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ft2 d 0.0929 d m?
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square square
mi? a 2.590 d km?
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fluid
fl oz 29.57 milliliters mL
ounces
gal gallons 3.785 liters L
cubic cubic
fe? 0.0283 m?
feet meters
cubic cubic
yd? 0.7645 m?
yards meters
MASS
oz ounces 28.35 grams g
Ib pounds 0.4536 kilograms kg
short tons
T 0.907 megagrams Mg
(2000 Ib)
TEMPERATURE (exact)
°F degrees  (°F-32)/1.8  degrees °C
Fahrenheit Celsius

FORCE and PRESSURE or STRESS
Ibf  poundforce 4.448
Ibf/in>  poundforce 6.895

Newtons N
kilopascals kPa

per square inch
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Executive Summary

Concrete is a durable material that is used for many applications throughout the
world due to its flexible use, low cost, and potential for long term durability. One
weakness of concrete is that it is susceptible to damage by the tensile stresses that
develop when water freezes within the microstructure. To address this surfactants are
used to cast a well distributed bubble system into the concrete. Much work has been
done to show that the volume of the voids of the smallest size ranges (perhaps smaller
than 200 um) is essential to providing frost durability to the concrete. In order to
measure these voids current techniques require the concrete to be cut and polished and
then investigated with a stereo microscope. This process can take weeks.

This report will investigate a new method that was developed for this project that
determines the quality of an air void system by only testing fresh concrete. This method
uses a device called the Super Air Meter or SAM. The device uses sequential pressure
responses on the fresh concrete and the measure of the subsequent response. These
measured values have been shown to correlate well with the air void system quality in
the concrete from traditional hardened air void analysis. In addition the method and
device is similar to the traditional ASTM C231 pressure meter and can accurately
determine the air content in addition to the quality of the air void system in fresh
concrete.

The ability to accurately determine if a fresh concrete mixture has a sufficient
quality air void system to resist the environmental effects of frost damage is a large
benefit over any existing method. This work will allow for more cost effective and timely
construction and laboratory research when frost damage is a critical consideration.

The slow current methods of hardened air void analysis make laboratory studies
difficult and tedious. The SAM test will allow researchers and scientists with a focus on
frost durability and admixture development to more quickly make new discoveries and
gain improved understandings in these areas. This test can also be useful when
inspecting construction in which it is necessary for the concrete to have frost durability
as the test can be completed quickly and on site. If the results show that the concrete
will does not meet the specifications then the contractor can modify the mixture
immediately. This is a great benefit as changes can be made before the concrete is
hardened in the forms. This will allow for improved quality control over a much larger
number of construction projects due to the inexpensive and simple SAM test method.



CHAPTER 1- INTRODUCTION

Concrete is a durable material that is used for many applications throughout the
world. The reason concrete is so widely used is because of its flexible use, low cost,
and potential for long term durability. One weakness of concrete is that it is susceptible
to damage by the tensile stresses that develop when water freezes within the
microstructure. On accident it was found that if a well distributed bubble system is cast
into the concrete then this can make the concrete durable against freeze thaw damage.
Much work has been done to show that it is essential to provide a certain volume of
microscopic bubbles in the concrete. In order to obtain these microscopic bubbles it is
common to include an air entraining admixture in the mixture. This surfactant allows

bubbles to be stabilized during the mixing.

T.C. Powers’ findings in 1954 led to the development of the spacing factor, a
measurement parameter for hardened air voids that seems to correlate to frost
durability’- 2. Further work by the Bureau of Reclamation found that a spacing factor of
0.008” and a specific surface of 600 in"' were suitable to provide a sufficient air void
system to resist frost damage3. ACI 201 now suggests these two limits in air void
parameters when concrete is exposed to freeze thaw cycles*. Furthermore, in 1956
Paul Klieger determined that minimum air content in the concrete paste to be 18% in
order to be consistently frost durable®. Klieger's work has led to the current ACI 318
specification for minimum air content in concrete to be bases on maximum nominal

aggregate size which is a function of the paste content in a concrete mixture®.

Measuring the total volume of air in fresh concrete has been the method used for
determining the frost durability of a concrete mixture but findings by Freeman (2012)
and Felice (2012) have shown that total volume of air is not an accurate measure of a
concretes ability to resist frost damage” 8. Freeman has investigated the use of
polycarboxylates superplasticizers in modern air entrained concretes and found that
these mixtures lost a significant quantity of air over time while unconsolidated.

Hardened air void analysis showed that the introduction of a recommended dose of



polycarboxylate coarsens, and therefore lowers the quality of the air void system. Frost
durability was not achieved despite the fact that the air contents volume was near the

ACI 318 recommended value.

The goal of this work is to determine a method for predicting the quality of an air
void system in fresh concrete. Previous research by Pigeon and Pleau (1995) and Ley
(2007) has shown that as the volume of air increases the average spacing between
voids, or the spacing factor, will decrease. This fact will be utilized to help determine a

method that can predict air void system quality® 1°.

This report will investigate a method developed at Oklahoma State University
that determines the quality of an air void system by only testing fresh concrete. This
method uses a device called the Super Air Meter or SAM. The device measures the
response of concrete to several sequential pressures of fresh concrete. This response
has been shown to correlate well with the air void system quality in the concrete. In
addition the method and device is similar to the traditional ASTM C231 pressure meter
and can accurately determine the air content in addition to the quality of the air void

system in fresh concrete’.

The ability to accurately determine if a fresh concrete mixture has a sufficient
quality air void system to resist the environmental effects of frost damage is a large
benefit over any existing method. This work will allow for more cost effective and timely

construction and laboratory research when frost damage is a critical consideration.

Currently, the ASTM C 457 Hardened Air Void Analysis is used to determine if a
frost critical concrete has a sufficient quality air void system'2. The problem with using
hardened air void analysis is that results can take weeks to obtain while the SAM test
method takes only minutes. The slow process that is hardened air void analysis is a
cause for sluggish laboratory studies in which large data sets can be difficult and
tedious to produce. The SAM test will allow researchers and scientists with a focus on

frost durability and admixture development to more quickly make new discoveries and



gain improved understandings in these areas. This test can also be useful when
inspecting construction in which it is necessary for the concrete to have frost durability
as the test can be completed quickly and on site. If the results show that the concrete
will does not meet the specifications then the contractor can modify the mixture
immediately. This is a great benefit as changes can be made before the concrete is
hardened in the forms. This will allow for improved quality control over a much larger

number of construction projects due to the inexpensive and simple SAM test method.



CHAPTER 2 - EXPERIMENTAL METHODS

Testing Procedure

The Super Air Meter (SAM) consists of a traditional ASTM C231 pressure meter
that uses a digital pressure gage instead of the traditional dial gage. The digital
pressure gage used for testing has a range from 0.0 psi to 100.0 psi with a 0.1 psi
accuracy throughout its range. In addition, a secondary restraint cage allows the SAM to
hold up to 75 psi of over pressure. This restraint cage uses bolts and steel plates to
clamp the lid. The bolts were tightened with a ratchet evenly so that the lid would be
secured uniformly over the bottom chamber. An overview of the device is shown in

Figure 1.
—

Digital Pressure Gage

Air Bleeder

Valve Pump

Main Air Valve

Top Air Chamber

Reinforcing
Cage Clamp
/ ) Petcock
B ’
| | []
£ A
Bottom
Chamber

(a) (b)
Figure 1. (a) Shows a diagram of the SAM used for testing (b) Shows an image of
a SAM with its reinforcing cage.

The SAM test method is outlined in Table 1. The testing procedure is the same
as described in ASTM C231 with a few modifications. After the bottom chamber is filled
with consolidated concrete, the test is continued by tightly securing the lid on top of the
bottom chamber. Water is then added through the petcock valves until the bottom

chamber is full. The top chamber is then pressurized to 14.5 psi + 0.1 psi and allowed to



stabilize for 10 seconds. This delay is needed to let the compressed air in the top
chamber cool to room temperature. The lever is then pressed to equalize the pressure
between the top chamber and the bottom chamber. The lever is held down for 10
seconds to allow the pressure in the top chamber to equalize with the pressure in the
bottom chamber. During this time the bottom chamber is sharply hit with a rubber
mallet around its sides. It is important that the lever be held down until the pressure in
the top chamber stops changing. It was found that 10 seconds was typically long
enough for this to occur. The equilibrium pressure is recorded. Now, without opening
the petcocks or releasing air from the bottom chamber or top chamber the top
chamber is pressurized to 30 psi £ 0.1 psi and allowed to stabilize. Again, the lever is
pressed to allow the top chamber and bottom chamber to reach an equilibrium
pressure. The resulting pressure is again recorded. This process is repeated for a top
chamber pressure of 45 psi £ 0.1 psi, 60 psi £ 0.1 psi, and 75 psi = 0.1 psi. After the
equilibrium pressure from the 75 psi pressure step was recorded, the petcocks were
opened and the lever is pressed to return all the pressures from the bottom chamber
and the top chamber back to atmospheric pressure. The lever was held down for 10
seconds, during which, the bottom chamber is smartly hit with a rubber mallet 10 times
around its sides. The same sample of concrete was then tested in the same manner
stated above. It is possible to run a third set of pressures to compare to the second. If
all of the equilibrium pressures from the second and third sets were within a reasonable

tolerance of 0.3 psi then the testing was stopped.



Table 1: Summary of the SAM test method.

Step Action
1 Place concrete in bottom chamber per ASTM C231
2 Securely place lid
3 Add water through petcocks
4 Pressurize top chamber to 14.5 + 0.1 psi
5 Press lever and record equilibrium pressure, P2,
6 Pressurize top chamber to 30 + 0.1 psi
7 Press lever and record equilibrium pressure, P2y,
8 Pressurize top chamber to 45 + 0.1 psi
9 Press lever and record equilibrium pressure, Pz
10 | Pressurize top chamber to 60 + 0.1 psi
11 Press lever and record equilibrium pressure, Pag
12 | Pressurize top chamber to 75 + 0.1 psi
13 | Press lever and record equilibrium pressure, Pz
14 Return pressure in bottom chamber and top chamber back to atmospheric pressure.
15 | Repeat 3 thru 14 an additional time for equilibrium pressures P thru Py

Table 2: Variables used in the SAM test method calculations.

. Equilibrium Pressure
Initial Pressure
Set1 | Set2 | Set3
14.5 psi P2a Pas Pk
30 psi Pab P2g P2
45 psi Pac P2n P2om
60 psi P2d Pai P2n
75 psi P2e P2; P2o

Calculating Air Content

The air volume can be calculated by applying Boyle’s Law to the air in the top

chamber and the air in the concrete sample. Equation 1 shows Boyle’s Law applied to

the top chamber where Pc1 and Pc2 are the pressures of air in the top chamber before

and after equalizing the system and Vc1 and Vc2 are the volumes of air from the top

chamber before and after equalizing the system. Pc1 and Pcz are given by the gage




reading and shown in Figure 2 (a) and (b). Vc1 is a constant given by the dimension of
the top chamber. Equation 1 is used to determine Vc2. Figures 2 (a) and (b) are

modeled after diagrams in Hover’s work (1988)"3.

Equation 1: PCIVC1=PC2VC2

The change in volume before and after equalizing the system is equal and
opposite for the top chamber air and the bottom chamber air as shown in Equation 2.
Boyle’s Law is applied to the air in the bottom chamber as shown in Equation 3 where
Pa1 and Pa2 are the pressures of air in the bottom chamber before and after equalizing
the system and Va1 and Vaz are the volumes of air from the bottom chamber before and
after equalizing the system. Pa1 is assumed to be atmospheric pressure and Pa2 is equal
to Pc2 and shown in Figure 2 (a) and (b). Equations 2 and 3 are simultaneously solved

to determine Va1 and Vaz.
Equation 2: AV =VC2-VCl=Val-VaZ2
Equation 3: Palval = Pa2vaZ2

Equation 4 gives the theoretical air content in the bottom chamber where Voow is

the total volume of the bottom chamber.

Val
Vbowl

Equation 4: Air% = *100

These calculations are comparable to those done by a traditional ASTM C231
Type B pressure meter. The SAM was calibrated by finding the performance of the
meter with three different air volumes in the bottom bowl. This was done by using a
commercially available device for calibrating ASTM C231 meters that provides a void
that is 5% of the volume of the bottom chamber, assuming that the chamber is 0.25 ft3.
With this technique a calibration could be run with nothing but water in the bottom bowl
to simulate 0% air content, one device for 5% air content, and two devices for 10%.
Because the SAM uses a digital gage this allows a more complicated calibration

procedure to be used for the testing. An overview of the procedure is shown in Table 3.
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Figure 2: (a) SAM before equalizing the system and (b) SAM after equalizing the

system.



Table 3: Summary of the SAM calibration method.

Step

Action

—

Fill bottom chamber with room temperature water

Securely place lid

Add water through petcocks

Pressurize top chamber to 14.5 + 0.1 psi

Press lever and record equilibrium pressure, P2

Return the SAM device back to atmospheric pressure

Repeat steps 3 thru 6 two more times

Remove the lid and place a calibration device in the water

OO |NO| | WIN

Repeat steps 2 thru 7

Remove the lid and place a second calibration device in the water

G R N
= O

Repeat steps 2 thru 7

SAM Number

The difference between the first and second set of equilibrium pressures from the
75 psi pressure step is called the SAM number and is shown by Equation 5 using
variables in Table 2. Figure 3 shows three examples of the pressure difference at all five
pressure steps. The SAM number will be compared to the parameters from the ASTM C
457 hardened air-void analysis. Using a hand pump the concrete samples were
pressurized in the sequential manner so that high equilibrium pressures could be

applied to the concrete in the bottom bowl in a controlled manner. The sequence of

equilibrium pressure steps also added a quality control check to the data. SAM

numbers for these pressures ranged from 0.0 psi to about 1.8 psi.

Equation 5:
SAM Number = [Avg (P23et2, P25et3) — P25et1] 75pressure step
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Figure 3: Pressure differential between 1st and 2nd set of equilibrium pressures
at each pressure step for three different samples.

Quality Control

Quality control checks were used to ensure the test was completed correctly. The
first check considered the difference between the second and third set of equilibrium
pressures. If any of the differences were greater than 0.2 psi then a fourth set of
equilibrium pressures were obtained in hopes to reduce the standard deviation. If a
fourth set was obtained then the average of the second, third, and fourth sets were
used. If any one of these values differed from the average of the other two by 0.4 psi or
more then the test data was too variable to consider accurate and was not used. In
summary, if the standard deviation of the second, third, and possibly fourth sets of
equilibrium pressures is greater than 0.21 psi then the test data was too variable to
consider accurate. The second check considers the difference in equilibrium pressures
at the 14.5 psi pressure step and the 75 psi pressure step. If the difference at 75 psi or
the SAM number is less than the difference at the 14.5 psi pressure step by more than
0.2 psi then the test data was considered inaccurate. These checks were used to

10



ensure that the collected data was consistent. These observations were made by
completing a large number of SAM tests. It was observed that when the SAM test was
performed inconsistently it would cause the equilibrium pressures to be different or less
consistent than data sets from SAM tests that were performed consistent with the

procedures.
Two SAM devices were investigated to better determine the repeatability of the

test method. The volumes of the chambers of both SAM'’s were measured to be very

similar to each other. These results are compared in this document.
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CHAPTER 3 — MATERIALS

All concrete mixtures used a Type | cement meeting the requirements of ASTM
C150 with the oxide analysis shown in Table 4'. The coarse aggregate is a locally
available crushed limestone with a maximum nominal aggregate size of % in. Both the
coarse and fine aggregates met the Standard Specification of Concrete Aggregates
(ASTM C33) and are used in commercial concrete'®. The admixtures described in Table
5 met the requirements set by ASTM C260 and C494'6. 7. The wood rosin (WROS) and
synthetic (SYNTH) air entraining admixtures (AEA) were chosen as they represent two
popular AEAs used commercially. Three mixture designs were investigated as shown in
Table 6. The cement content was held constant while varying the w/cm. Each of the
AEAs was investigated with and without the use of a polycarboxylate (PC)
superplasticizer. When a PC was used it was used at a dosage of 5.0 oz/cwt. To
investigate the impact of changes in w/cm, paste content, and workability a WROS air
entraining agent was investigated at a 0.41 and 0.53 w/cm. The higher w/cm mixtures
were designed to have a similar slump as the mixtures with a w/cm of 0.45 and a PC.

The dosage of AEA was modified to achieve different air contents for each mixture.

Table 4: The oxide analysis of the cement used in the study (%).

SiO2 | Alz03 | Fe203 | CaO | MgO | SOs | Na20 | K2O | Na2O eq | CsS | C2S | CsA | C4sAF | Fex0s
211 4.7 26 62.1 2.4 3.2 0.2 0.3 0.4 56.7 | 17.8 | 8.2 7.8 2.6
Table 5: Admixtures used in the study.

Short Hand Description Application
WROS Wood Rosin Air Entraining Agent
SYNTH Synthetic chemical combination | Air Entraining Agent

PC Polycarboxylate Superplasticizer

Table 6: Mixture proportions with SSD aggregates.

wlc ratio Cement | Paste Content | Coarse Fine Water
(Ib/yd?) (%) (Ib/yd®) | (Ib/yd®) | (Ib/yd?)
0.41 611 29 1900 1217 250
0.45 611 30 1850 1203 275
0.53 611 33 1775 1150 324

12



Mixing procedures

Aggregate was added to a drum mixer along with about half of the mixing water
and mixed for 3 minutes. This allows the aggregate to become well mixed and achieves
an SSD condition. The remaining mixing water and cement was added to the drum
mixer. The combination of aggregate, water, and cement was mixed for 3 minutes. The
mixer was then scraped for a period of 2 minutes to ensure a consistent mixture of the
concrete. The admixtures were then added. When used, the PC was added first and
allowed to mix for 10 to 15 seconds before the AEA was added. The concrete was then
mixed for an additional 3 minutes to complete the mixing process.

Quality Control Tests

Immediately after the mixing process was complete the concrete mixture was
sampled for two unit weight tests and for a hardened air void analysis. The hardened air
void analysis sample was then set aside and covered with wet burlap for 24 hours. The
two unit weight samples were obtained using the method described in ASTM C231.
After measuring the two unit weight samples, fresh air content with the traditional
pressure meter (ASTM C231), slump (ASTM C143), and a SAM test were performed™s.

Hardened Air

Each hardened air sample was saw cut into a %4” thick section by an 18” diameter
saw. Then a four parts acetone to one part lacquer mixture was applied to the testing
surface to help preserve the exposed void walls. The hardened sample was then lapped
using an 18” diameter lapper with a magnetically bonded diamond grit surface. The
lapping increased with continued fineness until a high quality finish was observed on the
paste and aggregate portions of the sample under a stereomicroscope. The sample was
then placed in a bath of acetone for approximately 10 min. to dissolve the remaining
hardened lacquer from the voids. After the sample has dried, black ink was applied to
the testing surface using a permanent marker and allowed to dry for 2 to 3 hours. Then
a second solid layer was applied using perpendicular strokes and allowed to dry for 8
hours. The voids were then filled with a barium sulfate powder. This fine white powder

was chosen because of its high color contrast with the black ink of the permanent
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marker and the particle size is less than 4 x 10 in. The voids were filled by pressing
two layers of powder into the entire testing surface using a rubber stopper and striking
off the excess after each layer. The aggregates were then colored black to avoid
accounting for the voids in aggregates. This technique has been shown to be sufficient
and described in detail by Ley (2007). After all the air voids are white and all other parts
of the sample are colored black the air void parameters are then measured using the
Rapid Air 457 from Concrete Experts, Inc. Figure 4 (a) and (b) shows samples that have
been satisfactorily lapped. Figure 4 (a) shows a sample before the coloring process and
Figure 4 (b) shows the same sample after. The RapidAir 457 machine uses a linear
traverse method for analysis with a camera and detects the contrast between the white
air voids and black aggregates or paste. A threshold of 185 was used for all hardened
air void analyses. The paste content was a required input for the analysis and was
determined from the batch weights for the mixture design. The air void parameters
reported in this paper exclude chord sizes less than 0.0012 in unless stated otherwise.
These chord sizes are not easily visible to the human eye therefore the results from the
Rapid Air 457 machine can be compared to previous ASTM C457 results. Other

researchers have used this same practice'? 1921,
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Figure 4: (a) Satisfactorily lapped sample (b) The same sample after the coloring
process and ready for scanning.

15



CHAPTER 4 - RESULTS

Three typical data sets from a Super Air Meter test can be seen in Tables 7, 8,
and 9 where the SAM number is shown in italics. These tables show the equilibrium
pressures from each pressure step and the average equilibrium pressure of the second,
third, and fourth sets. The right most columns show the pressure differential between
the averaged sets and the first set and is shown graphically in Figure 3. These three
samples represent SAM tests that were performed on WROS 0.45 w/cm concrete
samples that contained a poor (A), mediocre (B), and good (C) air void system as
defined by the spacing factor in ASTM C 457. The corresponding hardened air void
analysis results are shown in Table 10. The -200 ym chords/in is the frequency of
chords from the analysis that are smaller than 200 ym in size. A graphical
representation of the SAM test performed on the three concrete samples is shown in
Figures 5, 6, and 7 where the solid line represents the equilibrium pressure between the
top and bottom chambers and the two dashed lines represent the pressures in the top
and bottom chamber separately while they are sealed from one another. The points in
which the dashed lines are equal represent equilibrium pressures between the two

chambers.

Table 7: Sample A data set obtained from SAM test on a 2.2% WROS air entrained
concrete with a 0.45 w/cm.

Initial Equilibrium Pressure (psi) Avg. - Set 1
Pressure (psi) | Set1 | Set2 | Set3 | Set4 | Avg(2,3,4) (psi)
14.5 10.1 | 1.2 11.1 - 11.15 1.05
30.0 23.7 | 256.2 | 25.2 - 25.20 1.50
45.0 38.0 | 39.6 39.5 - 39.55 1.55
60.0 525 | 54.2 54 .1 - 54.15 1.65
75.0 67.1 | 68.8 | 68.7 - 68.75 1.65
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Table 8: Sample B data set obtained from SAM test on a 3.2% WROS air entrained
concrete with a 0.45 w/cm.

Initial Equilibrium Pressure (psi) Avg. - Set 1
Pressure (psi) | Set1 | Set2 | Set3 | Set4 | Avg (2,3,4) (psi)
14.5 9.1 9.6 9.9 9.6 9.70 0.60
30.0 219 | 225 | 229 22.6 22.67 0.77
45.0 358 | 36.5 | 36.8 36.6 36.63 0.83
60.0 50.1 | 50.8 | 51.2 50.8 50.93 0.83
75.0 646 | 654 | 657 65.4 65.50 0.90

Table 9: Sample C data set obtained from SAM test on a 5.8% WROS air entrained
concrete with a 0.45 w/cm.

Initial Equilibrium Pressure (psi) Avg. - Set 1
Pressure (psi) | Set1 | Set2 | Set3 | Set4 | Avg(2,3,4) (psi)
14.5 7.0 7.0 7.0 6.9 6.97 -0.03
30.0 17.9 | 181 18.0 17.9 18.00 0.10
45.0 30.6 | 30.7 30.7 30.7 30.70 0.10
60.0 441 | 443 | 443 442 44.27 0.17
75.0 58.2 | 58.5 | 58.4 58.4 58.43 0.23
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Table 10: Hardened air parameters and SAM number for Samples A, B, and C.

Applied Pressure (psi)

90

75

D
o

S
[

w
o

15

Sample A B C
SAM No. 1.65 0.90 0.23
C231 Air (%) 2.2 3.2 5.8
Hardened Air (%) 3.35 2.63 6.01
Specific Surface (in-1) 420 694 768
Spacing Factor (in) 0.0125 | 0.0084 | 0.0048
Void Freq. (in-1) 3.52 4.55 11.54
Avg. Chord Length (in) 0.0095 | 0.0057 | 0.0052
Paste to Air Ratio 6.58 8.38 3.67
-200 pum Chords/in 3.50 5.73 13.66
@ ®
! gi SAM Number

G

©--- Bottom Chamber, Pal

—=e— Equilibrium Pressure, P2

1.65

Top Chamber, Pcl

Time

18

Figure 5: Pressure stages of Sample A SAM test.
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Table 11 shows a summary of the results from each SAM test, traditional
pressure meter test (ASTM C231), gravimetric air content (ASTM C138)%2, slump test
(ASTM C143), and hardened air void analysis (ASTM C457). The slump test was not
run for every mixture. The mixtures with a 0.45 w/cm without a PC had a slump of 134"
to 4” while the 0.45 w/cm mixtures with a PC had a slump of 82" to 10”. A slump of 6” to
874" was observed for the 0.53 w/cm mixtures and the 0.41 w/cm mixtures had a lower
slump of ¥2” to 1. Table 11 is organized by mixture type and then by ascending SAM
number. The three methods of calculating air content are shown as Super air content,
calculated from the SAM test data, the traditional ASTM C231 pressure meter air
content, and the ASTM C457 hardened air content. The air contents are compared to
the C231 air contents in Figures 8, 9, and 10. Other hardened air parameters such as
the spacing factor and specific surface are shown in Table 11. The spacing factor
increases and the specific surface decreases as the SAM number increases. The -200
pMm chord frequency and total chord frequency both decrease as the SAM number
increases. Graphs of the hardened air void parameters are plotted against SAM number
in Figures 11 thru 17.
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Table 11: Fresh and Hardened measurements from mixtures investigated.

C143

SAM

SAM

C231

C138

Hard

Spacing

Specific

[O)
E Slump | No. Air Air Air Air Factor | Surface _Czr?;)r:/:?] Cr-:-grtj/lin
= | (in) | (psi) | (%) | (%) | (%) | (%) (in) (in-1)
25 | 000 | 551 | 59 | 694 | 511 | 0.0070 | 614 8.48 10.25
25 | 015 | 615 | 6.1 | 7.46 | 571 | 0.0054 | 714 11.44 | 13.10
- | 023|582 | 58 | 697|601 | 00048 | 768 13.66 | 15.66
c| 225 | o050 | 458 | 51 | 588 | 525 | 0.0067 | 626 8.84 10.78
S| 275 [ 050 | 334 | 37 | 471 | 319 | 00073 | 735 6.98 8.11
Q| 275 | 073 | 334 | 36 | 440 | 320 | 00116 | 460 3.56 4.72
ol - |o90|314| 32 | 416 | 263 | 00084 | 694 5.73 6.48
@1 275 | 110 | 314 | 30 [ 408 | 271 | 00115 | 502 3.43 4.33
= - [ 123|217 | 21 [ 294 | 274 | 00102 | 564 4.39 5.42
225 | 127 | 314 | 35 [ 453 | 299 | 00122 | 454 3.02 4.22
225 | 135 | 225 | 23 | 362 | 335 | 00125 | 420 3.50 4.74
175 | 1.77 | 218 | 23 | 351 | 249 | 00132 | 455 3.07 3.82
- | 033|964 | 98 |1110] 974 | 0.0051 | 445 9.80 13.45
875 | 093 | 747 | 80 | 910 | 766 | 0.0093 | 309 4.01 6.95
£ 925 | 1.07 | 389 | 36 | 513 | 349 | 0.0166 | 310 2.04 3.31
2| - [ 107|401 | 40 | 554 | 286 | 00116 | 487 3.67 4.77
S| 85 | 113 | 413 | 40 | 541 | 481 | 00120 | 372 3.79 5.55
o 925 [ 117 [ 439 | 50 | 567 | 448 | 00095 | 483 5.27 6.96
+| 875 | 120 | 522 | 55 [ 593 | 535 | 00107 | 385 4.07 6.15
S| - [ 120651 | 60 | 7.05 | 446 | 00129 | 356 345 | 494
=| 925 | 133 [ 668 | 74 | 840 | 567 | 00092 | 423 5.66 7.80
85 | 133 | 334 | 36 | 448 | 319 | 00161 | 334 1.80 3.13
925 | 160 | 479 | 52 | 674 | 386 | 0.0153 | 323 2.70 4.06
- | 035|582 | 59 | 674 | 537 | 00048 | 855 14.39 | 15.96
c| - 040|413 | 43 | 541 | 436 | 00073 | 636 8.42 9.65
S| 20 | 040 | 551 | 58 | 687 | 623 | 0.0048 | 741 1377 | 16.03
w| 35 | 055|276 | 26 | 409 | 285 | 00109 | 518 4.19 5.01
S| - [oes | 175 | 17 [ 302 [ 259 | 00137 | 432 283 | 360
S| 20 | 110 | 182 | 1.9 | 351 | 214 | 00147 | 438 2.00 2.86
®| 20 | 145 | 180 | 20 | 377 | 1.74 | 0.0154 | 459 2.00 2.60
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o | C143 | SAM | SAM | C231 | C138 | Hard | Spacing | Specific
£ | Slump | No. Air Air Air Air Factor | Surface ~200 Hm Total.
S| s | ) | o6 | @ | ) | ) | ey | O] Cherdin
100 | 010 | 848 | 85 | 936 | 7.50 | 0.0053 | 552 8.84 12.07
- 017 | 109 | 10.0 | 11.18 | 7.64 | 0.0045 | 648 12.07 | 14.98
§| 100 | 020 | 821 | 85 | 916 | 7.37 | 0.0064 | 467 7.32 10.35
E - 070 | 615 | 6.0 | 762 | 595 | 0.0063 | 584 7.87 10.28
S| 95 |o087 | 724 | 72 | 829 | 6.82 | 00079 | 409 6.43 9.10
O 95 | 090|527 | 60 | 689 | 563 | 0.0116 | 337 3.96 5.89
*] 80 [ 103|439 | 39 | 577 | 351 | 00150 | 342 2.66 3.97
E| 80 [ 115|285 | 28 | 403 | 350 | 0.0147 | 346 2.24 3.66
| 80 | 115 | 266 | 25 | 380 | 330 | 0.0145 | 363 273 3.94
95 [ 130 [ 522 | 49 | 598 | 496 | 0.0100 | 439 4.81 6.59
- 150 | 479 | 46 | 658 | 610 | 00114 | 318 4.47 6.45
80 [ 020933 | 95 | 963 | 991 | 00037 | 651 16.01 | 19.79
5[ 80 |030|933 | 88 [1027] 876 | 0.0039 | 698 15.89 | 18.89
2| 825 | 030 | 726 | 74 | 743 | 6.82 | 0.0060 | 591 9.11 11.92
S| 70 | 043|551 | 53 | 619 | 458 | 00109 | 437 4.58 6.24
B 70 [o77 | 508 49 | 587 [ 400 | 00103 | 489 4.13 573
S 70 [o80 [ 479 | 46 | 574 [ 541 [ 00005 | 462 5.90 8.06
60 | 145 | 276 | 27 | 433 | 301 | 0.0164 | 351 2.03 3.12
g| 10 |010 | 476 | 50 | 674 | 411 | 0.0072 | 655 8.15 9.26
=| 10 | o050 | 367 | 36 | 505|333 | 00099 | 529 4.59 5.72
55‘ 1.0 | 053 | 345 | 34 | 471 | 201 | 00147 | 377 2.36 3.32
S| 025 | 075 | 189 | 20 | 339 | 246 | 00141 | 423 2.65 3.38
= 025 | 110 | 210 | 21 | 384 [ 261 | 00178 | 326 1.76 2.64
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Figure 8: A comparison of air content measurements from the SAM and the
traditional C231 pressure meter.
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Figure 9: A comparison of air content measurements from the gravimetric method
and the traditional C231 pressure meter.
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Figure 10: A comparison of air content measurements from the hardened air void
analysis and the traditional C231 pressure meter.

Comparison to Hardened Parameters

Figure 11 shows the SAM number versus the hardened spacing factor
determined by ASTM C457 for each of the mixtures. Figure 12 shows quadratic trend
lines of the spacing factor data shown in Figure 11 and four statistical parameters for
each of the mixtures investigated is shown in Table 12. There were not enough data
points for the WROS 0.41 w/cm mixture to be statistically analyzed in the same manner
as the other mixtures. The specific surface (in"!) of each mixture is compared to the
SAM number in Figure 13. The quadratic trend lines are shown in Figure 14 and the
four statistical parameters for each mixture are shown in Table 13. The ACI 201 limit for
frost durable concrete is suggested to have a specific surface of 600 in-!. This limit is

shown on Figures 13 and 14 as a dashed line.
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Another hardened parameter analyzed is the number of chords per inch. Figure
15 compares this measurement to the SAM number for each mixture. Freeman (2012)
found that the frequency of chords that are less than 200 um in size is a hardened air
void parameter that correlated well with air void system quality. The -200 ym chords
frequency is compared to the SAM number in Figures 16 and 17. The quadratic trend
lines for this data are shown in Figure 17 and the statistical parameters for each mixture
was shown in Table 14. Freeman (2012) has shown that concrete that contains at least
6.0 chords that are less than 200 um per traverse inch is sufficient to resist frost

damage. This limit is shown in Figures 16 and 17 as a dashed line.
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Figure 11: A comparison of hardened spacing factor and the SAM number# 23,
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Table 12: Quadratic model of spacing factor versus the SAM Number.

0.008

0.012

0.016
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Linear Traverse

guadratic trend lines.

0.020

0.024

Statistical Parameter
Mixture Akaike
r? Adjusted r? | information o
criterion
All Mixtures 0.61 0.60 23.62 0.29
WROS 0.45 w/cm 0.83 0.79 3.79 0.23
WROS+PC 0.45 w/cm* 0.70 0.63 -0.54 0.19
SYTNH 0.45 w/cm 0.99 0.99 -20.97 0.04
SYNTH+PC 0.45 w/cm 0.82 0.78 3.10 0.23
WROS 0.53 w/cm 0.87 0.81 0.73 0.19
WROS 0.41 w/cm 0.86 - - -

*There was limited data for this trendline.
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Figure 13: A comparison of hardened specific surface and the SAM number.
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Figure 14: A comparison of the hardened specific surface and the SAM number
with quadratic trend lines.
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SAM Number (psi)

Table 13: Quadratic model of specific surface versus the SAM Number.

Statistical Parameter
Mixture Akaike
r2 Adjusted r? | information o
criterion
All Mixtures 0.48 0.46 38.85 0.33
WROS 0.45 w/cm 0.57 0.48 16.42 0.40
WROS+PC 0.45 w/cm* 0.10 -0.13 11.74 0.34
SYTNH 0.45 w/cm 0.87 0.81 -2.15 0.16
SYNTH+PC 0.45 w/cm 0.61 0.52 11.57 0.33
WROS 0.53 w/cm 0.82 0.73 3.30 0.23
WROS 0.41 w/cm* 0.79 - - -

*There was limited data for this trendline.
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Figure 15: A comparison of the frequency of total chords versus the SAM
number.
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Figure 17: A comparison of the frequency of -200 ym chords versus the SAM

number with quadratic trend lines.
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Table 14: Quadratic model of the frequency of -200 ym chords versus the SAM

Number.
Statistical Parameter
Mixture Akaike
r2 Adjusted r? | information o
criterion
All Mixtures 0.60 0.58 25.82 0.29
WROS 0.45 w/cm 0.79 0.74 6.12 0.26
WROS+PC 0.45 w/cm* | 0.66 0.57 1.01 0.21
SYTNH 0.45 w/cm 0.94 0.91 -7.32 0.11
SYNTH+PC 0.45 w/cm 0.65 0.56 10.56 0.32
WROS 0.53 w/cm 0.81 0.72 3.56 0.23
WROS 0.41 w/cm* 0.80 - - -

*There was limited data for this trendline.

Statistical Analysis

A statistical analysis was used to determine the best model that describes the
relationship between the SAM and the individual hardened air parameters. The
statistical parameters coefficient of determination, adjusted coefficient of determination,
standard deviation, and Akaike information criterion were considered in determining the
best model for the data collected. The model with an r?> and Adjusted r? value nearest to
1.0 and an AIC with the lowest algebraic value and a o value nearest to 0.0 were
chosen to represent the data. Where the SAM number is compared to spacing factor
the model chosen to represent the “All Mixtures” data set was a quadratic model. The
comparisons of SAM number to specific surface and -200 um chord frequency were
similarly analyzed and the model chosen to represent both of these data sets was a
quadratic model. The results from this analysis are included in the appendix of this

document.
Multiple SAM Testing

Table 15 shows testing results from two similar SAMs on WROS 0.45 w/cm
mixture tested simultaneously. Two dosages of AEA were tested; the first mixture
contained a small dosage of WROS and the second mixture contained a larger dosage.
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For each dosage two SAMs were used and each SAM was tested on two samples of

concrete.

Table 15: A comparison of two SAMs and two opperators completed on the same
mixtures with WROS AEA and 0.45 w/cm.

SAM Air (%)
Sample | Meter | Meter | Abs. | . _.
A B | oir. | DM

1a 1.92 | 2.14 0.22 10.8
1b 1.85 | 2.06 0.21 10.7
2a 751 | 7.51 0.00 0.0
2b 6.53 | 6.90 0.37 5.5

SAM Number (psi)
Meter | Meter | Abs. | , .
Sample A B Diff. % Diff.
1a 1.00 | 0.90 0.10 10.5
1b 0.95 | 115 0.20 19.0
2a 0.35 | 0.20 0.15 54.5

2b -0.25 | -0.10 | 0.15 85.7

Both SAMs resulted in similar SAM air content for the tests while the SAM

numbers for each test differed at most by only 0.20 psi between both meters.
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CHAPTER 5 - DISCUSSION

Each of the three hardened air parameter analyzed shows an increase in air void
system quality as the SAM number decreases. The statistical analysis best fit model of
the three hardened air void parameter for all mixtures were individually chosen to
represent the corresponding hardened parameter. A quadratic trend line was used to fit
the spacing factor, specific surface, and voids -200um as it performed the best in the
statistical analysis. This model was a nice balance of complexity and accuracy.

Spacing Factor

The data showed that a SAM number of 0.50 psi is recommended to achieve the
spacing factor limit set by ACI 201 of 0.008”. For each mixture type, except the 0.45
WROS + PC mixture, data points were well distributed over a typical range of spacing
factors. If the ACI 201 spacing factor limit of 0.008” and the corresponding SAM number
of 0.50 psi is used then only 6.4% of the data points fall in a region in which they either
pass the SAM test but fail the ACI 201 spacing factor limit, or fail the SAM test but pass
the ACI 201 spacing factor limit. This also provides a safety factor for the
measurement. The positive agreement between this model and the data suggests that
the SAM number is an accurate measure of the spacing factor of the concrete and
therefore a good indication of the quality of the air void distribution.

Most mixture trend lines in Figure 12 are similar in shape and position. One exception is
the WROS 0.41 w/cm mixture. The trend line for this mixture is shifted downward by
approximately 0.35 psi on the y-axis when compared to the other mixtures. This
suggests that a lower SAM number may be necessary for a 0.41 w/cm mixture
compared to the 0.45 and 0.53 w/cm mixtures. This difference is likely due to the low
slump of the mixture and therefore the higher plastic yield stress of the mixture. It is
possible that the overpressure supplied by the meter is not able to as effectively
compress the air voids in the mixture. Despite the trend line being offset from the
others the data was still well behaved. This is encouraging and further work is needed

to better understand the performance of these mixtures.
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Specific Surface

A SAM number of 0.30 psi is required to achieve a specific surface of 600 in"' for most
mixtures. However the mixture containing only AEA and a 0.45 w/cm required a SAM
number of 0.70 psi. If the values of 0.30 psi and 600 in" are used as limits then 19.1%
of the data points fall in a region in which they either pass the SAM test but fail the ACI
201 limit or fail the SAM test but pass the ACI 201 limit. If the recommended SAM
number is adjusted to 0.50 psi then only 12.3% of the data fall in a region in which they
either pass the SAM test but fail the ACI 201 limit or fail the SAM test but pass the ACI
201 limit. This adjustment is less conservative with respect to specific surface but using
a 0.30 psi limit on the SAM number was found to be too rigorous with respect to spacing
factor. In addition it is most common to use the spacing factor to evaluate the frost
durability of hardened concrete. The coefficients of determination show more variance
in the data when the SAM number is compared to specific surface than spacing factor

as seen in Tables 12 and 13. It is not clear why this is occurring.
Chords per Inch

It was determined by Freeman (2012) that when the frequency of -200 ym chords
for a hardened concrete sample is greater than 6.0 then that sample contained a
sufficient quality of the air void distribution. For the data collected this limit is met when
the SAM number is less than 0.50 psi except for the 0.41 w/cm WROS mixture. A SAM
number of 0.30 psi is required to satisfy Freeman’s limit for a 0.41 w/cm WROS mixture.
For each mixture type, except the 0.45 WROS + PC mixture, data points were well
distributed over a typical range of frequency of -200 um chords. If Freeman’s limit of 6.0
and the corresponding SAM number of 0.50 psi is used then only 8.5% of the data
points fall in a region in which they either pass the SAM test but fail Freeman’s limit or
fail the SAM test but pass Freeman’s limit. Comparing the SAM number to the
frequency of -200 uym chords is another indication that the SAM number is an accurate

measure of the quality of the air void distribution.
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Test Method Repeatability

Table 15 showed very little difference in the SAM air content and SAM number
between both meters even though both meters had different operators. There was at
most a 10% difference in SAM air contents and a standard deviation of no more than
0.14 psi in the SAM numbers. This suggests that the results are repeatable and not
operator dependent. The results from Figures 12, 14, and 17 also have high r? values
despite the variability that already exists in the data from hardened air void analysis. For
mixtures with low SAM numbers there exists a large variability in the SAM number. This
is because of the accuracy of the digital pressure gage used to measure the equilibrium
pressures during the test. The mixtures with low SAM number tend to have a larger
volume of air, which results in a larger drop in pressure from the initial pressures to the
equilibrium pressures. The mixtures with high SAM numbers tend to have lower
volumes of air in the concrete samples, which result in a smaller drop in pressure to
reach equilibrium. The percent difference is larger because the values measured are
also larger. The absolute difference between the two SAMs was on average 0.15 psi
for both large and small SAM number and the 0.1 psi accuracy is cause for the larger
percent differences at the lower pressures.

Practical Implications

The SAM has been shown to be able to accurately predict the quality of an air
void system in fresh concrete. The SAM is a simple and inexpensive device that can be
used in the field to predict the quality of an air void system within minutes on concrete
mixtures. This device could be used to measure critical changes in the field such as
before and after a paver or pumping. This data will provide critical information not
previously possible. The SAM can also be utilized in a laboratory to evaluate any
number of mixtures with varying mixture materials and proportions, water to cement
ratios, and admixture combinations and dosages. Care should be taken when applying
the SAM test method and data to mixtures that differ from those investigated in this
paper. While over 50 concrete mixtures were investigated for this work more is needed
to validate the performance. For all the mixtures investigated a SAM number of 0.50

psi seems to correlate with a spacing factor of 0.008”. However, if meters with
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chambers of different proportions or if a different series of pressures are used then this
may change the results. Furthermore, concrete mixtures with a high yield stress and
high viscosity were shown to impact the readings made with the device. This needs to
be further investigated.
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CHAPTER 6 — CONCLUSION

This work has outlined an innovative test method for measuring the quality of the
air void system in fresh concrete called the SAM. The meter was shown to be able to
measure total air content as outlined by ASTM C 231. The average percent difference
between these measurements is 5.5% for over 100 samples. This is an outstanding
correlation. Also, the meter uses a set of higher pressure steps to measure the air void
quality of the concrete. The output of the meter or SAM number has shown to correlate
well with the spacing factor, specific surface, and void frequency as measured by ASTM
C 457. A quadratic curve fit has shown to be the best for all of the parameters
investigated. For the data collected a SAM number of 0.50 psi or less was shown to be
a good recommendation to produce concrete with a spacing factor of 0.008”. This is
suggested to provide freeze thaw resistant concrete by ACI 201.

It was observed that the mixtures with a very low slump (0.25” to 1”) showed an offset in
the performance to the other mixtures of slumps greater than 2”. This needs to be
further investigated.

Further laboratory testing should be done with the SAM should be further tested
in the laboratory to better understand the mechanisms behind the results. Field tests
should be performed using the SAM so that higher quality concrete can be ensured for
concretes in a freeze thaw harsh environment. In addition SAMs should be used by a
number of labs to find the inter laboratory precision. Furthermore, the SAM should be
pursued as a standard test method that can be used for quality control in field
applications. The test provides a relatively inexpensive manner to immediately
determine the quality of the air void system in fresh concrete. This is a great benefit to

the construction industry.
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CHAPTER 7 — FUTURE WORK

While a useful test has been produced by this work there are several
improvements that can still be made. These include reducing the time and steps
required in the test. Furthermore more work is needed for this test to be evaluated by
different laboratories, and by concrete mixtures in the field. Some of this work is

ongoing and will be reported in future publications.
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APPENDIX

Tables 16, 17, and 18 summarize the statistical information determined by the
software used for the “All Mixtures” data set comparing the three hardened parameter to
the SAM number. The same model that was chosen to represent the “All Mixtures” data
sets for each of the three hardened parameters was also used to represent the

individual mixtures.
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Table 16: Statistical output of different models and parameters when comparing
all of the mixtures spacing factor and SAM results.

Statistical Parameter
Akaike
Model r2 Adjusted r? | information o

criterion
Linear 0.56 0.55 28.2 0.30
Quadratic 0.61 0.60 23.6 0.29
Cubic 0.62 0.60 247 0.29
4th Order Polynomial 0.64 0.60 24.4 0.29
Weighted Linear 0.65 0.65 254 100.62
Weighted Quadratic 0.65 0.64 271 101.35
Weighted Cubic 0.69 0.68 22.5 96.20
Weighted 4th Order Poly. 0.71 0.68 22.6 95.46
Log-Log Linear 0.33 0.32 61.3 0.42
Log-Log Quadratic 0.33 0.31 63.3 0.42
Box-Cox (x) 0.59 0.58 251 0.30
Box-Cox (y) 0.57 0.56 39.3 0.34
Robust Linear NA NA 28.2 0.31
Robust Quadratic NA NA 23.6 0.28
Robust Cubic NA NA 24.8 0.29
Robust 4th Order Polynomial NA NA 24.4 0.26
Robust Weighted Linear NA NA 255 103.95
Robust Weighted Quadratic NA NA 27.3 101.52
Robust Weighted Cubic NA NA 22.6 102.30
Robust Weighted 4th Order
Poly. NA NA 22.7 95.81
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Table 17: Statistical output of different models and parameters when comparing
all of the mixtures specific surface and SAM results.

Statistical Parameter
Akaike
Model r2 Adjusted r? | information o
criterion
Linear 0.47 0.46 37.9 0.33
Quadratic 0.48 0.46 38.8 0.33
Cubic 0.50 0.47 38.9 0.33
4th Order Polynomial 0.51 0.46 40.5 0.33
Weighted Linear 0.40 0.39 41.9 0.00
Weighted Quadratic 0.40 0.37 43.9 0.00
Weighted Cubic 0.41 0.38 44.5 0.00
Weighted 4th Order Poly. 0.41 0.36 46.5 0.00
Log-Log Linear 0.36 0.35 36.2 0.33
Log-Log Quadratic 0.36 0.34 38.1 0.33
Box-Cox (x) 0.47 0.46 37.7 0.33
Box-Cox (y) 0.48 0.47 47.8 0.37
Robust Linear NA NA 37.9 0.35
Robust Quadratic NA NA 38.9 0.35
Robust Cubic NA NA 39.0 0.32
Robust 4th Order Polynomial NA NA 40.6 0.31
Robust Weighted Linear NA NA 41.9 0.00
Robust Weighted Quadratic NA NA 43.9 0.00
Robust Weighted Cubic NA NA 44.6 0.00
Robust Weighted 4th Order
Poly. NA NA 46.7 0.00
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Table 18: Statistical output of different models and parameters when comparing
all of the mixtures chords -200um and SAM results.

Statistical Parameter
Akaike
Model r2 Adjusted r? | informatio o
n criterion

Linear 0.54 0.53 30.2 0.31
Quadratic 0.60 0.58 25.8 0.29
Cubic 0.62 0.60 24.2 0.29
4th Order Polynomial 0.64 0.61 23.3 0.28
Weighted Linear 0.34 0.33 42.9 0.11
Weighted Quadratic 0.35 0.32 44.8 0.1
Weighted Cubic 0.38 0.34 44 1 0.1
Weighted 4th Order Poly. 0.38 0.33 46.0 0.11
Log-Log Linear 0.33 0.32 61.5 0.42
Log-Log Quadratic 0.33 0.31 63.1 0.42
Box-Cox (x) 0.56 0.55 28.7 0.31
Box-Cox (y) 0.56 0.55 41.7 0.35
Robust Linear NA NA 30.3 0.31
Robust Quadratic NA NA 25.9 0.29
Robust Cubic NA NA 243 0.28
Robust 4th Order Polynomial NA NA 23.3 0.26
Robust Weighted Linear NA NA 42.9 0.09
Robust Weighted Quadratic NA NA 44.9 0.09
Robust Weighted Cubic NA NA 441 0.08
Robust Weighted 4th Order

Poly. NA NA 46.0 0.08
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