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Foreword

THIS COMPILATION OF THE JOURNAL OF ASTM INTERNATIONAL
(JAI), STP1511, on Special Issue on Recent Advancement in Concrete
Freezing-Thawing (F-T) Durability, contains papers published in JAI
highlighting recent advances in concrete F-T durability. This STP is also
associated with ASTM Committee C09 on Concrete and Concrete
Aggregates.

The JAI Guest Editor is Dr. Kejin Wang, Iowa State University of
Science & Technology, Department of Civil, Construction, and
Environmental Engineering, Ames, Iowa.
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Overview
In recent years, concrete technology has advanced dramatically. Various
new types of concrete, such as self-consolidating concrete, engineered ce-
mentitious composites, and pervious concrete, have been developed. Con-
cretes have served in many difficult environments, including cold climates.
A number of new techniques have emerged for characterizing and predicting
the performance of concrete subjected to freezing-thawing (F-T) cycles. This
special issue highlights recent advances in concrete F-T durability.

This special issue contains ten papers. Four focus on the new technolo-
gies and test methods for characterizing air voids in fresh cement paste and
hardened concrete. Three provide state-of-the art information on F-T dura-
bility of special concrete, such as lightweight concrete, engineered cementi-
tious composites, and pervious concrete. One paper emphasizes the effects of
void parameters on concrete F-T resistance. One introduces a new test
method for determining air entraining agent demand of a concrete mixture.
And one paper offers guidance for interpreting F-T test results of field con-
crete and for reconciling laboratory-based specifications with field experi-
ence.

As a guest editor, I sincerely thank all the authors for their contributions
and all the reviewers for their constructive comments and suggestions. I am
also indebted to the ASTM and JAI staff members for their timely assistance
in organizing and preparing this special issue. I earnestly hope that this
special issue will facilitate significant improvements in concrete void char-
acterization, F-T durability evaluation, and test specifications. This special
issue should serve as a valuable resource for researchers and engineers to
make such improvements.

Kejin Wang
Iowa State University

Ames, Iowa
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understood that the frost protection afforded by entrained
nt-based materials is dependent on their size and distribu-
ctor. The common practice of adding air-entraining admix-
oncretes and mortars demands economical quality control
air-entrained voids. However, conventional methods for

tent in fresh cement-based materials, such as the pressure,
imetric methods, measure only total air volume and cannot
allow discrimination between entrained and entrapped air
. Ultrasonic monitoring may present an alternative in situ
e measurements. In this investigation, using matched pairs

ultrasonic pulses were transmitted through fresh cement
�containing 0.0 % up to 0.6 % AEA by weight of cement�.
als were recorded every 5 min during the first 6 h and then
reafter. Analysis of the signals shows strong distinctions
ns with and those without the AEA. In general, the addition
es the peak-to-peak signal strength, pulse velocity, and
f the signal transmissions through the specimens. The data
elations between Vicat setting times, heat of hydration, and
in and ultrasonic metrics. The findings of this research
appropriate as a foundation for an inversion process and
ainment detection methods.
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r-entrainment, early age, hydration, ultrasonics

rained in concrete to impart durability to freezing cycles.
.e., volume� and quality �i.e., size and spacing� of the en-
al to ensuring adequate durability while maintaining the
n the field, air content of concrete is typically measured by
d” in ASTM C231-04 �1� or the “Volumetric Method” in

In the laboratory, the “Gravimetric Method” ASTM C138-
used. With each of these methods, the air content is mea-
atching facility or on site after the concrete has been dis-
its placement. Construction operations during placement

e-dependent� interactions between the cementitious com-
ash, and the air-entraining chemical admixtures can affect
tem. Thus, the air content measured just after mixing or
not accurately reflect the entrained air system in the in-

ming of the existing standard methods is that the quality of
or the size of the air voids and their distribution—is not
a new method, the “Air Void Analyzer,” has been intro-
measures the size distribution and spacing of the mortar
plastic concrete. Despite the additional information pro-

s limitations include that it must be performed on mortar
and it is not sufficiently reproducible.
graphy can be performed in the laboratory on concrete
th the quantity and quality of air entrainment. But, this

ensive and is typically used to characterize only small
t be assumed to be representative of the entire section.

nalysis may often occur weeks or months after placement.
ion provided by this analysis is generally not useful for
g a mix design.
in situ measurements of entrained air quantity and quality
e that the as-placed material meets specifications and per-

hile ultrasonic monitoring in concrete practice has been
r finished structures and hardened material, research ef-

have addressed the application of ultrasonic monitoring to
nt pastes and mortars and could further expand the use of

y control during concrete casting. This new focus empha-

CONCRETE FREEZING-THAWING DURABILITY
dent nature of hydrating paste as opposed to the relatively
ardened paste. Thus, this research examines the potential
y offer as a tool for quality assurance of plastic or early age
tes. This investigation serves as a foundation for establish-
cess to characterize air-entrainment parameters.
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great success in similar applications in the biomedical and
rasonic techniques can provide a direct measure of me-
nd enable a quantitative inversion process for critical mi-

nents. The use of ultrasonic wave measurements is also an
ical component to structural health monitoring of civil
nondestructive—and potentially in situ—method, ultra-
ents of concrete structures provide an effective means of

icknesses and stiffness as well as cracking and delamina-
ng additional damage to a structure. Recent studies have
uantitatively assess air-entrained voids in hardened cement

plication of ultrasonics to plastic cement paste is relatively
investigations into testing mechanisms and the potential

itoring are limited to a handful of studies. There are cur-
for the containment system and testing procedures for
g of fresh cement paste. Each new study generally utilizes
he thru-transmission setup proposed by Reinhardt et al.
aste containment between two acrylic sheets separated by
er. Transducers on the outside surfaces of the assembly
signals. Less common is a pulse-echo system, such as that
et al. �7�, in which a single transducer transmits through a
e and records the resulting echoes reflected off of the op-
f the paste.
fell �8�, using ultrasonic thru-transmission of longitudinal
sidered the development of mechanical strength and stiff-
materials through initial and final sets. The tests reveal the
of the mechanical properties of cement within the first few
emphasize time-dependent distinctions of the ultrasonic
through each slurry.

iments of cement pastes with and without a chemical ac-
yers and Dahlin �9� found wave propagation during the
ixing to be sensitive to air inclusions in the paste. Pastes

erator transmitted relatively high-frequency wave compo-
hours after mixing compared to the lower-frequency spec-
t the accelerator. By further monitoring CaCl2 that were
d Dahlin proposed that the resonance of air voids result-

effect of the addition of CaCl superimposes the higher-

KMACK ET AL., doi:10.1520/JAI102452 3
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ponents.
lippidis’ �10–12� investigated fresh and hardened cement
of various water-to-cement ratios. Their studies note the
propagation in hardened cement specimens in which solid
e means for signal transmission versus fluidous paste in
s a means necessary for transmission.
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s

ilizes mechanical waves being composed of oscillations of
erial. Analysis of ultrasonic signals is generally driven by
nic wave speed, frequency spectra, and attenuation or sig-
ntal setups, measured attenuation is the superposition of
mechanisms. Assuming the geometry is already known,
n can be accounted for prior to testing. Generally, interest

c attenuation associated with material absorption and scat-
e stress wave that is attenuated as it propagates through a
essed in terms of time �t� and distance �x� from the source

��x,t� = �0ei��t−kx� �1�

gular frequency and
.
ression valid for an attenuated wave, the wave number is
k1− i�. It is understood that the attenuation � causes an
pressure amplitude and is not dependent on x. One can

��x� = �0e−�x �2�

ation �. For two different points x1 and x2 where x1�x2,
pressions at the two points, written in nepers �Np� and

� =
1

x2 − x1
loge

��x1�
��x2�

Np/unit length �3�

=
1

x2 − x1
20 log10

��x1�
��x2�

dB/unit length �4�

ttenuation may be divided into two classes: Those “intrin-
t are of physical nature, having to do with physical prop-
l �absorption and scattering�, and those apparent or “ex-
arising as a result of the method by which the attenuation
ade �geometric�.

ion, �a —General elasticity theory assumes that a material
t dissipation during deformation. However, many materi-
nd composites like cement-based materials� do dissipate
nergy through absorption. Such materials are said to be

CONCRETE FREEZING-THAWING DURABILITY
ing the properties of an elastic solid and a dissipative vis-
asticity occurs if the material stress and strain are not
ns of one another for a complete cycle of oscillatory stress.
nction not only of strain but also of the time derivative of
the hysteresis effect—the strain cannot keep up with the

. If the strain is not homogeneous, temperature gradients
n regions of compression and of rarefaction �13�. This will
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, accompanied by a production of entropy, and attenuation
amplitude. This type of attenuation is reportedly propor-

of frequency.

cattering, which is the other part of the intrinsic attenua-
oundaries between materials, grains, or inclusions with
perties. These differences are associated with the grain
hases, precipitates, crystal defects from dislocations, etc.
geneity can serve as a scatterer.

ing—Spreading of the ultrasonic wave attenuates the ini-
ndependent of frequency. Geometric attenuation is depen-
de and geometry of the elastic body under investigation.

al wave amplitudes are attenuated at 1/r, where r is the
t� source.

tigation

tal Setup

e experimental setup used for conducting ultrasonic mea-

gram of the ultrasonic measurement system for hydrating ce-

KMACK ET AL., doi:10.1520/JAI102452 5
r components are described as follows.
Panametrics 5072PR pulse generator provides the source
onic experiments. The transmission node on the pulser is
electric transducer; when the pulser generates an electrical
e crystal within the transducer, which converts the signal
y and generates an ultrasonic pulse. The use of impulse
roadband performance of the transducer.



Piezoelectric tran
such as ultrasonic p
version occurs in th
electrical voltage acr
For the experimenta
MHz nominal cente
orientation. Ultrason
travels through the s
nal by the receiving

Preamplifier and
sequently processed
Wave FTM4000 amp
trical signal by incre
toring the evolution
paste proceeds from
of signal received ca
overcome signal-to-n
pulse energy during
damage the transdu

Oscilloscope. On
displayed and record
nal is displayed on th
voltage. The oscillosc
olution�, sample size
saving the data.

Specimen Containme

In order to collect ul
However, unlike soli
transducers and spe
tainment that allows
transducer and hyd
used in the experime

6 JAI • STP 1511 ON

 

sducers convert electrical energy into mechanical energy,
ressure waves, based on the piezoelectric effect. The con-
e piezoelectric active element of the transducer, in which
oss the element induces mechanical stress and vice versa.
l setup, a pair of broadband Panametrics V103 1.0/0.5 in. �1
r frequency� transducers was used in a thru-transmission
ic longitudinal pulse from the transmitting transducer �T�
pecimen to be received and converted to an electrical sig-
transducer �R�.
amplifier. The signal from the receiving transducer is sub-
by a Digital Wave PA2040G/A Preamplifier and a Digital
lifier. The preamplifier provides conditioning to the elec-
asing the signal-to-noise ratio. This is essential for moni-
of ultrasonic waveforms through hydrating paste. As the
a fluid matrix to a solid hardening matrix, the magnitude
n increase by a factor of 100. Without the preamplifier to
oise issues, the experiment would require much higher
the earliest hours of hydration, which could potentially

cers and overwhelm the circuitry of the oscilloscope.
ce processed by the preamplifier and amplifier, the signal is
ed by a Tektronix TDS5034 Digital Oscilloscope. The sig-
e time-domain with amplitude representing the waveform
ope allows for the user to specify sampling frequency �res-
, and signal averaging for the waveform of interest before

nt

FIG. 2—Specimen containment vessel.

CONCRETE FREEZING-THAWING DURABILITY
trasonic waveforms, a thru-transmission technique is used.
d specimens, which allow for direct contact between the
cimen surfaces, the fresh paste requires a means of con-
for clear measurements while preventing contact between

rating paste. Figure 2 illustrates the containment vessel
nts. In this case a closed-cell silicon rubber gasket is sand-
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2.0 mm thick acrylic glass sheets, which serve as interfaces
The gasket is U-shaped to provide space for the paste. For
e transducers in place throughout the measurements, two

ss sheets drilled with holes fitted to the diameter of the
ed on the outside surfaces of the thinner acrylic glass

m gasket in place, the entire container is compressed by
providing a paste cavity of 12.0 mm in thickness; thicker
to be too attenuative to early hydration waveforms. The
n coupled to the thinner acrylic surfaces using silicon
ated at the transmitting transducer pass through the first

t, into the paste specimen, and finally through the second
where the receiving transducer collects the signals.
are mixed and immediately placed in the containment

ening at the top. After consolidation of the paste through
metal rod, a silicon rubber stopper is inserted in the top

and stopper provide an effective moisture barrier, prevent-
ensuring that shrinkage effects in the paste are attributable
chemical shrinkage and not drying shrinkage. With this
easurements can proceed within 20 min of first mixing.
25.0 mm acrylic barrier sheets were used for the trans-
the intent of isolating any echo effects in received wave-

t elastic deformations of this interface due to dimensional
specimen. However, dimensional changes due to plastic

ally unavoidable for fresh cement paste, and the paste has
way” from the acrylic barriers after as little as 5–12 h of

ed in preliminary tests, this decoupling of paste and acrylic
ff signal transmission to the receiving transducer. Further
the highly attenuative nature of fresh cement paste makes
gible with any interface.
vious research into ultrasonic monitoring of fresh cement
dress the issue of interface decoupling due to shrinkage.
do not address this issue at all despite using thicker and
terfaces. Among these cases: The use of mortar—cement
regate—may have provided the dimensional stability to
effects negligible �10,11�, or monitoring times may be left
early times not visibly affected by decoupling �7�. Rein-

ggested maintaining a layer of free water at the top of the
that it can percolate down to fill gaps formed as the paste

5.0 mm acrylic interfaces �5,6�. This last solution brings up
roduction of additional free water will unintentionally in-
and porosity at exposed paste surfaces and possibly alter

KMACK ET AL., doi:10.1520/JAI102452 7
gn during chemical hydration. Also, any chemical shrink-
atation of internal pores will pull additional water into the

s in this investigation are unavoidable without altering ei-
or the container rigidity. In order to maintain a relatively
ste interface, 2.0 mm acrylic glass sheets were selected
ndergo elastic plate deformation with the shrinkage of the



paste while maintain
ing a thin layer of sil
the interior surface
hydrating paste and
pling effect—and off
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ing contact with the specimen. In addition, simply smear-
icon grease—chemically inert to the hydration process—on
s of the acrylic glass does improve contact between the
the acrylic—while not completely eliminating the decou-
ers a practical form-release agent.

pared for this investigation from ASTM C150-07 �14� Type
roduced by Lafarge. Bogue potential composition for this

provided in Table 1 based on chemical oxide analysis.
the amount of chemical air-entraining agent �Darex air-
e �AEA� provided by W. R. Grace�. Two separate samples
nitored for each specimen type. All specimens are of w /c
tively low ratio that may be seen in transportation struc-
arizes the composition of each specimen. Petrographic

7-98 �15�� shows specimens without AEA contain approxi-
ed air by volume. The volume fraction of air increases by

ximately 1.2 % for each additional 0.2 % of AEA by weight

the ingredients were measured to an accuracy of 0.1 mg.
were combined, they were blended by hand for 30 s to wet
placed in a planetary �Hobart N-50� mixer set to the lowest
, the sides and bottom of the mixing bowl were scraped
s at medium speed. The prepared paste was immediately
ximately half of the specimen container volume and was
etal dowel 25 times. The remaining space in the container

e and rodded another 25 times. Paste was then removed
cavity to provide room for a silicon rubber stopper, which
ce. This mixing procedure was consistently accomplished
monitoring could begin at 20 min after the ingredients

TABLE 1—Cement analysis.

mount �%� Compound Amount �%�
20.06 C3S 64.00
4.89 C2S 9.21
3.00 C3A 7.88

64.22 C4AF 9.13
2.74

CONCRETE FREEZING-THAWING DURABILITY
r each mixture, ultrasonic measurements were recorded
rst 6 h of hydration and then every 15 min thereafter until
n. In addition to ultrasonic tests, independent tests of Vicat
C191-04b �16��, heat of hydration �by isothermal calorim-
utogenous shrinkage �by length change measurements for
ugated plastic tubes� were conducted for each mix specifi-
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Waveform Acquisitio

Digitization of an an
When processing an
digital oscilloscope,
to preserve meaning
be selected such that
T, if the sampling in
aliasing occurs, and
greater than that of
quency �fs=1/�t� sh
�fny=2/T� �17�.

Another importa
Due to the nature
variations are alway
form records can re
signal-to-noise ratio.
ing fresh paste sam
their viscoelastic str
of the waveforms. Th
ber of waveforms a
representing a suffic

Signal Processing

Ultrasonic waveform
These measurement
time duration and re
insight into the wav
domain; changes in t
those in the time-do

Conversion of a
sideration of the wa
amplitudes are zero
as a result of digitiz
regular time interva
that this signal repre
functions, all harmo

V�fn

v�tk�

represent the discret
tively, where �t= tk+1
of sampled points.
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n

alog signal is literally a form of information compression.
analog waveform, such as electrical excitation, through a

one must consider appropriate sample parameters in order
and efficiency for future analysis. The sampling rate must
aliasing effects are avoided. For a periodic signal of period
terval �t is greater than or equal to T /2, then frequency
the periodicity of the digitized signal appears deceptively
the true analog signal. In other words, the sampling fre-
ould be greater than or equal to the Nyquist frequency

nt consideration during digitization is signal averaging.
of electronic signal acquisition, noise and unpredictable
s inherent in signals. Signal averaging over several wave-
duce the interference of these variations and improve the
Given that the specimens in this investigation are hydrat-

ples and, therefore, undergoing continuous evolution of
ucture, any signal averaging distorts the time-dependency
us, signal averaging should be substantial enough in num-

veraged such that noise is effectively reduced while also
iently short period of time during hydration.

s are recorded by the oscilloscope in the time-domain.
s can provide immediate comparison of the changes in
lative energy of transmission through the paste. Additional
eforms can be obtained through analysis in the frequency
he frequency response spectra may be more apparent than
main.
time-based signal to the frequency domain requires con-
veform as a finite sequence of length N where the signal
outside of the domain 0�n�N−1. Discretization occurs
ation of the waveform into individual impulses spaced at
ls �t. The discrete Fourier transform, or DFT, presumes
sentation can be described as a set of complex sinusoidal
nics of �1/N�t�. The following equations:

� = �t �
j=0

N−1

v�tj�e−i�2�/N�jn �n = 0,1, . . . ,N − 1� �5�

CONCRETE FREEZING-THAWING DURABILITY
=
1

N�t �
n=0

N−1

V�fn�ei�2�/N�nk �k = 0,1, . . . ,N − 1� �6�

e values of a time signal and its Fourier transform, respec-
− tk is the sampling time interval and N is the total number

It is important to recognize that the DFT presumes that



aperiodic signals of
=N�t. Thus, v�tN�=v
from this point.

Experimental Resu

Results of the additio
are described first. F
hydration during iso
time tests were con
separate specimens o
AEA delays the time
min for each additio

Figure 4 shows t
the first 24 h of hydr
evolution as the cem
slope occurring betw
C3S reaction. The Vi
The specimens close
iors with the excepti
specimens by appro

FIG. 3—

 

N points are actually periodic with maximum period T
�N�t� is equal to v�t=0�, and the N length sample repeats

lts and Discussion

nal tests performed concurrently with the ultrasound tests
igures 3–5 show test results for initial setting time, heat of
thermal calorimetry, and autogenous shrinkage. Setting

ducted in accordance with ASTM C191-04b �16� for two
f each mix type. Figure 3 suggests that the addition of the
of initial set of this cement paste by approximately 15–20
nal 0.2 % addition of the AEA by weight of cement.
he results of calorimetry tests for the paste mixes during

Vicat time of initial setting for cement specimens.
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ation. As expected, each has an initial period of rapid heat
ent components dissolute. The relatively steep positive

een approximately 2 and 8 h of hydration indicates high
cat initial set times for each mix occur during this period.
ly correspond to each other in their heat evolution behav-
on of the 0.2 % AEA specimen. The latter leads the other
ximately 45–60 min throughout the first 24 h and has a



shorter latent period
peak for the other s
Repeated calorimetr
consistent, although
shown in Fig. 3. This
present in cement w
weight of cement, an
and the cement grain
contact between wat
dition of the AEA be
reactions. Often, com
nents designed to of
be that the AEA used
reaction rate by the
this effect is noticed
rates.

Results of autog
played in Fig. 5. All
min of hydration du
are stable at zero. T
roughly 4 h of hydra

FIG
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during the first 2 h of hydration. While the heat evolution
pecimens is at 8 h, the 0.2 % AEA specimen peaks at 7 h.
y testing confirmed that this phenomenon was genuine and

the time of set for this mixture was not accelerated, as
may indicate that flocculation of cement grains otherwise

ithout AEA is alleviated with the addition of 0.2 % AEA by
d any depression of the chemical reaction between water
s due to the presence of the AEA is offset by an increase in
er and cement particle surfaces. However, any further ad-
yond 0.2 % by weight of cement depresses the hydration
mercial admixtures will contain additional active compo-

fset ancillary effects of the primary component. So, it may
also contains an accelerator to offset any reduction in the

interaction between the cement and AEA. It may be that

. 4—Heat of hydration for cement specimens.

CONCRETE FREEZING-THAWING DURABILITY
when the admixture is used at lower-than-usual dosage

enous strain measurements on the fresh pastes are dis-
the specimens show a dormant period for the first 30–60
ring which time measurements of bulk linear deformation
his is followed by a period of considerable shrinkage until
tion. During these first 4 h, the pastes maintain plasticity



such that they allow
paste matrix underg
products percolate. O
hydration products,
togenous deformatio
h of hydration when
period of expansion s
hydration. This last
aluminate trisulfate
bilize and convert b
C4AF renews. Norm
plastic shrinkage br
mens are sealed, how
evaporation is neglig

As seen in the he
exception to trends i
AEA appears to redu
100–120 �m/m for
ment. As presumed f
AEA mix may serve
dispersed, allowing
resulting in greater r

FIG.

 

for relatively uninhibited bulk shrinkage. However, the
oes the process of solidification as individual hydration
nce a sufficient degree of percolation occurs in the solid

the matrix establishes a rigidity that resists additional au-
ns. This resistance is apparent in all of the specimens at 4
the strain measurements stabilize. The pastes then enter a
tarting at 5 h of hydration and proceeding through 12 h of
expansion stage is likely due to the formation of calcium
hydrate �ettringite�. These components will typically desta-
ack to monosulfate hydrate as the hydration of C3A and
ally, this expansion effect is more than compensated by
ought on by environmental evaporation. Since the speci-
ever, no moisture can escape and plastic shrinkage due to
ible.
at of hydration tests, the 0.2 % AEA mix appears to be an

5—Autogenous strain for cement specimens.

KMACK ET AL., doi:10.1520/JAI102452 13
n the other mixes. For the other mixes, the presence of the
ce the autogenous strain at the 4 h peak by approximately
each additional 0.2 % increase in AEA by weight of ce-

rom the discussion of the heat of hydration data, the 0.2 %
as an ideal case in which cement grain flocculations are
greater contact between cement particles and water and
eactivity than in the non-air-entrained �No AEA� paste.



Ultrasonic Tests

Figure 6 shows a com
an air-entrained sp
entrained specimen
the paste phase. The
additional higher-fre
shown, this higher-f
effect appears unive
does this higher-freq
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the bulk wave for
dispersive—the wav
component in the No
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likely water. This is
who observed the o
component occurs
higher-frequency co
voids.

Signal Strength—
each specimen mix
hydration, respectiv
peak-to-peak amplit
consistent with expe
improves transmissi
means of specimen c
of monitoring and d
sion strength over fo

There is a sever
0.4 % AEA specimen
may last for 30 min t

FIG. 6—Comparison o
air-entrained specimen
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parison of waveforms for a typical No AEA specimen and
ecimen during the early stages of hydration. The air-
�b� has a well-defined wave representing the signal through
No AEA specimen �a� contains a similar waveform with an
quency component early in the signal; for the example

requency component begins at approximately 10 �s. This
rsal and unique to the No AEA specimens tested. Not only
uency component arrive sooner than the “bulk” wave, but
nstant arrival time through the first 90 min. Further, while
both specimens tightens up over time and is clearly

e speed is a function of frequency—the higher-frequency
AEA specimen shows no change to its general shape. This

e of a transmission path through a stable material—most
in sharp contrast to the findings of Sayers and Dahlin �9�
pposite phenomenon in which a higher-frequency wave
only in air-entrained specimens. In the latter case, the
mponents were attributed to resonance of air-entrained

Figure 7 shows the mean peak-to-peak amplitudes for
type over �a� the first 12 h and �b� the first 120 min of
ely. All specimens show the general trend of increasing
ude over the first 12 h of hydration. This observation is
ctations that the increasing stiffness of the hydrating paste

f waveforms from �a� a No AEA specimen �SP01� and �b� an
�SP03� at 90 min of age.

CONCRETE FREEZING-THAWING DURABILITY
on of compression waves. Indeed, through the described
ontainment and signal amplification, the setup is capable
iscerning the continuous increase in the signal transmis-
ur or five magnitudes.

e dropoff in peak-to-peak amplitudes for the No AEA and
s at approximately 4–6 h of hydration. While this dropoff
o 1 h, the signal peak-to-peak readings eventually return to



FIG. 7—Peak-to-peak a
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mplitudes during the first �a� 12 h and �b� 120 min of hydration.
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rease. The 0.2 % AEA and 0.6 % AEA specimens also show
re decreases in positive slope. This is analogous to slipping
le tests of materials; load displacement curves maintain a
uous slope due to stiffness with sudden decreases in load
e ultrasonic peak-to-peak case, this “slipping” of amplitude
ramatic change to the specimens and/or the bond between
and the surfaces of the specimens. Referring again to Fig.
f autogenous strain at 4–5 h and the drops in peak-to-peak
a correlation between the rigidity of the paste matrix and
ultrasonic transmission. In other words, despite efforts to
e shrinkage and decoupling of the paste from the acrylic
fication of the paste eventually results in a material rigidity
resist plastic bonding to the interface. The use of the sili-
does appear to maintain a transmission medium between

crylic even after slippage of the peak-to-peak curve, thus
monitoring through the first 12 h of hydration. Consider-
ors of material solidification, autogenous and chemical
bond, and plate deformation in the acrylic sheets, the peak-
ts suggest that signal transmission strength through the
learly interpreted with the present setup beyond 2–4 h.

Fig. 7�a� with Fig. 3 suggests correlation between the re-
e in the peak-to-peak plots and the initial setting times as

icat tests. This rapid increase in peak-to-peak amplitudes
ens is indicative of the onset of percolation of hydration
e less attenuative paths than those of the plastic cement

s the mean peak-to-peak values for each mix type over the
n. The No AEA specimens are represented by two sets of

water phase” considers the entire signal including the
velet at initial incidence described in Fig. 6, while “wave
” neglects this wavelet and focuses instead on the bulk
the wave traveling through water, the plots of the peak-to-
eal a behavior slightly different from that of the wave trav-
ste phase. Waves traveling through the No AEA paste phase
d specimens increase exponentially in signal transmission
m approximately 0.0001 to 0.001 mV at 20 min. In con-
eling through the water phase in the No AEA specimens
peak signal strengths one to two magnitudes higher than
but do not increase at as great an exponential rate during
f hydration. A possible reason for this dramatic difference
er actually aids in the stabilization of the mix water in the

CONCRETE FREEZING-THAWING DURABILITY
bits cement flocculation, resulting in improved dispersion
ile also reducing the surface tension of the mix water, thus
adsorption of the water component into the paste matrix
specimens. Ultrasonic wave transmission through these
ost dependent on the scattering nature of the solid par-

rconnectivity within the paste. In contrast, the No AEA
ide strict free-water lines of transmission—liquid percola-
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water is not completely adsorbed into the paste, and the
therefore most influenced by the water. Thus, it is reason-
t the No AEA specimens do indeed contain a water-only
ion to the bulk paste path—and which is most evident and
first hours of hydration.
s some decrease in peak-to-peak signal strength with ad-

the first 60 min of hydration. For now, the comparisons are
nd numerical distinctions carry a high degree of uncer-

ted number of specimens.

s investigation, both pulse velocity and phase velocity mea-
mpted. Pulse velocity refers to the time dt1 at which the

registers the initial disturbance brought about by the
e of travel through one specimen thickness x, the mea-

t1. Phase velocity refers to the time-delay dt2 between cor-
ints within the initial received disturbance and the follow-
equires the second disturbance to travel through twice the
, the measured velocity is 2x /dt2. However, fresh cement

ghly attenuative; a considerable amount of amplification is
egister the initial pulse disturbance. Unfortunately, using
ds proved impossible given that there were no detectable

ny of the specimens at any time. A variation in the phase
� might establish the time-of-travel based on two specimen
ifference in specimen thicknesses is x2−x1 and the phase
elayed t2− t1 within the thicker specimen compared to the
en the measured velocity is �x2−x1� / �t2− t1�. Again, this
roduce reasonable results; often the time-delay appears

paring the travel time through additional thickness for
the same time of hydration. These discrepancies could be
eading as well as high-sensitivity to the state of hydration.
eness of phase velocity measurements, a more exhaustive
btaining pulse velocity measurements. Time-of-arrival was
signal through visual inspection of the waveforms. For the
the latest hydration times, this was not difficult as signal-
high. The earliest times of hydration were more difficult
signal-to-noise ratio often obfuscated the discrete point of
al, and there existed the possibility of the electronic equip-
wn static artifacts. This last difficulty was mitigated by
ve time signals to highlight any static elements from the
Once these time-of-arrival points were established, they
e travel time through the acrylic sheets. This procedure for

KMACK ET AL., doi:10.1520/JAI102452 17
city data could be made more efficient with automated
uggested that further studies take measurements for mul-
s in each specimen. This would allow for phase velocity

he mean pulse velocity measurements over �a� the first 12
240 min of hydration, respectively. As expected, the
exception of the No AEA specimens—show a continuous



FIG. 8—Mean pulse
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velocity during the first �a� 12 h and �b� 240 min of hydration.
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No AEA specimens s
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ocity as hydration proceeds and additional solid percola-
he rate of increase in pulse velocity appears greatest dur-

hydration and is probably related to this being the most
ation of the calcium silicates.
distinction between the pulse velocities of the No AEA
ir-entrained specimens during the first 6 h of hydration.

ned specimens show a continuous roughly linear increase
ting at approximately 200 m/s at 30 min of hydration, the
how a constant pulse velocity of approximately 1600 m/s

. The latter speed is similar to the speed of sound through
vides further evidence of a water percolation path unique
mens. Unlike the peak-to-peak magnitude measurements,
istinction between the early higher-frequency wavelet and
wave found in the No AEA specimens, there is no way to

e the pulse velocity of only the paste wave component
A specimens due to interference by the water phase

r phase dominating the first 6 h of hydration in the No
mean velocities of each mix type appear to converge by 8 h
f the first 4 h of hydration suggest hierarchy of pulse ve-
amount of AEA in each mix with velocities generally de-

m/s with each additional 0.2 % AEA by weight of cement at
nother perspective, the hierarchy among the mean pulse

entrained specimens may also be viewed in terms of time-
alling Fig. 3, the presence of AEA appears to delay the

mately 15–20 min with each incremental addition of 0.2 %
ement. Figure 8�b� shows the pulse velocities of the air-

maintain roughly 5–30 min time-delays for each addi-
nt of AEA during the first 4 h of hydration.

Fourier transform analysis was performed for each signal
dow about the “main bang” of each waveform. The main
ime-domain cycle of disturbance detected by the receiving
ial disturbance is the only portion of the waveforms that
nd objectively defined at every time during hydration. That
to extract multiple cycles for each waveform, difficulty
hours �approximately 4–8 h� when the character of the

s transition from a fluid-influenced wave to a solid-
ual inspection of the waveforms for each specimen reveals
waveform with multiple peaks during the early hours of
form with one main disturbance during the later hours.

KMACK ET AL., doi:10.1520/JAI102452 19
a� a typical frequency spectra used in the analysis along
e �b� peak frequency and bandwidth parameters. The fre-
own in Fig. 9�b� are shown normalized by dividing by the
e located at the peak frequency.
the evolution of the mean peak �central� frequencies for

gh �a� the first 12 h and �b� the first 240 min of hydration,
ed to the evolution of the peak-to-peak amplitudes, inter-



FIG. 9—�a� Typical tim
Typical frequency spect
of the maximum magn
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e-domain signal with main bang indicated between circles. �b�
ra acquired using Hanning window. Bandwidth is taken at 50 %
itude.



FIG. 10—Mean peak fr
240 min of hydration.
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equency of initial received pulse during the first �a� 12 h and �b�
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ots appears relatively simple. Each plot can be considered
ate time periods. During the first 2–3 h of hydration, the
y the fluid phase, and the peak frequency response of the
50 kHz range and increasing roughly linearly at 3–4 kHz
he peak frequency of the No AEA specimen is offset 10–15
at of the other specimens.
hydration, the specimens arrive at a threshold time of
y be called the “takeoff” points—at which peak frequency
harply by 8–10 kHz every 15 min. At the takeoff point, the
d during which the peak frequency response transitions
by a fluid phase to one dominated by the solid phase. This

ent with observations from the autogenous strain tests in
s emerge through percolation of hydration products, both
k frequency of the bulk paste increase rapidly.
specimens initially show close correlation while the paste

hase. The sharp increase in the slope of the peak frequency
previously, is delayed for each additional increment of AEA
ese mean that takeoff points are probably due to the first
rcolation paths. Although these thresholds lead the Vicat
0–40 min, this only means that even with available solid

ar resistance for a specimen—as technically measured in
still be developing. From another perspective, this sug-

g the rate of increase in the peak frequency provides better
network and thus a better means of defining initial set.
om the relatively dormant first period to the more active

s approximately 1–2 h later than the similar transition that
ration measurements �recall Fig. 5� when the cement paste
e period of hydration of the calcium silicates. This 1–2 h
ct the necessary degree of hydration of calcium silicates

lid percolation paths—and thus, higher peak frequency
ished through the paste. In other words, setting and solidi-
e apparent during this second period.
of peak frequency response for each specimen displays a
poff during this transition period. These dropoffs, which

within 2 h after the cement matrix has achieved sufficient
ther autogenous shrinkage, suggest distortion of the fre-
the interface decouples slightly from the paste. In the final
y response converges to that of the final solid phase and is
ater than the initial frequency response of the fluid phase.
ak frequencies for the No AEA specimens are not shown at
dration. These times are dominated by peak frequencies in

CONCRETE FREEZING-THAWING DURABILITY
ange due to the previously discussed water percolation

the evolution of the 50 % bandwidth for each specimen
12 h and �b� the 240 min of hydration, respectively. This
the width of the frequency spectra about the peak fre-

by a cutoff frequency, in this case 50 % of the magnitude at
he observations made for the peak frequency plots in Fig.



FIG. 11—Typical mean
�b� 240 min of hydrati
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bandwidth of initial received pulse during the first �a� 12 h and
on.
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the bandwidth measurements. The peak frequency and
se correlation to each other even during instances of de-
that deviations between mix types are strictly material-
is a stable peak frequency to bandwidth ratio of 1.1–1.3

h hydration period for each of the specimens. In other
h measurements provide verification of the observations in

easurements.

were monitored through the first 12 h of hydration, the
e current methods appear to be most relevant through the

ion depending on the metric analyzed. The most obvious
e data analysis is the clear distinction between those speci-
out the AEA. As confirmed by the measurements of signal
ak�, pulse velocity, and frequency spectra, the No AEA
quid water percolation phases. The No AEA specimens are

from the air-entrained specimens through inspection of
pulse velocity data. The peak-to-peak strength for the No

gnificantly higher than that of the air-entrained specimens
ours of hydration. Likewise, the pulse velocities of the No
also substantially higher than those of the air-entrained
ilar to that of water—through the first 4 h of hydration.
llected waveforms themselves reveals the unique and uni-
of a higher-frequency “water phase” wave and a slower

ste wave” in the No AEA specimens.
initial setting, heat of hydration, and autogenous shrink-

al insight into the changes in ultrasonic wave transmission
ste hydration. Signal strength transmission and peak fre-
solidification in the pastes. Rapid increases in peak fre-
approximately 4 h of hydration highlight percolation of

is same solidification is likewise confirmed by autogenous
stes develop sufficient rigidity to resist further shrinkage.
tions of solidification in the frequency response tests actu-
itial set times by approximately 30–40 min. The addition of
delay in time of initial set as observed by Vicat. This delay
as time-shifts in the development of wave velocity.
t that in general, the addition of the AEA suppresses the
strength, pulse velocity, and peak frequency in the fresh
rsion process requires further experimentation, the inves-
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ht the practical challenges inherent in ultrasonic monitor-
paste. Applying the same experimental methods to slabs
16 mm requires either sample extraction—not ideal for in
including transducers, capable of more substantial power

, where hardened cement paste specimens offer the advan-
ultiple locations on the specimen thickness and using a
sh paste specimen tests are rather limited—the technician



cannot assume a ch
few minutes and can
of transducers. The
using a range of inpu
introducing error du
latter disadvantage r
only testing at one s
specimen to reduce

The long-term g
including an inversio
of air voids in fresh
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r-void analysis, hardened concrete, image analysis

r-void system parameters of hardened concrete is usually
to ASTM C457 �1� standard. This standard process is te-

s depend on the skill of the operator. Moreover, the results
uenced by operator bias. Therefore, several attempts have
p automated techniques for conducting the test. The ad-
l imaging and computer programming have contributed to
he analysis. Various methods have been proposed, which
nse that a digital image of the concrete specimen is cap-
the results for air-void system parameters are calculated

uman operator. However, the manner in which the images
e surface of the samples is variable.
w methods is the Rapid Air 457 developed by Concrete
l in Denmark �2�. This method relies on automated image
uired images of the concrete surface are collected using a
or this purpose, concrete samples are lapped and polished;

the concrete is colored black, after which surface depres-
ir voids are filled with a white powder or paste to make the
voids in aggregates and cracks are then re-blackened by
scope and camera moving over an x-y-z stage is used to
the air-void system parameters are calculated using imag-
pid Air 457 is used by laboratories in Northern European
there are several currently used in North America. Com-
d ASTM procedure, this method saves a significant amount
lysis and reporting typically take less than 10 min exclud-
ration stage. Also, due to the fact that the analysis is done
sults are operator independent, although the skill of the
ve an influence in the sample preparation. The paste con-
r assumed or calculated by the user from mix proportions.

logy for measuring the air-void system parameters of hard-
en developed at Michigan Technological University �MTU�
In this method, an ordinary office flat-bed scanner is used
oncrete samples with polished surfaces. In this technique,
ast enhanced using the blackening substance and white
ace is then scanned. A computer script was also developed
sis of the scanned surface. The paste content can either be
r to the program, calculated by the program based on
ncrete mix proportions entered by the user, or obtained

CONCRETE FREEZING-THAWING DURABILITY
by the user, which requires an initial scan of the surface
enhanced �4�.
this research was to study the Rapid Air 457 and the ordi-
d as means of determining the air-void system parameters
e according to ASTM C457. For this purpose, a total of 22
amples was tested by these two methods, and the results
ose obtained from manual assessment of ASTM C457.
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s examined in this study were obtained from two different
e samples were provided by Ministry of Transportation of
emaining seven were provided by a ready-mix concrete
Ontario. They had previously been polished and examined
457 modified point count method in different commercial

amples were selected to cover a wide range of air contents
namely, low air content with poor spacing factor, high air
acing factor, low air content with good spacing factor, and

good spacing factor.
ing the automated methods for determination of air-void
he previously polished samples were contrast enhanced by
black using a wide felt-tipped marker, and then the voids
e barium sulfate powder. The purpose of contrast enhance-

distinction between the air voids and the other phases
s� of concrete. This was achieved through the following

t of black ink was applied to the surface of the samples
mm2 black permanent marker. The ink was applied in

pping parallel lines across the sample.
was repeated, but this time, the lines were perpendicular
s lines, providing a second coat of ink.
ding, the ink on the surface was allowed to dry. At the end
e surface should be uniformly and completely covered by
checked under a stereo-optical microscope.
oon �5 mL� of white barium sulfate �BaSO4� powder was
he surface. Then, the flat face of a steel spatula was used to
wder into the air voids. The stamping was continued until
ppeared filled.
was then dragged along the surface to remove the remain-
ragging was repeated applying a hard pressure but avoid-
the black coating.

l oil, a slightly oiled fingertip was moved over the surface
y excessive powder.
reo microscope, the quality of the contrast enhancement
. This was to ensure that all the voids were filled with the
and that no extra powder remained on the surface. At this
voids appeared in clear contrast to the remaining compo-

racks and voids in the coarse aggregates were manually
using the marker.
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ir 457

e aggregates and cracks were blackened, the samples were
ination of air-void system parameters. The total time re-
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sample was tested f
average of the four r
that sample. By this
and more reliable v
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ent of each sample was about 10 min on average. Each
our times, rotating the sample by 90° each time, and the
esults was calculated as the air-void system parameters for
means, the variations in the results would be averaged out,
alues would be obtained As well, provided software was
voids smaller than 30 �m from the spacing factor calcu-
can image voids as small as 3 �m�, as it better simulates
operator in the manual point count method. A paste con-

umed for all the samples. Actual paste contents, where mix
, ranged from 30.1 % to 35.1 % �sample 3B1 to sample 4E�.

as performed, which showed that total air contents were
ste content, but that changing the assumed paste content

esulted in a higher calculated spacing factor of �0.01 mm

lts for the air-void system parameters of the concrete
ed, it was possible to compare the results achieved from
and those of the Rapid Air 457 equipment �Table 1 and

n be concluded that the total air content and the spacing
the Rapid Air 457 system are comparable to the total air
ing factor measured in the standard ASTM C457 method.
rlier, the Rapid Air 457 producers have provided an update
h provides the information for air-void system parameters
air voids greater than 30 �m. The samples were retested

nce of this issue �Table 2 and Figs. 3 and 4�. As expected, if
n 30 �m are included in the calculation of air-void system
s not result in a huge difference in the air content; however,
spacing factor is considerable. In this case, the new calcu-
are much closer to the values measured by the standard

d Scanner

parameters of the previously prepared samples were then
onventional flat-bed scanner method. The samples of the
ned once after being contrast enhanced, while the samples
�sample 3B1 to sample 4E� were scanned before and after
nt. Using the script developed at MTU, a modified point
erformed for the samples of the second group based on the
ore the contrast enhancement to estimate the paste con-
300 points were measured in about 15 min, giving paste
within 0.6 % of those obtained using the ASTM C457
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ne to examine whether it could be used as an alternative
ng the paste content of the samples. Then, the script was
perform the point count analysis for the images from the

urfaces. An appropriate threshold value was chosen based
tween the grayscale and the binary images for 400
s of the collected images.
ages of the samples were used to determine the air-void
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TABLE 1—Air-void sys
Rapid Air 457.

Sample ID
Air C

�%
01A0372 9.
24336 7.
34413 6.
9-318-G 6.
9-318-D 6
24444 5.
99N1122 7.
01A0988 7.
99N1121 7
99N1119 6.
99N1120 6.
24537 3.
99N1125 3.
99N1123 2.
44026 1.
3B1 5.
3C1 5.
3C2 6.
4A 4.
4B 6.
4C 6.
4E 6.

 

f the samples using the available script. The script provides
the test while shifting the traverse line by a certain dis-
f iterations for repeating the test is specified by the opera-
is starts. The experiment is repeated for half of the itera-
n, and the rest is repeated in the perpendicular direction,
is rotated by 90°. Since the script calculates the standard
the parameters, it is recommended that more iterations
to obtain more accurate results. In this study, the iteration
the test was 10. In addition to that, the test was repeated

tem parameters of samples obtained by Manual Point Count and

Manual Point Count Rapid Air 457

ontent
�

Spacing Factor
�mm�

Air Content
�%�

Spacing Factor
�mm�

6 0.130 7.54 0.132
4 0.127 7.09 0.071
2 0.072 5.37 0.085
1 0.121 5.6 0.085

0.098 4.6 0.101
5 0.119 5.82 0.089
9 0.202 8.28 0.137
1 0.216 7.03 0.096

0.279 6.7 0.132
4 0.282 6.6 0.161
3 0.297 6.16 0.208
7 0.172 3.77 0.149
3 0.198 3.82 0.144
1 0.150 3.52 0.158
2 0.399 1.36 0.532
47 0.197 6.47 0.137
19 0.192 5.37 0.122
77 0.186 7.09 0.119
96 0.203 5.57 0.124
77 0.190 7.68 0.124
34 0.163 7.29 0.107
69 0.204 6.73 0.110
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otated by 90°. Therefore, each sample was tested 20 times,
. It should be noted that the total time required for mea-
ple was about 20 min on average. Also, to be consistent,

0 % was assumed for all the samples so that the results
gainst those from the manual method and Rapid Air 457.

ined for the air-void system parameters of the samples by
ethod are presented in Table 3. Figures 5 and 6 also show



the relationships be
point count. As the
spacing factor measu
content and the spac

Discussion

According to ASTM
content for within la

FIG. 1—Air cont

FIG. 2—Spacing fa
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tween the results of this test and the ASTM C457 manual
results show, it is clear that the total air content and the
red by the scanner method are comparable to the total air
ing factor measured in the standard ASTM C457 method.

C457, the allowable difference in the measurement of air
boratory tests is 0.82 % and 1.16 % for between laboratory

ent of samples. Manual point count versus Rapid Air 457.

CONCRETE FREEZING-THAWING DURABILITY
ctor of samples. Manual point count versus Rapid Air 457.



tests. Table 4 presen
ASTM C457 standar
difference in air cont
ence is less than 0.8
allowable difference
tory tests suggested
factor, the difference
higher than the 22.6
allowed for between
from Rapid Air 457
those obtained from

Table 5 shows th
C457 standard manu
cate, the average diff
%, and the difference
the 0.82 % differenc

TABLE 2—Air-void sys
Rapid Air 457 �voids>3

Sample ID

M

Air Co
�%

01A0372 9.6
24336 7.4
34413 6.2
9-318-G 6.1
9-318-D 6
24444 5.5
99N1122 7.9
01A0988 7.1
99N1121 7
99N1119 6.4
99N1120 6.3
24537 3.7
99N1125 3.3
99N1123 2.1
44026 1.2
3B1 5.4
3C1 5.1
3C2 6.7
4A 4.9
4B 6.7
4C 6.3
4E 6.6

 

ts the difference between the results obtained from the
d manual count and the Rapid Air 457 test. The average
ent measured by the two methods is 0.6 %, and the differ-
% in 95 % of the cases, which is less than the 0.82 %

for within laboratory tests and 1.16 % for between labora-
in the ASTM C457 precision statement. As for the spacing
between two methods was calculated to be 29 %, which is
% for within laboratory tests but less than the 56.9 %
laboratory tests. Therefore, it is evident that the results

tem parameters of samples obtained by Manual Point Count and
0 �m�.

anual Point Count Rapid Air 457 �Voids�30 �m�

ntent
�

Spacing Factor
�mm�

Air Content
�%�

Spacing Factor
�mm�

0.130 7.47 0.164
0.127 6.57 0.112
0.072 4.98 0.137
0.121 5.13 0.129
0.098 4.26 0.141
0.119 5.79 0.131
0.202 7.86 0.19
0.216 6.46 0.169
0.279 6.6 0.21
0.282 6.47 0.212
0.297 6.02 0.267
0.172 3.54 0.211
0.198 3.78 0.212
0.150 3.34 0.199
0.399 1.17 0.64

7 0.197 6.11 0.209
9 0.192 4.94 0.215
7 0.186 6.64 0.192
6 0.203 5.11 0.222
7 0.190 7.23 0.198
4 0.163 6.76 0.171
9 0.204 6.14 0.197
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for the air content and spacing factor are comparable to
the ASTM standard manual point count method.
e difference between the results obtained from the ASTM
al method and the scanner methods. As the results indi-
erence in air content measured by the two methods is 0.5
is less than 0.6 % in 95 % of the cases, which is less than

e for within laboratory precision and 1.16 % for between



laboratory precision
ence between two m
the 22.6 % for within
specified by the stan
are excluded from t
%, which is less tha

FIG. 3—Air content o
�m�.

FIG. 4—Air content o
�m�.
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stated in ASTM C457. For the spacing factor, the differ-
ethods was calculated to be 28.7 %, which is higher than
laboratory but less than 56.9 % for different laboratories

dard. Interestingly enough, if the two greatest differences
he calculations, the corresponding number would be 21.9
n the number for within laboratory precision. This clearly

f samples. Manual point count versus Rapid Air 457 �voids>30
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f samples. Manual point count versus Rapid Air 457 �voids>30
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Table 6 summari
automated methods
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results obtained from
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difference for both t
sured by the scanner
suggests that the resu
ment with those from

TABLE 3—Air-void syst
the flat-bed scanner me

Sample ID
Air C

�%
01A0372 9.
24336 7.
34413 6.
9-318-G 6.
9-318-D 6
24444 5.
99N1122 7.
01A0988 7.
99N1121 7.
99N1119 6.
99N1120 6.
24537 3.
99N1125 3.
99N1123 2.
44026 1.
3B1 5.
3C1 5.
3C2 6.
4A 4.
4B 6.
4C 6.
4E 6.

 

sults obtained from the flat-bed scanner method are in
h those from the standard manual method with respect to

zes the comparison of the results obtained from these two
and the standard method with respect the recommenda-
457. As the values clearly indicate, the precision of the
Rapid Air 457 and the scanner method meets the preci-

em parameters of samples obtained from manual point count and
thod.

Manual Point Count Scanner

ontent
�

Spacing Factor
�mm�

Air Content
�%�

Spacing Factor
�mm�

6 0.130 9.48 0.137
4 0.127 7.56 0.092
2 0.072 6.49 0.107
1 0.121 5.7 0.111

0.098 4.79 0.124
5 0.119 6.26 0.114
9 0.202 8.56 0.170
1 0.216 8.05 0.145
0 0.279 7.86 0.196
4 0.282 7.6 0.206
3 0.297 6.85 0.236
7 0.172 3.37 0.174
3 0.198 3.91 0.175
1 0.150 3.0 0.243
2 0.399 1.38 0.675
47 0.197 5.83 0.181
19 0.192 5.21 0.222
77 0.186 6.76 0.174
96 0.203 5.12 0.225
77 0.190 6.84 0.183
34 0.163 6.46 0.179
69 0.204 7.09 0.170
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f the ASTM C457 standard if they are considered as tests
oratories. Moreover, the values for 95 % confidence level of
he air content and the spacing factor of the samples mea-
method are less than those of Rapid Air 457. Therefore, it
lts obtained from the scanner method are in better agree-
the standard manual method compared to Rapid Air 457.
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means they s
ASTM C457,
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ment, analysis, and reporting time for Rapid Air 457 and
anner method are about 10 and 20 min, respectively. This

ave a significant amount of time compared to the standard
which normally takes about 4–6 h.
content measured by both the Rapid Air 457 and the scan-
s within the single-laboratory precision of the air content

tent of the samples. Manual point count versus scanner.

CONCRETE FREEZING-THAWING DURABILITY
factor of the samples. Manual point count versus scanner.



measured acc
the spacing fa
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method. This
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30 �m. None
Rapid Air 457
tions of ASTM
laboratories.

• The results o
agreement wi

TABLE 4—Difference b
Rapid Air 457 �consider

Sample ID
01A0372
24336
34413
9-318-G
9-318-D
24444
99N1122
01A0988
99N1121
99N1119
99N1120
24537
99N1125
99N1123
44026
3B1
3C1
3C2
4A
4B
4C
4E
Average
Standard deviation
95 % Confidence

 

ording to the ASTM C457 standard manual method. Also,
ctor measured by Rapid Air 457 is comparable to, but is
an, that measured according to the standard ASTM C457
is because Rapid Air 457 is better able than the average

etween the results obtained from the standard manual method and
ing voids>30 �m�.

Absolute Difference Between
Manual Point Count and Rapid

Air 457 �Considering Voids�30 �m� Error �%�

Air Content
�%�

Spacing Factor
�mm�

Air
Content

Spacing
Factor

2.1 0.034 22.2 26.2
0.8 0.015 11.2 11.8
1.2 0.065 19.7 90.3
1.0 0.008 15.9 6.6
1.7 0.043 29.0 43.9
0.3 0.012 5.3 10.1
0.0 0.012 0.5 5.9
0.6 0.047 9.0 21.8
0.4 0.069 5.7 24.7
0.1 0.070 1.1 24.8
0.3 0.030 4.4 10.1
0.2 0.039 4.3 22.7
0.5 0.014 14.5 7.1
1.2 0.049 59.0 32.7
0.0 0.241 2.5 60.4
0.6 0.012 11.7 6.1
0.3 0.023 4.8 12.0
0.1 0.006 1.9 3.2
0.2 0.019 3.0 9.4
0.5 0.008 6.8 4.2
0.4 0.008 6.6 4.9
0.6 0.007 8.2 3.4
0.6 0.038 11.3 20.1
0.6 0.050 13.0 21.4
0.8 0.059 16.7 29.0
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tor in detecting very small voids, especially those less than
theless, the precision of the results obtained from either
or the scanner method meets the precision recommenda-

C457 if they are considered as tests done by different

btained from the flat-bed scanner method are in better
th those from the standard ASTM C457 manual method



TA
B

L
E

5—
D

if
fe

re
n

ce
be

tw
ee

n
th

e
re

su
lt

s
ob

ta
in

ed
fr

om
th

e
st

an
da

rd
m

an
u

al
m

et
h

od
an

d
th

e
sc

an
n

er
m

et
h

od
.

S
am

p
le

ID

A
b

so
lu

te
D

if
fe

re
n

ce
B

et
w

ee
n

M
an

u
al

P
oi

n
t

C
ou

n
t

an
d

S
ca

n
n

er
M

et
h

od
E

rr
or

�%
�

A
ir

C
on

te
n

t
�%

�
S

p
ac

in
g

F
ac

to
r

�m
m

�
A

ir
C

on
te

n
t

S
p

ac
in

g
F

ac
to

r
01

A
03

72
0.

1
0.

00
7

1.
2

5.
4

24
33

6
0.

2
0.

03
5

2.
2

27
.6

34
41

3
0.

3
0.

03
5

4.
7

48
.6

38 JAI • STP 1511 ON

 

0.
4

0.
01

6.
6

8.
3

1.
2

0.
02

6
20

.2
26

.5
0.

8
0.

00
5

13
.8

4.
2

0.
7

0.
03

2
8.

4
15

.8
1.

0
0.

07
1

13
.4

32
.9

0.
9

0.
08

3
12

.3
29

.7
1.

2
0.

07
6

18
.8

27
.0

0.
6

0.
06

1
8.

7
20

.5
0.

3
0.

00
2

8.
9

1.
2

0.
6

0.
02

3
18

.5
11

.6
0.

9
0.

09
3

42
.9

62
.0

0.
2

0.
27

6
15

.0
69

.2
0.

4
0.

01
6

6.
6

8.
1

0.
0

0.
03

0.
4

15
.6

0.
0

0.
01

2
0.

1
6.

5
0.

2
0.

02
2

3.
2

10
.8

0.
1

0.
00

7
1.

0
3.

7
0.

1
0.

01
6

1.
9

9.
8

0.
4

0.
03

4
6.

0
16

.7
0.

5
0.

04
4

9.
8

21
.0

n
0.

4
0.

05
8

9.
7

18
.6

0.
6

0.
06

9
13

.8
28

.7

CONCRETE FREEZING-THAWING DURABILITY
9-
31

8-
G

9-
31

8-
D

24
44

4
99

N
11

22
01

A
09

88
99

N
11

21
99

N
11

19
99

N
11

20
24

53
7

99
N

11
25

99
N

11
23

44
02

6
3B

1
3C

1
3C

2
4A 4B 4C 4E A

ve
ra

ge
S

ta
n

d
ar

d
d

ev
ia

ti
o

95
%

C
on

fi
d

en
ce



 

ar
y

of
th

e
re

su
lt

s
ob

ta
in

ed
fr

om
th

e
tw

o
au

to
m

at
ed

m
et

h
od

s
an

d
th

ei
r

co
m

pa
ri

so
n

ag
ai

n
st

th
e

re
co

m
m

en
da

ti
on

s
of

A
S

T
M

A
ve

ra
ge

D
if

fe
re

n
ce

B
et

w
ee

n
R

ap
id

A
ir

an
d

S
ta

n
d

ar
d

�%
�

A
ve

ra
ge

D
if

fe
re

n
ce

B
et

w
ee

n
S

ca
n

n
er

an
d

S
ta

n
d

ar
d

�%
�

95
%

C
on

fi
d

en
ce

L
ev

el
fo

r
R

ap
id

A
ir

�%
�

95
%

C
on

fi
d

en
ce

L
ev

el
fo

r
S

ca
n

n
er

�%
�

M
ax

im
u

m
A

ll
ow

ab
le

A
cc

or
d

in
g

to
A

S
T

M
C

45
7

�%
�

A
cc

ep
ta

b
le

�R
ap

id
A

ir
or

S
ca

n
n

er
�

0.
6

0.
5

0.
8

0.
6

1.
16

B
ot

h
20

.1
21

29
28

.7
56

.9
B

ot
h

RAMEZANIANPOUR AND HOOTON, doi:10.1520/JAI102476 39
TA
B

L
E

6—
S

u
m

m
C

45
7.

A
ir

co
n

te
n

t
S

p
ac

in
g

fa
ct

or



compared to
results from
Air 457 and
Rapid Air 457

• In both rapid
or is not mea

References

�1� ASTM C457, 20

Parameters of th
Standards, Vol. 4

�2� Pade, C., Jakobs
Analyzing the A
International Co
croscopy Associa

�3� Carlson, J., Sutte
a Flat-Bed Scann
tional Conference
Association, Vict

�4� Ramezanianpour
mination of the
sis, University of

40 JAI • STP 1511 ON

 

those obtained by the Rapid Air 457. Moreover, as the
the scanner method are comparable to those from Rapid
since the cost of the scanner is significantly lower than
, the scanner method has the advantage.
methods, if the paste content of the concrete is not known
sured independently, less accurate results will occur.

09, “Standard Test Method for Microscopical Determination of

e Air-Void System in Hardened Concrete,” Annual Book of ASTM
.2, ASTM International, West Conshohocken, PA.
en, U. H., and Elsen, J., “A New Automatic Analysis System for
ir Void System in Hardened Concrete,” Proceedings of the 24th
nference on Cement Microscopy, 2002, International Cement Mi-
tion, San Diego, CA, pp. 204–213.
r, L., Peterson, K., and Van Dam, T., “An Update on Application of
er for Performing ASTM C457,” Proceedings of the 27th Interna-
on Cement Microscopy, 2005, International Cement Microscopy

oria, British Columbia, Canada.
, A. M., 2006, “Evaluation of Two Automated Methods for Deter-

Air-Void System Parameters of Hardened Concrete,” M.A.Sc. the-
Toronto.

CONCRETE FREEZING-THAWING DURABILITY



Karl Peterson,1 L

The Practica
for Air-Void
Concrete

ABSTRACT: Ove
imaging, many a
air-void characte
enhancement pro
ened with paint,
air-voids. The sys
flatbed scanner to
the systems bas
threshold level. I
and image pixels
or aggregate�. F
initial selection of
in the final data s
threshold determ
that compares au
termined air-void
tion procedure fin
tem that is to be
on a population o
eters, with the g
training specimen

KEYWORDS: air
mum threshold

Manuscript received M
online September 2009
1 Dept. of Civil and E
Townsend Dr., Houghto
2 Exponent, 149 Comm

Cite as: Peterson, K.,
Flatbed Scanner for A
Vol. 6, No. 9. doi:10.15

Copyright © 2009 by A
Conshohocken, PA 194

 

awrence Sutter,1 and Mateusz Radlinski2

l Application of a Flatbed Scanner
Characterization of Hardened

r the past 30 years, with the advent of computers and digital
utomated systems have been introduced for the purpose of
rization. The majority of the systems employs a contrast-
cedure where a polished cross-section of concrete is dark-
and white powder is forced into the depressions left by
tem described here follows the same approach and uses a
collect a single digital image of the entire sample. For all of

ed on contrast enhancement, the first step is to select a
mage pixels brighter than the threshold level represent air
darker than the threshold level represent non-air �i.e., paste
urther digital processing steps may be employed but the
threshold level exerts a strong influence on whether a pixel
et is classified as air or non-air. A systematic approach for
ination has been proposed based on an iterative procedure
tomatically determined air-void parameters to manually de-
parameters from a set of training specimens. The calibra-
ds a single optimum threshold level for the automated sys-

used for all subsequent analyses. The approach was tested
f 88 specimens with manually determined air-void param-

oal of determining an appropriate value for the number of
s.

-voids, flatbed scanner, contrast enhancement, opti-

arch 31, 2009; accepted for publication July 28, 2009; published
.

Reprinted from JAI, Vol. 6, No. 9
doi:10.1520/JAI102446

Available online at www.astm.org/JAI
nvironmental Engineering, Michigan Technological Univ., 1400
n, MI 49931.
onwealth Dr., Menlo Park, CA 94025.

Sutter, L. and Radlinski, M., ‘‘The Practical Application of a
ir-Void Characterization of Hardened Concrete,’’ J. ASTM Intl.,
20/JAI102446.

STM International, 100 Barr Harbor Drive, PO Box C700, West
28-2959.

41



Introduction

Entrained air-voids
present in hardened
the surrounding cap
freeze-thaw �FT� dur
recognize that air-vo
hardened paste and
larger air-voids as op
erally accepted that
capillary pore system
fore, it is the quantit
relative to the existin
durability in FT env

Methods of Air-Void

The task of air-void
pist, who, according
vidual lengths of int
by a test line �Proce
intersections betwee
test points; along wi
�Procedure B Modifi
parameters are comp
be the most popular
The spacing factor d
would in most case
recently, equations h
ments to determine
within a certain dista
within an air-void i
probability density fu
elegant solution that
distribution, and spa

Aside from s
dimensional measur
bution of the air-void
Equipment is also co
tent and size distrib
vibrating cage to ex
specimen from fresh
the base of a colum
magnetic stir-bar, an
remainder of the wa
lects the air bubbles

3Germann Instruments

42 JAI • STP 1511 ON

 

are an important member of the continuum of pores
concrete. The interaction between entrained air-voids and
illary pore system of the hardened paste is the key to

ability. Most theories regarding the role of air-entrainment
ids are interconnected with the capillary pore system of the
that at low temperatures, fluids are likely to migrate to the
posed to remaining in the capillary pores �1–6�. It is gen-
if there is sufficient entrained air to effectively drain the

at low temperatures, FT damage can be avoided. There-
y, size distribution, and spatial distribution of the air-voids
g capillary pore system that are of importance for concrete
ironments.

Characterization

characterization has traditionally fallen on the microsco-
to ASTM Standard C457-08d, must either record the indi-
ercepts through air-voids, aggregates, and hardened paste
dure A Linear Traverse Method� or record the number of
n air-voids, aggregates, and hardened paste with a grid of
th the number of intercepts through air-voids by a test line
ed Point-Count Method� �7�. From this data the air-void
uted. Over the years, the spacing factor has been proven to
parameter for predicting the FT performance of concrete.
escribes for the bulk of the hardened paste a distance that
s not be exceeded before reaching an air-void �8�. More
ave been developed that utilize linear traverse measure-

the probability that a position within the cement paste is
nce of an air-void, as well as the probability that a position

s within a certain distance of the cement paste �9�. This
nction, termed the paste-void proximity distribution, is an
accounts for most of the complexities of the quantity, size
tial distribution of the air-voids in concrete.

tereologically based characterizations, actual three-
ements of the quantity, size distribution, and spatial distri-
s in concrete are possible through X-ray tomography �10�.
mmercially available for the measurement of the air con-

ution in fresh concrete. The Air-Void Analyzer3 utilizes a
clude the coarse aggregate fraction and obtain a mortar
concrete �11�. A known volume of mortar is injected into

CONCRETE FREEZING-THAWING DURABILITY
n containing a viscous fluid. The mortar is agitated by a
d the air-voids �air bubbles� are released to float up the
ter-filled column. A balance at the top of the column col-
, and the change in mass versus time is recorded. Since

, Inc., Evanston, IL, USA.
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e at a faster rate than smaller air bubbles, Stoke’s Law is
e recorded data into an air-void size distribution. If mix

or the fresh concrete is known, estimates for the paste/air
computed, and the measurements converted to ASTM

arameters.

cal Methods

to perform ASTM Standard C457-08d has traditionally
roscope, a mechanical stage, and a tally counter. Many of
ms are based on the same microscope and mechanical
stem used here replaces the microscope and mechanical
ry flatbed desktop scanner and replaces the microscopist

ith a personal computer; two pieces of equipment much
le than a microscope with a mechanical stage, and cer-
than a person willing to sit for extended periods of time
.
mated systems in use today are based on the method de-
and Gudmundsson, where the polished surface is painted

r dark color� and white powder is forced into the depres-
12–21�. The white powder also fills depressions from pores
egate. The high contrast between regions of white powder
s for easy visualization of the air-voids present in the con-
in the analysis of the digital images is to categorize the
t the air-voids. Most segmentation procedures based on
nt begin with a choice of threshold. Pixels in the digital
e threshold level are classified as non-air; pixels brighter
vel are classified as air. The most widely used automated
trast enhancement, the RapidAir 457,3 relies on an opera-
old level for each analysis �18�. Many of the automated
itional digital processing to further refine the distinction
-air pixels, such as dilation or erosion, or the evaluation of
or example, cracks and pores in the aggregate, unlike air-
n-circular in cross-section and may be automatically dis-
s on the basis of shape. However, some aggregates contain
ir-voids and are not well-suited for the application of such
Automatic systems based on contrast enhancement often

ual darkening of pores in aggregate with a pen prior to the
tal images. This can be time consuming for concrete with
regate material.

pute the spacing factor, the paste/air volume ratio for the

PETERSON ET AL., doi:10.1520/JAI102446 43
etermined. For most concrete, the paste content is on the
volume �22�. Proponents of the RapidAir 457 system have
or changes in the estimate of paste volume �on the order of
impact on the calculated spacing factor �on the order of
rationalize the use of mix design information or a quick

t to obtain an estimate for paste content �18�. Other
t based methods have explored the application of paint or



chemical stains to p
color images, paste c
spectral analysis �17

Recently, two ot
able for air-void char
air as exposed on th
mated Concrete Eva
images from the s
enhancement prepar
methods arrive at va
factor are determin
electron microscope
erenced in this pape

Assessing the Accura

The field of digital im
sensing/satellite ima
sons between inform
the corresponding lo
pixels in a satellite im
areas. Since it is no
entire area represen
perform an accuracy
from the urban cate
locations are checke
truth information, it
are in fact rural, and
urban. The overall a

eters� is 180 out of
accuracy assessmen

minus the chance a
zero indicates that th

expected to occur by

the problem of air-vo
overall agreement. S
men known to conta
an inappropriate ch
this case the image w

the overall accuracy

4Missouri Department
tion Kansas City Plant
5Hachiyo Consultant C
Japan.

44 JAI • STP 1511 ON

 

referentially color the hardened paste. By collecting digital
an then be discerned from aggregate and air-voids through
,19,21�.
her automated systems have become commercially avail-
acterization, both based on shape-recognition of entrained
e polished surface under oblique illumination: The Auto-
luation System4 and the HFMAC01.5 These systems collect
urfaces as-polished and do not require any contrast-
ation steps. From the literature, it is not clear how these
lues for the paste/air volume ratio, but values for spacing

ed �23�. Other automated systems have used a scanning
to collect images �24�. The list of automated systems ref-

r is extensive but not exhaustive.

cy of Automated Methods

age accuracy has been developed primarily by the remote
ging community �25�. As such, it relies on direct compari-
ation from pixels in a satellite image to information from
cations on the Earth’s surface �ground truth�. For example,

age might be classified to represent either urban or rural
t practical to collect ground truth information from the

ted by the digital image, a small subset of pixels is used to
assessment. In this example 200 pixels are selected: 100

gory and 100 from the rural category. The corresponding
d on the Earth’s surface. During the collection of ground
is determined that ten of the pixels categorized as urban
by default, ten of the pixels categorized as rural are in fact

greement �one of the simplest accuracy assessment param-

200, or 90 %. The kappa statistic �K̂� is a more robust
t parameter and is a measure of the overall agreement

greement. A K̂ of one indicates perfect agreement; a K̂ of
e measured level of agreement is no better than would be

chance. In this example, K̂ has a value of 0.8. Applied to

id analysis, K̂ is a much more informative parameter than
uppose a digital image representative of a concrete speci-
in 2 % air by volume was analyzed and, perhaps through

oice of threshold, was found to contain only 0.1 % air. In
ould be classified almost entirely as non-air, and although

CONCRETE FREEZING-THAWING DURABILITY
near 98 %, K̂ would be very low, near 0.09. K̂ is the most

of Transportation and the National Nuclear Security Administra-
, Kansas City, MO, USA.
o., Ltd., and Fast Corporation, Yamato-shi, Kanagawa Prefecture,
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set retarding admixtu
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er for digital image accuracy assessment but is rarely used
y of automated air-void analysis systems.
s that perform air-void characterization typically have
ared specimens with corresponding results from manual
ts of automated systems often take advantage of this situ-
he same samples and comparing the results. A similar it-

used here. Scanned images were collected from the speci-
old automatically stepped between 0 and 255 �the discrete

e scanned 8-bit grayscale images�. At each threshold level,
alyzed, and the air-void parameters were compared to
An analysis of the absolute values of the residuals was
ine the threshold at which the residuals achieved a mini-

rigorous approach would be to determine the threshold at

maximum. This approach was previously applied to the
ld determination by Fung and LeDrew �26�. Both ap-
ompared and found to yield similar threshold values �27�.
mum K̂ approach is seldom used has to do with the fact
the manual operator �when using Procedure A� to record
the beginning and end of each intercept. If using Proce-
operator would need to record stage coordinates at each
matter which procedure is used, the stage coordinates of

ld also be required to align the scanned images to the stage
Only then could a direct comparison be made between
he manual operator and the corresponding pixels from the
manual operators tend to report only test results and not

is seldom practical to implement the maximum K̂ ap-

imens represent 12 different mixes, all with varying slump
of the mixes had a water to cementitious ratio of 0.40, a

t of approximately 332 kg/m3, a carbonate coarse aggre-
ximately 1062 kg/m3 �top size of 19 mm�, and a siliceous
nt of approximately 778 kg/m3. Substitutions of 20 %

silica fume were made by weight of cement for all mixes.
ining admixture and a high-range water reducing admix-
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rying dosages, for all mixes. A mid-range water reducing/
re was used at a constant dosage for each mix. 75 mm dia.

s were cast after performing initial ASTM Standard C143/
ASTM Standard C231-08c fresh air content tests �28,29�.

ditional cylinders were cast, along with additional slump
, after either dropping the portion of the mix from a height
rtion of the mix under vacuum conditions, or allowing the
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o rest for a period of 1 h. The fresh air content measure-
ge of 2–12 %, but the majority �two thirds� was within the

inders were cast, and a 28 mm thick slab was cut with a
d saw from the middle of each cylinder. Both faces of each

for a total of 88 specimens. Each face was lapped using
e applied in a circular manner on a rotating lap charged
d �successively� 80, 160, 320, 400, and 600 silicon carbide
ide grit. After the rotating lap, each face was lapped using
applied in a circular manner on a stationary flat piece of

oapy water and �successively� 800 and 1000 silicon carbide
ide grit. The faces and lapping surfaces were cleaned using
sh after each grit size.

dard C457-08d Procedure B Modified Point Counts were
specimens at a magnification of 60�. After the manual

, the polished surfaces of the slabs were painted black by
rlapping parallel lines with a wide tipped black permanent
e in six coats, changing the orientation 90° between coats.
few tablespoons of 2 �m median size white barium sul-

rked into the samples using the flat face of a metal spatula.
d to scrape away excess powder, leaving behind powder
esidual powder was removed by wiping with a clean and

p. Pores and cracks exposed on aggregate particles were
-tipped permanent marker. Six small stickers were placed
the perimeter of each specimen to prevent the polished
directly on the glass plate of the flatbed scanner. Each

ed in 8-bit grayscale at a resolution of 125 dots per min
m2� and saved in TIFF format using a conventional desk-
controlled by ArcSoftPhotoStudio 5.5 software.6 All soft-
ring and enhancement options were deactivated. Scans
dark room with the scanner lid open. A flat steel plate with
hite vinyl electrical tape was included at the top of each
istribution �histogram� of pixels representative of the black
recorded for each scan. To compensate for slight differ-

and contrast from scan to scan, a linear stretch was per-
ned image using the dark and bright histogram peak loca-
k and white tape� as reference end points �30�. Figure 1
bset of a scanned and linear-stretched image alongside the
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pplication of a threshold of 79 and after the execution of a
lter to separate adjacent air-voids �30�. Figure 1, when
f 17 cm, results in a magnification of approximately 50�,
ification required by ASTM Standard C457-08d.

t, CA, USA.
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cript was written to perform the automated analyses of the
. The script utilizes Photoshop CS28 to select the areas on
lyzed, to extract the traverse lines, and to apply the thresh-
nalyzed for each specimen was of the order of 75 cm2 and
e length of the order of 5200 mm. Both values exceed the

um area and traverse length requirements specified by
7-08d. The script utilizes Excel7 and Word7 to perform
and to generate reports. The script has the option of
ort an air-void chord length distribution. This option was
e threshold determination process to decrease the amount
perform the analyses. Typically, an analysis with a total
m and one threshold level takes 2 min to extract the

min to perform the calculations when the air-void chord
included. The same calculations take only 1 min when the
distribution is omitted.

s for two different methods for estimating the paste con-
m mix design inputs �using material batch weights and
determination by manual point count on a scanned image
ce collected prior to the contrast-enhancement procedure.
ual point count, the script divides the image into frames,
wers, frame by frame, either “yes” or “no” as to whether or
lls on an aggregate particle. The paste content is computed
m of the vol % aggregate as determined by the point count

et of a scanned and linear-stretched image from specimen 20_1
fter the application of a threshold of 79 �middle� and after the
ed operation �right�.
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determined by the automated analysis from 100. Equation
used by the script to calculate paste content from mix

ond, WA, USA.
CA, USA.



where:
P=vol % paste,
A=vol % air de
Pm=paste volum

of cementitious, wat
Aggm=aggregat

the sum of coarse an
Alternatively, the

content. Entering m
there is also an optio
to aggregate volume
constant hardened p
pute paste content.
estimate possible for
estimate must also b
requires little effort
Similarly, if the mix
visual estimate �gue
through a manual p
dependent on the siz

Results

Threshold Determina

During the automate
number of air-void
these measurements
and void frequency
All the remaining A
using the values dete
Therefore, to evalua
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threshold on the me
tween 0 and 255. Th
Thresholds from 0 t
The script required
range of thresholds

Ideally, plots com
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unity for air content
specimens. To const
each automated pro
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P = �100 − A�
Pm/Aggm

1 + Pm/Aggm
�1�

termined from flatbed scanner system,
e computed from mix design �absolute volume of the sum
er, and admixtures�, and
e volume computed from mix design �absolute volume of
d fine aggregates�.
script allows the user to simply enter a value for the paste
ix design information into the script can be tedious, so
n for the user to enter a single value: The hardened paste
ratio �Pm /Aggm�. For the 88 specimens in this study, a

aste to aggregate volume ratio of 0.355 was used to com-
Although it would be preferable to use the most accurate
paste content, the amount of effort required to obtain that
e taken into consideration. If the mix design is known, it

to compute the ratio of paste volume to aggregate volume.
design is not known, it requires little effort to make a quick
ss� of the paste content. Quantifying the paste content
oint count requires the most effort, and the accuracy is
e of the area analyzed and the number of points sampled.

tion

d procedure, only two measurements were made: The total
pixels and the total number of air-void intercepts. From
�and the total linear traverse test line length�, air content

were calculated as outlined in ASTM Standard C457-08d.
STM Standard C457-08d air-void parameters are derived
rmined for air content, void frequency, and paste content.

te the effectiveness of the threshold level, the only param-
e air content and void frequency. To assess the influence of
asured air-void parameters, thresholds were stepped be-
resholds between 20 and 215 were spaced consecutively.

o 20 and from 220 to 250 were spaced at intervals of ten.
approximately 3.5 h of computation to complete the full
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for each specimen for a total of 308 h.
paring manual and automated test results should lie on or

ty. Figure 2 plots changes in the average deviation from
and void frequency versus threshold for the entire set of 88
ruct the plots, the absolute difference between unity and
cedure data point was calculated, and the result was di-
f the automated procedure data point. The average devia-



tion from unity was
for each air-void par

Ave

The pronounced diff
void frequency show
the two parameters.
but the position of th
ties of those pixels b
and the surrounding
tively low threshold i
sis. At the same tim
non-air pixels aroun
content. For these r
quency when the thr
is lowest for air cont

The midpoint be
unity for air conten
selection of the ideal
all 88 samples, simila
and an individual ide
individual ideal thre
exercise is to arrive
analyses. The use o

FIG. 2—Average deviat
old for the entire set of

 

calculated using all of the data points from each specimen
ameter at each threshold level according to Eq 2 �27�

rage deviation from unity =
1

n�
i=1

n
�xi − yi�

yi
�2�

erence in the locations of the minima for air content and
n in Fig. 2 is due to the conflicting effect threshold has on
When the size of an air-void approaches the size of a pixel,
e air-void occurs between neighboring pixels, the intensi-

ecome an intermediate combination of the bright air-void
dark non-air. At a pixel resolution of 8�8 �m2, a rela-

s necessary to include these smallest air-voids in the analy-
e, a low threshold will include more of the neighboring
d larger air-voids, leading to an overestimation of the air
easons, the deviation from unity is lowest for void fre-
eshold level is relatively low, and the deviation from unity
ent when the threshold level is relatively high.
tween the values reported for the minimum deviation from

ion from unity for air content and void frequency versus thresh-
88 specimens.
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t and void frequency was used as a compromise for the
threshold. Although Fig. 2 is constructed using data from
r plots were constructed on a specimen by specimen basis,
al threshold was determined for each sample. Although an
shold can be found for each specimen, the purpose of the
at a single optimum threshold value to be used for all

f a single optimum threshold eliminates the subjectivity
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selected thresholds and thereby improves reproducibility.
he result of an experiment where random samples of sizes
e repeatedly taken �10 000 times� from the population of 88
s, and the average was tabulated. From Fig. 3, it appears

value for the optimum threshold lies somewhere between
puted average for the entire population of 88 samples was

deviation of 16.1. Threshold levels consist of whole num-
so the value of 79.3 must be rounded to the nearest whole
lue for the optimum threshold. Tables 1 and 2 include a list
al threshold values for the 88 specimens.

atically Determined Air-Void Parameters

orrelation between manual and automatically derived air-
n optimum threshold value of 79. Tables 1–4 list the manu-
ly derived air-void parameters along with results from the
ntent tests.

f average values computed using random samples of sizes 5, 10,
pulation of 88 ideal threshold values and repeated 10 000 times.
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e individual ideal thresholds are normally distributed, the
ry to determine a value for the optimum threshold that is
ence interval was computed. At a sample size of 20 and a

el, the confidence interval was �7 threshold levels. Even
izes �greater than 30�, the confidence interval remained on
shold levels. From a practical standpoint, considering the
rforming manual air-void analyses, it is important to keep
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ing specimens required for the determination of the opti-
w as possible. However, minimizing the number of train-
ases the size of confidence interval, which prompts the
ximum limits on the size of the confidence interval can be
lots the effects of a �7 change in the optimum threshold
s of the 95 % prediction intervals for the linear best fit with
r-void parameters. Table 5 lists the average and standard
fferences between the air-void parameters obtained at the
nd the air-void parameters obtained at the �7 interval.

chance that the quantities, size distributions, and spatial
ir-voids in the set of training samples are not adequately

-voids in the real world. The choice of a single optimum

Standard C457-08d test results for air-void parameters versus
at optimum threshold value of 79.
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ias results such that the automatically determined air-void
e realistic �i.e., more similar to manually determined air-
some concretes than for others. For example, it might be
ively high choice for the optimum threshold level would

for concretes with low air contents and fewer small en-
wever, within the population of 88 specimens explored

was observed. Figure 6 plots the individual �specimen by
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shold values against the manual results for air content and
scatter in these plots is reassuring since it suggests that the
shold values are independent of the air-void parameters of
efore, the number of training specimens used for the opti-
rmination may be more important than a requirement to
mens that adequately represent the variety of air-void sys-

the real world.
d speed, the automated system described here relies solely
discern air from non-air. Most other automated systems

egree. Some are very simple, such as a minimum air-void
limit to remove short intercepts due to surface preparation
are more sophisticated, using shape analysis to exclude

s �13–16,20,21�. To address the issue of what degree of fil-

ation of the 95 % prediction intervals for the linear best fit be-
ters from manual ASTM Standard C457-08d, and air-void pa-
canner system over a ±7 interval around the optimum threshold

CONCRETE FREEZING-THAWING DURABILITY
loyed, a minimum deviation from unity approach could be
ample, the effectiveness of an air-void chord length cut-off
sed by varying the cut-off value while monitoring depar-
h manual test results. Undoubtedly, the performance of the
re could be improved through the incorporation of digital

Fig. 1 shows that a watershed operation is an effective
separation of air-voids in close proximity to each other.
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tant to note that the use of digital filters would result in a
e in the time required to run a test.
f a universal standard, results from a manual operator are
as a basis for comparison for automated systems

investigations into the variability of manual test results
d �7,33,35–38�. Some found the level of precision as ad-
ce-rejection quality control,” while others were less san-

at “the wide variation between laboratories strongly sup-
nt of an automated image analysis system for performing
57 measurements” �37,38�. Explorations of variation be-
stems have also been conducted �34,39�. The reliance on
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rcles superimposed on a white background… appropriate
ipment is making accurate measurements” �38�. Even if an
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eal threshold values versus manual air content and void fre-
.

CONCRETE FREEZING-THAWING DURABILITY
rize a real concrete specimen. Judging the performance of
based on the analysis of an artificial specimen does not

ood results when analyzing the wide variety of concrete
field. However, ensuring that an automated method can
circles on an artificial specimen is important, and the pro-
ndard should be pursued.
ystem described here is hardly perfect. A major weakness
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n of the scanned images. ASTM Standard C457-08d re-
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ages analyzed here, it is doubtful that the appearance of a
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onsidered a clearly distinguishable representation�. Al-
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and the nearest air-void pixels for the entire cross-section
id proximity distribution, which excludes the presence of
be determined �9�.

les 1–4, there appears to be a reasonable correlation be-
d automated test results when using the optimum thresh-
flatbed scanner method tended to slightly underestimate

ments for air content with predicted values within a range
of the manual values. The flatbed scanner method tended
te the manual measurements for void frequency with pre-
a range of −0.15–+0.20 voids/mm of the manual values.
method tended to overestimate the manual measurements
e with predicted values within a range of −4.0–

anual values. The flatbed scanner method tended to over-
l measurements for spacing factor with predicted values
.16–+0.10 mm of the manual values.
rol measurements the spread in scanner results as com-
sults is problematic, especially in terms of air content,
-case scenario the flatbed scanner underestimated the
t by 51 %. In spite of this performance, it can be seen from
the flatbed scanner and manual methods performed simi-
to fresh concrete test results, with values reported within
2.9 and −1.8–+4.5 vol % of the fresh concrete air con-
egardless of this outcome, the logical choice for quality
content would not be the labor-intensive ASTM Standard
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hods but rather the short-duration tests routinely used on
Standard C231-08c and ASTM Standard C173/C173M-

ly, the flatbed scanner method might be appropriate for
g based on spacing factor. Generally, specimens with spac-
ot exceed 0.2 mm are expected to be durable in FT envi-
Fig. 4 and Tables 1–4, of the 46 specimens that exceeded
ording to the manual test results, eight did not exceed the
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pecified for bridge deck applications �190 mm�, the critical
arameters of the OPC/FA/SF concrete were comparable to
sociated with adequate quality air-void system in conven-
urthermore, since the critical value of specific surface was
lump �i.e., superplasticizer dosage�, specific surface ap-
e objective and reliable predictor of freeze-thaw resistance
or. When comparing the semi-automatic and manual meth-
stem characterization, a reasonably strong agreement was
h parameters as air content, void frequency, and spacing
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the results of these methods did not match perfectly, the

hat the flatbed scanner technique could be efficiently used
tween freeze-thaw durable and non-durable concretes.

r-void, flatbed scanner, freeze-thaw, spacing factor,

oncrete �HPC� has been used in construction applications
ow. However, for the last several years there has been an

he critical values of air-void system parameters needed to
F-T� resistance of HPC �1,2�. It is often argued that HPC
ringent air-void system parameters due to different char-
d cement used nowadays, and more importantly, due to

of supplementary cementitious materials �SCMs�, such as
d silica fume �SF� incorporated in HPC. In fact, several
relatively low F-T resistance of traditionally air-entrained
various quantities of SCMs �3,4�. Pigeon et al. �5� con-
containing SF may require lower spacing factor �and con-
content� than ordinary portland cement �OPC� concrete
of capillary pores. Those authors hypothesized that such

ad to reduction of the pore size accompanied by an in-
pores. Thus, more air-voids would be required to protect

present study was on examining the air-void system in the
taining OPC, FA, and SF. Although the ternary �OPC/FA/
ven its potential applicability for transportation structures
ge decks �6–12��, virtually no data exist regarding the air-
ristics required to ensure adequate F-T resistance in such
researchers reported good F-T resistance �durability fac-

–100 %� of the OPC/FA/SF concrete with what is usually
ate air-void system for plain �OPC� concrete �8,12,13�. In
ary study conducted by the authors of the present paper
e OPC/FA/SF concrete with fresh air content of 6.5 % �or
ially lower F-T resistance �DF of about 50–65 %� compared
oncrete �DF of 92 %�. Since such air content is typically
protection against F-T damage, these findings were some-
on closer examination, it appeared that the observed re-

y might be, at least in part, linked to the use of frost-
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te and synthetic air-entraining agent. Nevertheless, the
as that OPC/FA/SF concrete may require more stringent

meters than conventional concrete.
eed for determination of critical air-void system param-
t HPC is well recognized in the concrete community, the
of the microscopical examination of the air-void system in
as per ASTM C457 �15�� creates a significant impediment.
een made lately to facilitate this process and to minimize
tivity often associated with the microscopical determina-
system parameters. As a result, several automated image
r determination of air-void system parameters have been
g RapidAir 457 system �16�, HF-MAC01 system �17�, flat-
ue �18�, ACE system �19�, and automatic image linear

�. Of all of those methods, the flatbed scanner technique
pealing due to its comparatively low cost and readily avail-
office scanner�.
have been carried out to assess the accuracy of the data
tbed scanner when compared with those obtained from

C457� examination �18,21,22�. Although, in general, a
reported between these two methods, the current authors

ic method has not been verified on large enough number of
rly address the question of its accuracy. The current re-
t the opportunity to verify the accuracy of the flatbed scan-
88 specimens prepared with air contents �in the fresh state�
2 to 12 %.

tudy was twofold. The primary objective was to verify, on
mixtures with different air content but having the same
r the automatic method of air-void system analysis could
time-consuming and operator-subjective manual micro-

on. The second goal was to evaluate the critical air-void
equired to ensure F-T resistance of the ternary �OPC/FA/

ram

e Composition

CONCRETE FREEZING-THAWING DURABILITY
cted on 12 batches of ternary concrete of the same nomi-
t with different amounts of superplasticizer and air-

e �AEA�. The nominal water to cementitious materials ratio
.40. The mixtures contained 249 kg/m3 of Type I cement,
FA �20 % by mass of total binder�, 17 kg/m3 of densified
total binder�, 133 kg/m3 of water, 778 kg/m3 of fine ag-
nd�, and 1062 kg/m3 of coarse aggregate �crushed lime-
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size of 19 mm�. The limestone used in this study con-
t of deleterious chert inclusions that had previously

with reduced F-T resistance �14�. The dosages of synthetic
oxylate-based high-range water reducing admixture

mixture to mixture and were adjusted to obtain different
nts �Table 1�. In addition, 433 mL/m3 of mid-range water
g admixture was used in each mixture.

pecimens

ade in a laboratory pan mixer. In order to widen the range
hus air-void system quality� beyond that achieved by varia-
sages, samples of concrete from several batches were sub-
treatments, as described next. Immediately after comple-
ump and air content of fresh concrete were measured and
lindrical specimen �referred to in Table 1 as “Initial”� was

or selected batches, a portion of concrete was subjected to
ent �using a vacuum pump with parameters prescribed

specimens according to ASTM C1202 �23� procedure�,
nce of about 1 m �from upper hopper of compacting factor
ft undisturbed for 1 h. After each of these treatments, the
ontent were determined and one 75�150 mm specimen
1 as, respectively, “Vac,” “Dropped,” and “Final”� was cast.
f fresh concrete air contents was from 1.9 to 12.0 %, while
5 to 255 mm. In total, 44 75�150 mm cylindrical speci-
the 12 batches. The summary of fresh concrete properties
rovided in Table 1. After casting, the specimens were moist
tely 2.5 years prior to testing.

System Analysis—The manual air-void system analysis was
ptical microscope set to magnification of 60� and follow-

7 modified point-count method �15�. This method was
ical sciences and is based on stereological principles of
terpretation of planar sections. The original mathematical
chnique laid down by Powers �25,26�, Willis �27�, and Lord
later modified by Mielenz et al. �29�.
and 28 mm thick slab was cut from the center of each of

RADLINSKI ET AL., doi:10.1520/JAI102453 67
ers with a water-cooled saw. This size of the slab was se-
ise between the need to maximize the area of two sides of
id system determination and to maximize the thickness of
inimize the influence of deleterious chert inclusions in
F-T resistance of concrete determined on the same speci-
accuracy of determination of air-void system parameters,

des of all 44 slabs were polished and tested following the
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�used for manual met
scanner�; �c� after histo

 

res, which resulted in 88 specimen surfaces available for
sis. An example of polished specimen surface is shown in

id System Analysis—The sample preparation procedure for
stem analysis was adopted from the previously published
et al. �16� and Carlson et al. �30�. A black permanent
mm tip was used to paint the concrete surface using a

htly overlapping lines. The painting process was repeated
ely perpendicular directions, after which the ink was al-

sulfate powder with an average particle size of about
ormly spread on the surface and pressed in the air-voids
tula. The excess powder was removed by first gently pass-
urface the edge of a spatula and then a slightly oiled open
m sulfate in-filled air-voids present in aggregate were over-
ow-tipped black permanent marker. Following this, six
kers were applied to the surface �see Fig. 1�b�� to raise the
ens above the glass panel of the scanner and thus prevent-

ch concrete slab were scanned at a resolution of 125 dots

surface of the air-void system analysis specimen: �a� polished
hod�; �b� black-colored with filled voids �scanned using flatbed
gram stretching and cropping; and �d� after thresholding.
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� �pixel size 8�8 �m� in 8-bit grayscale mode using a
400F flatbed scanner controlled by ArcSoft PhotoStudio®

omatic filtering and enhancement options of the software
d the scanning was performed in a dark room with the
r open. To ensure consistency of the automatic air-void
edure, each of the 88 specimen surfaces was scanned in
metal bar with white and black vinyl tape strips applied to



it, as shown at the to
bar with the vinyl ta
sponding to the blac
�perfectly black�, and
about 225, rather th
every scan to provid
by Peterson et al. �31
histogram stretching
level equal 0 �black�
255 �white� to the
“histogram-stretched
ers while maximizin

The automatic
bubble_counter_v200
versity �21�. The firs
images into binary �
tor’s subjectivity whi
82 was applied to gr
the optimum thresh
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Peterson et al. �31�.
thresholding operati
the accuracy of the
published elsewhere
analysis, a constant
analyzed. This value
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performed by the so
approximately 5200
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Freeze-Thaw Res
completed, the bariu
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container. The open
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p of Fig. 1�b�. Analysis of the histogram of the scan for the
pes showed it to be essentially bi-modal with a peak corre-
k tape centered at a gray level of about 38, rather than 0
with a peak corresponding to the white tape centered at

an 255 �perfectly white�. This analysis was performed for
e consistent bright and dark reference points, as proposed
�. These reference points were then used to perform linear
of the scans of each specimen by ascribing a brightness

to the low ��38� gray level histogram peak and a value of
high ��225� gray level histogram peak �Fig. 1�c��. The
” images were subsequently cropped to exclude the stick-
g the area available for the analysis �Fig. 1�c��.

air-void system analysis was performed using
8.vbs software developed at Michigan Technological Uni-
t step of this analysis involved converting the grayscale
black and white� format. To entirely eliminate the opera-
le performing this conversion, a constant threshold level of
ayscale images of all 88 specimens. This value represented
old level for five randomly selected specimens and was
e “minimum deviation from unity” method developed by
Figure 1�d� shows a binary image of the specimen after
on. Results of recently conducted sensitivity analysis on

flatbed scanner method with respect to threshold level are
�32�. While performing the automatic air-void system

paste-aggregate ratio of 0.355 was assumed for all samples
was based on the volume fractions calculated from the mix
weights and specific gravities. The number of iterations

ftware was set at 2. This resulted in total traverse length of
mm, which was well above 2286 mm required by ASTM

um aggregate size used.

istance—Once the automatic air-void system analysis was
m sulfate powder was removed from the air-voids using

sequently, all specimens were placed in lime saturated wa-
weeks. The mass of the specimens was monitored periodi-
and no significant increase was observed for any of the
e end of the soaking period. After 5 weeks, the specimens
the lime water and subjected to F-T resistance testing as
STM C666 �33�. Since the specimen age at the time the F-T
varied from 2.5 to 3 years, the specimens can be regarded

own in Fig. 2, four slabs were placed in one standard F-T
space surrounding the specimens was reduced to mini-
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m insulation between the long sides of the specimens, as
of the container, in order to minimize the amount of water

cimens.
amic modulus of elasticity was determined approximately
sing the impulse excitation technique �ASTM C1259 �34��.
e dynamic modulus of elasticity after 300 F-T cycles were



used to calculate the
It should be not

�150 mm� was co
method �minimum t
raised the question
failure of potentially
mens on the resultin
on standard ASTM C
composition with air
DF �about 60 %� to
present study, thus e
uting factor.

Test Results and Di

Comparison of Air-Vo
bed Scanner Methods

The comparison of a
the manual and auto
error bands shown o
the maximum accep
content �35�, 35 % �a
% �as a percentage of
air contents obtaine
from the manual poi
the equality line �Fig
outside the acceptab
agreement between t
data points being ou

While ASTM C45

FIG. 2—Illus

 

DF following the procedure of ASTM C666.
ed that the size of the individual F-T specimens �28�70
nsiderably smaller than that required by ASTM C666
hickness of 75 mm and minimum length of 275 mm�. This
if the smaller size might have aggravated the effects of
deleterious particles present near the surface of the speci-
g F-T resistance. However, the companion tests performed
666 test specimens prepared from concrete of the same
content in the fresh state of 7.9 % resulted in comparable

that observed in the non-standard specimens used in the
ffectively eliminating the size of the specimen as a contrib-

scussion

id System Parameters from Manual Point-Count and Flat-

ir contents and air-void system parameters obtained from
matic �flatbed scanner� methods is presented in Fig. 3. The
n the plots were established using the following ranges for
table differences between two test results: 2.01 % for air
s a percentage of average� for void frequency �15�, and 56.9

average� for spacing factor �L̄� �35�. It can be seen that the

tration of placement of test specimens in F-T machine.
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d from the flatbed scanner are generally lower than these
nt-count, as majority of the data points are located below
. 3�a��. Of all 88 specimens included in the analysis, 10 fell
le range. On the other hand, there was a much better
he two methods for void frequency �Fig. 3�b��, with only 7
tside the acceptable range.
7 does not provide the maximum acceptable range for the
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frequency values �Fi
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In addition, stat
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significant differenc
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data should be view
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FIG. 3—Comparison o
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factor.
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two test results for specific surface, it appears that the
m the automatic method are, in almost all cases, higher

manual determination �Fig. 3�c��. This is likely a conse-
ontents obtained using the scanner technique as compared
icroscopical determination �Fig. 3�a�� at comparable void
g. 3�b��. Finally, the agreement between the two methods
r seems acceptable, as none of the data points lay outside
ge.

istical analysis using two-sample t-test with unequal vari-
e level �=0.05� indicated that there was no statistically

e �p-value�0.05� between the two methods for the void
ng factor. Since spacing factor is typically considered the

f results of air-void system analysis from manual and automatic
ontent; �b� void frequency; �c� specific surface; and �d� spacing
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meter describing the ability of air-void system to provide
�, it follows that the flatbed scanner technique may be used
nizing the adequacy of a given air-void system.
d that the comparison between the manual and automatic

g. 3 is relative, i.e., there is no reason as to why one set of
ed as more “correct” than the other. There are several rea-
ect match of data from the automatic method with those



from the manual me
this study suffers fro
flatbed scanner resu
small air bubbles ��
in an attempt to enti
grayscale level �82� w
analysis performed i
sample has its own “
eters determined by
match for a given sp
the paste content w
calculated based on
count procedure. Th
matic method inhere
method. However, th
parameters determin
variability �36�, wher
operator.

One way to verif
air-void system ana
those mentioned in t
data, an attempt to v
comparing the air c
automatic method w
Interestingly, the ha
appear to correspon
method �note a slop
shown in Fig. 4�b�� th

Section 5.6 of A
�usually above 7.5 %
higher �by 1 % or m
ASTM C231 �37� pre

FIG. 4—Relationship b
tent from: �a� manual

 

thod. To begin with, the automated system incorporated in
m relatively poor resolution. Since the resolution of the

lts in 8�8 �m pixel size, there is a possibility that very
10 �m� were not “detected” by the scanner. Furthermore,
rely eliminate the operator’s subjectivity, a single threshold

as incorporated while processing the images. Sensitivity
n parallel with the present research �32� showed that each
ideal” threshold level, for which the air-void system param-
automatic and manual methods would result in a perfect
ecimen. In addition, in the case of the automatic method
as estimated based on mix proportions, whereas it was
the number of stops in paste during the manual point-
e aforementioned reasons would suggest that the auto-
ntly produces less correct results compared to the manual
e operator’s subjectivity during the manual air-void system
ation has been reported to produce a significant degree of
eas the automated method is entirely independent of the

y which method is more correct would be to perform the
lysis using several other independent methods, such as
he “Introduction” part of the paper. In the absence of such
erify the “correctness” of the obtained values was made by
ontents from either the manual point-count or from the
ith the air contents measured in fresh concrete �Fig. 4�.

rdened concrete air contents from the automatic method

etween fresh concrete air content and hardened concrete air con-
method; �b� automatic method.
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d better to the fresh concrete air contents from pressure
e of regression line equal 1.00 and an intercept of 0.03
an these from the microscopical determination �Fig. 4�a��.
STM C457 �15� states that for high air content concrete

�, the air content determined microscopically may be
ore� than that of a fresh concrete determined using the
ssure method. This trend has definitely been observed in



the current study, as
termined for the ent
when using the man
air contents of abou
uniformly spread ab
contents above abou
tents than those mea

One of the comm
�obtained using man
content �obtained u
tends to erode the vo
carefully examined a
specimens were late
estimation of air con
to the complexity of
several decades �36,
tion for higher air co
of the operator cond
consistently higher
the pressure method
the cross-hair falls d

Determination of Cri

General—The re
air-void system para
pear to be comparab
resistance of concret
whether the flatbed
tween F-T durable a
expect from the ma
parameters obtained

In the analysis p
value to distinguish
threshold value is
�39–41�. The analysi
test results for both s
of either the air con
using the manual po
achieved the DF abo
entraining agent, wh
than, for instance, V

Although the da
several important fe
points shown in Fig
tent required to ens
Analogically, the req
ing factor �Fig. 5
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higher hardened concrete air contents were typically de-
ire range of fresh concrete air contents tested �1.9–12.0 %�
ual method �Fig. 4�a��. On the contrary, for fresh concrete
t 2 to 8.5 %, the estimates from the scanner method are
ove or below the equality line �Fig. 4�b��, whereas for air
t 8.5 % the scanner method tends to show higher air con-
sured in the fresh state.
on explanations for higher hardened concrete air content
ual point-count method� compared to fresh concrete air

sing pressure method� is poor surface preparation which
id edges �38�. However, the quality of polished surface was
nd was considered excellent. Furthermore, since the same
r tested using automatic method, equally consistent over-
tents would be expected from the automatic method. Due
the problem, this issue has been a topic of discussion for

38�. Based on the present study, the most logical explana-
ntents from the manual method appears to be subjectivity
ucting the point-count procedure. Specifically, somewhat

air contents compared to either the scanner technique or
can be explained by the operator’s bias in situations when
irectly on the edge of an air-void.

tical Air-Void System Parameters for Ternary Concrete

sults presented in the previous section showed that the
meters obtained using the flatbed scanner technique ap-
le to those from the manual point-count method. Since F-T
e is ultimately of relevance, it was important to determine
scanner technique is accurate enough to distinguish be-
nd non-durable concretes �in the same way as one would
nual method�. Comparison of the critical air-void system
from the two methods follows.

erformed in this paper, DF of 60 % was used as a threshold
between F-T durable and non-durable concrete, as this

generally accepted by the industry for these purposes
s was performed using the data obtained by averaging the
ides of the specimens. Figure 5 shows the DF as a function
tent or the other air-void system parameters determined
int-count method. It can be seen that only two specimens
ve 80 %. This may be related to the use of synthetic air-
ich is reportedly less effective in providing F-T resistance

®
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insol resin-based admixture �42�.
ta appear rather scattered with no obvious trends visible,
atures can be derived from these plots. When all data

. 5�a� are taken into consideration, the minimum air con-
ure the DF higher than 60 % appears to be about 11.5 %.
uired values of void frequency, specific surface, and spac-
�b�–5�d�� appear to be, respectively, 0.42 voids/mm,



19.4 mm2/mm3, an
surface being in agr
resistant concrete �3

Effect of Superp
those rather unexpe
spacing factor reveal
from concrete with
resistance �Fig. 5�. Su
of concrete with exc
present study as segr
tial effect of bleeding
F-T testing.

While the slump
admixture, it was m
perplasticizer�. This
superplasticizer adve
conducted �at signifi
superplasticizer and

FIG. 5—Relationship b
surface; and �d� spacin

 

d 0.10 mm. With the exception of the required specific
eement with the commonly established criteria for F-T

6�, these values seem to be unreasonably rigorous.

lasticizer—A thorough analysis of potential reasons for
ctedly rigorous values of air content, void frequency and
ed that majority �10 out of 14� of the specimens prepared
excessive �190 mm or higher� slump exhibited poor F-T
ch outcome could be the result of segregation or bleeding
essive slump. However, it was likely not the case in the
egation was observed in one sample only, whereas poten-
was minimized by trimming the top sample ends before

etween DF and �a� air content; �b� void frequency; �c� specific
g factor obtained from manual point-count method.
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might be slightly affected by the dosage of air-entraining
ost significantly influenced by the dosage of HRWRA �su-
suggests that, as previously reported by others �43–46�, the
rsely affected the air-void system. Statistical analysis was

cance level �=0.05� to determine the specific effect of the
air-entraining admixture dosages on fresh and hardened
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available for 12 ‘‘Init
The results of the an
for each individual p
entraining admixtur
of the two �if statis
indicate that the air
dosage. At the same
decrease in the spec
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studied in this resea
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critical air-void syst
method data. While
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s and other air-void system parameters. Such data were
ial’’ samples �see section “Preparation of Test Specimens”�.
alysis �summarized in Table 2� include regression models
arameter with predictor variables being the dosage of air-

e and, either the dosage of superplasticizer or the product
tically significant �p-value�0.05��. The obtained models
content increased with an increase in the superplasticizer
time, the increase in the superplasticizer dosage caused the
ific surface values. This implies that superplasticizer addi-
f air bubbles �as indicated by increased air content� which
he air bubbles stabilized by air-entraining admixture �as
specific surface values�. Interestingly, the R2 values for all

ed for the air-void system parameters obtained using the
ere higher than for those from the manual point-count

me is likely not coincidental and indirectly suggests a bet-
cy of the scanner method.

System Parameters for Ternary Concrete with “Acceptable” �
While the previous section discusses detrimental effect of

age �and hence slump� on the air-void system, the vital
cal values of air-void system parameters for ternary con-
le” slump remains unanswered. Therefore, the objective of

was to determine whether the ternary concrete prepared
he applicable limit requires more stringent �compared to
id system parameters to ensure F-T resistance. The thresh-
190 mm was assumed in this study as acceptable as it
um allowable slump commonly specified for HPC bridge

�, which is the intended application of the ternary mixture
rch.
data with respect to slump and excluding all values ob-
s with excessive ��190 mm� slump, the analysis of the
em parameters was repeated, starting with the manual
the selected data still lacks clear trends, it could be reason-
ree zones �see Fig. 5�. Zone I represents F-T non-durable
�, zone II can be thought of as a transition zone �DF both
60 %�, and zone III represents F-T durable concrete �DF

ement of data is consistent with that previously proposed
over �50�, who observed that although the present accep-
entify concrete that is almost certainly frost-resistant and

ost certainly non-frost-resistant, there exists a broad, mar-
area’ in which frost resistance is difficult to judge.” The
ected to separate each of these three cases are shown in

CONCRETE FREEZING-THAWING DURABILITY
at �based on the manual method data� the minimum air
provide a potential for F-T resistance �zone II� of the ter-
d is about 4.5 %. All concretes with air content of 8.0 % and
at least 60 %. Although this is higher than the typically
of 6.5 %, it should be noted that if it was not for one data
7.8 % and DF of 35 %�, the boundary between zone II and
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Boundary Method
Zone I–II Manual

Automatic
Zone II–III Manual

Automatic
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out 6.5 %.
concretes with slump lower than 190 mm, the spacing

30 mm is needed to provide a potential for F-T resistance
II�. On the other hand, spacing factor of 0.20 mm, which is

ended value �29,36,50,51�, appears to be required to en-
The spacing factor zone II boundaries �0.20–0.30 mm� are
eement with the results previously reported by Ivey and
oncluded that for conventional concrete, “the transition
non-durable concrete seems to be somewhere between an

Interestingly, of all four air-void system characteristics, the
ars to have the narrowest zone II �Fig. 5�b��. In fact, that
ne data point below the 60 % DF threshold value. Neglect-
oint, only two zones �of either F-T durable or non-durable

st and those would be separated by a boundary at 0.21

face data shown in Fig. 5�c� also reveal that the values of
dary �14.4 mm2/mm3� and zone III-zone II boundary
e independent of the concrete slump �no data points below

old line�. This suggests that, due to the earlier discussed
lasticizer and AEA �and their combined effect on air-void
the specific surface may be the most objective and reliable
stance of the ternary mixtures studied.

ritical Air-Void System Parameters from Manual and Auto-
logical analysis of DF data as that discussed earlier for the
also performed for the set of air-void system parameters
method. As expected, the plots obtained �see Fig. 6� are

those for the manual method �Fig. 5�. Table 3 provides the

alues of air content and air-void system parameters for F-T non-
I�, transition zone �II� and F-T durable concrete �zone III� based on
and automatic air-void system analyses for specimens with slump

Air Content
�%�

Void Frequency
�voids/mm�

Specific Surface
�mm2/mm3�

Spacing Factor
�mm�

4.5 0.21 14.4 0.30
4.7 0.24 15.8 0.28
8.0 0.28 19.4 0.20
5.6 0.28 23.6 0.20

CONCRETE FREEZING-THAWING DURABILITY
undaries between the three different zones obtained using
matic methods for the specimens with slump lower than

een that, in general, the automatically obtained boundary
ble to those from the manual method. The biggest discrep-
zone II-III boundary associated with the air content �5.6 %
reement for specific surface and spacing factor �which are
t reliable indicators of F-T resistance� was satisfactory.



Therefore, for the pu
concrete, the agreem
mination of critical a

Table 4 presents
quired to provide F
When comparing the
seems to stand out n
with determination
the ternary concrete
gent air-void system
higher air content is
should be used when
perplasticizer. Based
dosage of superplast
system.

Conclusions

On the basis of the r
have been drawn:

FIG. 6—Relationship b
surface; and �d� spacin

 

rpose of discerning between F-T durable and non-durable
ent between the manual and automatic methods of deter-
ir-void system parameters appears to be sufficient.
a comparison of critical air-void system parameters re-

-T resistance of concrete suggested by different sources.
different sources for a given parameter, none of the values
otably. Therefore, considering the uncertainty associated

of each of the air-void system parameters, it appears that
evaluated in the present study does not require more strin-

parameters than the conventional concrete. As such,
not required for the ternary concrete. However, caution
given mixture design calls for excessive quantities of su-
on the data presented in this paper, it appears that high
icizer may result in compromised quality of the air-void

etween DF and �a� air content; �b� void frequency; �c� specific
g factor obtained from automatic �flatbed scanner� method.
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trol ECC matrix specimens were severely deteriorated, re-
rom the test, but still exhibited better performance than the
-air-entrained concrete, which would fail at much earlier
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to cycles of freezing and thawing with minimal reduction in
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trength and ductility. The observed superior frost durability
trol ECC matrix in terms of lower weight loss, pulse velocity
er flexural load and ductility can be attributed to the follow-
ease of pore volume larger than approximately 0.30 µm in
cally high tensile ductility and strength due to the presence
yl-alcohol fibers.

ngineered cementitious composites �ECC�, ductility,
ECC under freezing and thawing cycles

ld’s most widely used construction material. Historically,
have primarily relied on concrete to carry compressive
eal field conditions, concrete is also subjected to tensile

ing and environmental effects including shrinkage �if the
ned�, chemical attacks, and thermal effects. The tensile

is only about 10 % of its compressive strength, and its
articular concern in structures. Durability is vitally impor-

CONCRETE FREEZING-THAWING DURABILITY
structures, and it can be associated with the appearance of

e is subjected to tensile stresses.
efforts to modify the brittle nature of ordinary concrete

a-high-performance fiber-reinforced cementitious compos-
acterized by tensile strain-hardening after first cracking.
composition, their tensile strain capacity can be up to sev-
that of normal and fiber-reinforced concrete. Engineered
site �ECC� is a fiber-reinforced cement-based composite

ro-mechanically tailored by the addition of short fibers to
ty and multiple cracking under tensile and shear loading
y concrete materials, ECC strain-hardens after first crack-
ctile metal, and demonstrates a strain capacity 300–500
ormal concrete. Figure 1 shows a typical uniaxial tensile
f an ECC containing 2 % by volume of poly-vinyl-alcohol
ial tensile stress-strain curve and crack width development of
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FIG. 2—Response of E
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characteristic strain-hardening after first cracking is ac-
ntial development of multiple micro-cracking and a tensile
500 times that of normal concrete. Crack width develop-
c straining is also shown in Fig. 1. Even at large imposed
widths of ECC remain small; less than 80 �m. This tight
ntrolled and, whether the composite is used in combina-
al reinforcement or not, it is a material characteristic in-
ount of reinforcing bars. The tight crack width of ECC is
ability of ECC structures as the tensile ductility is to the

ultimate limit state. Under severe bending load, an ECC
r to a ductile metal plate through plastic deformation �Fig.
ECC materials exhibit compressive strengths similar to
te �e.g., greater than 60 MPa� �7�. These properties, along
e of production including self-consolidation casting �8,9�
make ECC materials suitable for various civil engineering
currently emerging in full-scale structural applications

tures in North America and Turkey are located in regions

CC beam after 300 freezing and thawing cycles under flexural
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ental conditions, where alternate freezing and thawing
aterial/structure integrity. The limited field performance

ze-thaw durability study of non-air-entrained ECC indi-
perior freezing and thawing resistance �13–15�. As one of
ions of ECC in United States, a concrete bridge deck patch
peration with the Michigan Department of Transportation

omplete summary of this work has been outlined by Li and
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this work, one section of a deteriorated bridge deck was
hile the remaining portion was repaired with a commer-
g material commonly used by the MDOT. This repair sce-
unique ECC/concrete comparison subjected to identical

raffic loads. The concrete repair material used was a pre-
ially available repair mortar. At this writing, the repaired
rienced more than eight complete Michigan winter cycles
ing, in addition to live loads. While the ECC patch repair
ombined loading environment with minor micro-cracking
0 �m, the concrete repair portion has developed localized
.5 mm wide and required re-repair in 2005.
system must be maintained in normal concrete to achieve

d thawing resistance �16�. In the case of ECC, the available
limited, but it seems to indicate that in addition to the
er parameters such as high tensile strain capacity and

havior are important for resisting cycles of freezing and
cted by the presence of micro-fibers. It is therefore essen-
igate the reasons behind the excellent frost resistance of
s undertaken to comprehensively investigate the freezing
ity of non-air-entrained standard ECC mixture �M45�. The
ortant in view of the growing use of ECC, especially for
airport pavements, and bridge decks in cold climate re-

reeze-thaw durability of ECC, freezing and thawing testing
ASTM C666 Procedure A was conducted. The mass loss,
e, and flexural parameters �ultimate deflection and flexural
ns subjected to freezing and thawing cycles were deter-
ir-void parameters, in accordance with ASTM C457, modi-

hod, and pore size distribution obtained by mercury intru-
thod were studied. To analyze the influence of micro-fibers
ile performance �high tensile strain capacity, strain-
tiple-cracking behaviors� on the freezing and thawing du-
f the above-mentioned properties were also investigated for

without fibers�.

ies

oportions, and Basic Mechanical Properties

in the production of standard ECC mixtures were Type-I

CONCRETE FREEZING-THAWING DURABILITY
, Class-F fly ash �FA� with a lime content of 5.6 %, micro-
verage and maximum grain size of 110 and 250 �m, re-

A fibers, and a polycarboxylic-ether type high-range water
mixture. Chemical composition and physical properties of
FA are presented in Table 1. The PVA fibers with a diam-

length of 8 mm are purposely manufactured with a tensile
a, elastic modulus of 42.8 GPa, maximum elongation of 6.0



%, and the ability to
pull out in a cement
with cement due to t
�3�. This high chemi
limits the tensile stra
surface of the PVA fi
of 1.2 % by mass to t
strain-hardening per

Standard ECC m
mass was used in th
analyze the influenc

TABLE 1—Chemic

Chemical Composition
%
CaO
SiO2

Al2O3

Fe2O3

MgO
SO3

K2O
Na2O
Loss on ignition

Physical properties
Specific gravity
Retained on 45 �m �0
Water requirement, %

FA/C
W/CMa

Water �W�, kg/m3

Cement �C�, kg/m3

Fly ash �FA�, kg/m3

Sand �S�, kg/m3

Fiber �PVA�, kg/m3

HRWR, kg/m3

14 day compressive str
28 day compressive str
aCM denotes cementiti

 

strain-harden �3�. The PVA fiber tends to rupture instead of
itious matrix, as a result of the strong chemical bonding
he presence of the hydroxyl group in its molecular chains
cal bonding has a tendency to lead to fiber rupture and
in capacity of the resulting composite. For this reason, the
bers is coated with a proprietary hydrophobic oiling agent
ailor the interfacial properties between fiber and matrix for
formance.
ixture �M45� with a fly ash-cement ratio �FA/C� of 1.2 by
is investigation, details of which are given in Table 2. To
e of micro-fibers and high tensile strain capacity on the

al composition and physical properties of cement and fly ash.

,
Cement Fly Ash
61.80 5.57
19.40 59.50
5.30 22.20
2.30 3.90
0.95 ¯

3.80 0.19
1.10 1.11
0.20 2.75
2.10 0.21

3.15 2.18
.002 in.�, % 12.9 9.6

¯ 93.4

TABLE 2—Mixture properties of ECC.

ECC �M45� with PVA ECC Matrix Without PVA
1.2 1.2

0.27 0.27
326 326
558 558
669 669
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446 446
26 ¯

2.30 2.30
ength, MPa 39.2 36.1
ength, MPa 62.5 60.3

ous materials �cement+fly ash�.
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TABLE 3—U

Age
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14 days 2.9
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g durability of ECC, ECC matrix �ECC without PVA fibers�
CC and ECC matrix were prepared in a standard paddle
amount of cementitious material and constant water to

al ratio �W/CM� of 0.27. All ECC and ECC matrix materials
ontain no air-entraining admixture �AEA� and show self-
ehavior in the fresh state. Previous studies demonstrated
ining HRWR often tend to have air-voids that are larger
tional concrete �17–20�. Such air-void systems tend to be

larger spacing factors. Since the same dosage of HRWR is
on of ECC matrix and ECC, HRWR admixture cannot be a
r the great differences in the frost durability of ECC and
ill be discussed in the next section.
strength test results of the ECC and ECC matrix without

te tensile strain capacity of ECC are listed in Tables 2 and
ompressive strength was computed as an average of three
ens. To characterize the direct tensile behavior of the ECC
13 mm3 coupon specimens were used. Direct tensile tests
er displacement control at a loading rate of 0.005 mm/s.
tress-strain curves of the ECC mixtures at 14 and 28 days
As seen from Table 3, the ECC composite exhibited a strain
28 days. The strain capacity measured at 28 days of age is
e 14 day strain capacity �Fig. 3 and Table 3� but within the

niaxial tensile properties of ECC specimens at 28 days.

Strain,
%

Tensile Strength,
MPa

Residual Crack Width,
�m

±0.2 4.6±0.5 �60
±0.2 5.1±0.3 �48

200

300

400

500

600

700

800

Te
ns
ile
St
re
ss
(p
si
)

28-day
14-day
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Tensile Strain (%)
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nsile stress-strain response of standard ECC mixture �M45�.



acceptable variabilit
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Specimen preparation
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freezing and thawin
specimens were cast
of 24 h, and moist cu
teen days after casti
chamber in accorda
tween five and six fr
flexural parameters �
were obtained by te
thawing cycles. Chan
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to failure for the spe
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their load-deflection
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pressures up to 414
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were dried to constan
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Results and Discus

Air-void parameters

The results of the d
concrete �air content
C457, are shown in
state �as measured b
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of concrete has a clo
Concrete Institute �A
a calculated spacing
than 24 mm−1 �21�.

 

y; and the strain capacity exceeding 2.5 % is acceptable.
onstrated that the tensile strain capacity seems to stabilize

me dependent stabilization can be ascribed to the increase
ace properties and matrix toughness associated with the
dration process �14�.

and testing

eight 400�100�75 mm3 prisms were prepared for the
g test and determination of air-void characteristics. All
in one layer without any compaction, demolded at the age
red in lime-saturated water at 23±2°C for 13 days. Four-

ng, the beam specimens were moved into the freeze-thaw
nce with ASTM C666 Procedure A and subjected to be-
eezing and thawing cycles in a 24 h period. The average
ultimate deflection and flexural strength� of the specimens
sting four companion samples prior to the freezing and
ges in pulse velocity and mass loss were measured at each
30 cycles of freezing and thawing. The number of cycles

cimens was also recorded at the time the sample fractured
ts. At the end of 300 freeze-thaw cycles, surviving speci-
der four-point bending load with a span length of 355 mm
m to determine their residual flexural performances, and
curves were recorded. Three freeze-thaw specimens were
re.

ameters of hardened ECC and ECC matrix �without fiber�
modified point count method according to ASTM C457.
rosimetry was also used to characterize the pore size dis-
and ECC matrix. An instrument capable of producing

MPa and assuming a contact angle of 130° was used for
n analysis by the mercury intrusion method. Specimens
t weight at 50°C prior to testing. All tests included at least

ens tested at the same time.

sions

etermination of air-void characteristics of the hardened
, specific surface and spacing factor�, according to ASTM
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Table 4, along with the air content measured on the fresh
y ASTM C231�, and total intruded porosity values obtained
rusion porosimetry technique. The freeze-thaw durability
se relationship with its air-void parameters. The American
CI� recommends that frost-resistant concrete should have
factor of less than 0.2 mm and a specific surface greater
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4, although no AEA was added to the ECC and ECC matrix
tents of these mixtures in the fresh state gave values of 7.3
n the hardened state, as measured by ASTM C457, gave
7.3 %, respectively. These amounts seemed to be adequate
bility �21�. The higher air content in these mortar mixtures
lack of coarse aggregate and the higher viscosity of the
g the fresh state �22�; the fine particles and high viscosity
e of the air bubbles from rising to the surface during plac-
eover, the air contents measured during the fresh state of
w that this phenomenon is amplified after the addition of
tures �Table 2�. When PVA is added to the ECC matrix, it
ty of the fresh ECC mixture compared to the ECC matrix
ncreases the amount of entrapped air-voids inside the ma-

rdened ECC, it is interesting to note that the addition of the
in a significant increase in spacing factor �see Table 4�.

urface is significantly higher for ECC matrix, which indi-
he average bubble size is smaller in ECC matrix. This is
t that the randomly distributed PVA fibers could possibly
provides a path for the air bubbles to coalesce, thus cre-
air-voids instead of finely distributed air-voids, which can

. 4. It would be necessary to further investigate the reasons
in spacing factor and reduction in specific surface with the
r.
acing factor value �0.241 mm� and specific surface value
slightly exceed the generally acceptable value of 0.200 mm

ood freeze-thaw durability, the apparent lack of an ideal
ic has not adversely affected resistance when ECC is sub-
d thawing cycles, as discussed in the following section.

BLE 4—Air-void characteristics and porosity.

ECC �M45�
with PVA

ECC matrix
without PVA

7.3 5.9
%� 8.2 7.3

1� 25.6 53.0
0.241 0.129

�%� 23.7 19.2
�m diameter �%� 5.0 0.75
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ry intruded porosities for the various pastes are shown in
size distribution curves are shown in Fig. 5 for the ECC

thout fiber� samples. The ECC exhibited a higher total po-
ed with the ECC matrix. However, total porosity is not a
ality �i.e., freeze-thaw durability� since very small gel pores
y influence concrete durability �24�. The radius and size
s determine the freezing point of pore solution and the
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ed in pores �25�. According to current literature, while a
between freeze-thaw resistance and pore size distribution

y intrusion technique has not been found, in general, a
rse pores �greater than approximately 0.30 �m diameter
igher freeze-thaw resistance. The volumes of pores larger
ter are also given in Table 4, which shows that due to PVA
there is a significant difference in pore size distribution,
r than 0.30 �m diameter. The addition of PVA fiber to the
ncreased the volume of these large-size pores and the total
vorable to improved frost resistance.
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g Resistance

f specimens during the freezing and thawing cycles was
putation of mass loss. To measure the internal damage

nd thawing cycles, the changes in pulse velocity through a
sured. Normally, ASTM C666 specifies the use of the reso-
od, not the pulse velocity method. However, previous stud-
pulse velocity test method can also be used to measure the
imens during freezing and thawing cycles �32�.
durability test results are summarized in Table 5. Figure 6
he relative pulse velocity change �Vi /V0� and relative mass

the number of freezing and thawing cycles. Vi and Mi are
d mass, respectively, after a specific number of freezing and
V0 and M0 are initial pulse velocity and mass, respectively,
and thawing cycles. As seen in Fig. 6, the mass and pulse

C matrix increase with the number of freeze-thaw cycles.
e ECC matrix specimens had severely deteriorated �Fig.
oval from the freeze-thaw machine, as mandated by the
wever, as seen in Table 5, the ECC prisms showed excellent
exposed to freezing and thawing cycles, even after 300
of only 1.3 % and 2.2 % mass and pulse velocity losses,

easured for the ECC specimens. This can also be observed
relationship between relative pulse velocity/relative mass
freezing and thawing cycles is shown for ECC specimens
to 300 cycles. At the end of 300 cycles, very little scaling
ECC prism surface �Fig. 7�b��.

reezing and thawing resistance of ECC and ECC matrix.

ECC matrix without PVA ECC �M45� with PVA
pleted 210 300

�7.3 �1.3
%� �30.9 �2.2

CONCRETE FREEZING-THAWING DURABILITY
velocity and mass loss changes as a function of number of
ycles.
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ber of possible explanations for the excellent performance
ained ECC samples. A proper air-void system is needed in
void internal cracking due to freezing and thawing cycles.
receding section, the pore size distributions of ECC matrix
fewer coarse pores� than ECC. To make a general conclu-
fluence of pore size distribution on frost resistance, large
er than 0.3 �m in diameter� are beneficial to frost resis-
hereas small and intermediate pores are detrimental �see

specimen surface appearance after freeze-thaw cycles.
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” section�.
reason for the ECC’s excellent frost resistance, which is

rs, can be attributed to its superior tensile properties �see
ce” section�. It is well known that upon freezing, water in
ds. If the required volume is greater than the space avail-

uild-up could reach the tensile strength of the material,
ro-crack formation, brittle rupture and scaling. Therefore,
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ngth—and particularly fracture resistance in ECC—could
ost resistant characteristic. The influence of micro-fiber
istance of conventional concrete has also been examined

s �33,34� and is in agreement with what is found in this
ber is incorporated into ECC matrix, both the pressure-
to larger pore size �see “Air-Void Parameters” above�� and

ffect contribute to the ability to resist deterioration during
cycles. Further experimental studies are needed to clearly

tive contributions of each factor discussed above on the
CC.

test results in terms of flexural strength �modulus of rup-
id-span beam deflection at peak stress before and after

g deterioration. Typical flexural stress-mid-span deflection
CC matrix �without fiber� specimens before and after freez-
erioration are shown in Fig. 8. Each result in Table 6 is an
our specimens.
6, the average flexural strengths were 4.42 and 11.44 MPa
trix, respectively, prior to freezing and thawing cycles. The

ntially higher ultimate flexural strength than the ECC ma-
ributed to the fact that micro-fibers inhibit the localization
macro-cracks and consequently, the tensile strength of the
s with the formation of multiple micro-cracks during in-
In all of the ECC specimens with/without freezing and

n, prismatic specimens showed multiple cracking behav-
k spacing and tight crack widths ��0.1 mm�. The first
the mid-span at the tensile face. The flexural stress in-

rate, along with the development of multiple cracks with
and tight crack widths. Micro-cracks developed from the
and spread out in the mid-span of the flexural beam, as
ding failure in the ECC occurred when the fiber-bridging
e micro-cracks was reached, resulting in localized defor-

e the modulus of rupture was approached. On the other
ir low tensile properties and brittle nature, the ECC matrix
ophically with a single crack under the four-point bending

id-span deflection curves obtained for the ECC prism
o 300 freezing and thawing cycles are shown in Fig. 8. The
s-deflection curves of ECC specimens after frost deteriora-

CONCRETE FREEZING-THAWING DURABILITY
fluence of 300 freezing and thawing cycles on the flexural
ection curves is fairly minor. This result is consistent with
mass and pulse velocity losses of ECC specimens after 300
cycles �Fig. 6�. As seen in Fig. 8, the first-cracking strength

ens after cyclic exposure falls below the first-cracking
ECC specimens �control specimens prior to freezing and

slope of the load-deflection curve represents the stiffness
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shows that the slope decreases with frost deterioration,
slight reduction in the stiffness of the ECC beams. Never-
t reduction in the flexural strength and deflection capaci-
cimens exposed to 300 freezing and thawing cycles was

f freezing and thawing cycles on flexural behavior of ECC.

Localized crack

(final failure)

CONCRETE FREEZING-THAWING DURABILITY
ple crack pattern on the bottom tensile surface of ECC beam
load applications.
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Conclusion

In this study, the fr
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d that the residual ultimate flexural load-deflection curves
ECC beams �Fig. 8� obtained following induced acceler-

ing �up to six freezing and thawing cycles were achieved in
e a conservative estimate of their residual flexural proper-
res. These accelerated deterioration periods are equivalent
ny years in real structures, even those located in regions

This difference in accelerated and normal frost deteriora-
ave a significant influence on the residual flexural proper-

in the long term, deterioration in ECC as a result of freez-
les can easily be closed due to a self-healing process �31�.
rformances of ECC summarized in Table 6 are underesti-

izes the flexural strength �modulus of rupture� and total
at the peak stress of ECC specimens exposed to 300 freez-
les. The total deflection of the ECC beam, which reflects
xposed to 300 freezing and thawing cycles is 4.91 mm,
er than that of ECC mixture prior to undergoing freezing
Compared to control ECC specimens cured in laboratory
able 6� indicate that the ECC specimens exposed to freez-
es showed reductions of nearly 15 % in flexural strength at
s; this may be attributed to the effects of damage on the

and matrix micro-cracking.
ws the residual crack width of ECC mixtures at different
ual crack width” indicates that crack width was measured
pecimen after the four-point flexural test by using a por-
h an accuracy of 5 �m. Both frost-deteriorated and virgin
al saturated multiple cracking �Fig. 9� with crack width at
d limited to below 100 �m. Crack width control is of pri-
many reinforced concrete applications since it is believed
elationship between mean or maximum crack widths and
structure. Moreover, the lower magnitude of the crack
promote self-healing behavior, and thus the transport

d composites �35–38�. In terms of permeability and diffu-
ss than 100 �m generally behaves like sound concrete
erimental results, Şahmaran et al. �35�, Evardsen �40�, and
�41� proposed that cracks with a width below 100 �m can
a self-healing process. Consequently, in the serviceability
r maximum crack width less than about 0.1 mm is usually
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ost resistance of ECC assessed by alternate freezing and
cordance with ASTM C666 Procedure A, air-void param-
the modified point count method �ASTM C457�, and the
n obtained by mercury intrusion porosimetry technique
ECC matrix �ECC without PVA fiber�. While the control
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e is a very versatile material for construction, which offers
economic, and environment-preserving advantages and is
a dominant material for construction in the new millen-
t concrete can be manufactured usually by replacing nor-
rtificial lightweight aggregate. Lightweight aggregate con-

ngths comparable to normal weight concrete �NWC�, yet it
lighter. LWC offers design flexibility and substantial cost

g less dead load, improved seismic structural response,
fire rating, decreased story height, smaller size structural

orcing steel, and lower foundation costs. However, light-
still faced with some problems, such as the high cost of
h incineration temperature and the resistance to freezing

s for freeze-thaw durability, numerous accelerated freezing
programs and comprehensive investigations into the long-
formance of lightweight concrete have arrived at similar
y proportioned and placed lightweight concrete performs
an NWC �2,4�. But in practical on-site construction, good
is required to minimize the mixing water being absorbed

egate and ensure pumping operation. It is important to
n the lightweight aggregate by fully prewetting before
ing the concrete. Since lightweight aggregate containing
r greater damage due to freezing and thawing action �5–8�,
ure not only increases the density of the aggregate but also
freeze-thaw durability. Therefore, the frost damage mecha-
vement on the quality of LWC have attracted much atten-
s �9–13�.
t aggregate usually accounts for a higher percentage of the
the properties of lightweight aggregate can have a consid-

he properties of the resulting concrete. The aggregates with
re expected to play a key role in the freeze-thaw damage
In order to clarify the deterioration process of lightweight
cted to freezing and thawing, it is necessary to investigate
ght aggregate on the concrete performance and analyze the
e-thaw resistance between them. In this study, rapid freez-
ts �6 cycles/day� were conducted on LWC and lightweight

A�, respectively, in order to investigate the freeze-thaw
he two freezing and thawing tests were carried out on the

N CONCRETE FREEZING-THAWING DURABILITY
of water content: 0 %, 10 %, 15 %, 20 %, and 30 %. Then
ter content of LWA on the freeze-thaw resistance of both
ther with the change in the LWA pore structure and the
acking is initiated in LWC when subjected to freezing and
ssed. For comparison, freezing and thawing tests of NWC
ere produced by crushed stone �CS�, were also conducted.
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Lightweight Course Aggregate

f LWAs were adjusted to five levels: 0 %, 10 %, 15 %, 20 %,
ce water was removed from the aggregate using a water-

ore testing. The LWA with 0 % water content was in an
. The LWA with 30 % water content was produced by pre-
perature in the aggregate production process. The water
LWAs was adjusted by water immersion testing. Starting

condition, LWAs were immersed in water at atmospheric
in period. The water contents of LWAs were measured at
r immersion.

f the Concrete

ixed in a forced-mixing type pan mixer. Slump and air
red according to the Japanese Industrial Standard �JIS� A
t for Slump of Concrete� �14� and A 1116 �Method of Test

FIG. 2—Appearance of CS.
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ir Content Mass Type of Fresh Concrete� �15�, respectively.
specimens were cured for 24 h in a room maintained at
humidity and then demolded. All testing specimens were

0°C up to the age of 28 days �W28� to secure the initial
cement before being subjected to the freezing and thawing
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Methods of Freezing

Testing of Lightw
test specimens wer
freezing and thawing
ments of ASTM C66
ried out in water at

The performanc
by the changes in th
namic modulus of e
the test and at select
relative dynamic mo
frequency at a give
freeze and thaw cyc
LWC and NWC spec
NWC specimens we
thaw cycles during t
ing values of DF and

Lightweight Coar
10–15 mm in size. T
%, 10 %, 15 %, 20 %
LWA was tower-dried
a polyethylene bottle
ing tests were cond
requirements of the

Weight Loss After
mens were removed
through a sieve with
sieves were treated a
�temperature: 105°C
weight loss was calc

where:
Wn=weight loss r
Wnl=weight of LW

cycles, g, and
W0=weight of LW

Grain Ratio Passin
initial LWA grain nu
cycles, the residue gr
ratio passing 10 mm

where:
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and Thawing Test

eight Aggregate Concrete and Normal Weight Concrete—All
e 100�100�400 mm3 prisms. They were subjected to

after curing for 28 days in water according to the require-
6-03el Procedure A. Freezing and thawing tests were car-
6 cycles/day up to 300 cycles.
e of the LWC and NWC specimens was measured primarily
eir transverse frequency, which is proportional to the dy-
lasticity. The transverse frequency was measured prior to
ed intervals during the test period and was reported as the
dulus of elasticity, which is the ratio of the square of the

n cycle to the square of the initial frequency before the
ling was begun �16�. Then durability factors �DF� of the
imens were calculated. Length changes of the LWC and

re also measured prior to testing and at selected freeze-
he tests. Three specimens were used to determine the test-

length change in each mix proportion.

se Aggregate Testing—The LWA grains used in the tests were
he water contents of the LWA were adjusted to five levels: 0

, and 30 %. Any free water present on the surface of the
prior to testing. Then each of the specimens was put into

�volume: 1 L� in surface-dry condition. Freezing and thaw-
ucted at 6 cycles/day up to 300 cycles by following the
LWC test.

every 100 freeze-thaw cycles in each test, the LWA speci-
from the freeze-thaw test machine. Then they were passed

10 mm openings. The portions that passed through the
s weight loss parts. Then each part was placed in an oven
� to dry for 24 h and weighted. The percentage of the

ulated using the following equation:

Wn = Wnl/W0 �1�

ate at n cycles, %,
A passing though a sieve with 10 mm openings after n

A at 0 cycle, g.

g 10 mm Sieve Before the freezing and thawing tests, the

N CONCRETE FREEZING-THAWING DURABILITY
mbers were counted carefully. After every 100 freeze-thaw
ains left in the 10 mm sieve were counted again. The grain
sieve was calculated using the following equation:

Pn = �N0 − Nn�/N0 �2�



Pn=grain ratio at
N0=LWA grain n
Nn=numbers of t

Crushing Strength
freeze-thaw cycles, t
packed into a cylind
compressed with a p
indicating gauge wa
reached 25 mm, the
was calculated.

Pore Structure Aft
the crushed aggrega
ticles. The pore struc
means of a mercury-

Results and Discus

Testing results of LW
Figure 3 shows t

changes in length of
length change of NW
contained LWAs with
almost no noticeable
duced with the high

FIG. 3—Relationsh

 

n cycles, %,
umbers at 0 cycle, and
he residue grains left in the 10 mm sieve after n cycles.

After the sieve analysis and drying process at every 100
he residue left in the sieve was weighed out to 300 g and
rical vessel �� : 81�162 mm�. The aggregates were then
lunger at a fixed rate �0.2–0.3 N/mm2 per second�. An

s used to measure displacement. When the displacement
load was recorded immediately and the crushing strength

er crushing tests at 0, 100, 200, and 300 freeze-thaw cycles,
te fragments were sieved again to obtain 2.5–5.0 mm par-
ture �pore radius: 3.75–56 200 nm� was then examined by
intrusion porosity metre.

sion

ip between water content of LWA and length change of LWC.
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C and NWC are shown in Figs. 3–5.
he relationship between the water content of LWA and the
LWC at the finish time of freezing and thawing cycles. The
C �W /C of 40%� was also shown in the figure. LWC that
the lower water content �0 %, 10 %, and 15 %� showed
changes in length as well as NWC. However, LWC pro-

er content LWAs �20 % and 30 %� exhibited particularly



large length increase
cated that cracks occ
30 % water content

Figure 4 shows t
DF of LWC. The DF
It is well known tha
durability of concret
thought to have infl
aggregates �different
merge curing, and
proven that the free

FIG. 4—Relat

FIG. 5—Appearance o
tests: �a� LWC �W /C: 4
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as the result of the freezing and thawing action. It indi-
urred in the LWC that contained LWAs with the 20 % and

and then to make LWC expand.
he relationship between the water content of LWA and the
value of NWC �W /C of 40 %� was also shown in the figure.
t the degree of saturation is a key parameter for the frost
e �17�. As for LWC, all kinds of water in the concrete can be
uences on the freeze-thaw durability, including water in
water contents� and water in concrete �due to W /C, sub-

freeze-thaw test in water�. However, in this study it was
ze-thaw resistance of LWC was mainly controlled by the

ionship between water content of LWA and DF of LWC.

N CONCRETE FREEZING-THAWING DURABILITY
f concrete specimens at the finish time of freezing and thawing
0 %; water content of LWA: 30 %� and �b� NWC �W /C: 40 %�.



water content of the
LWC that contained
values. Furthermore
LWAs with 30 % wat
3 shown above, crack
content to cause con
5 also showed that th
LWC. NWC specime
value and quite sligh
submerge curing and
thaw resistance of co
sometimes. In these
the water content of
which is an admitte
concrete structure.

Testing results o
Figure 6 shows t

water content of LW
open voids and fissu
increased very fast a
the LWA was immer
and fissures. More th
first 30 min. In the w
became slower and s

Figure 7 shows t
loss of LWA after 300
%, 10 %, 15 %, and
subjected to freezing
weight losses remain
% water content, the
fractured. It is thoug
LWA grain, no ceme
content LWA was abl
to cause grains dama
with the increase in
most vulnerable to f

Figure 8 shows
ratio passing 10 mm
with the 0 % water c
%. There is almost n
In the case of LWAs
ratio passing the 10
content is 30 %, the g
to pass though the s

Figure 9 shows t
ing strength of LWA a
content, the crushing
content, the crushing

 

LWA that was used. It was not much related to W /C values;
LWAs with the higher water content showed the lower DF
, cracks can be seen on the surface of the LWC made with
er content after freezing and thawing �Fig. 5�. Just like Fig.
s occurred in the LWC containing LWAs with higher water
cretes damage and failure with freeze-thaw action. Figure
ere was almost no cement-paste scaling on the surface of

ns showed superior freeze-thaw resistance with high DF
t surface scaling. It indicates that the absorbed water from

freeze-thaw test has no significant effects on the freeze-
ncrete, except it may cause slight scaling of cement paste

testing conditions, especially with 5.5 % air content, when
LWA is below about 17 %, the DF of LWC is above 60,

d value to meet the freeze-thaw resistance for a common

f LWA are shown in Figs. 6–11.
he relationship between the water immersion time and the
A. Although the LWA has a dense surface texture, some
res are also visible �see Fig. 1�. The water content of LWA
t the beginning period of the water immersion �18�. When
sed in the water, much water was absorbed by the voids
an half of the 24 h water absorption occurred within the

hole immersion time �13 weeks�, the water absorption rate
lower and the water absorption of LWA tended to be stable.
he relationship between the water content and the weight
freeze-thaw cycles. LWAs with the lower water content �0
20 %� showed almost no noticeable deterioration when
and thawing action. Even after 300 freeze-thaw cycles, the
ed below 2 % for all of them. However, in the case of the 30
weight loss of LWA reached about 7 % and many grains

ht to be due to freezing and thawing. Even an individual
nt paste around, the water included in the 30 % water
e to freeze, and then expansion pressure occurred in LWAs
ge. Moreover, since the tension strength of LWA decreases
water content �19�, the LWA with 30 % water content is

rost damage and has the highest weight loss value.
the relationship between the water content and the grain
sieve after 300 freeze-thaw cycles. In the case of the LWA

ontent, the grain ratio passing the 10 mm sieve is below 2
o deterioration of LWA due to freezing and thawing action.
with the 10 %, 15 %, and 20 % water content, the grain
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mm sieve is almost about 4 %. However, when the water
rain ratio reached about 10 %, and many grains fractured

ieve.
he relationship between the water content and the crush-
fter 300 freeze-thaw cycles. With the increase in the water
strength of LWAs decreased. In the case of the 30 % water
strength is about 10 N/mm2, which decreased by about



a third of its initial
became easier to da

Figure 10 shows
thaw action at diffe
increased, the total p
water content. The i
porous because of w
above phenomena t

FIG. 6—Relationship b
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value. It is because the LWA with higher water content

etween the water immersion time and the water content of LWA.
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mage when subjected to freezing and thawing cycles.
changes in the total pore volume of LWAs with the freeze-

rent water contents. As the number of freeze-thaw cycles
ore volume of LWA increased except for the case of the 0 %

nterior structure of LWA that contained water turned more
ater freezing expansion. It can be thought to explain the

hat the LWA grains with higher water content exhibited



higher weight loss, h
strength values after

Figure 11 shows
pore volume of LWAs
pore volume �pore r

FIG. 7—Relat

FIG. 8—Relationship b
LWA.

 

igher grain ratio passing 10 mm sieve, and lower crushing
freezing and thawing.
the relationship between the water content and the total
of different pore radii at 300 freeze-thaw cycles. The total

adius: 3.75–56 200 nm�, small pore volume �pore radius:

ionship between water content and weight loss of LWA.
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etween water content and grain ratio passing 10 mm sieve of



3.75–1000 nm�, and
shown together in th
the total pore volum
pore volume �pore ra
water content of LW
volume �pore radius

FIG. 9—Relation

FIG. 10—Changes
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large pore volume �pore radius: 1000–56 200 nm� are
is figure. The higher the water content of LWA, the higher
e �pore radius: 3.75–56 200 nm�. In the case of the small
dius: 3.75–1000 nm�, there was almost no change with the

A after 300 freeze-thaw cycles. However, for the large pore
: 1000–56 200 nm�, it increased with the water content due

ship between water content and crushing strength of LWA.

N CONCRETE FREEZING-THAWING DURABILITY
in the total pore volume of LWA with the freeze-thaw action.



to freezing and thaw
radius: 1000–56 200
cess for LWAs with h

Figure 12 shows
dius: 1000–56 200 nm

FIG. 11—Relation

FIG. 12—Relationship

 

ing action. It showed that the large pore volume �pore
nm� had an important influence on the frost damage pro-
igher water content.
the relationship between the total pore volume �pore ra-
� of LWA and the length change of LWC at the finish time

ship between water content and total pore volume of LWA.
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between total pore volume of LWA and length change of LWC.



of freezing and thaw
total pore volume �p
LWC. In the case of
tent�, the length of L
jected to freezing an
with large pore volum
% and 15 % water c
DF values were abov

Figure 14 show
content of LWA: 30 %
and cracks penetrate

FIG. 13—Relatio

FIG. 14—Cross-section
to freezing and thawin
white rectangular area
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ing cycles. Figure 13 shows the relationship between the
ore radius: 1000–56 200 nm� of LWA and the DF values of
LWAs with large pore volume �20 % and 30 % water con-
WC increased noticeably, and the DF declined when sub-
d thawing. It showed weak freeze-thaw resistance of LWC

e. However, for the LWAs with small pore volume �0 %, 10
ontent�, the length of LWC showed almost no changes, the
e 60, and the freeze-thaw resistances were secured.

s the cross-section of a broken LWC �W /C: 40 %; water
� due to freezing and thawing action. All LWAs fractured

d deeply into LWAs in the LWC. When subjected to freez-

nship between total pore volume of LWA and DF of LWC.
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of a broken LWC �W /C: 40 %; water content of LWA: 30 %� due
g action: ��a� and �b�� Broken sections and �c� enlarged picture in
s.



ing and thawing, ex
micro-cracks formed
strength, and then en
thaw cycles increas
damage.

Conclusions

In this study, rapid fr
LWC and LWA, resp
freeze-thaw resistanc
the LWA that was us
freeze-thaw resistan
about 17 %, the free
secured. The LWA te
of the LWA, the high
lower the crushing st
ing. When the LWA
thawing, the pore vo
damage from frost e
LWA and then enlarg
cycles increased. Thi
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Introduction
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for Density and Void
developed for determ
Standard C1688 doe
concrete, it also pro
production and to t
concrete is importan
the United States. Pr
air entrainment does
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C666A, “Standard T
and Thawing,” test m
termined using a Ra
dard Test Method for
System in Hardened
able to quantify the
means that installati
least several days af
an important charac
fresh and hardened

This paper desc
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t air entrainment in concrete improves freeze-thaw dura-
y �1�. Along with unit weight and slump, air content is a

rameter for fresh concrete to ensure consistency and dura-
ment pervious concrete �PCPC� becomes a commonly uti-
ent practice, methods will be required to verify mixture
sistent production. The standard concrete quality control
lump, air, and unit weight� when applied to pervious con-
ppropriate or do not behave in a similar fashion to that of
The new ASTM Standard C1688, “Standard Test Method
Content of Freshly Mixed Pervious Concrete,” has been

ining density of fresh pervious concrete �2�. While ASTM
s predict the density or performance of in-place pervious
vides a useful tool for verifying consistency of mixture

he submitted mixture design. The durability of pervious
t for the continued installation in cold weather portions of
evious research at Iowa State University �ISU� shows that
occur in “workable” pervious concrete and that increased
ent improve freeze-thaw durability in the ASTM Standard

est Method for Resistance of Concrete to Rapid Freezing
ethod �3�. The hardened air entrainment levels were de-

pidAir 457 device and the ASTM Standard C457, “ Stan-
Microscopial Determination of Parameters of the Air-Void
Concrete,” procedure A. While the RapidAir device was
level of air entrainment, hardened sample preparation

ons with inadequate air systems are not discovered until at
ter placement. If entrained air content is to be considered
teristic of pervious concrete, methods to determine both

contents need to be verified.
ribes a comparison of a majority of common methods to

air content in traditional concrete applied to an actual
ld placement at ISU. The fresh methods to determine air
d volumetric air content, Chace air indicator �CAI�, pres-
e of the air void analyzer �AVA�, all on two different mix-
ntrainment was evaluated using the RapidAir device. Core
to evaluate variability in the porosity or water-permeable
if workability added by air entrainment corresponded to
situ material. Samples were also evaluated for freeze-thaw
mass loss and transverse fundamental frequency.

aterials and mixtures studied in the present paper were

N CONCRETE FREEZING-THAWING DURABILITY
application at a parking lot of ISU �ISU Lot 122�. Some of
rectly cored from the parking lot. The ISU Lot 122 project
he Iowa Pervious Concrete Water Quality Project, with the
the behavior of a pervious concrete system in cold weather
pare various aspects of the stormwater effluent versus a
. Half of the parking area is PCPC and half is traditional
crete pavement. The traditional pavement was sloped to



collect all of the sto
installed to evaluated
configurations.

Material Properties

Two gradations of ro
small-sized RG had 1
% passing the 9.5 mm
4�. The dry rodded u
gate, porosity of 37.4
the 12.5 mm �1/2 in.
passing the 4.75 mm
�102 pcf� of the larg
supplied from the sa
1.7 %, and the abras

River sand was u
mass or volume sin
modulus of 2.90, wit
a specific gravity of
incorporated into th
of 0.91. An air entrai
in all of the pervious
was dosed to produc

Mixture proport
The mixture contain
sized RG �large RG�.

Sample Preparation

All specimens in the
ing the ISU Lot 122 c

Component
Cement
Fly ash
Coarse agg.
Fine agg.
Fibers
Water
Mid-range water reduc
Hydration stabilizer

 

rmwater, and the two sections of pervious concrete was
the effect of different mixture designs and aggregate base

unded river gravel �RG� coarse aggregate were used. The
00 % of the material passing the 12.5 mm �1/2 in.� sieve, 97

sieve �3/8 in.�, and 19 % passing the 4.75 mm sieve �No.
nit weight was 1640 kg/m3 �102 pcf� of the smaller aggre-

%. The large-sized RG had 100 % of the material passing
� sieve, 66 % passing the 9.5 mm sieve �3/8 in.�, and 4 %
sieve �No. 4�. The dry rodded unit weight was 1630 kg/m3

er aggregate, porosity of 37.8 %. Both aggregates were
me source and had specific gravities of 2.62, absorption of
ion obtained using a Micro Deval device was 14.4 %.
sed to replace up to 7 % of the coarse aggregate �by either
ce specific gravity was equal�. The sand had a fineness
h 90 % passing a 2.36 mm sieve �No. 8�. Fine aggregate had
2.62 and absorption of 1.1 %. Polypropylene fibers were
e pervious concrete proportions and had a specific gravity
ning agent �AEA� and mid-range water reducer were used
concrete mixtures along with a hydration stabilizer. AEA

e 6 % air in a standard low slump paving mixture.
ions for the two concrete mixtures are shown in Table 1.
ing the small-sized RG is labeled �small RG� and the large-

TABLE 1—Concrete mixture proportions.

Mix

Small RG Large RG
298 �503� 298 �503� kg/m3 �pcy�
45 �75� 45 �75� kg/m3 �pcy�

1525 �2570� 1498 �2525� kg/m3 �pcy�
77 �130� 104 �175� kg/m3 �pcy�
0.9 �1.5� 0.9 �1.5� kg/m3 �pcy�
93 �156� 93 �156� kg/m3 �pcy�

er 4 �6� 4 �6� mL/kg �oz/cwt�
4 �6� 4 �6� mL/kg �oz/cwt�
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following study were created using concrete delivered dur-
onstruction. All samples were placed in the field by lightly



rodding 25 times in
without consolidatio
room at 98 % relativ
“Standard Practice
Laboratory,” �4�. Bef
sulfur capping comp
for Capping Cylindr

Cylinders of 100
used for both co
75 mm �3 in.��15
and cylinders of 75 m
permeability. Bea
�100 mm �4 in.� a
testing placed in two

Cylinder specim
length were used for
hardened concrete
more cuts were then
100 mm �4 in.��1
sents a vertical sectio
then wet-sanded wit

Samples were tr
dations �6�. The po
marker. After the in
80°C oven for 2 h.
paste comprised of
extra paste was rem
until all of the paste
If porous areas of the
ally colored with a fi

Once a specime
across the sample us
per frame can be us
white-level threshold
termination.

Test Methods

Standard material pr
with time according
pressive Strength o
samples. Splitting te
C496, “Standard Tes
crete Specimens,” �8
ASTM Standard C78
�using simple beam

The void ratio �p
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three layers to ensure uniform compaction in each lift
n. The samples were demolded after 24 h, placed in a fog
e humidity, and cured according to ASTM Standard C192,
for Making and Curing Concrete Test Specimens in the
ore compression testing, the cylinders were capped using a
ound following ASTM Standard C617, “Standard Practice

ical Concrete Specimens”�5�.
mm �4 in.� in diameter and 200 cm �8 in.� in length were
mpression and tensile strength tests. Cylinders of
0 mm �6 in.� were used to perform the porosity analysis,
m �3 in.� in diameter and length were used to measure the

ms with a cross section of 75 mm �3 in.�
nd a length of 400 mm �16 in.� were used for freeze-thaw
layers.

ens 100 mm �4 in.� in diameter and 200 mm �8 in.� in
RapidAir testing. The top and bottom 50 mm �2 in.� of the

cylinders were removed using a concrete slab saw. Two
made vertically to produce a specimen with dimensions of
00 mm �4 in.��19 mm �0.75 in.�. The specimen repre-
n taken from the center of the cylinder. The samples were

h progressively finer grit paper, finishing with 6 �m grit.
eated according to the RapidAir manufacture’s recommen-
lished samples were coated with a broad-tipped black
k had completely dried, the samples were placed into an
Then, the samples were removed and coated with a white
petroleum jelly and zinc oxide and allowed to cool. The
oved by dragging an angled razor blade across the surface
was removed from the aggregate and cement mortar areas.

aggregates contained any white paste, they were individu-
ne-tip black marker �6�.
n was prepared, the RapidAir device was used to scan
ing a video frame width of 748 pixels. Up to ten probe lines
ed to distinguish between the black and white sections. A

adjustment further refines the image before air void de-

operty testing included compressive strength development
to ASTM Standard C39, “Standard Test Method for Com-
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f Cylindrical Concrete Specimens,” �7� on sulfur capped
nsile tests were performed according to ASTM Standard
t Method for Splitting Tensile Strength of Cylindrical Con-
�. Modulus of Rupture �MOR� was determined according to

“Standard Test Method for Flexural Strength of Concrete
with third point loading�” �9�.
orosity� of the pervious concrete was determined by taking



the difference in we
water and using the
Carolina �10�.

The permeabilit
apparatus. A flexible
sample to prevent wa
then confined in a la
surrounded by adjus
�k� was determined
lows Darcy’s law and

Freeze-thaw dur
�12� in which sample
sets of criteria were
modulus, and mass l
modulus or 15 % ma
of other mixtures an
Kevern �14�.

Fresh air tests we
“Standard Test Meth
sure Method,” �15� p
Method for Air Cont
�16� volumetric meth
and AVA. Mortar wa
pervious concrete un
ate the test samples
testing was perform
�18� �Fig. 1�a��

Values determine
ing to ASTM Standa
distinguish between

FIG. 1—Two methods
ous concrete: �a� AVA a

 

ight between a sample oven dry and submerged under
standard procedure developed at the University of South

y was determined using a falling head permeability test
sealing gum was used around the top perimeter of a

ter leakage along the sides of a sample. The samples were
tex membrane and sealed in a rubber sleeve, which was

table hose clamps. The average coefficient of permeability
using falling head permeability measurement, which fol-
assumes laminar flow �11�.

ability was tested using ASTM Standard C666 procedure A
s were frozen and thawed in the saturated condition. Two
used to evaluate freeze-thaw durability, relative dynamic
oss. Tests were completed at either 60 % relative dynamic
ss loss. Samples were tested every 20–30 cycles. The results
d more details are summarized in Schaefer et al. �13� and

re performed on the concrete using ASTM Standard C231,
od for Air Content of Freshly Mixed Concrete by the Pres-
ressure method and ASTM Standard C173, “Standard Test
ent of Freshly Mixed Concrete by the Volumetric Method,”
od. Fresh air was determined on the mortar by the CAI
s obtained by vibrating a 4.75 mm sieve basket of fresh

to determine fresh and hardened entrained air content of pervi-
nd �b� RapidAir 457 device.
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til enough mortar was separated from the mixture to cre-
. CAI was determined using AASHTO T199-00 �17�. AVA
ed according to the test method outlined by Taylor et al.

d from the RapidAir device �Fig. 1�b�� are reported accord-
rd C457 �19�. Five traverse lines per frame were used to
the black sections �aggregate or mortar� and the white
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some changes, and u
by experience accord
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unit weight than the
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previous findings �21

Variability in Porosit
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rosity represents the
contribute to the pe
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forms preceding the
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56-day comp. str.
28-day spl. tens.
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eable voids or entrained air�. The threshold values were
avel mixtures. Threshold values are not very sensitive to
ltimately the threshold used for testing is best determined
ing to specific conditions �20�.

sion

operties

ties for both mixtures are shown in Table 2. The mixture
ed RG had slightly higher voids and correspondingly lower
mixture with smaller-sized RG. Compressive strength and
gth values were similar between the mixtures. Due to the

cing technique, only one MOR beam was placed of each,
s represent triplicate testing with coefficient of variation

5 %. The larger mixture with higher voids also had higher
.2 cm �4 in.� diameter specimens had approximately 25 %
than the 7.6 cm �3 in.� samples, which is consistent with
�.

y

ntains two types of air systems, intentionally designed po-
air in the mortar surrounding the aggregate particles. Po-

TABLE 2—Concrete material properties.

Mixture

Small RG Large RG
17.8 �2578� 16.0 �2322� MPa �psi�
22.8 �3305� 22.8 �3304� MPa �psi�
24.3 �3521� 23.4 �3399� MPa �psi�
2.6 �380� 2.3 �338� MPa �psi�
2.7 �393� 3.5 �509� MPa �psi�

23.0 27.8 %
2000 �124.8� 1923 �120.0� kg/m3 �pcf�

iam. 1260 �496� 1692 �666� cm/h �in./h�
diam. 1764 �695� 2268 �893� cm/h �in./h�
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large water-permeable voids, while entrained air does not
rmeability but aids freeze-thaw durability �3�. The current
oncrete placement is a “pile and rake” method where piles
are placed and raked by hand to roughly level with the

method of finishing and compaction. Since pervious con-
capacity and permeability are controlled by the intercon-
, the mixture workability, placement technique, and



compaction/finishing
consistency. Figure 2
in situ placement co

Porosity results
content and unit w
weight value was 22
278 kg/m3 �17.4 pcf
voids, respectively. P
almost impermeable
ing to voids. Althoug
tively low ��10 %�.
much higher. The hig
improvements in pl
pavement.

Core
�Number� Mi
1 Sma
2 Sma
3 Sma
4 Lar
5 Lar
6 Lar
Small average
Small COV �%�
Large average
Large COV �%�

 

technique are all important to the final in situ density
shows the location of the core samples removed to verify

nsistency. Three cores were tested from each mixture.
from the core samples are shown in Table 3. The void

eights were highly variable for both mixtures. The unit
8 kg/m3 �14.3 pcf� for the small-sized RG mixture and
� for the larger-sized RG mixture, producing 10.4–12.1 %
ermeability values were also highly variable, ranging from
�5 cm/h� to extremely permeable �4000 cm/h�, correspond-
h the unit weight values were variable, the COV was rela-
However for the same samples, COV for permeability was
h variability of results from the core samples suggests that

acing methods are required to produce more consistent

FIG. 2—Lot 122 core sample locations.

TABLE 3—Core variability results.

xture
Voids

�%�
Unit Weight
kg/m3 �pcf�

Permeability
cm/h �in./h�

ll RG 29.0 1855 �115.8� 2772 �1091�
ll RG 22.4 2010 �125.5� 936 �369�
ll RG 18.6 2083 �130.1� 5�2�

ge RG 36.9 1695 �105.8� 4104 �1616�
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ge RG 27.4 1932 �120.6� 2664 �1049�
ge RG 24.8 1973 �123.2� 1,440 �567�

23.3 1983 �123.8� 1331 �524�
22.7 5.9 97.9
31.1 1829 �114.2� 2736 �1077�
21.6 8.6 48.5



Plastic Air Determina

Results from the fou
shown in Table 4. CA
pressure and volum
volume. The CAI an
volume percentage o
ric air tests yielded r
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either fill surface v
record air released d
methods fill the wa
caught in the large v
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possible to agitate f
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The other two a
ing screed. When p
voids are measured.
slightly more entrai
0.5 % precision was
total measured air �
CAI results, the AVA
entrained air.

Results for the
Tables 5�a� and 5�b�.
air for either of the m
correspondingly a h
�SpF� than the large
than 0.2 mm sugges
gate mixture had a
amount of free mort
was required to prod
trained air �0.73–0.1
sive vibrating during

TABLE 4—

Mixture Pressu
Small RG 8.5
Large RG 6.0
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tion

r test methods used to investigate fresh air properties are
I and the AVA measure air content of the mortar, while the

etric methods measure air content of the entire concrete
d AVA values shown in Table 4 have been converted to
f total concrete. Both the standard pressure and volumet-
esults typically expected for normal concrete. These meth-
fresh concrete in a given container and using water to

oids between the upper chamber and fresh concrete or
uring agitation. When applied to pervious concrete, both

ter-permeable voids without fully releasing all of the air
oid space. A similar response occurs when using the pres-
crete containing high porosity aggregate. Testing voids of
oncrete requires vigorous tapping of the cylinders under
e the air present in the void structure. Since it was not
resh pervious concrete underwater, without releasing the
be assumed that the higher values reported by the pressure
methods contain both air caught in the large voids as well
e mortar. Unless modifications are developed, the standard
t appropriate for pervious concrete.
ir tests involved testing mortar obtained through a vibrat-
roperly tested on traditional concrete, only entrained air

The CAI indicated that the small-sized RG mixture had
ned air. Due to the coarseness of the measurements, only
possible. Values obtained from the AVA are shown for both
�2 mm� and entrained air ��0.35 mm�. Similar to the
indicated that the small-sized RG mixture contained more

three AVA samples tested for each mixture are shown in
AVA testing had low variability for total air and entrained
ixtures. The smaller mixture had higher entrained air and

igher specific surface area �SSA� and better spacing factor

Fresh concrete air testing results reported in percent air.

re Volumetric CAI

Air Void Analyzer

�2 mm �0.35 mm
7.5 1.5 1.20 0.73
5.0 1.0 0.40 0.13
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r aggregate mixture. The smaller mixture had a SpF less
ted for freeze-thaw durability �18�, while the larger aggre-
much higher SpF. Since pervious concrete has a smaller
ar than traditional concrete, about 40 kg �80 lb� of material
uce enough mortar for one sample. The low levels of en-

3 %� may indicate a loss of entrained air during the exten-
the mortar extraction sieving process.



Hardened Air Determ
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ination

les prepared for RapidAir testing are shown in Fig. 3 for
e 3�c� and 3�d� shows the water-permeable voids in white
d mortar stained black. These images are lacking a clear
observed in either air entrained typical or pervious con-

he white color from fine entrained air systems combined
produces visually a grey entrained air paste. Previous in-

ntrainment of pervious concrete has distinguished three
ent in either of the samples, indicating lower entrained air

ariability of the RapidAir testing is shown in Table 6 for a
etween trials. COVs for the repeatability of total void con-
ontent, SpF, and SSAs were all less than 15 %. Entrained
void boundary was considered at 1 mm �Fig. 4�. The aver-
d variability of all the samples are shown in Table 7. Total

he RapidAir include those less than 4 mm. Testing values
les were similar. Total air was 10–12 % and entrained air
ince the entrained air determination by the RapidAir in-

s �up to 4 mm�, it is expected that RapidAir values should
determined by the AVA where air is measured only up to 2
ged between 0.2 and 0.3 mm, which are slightly above the
mm for freeze-thaw durability �18�.
air content for both samples was similar with a clear in-
ermeable voids at greater than 1 mm, shown in Fig. 4. The

BLE 5�a�—AVA results for small RG mixture.

Air
�%�

SSA
�mm−1�

SpF
�mm��2 mm �350 um

1.2 0.80 52.8 0.152
1.2 0.80 51.9 0.159
1.2 0.60 43.9 0.186
1.20 0.73 49.53 0.17

BLE 5�b�—AVA results for large RG mixture.

Air
�%�
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SSA
�mm−1�

SpF
�mm��2 mm �350 um

0.50 0.20 34.00 0.342
0.40 0.10 19.80 0.656
0.30 0.10 31.00 0.477
0.40 0.13 28.27 0.49



TAB

Small RG #1
Air
�%

1 �0°� 11.7
2 �9°� 11.2
3 �180°� 11.6
4 �270°� 10.9
Average 11.3
Std. dev. 0.3
COV �%� 3.3

Note: SpF: Spacing fac

FIG

128 JAI • STP 1511 O

 

LE 6—RapidAir variation for a typical sample.

Total Air ��4 mm� Entrained Air ��1 mm�

�
SpF

�mm�
SSA

�mm−1�
Air
�%�

SpF
�mm�

SSA
�mm−1�

3 0.331 5.19 1.96 0.290 22.13
6 0.334 5.20 1.88 0.288 22.73

. 3—Samples prepared for RapidAir testing.
N CONCRETE FREEZING-THAWING DURABILITY
6 0.286 6.04 2.34 0.266 22.32
2 0.283 6.53 1.96 0.227 28.33
9 0.309 5.74 2.04 0.268 23.88
8 0.028 0.66 0.21 0.029 2.98
1 9.001 11.50 10.16 10.929 12.48

tor. SSA: Specific surface area.



air void distribution
with the only differe
bubbles occurring in
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properties listed in T
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FIG. 4

TABLE

Mixture
Voids

�%�
Small RG 23.00
COV �%�
Large RG 27.80
COV �%�

Note: SpF: Spacing fac

 

is shown in Fig. 5. Both mixtures followed a similar trend,
nce being double the number of 0.02–0.03 mm sized air
the large-sized RG mixture.

ity

freeze-thaw durability were placed on-site and have the
able 2. Durability of the concrete was judged using both a
ic modulus and 85 % mass remaining criteria. Figure 6

—Cumulative air content from RapidAir device.

7—Hardened air results from the RapidAir device.

Average of RA Analysis Average of RA Analysis

TotalAir�4 mm EntrainedAir�1 mm
Air SpF SSA Air SpF SSA
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�%� �mm� �mm−1� �%� �mm� �mm−1�
12.13 0.279 6.08 2.41 0.256 23.28

6.4 11.6 12.2 5.7 8.1 11.7
10.43 0.247 8.30 2.66 0.215 26.57
13.1 9.6 8.0 23.4 19.5 14.9

tor, SSA: Specific surface area.



FIG.

130 JAI • STP 1511 O

 

N CONCRETE FREEZING-THAWING DURABILITY
5—Air void distribution from RapidAir device.
FIG. 6—Freeze-thaw durability results.
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w responses of both concrete mixtures. As seen in Fig. 6,
ty using relative dynamic modulus testing was poor with
ulting from 60 % relative dynamic modulus measurements
tures studied. When evaluated for durability using mass
ad similar response until 100 cycles. After 100 cycles the
ture had a better performance. Durability factors calcu-
mass remaining were 92 for the large-sized RG concrete
ll-sized RG concrete. Samples before and after testing are
e darker initial samples were saturated prior to testing,
t testing samples had dried.
Table 5�a� and 5�b� that the average SpF measured from
r the small-sized RG mix and 0.49 mm for the large-sized
radicted to the freeze-thaw durability results. In the AVA
on and excessive time required to obtain sufficient mortar
ffected the test results by lowering the air content. Differ-
test results showed that both samples had SpF values
r the 0.20 mm target value. Of the two, the large-sized RG
ly higher number of small bubbles �0.02–0.03 mm; Fig. 5�
of 0.21 mm.

evel of air entrainment was measured in the mortar, the
d poor freeze-thaw durability, even though previous pervi-
has shown air entrainment improves freeze-thaw durabil-
mode of freeze-thaw deterioration was different than oth-
ious laboratory testing. The deterioration first began with

the outside aggregate particles followed by raveling of
es. This suggests poor aggregate-to-mortar bonding most
anted fine dust on the surface of the relatively smooth RG
tar bonding would expedite freeze-thaw deterioration of
ough both the mortar and aggregate appeared durable.

rete at the ISU Lot 122 parking area had experienced three
e ASTM Standard C666 test results indicated that the

ty factors of the pervious concrete studied were very low,
ed durability distresses have been observed and the pave-
as designed. It has been well recognized that ASTM Stan-
e test for evaluating concrete freeze-thaw durability, par-
concrete, which may be rarely saturated any time. Long-
onitoring of the pervious concrete at the ISU Lot 122 is

sults will be used to correlate properties obtained in the
al future performance.
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commendations

following conclusions can be drawn:
ethods evaluated for characterizing air system of pervious
SpF determined by the RapidAir test co-related best with

aw mass loss behavior.
ressure or volumetric air measurements appeared not ap-
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with cyclic freezing
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sures, in concrete �1
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pressures �3,4�.

Researchers and
have FT damage is t
concrete becomes vu
tion condition �5�. T
very low permeabili
trainment.
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few decades ago due
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very low permeabilit
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cant FT damage wou
contains mostly very
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damage.

Pigeon et al. �6�
and analyzed effects
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�AEA� would not be
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sary. Bassuoni and N
concrete could be v
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required regardless
provide proper guid
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parameters� on the F
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Experimental Prog
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ns, many concrete pavement deteriorations are associated
and thawing �FT� and repeated applications of deicing

amages generally result from the volume change due to ice
r migration, which generate hydraulic and osmotic pres-
,2�. Proper air entrainment is therefore essential for the

ell-distributed micro-air bubbles can cut the water paths
al spaces for ice, thus reducing the hydraulic and osmotic

engineers have noted that a precondition for concrete to
he existence of freezable water in the concrete. Generally,
lnerable to FT damage when it reaches a critical satura-

his later becomes a base for argument for whether or not
ty concrete or high strength concrete �HSC� needs air en-

e has much lower permeability than the concrete made a
to the increasing use of lower water-to-binder ratios �w /b�
of supplementary cementitious materials. Because of its
y, little water can penetrate into the concrete, and the con-
its critical saturation condition. Consequently, no signifi-
ld take place. From the microstructure point of view, HSC
fine pores. Due to surface tension, the water in these fine

lt to freeze, and therefore, HSC is less susceptible to FT

tested FT durability of 17 concrete mixtures with low w /b
of various factors �type of cement, aggregate, and curing

ted that the w /b limit below which air entraining agent
required for good FT durability was 0.25 �or 0.30 in certain
en et al. �7� showed that the strength of HSC reduced with

cles, which indicated that air entrainment might be neces-
ehdi �8� also pointed out that non-air-entrained low w /b

ulnerable to FT, and such vulnerability might not be de-
l frost durability tests. Currently, in Norway, air entrain-
for low w /b concrete, while in Canada, air entrainment is

of w /b �9�. More research is necessary on this subject to
elines for designing and constructing durable concrete.

the present research is on the study of effects of concrete
trength, rapid chloride permeability, porosity, and air void
T resistance of low permeability concrete. It is also to find
permeability value exists, below which AEA is not neces-

have good FT durability.

N CONCRETE FREEZING-THAWING DURABILITY
ram

res studied were made with different types of cements
class C fly ash and Type IP cements�, different w /b �0.25,
�, and with or without AEA. All concrete mixtures were



controlled to have a
water reducing �HRW
bility of the concret
ASTM C666A �11�, r
studied with the air
C642 �12��.

Materials

The cementitious ma
class C fly ash. The ty
composition and com
1.

The FT durable l
nal maximum size o
gradation and prope

Two groups of c
Type I cement and 15
made with 100 % Ty
had four mixtures
polycarboxylate-base

TABLE 1

Na2O M
Type I 0.15 3
Type IP 0.29 2
C-fly ash 1.64 4

TAB

Sieve Size
25 mm �1 in.�
19 mm �3/4 in.�
12.5 mm �1/2 in.�
9.5 mm �3/8 in.�
4.75 mm �No. 4�
2.36 mm �No. 8�
1.18 mm �No. 16�
600 �m �No. 30�
300 �m �No. 50�
150 �m �No. 100�
Specific gravity
Absorption, %

 

similar slump by using different dosages of high range
R� agent. The rapid chloride permeability and FT dura-

e were determined according to ASTM C1202 �10� and
espectively. The air void parameters of the concrete were
void analyzer �AVA�, Rapid Air, and porosity tests �ASTM

terials used in the study were types I and IP cements and
pe IP cement contained 25 % class F fly ash. The chemical
pounds of these cementitious materials are listed in Table

imestone was used as coarse aggregate, and it had a nomi-
f 25 mm �1 in.�. The fine aggregate was river sand. The
rties of the aggregates are shown in Table 2.
oncrete mixtures were studied: one was made with 85 %

% class C fly ash �referred here as I-FA� and the other was
pe IP cement as a binder �referred here as IP�. Each group
with different w /b �w /b=0.25, 0.35, 0.45, and 0.55�. A
d HRWR was used for mix slump adjustment. The dosage

—Chemical compositions of cementitious materials.

gO Al2O3 SiO2 SO3 K2O CaO Fe2O3 LOI
.34 4.17 20.20 2.47 0.69 63.20 2.96 2.37
.87 8.51 30.10 3.38 0.70 48.50 3.17 1.60
.87 17.68 31.92 1.68 0.43 30.92 6.54 0.47

LE 2—Gradation and properties of aggregates.

% Passing �By Mass�

Limestone, NMSA=25 mm �1 in.� River Sand �FM=3.16�
100.00 ¯

85.85 ¯

45.87 ¯

26.97 100.00
3.46 97.96
1.04 84.84
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¯ 63.06
¯ 31.04
¯ 6.48
¯ 0.44
2.66 2.61
0.72 1.09



of the HRWR used
�5.6–24.5 oz per 100
mended dosage. Tab
ied.

Sample Preparation a

All concrete mixtur
�200 mm2 �4�8 i
compressive streng
samples�, porosity �t
�100�400 mm3 �3
were prepared for F
testing.

For fresh concre
tures were measured
respectively. The air
were tested per mix
method outlined by
20 mL� was extracte
a syringe. The extrac
erol solution with a
was turned on and
were then released b
bubbles rose at diff
buoyancy recorder a
the change in buoya
program finally calcu
�SS� of the tested sa

For hardened co
ability, and porosity
ASTM C39 �18�, C12
the concrete mixture
parameters of the co
Rapid Air test devic
ened concrete accord
eters of the concrete
from the center of
then polished accor
sample, it was coate
about 50°C. Then,
concrete to fill all a
down, the extra zinc
oxide in air voids. Th
sample showed a bl
scope and a comput
voids� and provided
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ranged from 365 to 1595 mL per 100 kg of cementitious
lbs cementitious�; the latter of which doubled the recom-

le 3 provides the proportions of all concrete mixtures stud-

nd Test Methods

es were mixed according to ASTM C192 �13�. Nine 100
n.2� cylinder samples were prepared from each mixture for
th �three samples�, rapid chloride permeability �three
wo samples�, and Rapid Air �one sample� tests. Three 75
�4�16 in.3� molded beam samples from each mixture

T tests. All samples were moist cured for 28 days before

te, slump, air content, and unit weight of all concrete mix-
according to ASTM C143 �14�, C231 �15�, and C138 �16�,
void parameters were determined by AVA. �Two samples

ture.� The AVA test was performed according to the test
Taylor et al. �17� In the test, a mortar sample �approximate
d from the tested fresh concrete using a vibrating cage and
ted mortar was injected into a cylinder containing a glyc-
given viscosity. To start a test, a motor in the AVA device

stirred the mortar sample. The air bubbles in the mortar
y the stirring condition. Depending on their size, these air
erent speeds through the glycerol solution to reach the
t the top of the cylinder. The buoyancy recorder recorded
ncy over time. Based on the recorded data, a computer
lated air content, spacing factor �SF�, and specific surface

mple.
ncrete, 28-day compressive strength, rapid chloride perme-
tests were conducted for all concrete mixtures according to
02 �10�, and C642 �12�, respectively. The FT resistances of
s were evaluated according to ASTM C666A �11�. Air void
ncrete were examined using a Rapid Air test device. The

e automatically analyzes the air void parameters in hard-
ing to ASTM C457 �19,20�. To measure the air void param-
, 100�100�10 mm3 �4�4�3/8 in.2� samples were cut
100�200 mm2 �4�8 in.2� cylinders. The samples were
ding to ASTM C457 �20�. After having a flat and smooth
d with a thin film of black dye and let dry and heated to
a zinc oxide paste �white in color� was rubbed into the

N CONCRETE FREEZING-THAWING DURABILITY
ir voids on the sample surface. After the sample cooled
oxide was scrapped off using a blade, leaving only the zinc
e aggregate faces were then colored black; as a result, the

ack concrete surface with white air voids. Using a micro-
er program, the Rapid Air device identified white spots �air

information on the air void content, SF, and SS of the
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tested sample. A thr
tion of the actual air

Results and Discus

Fresh Concrete Prope

Table 4 presents slum
tures studied. It can
w /b=0.55 �with and
other mixtures �w /b
�7±1 in.� by adding
same w /b and the s
with IP cement was
binder.

The air content
1.5–2.8 % for concre
AEA. The same am
binder to achieve th
made with IP ceme
quired for the concr

TABL

Fres

Slump,
mm �in.

Concrete without AEA
I-FA55 181.2�7.2
I-FA45 187.5�7.5
I-FA35 162.5�6.5
I-FA25 150.0�6.0
IP55 175.0�7.0
IP45 168.8�6.7
IP35 162.5�6.5
IP25 200.0�8.0
Concrete with AEA
I-FA55-AEA 193.8�7.7
I-FA45-AEA 187.5�7.5
I-FA35-AEA 175.0�7.0
I-FA25-AEA 175.0�7.0
IP55-AEA 200.0�8.0
IP45-AEA 200.0�8.0
IP35-AEA 200.0�8.0
IP25-AEA 187.5�7.5
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eshold setting of 170 was used to achieve the best distinc-
voids in concrete from the black background �19�.

sions

rties

p, unit weight, and air content of all fresh concrete mix-
be seen from the table that the slumps of the mixtures with

without AEA� was 175–200 mm �7–8 in.�. The slumps of
=0.45, 0.35, and 0.25� were adjusted to reach 175±25 mm
different dosages of HRWR. For mixtures made with the

ame amount of HRWR, the slump of the mixtures made
higher than the corresponding mixtures made with I-FA

E 4—Properties of fresh and hardened concrete.

h Concrete Properties Hardened Concrete Properties

DF
�%��

Air,
% �C231�

Unit Weight,
kg/m3 �pcf�

fc28,
MPa �psi�

RCP,
C

Porosity,
%

5� 1.5 2284 �142.4� 46.4 �6730� 4300 5.6 5.0
0� 1.8 2262 �141.0� 54.4 �7890� 3220 6.6 8.8
0� 2.2 2306 �143.8� 58.6 �8500� 960 5.5 18.9
0� 2.8 2318 �144.5� 61.0 �8850� 480 4.3 38.9
0� 1.5 2310 �144.0� 43.6 �6320� 2080 13.0 3.7
5� 2.5 2278 �142.0� 51.8 �7510� 1720 10.5 10.3
0� 2.2 2374 �148.0� 54.1 �7840� 1320 8.1 29.6
0� 1.5 2518 �157.0� 88.0�12760� 520 5.0 94.3

5� 7.8 2278 �142.0� 42.4 �6150� 5090 12.7 93.0
0� 7.0 2270 �141.5� 47.4 �6870� 3920 9.9 95.0
0� 8.0 2302 �143.5� 52.2 �7570� 1160 11.0 93.7
0� 8.2 2326 �145.0� 55.5 �8050� 660 10.1 94.7
0� 6.0 2276 �141.9� 31.3 �4540� 1290 13.3 92.2
0� 8.0 2278 �142.0� 39.3 �5690� 1290 11.9 86.7
0� 7.0 2318 �144.5� 49.3 �7150� 1070 11.0 95.8
0� 7.5 2400 �149.6� 57.5 �8330� 350 9.4 95.2

N CONCRETE FREEZING-THAWING DURABILITY
measured with a pressure meter �ASTM C231 �15�� was
te without AEA, while it was 6.0–8.2 % for concrete with
ount of AEA was used for all mixtures made with I-FA
e target air content �6–8 %�. However, for the concrete

nt, as w /b decreased, an increased AEA amount was re-
ete to reach the target air content �6–8 %�.



The unit weigh
2325 kg/m3 �141–1
higher unit weight. T
highest unit weight,

Air Void Parameters o

Table 5 summarizes
studied. It should be
a size equal or less t
used as a measure of
air bubbles �21�. At
0.3–0.1 mm to achie
tance �22�. Therefore
content measuremen
air content measured
AEA and ranged fro
sures only air voids
measured by AVA is
�15,23�. It is not clea
had higher AVA total

Previous researc
void parameters are
the ASTM C457 test
crete with SF�0.3
Table 5, only the con
gests that the concr
later, this inference
exception.

Figure 1 illustrat
voids ��300 �m� m
tent of the small air v
0.96. When the total
exists, but its R2 valu

Hardened Concrete P

Table 4 presents the
sive strength, rapid c
the relationships betw
can be made from T

�1� The concrete
porosity inc
than 0.35, th
idly �Fig. 2�b

�2� Concrete wit
ity than that

�3� Concrete wi

 

t of concrete mixtures generally ranged from 2260 to
45 pcf�, but a few mixtures made with IP cement had
he concrete made with IP cement and w /b of 0.25 had the
2518 kg/m3 �157 pcf�.

f Fresh Concrete Measured by Air Void Analyzer

the air content, SF, and SS of the fresh concrete mixtures
noted that the AVA device measures only the air voids with
han 2 mm. In air-entrained concrete, when the total air is

frost resistance, it is assumed that the air is mostly small
6±1 % total air content, most of the air voids should be
ve a SF�0.2 mm and be effective for freeze-thaw resis-
, both the total air ��2 mm� and small air ��300 �m�
ts are presented in the tables. As seen in Table 5, the total
by AVA ranged from 0.2 % to 2.4 % for concrete without

m 2.8 % to 9.3 % for concrete with AEA. Since AVA mea-
with size equal or less than 2 mm, the total air content

generally less than that measured by the ASTM C231 tests
r at this moment why some mixtures in the present study
air content.

h indicated that concrete would be FT durable if its air
SF�0.2 mm and SS�24 mm2/mm3, measured based on
method �20,24�. Recent research has suggested that con-

mm measured from AVA tests is also acceptable �23�. In
crete mixtures with AEA had AVA SF�0.3, and this sug-

ete without AEA might not be FT durable. As discussed
was generally approved by FT test results with only one

es the relationship between SF and the content of small air
easured by AVA. It shows that SF decreased with the con-
oids. The correlation coefficient of this relationship �R2� is
AVA air content is considered, a similar relationship still
e reduced to 0.83.

roperties

hardened concrete properties, including 28-day compres-
hloride permeability, and porosity. Figure 2 demonstrates
een these concrete properties. The following observations

able 4 and Fig. 2.
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strength decreased, but rapid chloride permeability and
reased with increased w /b. When w /b increased higher
e concrete permeability and porosity increased more rap-
� and 2�c��.
h AEA had slightly lower strength but much higher poros-
without AEA.

th AEA had much higher porosity but not much higher
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e permeability than concrete without AEA �Fig. 2�d��. In
some concrete had a relative low value of rapid chloride
but a relative high value of porosity.

o clear relationship between concrete strength and rapid
eability.

o having the highest unit weight, concrete made with IP
of 0.25, without AEA �IP25� had the highest strength �88

SF = 0.3184(Air)-0.504
R² = 0.96

2 4 6 8
Air Content "size ≤ 300micron" (%)
s between SF and content of small air voids measured by AVA.
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60 psi� and the lowest porosity �5 %� among all mixtures.
ties significantly influence the concrete FT resistance.

f Hardened Concrete Measured by Rapid Air

the air content, SF, and SS of the hardened concrete
erent from AVA device, the Rapid Air equipment measured



all voids observed un
by Rapid Air ranged
ranged from 5.3 % t

Figure 3 illustra
sured by Rapid Air,

Figure 4 shows
AVA measurements.
measured by the Rap
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Rapid Air test meth
method.
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der an optical microscope. The total air content measured
from 0.4 % to 4.1 % for the concrete without AEA, and it

o 9.1 % for the concrete with AEA.
tes the relationships between the air void parameters mea-
the trends of which are the same as those in Fig. 1.

sive strength vs. w/b (b) Rapid Cl permeability vs. w/b

rosity vs. w/b (d) Rapid Cl permeability vs. porosity
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that certain relationships did exist between Rapid Air and
Based on the present test data, the total air content and SS
id Air test method were noticeably higher than those mea-
st method. The contents of small air voids ��300 �m�
h test methods were comparable. The SF measured by the
od was much lower than that measured by the AVA test
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6A �11�, the relative dynamic modulus of elasticity �RDME�
tor �DF� of tested concrete mixtures are reported in Figs. 5
and DF value indicate a better FT resistance. For concrete

SF = 0.348(Air)-0.528
R² = 0.96

2 4 6 8
Air Content "size ≤ 300micron" (%)
between SF and content of small air voids measured by Rapid
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�a� illustrates that at a given FT cycle, RDME decreased
Generally, the concrete made with IP cement had better FT
orresponding concrete made with I-FA binder. All concrete
A had a RDME of less than 40 % at 300 FT cycles, except
ith IP cement and with w /b of 0.25 �mix IP25�, whose
t 300 FT cycles. In the present study, a RDME of 85 % at
idered to be associated with adequate freeze-thaw resis-



tance �23�. The prese
not be FT durable ev
1000 C. However, ex
rapid chloride perm
had a rapid chloride
compressive strength
the DF values of con
IP45-AEA had a DF

Effects of Concrete

There are many fact
and structure of air v
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nt FT test results implied that concrete without AEA may
en if its rapid chloride permeability value was lower than
ception could be made for the concrete having very low
eability and very high strength �such as mix IP25, which
permeability value of 570 C, porosity of 5 %, and 28-day
of 88 MPa �12 760 psi��. Figures 5�b� and 6 indicate that

crete with AEA were all higher than 90 %, except that mix
value of 86.7 %, and they are all considered as FT durable.

otal air content (b) Small air (≤0.3mm) content

Spacing factor (d) Specific surface

tionships between Rapid Air and AVA measurements.
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Properties on Freezing-Thawing Durability

ors affecting FT durability of concrete, such as the amount
oids, permeability or porosity of concrete, FT durability of
strength, and surface condition. In the following sections,



the effects of rapid
rameters on the FT
from the present stu

Effect of Concrete Per

Figure 7 illustrates t
chloride permeabili
clearly shown by the
AEA; however, they d

As observed in Fi
rapid chloride perme
more permeable and
into the concrete, ha
tion, and result in m
the relationships bet
be expressed by Eqs

DFI-

DFI-F

where:
subscripts I-FA a

with 15 % class C fly
k=rapid chlorid
n=porosity of co

FIG. 5—Relati

 

chloride permeability, porosity, strength, and air void pa-
durability of concrete are discussed based on the results
dy.

meability and Porosity on Freezing-Thawing Durability

he relationships between concrete FT durability and rapid
ty/porosity on FT durability. These relationships were
concrete made with given cementitious materials without
id not exist for the concrete with AEA.
g. 7, DF of concrete without AEA decreased with increased
ability and porosity. A simple explanation for this is that a
porous concrete might permit more freezable water to get
ve a higher degree of saturation under the FT test condi-
ore severe FT damage. Based on the present test results,
ween DF and rapid chloride permeability or porosity can
1 and 2, respectively

FA = 7531.8k−0.86 and DFIP = 4.0e7k−2.06 �1�

ve dynamic modulus of concrete subjected to FT cycles.
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A = 5158.9n−3.35 and DFIP = 13120n−3.09 �2�

nd IP denote the cementitious materials �types I cement
ash and IP cement, respectively�,

e permeability, and
ncrete.



Based on Fig. 7
class C fly ash appe
cement. To be FT du
ment and class C fly
porosity of �3.4 %
chloride permeabilit

Effect of Concrete Str

Generally, concrete
crete are higher tha
related to w /b �decr
usually increases wit
once again proven by
Fig. 8. For concrete
strength or w /b we
strength and w /b he
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and Eqs 1 and 2, concrete made with type I cement and
ared less durable than the concrete made with type IP
rable �having DF�85 %�, concrete made with type I ce-
ash shall have rapid chloride permeability of �185 C and
, while concrete made with IP cement requires a rapid
y value of �608 C and porosity of �5.0 %.

ength and w /b on Freezing-Thawing Durability

gets damaged because the stresses developed in the con-
n the concrete strength. Since concrete strength is closely

FIG. 6—FT DFs of concrete.
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easing as w /b increases strength�, concrete FT durability
h increased strength and decreased w /b. This concept was
the performance of the concrete without AEA as shown in

with AEA, the relationships between concrete FT DF and
re not clear, although the relationship between concrete
ld well.



FIG. 7—Effects

FIG. 8—Effects of con
w /b�.
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of concrete permeability and porosity on FT durability.
crete strength and w /b on FT durability �with predicted fc� and



Based on the pre
pressive strength �fc�
Eqs 3 and 4, respect

DFI-FA =

DFI-FA

According to Eqs 3 a
requires 28-day com
be FT durable �DF
achieved in field, and
made with IP cemen
psi� or w /b of 0.26.

Effect of Air Void Par

Figure 9 presents th
eters measured with
crete mixtures made
than 2.8 %, and all m
larger than 6 %. Ove
was slightly lower th
shows that all mixtu
mixtures made with
for the mix made w
should be noted tha
content �2.8 %� amo
�88 MPa� among all
permeability and po
lowest among all c
entrained concrete,
vital role in controll

Figure 9�b� and
crete, the maximum
0.30 mm as recomm
Rapid Air tests, sligh
concrete tested with
any clear SS crite
�24 mm2/mm3 pro
test method does no
some good concrete

The results in
strength than non-ai
mum 28-day compr
study� is FT durable
other words, a prope
bility of normal and
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sent study, the relationships between DF and 28-day com-
� or w/b of non-air-entrained concrete can be expressed by
ively

1.05e − 11�fc��
6.96 and DFIP = 5.24e − 7�fc��

4.29 �3�

= 1.09�w/b�−2.62 and DFIP = 0.48�w/b�−3.72 �4�

nd 4, concrete made with type I cement and class C fly ash
pressive strength of 70.7 MPa �10 246 psi� or w /b of 0.19 to
�85 %�. Such low w /b concrete is very difficult to be

therefore, air entrainment is recommended. The concrete
t required 28-day compressive strength of 82 MPa �11 880

ameters on the Freezing-Thawing Durability

e relationships between FT resistance and air void param-
different test methods. As discussed previously, all con-

without AEA had ASTM C231 �15� content equal to or less
ixtures made with AEA had ASTM C231 �15� air content

rall, the total air content measured by AVA and Rapid Air
an that measured by ASTM C231 �15�. Figure 9�a� again

res made with AEA were FT durable �DF�85 %�, while all
out AEA did not meet the criterion of DF�85 %, except
ith IP cement and w /b of 0.25 �IP25, DF=94.3 %�. It

t although mix IP25 had the highest ASTM C231 �15� air
ng all non-air-entrained mixtures and the highest strength
mixtures with and without AEA studied, its rapid chloride
rosity were only 520 C and 5 %, respectively, the third
oncrete mixtures. These results imply that for non-air-
strength, in addition to permeability, of concrete plays a
ing FT durability of the concrete.
9�c� indicates that for the air-entrained FT durable con-
SF was 0.28 mm from the AVA tests, slightly lower than

ended by the previous research �23�, and 0.22 mm from the
tly higher than 0.20 mm that recommended for hardened
ASTM C457 �20�. Unfortunately, Fig. 9�d� does not show

rion for concrete FT durability. The criterion of SS
posed by Tanesi and Meininger �24� for ASTM C457 �20�
t apply to the test results shown in Fig. 9 since it rejects

N CONCRETE FREEZING-THAWING DURABILITY
mixtures.
Fig. 9 also suggest that although having slightly lower
r-entrained concrete, air-entrained concrete �with the mini-
essive strength of 31.3 MPa or 4 540 psi in the present
as long as it possesses proper air void parameters. In the
r air void system plays a vital role in controlling FT dura-
high strength �31.3–57.5 MPa� air-entrained concrete.



Pigeon et al. �6�
ing w /b, below whic
I cement, 6 % silica
0.25, which is a simi
note that in their stu
concrete were 82.3 M
study, the only FT d
compressive strength
Rapid Air�.

Whiting �25� stud
samples without air
before reaching 300
ranging from 0.31 to

FIG. 9—Relati

 

studied FT durability of HSC and suggested that the limit-
h air entrainment is not required for concrete made of type
fume, and dolomitic limestone, is “probably” of the order
lar result range in the present study. It is also interesting to
dy, the 28-day compressive strength and SF for FT durable
Pa �11 930 psi� and 0.69 mm, respectively. In the present

onships between FT resistance and air void parameters.
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urable concrete mix without AEA is mix IP25, which had
of 88.0 MPa �12 760 psi� and SF of 0.83 mm �measured by

ied FT durability of HSC and reported that all moist cured
entrainment failed with a dynamic modulus below 60 %
FT cycles. The concrete he studied had non AEA, w /b
0.56, and 28-day compressive strength between 6000 and



10 000 psi. The resu
the previous research
parameters analysis

Conclusions
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the Air-Entraining Admixture
ponse for Concrete with a Single
xture

ently there is no standardized test method to determine the
ingredients of a concrete mixture with a dosage of air-

ures �AEAs�. Typically, to investigate the AEA demand, mul-
xtures are made with varying dosages of AEA, and the re-
nts are measured. This method is not ideal as it is time
large amounts of material, and allows several variables to

d cause changes in the dosage response of the mixture. A
ted that is able to measure the AEA dosage response of a
correlation between the gravimetric �ASTM C138-01a� and
�ASTM C231-03� with only minimal changes to the volume
is allows the AEA demand to be determined from a single
rather than sequential mixtures. Testing results are also

crete mixtures containing fly ashes with various AEA de-
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hose dosage is exceptionally difficult to characterize in a
air-entraining admixture �AEA�. The addition of AEA dur-
crete is a common method to provide concrete with resis-
and freezing and thawing. There are a large number of

he ability to affect the air void system in concrete. Some of
t chemistry, mixture water chemistry, aggregate gradation,
ntitious materials �SCMs�, and other chemical admixtures

hod of examining the response of a mixture to AEA is to
batches with different dosages of AEA and then examine

spond. This method is useful as it allows a direct observa-
aterials perform in concrete. In creating each one of these
ult to ensure that no unintentional variables have been
affect the results. Any of the following changes between
differences in results: moisture content of the aggregates,
gradation, and mixing methods.
uld benefit considerably if a new method to determine the
e to AEA demand could be developed from a single batch
uld minimize the efforts to create the mixtures while also
ility between mixtures. This method must allow the mix-
without substantially changing the volume of the mixture
mixing action at a constant level, as this could lead to

ting air content. Furthermore, this method must provide a
ndividual mixtures cast at discrete dosages of AEA.

s method is increasing as recent EPA mandated changes to
or coal-fired power plants in the United States has lead to
ount and activity of the remaining carbon in fly ash con-

the carbon has lead to significant increases in the required
esulting concrete �2–6�. While the increase in dosage has
nuisance, the most significant impact has been in the daily
mand of the material. This variability has caused a signifi-
rete mixtures to be rejected for not meeting the fresh air
.
methods using simplified systems �such as paste and slur-
n to be useful to predict the changes in AEA demand of fly
lified systems are not capable of reproducing the impacts
es or changes in environment. Since the method presented
of a simplified system, then these challenges can be over-

l information about the AEA demand of a concrete mixture
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g Air Content in Concrete

volume of air content in fresh concrete there are currently
ods: Gravimetric �ASTM C138-01a �7��, pressure �ASTM

lumetric �ASTM C173-07 �9��.
ic method a container of a known volume is filled with the
igated and consolidated in a standard manner. This volume
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weighed, and from this weight, material properties, and
ights, the total volume of air can be calculated for that
lems with this method have been pointed out by Roberts
include the need for very accurate batch weights, material
ture content of aggregates. Because of these limitations it
oratory or in the field, to get an accurate measure of air

vimetric method. One advantage of this method is that it
in the test to be reused after being returned to the mixer
material was not altered only consolidated.

volumetric methods of measuring air content do not rely
cterization of the mixture materials and instead attempt to

amount of air in the mixture. However, both of these
er to be added to the concrete specimen. This addition of
ater content of the mixture and forces the concrete ana-

be discarded. Because of this when using either of these
ng volume of the mixture that is being investigated will
ile this size change is not a concern when a large truck or
is used, this volume decrease will be significant for a labo-
g either one of these methods to evaluate the air content of
is likely that the mixture volume will change from 10 % to

er investigating the air content of the laboratory mixture,
ial would have to be discarded if the dosage did not yield
ent as the mixing volume, and therefore mixing action of
ixer has significantly changed.
have been made of possible inaccuracies of both the pres-
methods of measuring the air content of concrete, the

sed for this testing as it is the most widely used to evaluate
sh concrete. For this reason this test method was used in

ethods presented though should work for either meter, but
leted with the volumetric method.

metric and Pressure Method

ccurately measure the air content of a mixture while hold-
e mixture constant, then it would be possible to prepare a
ture and evaluate how the air content of that mixture
ded. However, none of the existing methods, at least indi-
happen.

e results of a density measurement from the gravimetric
tent from either the pressure or volumetric method, one

ume of air in a mixture to the measured density. Assuming
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med properly, then a measure of the total air void volume
density of the mixture. After this correlation is made, any
content �density� can be evaluated by only monitoring
imetric measurements as long as no other variables are

vimetric method to monitor the density change and then
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TABLE 1—Com

Phase
C3S
C2S
C3A
C4AF
Gypsum
CaCO3
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ials to the mixer, it allows successive AEA dosages to be
nd the resulting changes in the air content to be measured.

s work are to develop a test method that is able to utilize a
ure to determine the impact on AEA demand of the ingre-
od will then be utilized to investigate the impact of several
reported to cause an impact on the AEA demand of con-

ods

s presented in this paper, Type I/II cement �conforming to
was used, with an equivalent alkali content �Na2Oeq� of

neness of 3630 cm2/g. The phases of the cement are re-
s determined by a Rietveld quantitative X-ray diffraction

pleted with the Topas Academic Software. The aggregates
were locally available river gravel and sand that are com-
ncrete. All of the AEAs were obtained from commercial

STM C260 �14�. The water reducer �WR� used in this re-
rements of ASTM C494/C494M-05 �15� as a types A and D.
AEA demand for 19 different fly ashes �all meeting ASTM

vestigated. Of these fly ashes a more detailed investigation
s completed for three of the ashes. These three fly ashes

position of the Type I/II cement as determined by RQXRD.

Percentage
68.0
15.7
2.7
8.7
1.3
2.6

N CONCRETE FREEZING-THAWING DURABILITY
exhibited different AEA demands in prior laboratory test-
7 were obtained from the same source; however, fly ash 6
th a sacrificial surfactant to improve the AEA demand in
formation was provided by the manufacturer about the
l surfactant that was added to the fly ash. Therefore, all
are likely dependent on this concentration. If the concen-
then the results for fly ash 6 would also be expected to



change. An oxide ana
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Concrete Mixing and
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rection for each was
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for 1 min. Next the ce
and mixed for 3 min
gathering on the side

TABLE

Fly Ash Name
Silicon dioxide �SiO2�,
Aluminum oxide �Al2O
Iron oxide �Fe2O3�, %
Sum of SiO2, Al2O3, Fe
Calcium oxide �CaO�, %
Magnesium oxide �MgO
Sulfur trioxide �SO3�, %
Sodium oxide �Na2O�,
Potassium oxide �K2O�
Total alkalies �as Na2O
ASTM C618 classificati
LOI �ASTM C311�
aFly ash 7 that has bee

Compone
Cement
Fly ash
Coarse a
Fine aggr
Water

 

lysis completed with X-ray fluorescence spectroscopy and
� measurements from ASTM C311-05 �18� are reported in
he three fly ashes.

Testing

dology was used to investigate the response of a single
ncreases in AEA dosage. Initially, a 64 L batch of concrete
85 L drum mixer. The mixture used a 0.45 w/cm with
nt to six sacks of cement� of total cm, with a 20 % replace-
�by mass of cement�. Proportions for the mixture can be

als for the mixture were stored at 23°C for 24 h prior to
mixing temperature constant. Coarse and fine aggregates

the stock piles and individually mixed. A moisture cor-
used to adjust the batch weights. The rock and sand were
first and 2/3 of the mixing water. The mixture was agitated
ment, fly ash, and the remaining mixing water were added
. At this point, the mixer was stopped, and any material
s or back of the mixer was removed. During the final 3 min

2—Oxide analysis and LOI data for three fly ashes.

1 6a 7
% 56.18 52.07 52.04

3�, % 20.37 23.65 23.75
6.77 4.55 4.59

2O3, % 83.32 80.27 80.38
9.95 12.76 12.63

�, % 2.55 2.02 2.01
0.53 0.78 0.79

% 0.47 0.31 0.28
, % 1.08 0.80 0.81
�, % 1.18 0.84 0.81
on F F F

0.12 0.79 0.79

n treated with a sacrificial surfactant.

TABLE 3—Concrete mixture design.

3
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nts Mass �kg/m �
268
67

ggregate 1098
egate 742
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rmal WR was added to the mixture in either a desired
e mixture to a desired slump �ASTM C143-05a �19��. It was
als used in this study that there was interplay between the
A and the WR dosage used. In order to compare results
t was necessary to have mixtures that had a similar WR
lity. These issues are discussed in detail in later sections.
mples were taken after the mixing was completed: a 7 L
etric test, a slump test, and a 1 L rectangular prism for
alysis. The air content of the gravimetric sample was de-
sure method, establishing the relationship between the air
sity of the mixture. The concrete used for the slump test
mixer, leaving the volume of the batch equal to 56 L. Next
lable AEA was added to the mixture and mixed for three
gravimetric measurements were taken, and the concrete
ixer. A 1 L rectangular prism was also taken for hardened

ese steps were repeated in regular dosage increments with
after each AEA dosage, and the gravimetric measurement
hange in the density from the initial sample was approxi-
um of four AEA dosages was investigated for each mix-

air content by the pressure meter, and rectangular prism
mixture. All measurements for a mixture were typically

r of initial mixing.
mbination of results from the gravimetric and pressure
ible to measure the initial density and total air content of
late them. This correlation was then used to monitor the
e mixture with increased dosages of AEA and mixing. The
een the initial density and the density being investigated

age was assumed to be equal to the change in air content
ce these measurements were able to be made without sig-

the volume of the mixture, additional AEA dosages could
ture, and the mixture could be re-evaluated. After the unit
ete mixture had changed by approximately 6 %, a final
ing was taken from the mixture.
ir content at that AEA dosage from the initial pressure
he unit weight measurements were compared to the final
ing. The difference between these values was found, and
s were adjusted to correct for this difference. This correc-
viding the difference by the number of measurements and
ustment to each of the measurements. This difference be-
t predicted and measured by the final pressure meter read-
s than 0.5 %, and so corrections were small. A linear trend
timated air content versus the AEA dosage. This trend line

N CONCRETE FREEZING-THAWING DURABILITY
to estimate the AEA dosage required for that mixture to
lume of air in the mixture.

lidation

ypical set of data from a single concrete mixture �solid
d line fitted to these points, as well as the air content from
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ixtures with different dosages of AEA that did not use the
hod. As can be seen in the figure, the trend line seems to
ell and shows a satisfactory estimate of how concrete mix-
used single dosages of AEA and how mixtures performed

osages.
stablished can now be used to compare the AEA demand
xtures that have different variables. This comparison could
ng the amounts of AEA required to produce a desired air
of the trend line provides information on the change in air
osage of AEA. In this paper the dosage of AEA required to
nt of 6 % was used. A value of 6 % air content was chosen
lue required in specifications for concrete.
these mixtures that even though the air content changed

ed AEA dosage, the slump of the mixtures often did not
an 25 mm. It is possible that different results may be ob-
e materials if the mixture were prepared with different
eeds, or energy per unit volume of mixture. Nevertheless,
n used with three drum mixers of three different volumes,
ed a useful comparison for the response of a concrete
ges.
fficient �r2 value� is a measurement of how accurate the fit
regression analysis. In this study for the 96 different mix-

100 200 300
Dosage of tall oil AEA (mL/100 kg of cm)

mixturewith multiple dosages
mixturewith single dosage

trendline

rsus AEA dosage from single mixture method compared to sev-
s with a trend line fit to the single mixture method results.
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correlation coefficient of a linear trend line was found to
to one for the majority of the data as the average was 0.96,
ation of 0.07. This suggests that the response of the mix-

increases in AEA dosage as measured by this method
fit a linear trend.

ine how well this method is able to represent the perfor-
ade with individual dosages of AEA, a comparison was
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values predicted by t
comparison was ma
ashes. The results of
using individual dos
The largest differen
found to be 0.8 %, w
of 0.4 %. This shows
a good corresponden
mixtures and the air
tent determined by t
dosages of AEA.

These results sh
linear but that the i
concrete mixtures w

Evaluation of Air-E
Mixtures Using the

Now that this metho
a concrete mixture,

TABLE 4—Comparison
and that predicted by a

Fly
Ash

AEA
Product

Slu
�m

1 Tall oil 8
1 Tall oil 8
1 Wood rosin 7
1 Wood rosin 5
6 Synthetic 7
6 Synthetic 7
6 Synthetic 7
6 Tall oil 7
6 Tall oil 7
6 Tall oil 7
6 Wood rosin 8
6 Wood rosin 8
7 Wood rosin 5
7 Vinsol resin 9
15 Wood rosin 7
15 Wood rosin 7
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ir content measured from a single dosage of AEA and the
he linear trends from the mixtures of multiple doses. This

de between mixtures that contained different AEAs and fly
a comparison between 32 different mixtures �16 mixtures

ages and 16 using multiple dosages� are shown in Table 4.
ce between the air content measured and predicted was
ith an average difference of 0.0 % and a standard deviation
that despite the differences in mixing procedures, there is
ce between the air content measured in several individual
content predicted by correlating the density and air con-

he pressure method in a single mixture and using multiple

ow that not only are the dosage response of the mixtures
nterpolated results closely match the value obtained from
ith a single dosage of AEA.

of measured air content in mixtures with single dosages of AEA
mixture using multiple dosages of AEA.

mp
m�

Normal
WR �mL/

100 kg
CM�

AEA
�mL/100 kg

CM�

Percent Air Content

Measured Predicted Difference
9 170 50 5.7 5.2 0.5
9 170 100 7.8 8 �0.2
0 44 27 6 6 0
1 46 47 6.2 6.3 �0.1
6 166 36 3.2 3.2 0
6 166 89 5.6 5.4 0.2
6 166 140 7.3 7.5 �0.2
0 169 194 6 5.3 0.7
6 169 344 8.5 9.3 �0.8
0 169 125 4.4 4.6 �0.2
9 83 30 2 2.6 �0.6
9 83 93 5.4 5.2 0.2
1 108 32 3.2 3.2 0
5 33 124 4.5 4.5 0
6 72 44 5.3 5.4 �0.1
6 72 69 7.3 7.2 0.1

Average 0.0
Standard deviation 0.4
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ntraining Admixture Demand for Various Concrete
New Test Method

d has been shown to be able to predict the AEA dosage of
it was used to investigate concrete mixtures that contained
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FIG. 2—AEA demand
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A requirements. In addition a smaller subset of fly ashes
ombination with other variables such as WR admixtures,
ure, and different AEA types. For each of these mixtures,
held constant where possible in order to investigate the
ble. Care should be taken in extrapolating comparisons
nted in the table as the WR dosage was not held constant
due to the large differences in water demand between the

er Dosage on Air-Entraining Agent Dosage

e the affect of the WR dosage on AEA demand for a fly ash
th wood rosin AEA, 14 different mixtures were prepared
es of WR. The AEA demand was determined in a single
y described. The results are shown in Fig. 2. As can be seen
EA dosage required in concrete to produce 6 % air content
d correlation to the increase in the WR dosage. This data
with the realization that the workability of a mixture

ed to increase with WR dosage. An increase in workability
o increase the effectiveness of the AEA and therefore de-
and of the mixture.
ggest that if two mixtures are to be compared to one an-

interpolated from single mixture method for two different fly
sages of WR.

LEY, doi:10.1520/JAI102463 163
ortant to have a similar WR dosage in the mixture. How-
testing it was found that a minimum workability was

entrain air in concrete. Because of this it was decided that
s should have a similar slump and WR dosage to be accu-
ach mixture was prepared with a WR dosage between 45

M and a slump between 50 and 100 mm unless otherwise



Evaluation of Air-En

Nineteen different fl
ture are reported in
adjusted due to ins
water demand. Both
kg CM and have be
contained fly ashes
the AEA demand of
contributed to this i

Fly Ash Type and Rep

The amount of woo
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50 % is shown in Ta
demand required in
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TABLE 5—A ranking of
from the single mixture

Fly Ash
1
23
19
11
27
10
8
2
9b

25
15
20
5
16
26
4
14
6b

7
aDosage of wood rosin
value is interpolated fr
bThese mixtures requi
crease in WR could ca
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training Admixture Demand of Fly Ash Concrete

y ashes that were investigated with a single concrete mix-
Table 5. For two of the mixtures the WR dosage had to be
ufficient slump of the concrete caused by differences in
of these mixtures required dosages of around 110 mL/100
en reported with a footnote in Table 5. These mixtures
that were treated with a sacrificial surfactant to decrease
the fly ash. It is possible but not certain that this treatment
ncrease in water demand observed.

several fly ashes commercially used in concrete by the AEA demand
method.

Slump
�mm�

WR
�mL/100 kg CM�

AEA Demanda

�mL/100 kg CM�
100 83 31
95 45 32
95 66 34
70 81 36
64 45 38
95 46 39
89 64 42
76 51 44
57 132 44
64 58 48
95 68 49
70 46 49
64 46 50
76 72 52
89 48 64
83 47 83
83 50 93
57 111 138
83 71 147

AEA required to produce 6 % air content in the mixture. The
om the dosage response curve.

red high dosages of WR to obtain an acceptable slump. This in-
use a response in the AEA demand of the mixture.
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lacement

d rosin AEA required to produce 6 % air in concrete for
ashes 1, 6, and 7 at replacement levels of 20 %, 35 %, and

ble 6. Fly ash 1 shows a reduction in the amount of AEA
the mixture as a higher fly ash replacement is used. For fly
ta set was not obtained as the slump of the mixture at a 20



% replacement level
replacement and WR
demand as the amo
different than what w
demand increased as
in AEA demand with

Air-Entraining Admix

Four different comm
resin� were used in c
AEA demand. The re
fly ash 1 showed the
than fly ash 1, and fly
the difference in AEA

TABLE 6—Effects of fl

Fly Ash
Replacement
�%�

AEA
Deman

50 44
35 40
20 63
aThe amount of wood
crete. The value is inte
bThe ratio of the AEA d
to a mixture prepared w
and with a 0.53 Na2Oe

TABLE 7—Effects

AEA
AEA

Demand
Synthetic 33
Tall oil 67
Vinsol resin 40
Wood rosin 29
aThe amount of wood
crete. The value is inte
bThe ratio of the AEA d
to a mixture prepared w
and with a 0.53 Na2Oe

 

was not comparable to the mixtures at 35 % and 50 %
dosage used. However, there was little change in the AEA

unt of fly ash in the mixture increased. This behavior is
as observed with mixtures containing fly ash 7 as the AEA
the amount of fly ash replacement increased. The increase
increasing ash volume replacement was not linear.

ture Type

ercial AEAs �wood rosin, synthetic, tall oil, and Vinsol
oncrete mixtures with different fly ashes to investigate the
sults are shown in Table 7. For all of the AEAs investigated
lowest AEA demand, fly ash 6 showed more AEA demand
ash 7 showed the highest AEA demand. When comparing
demand between fly ashes 1 and 7, it was determined that

y ash replacement on AEA demand in concrete for three fly ashes.

Fly Ash

1 6 7

da
Ratio to

Standardb
AEA

Demanda
Ratio to

Standardb
AEA

Demanda
Ratio to

Standardb

0.71 203 ¯ 368 1.54
0.65 196 ¯ 267 1.12
1.00 ¯ ¯ 239 1.00

rosin AEA �mL/100 kg CM� required to produce 6 % air in con-
rpolated from the dosage response curve.

emand for the variable being investigated and fly ash compared
ith wood rosin AEA at 23°C, with a fly ash replacement of 20 %

q cement.

of AEA type on AEA demand in concrete for three fly ashes.

Fly Ash

1 6 7

a
Ratio to

Standardb
AEA

Demanda
Ratio to

Standardb
AEA

Demanda
Ratio to

Standardb

1.00 ¯ ¯ 104 3.12
1.00 181 2.72 231 3.47
1.00 73 1.84 142 3.57
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1.00 95 3.32 147 5.14

rosin AEA �mL/100 kg CM� required to produce 6 % air in con-
rpolated from the dosage response curve.

emand for the variable being investigated and fly ash compared
ith wood rosin AEA at 23°C, with a fly ash replacement of 20 %

q cement.



the largest change w
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between these values
and 3.57 times high
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was found that the w
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Mixing Temperature
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TABLE 8—Effects of m

Mixing
Temperature
�°C�

AEA
Deman

32 32
23 31
10 29
aThe amount of wood
crete. The value is inte
bThe ratio of the AEA
to a mixture prepared
and with a 0.53 Na2Oe
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as for the wood rosin AEA and the smallest change was for
The AEA demand for the tall oil and Vinsol resin fell in

but was closer to the values for the synthetic AEA at 3.47
er than the AEA demand for fly ash 1. When investigating
emand between mixtures containing fly ashes 1 and 6, it
ood rosin still showed the highest change in demand and
ed the least. It should be noted that a mixture with fly ash
EA was not investigated.

cts of different mixing temperatures on fly ash concrete
emands, mixtures were prepared with the constituent ma-
itioned to 10, 23, and 32°C. For each mixture, the AEA
ined by the dosage of AEA required to produce 6 % air
re. These results are presented in Table 8. In each one of
constant WR dosage was used for all of the mixtures con-
h, and the results of each mixture are compared back to a

he change in temperature had little effect on the AEA de-
ith fly ash 1. However, the AEA demand decreased for the
hes 6 and 7 as the mixing temperature increased. Past
hat as the mixing temperature increases, the efficiency of
0�.

ixing temperature on AEA demand in concrete for three fly ashes.

Fly Ash

1 6 7

da
Ratio to

Standardb
AEA

Demanda
Ratio to

Standardb
AEA

Demanda
Ratio to

Standardb

1.03 187 1.35 224 1.16
1.00 138 1.00 192 1.00
0.94 60 0.43 80 0.42

rosin AEA �mL/100 kg CM� required to produce 6 % air in con-
rpolated from the dosage response curve.

demand for the variable being investigated and fly ash compared
with wood rosin AEA at 23°C, with a fly ash replacement of 20 %

q cement.

N CONCRETE FREEZING-THAWING DURABILITY
lts

ing from the testing was that fly ash 6 behaved notably
es 1 and 7 in the testing. As reported earlier fly ash 6 is a

me source as fly ash 7 but was treated with a sacrificial
nown dosage to reduce the AEA demand of the fly ash. As



can be seen from th
demand of the concr
to fly ash 7. Other n
change in AEA effic
ence in behavior is
added to fly ash 6.

The mixtures co
decrease in AEA dem
1 was shown to have
in concrete. When la
expect the workabilit
caused a decrease in
the mixture.

Fly ash 7 was fou
fly ash 1 or 6 and wa
From the results of t
fly ashes, it appears
was very similar for a
This suggests that th
AEA demand from t
with the normal WR

As a whole, this
ferent, and its respo
type can vary consid
time for a given sour
methods that can ac
materials in actual c
this paper.

Conclusions

This paper has prese
for a concrete mixtu
compared to the AE
results were found t
the method was util
that affect the AEA d
single mixtures for th
demand, ranking the
ash replacement, an
This data set provide
ing fly ash with a hi
factant to reduce the

The results of th
• The WR used

AEA demand

 

e results, this treatment does consistently reduce the AEA
ete mixture over the variables investigated when compared
otable behavior is that fly ash 6 seems to show a greater
iency when the mixing temperature is raised. This differ-
likely attributable to the sacrificial surfactant that was

ntaining fly ash 1 at different replacement levels show a
and with increasing replacement levels of fly ash. Fly ash
a very low AEA demand when used at 20 % replacement

rger replacements are used in a mixture, then one would
y to increase. This increase in workability appears to have
the AEA demand as it has made it easier to entrain air in

nd to consistently require a higher AEA dosage then either
s found to have the highest of the 19 fly ashes investigated.
he different AEAs used in combination with the different
that the change in AEA demand between fly ash 1 and 7
ll of the AEAs investigated except for the wood rosin AEA.
e wood rosin AEA may be more sensitive to changes in
he fly ash than the other commercial AEAs investigated
used in this study.
study shows that the AEA demand of every fly ash is dif-
nse to changes in dosage, temperature, and AEA dosage/
erably from source to source �and possibly from time to
ce�. This reinforces the need to have readily available test
curately and efficiently investigate the performance of the
oncrete mixtures such as the methodologies presented in

nted a method to produce an AEA dosage response curve
re while only using a single mixture. The method was then
A dosage response of several sequential mixtures, and the
o be closely comparable for air contents up to 8 %. Next,
ized to build a large data set to compare several variables
emand of concrete that are not easily measurable by using
ree fly ashes. These include effects of WR dosage on AEA
AEA demand of several fly ashes, mixing temperature, fly

d comparison of different commercially available AEAs.
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s insight into how these variables impact concrete contain-
gh and low AEA demand as well as with a sacrificial sur-
AEA demand in fly ash concrete.

is paper suggest the following.
in this paper showed the ability to reduce the wood rosin
in fly ash concrete with increasing dosages.
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n1

Performance of Concrete:
Laboratory-Based Specifications

xperience

cifications relating to frost resistance of concrete are gen-
laboratory tests of laboratory-produced concrete. Quality
tory-produced concrete is usually significantly better than

ieved in the field, and laboratory freeze-thaw tests generally
ns that are not close to any real field exposure conditions.
esting is also problematic. Exposure conditions are not the
cation to the next and may not even be the same from one
at the same location. This paper attempts to provide guid-
ting the results of field tests of concrete exposed to natural

Reprinted from JAI, Vol. 7, No. 1
doi:10.1520/JAI102506

Available online at www.astm.org/JAI
wing conditions. Types of frost damage as well as types of

discussed, and recommendations are provided for the use

ts to modify frost-resistance specifications.

ir-void parameters, concrete, freeze-thaw, internal
, spacing factor, w/c, w/cm

ecessary for Portland cement concrete exposed to freezing
its intended functions. This frost resistance is generally
e specifications, which are primarily based on laboratory

ory pre-qualification tests. With the exception of frost-
ated with the coarse aggregate used in the concrete
cifications generally focus on the water-cementitious ma-
and the entrained air-void system. Though the basic frost-
ons �1,2� have remained essentially unchanged for almost
have almost always resulted in concrete that has shown
ay 12, 2009; accepted for publication September 22, 2009; pub-
r 2009.
Seattle, WA 98195-2700.

‘‘Freeze-Thaw Performance of Concrete: Reconciling Laboratory-
ith Field Experience,’’ J. ASTM Intl., Vol. 7, No. 1. doi:10.1520/

STM International, 100 Barr Harbor Drive, PO Box C700, West
28-2959.
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adequate frost resist
reducing-, and high-r
cementitious materi
specifications, and q
specifications are to
thought to have met
appropriateness. Num
improved insight. Th
preting observed fiel
specifications.

Definition of Dama

Non-aggregate-relate
damage or surface
differently and there

Internal Damage

Internal damage is
microcracks �and e
strength from conti
eventually may not
purpose.

Internal damage
dynamic modulus of
thaw exposure, to th
sure. This value, exp
elasticity, is generally
dynamic modulus of
mental transverse v
searchers have also u
defined by various a
specific value after a
is typically interprete
C666 �5�, Procedure A
criteria for the CIF p
tion of RDM� �6,7�.
failure of in-place fie
be reduced approxim
ing to a RDM of 60
by internal damage i
of concrete material

Surface Scaling

Surface scaling is th
element with little or

 

ance in the field. Newer materials �air-entraining-, water-
ange water-reducing-admixtures as well as supplementary

als� have come into use since the development of these
uestions have been raised concerning whether the current
o conservative. Also, occasional “failures” of concrete
the specifications have raised questions concerning their
erous field tests have been conducted in order to provide

e purpose of this paper is to provide guidance for inter-
d performance in order to possibly revise frost-resistance

ge and Laboratory-Based Specifications

d frost damage is generally categorized as either internal
scaling. These two types of frost damage are quantified
fore must be examined separately.

the loss of concrete integrity due to the development of
ventually macrocracks�. The concrete gradually loses
nued exposure to freezing and thawing conditions and
have sufficient strength to serve its intended �structural�

in the laboratory is normally evaluated by comparing the
elasticity of a specimen, after a specific amount of freeze-

e dynamic modulus prior to the start of freeze-thaw expo-
ressed as a percentage of the original dynamic modulus of

referred to as the relative dynamic modulus �RDM�. The
elasticity is usually determined by measuring the funda-

ibrational frequency �ASTM C215 �3��, though some re-
sed the ultrasonic transit time �ASTM C587 �4��. Failure is
gencies and researchers as the RDM dropping below a

specified number of cycles. A RDM of 60 % after 300 cycles
d as failure for concrete tested in accordance with ASTM
, while a RDM of 80 % after 56 cycles is the typical failure

rocedure �using ultrasonic transit time for the determina-
There is no direct equivalent procedure for determining
ld concrete, but since compressive strength would need to
ately 64 % to produce a modulus of elasticity correspond-

�based on ACI 318 modulus of elasticity equation�, failure

JANSSEN, doi:10.1520/JAI102506 171
n the field would probably be evidenced by significant loss
from a structure �Fig. 1�.

e loss of material from the outside surface of a concrete
no damage to the interior of the concrete. Scaling can be
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been lost, in extreme
even includes coarse
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and quantitatively. A
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across the entire su
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FIG. 1—Loss of
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rance problem and can contribute to a decrease in surface
as well as highway pavements and bridge decks when the

s scaled off leaving smoother aggregate pieces exposed.
g generally stabilizes after the surface layer of mortar as
cases it can continue as a progressive loss of material that
aggregate.

acterization of scaling has been done both qualitatively
STM C672 �8� uses a qualitative visual evaluation ranging
ting of zero� to severe scaling with coarse aggregate visible
rface �a rating of five�. The Swedish slab test �CEN/TS

as the CDF test �10� uses the mass of material removed by
ed number of cycles. The slab test considers failure to be
than 1.0 kg of material per square meter of test surface

eezing and thawing, while the CDF test sets the limit at
cycles of freezing and thawing. Both tests use a sodium
xed concentration on the test surface. The large difference

can be explained by the fact that the Swedish slab test uses
e the CDF test uses a cast surface. A cast surface would be

concrete from stairs due to internal freeze-thaw damage.

N CONCRETE FREEZING-THAWING DURABILITY
greater percentage of paste at the test surface. Figure 2
table and unacceptable scaling results for concrete made
d tested using the CDF procedure.
ht air-entrained concrete, a scaling of 1.5 kg/m2 corre-
scaling depth of about 0.7 mm. This would be equivalent
r mortar from a concrete surface similar to a visual rating

or ASTM C672 �8�. Field concrete typically scales from the



finished surface, whi
the effects of finishin
larger fine aggregate
to expose significant
is shown in Fig. 3. T
the use of the concr
equivalent to a labor
of 5 mm would be n
scaling, resulting in
structural failure �si
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Types of Field Tests

Before trying to inte
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Field Exposure Tests

Field exposure tests
placed in a specific fi
existing field exposu
Treat Island Marine
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FIG. 2—Typical accept
slag-cement and tested

 

ch has a considerably higher paste/mortar content due to
g operations. A scaled layer of 3 mm would expose mostly
particles, while 5 mm or more would need to be removed
coarse aggregate. An example of a severely scaled sidewalk
he actual definition of failure in the field would depend on
ete. Appearance problems in the field would probably be
atory scaling depth of 0.5 mm or less, while a scaling depth
ecessary to significantly reduce surface friction. Greater
the loss of coarse aggregate pieces, could be considered

gnificant loss of function� and could also result in signifi-
reinforced concrete structures such as bridge decks.

rpret frost exposure results, it is important to understand
esults are from. Field tests can be field exposure tests or
nd the way the results can be used depends on the type of

7 14 21 28

Freeze-Thaw Cycles

Acceptable Scaling

Unacceptable Scaling

Failure Criteria

able and unacceptable scaling results for concrete made with
using the CDF procedure. �after 7�
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are tests in which laboratory-fabricated specimens are
eld location and subjected to natural weathering under the
re at that location. An example of such a test type is the
Exposure Station at Treat Island, Maine �11�. Specimens
re since 1936, where they have been exposed to alternating
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can be easily deter
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and drying as well as freezing and thawing �thawing either
e temperatures or thawing in water due to submersion

of field exposure tests include the fact that the specimens
ontrolled conditions in a laboratory so that the properties
mined and that specimens can be subjected to non-
a laboratory for better quantification of progressive dete-

ages relate to the specimen preparation techniques as well
on effects. Whiting and Schmitt �12� concluded that one of
factors affecting the scaling of concrete is changes to the
ed air voids caused by finishing. The hand finishing of
cimens does not duplicate the typical machine finishing
crete structures placed in the field. Laboratory specimens
in the field also generally experience weathering on all
tures usually only have one or two surfaces exposed. This
exposure or boundary conditions affects heat transfer as

FIG. 3—Severely scaled sidewalk.

N CONCRETE FREEZING-THAWING DURABILITY
ovement. For example, wetting and drying can be more
ecimens placed in the field �as compared to actual struc-
ture fluctuations can be more rapid as well. With these
is easy to understand that the primary usefulness of field

determine if specimens evaluated in a laboratory test be-
cimens exposed to weathering in the field. For example, of
h concrete mixtures that performed poorly in laboratory
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Winters of field expo
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Additional years of
conclusive.

Field Concrete Sites
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either normal const
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only two of them showed significant damage after three
sure at a test site in Finland �13�. The rest showed steady or
asurements after the first Winter. This suggests that the
conditions may be more severe than the field exposure.

field monitoring results would be necessary to make this

like the field exposure sites described above, expose the
hering conditions. The primary difference, however, is that
of a pavement or structure built in the field rather than
ry-produced specimens. The field concrete sites can be

ruction sites that are later investigated to determine the
e deterioration, or they can be specially constructed field
ecific mixtures are placed in order to monitor their perfor-
to field weathering conditions. The latter type of field test
e preparation of a number of laboratory-scale test speci-
nation of both concrete properties and performance of the
ratory durability tests �for example, test sites installed as a
Highway Research Program �14��. In addition, cores are

lly when the field test site is of the first type; a part of
and may have had only minimal quality-control testing�
evaluation.

f field test sites include field-scale �rather than laboratory-
nd concrete finishing as well as test conditions that do not
en boundary conditions �freezing and moisture exposure
s opposed to unidirectional, which is typical for field-scale

vantages include the fact that field variability is often sig-
an variability in the laboratory. This includes, but is not

in concrete from the beginning to the end of the truck,
dation and finishing and variations in curing conditions.
have significant effects, especially when evaluating surface
ws an extreme case of scaling variability possibly caused
water to the concrete surface. �Compare with Fig. 3, which
e scaling.�

d Tests and Results

more difficult to interpret than laboratory tests, and a
l considerations are discussed below.
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er Conditions

d limitations of the main types of field tests have already
one additional aspect must be considered. Field tests rep-
f the concrete to the specific weathering conditions expe-

ular field site. Different field sites can have different con-
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set of conditions is the most severe may depend on the
e concrete mixture itself. Cooling rate, average low tem-
, and moisture conditions �both wetting and drying� can
-thaw behavior. Exposure to deicing salt and the type of
an also have effects. Even with laboratory testing it can be

which conditions will be most severe. For example, labo-
cted in conjunction with the field testing program in Fin-
reviously mentioned included freezing to −20°C as well as
rate specimen sets� �13�. Though the initial assumption
0°C freezing would be more severe, over half of the mix-
/cm of 0.30 �including mixtures at various levels of silica

f cement� showed lower RDM values for the freezing to
, almost all of the mixtures prepared at a w /cm of 0.42
of types and amounts of cement replacements� had lower
−40°C testing �than for the −20°C testing�. Truly evaluat-
uld require a large number of test sites with identical con-

. 4—Significant variation in surface scaling.
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Effect of Autogenous Healing

low. Laboratory test procedures, besides providing consis-
le weathering conditions, are almost always accelerated
uire many years to provide conclusive results, especially
how that concrete meeting a given set of requirements is
nal damage is generally a progressive deterioration with
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in the results.
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apparent initially. For example, D-cracking can require
t is apparent in the field �15�. Autogenous healing �16� or
cracks in concrete during warm weather between consecu-

one of the factors contributing to the delayed appearance
�15�. Surface scaling, on the other hand, is generally not
ous healing since the scaled material is generally loosened
vertical surfaces� or traffic �for horizontal surfaces such as
nts�. Sufficient time is necessary, however, to determine if
stabilizing over time �very little additional scaling in sub-
e initial scaling is noticed� or progressing at a regular rate.
field is generally measured by more qualitative methods

ys, repeated annual measurements are necessary both for
ty and in order to determine if the scaling is stabilized or

and Boundary Conditions

osure sites in Finland �13� has already been mentioned.
ready been mentioned that laboratory specimens placed in
ctually experience the exact same exposure as true field
effects and boundary conditions, the weathering exposure
e severe for the small specimens. At corners and edges the
to moisture intrusion from multiple directions, and the
would be expected to be higher at these locations. Deterio-
and structures often occurs at these corners and edges �for
ailures discussed in the following section �17��. Since a
the total volume of a small specimen is close to corners
rger structures, small specimens would be expected to be
damage during frost exposure. Thus the failure of small
posure sites would not necessarily mean that concrete in
uld also fail. However, good performance of small speci-
uld probably mean that large-scale concrete installations
ell in that environment once a sufficient number of years

ure have been experienced in order to provide confidence

terial Properties

number of failures along joints in Indiana pavements �17�
rameters in concrete directly adjacent to the deteriorated
n-deteriorated concrete in the same pavements. The dete-
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ere that in many cases, the concrete near the joints was
ree different deteriorated pavements as well as two addi-
t deteriorated pavements were investigated. The research-
nt difference in air-void parameters between the deterio-
iorated concretes, with all of the deteriorated concrete

rs �L̄� of about 0.45 mm, while all of the non-deteriorated
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e L̄ values of 0.32 or less. Similar significant differences
either total air content or specific surface ���.
eteriorated and non-deteriorated concrete for each pave-

originally the same concrete, the authors attributed the

l as changes in the other measured air-void parameters� to
he voids at the pavement joints �17�.
e suggests that L̄ is the significant parameter with respect
f pavement concrete. Since the pavements were only 10–15

premature to identify a critical L̄-value based on this study
occur in the un-damaged concrete as the pavement ages�.

ouble the ACI 201-recommended 0.2 mm �1� could be con-
e based on this field study, and even values that were 50 %
sidered borderline. Of course these values only apply to the
Indiana. Other climates could be more or less severe.

face Condition on Scaling

t �12� examined 12 existing field structures consisting of
s, bridge deck overlays, and pavements for the purpose of
ontributing to observed surface scaling on the structures.
nd 12 years old. They found that less than 4 % of the total
ed any scaling, and less than 0.5 % showed scaling severe
uch of the coarse aggregate. They identified the three most
rs �statistically� that contributed to increased scaling: w /c,

at the surface due to placing and finishing, and L̄ of the
asized that the first two factors had a greater influence on

an the third. Their model predicts that a 0.45 w /c mixture

mmended 0.2 mm and no surface void removal would have
ly finer sand particles visible�, but if half the near-surface
due to surface finishing, the coarser sand particles would
g. More severe void removal from finishing, higher w /c, or

d all lead to the coarse aggregate being visible. Finishing
urface �bleedwater or water added to aid finishing� could
oss of surface mortar due to both increased w /c and in-
-surface air voids. The authors pointed out that since the
the sections that they monitored was mostly isolated, poor
ther than the initial concrete mixture properties probably
orst of the observed scaling. They recommended that field
be kept to the minimum necessary in order to avoid scal-
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Figure 4 has already been presented and shows an extreme
n surface scaling probably due to changes caused to the
ing finishing.
oncrete site summary identifies a very important aspect of
ld condition for evaluating the effectiveness of concrete
isting scaling: Variability in placing and especially finish-

olated areas of scaling in concrete that otherwise meets
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and air-void parameter specifications. In fact the above-
�12� concluded that “… it is the quality of the thin �
e zone that determines the resistance of concrete to scal-

ent on to explain that traditional testing to ensure compli-
cifications cannot adequately address the influence of the
l field performance. This suggests that the next step in
specifications with respect to scaling resistance should
g:

on the finishing operations so as to minimize the loss of
entrained air and
he mixture requirements that will result in mixtures that
ust and better able to resist deleterious modifications due

h above would need to focus on a procedural specification.
y “avoid over finishing,” that is essentially an unenforce-
herefore, revisions to frost-resistance specifications will
he second approach. One possible way of accomplishing
-approve concrete mixtures for specific �severe� applica-
ase mixture as well as the same mixture prepared with an
mix-water �for example, 10 % more water�. Though there

se in w /c �for example, from 0.40 to 0.44�, the greater
the viscosity of the paste portion of the concrete. If this
oncrete could retain an adequate air-void system for resis-
age, the base mixture would be more likely to “survive”

shing.
al of interest �the near-surface concrete� is the very mate-
to scaling, the most useful field concrete test sites will be
urface layer can be characterized prior to freeze-thaw ex-
specially ones in which concrete expected to fail is placed,
d.

commendations

ovide valuable information relative to the appropriateness
frost-resistant concrete. However specific considerations
when using the results of field test sites to justify changes

may progress slowly in the field, and the data should
adequate period of field exposure �probably at least 10
rnal damage� in order to verify that non-deteriorated con-
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ndary-condition effects must be considered when analyz-
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lts may be significantly affected by placing and finishing
and it may not be possible to quantify the near-surface
perties of the material if the surface has scaled off.
eathering exposure varies from field site to field site �and
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