Mix ID

UD Regression

Y Regression
Y0
Slope

Damping, εrange = 3E-5
Y3E-5
ζeq

C

α

Base_57

836209

2.25

138.2

0.113

0.117

0.93%

GRlg5L4_57

141663

2.04

50.3

0.143

0.145

1.15%

GRlg10L8_57

190408

2.09

73.7

0.127

0.129

1.03%

GRlg15L12_57

211371

2.07

78.5

0.186

0.188

1.50%

GRlg20L16_57

112669

2.01

17.6

0.216

0.217

1.72%

5.4.5 Comparison to Phase I Mixtures.
The best damping mixture from each group (GRs15L12_57, GRm20L16_57,
GRlg15L16_57) are compared to both the control and the 15% rubber mixture from Phase I
(GRs15L12_78) in Figure 5-57 and Figure 5-58. The results show that the large rubber pieces
provide the best damping at low strains and that the medium rubber sizes provide slightly more
damping than the small rubber particles.
When comparing to the Phase I rubber and latex mixture, the Phase II mixtures with the
small rubber particles do not damp as well. Although the strength and stiffness of the Phase II
mixtures are closer to the desired values, a sacrifice in damping is made.
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Figure 5-57. Comparison of Phase II Dissipated Energy.

Figure 5-58. Comparison of Phase II Specific Damping.
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5.4.6 Air Content and the Effect on Strength
5.4.6.1 Effect of Rubber Size on Air Content

Similar to Phase I, all of the rubber and latex mixtures had decreasing air with increasing
rubber and latex concentrations. Figure 5-59 plots the measured air content against the total
volume of rubber in each mixture. Two trends are noticeable. First, the entrained air decreases
with rubber particle size. The larger particles with smaller total surface area entrain less air into
the mixture indicating that the amount of entrained air is dependent on surface area. Second, the
Phase II mixtures are much more sensitive to changes in the mix proportions. The decreasing
trend of all the Phase II mixtures is consistent and much steeper than seen in Phase I meaning
that the air entrainment is also dependent on the proportions and gradations of the other concrete
ingredients.

Figure 5-59. Effect of Rubber Percentage on Air Content.
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5.4.6.2 Effect of FA Gradation on Air Content

Like the mixtures from Phase I, the amount of entrained air is related to the percent of FA
on the No. 30-50 sieves. Figure 5-60 plots this relationship showing that as the amount of No.
30 to 50 sieve sand increases so does the air content. Recall that for the Phase II mixtures, the
Wythville Fines gradation that was used eliminated any sand that did not pass through the No. 40
sieve. The air increased with increasing critical (30 – 50 sieve) sand content much faster for the
Phase II mixtures as compared to Phase I. The reason is because all other aspects of the Phase II
mixtures were designed to reduce air content (CA percentage, FA gradation, W/C ratio, use of
silica fume). As a result, the air content was much more sensitive to the amount of No. 50 sieve
sand in the mix.

Figure 5-60. Effect of No. 30-50 Sand Sizes on Air Content
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5.4.6.3 Effect of Rubber Concentration and Air Content on Strength

The effect of rubber particle size on strength is shown in Figure 5-61. The horizontal
axis is the percentage of total volume that is air and rubber. Most of the mixtures in Phase II
had similar strengths between 5 and 6 ksi over a wide range of void percentage (3.5 to 8%). The
results show a finding not illustrated in Phase I: that the resulting strength of a rubberized
concrete mixture is not only dependent on the amount of rubber and air but also on the size of the
included rubber particles. Although the larger rubber particles (indicated with a solid circle in
Figure 5-61) had a positive effect on reducing air content, the effect on strength was countered
by the larger voids created in the cement matrix by the bigger chunks of weak material. For the
tests performed in Phase II, the larger size of the rubber particles had more influence on the
resulting strength than the reduction in air content.

Figure 5-61. Effect of Air and Rubber Concentration on Strength.
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5.4.7 Summary of Phase II Results
The purpose of the Phase II tests were to mix and test concrete mixtures containing
rubber and latex that had sufficient strength to be used as a structural material. This was
achieved by altering the control mixture to both increase its strength and minimize the tendency
to entrain air. Additionally, rubber particles of three different sizes were used to investigate the
effect of rubber particle size on air entrainment, compressive strength, and damping.
The results of Phase II indicated that rubber particle size does have an effect on air
content, strength, and damping. The amount of entrained air is partially related to rubber particle
size. As the size of the rubber particles increased (and therefore the amount of rubber surface
area is reduced) the amount of air entrainment decreased when the volume of rubber was kept the
same. This supports the theory that the entrained air is caused by the tendency of the rubber to
repel water.
Contrary to intuition however, as the rubber concentration increased, the air content
decreased. For any particular rubber size, the amount of entrained air is much more strongly
related to the amount of No. 30 to No. 50 sieve sand in the mix than the actual rubber
concentration. The increase in air content caused by the rubber is counteracted by the reduction
of sand due to the substitution method used for including the rubber.
The control of air is not simply related to the amount of sand present in the mix. Air
content can be controlled by numerous other parameters including cement size, silica fume, w/c
ratio, CA size, and CA/FA ratio. All of these parameters were adjusted from the Phase I
mixtures in an effort to reduce the air entraining tendencies of the Phase II mixtures. The results
showed that at small replacements of FA with rubber these measures did not affect entrained air
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much, but as more rubber was added to the mix, and therefore more FA removed, the reduction
of air content was much more dramatic as compared to Phase I.
The resulting compressive strength is dependent on the size of the rubber particles. Phase
I results showed that compressive strength is a function of the air content and the rubber content
while Phase II results indicated that there is an additional reduction in strength for larger rubber
particles.
Overall, the Phase II mixtures were able to improve air content, strength, and stiffness
over the Phase I mixtures but the amount of damping decreased.

When comparing

GRs15L12_78 from Phase I with GRs20L16_57 from Phase II (similar total concentration and
particle size) both the initial damping at the 30 µε intercept as well as the slope of the specific
damping line were reduced in the Phase II mixture. Damping was found to be better in mixtures
with larger rubber particles but at the sacrifice of compressive strength.

5.5 Phase III Results
The purpose of Phase III was to take the most promising results from Phase I and II with
regard to damping, mix strength (w/c), aggregate size, air entrainment, and rubber size and
attempt to improve upon the rubber and latex mixtures of Phase I and II. The results of Phase I
and II revealed that smaller CA produced mixtures with better damping qualities, the increased
water-to-cement ratios of Phase II produced mixtures with sufficient strength and that the air
content is highly related to the gradation of the FA and size of the rubber. These ideas were used
to produce a final mixture set to be tested for damping which included a w/c of 0.45 and the use
of the Wythville fines. The smallest rubber particles were chosen so that direct comparison
could be made to the Phase I rubber and latex mixtures. Phase III consisted of four mixtures: a
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control (Base_78III) along with three different concentrations of rubber (GRs5L4_78III,
GRs10L8_78III, and GRs15L12_78III).

5.5.1 Results for Base_78III Mixture
The measured mechanical properties and air content of the control mix are shown in
Table 5-29 and compared to the Phase I and Phase II controls (Base_78 and Base_57). The
lower w/c for the Base_78III mixture resulted in a strength of 7.47 ksi or a nearly 60% increase
from the Phase I control. The air content was measured at 5.0% which is difficult to explain.
The only difference between the two mixtures shown in Table 5-29 is an increase in the cement
content, a decrease in w/c ratio, and a finer gradation of the fine aggregate all of which are
changes that have been shown to reduce air content (Portland Cement Association, 2008).

Table 5-29. Properties of Base_78III Mixture.

Mix ID
Base_78
Base_57
Base_78III

W/C

% Additive

% Air

0.6
0.4
0.45

-

1.8
1.6
5.0

Strength,
ksi
4.39
8.30
7.47

Static
Modulus, ksi
4000
5150
5250

The dissipated energy of the Base_78III mixture is compared to the base mixtures from
Phase I and II in Figure 5-62. The Phase III control mixture dissipated energy at nearly the same
rate as the Phase I control mixture and slightly less than the Phase II control mixture. The same
relationship is seen for the 30 µε intercept of the specific damping plot (Figure 5-63) however
the rate at which damping increases with increasing strain range is closer to the Phase II mixture.
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Figure 5-62. Comparison of Dissipated Energy for Base Mixtures.

Figure 5-63. Comparison of Specific Damping for Base Mixtures.
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Observation of all three base mixtures shows that in general the damping behavior of the
normal concrete specimens was very similar. In general, all of the control mixtures had a 30 µε
intercept of the specific damping curves between 0.80% and 0.93% (presented as damping ratio)
and the measured damping increased with increasing strain through the elastic range to around
1.5% (Table 5-30).
Table 5-30. Regression Coefficients for Base Mixtures.

UD Regression

Mix ID

Y Regression
Y0
Slope

Damping, εrange = 3E-5
Y3E-5
ζeq

C

α

Base_78

521704

2.21

222.1

0.100

0.107

0.85%

Base_57

836209

2.25

138.2

0.113

0.117

0.93%

Base_78III

481085

2.20

157.4

0.096

0.101

0.80%

5.5.2 Results for GRsL_78III Mixtures
Measured properties for all Phase III mixtures are shown in Table 5-31. The first
observation is that although there is a significant decrease in strength as compared to Base_78III,
the resulting strengths are still in the range of usable structural concrete. Similar to all other
rubberized mixtures in this study, the air content was greatest for the mixture with the least
amount of rubber and decreased with increasing rubber concentration.
Table 5-31. Properties of Phase III Mixtures.

Mix ID

5.0

Strength,
ksi
7.47

Static
Modulus, ksi
5250

GR 1.4 - L 1.2

9.5

5.50

4000

0.45

GR 2.8 - L 2.2

8.5

5.60

3650

0.45

GR 4.4 - L 3.8

3.7

5.36

3350

a

W/C

% Additive

% Air

Base_78III

0.45

-

GRs5L4_78III

0.45

GRs10L8_78III
GRs15L12_78III
a

Percentage of total mix volume that is damping additive solids.
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The dissipated energy plot in Figure 5-64 shows a decrease in energy dissipation for the 5% and
10% replacement mixtures (not uncommon due to the lower modulus) and an increase for the
15% replacement. Only the GRs15L12_78III mixture provided any significant increase in
damping over the base. As shown in Figure 5-65, the damping results for the 5% and 10%
replacement are not significantly different than the base.

Figure 5-64. Dissipated Energy for Phase III Mixtures.
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Figure 5-65. Specific Damping for Phase III Mixtures.

5.5.3 Comparison to Phase I Mixtures
A comparison to the Phase I mixtures is shown in Figure 5-66. Both the Base and the
15% rubber mixtures are shown. Recall that the only difference between the Phase I and III
mixtures is the w/c ratio and the gradation of the fine aggregate. For both the base mix and the
15% rubber (shown because it had the highest damping) the Phase III mixtures did not achieve
the same level of damping as their counterparts from Phase I. The implication is that although
the Phase III mixtures are much improved with regards to air entrainment and strength, these
benefits come at the cost of damping performance.
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Figure 5-66. Comparison of Phase III and Phase I Mixtures.

5.5.4 Air Content and the Effect on Strength
5.5.4.1 Effect of Rubber Concentration on Air Content

A plot of air content vs. rubber concentration is shown in Figure 5-67 as the dark line
with the solid diamonds. The results from the rubber mixtures from Phase I and II are also
shown as grey lines. The relationship between rubber and air content for the Phase III mixtures
does not clearly follow any of the previous results but does share some general characteristics.
First, like the other three mixtures with the small rubber (shown with the hollow circle, solid
square and solid triangle) the addition of 1.4% rubber as a total volumetric concentration
(equivalent to 5% replacement of FA for these mixtures) increases the air content to between
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7.5% to 9.5%. There is a sharp decline in measured air when the rubber concentration is
increased from 2.8% to 4.4% (10% replacement to 15% replacement) which is more similar to
the behavior of the Phase II mixtures which contained the finer gradation of FA among other
measures to reduce air. From this standpoint, the use of the fine rubber gradation in the Phase III
mixtures was a success as the air content for the 15% replacement mixture was a reasonable
3.7%.

Figure 5-67. Measured Air Content for Phase III Mixtures.

5.5.4.2 Effect of FA Gradation on Air Content

The results of the Phase III mixtures also confirm that the main variable controlling air
content once the rubber particles have been added is the percentage of No. 30 to No. 50 sieve
sand in the total mix volume. Figure 5-68 plots the measured air content against the volume of
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this critical sand gradation. The filled diamonds are the data points generated by the Phase III
mixtures. The result is a steep trend that is similar to the Phase II mixture with the same
gradation of rubber and shown by the triangles. The finer sand gradation makes the mixture
much more sensitive to changes in the quantity of sand in the No. 30 to No. 50 sieve range

Figure 5-68. Effect of No. 30-50 Sand Sizes on Air Content for Phase III Mixtures.

5.5.5 Summary of Phase III Results
The purpose of Phase III was to attempt to create a rubber and latex concrete mixture that
contained the most desirable properties of mixtures from Phase I and II. The resulting mixture
contained a W/C ratio of 0.45 to increase strength and stiffness, the Wythville Fines FA to
control entrained air, up to 15% replacement of FA with small rubber particles to provide
damping, and the use of latex to provide bond between the cement paste and rubber.
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From the perspective of reducing air content and creating a mixture with adequate
strength the Phase III mixtures were a success. But from a damping perspective the Phase III
mixtures did not provide the same damping as the Phase I rubber and latex mixtures with the
same concentrations of the additives.
A consistent finding with respect to damping is that there is a tradeoff between stiffness
and damping. The GRs15L12_78 mixture from Phase I and the GRs15L12_78III mixture from
Phase III had the same concentrations of rubber and latex. The Phase I mixture had a static
modulus of 2150 ksi compared to 3350 ksi of the Phase III mixture but the damping (in terms of
30 µε intercept of the specific damping plot) of the Phase I mixture was ζeq = 1.29% compared to

ζeq = 0.99% for the Phase III mixture.
The damping tests for base mixtures from Phase I and Phase III showed that the
variations of water-to-cement ratio and fine aggregate size did not have a significant influence on
the measured damping. However, when rubber and latex were added to these base mixtures the
gains in damping were affected. Both mixture sets (Phase I and Phase III) contained the same
volume of rubber, latex, coarse aggregate and fine aggregate. The only differences were a
reduction in water-to-cement ratio from 0.6 to 0.45 for Phase I to Phase III and smaller fine
aggregate particles were used for the Phase III mixtures. Despite having the same volumes of
rubber and latex the Phase III mixtures provided less damping. The common effect that a
reduced water-to-cement ratio and a more finely graded fine aggregate is to increase the density
of the cement aggregate matrix surrounding the coarse aggregate and rubber particles. The
results suggest that the damping is related to properties of the cement paste.
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CHAPTER 6:

ANALYSIS OF EXPERIENTAL DATA

6.1 Prediction of Strength Reduction Factors for Concrete with Rubber
Particles
A mathematical model was presented by Popovics (1998) to provide a quantitative
description of the role of air content (porosity) on the compressive strength of concrete and is
shown in Eq. 6-1


a
SRF = 1 −
 a cr

a

−γ

 * 10 acr


Eq. 6-1

where
SRF

=

strength reduction factor for compressive strength of a
porous hardened concrete as a fraction of the compressive strength
of the pore-free material.

acr

=

critical porosity or air content at which the strength
becomes zero, %

a

=

relative volume of air content or other pores, %

γ

=

experimental coefficient

The expression in parenthesis of Eq. 6-1 reflects the reduction of solid material due to the
pores. The second term represents the additional effects of the pores, mainly the additional
reduction in strength due to stress concentrations that result at pore tips. The ratio of a/acr
represents ratio of the measured porosity to the critical porosity. The inclusion of a critical
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porosity reflects the fact that there is a level of porosity for which the compressive strength
becomes zero. Popovics (1998) recommends a value of 60% be used for acr
Eldin and Senouci (1993) used this model to predict the compressive strength of concrete
with rubber chips. The authors showed that because the strength of the rubber chips were very
low, the model was acceptable by substituting the percentage of rubber for the variable a in Eq.
6-1. The model fit quite well as illustrated in Figure 6-1.

Figure 6-1. Comparison of Experimental Results with Eq. 6-1 (From Eldin and Senouchi ,1993 p. 494;
Reprinted with permission, ASCE, 2011).

A disadvantage to Eq. 6-1 is that it can only be applied to a single parameter for porosity
(either air or rubber). Eldin and Senouci (1993) did not report air content in their study and only
used rubber concentration as a measure of porosity.
One possibility for the inclusion of both rubber and air as parameters would be to use Eq.
6-2
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−γ
 a+r
 * 10
SRF = 1 −
a cr 


( a + βr )
acr

Eq. 6-2

where the parameters are the same as in Eq. 6-1 and
r

=

volume of rubber, %

β

=

experimental coefficient

The first term on the right side of Eq. 6-2 represents the reduction in strength due to a
reduction of solid volume calculated as the sum of both the air content and the rubber content.
The same modification is made to the second term but a second experimental constant, β, is also
added. This constant represents a rubber size factor that can represent the strength loss caused
by different rubber particle sizes. The term βr is the additional porosity caused by the rubber
scaled by a factor of β. It can be thought of as an equivalent air content that would cause the
same strength reduction as the larger rubber particles. If the rubber particles are larger than the
entrained air, then values of β are anticipated to be greater than 1. The β parameter is specific to
the size of the rubber particles. Because three different sizes were used, a different β is required
for each.
Using this concept, Eq. 6-2 can be expanded to include all three rubber particle sizes as
shown in Eq. 6-3.
 a + rT
SRF = 1 −
a cr


−γ

 * 10


( a + β s rs + β m rm + β l rl )
acr

Eq. 6-3
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where
rs

=

volume of small rubber particles, %

rm

=

volume of medium rubber particles, %

rl

=

volume of large rubber particles, %

rT

=

total volume of rubber particles, %

βs

=

experimental coefficient for small rubber particles

βm

=

experimental coefficient for medium rubber particles

βl

=

experimental coefficient for large rubber particles

Because all rubber mixtures tested as part of this study only included one gradation of
rubber (i.e. small and large rubber particles were not mixed), Eq. 6-3 reduces to Eq. 6-2 for all
mixtures.

However, Eq. 6-3 allows for the simultaneous solution of all 4 experimental

parameters using multiple linear regression. Eq. 6-3 is converted to linear form by taking the
log10 of both sides which results in Eq. 6-4.

 a + rT
log10 ( SRF ) − log10 1 −
a cr



 a
 = −γ 

 a cr


 r
 − γβ s  s

 a cr


r
 − γβ m  m

 a cr


 r
 − γβ l  l

 a cr





Eq. 6-4

Eq. 6-4 is now in the form of
y = b0 + b1 x1 + b2 x 2 + b3 x3 + b4 x 4

Eq. 6-5

where
b0

=

0

b1

=

-γ
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b2

=

-γβs

b3

=

-γβm

b4

=

-γβl

x1

=

 a

 acr





x2

=

 rs

 acr





x3

=

 rm

 a cr





x4

=

 rl

 a cr





A multiple linear regression was performed on the strength data from this research to
determine the coefficients b1, b2, b3, and b4 with the constant term kept at zero. When applying
Eq. 6-4 to the measured data, the terms a and r are used to represent the increase in air content
and rubber content over the base mix. For example, the Base_78 mixture had 1.8% air before
rubber addition and the increase of 1.4% rubber by volume of concrete (5% replacement of FA)
increased the air content to 7.5%. The relative increase over the base (5.7%) is used because the
SRF is calculated with respect to the strength of the Base_78 mixture.
The regression results and corresponding values of γ, βs, βm, and βl are shown in Table
Table 6-1. The small p-values confirm that the strength reduction factor is related to air content,
rubber content and rubber size.

197

Table 6-1. Regression Coefficients for Eq. 6-5 and model parameters for Eq. 6-4Eq. 6-2.

Regression
Coefficient
b 1 = -1.1623
b 2 = -1.3786
b 3 = -2.8972
b 4 = -4.0424

P-value
6.97E-08
1.16E-05
2.91E-07
1.39E-09

Model
Parameters
γ = 1.162
β s = 1.186
β m = 2.493
β l = 3.478

A plot showing the experimental results compared model prediction for the small rubber
is shown in Figure 6-2a. The model does a good job of predicting the strength reduction
considering it only considers air and rubber content as variables.

The coefficient of

determination (R2 in Figure 6-2b) for the medium rubber calculates to be 0.259. This result is
caused by the small number of data points and the single outlier that is plotted below the trend
line. When all of the rubberized concrete mixtures are plotted against the model (Figure 6-2d)
the coefficient of determination shows a strong relationship (0.73) indicating that the strength
reduction can be predicted reasonably well by only considering rubber and air concentrations
even though the data was generated by concrete mixtures with different aggregate sizes, w/c, and
compressive strengths.
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(a)

(b)

(c)

(d)

Figure 6-2. Strength Factor Predicted vs Experimental for mixtures with (a) small rubber (b) medium rubber
(c) large rubber and (d) all mixtures.

All of the rubber size coefficients, β, shown in Table 6-1 are greater than 1 and increase
with increasing rubber size. Physically this means that the rubber particles decrease strength
more than an equivalent volume of air (since β > 1) with larger particles being more of a
detriment to strength than smaller ones.
Eq. 6-3 can be further generalized by writing the rubber size coefficient, β, in terms of
the average size of the rubber particle in each gradation. The average sized rubber particle for
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the small, medium, and large rubber gradations are 0.327 mm, 1.320 mm, and 7.159 mm
respectively.

These values are plotted against the respective β values from the regression

analysis in Figure 6-3. A logarithmic fit to the data produces the equation for β in terms of the
average rubber particle size, savg shown in the figure.

Figure 6-3. Relationship of Average Rubber Particle Size to β .

Substitution of this equation as well as γ and the value of 0.60 for acr into Eq. 6-2 results
in Eq. 6-6 which allows a prediction in the reduction in strength for rubber sizes other than those
tested. Eq. 6-6 is a strength reduction equation in terms of rubber concentration, rubber size, and
the relative entrained air caused by the rubber. This form is convenient because the properties of
the rubber are known and the increase in air content for any particular mix design can be
estimated from trial batches.
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 a+r
−3.28 r
SRF = 1 −
* 10 −1.94( a + 2.11r )
 * s avg
0.60 


Eq. 6-6

where the parameters are the same as in Eq. 6-1 and
savg

=

average rubber particle size, mm

a

=

additional air content caused by the rubber, %

r

=

volume of rubber, %

The results of the experimental data plotted against Eq. 6-6 are shown in Figure 6-4.
Comparison with Figure 6-2d shows only a small reduction in the correlation coefficient
(compared to not using the simplification) indicating that the model does an adequate job of
predicting strength reduction using only information about the air content and the rubber.

Figure 6-4. Experimental and Predicted Strength Factor using Eq. 6-6.
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6.2 Comparison of Measured Static Modulus to ACI Equations
Both ACI and AISC provide equations used to estimate the static modulus of concrete
based on the unit weight and 28-day compressive strength (ACI, 2008, AISC, 2006). The ACI
equation is
E cACI = wc 33 f `c
1.5

Eq. 6-7

where
EcACI

=

Static modulus, psi

wc

=

Concrete unit weight, between 90 -150 pcf

f`c

=

28-day compressive strength, psi

while the equation specified by AISC is
E cAISC = wc

1.5

f `c

Eq. 6-8

where the variables are the same as above except that f`c is in ksi and the resulting modulus is
also in ksi. Although both equations take the same form, Eq. 6-7 results in a value that is 1.04
times larger due to rounding.
An analysis was performed to examine whether Eq. 6-7 is adequate when predicting the
modulus of concrete with the damping additives used in this study. Table 6-2 lists the measured
unit weight, 28-day compressive strength, static modulus, and the predicted modulus using Eq.
6-7.
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Table 6-2. Measured and Predicted Values for Static Modulus.

Unit
Weight, pcf
Base_78
146.8
BaseAir_78
136.8
Base_57
152.8
Base_78III
145.6
GRs5
138
GRs10
135.2
GRs15
136
GRs20
130.4
CC2.5
146
CC5
142.8
CC7.5
141.2
CC10
140.8
VG5
135.2
VG10
135.2
VG15
136
L4
145.2
L8
143.9
L12
144.8
GRs5L4_78
137.2
GRs10L8_78
136
GRs15L12_78
134
GRs5L4_57
138.2
GRs10L8_57
140.8
GRs15L12_57
144
GRs20L16_57
145.2
GRm5L4_57
145.2
GRm10L8_57
146.4
GRm15L12_57
148.8
GRm20L16_57
147.2
GRlg5L4_57
146.4
GRlg10L8_57
149.2
GRlg15L12_57
148
GRlg20L16_57
145.6
GRs5L4_78III
138
GRs10L8_78III
135.6
GRs15L12_78III
140.8
Mix ID

f'c, ksi
4.39
2.80
8.30
7.47
2.52
2.40
2.15
1.60
3.65
3.14
2.85
2.89
2.71
2.88
2.25
4.80
5.32
4.52
3.21
2.98
2.81
4.56
5.65
6.06
5.57
5.04
5.76
5.64
5.16
5.65
5.58
5.24
4.22
5.50
5.60
5.36

Ec Measured,
ksi
4000
3150
5150
5250
3100
2750
2650
2050
3650
3600
3350
3100
2850
2800
2350
4450
4400
4200
3350
2650
2150
3950
3500
4400
4250
4200
4100
4100
3700
4650
4150
3950
3150
4000
3650
3350

EcACI, ksi
3889
2794
5679
5011
2686
2541
2427
1966
3517
3156
2956
2964
2701
2784
2483
4000
4155
3866
3005
2857
2713
3620
4144
4439
4309
4099
4436
4498
4234
4394
4492
4301
3766
3967
3899
4036
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Plotting the predicted values against the measured ones results in Figure 6-5. The two
plots shown in the figure are for all mixtures with a single additive (a) and all of the rubber and
latex combination mixtures (b). The solid line in the figure shows perfect correlation between
the measured and predicted values while the dashed lines show a 10% deviation from the
prediction. Figure 6-5a shows that Eq. 6-7 is accurate and conservative for nearly all of the
single additive mixtures. Figure 6-5b shows that in general Eq. 6-7 is slightly unconservative for
the rubber and latex mixtures. Because two additives are being used, a greater percentage of the
resulting concrete is made up of the softer damping material.
Although the majority of the rubber and latex results fell within the 10% band, each
rubber and latex mixture group had one mixture that was more than 10% below the predicted
values. Not surprisingly this was the mixture with the largest concentration of rubber for four
out of the five groups.

(a) Single Additive

(b) Rubber and Latex

Figure 6-5. Comparision of Measured Static Modulus to ACI Equation.

The five samples for which the modulus was over predicted by more than 10% are listed
in Table 6-3 along with the percentage of total concrete volume that is taken up by latex and
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rubber particles. With the exception of the GRs10L8_57 mixture, all of the others had over 7.7%
of the total concrete volume made up of rubber and latex solids.

Table 6-3. Percentage of Total Concrete Volume that is Damping Additives.

Mixture ID

Percentage of
Damping Additives

GRs15L12_78

8.0%

GRs10L8_57

3.7%

GRm20L16_57

7.7%

GRlg20L16_57

7.8%

GRs15L12_78III

8.2%

Overall, the current ACI equation for predicting modulus does an adequate job for
concretes that contain the damping additives used in this study as long as the additives comprise
less than 7% of the total concrete volume.
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CHAPTER 7:

FULL SCALE FOOTBRIDGE TESTS

7.1 Introduction
The construction of the footbridge specimens occurred while Phase I of the damping
material study was ongoing. The main objective of the full scale footbridge testing was to
determine the increase in damping of a composite footbridge when concrete with damping
additive(s) is used instead of a normal concrete. It is expected that the overall gain in damping at
the structural level will be less than the gain achieved at the material level. Overall energy losses
in a structure come from many sources including supports, connections, friction between
materials, and internal material damping. Increasing the damping in only the concrete addresses
a portion of the total damping capacity.
Two footbridge laboratory specimens were tested to determine the modal properties of
each.

Each footbridge was approximately 30 ft long by 7 ft wide with a composite slab

supported by two simply supported wide flange beams. The footbridges are similar in size to
footbridges tested by Davis (2008) at Virginia Tech.
One footbridge was tested using a base concrete mixture without any damping additives.
The second was constructed with a concrete mixture that has 15% of the fine aggregates replaced
with the CRM ground rubber. The two footbridges were tested to find the relative increase in
damping. The damping was measured using both modal analysis and free vibration decay
analysis.

7.2 Design Guide 11 Acceptance Criteria
This section describes the acceleration acceptance criteria presented in AISC Design
Guide 11 (Murray, et al., 1997) for floor response due to walking excitation. The acceleration

206

limits are based on recommendations by the International Standards Organization (1989). The
acceptance criteria is based on peak accelerations and is illustrated in Figure 7-1 which was
adapted from Murray et al. (1997).

Acceptable peak accelerations are based on both the

environment and the frequency of the vibrations. The most stringent acceleration limits are for
vibrations with frequencies between 4 Hz and 9 Hz which are common natural frequencies of
floors and footbridges.

Figure 7-1. Recommended Peak Accelerations for Human Comfort for Vibrations.

The lines of interest in Figure 7-1 are those labeled for outdoor and indoor footbridges.
The peak acceleration limit for outdoor footbridges is 5.0%g while a reduced limit of 1.5%g is
recommended for indoor footbridges although the Design Guide states that for design purposes,
the limits can be assumed to range between 0.8 and 1.5 times the recommended values
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depending on the duration of vibration and the frequency of vibration events (Murray, et al.,

1997).

7.3 Concrete Materials
The concrete for the full scale specimens came from ConRock in Blacksburg, VA. The
cement met ASTM Type I and II specifications (ASTM, 2007b). The CA had a maximum
nominal size of 3/8 in. (78’s) while the FA was Wythville Sand. Because ConRock supplied the
aggregates for the damping additive study, both the CA and FA were the same materials that
were used for all previous concrete mixtures in this study. A more detailed description of the
aggregates is found in Chapter 4.2.1.2. The damping mixture contained ground rubber from
Crumb Rubber Manufacturers described in Chapter 4.2.2.2.

7.4 Mixture Designs
The damping mixture chosen for the footbridge testing was a 15% replacement of FA
with ground rubber. The rubber mixture was chosen based on both the feasibility of delivering
and placing the mixture at the lab as well as on a limited economic study. Unit prices for three
of the HDC additives obtained from the manufacturers are shown in Table 7-1.
Table 7-1. Additive Unit Costs.
HDC Additive
ConcreDamp

Unit Price
[$/lb]
$2.80

Manufacturer
Durasol Corporation

Styrofan 1186 (Latex)

$0.95

BASF

Ground Rubber

$0.25

CRM Rubber

At the time of construction, Phase I of the material study was ongoing and the only
mixtures tested to date contained ConcreDamp, the fine ground rubber gradation, a combination

208

of rubber and latex, and calcium carbonate. The larger rubber particles, as well as the variations
to aggregate size had yet to be analyzed.
The decision to use a 15% ground rubber mixture was based on a compromise between
damping performance and cost2. An issue particular to floor vibrations is the cost of a concrete
with improved damping properties compared to alternative solutions available to fix vibration
problems. AISC Design Guide 11 (Murray, et al., 1997) notes that when the natural frequency of
a floor is greater than 9-10 Hz then significant resonance to walking does not occur. Therefore,
for a problematic floor with a natural frequency between 4 and 9 Hz, increasing member sizes to
increase stiffness (and natural frequency) is also an available solution. The additional cost
incurred to improve the damping of a composite steel and concrete floor (with a high damping
concrete) must be comparable to the cost of the alternative solution of increasing the size of the
steel members.
The additional cost per cubic yard of concrete for the GRs15_78, VG5, VG10, VG15,
GRs5L4_78, GRs10L8_78, and GRs15L12_78 mixtures from Phase I are shown in Table 7-2.
Calcium carbonate was not considered for use in the footbridges because it provided the least
increase in damping.

2

The convention of plotting specific damping against the range of cyclic strain had yet to be adapted as

default for comparison of damping data when the decision was being made on the design of the concrete for the
footbridge with additional damping. Instead, comparisons were being made based on the damping provided at
similar levels of cyclic stress. The discrepancies between these two assumptions are discussed in more detail in
Section 4.5.3, but in general it led to the false conclusion that the ground rubber (without latex) did indeed provide
increased damping capacity while the results for the ground rubber concrete presented in Section 5.3.5 indicate
otherwise.
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Table 7-2. Increase in Unit Cost for Damping Concretes.

GRs15_78

Additional Concrete
Cost ($/yd3)
$21.50

VG5

$142.80

VG10

$285.60

VG15

$428.40

GRs5L4_78

$48.10

GRs10L8_78

$96.20

GRs15L12_78

$144.30

Mix ID

For comparison, the cost of a 4 ksi concrete delivered in Blacksburg, VA ranges from
108 $/yd3 for a full 8 yd3 truck up to 143 $/yd3 for a reduced load of 3 yd3 or less (Jones, 2011).
It is clear that both the ConcreDamp and latex and rubber mixtures are cost prohibitive.
Additionally, the concrete supplier would not allow a latex based concrete mixture to be put into
a redi-mix truck.

Therefore, a mixture containing only CRM ground rubber with a 15%

replacement of FA by volume was chosen.
The design mix proportions for both footbridges are shown in Table 7-3.

In both

mixtures, the cement was reduced to 564 lb/yd3 or 6 bags and the W/C ratio was reduced from
0.6 to 0.54 in an attempt to recover some concrete strength. All aggregate weights were oven dry
and the water content includes water for both hydration and absorption by the aggregates.
The control mix is identified as FB_Base_78 while the rubberized mixture is identified as
FB_GRs15_78. The “FB” indicates that the mix is used in the footbridges while the remainder
of the naming convention is the same as used in the rest of this dissertation.
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Table 7-3. Footbridge Concrete Mixture Designs.
Mix components, lb/yd3
Mixture IDa
FB_Base_78
FB_GRs15_78
a

b
c
d

b

Coarse
Agg.c

Fine
Agg.d

Cement

Water

Rubber

Total

1714

1448

564

358

-

4084

1714

1245

564

350

88

3961

FB = Footbridge Mixtures, GRs = Small Ground Rubber, Material is specifed by damping
additive followed by % replacement of fine aggregate
CRM Ground Rubber
Maximum 3/8" coarse aggregate designated as 78's
Wythville Sand

7.5 Specimen Design and Construction
7.5.1 Design
Two 30 ft long by 7 ft wide footbridges were constructed within the Thomas M. Murray
Structures and Materials Research Laboratory at Virginia Tech (Figure 7-2). The footbridges
were identical with the exception of the concrete used for the slabs. The footbridges were
intentionally designed so that they would not comply with the vibration serviceability criteria
specified in Design Guide 11 (Murray, et al., 1997) assuming 1% critical damping for the entire
system.

211

Figure 7-2. Footbridge Specimens.

Each footbridge was designed as a composite system with two wide flange steel beams
supporting a concrete deck. The steel beams were W14x26 sections spaced 4 ft on center. The
beams were braced at each end using two L2x2x1/4 angles to form an X-brace and a third angle
welded to the bottom flanges.
The beams supported a 6 in. composite concrete deck which was formed using 1.5 in.
deep steel deck. Nineteen ½ in. diameter welded shear studs extending 4 in. into the concrete
were used on each beam to make the system partially composite. A single stud was placed in
each of the first six ribs on each end of the beams. The remaining 7 studs were spaced evenly
along the beam’s length.
Each footbridge sat on four lubricated swivels to approximate a pinned-pinned
connection as closely as possible. Shown in Figure 7-3, the purpose of the swivels was to
eliminate as much damping as possible from the connection of the footbridges to the supporting
structures.
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Figure 7-3. Swivel used as footbridge support.

7.5.2 Rubberized Concrete Mixing Procedure
The ground rubber for the HDC mixture was weighed out in the laboratory, placed into 5
gal buckets, and transported to the concrete batch plant as shown in Figure 7-4. The rubber had
to be added to the concrete truck manually at the batch plant during the mixing process. The
addition of the ground rubber followed the following steps:
1. The concrete truck was loaded with approximately 45% of the total aggregates
(FA and CA), 30% of the total cement, and 25% of the total water from the
computerized batch plant.
2. The truck was removed from the batching tower and all of the ground rubber was
manually dumped into the truck (Figure 7-5).
3. All of the added ingredients were thoroughly mixed together.
4. The remaining ingredients were added from the batch plant and mixed.

It is standard procedure to hold back some of the total water at the batch plant to be used
for both washing any unmixed aggregates or rubber in the drum back down into the concrete and
for adding the remaining water to the mixture when the truck arrives at the job site.
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Figure 7-4. Ground rubber transported to the concrete plant in buckets.

Figure 7-5. Rubber was manually added to the redi-mix truck before delivery.

7.5.3 Measurement of Concrete Properties
Fifteen cylinders were cast from each batch to measure the same material properties (wet
concrete, mechanical, and damping) that were measured in the damping additive study described
in Chapter 4:. Air content, compressive strength, and static modulus were measured for each
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mixture according to the procedures described in Chapter 4.4. Concrete damping was measured
using the forced harmonic vibration method described in Chapter 4.5.

7.6 Measurement of Footbridge Frequency and Damping
The damping for each specimen was measured using both modal tests and free vibration
decay tests. Modal testing measured the acceleration response of the footbridges when subjected
to harmonic loading of changing frequency. Damping was estimated by fitting an analytical
equation to the measured data. Free vibration decay tests estimated damping by forcing each
footbridge to vibrate in its fundamental mode and allowing it to decay freely with the damping
being measured using logarithmic decrement methods.

7.6.1 Modal Testing
Modal testing was performed on the footbridges by applying a known varying force, in
the form of a chirp signal using an electro-dynamic shaker and measuring the response or
accelerations at various points on the footbridges using accelerometers.
Both the shaker input as well as the accelerometers response was measured with a digital
signal processing (DSP) unit attached to a laptop computer. The DSP unit sent an input voltage
through an amplifier to the shaker to control the amplitude and frequency of the vibrating mass
on the shaker. The applied force was measured with a force plate that was located between the
shaker and test specimen (Figure 7-6). The DSP unit recorded the signals from the force plate as
well as the signals sent from the accelerometers.
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Electo-dynamic
Shaker

Force Plate

Accelerometer

Figure 7-6. Shaker and Force Plate Setup.

The footbridges were excited using “chirp” forcing functions. The purpose of the chirp
was to provide constant energy to the system at a range of frequencies in order to identify any
natural frequencies.
The results of these modal tests were frequency response functions (FRFs). An example
FRF is illustrated in Figure 7-7. The vertical axis of Figure 7-7 plot the magnitude of the FRF
which is calculated as the square root sum of squares of the real and imaginary parts of the FRF.
The FRF is a complex number containing information about both magnitude and phase of the
response with respect to the input. In this report the FRF magnitude is plotted as %g/lb or 1%g
of acceleration caused by 1 lb of input force.

216

FRF Magnitude [%g/lb]

0.8

0.6

0.4

0.2

0

4

5

6

7

8

9

10

11

12

13

14

15

Frequency [Hz]

Figure 7-7. Sample Frequency Response Function.

The location of the peak in Figure 7-7 indicates a natural frequency of the system while
the width and height of the spike is a function of the damping. In all of the modal tests, the
shaker location and chirp frequency range were chosen to isolate the fundamental frequency of
the system. The result is that only a single natural frequency appears within the sweep range of
the FRF.

The shaker was placed along the centerline of the footbridge to reduce any

contributions from torsional modes. In a torsional mode, the majority of the vibration occurs
along the edges of the footbridge while very little movement occurs along the centerline. By
placing the shaker along the centerline, it becomes very difficult to excite a torsional mode
because the force is being input at a location that has very little response in torsion.
The modal properties of the system (frequency, mode shape, and damping) are estimated
using Eq. 2-28 and reproduced below (Ewins 2000). Eq. 2-28 is an analytical expression for the
FRF at any point i caused by an input force at any point k and is a function of the input
frequency, natural frequency, modal damping ratio, and mode shapes.
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R
&x&i
r φi r φ k
= ( jω ) 2 ∑
2
2
fk
r =1 ( −ω + ω r + j 2ζ r ωω r ) M r

Eq. 2-28

where

&x&i

=

acceleration at spatial location, i

fk

=

forcing function at spatial location, k

r

=

mode index

R

=

number of modes

r

φi

=

rth mode vector amplitude at location i

r

φk

=

rth mode vector amplitude at location k

ω

=

forcing frequency (angular)

ωr

=

rth natural frequency (angular)

ζr

=

damping ratio of the rth mode

Mr

=

modal mass of the rth mode

In the modal tests conducted for this report, the FRFs have only one mode (the
fundamental mode) so the summation term in Eq. 2-28 can be removed. Using Eq. 2-28 an
analytical FRF can be fit to the measured data. If the approximated curve closely fits the
measured FRF then it is assumed that the mode shapes, frequencies, and damping of the
analytical model closely represent those of the actual system. For these tests, a least squares
analysis was used to fit Eq. 2-28 to the measured data yielding estimates for the modal
properties. This approximation method can also be used for structures with more than one
excited mode however the estimation process becomes more complicated.
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7.6.2 Log Decrement Method
Another method to estimate damping is by measuring the decay of the footbridges in free
vibration. Eq. 2-10 gives the solution to a single degree of freedom model in damped free
vibration which is discussed in Chapter 2.3.2.



u& (0) + ζω n u (0)
u (t ) = e −ζωnt u (0) cos(ω d t ) +
sin(ω d t )
ωd



Eq. 2-10

where
u

=

displacement

u&

=

velocity

ζ

=

viscous damping ratio

ωn

=

natural frequency

ωd

=

damped natural frequency, ω n 1 − ζ 2

The equation includes two parts: an oscillatory part of the response shown in the brackets
and the exponential decay of the vibration shown outside the brackets.

When multiplied

together, the oscillatory response in bounded between exponential decay limits as illustrated in
Figure 7-8. These limits are defined by the natural frequency and damping of the SDOF model
with the constant C being equal to the intercept of the decay curve to the vertical axis. For a
system with an initial displacement, x0, and no initial velocity, x& 0 = 0 , then C = x0.
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Amplitude

Ce −ζωnt

Time
Figure 7-8. Free Vibration Decay.

In modal superposition analysis, it is assumed that the vibration of any system can be
reduced to a series of SDOF equations where each equation corresponds to the vibration of a
single mode shape. Therefore, as long as one and only one mode is excited in the footbridges,
the response can be reduced to a SDOF equation.
Using the electro-dynamic shaker vibrating only at the natural frequency, the footbridges
were forced to vibrate in only their fundamental mode. When the shaker stopped, the vibration
of the footbridge was allowed to decay to zero. Figure 7-9 shows a sample of both the measured
force between the shaker and the footbridge and the acceleration response for a representative
test. The shaker was allowed to vibrate the structure until a response of constant amplitude was
reached. Then the shaker was turned off and the response decayed to zero.
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Figure 7-9. Input and Response for Exponential Decay Test.

The plots show the interaction between the shaker and the vibration of the footbridge.
The shaker attempts to maintain a constant amplitude force input, however, because the
footbridge is vibrating at resonance, it takes very little force to maintain the vibration. This
accounts for the time between 0 and 8 seconds where both the shaker and the footbridge attempt
to reach a constant state. Around 15 seconds the input voltage to the shaker is tuned off and the
shaker mass stops oscillating. The force plot does not immediately become zero however
because the input force is measured by the force plate located between the shaker and the
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footbridge. The force measured after 15 seconds is the force between the footbridge and shaker
as the shaker is pushed up and down by the vibrating structure.
Damping was estimated by fitting an exponential curve in the form of

C1e C2t + C 3

Eq.7-1

to the peaks of the of free vibration decay response. The curve fitting procedure solves for the
unknown coefficients C1, C2, and C3. Using the coefficient C2 and Eq. 2-10 the modal damping
ratio was calculated using Eq.7-2.

ζ =−

C2

ωn

Eq.7-2

where

ζ

=

viscous damping ratio

ωn

=

natural frequency, angular

7.7 Experimental Procedures
The experimental procedures consisted of tests used to measure the acceleration response
due to walking and modal analysis and free vibration tests used to measure the damping of each
footbridge. The details of each testing procedure are provided below while the methods used to
analyze the data obtained from the experiments is described in Chapter 7.6 above.
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7.7.1 Accelerations Due to Walking Excitations
An experiment was performed to determine the acceleration response due to walking
excitation on each footbridge. In general, the author attempted to walk across each footbridge at
a harmonic of its resonant frequency to determine the peak acceleration response.
An initial FRF analysis was performed to determine the fundamental frequency of each
footbridge (slightly above 9 Hz.). The fundamental frequencies were much larger than typical
walking frequencies of 1.6 – 2.2 Hz. Therefore, the walker used a metronome to walk at an
integer division of the fundamental frequency. For example, the frequency of the footbridge
constructed with the base concrete measured 9.35 Hz so the walker walked at the 4th harmonic of
the natural frequency which was 9.35/4 or 2.34 Hz (140 beats per minute of the metronome).
The natural frequency of both footbridges were larger than 8.8 Hz meaning that the 4th
harmonic was close to but greater than 2.2 Hz which is recommended as the largest reasonable
value for walking frequency (Murray, et al., 1997). This presented two options: first, the walker
could walk at the 5th harmonic of the natural frequency which would fall within the 1.6 – 2.2 Hz
range or the 4th harmonic which fell just above this range. The purpose of the walking tests was
to determine the maximum expected acceleration that could be caused by a walker. As the
frequency of walking becomes a larger harmonic of the natural frequency there is less potential
for resonant buildup of the floor response. For this reason, it was decided that the walker would
walk at the 4th harmonic of footbridge frequency even though it was slightly outside of the 2.2
Hz limit.
Two walking tests were performed on each footbridge. The walker was a 175 lb male
wearing athletic shoes. Each test consisted of a single ten step pass across the centerline of the
specimen with the acceleration response measured at midspan between the two beams.
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7.7.2 Modal Analysis
In the modal tests, the electro-dynamic shaker was placed along the centerline of the
footbridges at the quarter point. Accelerometers were positioned along a grid that divided each
30 x 7 ft footbridge into 8 equal sections along its length and two sections along its width
creating a 9 x 3 grid of 27 measurement points or degrees of freedom (DOF).
The shaker was placed at the quarter point to reduce the amount of force drop off that
occurs in the force autospectrum as the chirp signal passes through the natural frequencies of the
footbridges. When the shaker matches a resonate frequency, the force required to excite the
footbridge becomes very small and is proportional to the damping (Ewins, 2000). The result is a
“force glitch” in the autospectrum of the input measurement as shown in Figure 7-10. The
autospectrum is obtained by performing a fast fourier transform (FFT) on the applied force
history in the time domain. The red line (grey line) shows the force autospectrum calculated by
measuring the acceleration of the shaker mass and converting it to force (by multiplying the
shaker mass and acceleration).

The black line in Figure 7-10 shows the actual force

autospectrum measured using a force plate located between the shaker and the footbridge. The
“glitch” shown by the black line is real but can be easily overlooked if the force autospectrum is
measured using an accelerometer on the shaker mass. Because the force autospectrum is directly
used in the calculation of the FRF, minimizing the glitch is important. Davis (2008) reports that
the size of the force glitches are dependent on the ratio of the vibrating armature mass to the
mass of the structure, but can be reduced by placing the shaker at a location with a smaller
accelerance FRF magnitude.
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Figure 7-10. Force Autospectrum Measured using a Force Plate and an Accelerometer on the Armature
Mass. (From Davis, 2008 p. 25: Reprinted with permission, Dr. Brad Davis, 2011)

A burst chirp with a frequency range of 4 Hz to 15 Hz was selected so that the natural
frequencies of the footbridges (estimated to be around 9 Hz) would be included in the sweep.
Only the fundamental mode of vibration was of interest and limiting the chirp signal to 15 Hz did
not allow higher frequency modes to be excited.
The FRF for each DOF was measured by averaging the results from three separate burst
chirp tests. Each FRF had a bandwidth of 20 Hz with a frequency resolution of 0.05 Hz. The
decision on the number of averages and the frequency resolution was driven by the time it took
to complete the tests. Using more averages or a finer resolution would provide higher quality of
data at the expense of time. For these tests, it was deemed important to test both footbridges on
the same day to limit the effects of environmental factors such as temperature and extraneous
noise caused by other constantly changing actives in the lab.
The modal properties were obtained in the following sequence. First a series of modal
tests were conducted by keeping the shaker at the quarter-span and measuring the acceleration
response at different points along the footbridge. The DSP unit had the capability to record 4
measurements per test: the force input and acceleration at the driving point and two points along
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the grid. A total of 13 tests were required to complete the modal sweep.
modal sweep produced a single FRF indicating natural frequency.

Each point in the

The mode shape was

estimated by comparing the magnitude and direction of the imaginary part of each FRF at the
spectral line of its natural freq.

Once the frequencies and mode shapes were known, the

remaining unknown values of Eq. 2-28 were the modal damping ratios and the modal masses.
These terms control the width and height of the FRF peaks. A least squares analysis was
performed simultaneously on the FRFs for all 27 DOF, and a best fit FRF approximation was
obtained to fit the data, producing estimates for the damping ratio.

7.7.3 Free Vibration Analysis
Damping was also measured using free vibration tests. With the shaker still placed at
quarter-span, two accelerometers were positioned at mid-span to measure response. The shaker
excited each footbridge in its fundamental frequency until a constant response of 5%g was
attained at mid span.

A response of 5%g was chosen because it was near the measured

maximum acceleration measured in the walking tests and because it is the recommended
acceleration acceptance criteria for outdoor footbridges as specified in Design Guide 11 (Murray,
et al., 1997). Next the shaker was turned off and the decay of the response was recorded with a
time resolution of 0.0039 seconds. The damping was estimated by fitting an exponential decay
curve to the data.

The response signal was first truncated to eliminate any response

measurements taken before the shaker was turned off.

Next, the successive peaks of the

response curve were found using a peak finding algorithm. A data point was considered a peak
if it was greater than zero and larger than the two data points immediately before and
immediately after it. This rather simple peak finding algorithm was sufficient for determining
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the data peaks. An example of the measured acceleration response and corresponding data peaks
is shown in Figure 7-11
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Figure 7-11. Example of Measured Acceleration Decay and Peak Values.

7.8 Experimental Results
7.8.1 Concrete Mechanical Properties
The measured properties of both concrete mixtures are presented in Table 7-4. As
illustrated in the table, the entrained air in the rubber concrete was extremely high at 14%.
Entrained air at this concentration was unexpected. Ground rubber concrete mixtures from Phase
I with rubber concentrations of 15% and below had a maximum of 9% entrained air with the air
content decreasing with increasing rubber concentration.
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It is possible that both the increased batch size (4 cubic yards) and the mixing method (in
a redi-mix truck) could have been factors that caused the increase in entrained air that were not
factors in trail batching. It is also possible that mixing time could affect the entrained air. The
concrete is mixed for a much longer period of time in the back of a truck both at the plant and at
the job site than was ever attempted in the laboratory setting. The increased air had a detrimental
effect on unit weight, compressive strength, and modulus.

Table 7-4. Footbridge Concrete Properties.

Slump
[in]

Air
Content
[%]

Unit Wt.
[pcf]

Comp.
Strength
[ksi]

Static
Modulus
[ksi]

FB_Base_78

6.00

2.4

147

5.0

3700

FB_GRs15_78

5.75

14

127

1.9

1900

Concrete
Mixture

7.8.2 Concrete Damping
Damping was measured from cylinder specimen cast at the same time as the footbridges.
The forced harmonic vibration method described in Chapter 4 was used to obtain the damping
measurements. For each batch of footbridge concrete, three cylinders were tested. Dissipated
energy is plotted in Figure 7-12 while specific damping is plotted in Figure 7-13.
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Figure 7-12. Comparison of Dissipated Energy for Footbridge Mixtures

Figure 7-13. Comparison of Specific Damping for Footbridge Mixtures
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The specific damping plots are consistent with those obtained for the GRs_78 mixtures
tested in Phase I of the study. The slope of the specific damping line is larger than that of the
base mixture but the damping provided at low strains is slightly less. A finite element model of
the footbridge structures (described in Chapter 7.9.2) showed that when the footbridges are
vibrating with a peak midspan acceleration of 5%g then the maximum cyclic strain range is 45
microstrain. Therefore, for any reasonably expected cyclic strain ranges caused by walking, the
FB_GRs15_78 concrete provides less damping than the FB_Base_78 mixture.
Regression coefficients for both the dissipated energy and specific damping plots are
shown in Table 7-5. The specific damping regressions have similar relationships to those found
in Phase I for the mixtures that contained only ground rubber. The damping at low strain ranges
is decreased from the base mix but the slope has increased. For the strain ranges of interest,
however, the rubber mixture provides less damping than the base mix.

Table 7-5. Regression Coefficients for Footbridge Mixtures

Mix ID

UD Regression

Y Regression
Y0
Slope

Damping, εrange = 3E-5
Y3E-5
ζeq

C

α

FB_Base_78

1228508

2.32

268.6

0.092

0.100

0.80%

FB_GRs15_78

1683204

2.42

415.9

0.080

0.092

0.74%

7.8.3 Frequency and Damping of Footbridges
7.8.3.1 Modal Testing Results
The driving point FRFs for both the base and rubber footbridges are shown in Figure 7-14. The
natural frequencies of the base and rubber footbridges were found to be 9.35 Hz and 9.45 Hz
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respectively. There is no visible difference between the widths of the FRF peaks. However the
rubber footbridge has a higher peak which means it is more responsive to loading. This is the
opposite of the intended result for the rubber footbridge. However, the rubber concrete has both
a reduced unit weight and a reduced modulus which affect the mass and stiffness of the
footbridge. The measured frequency does not change significantly because the changes in mass
and stiffness offset. However, the reduced stiffness in the HDC footbridge allows for greater
deflections and hence velocities and accelerations for the same loading.
Damping was estimated using a least squares analysis by comparing the FRF model in
Eq. 2-28 to all 27 FRF measurements. Figure 7-15 shows the results of the curve fitting
procedure as well as the damping values that provided the best fit. For clarity, not all 27 DOFs
are shown in Figure 7-15. Only the measured and curve fit FRFs for the DOFs along the
centerline of the footbridges are displayed.
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Figure 7-14. Driving Point FRFs for Both Base and HDC Footbridges.
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(a) Base Footbridge

(b) Rubber Footbridge
Figure 7-15. FRF Curve Fit for Footbridges.
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The results show that there is virtually no difference in the damping of the systems with
the base footbridge measuring a 0.38% damping ratio while the HDC footbridge has a 0.36%
damping ratio.

7.8.3.2 Log Decrement Results
For the free vibration decay tests, two accelerometers were placed at mid-span of each
footbridge. The footbridges were excited by the shaker at their fundamental frequency until a
constant sinusoidal response with amplitude of 5%g was reached. The shaker was turned off and
the footbridge was allowed vibrate until coming to rest.
Figure 7-16 shows the acceleration responses for each accelerometer located at mid-span
of the Base footbridge. Figure 7-17 shows the acceleration responses for the rubber footbridge.
The figures show only a truncated portion of the entire response beginning at the time when the
shaker was turned off. The points shown on the plots are the peaks of the first 9 seconds of
decay data. The exponential curve fit to these peaks is also shown in the plots.
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Figure 7-16. Free Vibration Decay: Base Footbridge.

Rubber Footbridge Decay
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Figure 7-17. Free Vibration Decay: HDC Footbridge.
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A summary of the curve fitting coefficients is shown in
Table 7-6 as well as the damping ratio calculated using Eq.7-1 and Eq.7-2. Figure 7-18
and Figure 7-19 show only the peak data and the exponential curve, defined in Eq.7-1, fit to each
set of data on a semi-log plot. The data is slightly nonlinear on the semi-log plot which results
in a C3 curve fit value that is nonzero. If the system were truly viscous then the C3 value would
be zero. The upward bend of the trendlines means that the damping is decreasing as vibrations
reduce which is consistent with the amplitude dependency of the damping measured for the
material tests. The change in damping ratio with time is plotted in Figure 7-20 for the base
footbridge and Figure 7-21 for the rubber footbridge.

At any time, the damping ratio is

calculated using the log decrement equation in Eq. 2-16 for 3 successive peaks (j = 2). The
horizontal dashed line in each plot shows the damping ratio estimated using the curve fitting
technique. For both footbridges, the damping ratio has the smallest fluctuation during the first 5
seconds of free decay response. Beyond 5 seconds, the variation in the 3 peak damping ratio
gets larger which can be attributed to a combination of inputting smaller peak values into Eq. 216 and any change in the structure’s damping. After 5 seconds, the amplitude of vibration has
been reduced from 5%g down to less than 1%g for each specimen. Although the variability of
the damping ratios increases, it is not conclusive that the actual damping ratio has changed. For
each footbridge, the running average of one of the two acceleration measurements looks to
remain close to the dashed line while the other decreases below. Each of these measurements
was made with separate accelerometers sitting side by side on the structure recording data
simultaneously.
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Table 7-6. Curve Fitting Parameters and Damping Ratios.

Accel. No.

C1

C2

C3

Base 1

4.594

-0.300

0.029

Base 2

4.529

-0.297

0.134

Rubber 1

4.602

-0.344

-0.021

Rubber 2

4.630

-0.344

0.115

ωn [Hz]
9.35

ζ

Average

Modal

0.51%

0.38%

0.58%

0.36%

0.51%
0.51%

9.45

0.58%
0.58%
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Figure 7-18. Curve Fit for Peak Data: Base Footbridge.
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Figure 7-19. Curve Fit for Peak Data: HDC Footbridge.
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Figure 7-20. Damping Ratio Measured from 3 Successive Peaks for Base Footbridge.
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Figure 7-21. Damping Ratio Measured from 3 Successive Peaks for Rubber Footbridge.

The damping ratios calculated using the decay methods are larger than those using modal
analysis techniques. The discrepancy could be attributed to resolution issues with both methods.
In the modal analysis tests, the frequency resolution of the measured FRFs combined with the
very narrow FRF peaks resulted in the peaks being defined by only a small number of points. In
the vibration decay tests, the natural frequency of each footbridge was determined to a resolution
of 0.05 Hz. If the true natural frequencies were within this resolution then the footbridges were
not excited to precisely their fundamental frequency which would alter the decay results. In both
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sets of tests however the result is clear. There was not a significant difference in damping of the
rubberized concrete and therefore no gain in structural damping was obtained.

7.8.4 Acceleration due to Walking
Walking tests consisted of the author (175 lb male) walking across each specimen while
measuring the accelerations at midspan of the structure. The step frequency of the walker was
set to the 4th harmonic of the fundamental frequency of each footbridge and a metronome was
used to keep cadence.
A sample acceleration response is shown in Figure 7-22. The peak acceleration occurs
due to a resonance build up of the 4th harmonic of the oscillating frequency (which is the step
frequency). The response continues to grow for the first 5 steps and then begins to decrease. It
took 10 steps to traverse the footbridge so only the first 5 steps, as the walker was approaching
the accelerometer at midspan, contributed to the resonant build up.
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Figure 7-22. Sample Walking Excitation for Base Footbridge.
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The measured peak acceleration for both tests on each footbridge is shown in Table 7-7.
The results show that the rubber footbridge has a higher acceleration response to walking than
the base footbridge. This is consistent with the modal analysis results which showed a higher
FRF peak for the rubber footbridge but is not in total agreement with the results of the damping
tests which showed that the rubber footbridge had equal to larger damping.
Table 7-7. Measured Accelerations Due to Walking Excitations.

Footbridge Specimen
Base
Rubber

Measured Peak
Acceleration [%g]
5.75
5.77
7.00
6.70

Average Peak
Acceleration [%g]
5.76
6.85

One reason could be the difference in stiffness between the two specimens. Although the
two footbridges had similar fundamental frequencies and damping, the rubber footbridge had
both a reduced stiffness and mass. This reduced stiffness (and increased flexibility) would make
the specimen more susceptible to increased deflections (and therefore accelerations) when
subjected to the same footstep loading.

7.9 Finite Element Modeling of Footbridge Specimen
An effort was made to create finite element models of the footbridges in SAP2000. The
purpose of these models was to investigate whether the current state of knowledge for modeling
floors susceptible to vibrations combined with material damping information gained from this
study is adequate to replicate the results (both damping and accelerations due to walking) of the
full scale specimen. This section details the finite element models, the method used to define
damping in the model, and the tests used to verify the model by comparing to the full scale
results.
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For each model, all of the damping was provided at the material level (concrete and steel)
and the damping for the full analysis model was calculated using a stiffness weighted approach
inherent in SAP2000. Once it was verified that the finite element model could adequately
replicate the total damping in the footbridge and the acceleration response due to walking, it was
possible to extrapolate results for concrete mixtures that had more inherent damping than those
used in the full scale specimen.

7.9.1 Damping Alternatives Provide in SAP 2000
SAP2000 offers multiple ways to specify damping in dynamic analyses. Damping can be
specified at the material or global level and the type of damping is dependent on the type of
dynamic analysis being run. Because the goal of the finite element analyses is to determine if
knowledge of the material damping properties can be effectively used in SAP2000 to model the
damping of the global structural system, all of the damping is provided at the material level.
Three types of damping can be specified for each material in the model: Composite
Modal Damping, Viscous Proportional Damping, and Hysteretic Proportional Damping.

7.9.1.1 Composite Modal Damping
Modal damping is used for all response spectrum and modal time history analyses. A
modal damping ratio can be specified for each material which is constant across all modes (i.e.
frequency independent). For analysis, a modal damping ratio is calculated for each mode of
vibration and is stiffness weighted. SAP refers to this type of damping as “composite modal
damping”. The damping ratio, ζij, contributed to mode i by element j of the structure is

ζ ij =

ζ matl Φ Ti K j Φ i
Ki

Eq.7-3
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where

ζmatl

=

material damping ratio, 0 ≤ ζmatl ≤1

Φi

=

mode shape for mode i

Kj

=

stiffness matrix for element j

Ki

=

modal stiffness for mode i =

∑Φ

T
i

K jΦi

j

The total damping ratio for each mode is obtained by summing the each element’s
contribution over all the elements in the structure.
Composite modal damping has the advantage of being able to specify a constant damping
ratio for all modes of vibration giving the analyst more control over the damping properties of
the system and better replicating the frequency independence of the damping properties of
concrete.

7.9.1.2 Viscous Proportional Damping
Viscous proportional damping is used for all direct-integration time history analyses. For
each material, a mass coefficient, cM, and a stiffness coefficient, cK, can be specified. Direct
integration requires that the equations of motion for each degree of freedom are solved
simultaneously meaning that a global damping matrix, C, must be calculated. The damping
matrix for each element j, Cj, are calculated using

C j = cM M j + cK K j

Eq.7-4

where

Mj

=

mass matrix for element j
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The individual damping matrices for each element are then assembled in the same
manner as the stiffness and mass matrices to form the global damping matrix for the structure.
Viscous proportional damping has the benefit of producing a damping matrix that is
proportional to the mass and stiffness matrices of the structure however it only allows for the
direct assignment of two damping ratios at two predefined frequencies.
representation viscous proportional damping is shown in Figure 7-23.

A graphical

In the figure, the

proportional constants, cK and cM, were chosen such that the damping ratio at frequencies ωk and

ωm were set to the same damping ratio, ζ.

Figure 7-23. Defining Viscous Proportional Damping.

The damping ratios for any other frequency are determined by the solid line in the figure.
The solid line is a linear combination of a mass proportional part and a stiffness proportional part
which are defined by the proportional constants, cK and cM, and shown by the dashed lines. As
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shown in the figure, when viscous proportional damping is used, the model will provide higher
damping for modes that are outside of the specified frequencies and lower damping for modes
between the specified frequencies. Although computationally efficient, this property is not
consistent with previous findings that damping remains constant through a wide frequency range.

7.9.1.3 Hysteretic Proportional Damping and Steady State Analysis
Hysteretic proportional damping is the type of damping used for Steady State Analysis in
SAP2000. Steady State Analysis computes the steady state dynamic response to a two of
harmonically varying loads (a sine and cosine term) at specified frequency increments and was
used by Davis (2008) and Barrett (2006) for analytical predictions of accelerance FRFs to
compare to vibrating floor measurements. For any frequency of interest, the analysis seeks the
peak value of the steady state response after any transient response has damped out. The
dynamic equations solved in the frequency domain are shown in Eq.7-5 and explained in greater
detail in the SAP2000 user’s manual (CSi, 2009).

Mu&&(t ) + Cu& (t ) + Ku (t ) = p 0 cos(ωt ) + p90 sin(ωt )

Eq.7-5

where M, C, and K are the global mass, damping, and stiffness matrices respectively,

u&&(t ) , u& (t ) , and u (t ) are the joint accelerations, velocities, and displacements at time t, p0 is the
in phase component of loading, p90 is the 90 degree out of phase component of loading and ω is
the circular frequency of excitation. The in phase and out of phase components can be arbitrary
functions of space and frequency meaning that they can be applied at any point on the structure
and have different values for each frequency.
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For each frequency where a solution is sought, Eq.7-5 is solved using direct integration.
The resulting peak steady state response is reported as a real and imaginary part which can be
combined using square root sum of squares to get the magnitude of the response. As pointed out
by Barrett (2006), while any spatially distributed load can be used in steady state analysis, the

choice of using a unit point load at a single location for steady state analysis results in the
computationally equivalent of the accelerance FRF measured in the field.
It is common in frequency domain analysis (steady state analysis) to specify damping as
hysteretic or rate independent damping. Such damping is displacement based (as opposed to
velocity based). The steady state analysis solution is solved directly without computing the
modes so specifying modal damping is not an option. For each material, mass and stiffness
proportional constants, dM and dK, can be specified and the hysteretic damping matrix for each
element j, Dj, is calculated using

Dj = dM M j + dK K j

Eq.7-6

Although modal damping cannot be specified directly, it can be approximated by
hysteretic damping by setting dM = 0 and dK = 2ζ. (As an example, to approximate a modal
damping ratio of 1% or 0.01 for all modes, specify dK = 0.02). A derivation of this property can
be found in Chapter 2.3.4 of this paper and in the text by Chopra (2007).

7.9.1.4 Damping Alternatives Chosen For Analysis
Unfortunately none of the material damping properties offered by SAP2000 has the
ability to model the amplitude dependency of the damping of concrete. However, as shown in
Chapter 5, the increase in the damping ratio over the elastic range of cyclic strain is on the order
of 0.5%. For the footbridge specimen under walking excitation, the maximum strain is well
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below the elastic limit and therefore the change in material damping between maximum
excitation and zero excitation is minimal. Under these circumstances, using a constant damping
ratio for each material that does not vary with frequency (composite modal damping and
hysteretic damping) is a reasonable approximation of the desired behavior.
For the purposes of validating the full scale tests, two separate types of analyses offered
by SAP2000 will be used: modal time history analysis is used to replicate the decay and walking
tests and steady state analysis is used to compute FRFs. For the purposes of specifying the
material damping, composite modal damping is used for the modal time history analyses and
hysteretic damping is used for the steady state analyses.

7.9.2 Defining the Model
Techniques for appropriately modeling floors subjected to walking excitations have
recently been studied by Barrett (2006) and Davis (2008). Their studies focused on finite
element modeling of footbridges and composite floors for the prediction of natural frequencies
and modes and for predicting accelerations due to walking. Their recommended techniques for
defining the structure and applying footstep loads are mostly taken as-is with a few exceptions as
noted in the sections below.
In general, each footbridge was modeled in the x-z plane using frame and shell elements
allowing the use of a simplified plane grid analysis (Figure 7-24). This technique, however, does
not account for any composite action between the beams and the slab. Therefore, stiffness
property modifiers were used to account for the composite stiffness. Details for calculating these
modifiers are provided in Chapter 7.9.2.3 below.
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Figure 7-24. First Bending Mode of Footbridge Model.

7.9.2.1 Slab
The concrete slab and steel deck were modeled using thin shell elements based on the
Kirchhoff formulation (CSi, 2009) and assigned a user-defined material. The shell element was
given a thickness of 4.5 inches representing only the concrete above the steel deck. Both Barrett
(2006) and Davis (2008) recommend using stiffness modifiers to account for the orthotropic
nature of the deck due to the directionality of the steel deck ribs. It is common for the strong to
weak direction bending stiffness ratios for the deck to range between 1.5 and 3.0. This detail
was omitted from the analysis because only the first mode of vibration was of interest. All of the
experiments performed on the full scale specimen were designed to isolate the fundamental
mode of vibration. For this reason, only the fundamental longitudinal mode of the finite element
models is of interest and all of the analytical tests are designed to isolate this mode.
The shells were meshed into rectangles with a maximum size of 24 in. per
recommendations by Davis (2008) and it was confirmed that the natural frequencies converged
to within 1% at this mesh size.
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The shells were assigned a concrete property using the measured strength, elastic moduli,
and the measured damping (the selection of a damping ratio for the concrete is discussed in detail
below). The dynamic modulus was taken as 1.35 times the elastic modulus as recommended by
Murray et al. in the AISC Design Guide 11 (1997).

7.9.2.2 Steel Beams
The W14x26 steel beams were modeled using predefined frame elements in the same
plane of the slabs. The predefined sections included all of the geometric section properties
needed for analysis including cross sectional areas and moments of inertia. The beams were
assigned the predefined material A992Fy50 in SAP2000 which specifies an elastic modulus of
29000 ksi and a density of 490 lb/ft3. The beams were meshed into 24 in. lengths so that the
nodes corresponded with nodes of the shell elements.

7.9.2.3 Stiffness Property Modification Factors
For vibration analyses, any footbridge where the deck is in contact with the supporting
beams, the structure is considered to act compositely even if no shear connectors are present
(Murray, et al., 1997). This was not a concern for the footbridge specimen in this study because
shear studs were provided. Because the slab and frame elements are modeled in the same plane,
the additional stiffness due to composite action is not captured. Barrett (2006) recommends
accounting for the composite stiffness through the use of a property modifier (PM) that is
assigned to the strong axis moment of inertia of the frame members. In SAP2000, the property
modifiers are multipliers that can be assigned to any cross sectional property (area, strong or
weak axis moment of inertia, shear area….) to either increase or decrease its value. The PM is
calculated by first calculating the composite transformed moment of inertia of the full section
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(beam plus slab) using traditional engineering mechanics. Next the PM of the frame element,

PMBeam, is calculated using Eq.7-7 and illustrated using Figure 7-25.
Icomp,TR

Islab,TR
NA
Ibeam

PMbeam * Ibeam

Islab,TR

Figure 7-25. Composite Slab on Beam (Deck Perpendicular).

I comp ,TR = PM beam * I beam + I slab ,TR
PM beam =

I comp ,TR − I slab ,TR

Eq.7-7

I beam

This approach works well for studies where the damping of the system is applied
globally, however, unintended damping results can be obtained if the system damping is
calculated based on weighted damping values assigned to the materials. As described above,
SAP2000 uses composite modal damping to calculate the global damping ratio for modal
analysis where the material damping ratios are weighted by stiffness.

Also, for hysteretic

damping in steady state analyses, the global damping matrix is proportional to the stiffness
matrix of the system.

In either case, assigning the PM to only the frame elements will

overemphasize the steel frame element’s contribution to the global stiffness and also increase the
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influence of the steel material damping values on the total damping of the system. For this
reason three other methods were investigated for assigning PMs to the frame and shell elements:
Applying a single PM to the shell elements only, applying the same PM to both the frame and
shell elements, and applying separate PMs to the frame and shell elements that are weighted by
the second moment of the areas of the frame and shell elements.
If the PM was to be applied to the shell elements only, then the modifier PMslab is
calculated using Eq.7-8.

I comp ,TR = I beam + PM slab * I slab ,TR
PM slab =

I comp ,TR − I beam

Eq.7-8

I slab ,TR

If an average PM is to be calculated to be applied to both the shell and frame elements
then the modifier, PMavg, is calculated using Eq.7-9.

I comp ,TR = PM avg (I beam + I slab,TR )
PM avg =

I comp ,TR

Eq.7-9

I beam + I slab ,TR

Finally, a different weighted PM can be assigned to the frame and shell elements where
each PM is calculated from the total contribution of each element to the composite stiffness. For
example, each element of the composite section (beam and slab) contributes their own moment
of inertia plus the second area moment about the neutral axis of the composite section. Each PM
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represents this total contribution to the global stiffness. These weighted property modifiers,

PMslab,weighted and PMbeam,weighted, are calculated by starting with the equation for calculating the
transformed composite moment of inertia.
2
2
I comp,TR = I beam + Abeam d beam
+ I slab ,TR + Aslab ,TR d slab

Eq.7-10

where

Abeam

=

Cross sectional area of the beam

Aslab,TR

=

Transformed cross sectional area of the slab

dbeam

=

Distance from the neutral axis of the beam to the
neutral axis of the composite section.

dslab

=

Distance from the neutral axis of the slab to the
neutral axis of the composite section.

The first two terms on the right hand side of Eq.7-10 represent the total contribution of
the beam to the composite stiffness while the last two terms represent the contribution of the
slab. Each weighted PM can be calculated using Eq.7-11 and Eq.7-12.

2
PM beam ,weighted * I beam = I beam + Abeam d beam

PM beam ,weighed

A d2
= 1 + beam beam
I beam

Eq.7-11

2
PM slab ,weighted * I slab,TR = I slab ,TR + Aslab,TR d slab

PM slab ,weighed = 1 +

2
Aslab ,TR d beam

Eq.7-12

I slab,TR
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Each of the four methods were used with the material damping values described in
Chapter 7.9.2.5 below to predict the damping for the entire structure and compared to the
damping measured for the full scale specimen. It was found that using only the beam property
modifier, PMbeam, underestimated the total damping and using only the slab property modifier,

PMslab, overestimated the total damping. The weighted approach matched the full scale results
better than the average approach. Therefore, the weighted property modifier approach was used
for all of the subsequent analyses.
The property modifiers calculated using the weighted approach for each footbridge is
shown in Table 7-8. A full example calculation of the weighted property modifiers is shown in
Appendix B.
Table 7-8. Weighted Property Modifiers.

Normal Concrete Footbridge

Rubber Concrete Footbridge

PM slab,weighted

PM beam,weighted

PM slab,weighted

PM beam,weighted

3.483

3.353

7.735

2.686

The property modifiers show that a larger modifier is applied to the slab portion of the
rubber footbridge than the slab portion of the footbridge with normal concrete. This might seem
unintuitive given that the modulus of the rubber concrete is much less than that of the normal
concrete. How then can the rubber concrete slab contribute so much more to the composite
stiffness? Because the concrete is less stiff, it has a smaller transformed area which then lowers
the neutral axis of the composite section when compared to the composite section with the
normal concrete slab. The increased distance between the NA of the slab and the NA of the
composite section combined with the reduced moment of inertia of the transformed slab section
results in a larger PMslab,weighted modifier for the footbridge with the rubber concrete.
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7.9.2.4 Mass
The mass of an individual element within SAP2000 is calculated from its volume and the
mass density of the material. The mass is lumped at the joints and assigned to the translational
degrees of freedom only (CSi, 2009). For the frame elements, the SAP2000’s default A992Fy50
material was used which contains the mass density of structural steel.
The concrete slab was represented by shell elements with a user-defined material. The
mesh size of the shell elements is important for adequately representing the distribution of the
slab mass throughout the model. Too fine a mesh added computation time without providing
significantly different results. As mentioned above, a mesh with a maximum size of 24 in. was
used as it was found to be the coarsest mesh for which the frequencies of the footbridge would
converge.
The thickness of the slab was defined as 4.5 in. which was the thickness of the slab above
the steel deck. Because the steel deck and concrete within the deck ribs were neglected in the
model, the material weight density needed to be increased to include the neglected mass. The
fictitious density was calculated using Eq.7-13 (Barrett, 2006) and the mass density was
automatically calculated by SAP2000 by dividing by the acceleration due to gravity (386 in/s2).

wmaterial

 d + dr

2
=
12





 wc + wdeck



Eq.7-13

where

wmaterail =

weight density of user-defined material, lb/ft3

d

=

depth of concrete above the ribs, in.

dr

=

depth of steel deck ribs, in.

wc

=

unit weight of concrete, lb/ft3
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wdeck

=

area weight of steel deck, lb/ft2

For both footbridges, the deck consisted of a 4.5 in. concrete cover over a 1.5 in. steel
deck. The steel deck had a weight of 2.0 lb/ft2.

7.9.2.5 Material Damping
Material damping values were specified for both the steel and concrete materials in the
model. The damping value for the steel beams was selected after performing a literature survey
on measured damping ratios for steel, bare steel structures, and footbridges. A summary of the
survey is tabulated in Table 7-9.

Table 7-9. Reported Damping Ratios for Steel and Steel Structures.

Material or Structure

Reported Damping Ratio

Reference

Steel

0.001% - 0.015%

(Cremer, et al., 2005)

Steel

0.005% - 0.03%

(Rivin, 1999)

Steel

0.05%

(Sun and Lu, 1995)

Steel

0.1% - 0.5%

(De Silva, 2007)

Bare Steel Structures

0.1% - 0.2%

Steel Footbridge

0.2% - 0.4%

Composite Footbridge

0.3% - 0.6%

Indoor and Outdoor
Footbridges

1%

Metals

< 1%

Continuous Metal
Structures
Metal Structure with Joints

2% - 4%

(Bachmann, 1995)

(Murray, et al., 1997)

(Adams and Askenazi,
1999)

3% - 7%
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There is no consensus on an appropriate damping ratio for steel with reported values
ranging from 0.001% up to 0.5%. In general, damping of steel structures is greater than for the
material itself due to the added energy dissipation from connections and nonstructural elements.
For the purposes of selecting a damping ratio for the steel beams in the finite element
model, a damping ratio of 0.2% seems appropriate. Although measures were taken to reduce the
amount of damping provided by the supports in the footbridges, some amount of the global
damping should be expected to come from the supports. A damping ratio of 0.2% is within the
reported values of Bachmann (1995) for bare steel structures and steel footbridges which include
connections and supports.

It is also within the reported material damping ratio for steel

according to De Silva (2007).
The selection of a damping ratio for the concrete in both the normal and rubber
footbridges is based on the linear interpolation of the specific damping plot show in Figure 7-26.
At low strain ranges, the damping of the rubber mixture is less than that of the normal mixture.
However, the intercept value is only a projection of the data trend back to the vertical axis and
the actual amount of damping depends on the amount of excitation. Because the SAP2000
model can only accept a single material damping ratio to use for the entire analysis, it cannot
represent the strain based damping behavior measured from the cylinder tests.
The computer model was used to run an initial test to measure the maximum range of
cyclic strain in the concrete slab when excited to a constant 5%g acceleration under a cyclic load
located at quarter span. An acceleration of 5%g was chosen because it was approximately the
acceleration caused by the human walker and because it was the level of constant acceleration
used for the decay tests. For the purposes of this trail, a concrete damping ratio of 1% was
assumed. The amplitude of the cyclic loading was found through trial and error.
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At 5% constant acceleration, the model predicted that the maximum range of cyclic strain
measured at midspan was 45 microstrain. Using Figure 7-26 and the constants presented in
Table 7-5, the viscous damping ratio was calculated for each concrete mixture at a strain range of
45 microstrain. This resulted in a damping ratio of 0.83% for the normal concrete and a damping
ratio of 0.79% for the rubber concrete.

Figure 7-26. Selected Damping Ratios for Footbridge Concrete Mixtures.

It should be reiterated that the selected damping ratios are only an estimate based on the
maximum range of cyclic strain in the concrete when the structure is vibrating with a maximum
acceleration of 5%g. For a walking excitation, the strain range (and therefore the amount of
damping) is both spatially and time dependent and that a single damping ratio cannot represent
the energy dissipation, as defined in Figure 7-26, at all points and at all times.
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7.9.3 Experiments to Validate Model
Unfortunately, when only material damping is provided, SAP2000 does not output the
global structural damping ratio that is calculated using either hysteretic damping or composite
modal damping. The global damping ratio can be back calculated by repeating both the FRF and
free vibration decay tests that were performed on the full scale specimens.

The three

experiments conducted on the full scale models, which were replicated in SAP2000 to
investigate the appropriateness of the selected damping model, were the calculation of frequency
response functions, the measurement of free vibration decay response, and the maximum
measured accelerations due to walking. In addition, a static analysis was used to check the
applied stiffness modification factors. A description of how each analysis was performed in
SAP2000 is provided in the next four sections.

7.9.3.1 Stiffness Verification
Static tests of the full scale specimen were performed for the purpose of verifying the
analytical models. Concrete cubes measuring approximately 24 in. in each direction were used
to apply a static load to the mid span of the footbridges.

Three cubes were centered over the

mid span of each beam with a total load of 3607 lb and 3617 lb on each beam respectively. Mid
span beam deflections were measured.
A static analysis was performed on the finite element model using point loads equal to
the weight of each three cube set. For the static tests, the measured static modulus (instead of
dynamic modulus) was used as the concrete stiffness. The deflections of the analytical model are
compared to the full scale tests to verify that the stiffness has been properly modeled.
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7.9.3.2 FRF Prediction
For the full scale footbridges, frequency response functions were calculated for 27 DOFs
representing a 9x3 grid across each specimen. The resulting FRF curves were used to measure
the natural frequency and damping in each footbridge.

Steady state analysis was used in

SAP2000 to measure the FRF for each model. The steady state response was calculated for all
frequencies between 7.5 Hz and 10 Hz at 0.05 Hz increments for a single unit load applied at
quarter span (the same location as the shaker). The only damping provided to the model was
hysteretic damping at the material level.

The damping was input as hysteretic stiffness

proportional constants (steel – 0.004, rubber concrete – 0.0158, normal concrete – 0.0166) with
the mass proportional constant set to zero. Recall that a hysteretic stiffness proportional constant
set equal to 2ζ is approximately equal to a viscous damping ratio of ζ in all modes. The results
of the steady state analysis are compared to the FRFs measured on the footbridges.

7.9.3.3 Free Vibration Decay Prediction
In the full scale free vibration decay tests, each footbridge was excited by the shaker with
a constant amplitude sine loading function to create a constant acceleration response of 5%g at
midspan. The shaker was then turned off allowing the footbridge to decay freely.
This test was replicated in SAP2000 by defining a user defined time history loading
function and applying it to a unit point load at quarter span. The amplitude of the loading
function was determined from the peak value of the FRF magnitude measured at midspan. For
example, if the FRF for the midspan node measured a peak value of 1.5%g/lb then the cyclic
load required to cause a steady state acceleration response of 5%g would be 5%g / 1.5%g/lb =
3.33 lb. The frequency of the loading function was set to the natural frequency of the model.
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The user defined loading function contained 15 sec of sinusoidal loading followed by 15 sec of
zero loading allowing the model to decay freely.
Modal superposition analysis was used to calculate the time history response due to the
loading function. Eigenvectors, in lieu of Ritz vectors, were used in the modal superposition
analysis as per recommendations by Barrett (2006). Plotting the acceleration response at mid
span results in a forced vibration response followed by a free vibration decay response.
Applying the same peak to peak envelope analysis used to measure the damping ratio for the full
scale specimen returned the global damping ratio calculated by SAP2000 for the modal analysis.

7.9.3.4 Acceleration Due to Walking Prediction
Defining an analysis method to predict the maximum acceleration response due to
walking excitation was the topic of the dissertation by Davis (2008). Davis presents three
methods for defining footstep forces to be applied to floor models in SAP2000 to predict
acceleration response called the individual footstep method, the Fourier series method, and the
simplified frequency domain method. Details of each method can be found in Davis’s paper and
only a brief summary is offered here.
In the individual footstep method, individual footsteps are applied to the model at
approximate locations at times selected to cause resonance with the natural mode.

The

acceleration response is calculated form a linear response history analysis. The main advantage
of this analysis is the realistic representation of the loading and the ability to apply it to any
walking path along the floor. Disadvantages were reported to be the difficulty in defining the
force profile of the individual footsteps and the inability to define an analysis case quickly.
In the Fourier series method, the footstep loading is idealized as the four term Fourier
series and is applied at mid span for the duration of the analysis. The Fourier series is selected
259

such that one of the terms directly matches the natural frequency of the floor. Although the
loading is a bit less direct when compared to the individual footstep method, the application is
more direct and easier to apply.
In the Simplified Frequency Domain Method, the accelerance FRF peak is first calculated
(such as using Steady State Analysis in SAP2000) and then multiplied by the harmonic force
amplitude that would be used in the Fourier series for the Fourier series method. This approach
recognizes that fact that the majority of the response is caused by the harmonic of footstep force
that matches the natural frequency of the floor. The result of this multiplication is then reduced
by a resonant build up factor which accounts for imperfect resonant build up and the fact that the
walking time may not be long enough to allow the maximum resonant build up to be reached.
This approach is the easiest of the three methods but is the most abstract from accurately
representing the actual forces being applied to the floor.
The analysis selected to replicate the walking tests was the Fourier series method because
it offered the best balance between an accurate representation of the footsteps and the time it
would take to define each analysis load case.
The four term Fourier series used to replicate the footstep loading was determined from
recommendations by Willford et al. (2006) and the Steel Construction Institute’s Design of
Floors for Vibration (SCI DG) (Smith, et al., 2007).
Willford et al. presents a database that provides a statistical basis for defining a Fourier
series to represent walking forces. Figure 7-27 through Figure 7-30 are taken from Davis (2008)
and show plots of footstep force Dynamic Load Factors (DLF) for the first four harmonics of
walking excitations. A DLF is the ratio of Fourier series sinusoidal amplitude to bodyweight of
the walker. Linear regression of the database is used to determine mean and 75th percentile force
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levels as a function of frequency. The 75th percentile is commonly used as design values. For
comparisons to the walking tests in this research the mean values are used (Davis (2008) also
uses mean DLF functions for comparisons to measured accelerations).

fmax=2.2 Hz
fmin=1.6 Hz

DLFDes

DLFAvg

DLFDes=0.50fStep-0.53

DLFAvg=0.45fStep-0.47

Figure 7-27. First Harmonic DLF Amplitudes (From Davis 2008 p. 182: Reprinted with permission, Dr. Brad
Davis, 2011).

fmin=2(1.6 Hz)
Max = 0.090

fmax=2(2.2 Hz)

Avg = 0.087
Min = 0.083
Max = 0.070
Avg = 0.068
Min = 0.066
DLFDes=0.0054(2fStep)+0.066

DLFAvg=0.0036(2fStep)+0.054

Figure 7-28. Second Harmonic DLF Amplitudes (From Davis 2008 p. 182: Reprinted with permission, Dr.
Brad Davis, 2011).
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fmin=3(1.6 Hz)
fmax=3(2.2 Hz)
Max
Avg = 0.068
Min = 0.063
Max = 0.059
Avg = 0.055
Min = 0.051

DLFDes=0.0060(3fStep)+0.03

DLFAvg=0.0049(3fStep)+0.02

Figure 7-29. Third Harmonic DLF Amplitudes (From Davis 2008 p. 183: Reprinted with permission, Dr.
Brad Davis, 2011).

fmin=4(1.6 Hz)

fmax=4(2.2 Hz)

Max DLF = 0.068
Avg DLF = 0.060
Min DLF = 0.052
Max DLF = 0.054
Avg. DLF = 0.048
Min DLF = 0.042

DLFDes=0.0066(4fStep)+0.01

DLFAvg=0.0051(4fStep)+0.009

Figure 7-30. Fourth Harmonic DLF Amplitudes (From Davis 2008 p. 183: Reprinted with permission, Dr.
Brad Davis, 2011).
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As an example, for a floor with a natural frequency of 8.0 Hz, the first four harmonics are
8.0 Hz, 6.0 Hz, 4.0 Hz, and 2.0 Hz. Using the average DLF equations presented above, the four
DLF values are 0.430, 0.068, 0.049, and 0.050 and for a 175 lb person the four amplitudes for
the Fourier series are 75.3 lb, 11.9 lb, 8.6 lb, and 8.8 lb. The four Fourier series terms must also
be offset by phase angles. Taken from the SCI DG (Smith, et al., 2007) the phase angles for
each harmonic are 0, -π/2, π, and π/2. Eq.7-14 shows the Fourier series equation in terms of the
weight of the walker, Wwalk, the dynamic load factors, DLF, and the frequency, f, and phase angle

f, of each of the four harmonics, n.
4

p (t ) = Wwalk ∑ DLFn sin(2πf n + φ n )

Eq.7-14

n =1

An example of the waveform generated using Eq.7-14 from the example above is shown
in Figure 7-31.

Footstep Force [lb]

Single Step
100
50

0

0.1

0.2

0.3

0.4

3

4

− 50
− 100

Footstep Force [lb]

10 Steps
100
50

0

1

2

5

− 50
− 100

Time [s]

Figure 7-31. Example of Fourier Series Footstep Force.
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The walking analysis was performed using the following steps:
1. Calculate the natural frequency of the footbridge.
2. Divide the natural frequency of the footbridge by the smallest integer that results
in a harmonic frequency between 1.6 to 2.35 Hz. (Note that the general formulas
presented by Davis (2008) for DLF magnitudes puts the limit of walking
frequency at 2.2 Hz. However, for the footbridge finite element models in this
study, the natural frequencies were as large as 9.37 Hz. The 4th harmonic of this
frequency is 9.37/4 = 2.34 Hz which was deemed to be close enough to 2.2 Hz to
be an acceptable walking frequency.)
3. Calculate the 4 harmonic frequencies, DLF and Fourier amplitudes corresponding
to a 175 lb walker and generate the loading time history function.
4. The length of the loading function was chosen to include 10 steps across the
footbridge. Using an average stride length of 30 inches, this calculates to a
walking length of 25 feet. This also corresponds to the number of steps that it
actually took during the full scale walking tests.
5. Run a modal time history analysis by applying the footstep Fourier series at mid
span and measuring the acceleration response.

Observations by Davis (2008) recognized that the Fourier series analysis over predicts the
response for two reasons. First, the applied loads are located at mid span for the entire analysis
which is not the case for an actual person walking across the footbridge. Second, the footsteps
are applied in perfect cadence to provide maximum resonate build up and response. Although
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the walker used a metronome to keep cadence, realistically, slight variations in the step
frequency would reduce the actual maximum response. Davis’s research resulted in a proposed
reduction factor of 0.65 to be applied to the maximum acceleration predicted by this analysis
method.

7.9.4 Model Validation Results
The deflections of the full scale footbridges subjected to static point loads of 3607 lb and
3617 lb at mid span of each beam (labeled Beam 1 and Beam 2 respectively) are compared to the
finite element model in Table 7-10. Deflections are predicted within the two measurements for
the normal footbridge and within 4% of the rubber footbridge giving confidence that the stiffness
has been modeled accurately.

Table 7-10. Comparison of Measured and Predicted Static Deflections.

Footbridge
Normal
Rubber

Beam 1
Beam 2
Beam 1
Beam 2

Measured
Predicted
Deflection [in] Deflection [in]
0.121
0.122
0.125
0.152
0.144
0.150

The results of the frequency response predictions are plotted below. Figure 7-32 shows
both the measured and predicted FRFs for the base footbridge while Figure 7-33 shows both
FRFs for the rubber footbridge.
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Figure 7-32. FRF Comparison for Base Footbridge.

Figure 7-33. FRF Comparison for Rubber Footbridge.
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Table 7-11 summarizes the measured and predicted frequencies, peak FRF accelerance
magnitude, and damping for each footbridge. The predicted frequencies are both lower than
measured but within 5% indicating good predictions. The peak accelerance magnitude was over
predicted by 30% for the base footbridge 6% for the rubber footbridge. These results are similar
to results presented by Davis (2008) where it was found that models for joist footbridges under
predicted accelerance magnitudes by 21% in some cases and over predicted it by 4% in others.
The most important result for this study is the predicted first mode damping ratio for each
footbridge. The damping ratio for each model was back calculated by performing a curve fit to
27 FRF accelerance response curves that corresponded to the same 27 DOFs measured in the full
scale specimens. The predicted damping values were in good agreement with the measured
ratios. The damping was under predicted for the base footbridge by 13% and matched the
measured damping in the rubber footbridge.
The models also predicted that the damping in the rubber footbridge was higher than the
damping in the base footbridge which contradicts the measured FRF results. However, as
discussed above, the actual measured amount of damping was dependent on the type of test used
for measurement. When free vibration decay was used to measure damping, the measured values
were larger for both footbridges (0.51% for the Base FB and 0.58% for the Rubber FB) and the
rubber footbridge had more damping than the base.
It is noted in the table that the predicted damping from the free vibration tests match
those that were predicted using the steady state analysis tests. This was expected because it has
been shown that the hysteretic damping model in SAP2000 is nearly equivalent to providing
constant modal damping ratios for each mode provided that the stiffness matrix coefficient for
the hysteretic model was equal to twice the modal damping ratio.
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Table 7-11. Comparison of Measured and Predicted Accelerance FRF Magnitudes.

Specimen
Base Footbridge
Rubber Footbridge

Specimen
Base Footbridge
Rubber Footbridge

Specimen
Base Footbridge
Rubber Footbridge

Natrual Frequency
Measured Predicted Predicted /
[Hz]
[Hz]
Measured
9.35
9.13
0.976
9.45

8.99

0.951

Peak Accelerance Magnitude
Measured Predicted Predicted /
[%g/lb]
[%g/lb]
Measured
1.108
1.440
1.300
1.384

1.480

1.069

Damping Ratio
Measured Predicted Predicted /
a
[%]
Measured
[%]
0.38
0.33
0.868
0.36

0.36

1.000

a

Predicted Damping was the same for both the FRF
prediction using steady state analysis and the free vibration
decay prediction using time history analysis.

In general, the predicted structural damping ratios for the first mode are in good
agreement with the measured results. They fall within the range established by the two different
full scale measurement techniques.
Table 7-12 summarizes the measured and predicted peak acceleration measurements for a
175 lb male walking across each footbridge. The predicted values are based on a modal time
history analysis with a Fourier series representation of the footstep loads applied at the center of
the span. The accelerations predicted by the analysis models are then reduced by 65% as
proposed by Davis (2006) to account for imperfect resonant buildup and the fact that the analysis
loads are applied at mid span and not considered to travel across the span.
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Table 7-12. Comparison of Measured and Predicted Peak Accelerations.

Specimen
Base Footbridge
Rubber Footbridge

Peak Acceleration
Measured Predicted Predicted /
[%]
[%]
Measured
5.77
6.85
1.187
6.85

7.4

1.080

Accelerations were over predicted for both footbridges but were within 19% for the base
footbridge and 11% for the rubber footbridge. Although conservative, the variability in the
predictions are within the dispersion of the data collected by Davis (2006).
Looking at both the damping and acceleration results, it can be concluded that the
proposed model does provide an adequate prediction of the results. The proposed models
accurately predict two tendencies of the measured acccelerations. First, although the ground
rubber concrete was shown to have less damping capacity at strain ranges expected for vibrations
caused by walking, the total damping for the footbridge structure was predicted to be higher for
the footbridge with the rubber concrete replicating the results from the free vibration decay tests.
Second, although the finite element model for the rubber concrete footbridge had more damping,
it also correctly predicted the larger peak acceleration caused by the walker.
These results provide at least moderate confidence that the proposed method for
modeling damping can give realistic results. A higher level of confidence would result if the two
concrete mixtures used in the footbridges had a larger separation in damping behavior or more
full scale specimen had been tested for comparisons.
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7.9.5 Prediction of Damping for Other Concrete Mixtures
In this section, the proposed finite element modeling techniques are used to predict the
damping and accelerations due to walking if the footbridges had been constructed with concrete
mixtures with the best damping performance from Chapter 5 of this paper. In addition, a study
was conducted to estimate the relationship between the damping of the concrete and the damping
in the full footbridge structure in an attempt to answer the following question: If a concrete with
2%, 3%, 4%, or 5% damping could be used, what would be a reasonable prediction for the
overall damping of the full structure?
7.9.5.1 Concrete Mixtures from this Study

In Chapter 7.9.2 a finite element approach was presented for modeling full scale
footbridges and applying damping on the material level. This section presents results of a study
that investigated the predicted structural damping ratio and acceleration due to walking if six of
the highest damping concrete mixtures from this study were used instead of the FB_GRs_78
mixture that was used.
The six mixtures used for this investigation are shown in Table 7-13 along with the
calculated dynamic modulus, unit weight, and concrete damping ratios. The concrete damping
ratios were calculated the same way they were for model validation: by calculating the damping
for the point of 45 microstrain based on the linear trendline of the specific damping data. The
mixtures in Table 7-13 are sorted by increasing concrete damping ratio.
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Table 7-13. Concrete Mixtures Used for Predicting Footbridge Response.

Dynamic
Modulus [ksi]
(1.35 Ec)

Unit
Weight
[pcf]

Damping
Ratio

Comparison to
ζ for Base FB
Concrete

GRs15L12_78III

4523

140.8

1.08%

1.30

GRs10L8_78

3578

136.0

1.29%

1.55

GRs15L12_78

2903

134.0

1.39%

1.67

VG10

3780

135.2

1.53%

1.84

GRlg20L16_57

4252

145.6

1.73%

2.08

VG15

3173

136.0

2.19%

2.64

Concrete Mix ID

The selected concrete mixtures come from Phase I, Phase II and Phase III of the concrete
damping portion of this study.

All of the mixtures are either ground rubber and latex

combinations or contain vegetable gum with concrete damping ratios ranging from 1.08% up to
2.19% which represent a 30% to 164% increase over the concrete in the base footbridge.
The global damping ratio for each model was back calculated using the same methods
presented previously. Also, a walking force analysis was performed following the guidelines set
forth in Chapter 7.9.3.4. Table 7-14 shows the calculated footbridge damping ratios for each
mixture as well as the predicted damping for the two constructed footbridges. The results show
that the largest predicted footbridge damping ratio that can be achieved using the concrete
mixture with the best damping (VG15) is 0.67%. From a percentage increase, the VG15 mixture
had 2.64 times the amount of damping which resulted in 2.03 times the damping in the full
structure.
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Table 7-14. Calculated Footbridge Damping Ratios.

Concrete
Damping
Ratio

Footbridge
Damping
Ratio

Comparison to
Base
Footbridge

FB_Base_78

0.83%

0.33%

-

FB_GRs15_78

0.79%

0.36%

1.09

GRs15L12_78III

1.08%

0.39%

1.18

GRs10L8_78

1.29%

0.46%

1.39

GRs15L12_78

1.39%

0.49%

1.48

VG10

1.53%

0.52%

1.58

GRlg20L16_57

1.73%

0.55%

1.67

VG15

2.19%

0.67%

2.03

Concrete Mix ID

The predicted walking accelerations are shown in Table 7-15. In general, the reductions
in the predicted peak walking accelerations are small and only the VG15 mixture reduces the
acceleration more than 24%. All of the mixtures results in a prediction of accelerations that do
not meet the acceptance criteria for outdoor footbridges set forth by Design Guide 11 (Murray, et
al., 1997) of 5%g.
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Table 7-15. Predicted Accelertions Due to Walking.

Predicted
Peak Acc.
[%g]

Comparison to
Base
Footbridge

FB_Base_78

6.85%

-

FB_GRs15_78

7.40%

1.08

GRs15L12_78III

6.74%

0.98

GRs10L8_78

6.38%

0.93

GRs15L12_78

6.15%

0.90

VG10

5.97%

0.87

GRlg20L16_57

5.42%

0.79

VG15

5.19%

0.76

Concrete Mix ID

7.9.5.2 Concrete Mixtures with Large Amounts of Damping

A natural extension of the previous investigation is to use the finite element modeling
techniques to predict the footbridge damping and acceleration response if the footbridge
specimens were built with concrete mixtures that had 3%, 4%, or 5% viscous damping.
The damping and walking predictions were repeated for three fictitious concrete mixtures
having strength and stiffness characteristics corresponding to a 3 ksi, 4 ksi, and 5 ksi strength
mixtures. Each strength mixture was assumed to have a unit weight of 140 pcf and the static
modulus was calculated using the recommended ACI equation (Eq. 6-7). The dynamic modulus
was calculated using the recomended relationship established in Design Guide 11 (Murray et al.
1997) of Edyn = 1.35Ec. The estimated static and dynamic modulus values are tabulated in Table
7-16.
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Table 7-16. Stiffness and Unit Weight Values for Fictional Concretes.

Mix Strength [ksi]

EcACI [ksi]

Edyn = 1.35 Ec [ksi]

Unit Weight [psf]

3

3000

4050

140

4

3460

4671

140

5

3870

5225

140

Using the same modeling and analysis methods described in Chapter 7.9.2 and 7.9.3, the
total footbridge damping and peak accelerations due to walking were calculated assuming each
concrete mixture provided 1%, 2%, 3%, 4%, and 5% viscous damping. The predicted footbridge
damping ratio for each concrete material damping ratio is shown in Figure 7-34. The results
predict that a concrete with 5% damping would result in a footbridge damping ratio ranging
between 1.20% and 1.31%. The fact that the stronger and stiffer mixture contributed less to the
global damping is a result of the stiffness weighted methods used within SAP2000 for
calculating the composite modal damping for the structure.
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Figure 7-34. Predicted Footbridge Damping Ratios for Concretes with High Damping.

Figure 7-35 plots the peak acceleration predictions against the total footbridge damping
ratios. There is only a small difference between the lines in the figure indicating that the
predicted accelerations are more heavily influenced by damping than by overall stiffness. The
model predicts that a global damping ratio around 0.70% will bring the maximum walking
accelerations down below the 5%g acceptance limit (Murray, et al., 1997) for outdoor
footbridges. All of the models predict that a concrete material damping ratio of 5% is not
enough to bring the walking accelerations down below the 1.5%g acceptance limit (Murray, et
al., 1997) for indoor footbridges.
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Figure 7-35. Predicted Peak Walking Accelerations for Concrete with High Damping.

All of the predicted results in this section are presented for the purposes of illustrating
finite element model predictions. It should be noted, however, that although the model does
predict full scale tests accurately, the prediction of the behavior for concrete mixtures with high
levels of damping (say 5%) requires significant extrapolation from the actual concrete mixtures
used to verify the model.
Also, it requires repeating that mixing a concrete with 5% damping capacity was not
achieved in the material part of this study, and in the author’s opinion, it is unlikely to obtain a
mixture with that level of damping using the materials tested in this research. Therefore, these
results should be used as a starting point for establishing a minimum damping criteria for the
performance of future damping concrete mixes.
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CHAPTER 8:
SUMMARY, CONCLUSIONS, AND FUTURE
RESEARCH RECOMMENDATIONS
8.1 Summary of Results and Conclusions
The results from this project can be separated into those regarding the concrete damping
additive study and those pertaining to the footbridge and finite element analysis study.
The following is a summary of the results related to the addition of additives for the
purpose of increasing damping in concrete:

•

The material damping of concrete is dependent on the amplitude of vibration and is
therefore not viscous.

The specific damping capacity (and equivalent viscous

damping ratio) and the amplitude of cyclic strain can be adequately represented using
a linear relationship.

•

Using the 30 µε intercept of the specific damping trendline for comparison, the
damping ratio of a normal concrete mixture without any damping additives fell within
the range of 0.64% and 0.93%.

•

The damping of normal concrete is not strongly dependent on mix strength, stiffness,
air content, aggregate size, or water-to-cement ratio.

•

Ground rubber (without latex) and calcium carbonate particles did not significantly
affect the concrete material damping.

•

The vegetable gum emulsion ConcreDamp was the best additive tested in this study
increase damping by a factor of 2.59 at 15% replacement of FA by volume. There
was a significant reduction in the concrete workability at 10% or more replacement of
FA with ConcreDamp.
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•

Styrene Butadiene Latex was the second best single additive tested increasing the
damping by 50% at 12% replacement of FA by volume.

•

All of the additives, with the exception of the SBR latex, increased air content and
decreased compressive strength. For the calcium carbonate and vegetable gum the
strength loss was shown to be dependent only on the increased air. For the rubber
particles the strength loss was caused by both the amount of air and the amount of
rubber in the mixture.

•

The air content for mixtures with ground rubber was dependent on the size of the
rubber particles. Three sizes of rubber were tested with the largest particles having
the least effect on air and the smallest particles having the greatest effect.

•

Steel fibers were used in an attempt to recover some of the strength loss associated
with the addition of the rubber particles. This solution did not work because the
fibers increased the air content beyond the effects caused by the rubber alone.

•

Combining latex and ground rubber reduced the air entrained by the rubber alone and
provided more damping than the two additives added individually.

•

As rubber particle size increased, the damping increased but so did the detrimental
effects on the strength.

•

Although most of the additives increased air content, the air content was found to be
more strongly correlated to the amount of 30 to 50 sieve FA in the mix. Air content
was successfully reduced by using a FA gradation with only 50 sieve and greater
material.
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•

A new equation is presented which calculates a strength reduction factor for concrete
mixtures with rubber that takes into account rubber particle size and concentration as
well as additional porosity caused by air bubbles.

•

The current ACI equation for predicting static modulus does an adequate job for
concretes that contain the damping additives used in this study as long as the
additives comprise less than 7% of the total concrete volume.

The results show that although concrete damping can be increased, the methods
employed as part of this project cannot increase the material damping ratio to levels much
beyond 2%. Not including the vegetable gum, only a few mixtures approached 1.5%. When
translating the increased damping to the structural level, the benefits are reduced. It is the
author’s opinion that much larger gains in damping are needed for a high damping concrete to
provide a significant structural response. This opinion is primarily based on the full scale
footbridge tests and accompanying finite element analysis study. A description and summary of
the results of that study are given below.
Two full scale footbridges were tested to measure damping and acceleration response due
to walking. The steel framed composite footbridges were constructed with a composite concrete
slab. One slab consisted of a normal 5 ksi concrete while the other contained ground rubber.
Findings included:

•

The measured damping ratios of the footbridges were approximately 50% of the
material damping ratios of the concrete.

•

The measured damping depended on whether it was measured using decay analysis
(time domain) or FRF methods (frequency domain). The free vibration decay tests
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measured damping ratios of 0.57% and 0.51% for the rubber footbridge and base
footbridge respectively while the FRF methods measured damping ratios of 0.36%
and 0.38%.

•

Although the rubberized concrete footbridge had approximately the same amount of
damping as the base footbridge, it was more sensitive to walking excitations because
it was more flexible than the base footbridge. The increased flexibility was directly
related to a reduced modulus of elasticity of the rubberized concrete.

•

Finite element modeling recommendations by Barrett (2006) and Davis (2008) did an
adequate job of predicting the natural frequency of each footbridge.

•

Using the material damping option within SAP2000 resulted in realistic estimates of
the structural damping ratio for the full scale specimen. It was also adequate for
predicting the peak accelerations due to walking.

The composite modal damping method within SAP2000 was used to predict the structural
damping ratios for footbridges that were theoretically constructed with the concrete mixtures that
the highest measured material damping. Assuming the footbridge was constructed with the
VG15 concrete, the structural damping ratio increased from 0.33% to 0.67% while the peak
acceleration due to walking was reduced from 6.85%g to 5.19%g

These are measurable

changes, however the high cost of the vegetable gum latex material would make it difficult
justify using it for more than small specialized applications.
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8.2 Future Research Recommendations
There are many directions that can be explored as an extension of this project. One is
developing a better understanding of how to accurately predict the air content of rubberized
concrete. The use of rubberized concrete has been suggested for many uses beyond those
associated with structural vibrations including paving slabs, foundation pads for rotating
machinery, railway buffers, and jersey barriers to name a few (Siddique and Naik, 2004).
Although many authors have investigated the relationship of rubber percentage to concrete
strength, only a few examples can be found where the influence on air content was reported.
This project has demonstrated that the relationship between ground rubber and air content is
quite complex and depends on the rubber particle size and concentration and the size and
percentage of the aggregate at minimum. A better understanding of these relationships will
increase the general knowledge of rubberized concrete and create better confidence in the
prediction of its properties.
The ground rubber used in this research was limited to ground tire particles that had a
shredded surface. Studies that use other synthetic rubber materials that have higher damping
than tire rubber may result in a better performing concrete.
The most promising damping additives appear to be polymers as opposed to particles.
Latex modified concretes form a continuous polymer film which coats the cement and aggregate
particles distributing the polymer products evenly throughout the mixture. Both the latex and
vegetable gum emulsion were the best performing damping additives in this study. Research that
focuses on identifying a polymer with good damping characteristics might be the key to creating
a latex modified concrete with damping that exceeds what was achieved in this study. This was
the approach taken in the development of the vegetable gum emulsion ConcreDamp.
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More research is needed to verify the most appropriate way to combine material damping
properties into a global damping value for analysis. The composite modal damping assumption
in SAP2000 worked well in mimicking the footbridge damping but more tests are needed to
adequately verify this model. Tests with concrete mixtures that have significantly different
damping properties would have been useful.
One limitation to the to performing the analysis in SAP2000 is that the program does not
allow for the modeling of amplitude dependent damping behavior. All damping for time domain
analyses must be entered as viscous damping ratios which simplify analysis methods. A possible
future research project could be to develop damping models that capture the frequency
independent and amplitude dependent damping of concrete. Such a model will only be truly
useful, however, after the amplitude dependency can be more clearly defined. The goal of this
project was to compare many different damping alternatives at the expense of gaining a true
handle on mix to mix variability.
One observation is that although the damping is dependent on cyclic amplitude, the effect
is small for structures vibrating at levels well below the elastic limit of the concrete (such as
footbridges). Using an amplitude dependent damping model (which would be nonlinear) in an
analysis that would be otherwise elastic would most likely cost significant computational time to
capture an effect that from this research, was found to be minimal.
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APPENDIX A:
MIXTURE DESIGNATIONS
Table A-1. Preliminary Study Mixture Designations

Mix Designation
P-Base
P-VG

Description
Preliminary study base mixture
3
Preliminary study vegetagle gum mixture added as 12 gal/yd

Table A-2. Phase I Mixture Designations

Mix Designation
Base_78
Base-Air_78
VG5
VG10
VG15
GRs5
GRs10
GRs15
GRs20

Description
Base Mixture for Phase I with Wythville sand - small CA
Base Mixture for Phase I with 9% air entrainment - small CA
5% FA replacement with Vegetable gum - small CA
10% FA replacement with Vegetable gum - small CA
15% FA replacement with Vegetable gum - small CA
5% FA replacement with Lehigh Rubber - small CA
10% FA replacement with Lehigh Rubber - small CA
15% FA replacement with Lehigh Rubber - small CA
20% FA replacement with Lehigh Rubber - small CA
5% FA replacement with CRM Rubbber and 4% replacement with latex GRs5L4_78
small CA
10% FA replacement with CRM Rubbber and 8% replacement with latex GRs10L8_78
small CA
15% FA replacement with CRM Rubbber and 12% replacement with latex GRs15L12_78
small CA
4% FA replacement with SBR latex - small CA
L4
8% FA replacement with SBR latex - small CA
L8
12% FA replacement with SBR latex - small CA
L12
2.5% FA replacement with Calcium Carbonate - small CA
CC2.5
5% FA replacement with Calcium Carbonate - small CA
CC5
7.5% FA replacement with Calcium Carbonate - small CA
CC7.5
10% FA replacement with Calcium Carbonate - small CA
CC10
Base Mixture with 1.5% steel fibers - small CA
Base_SF
5% FA replacement with CRM Rubbber with 1.5% steel fibers - small CA
GRs5_SF
GRs10_SF 10% FA replacement with CRM Rubbber with 1.5% steel fibers - small CA
GRs15_SF 15% FA replacement with CRM Rubbber with 1.5% steel fibers - small CA
GRs20_SF 20% FA replacement with CRM Rubbber with 1.5% steel fibers - small CA
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Table A-3. Phase II Mixture Designations.

Mix Designation
Base_57
GRs5L4_57
GRs10L8_57
GRs15L12_57
GRs20L16_57
GRm5L4_57
GRm10L8_57
GRm15L12_57
GRm20L16_57
GRlg5L4_57
GRlg10L8_57
GRlg15L12_57
GRlg20L16_57

Description
Base Mixture for Phase II with Wythville fines - large CA
5% FA replacement with CRM Rubbber and 4% replacement with latex large CA
10% FA replacement with CRM Rubbber and 8% replacement with latex
- large CA
15% FA replacement with CRM Rubbber and 12% replacement with
latex - large CA
20% FA replacement with CRM Rubbber and 16% replacement with
latex - large CA
5% FA replacement with medium GTR Rubbber and 4% replacement
with latex - large CA
10% FA replacement with medium GTR Rubbber and 8% replacement
with latex - large CA
15% FA replacement with medium GTR Rubbber and 12% replacement
with latex - large CA
20% FA replacement with medium GTR Rubbber and 16% replacement
with latex - large CA
5% FA replacement with large GTR Rubbber and 4% replacement with
latex - large CA
10% FA replacement with large GTR Rubbber and 8% replacement with
latex - large CA
15% FA replacement with large GTR Rubbber and 12% replacement
with latex - large CA
20% FA replacement with large GTR Rubbber and 16% replacement
with latex - large CA

Table A-4. Phase III Mixture Designations.

Mix Designation
Base_78III

Description
Base Mixture for Phase III with Wythville fines - small CA

GRs5L4_78III

5% FA replacement with CRM Rubbber and 4% replacement with
latex - Wythville fines small CA

GRs10L8_78III

10% FA replacement with CRM Rubbber and 8% replacement with
latex - Wythville fines small CA

GRs15L12_78III

15% FA replacement with CRM Rubbber and 12% replacement with
latex - Wythville fines small CA
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APPENDIX B:
EXAMPLE COMPOSITE SECTION CALCULATIONS
This Appendix includes example calculations for the calculation of the composite
transformed moment of inertia for the footbridge specimen.

It also includes an example

calculation for the effective slab density and stiffness property modifiers for the finite element
models.

Composite Transformed Moment of Inertia Calculation for Perpendicular Deck
Footbridge Concrete:

FB_Base_78

Concrete Properties:
Ec

:= 3700

Measured Elastic Modulus, ksi

Edyn := 1.35 ⋅ Ec

Measured Dynamic Modulus, ksi

wc := 146.4

Concrete Unit Weight, pcf

dc := 4.5

Depth of Concrete over Ribs, in.

beff

:= 42

Edyn = 4995

Effective Slab Width for One Beam, in.

Steel Deck Properties:
dr := 1.5

Depth of Deck Ribs, in.

ws := 2.0

Weight of Steel Deck, psf

Steel Beam Properties: W14x26
As := 7.7

Area, in2

Ib := 245.0

Moment of Inertia, in4

db := 13.9

Depth, in.

Es := 29000

Elastic Modulus, ksi

Calculate the Modular Ratio with respect to the Dynamic Modulus of the Concrete
n :=

Es
Edyn

n = 5.806
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Calculate Areas for Moment of Inertia Calculation
Steel Beam Area, in2

As = 7.7

Actr := dc ⋅

beff
n

Atot := As + Actr

Actr = 32.6

Transformed Concrete Area, in2

Atot = 40.3

Total Transformed Area, in2

Locate the neutral axis of the entire cross section using the areas of the transformed slab and steel beam
measured from the top of the steel beam.

 −db 
 + As ⋅ 

2 
 2 

Actr ⋅  dr +

dc 



y :=

y = 1.7

Atot

in. above top of beam

Compute Moments of Inertia
Moment of Inertia of the Beam, in4

Ib := 245.0

Ictr :=

beff
n

3 1

⋅ dc ⋅

Moment of Inertia of Transformed Slab, in4

Ictr = 54.934

12

Compute the Composite Moment of Inertia using the parallel axis theorem.
Itot := Ib + As ⋅ 

db

 2

2

+ y  + Ictr + Actr ⋅ 



dc

 2

+ dr − y 

2



Itot = 1012.874
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The effective slab unit weight must be calculated because only the concrete above the
deck ribs is considered in the model. The weight of the steel deck and the concrete within the
ribs must be accounted for in the unit weight of the concrete in the model.

Example Effective Concrete Unit Weight Calculation
dc = 4.5

Concrete Depth above ribs, in.

dr = 1.5

Depth of Deck ribs, in.

wc = 146.4

Unit Weight of Concrete, pcf

ws = 2

Weight of Steel Deck, psf

Calculate the effective concrete depth for calculating concrete volume. The effective concrete depth is
assumed to be the depth of the concrete above the ribs plus one half the depth of the ribs
dceff :=  dc +



dr  1
⋅
2  12

weff := dceff ⋅ wc + ws

wmaterial :=

weff

 dc 
 
 12 

dceff = 0.438

inches

weff = 66.05

psf

wmaterial = 176.133

pcf

Effective Concrete Material Unit Weight
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Example Finite Element Slab and Beam Property Modifiers
The property modifiers are used to represent the composite stiffness by increasing the
individual bending stiffness of the frame and shell elements. Each property modifier is weighted
by the contribution of the beam (frame element) and slab (shell element) to the total composite
stiffness.
Area and Moment of Inertia of the Beam and Transformed Slab (Calculated in Previous Examples)
As = 7.7

Area of Steel Beam, in2

Ib = 245

Moment of Inertia of Beam, in4

Actr = 32.554

Transformed Concrete Area, in2

Ictr = 54.934

Moment of Inertia of Transformed Concrete, in4

Calculate the weighted Property Modifiers
db

dbeam :=

2

+ y

PMbeamweighted := 1 +

dslab :=

dc
2

+ dr − y

PMslabweighted := 1 +

dbeam = 8.653

As ⋅ ( dbeam)

2

Ib
dslab = 2.047

Actr ⋅ dslab
Ictr

Depth from NA of beam to NA of section

PMbeamweighted = 3.353

Depth from NA of slab to NA of section

2

PMslabweighted = 3.483
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APPENDIX C:
FINITE ELEMENT INPUT VARIABLES
This Appendix lists all of the variables that need to be input into the SAP2000 finite
element models that change from one concrete to the next. This includes dynamic modulus,
measured unit weight, effective unit weight to be used in the model, concrete damping ratio, steel
damping ratio, and the weighted property modifiers for the frame and shell (beam and slab)
elements in the

model.

Example calculations for the FB_Base_78 mixture are found in

Appendix B. Table C-1 lists the properties for concrete mixtures that were tested as part of this
study and Table C-2 lists the properties of the fictitious concrete mixtures used to predict the
damping behavior of concrete with high (up to 5%) damping.

Table C-1. Finite Element Input Values for Tested Concretes.

FB_Base_78

4995

Conc.
Unit
Weight
[pcf]
146.4

FB_GRs15_78

2565

GRs10L8_78

Slab Concrete

Dynamic
Modulus
[ksi]

Effective
Concrete
Steel
Conc. Unit Damping Damping
Weight [pcf]
Ratio
Ratio

Weighted Property
Modifiers
PMbeam

PMslab

176.1

0.83%

0.20%

3.353

3.483

127.0

153.5

0.79%

0.20%

2.686

7.735

3578

136.0

164.0

1.29%

0.20%

3.032

5.174

GRs15L12_78

2903

134.0

161.7

1.39%

0.20%

2.816

6.668

VG10

3780

135.2

163.0

1.53%

0.20%

3.087

4.840

VG15

3173

136.0

164.0

2.19%

0.20%

2.909

5.986

GRlg20L16_57

4252

145.3

175.1

1.73%

0.20%

3.202

4.201

GRs15L12_78III

4523

140.8

169.6

1.08%

0.20%

3.260

3.905
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Table C-2. Finite Element Input Values for Theoretical Concretes

3ksi

4050

Conc.
Unit
Weight
[pcf]
140.0

4ksi

4671

5ksi

5225

Slab Concrete

Dynamic
Modulus
[ksi]

Effective
Concrete
Steel
Conc. Unit Damping Damping
Weight [pcf]
Ratio
Ratio

Weighted Property
Modifiers
PMbeam

PMslab

168.7

1% - 5%

0.20%

3.155

4.453

140.0

168.7

1% - 5%

0.20%

3.290

3.759

140.0

168.7

1% - 5%

0.20%

3.391

3.303
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APPENDIX D:
FOOTBRIDGE MEASUREMENTS
This Appendix presents the walking, free vibration decay, and FRF measurements made
for each footbridge. For the walking tests, acceleration was measured at midspan (Location 13
in Figure D-1) of each footbridge as a 175 lb walker traversed across the center of the structure.
For the free vibration decay tests, the structure was excited by an electrodynamic shaker located
at the driving point location labeled DP. For the FRF measurements, the shaker was located at
the driving point (DP) and two roving accelerometers were moved across the structure in the
order shown in Figure D-1.

Figure D-1. Footbridge Measurement Locations.

297

Measured Accelerations Due to Walking
Footbridge:

FB_Base_78

Measurement Location:

13

Walking Measurement 1

Peak Acceleration: 5.77%g

Walking Measurement 2

Peak Acceleration: 5.75%g

Figure D-2. Accelerations Due to Walking: FB_Base_78.
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Measured Accelerations Due to Walking
Footbridge:

FB_GRs15_78

Measurement Location:

13

Walking Measurement 1

Peak Acceleration: 7.00%g

Walking Measurement 2

Peak Acceleration: 6.70%g

Figure D-3. Accelerations Due to Walking: FB_GRs78_78.
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Free Vibration Decay Measurements
Footbridge:

FB_Base_78

Shaker Location:

DP

Measurement Location:

13

Figure D-4. Free Vibration Decay Measurements FB_Base_78.

Frequency: 9.35Hz

Damping Ratio:

Accelerometer 1 = 0.508 %
Accelerometer 2 = 0.506 %
300

Free Vibration Decay Measurements
Footbridge:

FB_GRs15_78

Shaker Location:

DP

Measurement Location:

13

Figure D-5. Free Vibration Decay Measurements FB_GRs15_78.

Frequency: 9.45Hz

Damping Ratio:

Accelerometer 1 = 0.582 %
Accelerometer 2 = 0.583 %
301

FB_Base_78 Footbridge Accelerance FRFs
Driving Point Accelerance FRFs – FB_Base_78

Figure D-6. Driving Point Accelerance FRFs: FB_Base_78.

Peak Frequency: 9.35 Hz
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Roving Accelerance FRFs, All Points – FB_Base_78

Figure D-7. Accelerance FRFs: FB_Base_78.
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FB_GRs15_78 Footbridge Accelerance FRFs
Driving Point Accelerance FRFs – FB_GRs15_78

Figure D-8. Driving Point Accelerance FRFs: FB_GRs15_78.

Peak Frequency: 9.45 Hz
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Roving Accelerance FRFs, All Points – FB_GRs15_78

Figure D-9. Accelerance FRFs: FB_GRs15_78.
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APPENDIX E:
PREDICTED DAMPING AND WALKING ACCELERATIONS
This Appendix contains the walking accelerations and damping ratios for all the finite
element footbridge models. A summary of the input material properties used for each model is
summarized in Appendix C. Each page of this Appendix shows the predicted acceleration time
history for a footstep loading generated using a four term Fourier series and applied at mid span
of the model. The acceleration time history predicted by the model is reduced by a factor of 0.65
to account for over estimation due to the assumptions of perfect walking cadence and a loading
that remains at midspan throughout the analysis. Also shown is the predicted free vibration
decay acceleration response with the envelope function fit to the data.
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Figure E-1. Predicted Walking Accelerations and Damping Ratio: FB_Base_78
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Figure E-2. Predicted Walking Accelerations and Damping Ratio: FB_GRs15_78
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Figure E-3. Predicted Walking Accelerations and Damping Ratio: GRs10L8_78
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Figure E-4. Predicted Walking Accelerations and Damping Ratio: GRs15L12_78
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Figure E-5. Predicted Walking Accelerations and Damping Ratio: VG10
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Figure E-6. Predicted Walking Accelerations and Damping Ratio: VG15
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Figure E-7. Predicted Walking Accelerations and Damping Ratio: GRlg20L16_57
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Figure E-8. Predicted Walking Accelerations and Damping Ratio: GRs15L12_78III
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Figure E-9. Predicted Walking Accelerations and Damping Ratio: 3ksi 1% Damping
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Figure E-10. Predicted Walking Accelerations and Damping Ratio: 3ksi 2% Damping
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Figure E-11. Predicted Walking Accelerations and Damping Ratio: 3ksi 3% Damping
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Figure E-12. Predicted Walking Accelerations and Damping Ratio: 3ksi 4% Damping

318

Figure E-13. Predicted Walking Accelerations and Damping Ratio: 3ksi 5% Damping
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Figure E-14. Predicted Walking Accelerations and Damping Ratio: 4ksi 1% Damping
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Figure E-15. Predicted Walking Accelerations and Damping Ratio: 4ksi 2% Damping
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Figure E-16. Predicted Walking Accelerations and Damping Ratio: 4ksi 3% Damping
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Figure E-17. Predicted Walking Accelerations and Damping Ratio: 4ksi 4% Damping
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Figure E-18. Predicted Walking Accelerations and Damping Ratio: 4ksi 5% Damping

324

Figure E-19. Predicted Walking Accelerations and Damping Ratio: 5ksi 1% Damping
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Figure E-20. Predicted Walking Accelerations and Damping Ratio: 5ksi 2% Damping
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Figure E-21. Predicted Walking Accelerations and Damping Ratio: 5ksi 3% Damping
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Figure E-22. Predicted Walking Accelerations and Damping Ratio: 5ksi 4% Damping
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Figure E-23. Predicted Walking Accelerations and Damping Ratio: 5ksi 5% Damping
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