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DETERMINING THE AIR-VOID DISTRIBUTION IN FRESH CONCRETE WITH THE
SEQUENTIAL AIR METHOD (SAM)

1.0 Introduction
Concrete is widely known as the building material of choice when a long-lasting structure is
desired. However, concrete can be damaged when it is 1) wet and 2) exposed to freezing
temperatures [1, 2]. The damage that occurs due to freezing and thawing can lead to premature
deterioration, costly repairs, and the need to replace concrete infrastructure components well
before they reach the end of their expected lifetimes. This problem is widely known, and there are
many specifications in place designed to minimize these problems.
The most widely adopted approach to producing concrete with frost durability is to add an airentraining admixture (AEA) while the concrete is being mixed. The AEA creates small, welldispersed, air-filled bubbles in the fresh concrete. Current theories hypothesize that these bubbles
act as pressure-relief reservoirs in the hardened concrete that allow water to move during freezing
[2-4]. Because a large number of variables during batching, mixing, and placement impact how
AEAs perform in concrete, in practice it can be challenging to provide a consistent air-void system
in hardened concrete [5]. The concrete industry would greatly benefit from tools that would help
ensure that this process is done correctly and the concrete that is produced will be freeze-thaw
durable.
Current specifications for freeze-thaw durability were developed more than half a century ago.
These specifications are based on the measurement of total air volume in fresh concrete [6, 7].
This is typically done by comparing the actual density to the theoretical, or by measuring the
response of the concrete from an increase in pressure. While this past research looked at concrete
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with many different characteristics, such as the total volume of air, water-to-cement (w/c) ratio,
mixture proportions, and different types of aggregate, the only admixture used in the research was
a Vinsol resin AEA, as this was the only admixture available at the time. This work determined
the need for 9% +/-1% volume of air in the mortar [6, 7], which has since been simplified to about
6% air by volume of the concrete mixture based on an expected paste volume [8]. If these criteria
were met then the mixtures were expected to show satisfactory performance in laboratory freezethaw testing. These decades-old recommendations are still widely used to ensure freeze-thaw
durability. Because of this, current specifications require the volume of air to be measured in the
concrete before it has hardened.
While the specification and measurement of the total volume of air within concrete are useful, more indepth research has shown that the size and spacing of the air-entrained bubbles are more important. For
this paper, the size and spacing of the air bubbles will be combined into a term called the “air void system
quality”. Historically, the air void system quality is defined by “the Spacing Factor” [4, 9]. The ACI 201
technical committee has recommended that a spacing factor of 200 m be used to provide concrete with
satisfactory freeze-thaw durability [10]. The spacing factor can be determined by a hardened air void
analysis or petrographic analysis completed as per ASTM C457 [11]. Unfortunately, the ASTM C457
method requires significant labor, specially trained staff and equipment, and can take between 7 to 14 days
to complete. However, the biggest drawback of this testing is that it cannot be used on concrete before it
has hardened. This means that several days of construction could proceed before this measurement would
indicate that there was an issue. Because of these challenges, most specifications measure the total volume
of air in the concrete while it is being placed and assume that the correlation between air volume and air
quality suggested in the work from the 1950’s is satisfactory. Despite these shortcomings, the ASTM C457
test is helpful, as it can investigate hardened concrete and it provides important insights into the freeze-
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thaw durability of concrete that the total volume of air cannot [9]. For this reason, it will be an important
method to compare to other measurements.

Since the 1950s there have been many changes in the makeup of modern concrete mixtures and so
the original recommendations of measuring only the total volume of air within concrete have been
questioned [12-17]. For example, modern concrete mixtures commonly use portland cement in
combination with other types of supplementary cementitious materials; mixtures often contain
between three to five chemical admixtures; cement is made with new types of grinding aids that
aim to reduce production energy and provide strength increases; and finally, modern construction
practices are much more complex, as machines are used that pump, consolidate, and finish our
concrete. There are numerous examples of how these changes have influenced the original
relationship between air volume and air quality. Specific examples include different AEAs [12,
13, 15], admixture combinations [14, 15, 17] and pumping [18-21]. There has been little progress
made because tools are not readily available to help investigate these issues. Because of these
substantial differences in modern mixtures from those investigated in the 1950’s, it is not clear if
air volume specifications are still appropriate. This highlights the need for a new tool to provide
more insight into the quality of the air void system during construction so that near real-time
changes can be made to ensure that concrete that is freeze-thaw durable is being used and provide
useful insights into how different additives or processes impact the quality of the air void system.
Modern tools are needed to build confidence that concrete construction will be long-lasting in
freeze-thaw environments while also minimizing the amount of material that is rejected at the job
site. Ideally, these tools could be used during both the development of the concrete mixtures and
then again at the job site to evaluate the material. In addition, the measurements should be robust,
accurate, and provide answers in a timely manner that correlate to historic measurements of freeze5

thaw durability. Previous techniques have tried to address this by measuring the bubbles separated
from the concrete through agitation of the mixture in a solution of controlled viscosity. This
process liberates bubbles from the mortar and their size distribution is determined by measuring
the change in the buoyancy force on an inverted plate over time [22, 23]. This technique has found
mixed success but has been suggested by some to be sensitive, variable, and challenging to operate
in the field [24].
This paper outlines a procedure that uses sequential pressures to determine the air void quality in
fresh concrete. The method is described, and results from both laboratory and field testing are
presented along with the variability of the measurement. Finally, a discussion is included over the
potential use and impact of the method. The goal of this paper is to introduce and establish the
validity of the technique. Other papers over the mechanism and usage over a wider number of
materials are in preparation.
2.0 Experimental Methods
2.1 Materials
All the concrete mixtures in this research used a type I cement that met the requirements of ASTM
C150 [25]. Both the oxide analysis and Bogue calculations for this cement used is shown in Table
1. The aggregates used were locally available crushed limestone and natural sand used in
commercial concrete. The crushed limestone had a maximum nominal aggregate size of 19 mm
(3/4”). One mixture contained a blend of the coarse and intermediate aggregate as well. Both the
crushed limestone and the sand met ASTM C33 specifications [26] and have proven to be freezethaw durable.

The absorption of the crushed limestone and sand was 0.60% and 0.55%
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respectively. All the admixtures used are described in Table 2 and met the requirements of ASTM
C260 and ASTM C494 [27, 28].
Table 1 – Type I cement oxide analysis
SiO2
(%)

Al2O3
(%)

Fe2O3
(%)

CaO
(%)

MgO
(%)

SO3
(%)

Na2O
(%)

K2O
(%)

TiO2
(%)

P2O5
(%)

C3S
(%)

C2S
(%)

C3A
(%)

C4AF
(%)

LOI
(%)

Cement

21.1

4.7

2.6

62.1

2.4

3.2

0.2

0.3

17.8

8.2

7.8

-

38.7

18.8

5.8

23.1

5.6

1.2

1.8

0.6

0.4

56.7

Fly Ash

1.5

-

-

-

-

0.6

Table 2 – Admixture references

Short Hand

Description

Application

WROS

Wood Rosin

Air-entraining agent

SYNTH

Synthetic chemical
combination

Air-entraining agent

PC

Polycarboxylate

Superplasticizer

WR

Triethanolamine

Water reducer

The wood rosin (WROS) and synthetic (SYNTH) AEA are two popular commercial AEAs.
Sixteen different mixture designs were investigated and are shown in Table 3. A subset of mixtures
was investigated with either a polycarboxylate (PC) superplasticizer meeting ASTM C1017 or a
midrange water reducer (WR) meeting ASTM C494 [27, 29]. A dose of between 60 and 200
mL/100 kg was used to increase the slump of the mixture between 50 mm to 150 mm. Between
five and fourteen dosages of AEA were investigated for each mixture to achieve a range of air
contents from 2% to 10%. An ASTM C618 Class C fly ash [30] was used in several of the mixtures
with a 20% cement replacement by weight.
7

Testing was also completed with 62 field mixtures from seven different sites in Oklahoma. The
majority of these samples were taken from paving projects and more details can be found in other
publications [31]. Data is also included in this paper from a study completed by the US Federal
Highway Administration (FHWA) Turner Fairbanks Research Lab in McLean, Virgina, USA.
This allowed an independent evaluation of the method with other materials but similar methods.
This work is summarized in other publications [32].
Table 3–SSD Mixture proportions

w/cm

Cement
kg/m3

FlyAsh
kg/m3

0.45
0.45
0.53
0.41
0.39

362
362
362
362
362

0
0
0
0
0

362

0

362
290
223
290

0
72
56
72

290

72

290

72

290

72

290

72

290

72

290

72

Paste
Volume
(%)
29
29
32
28
27

Coarse
kg/m3

Fine
kg/m3

Water
kg/m3

Admixture
Used

1098
1098
1053
1127
1140

714
714
682
722
730

163
163
192
148
141

1098

714

163

1098
1089
785/573*
1115

714
709
634
724

163
163
126
145

1115

724

145

1127

768

127

1115

724

145

1115

724

145

1115

724

145

1115

724

145

28
290
72
1115
724
* Mixture used a coarse and intermediate aggregate blend.

145

WROS
SYNTH
WROS
WROS
WROS
WROS +
PC1
SYNTH +
PC1
WROS
WROS
WROS
WROS +
PC1
WROS +
PC1
WROS +
PC2
WROS +
PC3
WROS +
PC4
WROS +
PC5
WROS +
WR

0.45
0.45
0.45
0.45
0.40
0.40
0.35
0.40
0.40
0.40
0.40

29
29
30
23
28
28
28
28
28
28
28

0.40
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2.2 Concrete Mixture Procedure and Testing
Aggregates were collected from outside storage piles and brought into a temperature controlled
room at 23°C for at least 24 h before mixing. Aggregates were placed in the mixer and spun and a
representative sample was taken for a moisture correction. At the time of mixing all aggregate was
loaded into the mixer along with approximately two-thirds of the mixing water. This combination
was mixed for three min to allow the aggregates to approach the saturated surface dry (SSD)
condition and ensure that the aggregates were evenly distributed.
Next, the cement, fly ash (if used), and the remaining water was added and mixed for three min.
The resulting mixture rested for two min while the sides of the mixing drum were scraped. After
the rest period, the mixer was started and the admixtures were added. If the PC or WR was used
then it was added first and allowed to mix for 15 s to 30 s then the AEA was added. After the
admixtures were added the concrete was mixed for three min.
Samples were made for hardened air-void analysis (ASTM C457 [11]), and a selection of mixtures
was investigated with rapid freeze-thaw testing (ASTM C666 [33]). Two 7 L samples were tested
with the Sequential Air Method or SAM. These two samples were investigated simultaneously by
different operators to determine the variability of the method.
2.3 Sequential Air Method
The device used to complete the SAM resembles an ASTM C231 [34] Type B pressure meter with
some modifications. The meter uses a digital pressure gauge and six restraining clamps instead of
the typical four. These additional clamps are required because of the increased pressures during
the SAM test. A picture of an initial version of the device is shown in Fig. 1.
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Air pump

Top
chamber

Lever
Petcock

Petcock

Lid

Bottom
chamber

Figure 1 – The device used to complete the SAM.
The different components of the meter are shown in Fig. 1 and are referenced throughout the
procedure. The first step in the method is to fill, consolidate, and level fresh concrete in the bottom
chamber according to ASTM C231 [34]. A plate is used to level the concrete. Next, the rim and
seal between the lid and bottom chamber are cleaned. The lid is then secured to the bottom
chamber by the clamps. Water is then added through the petcocks to fill the area between the
concrete and the lid. Next, the top chamber is pressurized to 100 kPa ± .7 kPa (14.5 psi ± 0.05
psi) and allowed to stabilize. The petcocks are then closed, and the lever is pressed to bring the
two chambers to equilibrium while the bottom chamber is hit on all sides with a rubber mallet.
This lever is held for at least 10 s to allow the two chambers to reach equilibrium. The value is
recorded and used to calculate the volume of the air in the concrete [35, 36]. Without opening the
petcocks, the top chamber is pressurized to 207 kPa ± .7 kPa (30 psi ± 0.05 psi). The lever is then
pressed for 10 s to bring the two chambers to equilibrium while the bottom chamber is hit on all
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sides. The top chamber is then pressurized to 310 kPa ± .7 kPa (45 psi ± 0.05 psi) without opening
the petcocks. The lever is then pressed for 10 s and the sides of the bottom chamber are again hit
with a rubber mallet. This value should be recorded and will be known as Pc1. The petcocks are
then opened to release the pressure in the bottom chamber. Without removing the lid, water is
then added to the bottom chamber to fill the area between the lid and the consolidated concrete
and the procedure is repeated. The equilibrium pressure after completing the 310 kPa pressure is
recorded as Pc2. The test takes between eight to ten min by an experienced user to complete.
Figure 2 shows a typical data set and a video of the test is available [37].
35
30

Pc2

Pc1

SAM
Number

Pressure (kPa)

25
20
15

Air
volume

10
Top Chamber, Pc

5

Bottom Chamber, Pa
Equilibrium Pressure

0
Time

Figure 2 A graphical representation of the pressures in the top and bottom chamber in the SAM.
The device in this paper is an improved version of previous publications [38]. The previous version
used five pressure steps with a maximum of 517 kPa (75 psi). This test uses three pressure steps
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with a maximum pressure of 310 kPa (45 psi) and a more sensitive gauge. These changes increase
the speed, accuracy, and create new correlations to air void quality in the test results.
2.3.1 SAM Number calculations
From the results in Fig. 2, it can be seen that the two pressure curves are not exactly the same. To
quantify these differences a term called the SAM Number is used. This can be expressed
mathematically as:
SAM Number = (Pc2 – Pc1)/c
Where Pc2 is the second equilibrium pressure at 310 kPa (45 psi) and Pc1 is the first equilibrium
pressure at 310 kPa (45 psi). The value c is a constant that is 1.45 if the units are in kPa and 1.0 if
the units are in psi. SAM Numbers in the 303 mixtures investigated ranged from 0.03 to 0.83.
The SAM Number is an empirical number that will be correlated to other parameters such as
Spacing Factor and Durability Factor. The SAM Number is reported as a unitless value because
it does not have a physical meaning and is only used as a correlative number.
2.3.2 Air Content and Aggregate Correction
The volume of air in the concrete can be determined by using Boyle’s Law from the first
equilibrium pressure at 100 kPa (14.5 psi). This procedure is discussed in other publications [31,
35, 36] and matches the same method and procedure used in the conventional pressure meter
(ASTM C231).

Past experiments with similar equipment have shown that the air content

determined by the SAM closely matched results from the ASTM C231 pressure method [31, 32,
38, 39]. Because the procedures are the same and shown to be equivalent, this is not investigated
further in this work.
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The calculated air volume with the procedure does not include the aggregate correction factor
caused by air contained within the aggregate. The procedure to find the aggregate correction factor
is outlined in ASTM C231 [34]. Since the SAM Number compares the difference between two
sequential pressures, any impact caused by the aggregate on the response to pressure should be
removed by subtracting the two pressure responses from each other. The application of this
procedure on aggregates of high porosity, such as lightweight aggregates, is an area of future
research.
2.3.3 Variability in measurement
The variability of the SAM Number was evaluated by using two operators to simultaneously
investigate the same concrete mixture. To gain more insight, testing was also done by two
operators by using water and a calibration vessel that provided a reading of 5% air. By only using
water and a calibration vessel then this allowed the variability of the test to be examined without
including the variability of the concrete.
2.4 Hardened Air Sample Preparation
Samples were cut into 19 mm thick slabs, the surface was treated with an acetone and lacquer
mixture to harden the surface, and then the samples were lapped with sequentially finer grits. The
prepared surface was then inspected under a stereo microscope. After a satisfactory surface was
obtained the hardener was removed with acetone. The sample was then blackened with black
permanent marker, the voids were filled with <1 m white barium sulfate powder, and the voids
within the aggregates were blackened under a stereo microscope. This process left the surface of
the concrete sample black and the voids within the paste white. Sample preparation details can be
found in other publications [31, 40]. The surface was then investigated with ASTM C457 [11]
method C by using the Rapid Air 457 from Concrete Experts, Inc. For a threshold range between
13

0 and 256, a single value of 185 was used for all samples and the results do not include chords
smaller than 30 m. These settings have been shown to provide satisfactory results with the
materials and instrument used and match the practices by others [40-42].
3.0 Results and Discussion
3.1 Establishing the Usefulness of the SAM Number
To highlight how the SAM compares to the air content, Spacing Factor, and the Durability Factor,
two concrete mixtures have been compared. These two mixtures are identical except one mixture
contains an AEA and the other a water reducer and AEA (see 0.40 WROS and 0.40 WROS + PC1
in Table 3 for more details). Figure 3 shows the relationship between the air content and the
Spacing Factor. Lines are shown to highlight the trends in the data. The data shows that the
Spacing Factor is quite different between the two mixtures at comparable air contents. For
example, the linear trend line for the mixture with just an AEA requires only 4.5% air to have a
Spacing Factor of 200 m and the mixture with the admixture combination requires 7.5% air.
This suggests that the two mixtures have a substantially different relationship between air volume
and Spacing Factor. This highlights the challenge of only using the air content to determine the
quality of the air void system in fresh concrete. This reinforces the findings from previous research
that suggests the air void quality and air volume do not have the same relationship in all mixtures.
In Figure 4, these same mixtures are investigated but the SAM Number from these mixtures is
compared to the Spacing Factor. The linear trend lines are almost overlapping for both data sets.
This shows that for these two mixtures that the SAM Number shows a better correlation to the
Spacing Factor or air void quality in the fresh concrete than the volume of air.
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400

Spacing Factor (µm)

350

Not Recommended

250

ACI 201.2R

200
150
100

WROS + PC1 .40

WROS .40

300

Recommended
1

2

3

4

5

6

7

8

Fresh Air %

Figure 3 – Air content versus Spacing Factor for two mixtures with very different air void qualities
for the same air volume. This highlights how air volume does not necessarily correlate with air
void quality.
400

Spacing Factor (µm)

350
300

WROS .40
Not Recommended

250

ACI 201.2R

200
150
100

WROS + PC1 .40

Recommended
0.00

0.10

0.20

0.30

0.40

0.50

0.60

SAM Number

Figure 4 – The SAM Number versus the Spacing Factor for the two mixtures previously shown in
Figure 3. These mixtures do not have the same relationship between air content and Spacing Factor
but they do have the same SAM Number versus Spacing Factor.
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Next, these same mixtures are investigated to determine the relationship between air volume and
SAM Number and the Durability Factor. Figure 5 shows that the two mixtures needed drastically
different air volumes to produce equivalent Durability Factors. Polynomial trend lines are plotted
and show that the mixture with the AEA had a Durability Factor above 70% when the air volume
was higher than 2.75% while the mixture with the admixture combination required almost 6% air.
This again highlights the inability to use the volume of air to predict the air void quality and in
turn the freeze-thaw durability of a concrete mixture.
Figure 6 compares both of these mixtures but now uses the SAM Number and compares it to the
Durability Factor. The trend lines are again shown to be almost overlapping for concrete mixtures
when the SAM Number is used to investigate their performance. This highlights how the SAM
Number does a better job than the volume of air to predict the freeze-thaw durability of the concrete
mixtures investigated.
This data is significant as it shows that not all concrete mixtures follow the same variation of air
void quality and air content and that the SAM Number is able to provide insights that are not
possible by looking at the total volume of air. Next, the SAM Number will be used to investigate
a much larger data set. The reader should be reminded that the goal of this paper is to show the
validity of the SAM Number and the usefulness of the method to make measurements in fresh
concrete that provide important insights into the freeze-thaw durability of concrete mixtures while
the mixture can still be manipulated.
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80%
70%
60%
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40%

WROS .40
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10%
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Fresh Air %

Figure 5 – The air content versus the Durability Factor for the two example mixtures. The two
mixtures need significantly different air contents to meet the recommended Durability Factor.
100%
90%

Recommended

Durability Factor

80%
70%
60%
50%

Not
Recommended

40%
30%

WROS .40

WROS + PC1 .40

20%
10%
0%

0.00

0.10

0.20

0.30

0.40

0.50

0.60

SAM Number

Figure 6 – The SAM Number versus the Durability Factor for the same example mixtures. In this
example, both mixtures need approximately the same SAM Number to provide the recommended
Durability Factor.
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3.2 Evaluation of the SAM Number for Large Data Sets
Figure 7 shows the correlation between the SAM Number and the Spacing Factor for 303
laboratory and field concrete mixtures that were completed by two different labs. These mixtures
consisted of 176 laboratory mixtures completed at Oklahoma State University, 65 laboratory
mixtures completed at FHWA Turner Fairbanks, and 62 field mixtures from seven different field
projects in Oklahoma. All laboratory mixtures completed at Oklahoma State University are
contained in the appendix.
While the data in Fig. 7 is scattered, there does seem to be a correlation between the Spacing Factor
and SAM Number. This variation could be caused by differences in the measurement procedures,
the material, or perhaps another mechanism not yet understood. Despite the variance in the data,
the results show that the SAM Number still provides a useful measure that can be completed in
fresh concrete that correlates to the Spacing Factor.
While an equation could be fit to the data, the expected variability from the measured and predicted
values would make this approach hard to implement. Instead, it was decided to use a single SAM
Number as a limiting value much like what is currently done with the Spacing Factor and
Durability Factor. For example, Figure 7 shows the suggested Spacing Factor of 200 m from
ACI 201.2R-16 [10] along with a SAM Number of 0.20. By using this single SAM Number as a
threshold value it allows the user to determine in a single measurement if a Spacing Factor is above
or below a target value. Again, this concept of using a single critical value is commonplace in
determining freeze-thaw durability and assists practitioners with implementation.
By using this approach this allowed the Spacing Factor and SAM Number to be separated into four
quadrants. In two of these quadrants, the measurements agree. For example, the Spacing Factor
18

and SAM Number are above or below a critical value.

In the other two quadrants, the

measurements do not agree and one of the measurements indicates a satisfactory value and the
other does not. By finding the SAM Number that allowed the most data points to fall within the
quadrants that agree this allowed a quantitative method to choose the best SAM Number for the
desired Spacing Factor. This was done for spacing factors of 200 µm, 250 µm, and 300 µm and
the best correlating SAM Numbers were found. The results of this analysis are shown in Figure
8. It is interesting that when a SAM Number of 0.20 is used that this correlated with a spacing
factor of 200 µm for 88% of the comparisons. If the user is interested in determining a Spacing
Factor of 250 µm then a SAM Number of 0.25 correctly separates 85% of the comparisons. This
almost perfect correlation between the numbers does not continue for a Spacing Factor of 300 µm
as a SAM Number of 0.33 shows the best correlation for just over 75% of the data.
This correlation between the two measurements can be quite useful as the SAM Number can be
obtained within 10 min in the fresh concrete and allow immediate changes to be made or feedback
to the user about the quality of the air void system. Furthermore, the correlation of a single SAM
Number and Spacing Factor is quite high and shows a general agreement between the two methods.
The use of the SAM to measure the quality of the air void system is much better than waiting the
seven to ten days required to cut, polish, and analyze a sample for a Spacing Factor.

19

500

Low quality air void
system agreement

Recommended SAM
Number

450

Spacing Factor (µm)

400
350
300
250

ACI 201.2R

200
150

OSU Lab Data

100

FHWA Lab Data
High quality air void
system agreement

50
0

0.00

0.10

Field Data

0.20

0.30

0.40

0.50

0.60

0.70

0.80

SAM Number

Figure 7 – The SAM Number versus the Spacing Factor for 303 laboratory and field mixtures
completed by two different research groups. A SAM Number of 0.20 was able to correctly identify
if the Spacing Factor was above or below 200 µm for 88% of the data.
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Figure 8 – The percent agreement between the Sam Number and different spacing factors.
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3.3 Comparison to Durability Factor
The Spacing Factor has been traditionally used as in lieu of testing for freeze-thaw durability
because the test could be completed more rapidly and with less effort than laboratory freeze-thaw
testing. Since a good correlation was found between the Spacing Factor and SAM Number one
would expect a good correlation between SAM Number and the results from the freeze-thaw
testing. However, the best correlation between the SAM Number and Durability Factor may not
be the same.
Figure 9 shows the relationship between Durability Factor and SAM Number for 68 different
concrete mixtures. Again, a single SAM Number was used to investigate the data. The results of
the analysis are shown in Figure 10 for a Durability Factor of 60%, 70%, and 80%. All three of
these limit states showed very similar agreement with the SAM Number. The results show that
there is no difference between a SAM Number of 0.32 and 0.35. A SAM Number of 0.32 was
chosen as the limit as it provides a conservative estimate and it correctly separated nearly 90% of
the investigated mixtures. Furthermore, if one was using these results to create a specification then
it may be appropriate to use a SAM Number that is even lower in order to provide some safety
factor against failure. This will be discussed in more depth later in the paper.
Next, the Spacing Factor and Durability Factor are compared in Figure 11. This was done for the
same 68 mixtures that are shown in Figure 9. When a Spacing Factor of 200 mm was compared
to a Durability Factor of 70% it was found that this combination of limits correctly separated 69%
of the data points. This shows that a SAM Number of 0.32 better correlates to a Durability Factor
of 70% for the mixtures investigated. This again is promising data as the SAM Number can be
measured in fresh concrete with less effort than either the Durability Factor or Spacing Factor.
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More importantly, because the SAM Number can be completed in fresh concrete then it can be
used to make immediate changes to the concrete mixture before placement.
100%

WROS .45
WROS .40
WROS + WR .40
WROS + PC1 .40
WROS + PC1 .35
WROS + PC2 .40
WROS + PC3 .40
WROS + PC4 .40
WROS + PC5 .40

90%

Durability Factor

80%

Recommended

70%

Not
Recommended

60%
50%
40%
30%
20%
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0%
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0.40

0.50
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Figure 9 – SAM Number versus Durability Factor for 68 mixtures. A SAM Number of 0.32
identified whether the concrete would have a Durability Factor above 70% for 90% of the mixtures
investigated.
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Figure 10 – The percent agreement between the SAM Number and different durability factors.
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Figure 11 – The Spacing Factor versus the Durability Factor for 68 concrete mixtures. A Spacing
Factor of 200 m identified if the concrete would have a Durability Factor above 70% for 69% of
the mixtures investigated.
3.4 Variance of the Measurement
It is important that the variation of a testing method is well understood. To investigate the
variability of the test method 170 concrete mixtures were completed with two different SAM
meters and two operators simultaneously completing the measurement. The measured SAM
Number from each meter is shown in Figure 12. A line of equity has also been added to the graph.
Ideally all of the mixtures would fall on the line but as can be seen, there is some variance. This
difference in measurements could be caused by variations from operators, materials, or the method
itself.
Table 4 shows that the average difference between these two measurements was found to be 0.008
with a standard deviation of 0.049. This means that on average the two measurements between
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two meters will be off by 0.008 but that the expected difference between two measurements can
vary by 0.10 for a 95% confidence interval (two standard deviations). These numbers are
important for users to understand when specifying and using the SAM Numbers.
These same operators and equipment were used to examine the SAM Number with the bottom
chamber filled with water and a calibration vessel. The results are also shown in Table 4. This
was done to simplify the test and remove the complications caused by evaluating concrete. By
only using water it removes the variability of sampling, consolidating, finishing, and the inherent
variability of the material.
For the water testing, the average difference between the measurements was similar but it reduced
from 0.008 to 0.005; however, the standard deviations of the measurement was reduced by 2.3
times. Since the same equipment and operators were used to complete both sets of tests this
suggests that the variability of the use of concrete in the test plays a significant role in the
variability of the measurement.
To look at this in more detail the variability of hardened air void test (ASTM C457) and the rapid
freeze-thaw test (ASTM C666) test was compared to the variance measurements of the SAM
Number. This was done because all three of the tests aim to measure the air void quality either
directly or indirectly. In order to compare the tests the coefficient of variation (COV) was used.
This allows the variation and average value of a test to be compared. This also provides a useful
tool to quantitatively compare the variation of different test methods.
Table 5 shows that all three tests have a COV between 15.2% and 22.7% with the SAM Number
showing the lowest COV. Because the COVs between these three tests are so similar this could
mean that the air void quality in concrete is more variable than other parameters that are more
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commonly measured such as the compression strength or unit weight. This is also supported by
the observation that the variation of the SAM Number was significantly reduced when only

SAM Number Meter B

investigating water in the test method.

0.8
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0.4
0.2
0

0

0.2

0.4
0.6
SAM Number Meter A

0.8

Figure 12 – A comparison of the SAM Number from two different meters measured on the same
concrete mixtures. A line of equity is shown for comparison.

Table 4 - A summary of the SAM variance for measurements in concrete and with a calibration
vessel in water.

Average difference for
two SAM Numbers
Standard deviation
between two SAM
Numbers
Number of observations

Concrete

Calibration
vessel in water

0.008

0.005

0.049

0.021

170

16

25

Table 5 – A comparison of the coefficient of variation, agreement with Durability Factor as found
in this paper, and the time required to complete the test.

Test Method

Parameter

COV

Agreement with
Durability Factor
of 70 In ASTM C
666

SAM

SAM Number1

15.2%

90%

10 min

ASTM C457

Spacing Factor2

20.1%

67%

7 days

ASTM C666

Durability Factor3

22.7%

-

3.5 months

Time to complete
the test

Assumes a SAM Number of 0.32 and a standard deviation of 0.049 from this paper
2
From ASTM C457
1

3

From ASTM C666 with a durability factor of 75 and Method B

3.5 Different SAM Number Limits and Specifications
ACI 201.2R-16 [10] has suggested that a spacing factor of 200 µm is recommended to obtain
freeze-thaw durable concrete. However, for the mixtures investigated a Spacing Factor of 200 µm
was found to be a conservative estimate for a Durability Factor between 60% and 80%. Because
of this, a higher SAM Number showed a better correlation to a satisfactory Durability Factor then
the historically recommended Spacing Factor. It is possible that the historic Spacing Factor limit
of 200 mm was chosen with a safety factor to minimize freeze-thaw failures.
In order to use the SAM Number in a specification, a safety factor is needed to ensure the measured
values provide a safe estimate of freeze-thaw durability. This means that if a satisfactory
Durability Factor is required then the SAM Number should be 0.32 or lower. However, based on
the variability in the measurement this means that a target SAM Number of 0.22 (two standard
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deviations) should be used to obtain a 95% confidence interval. If this number is rounded to 0.20
then this matches the SAM Number correlation to the historic limit of a Spacing Factor of 200 µm.
It should be emphasized that this SAM Number of 0.22 or 0.20 if rounded, is not a performance
limit for a mixture but a target value for design. As long as a value does not go above 0.32 then
the performance in the rapid freeze-thaw test is predicted to be satisfactory. However, a specifier
should use a level of confidence that they feel is appropriate for the measurement. These
recommendations are currently being investigated with an even wider range of materials and will
be reported in future publications.
3.6 Practical Significance
Freeze-thaw specifications currently rely on the measurement of the total volume of air because a
technology did not previously exist that could economically and reliably measure the air void
quality in fresh concrete. This work presents a technology that shows great promise to address
these challenges that could allow new procedures to specify, design, and construct air entrained
concrete so that there is a greater understanding of the size and spacing of the bubbles stabilized
during mixing. An outstanding feature of this method is that it can be used to investigate concrete
before it has hardened and determine the quality of the air void system.
This will allow the SAM Number to be used in multiple ways by owners, contractors, and
producers. For owners, the device can be used at the point of construction to help ensure that frost
durable concrete is being used in their project. This means that once the concrete is delivered to a
job site, it can be tested and adjusted to bring it within the specification. These adjustments can
be made by adding more AEA to the mixture or mixing the concrete for longer to try and increase
the air void quality. The SAM is also a very valuable tool for producers when they are designing
a mixture. It can help both contractors and producers better understand how their materials and
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practices impact the air void quality of the concrete. By making a comparison of systematic
measurements the parameter causing the undesirable change in the air void quality can be
identified. This can help improve the design of the concrete mixture and identify materialinteraction problems before concrete is delivered to the job site. This could reduce the amount of
concrete that is rejected for not being freeze-thaw durable. Also, producers will be able to gain
new insights into how their materials behave and interact before the concrete is delivered. This
will ultimately make it easier to provide longer-lasting concrete and will be of immense benefit to
the entire concrete industry.
4.0 Conclusion
This work presents a new method to measure the air void quality in fresh concrete by using
sequential pressures. The test can determine both the volume of air and a parameter called the
SAM Number that is shown to correlate to hardened air void analysis and rapid freeze-thaw testing.
Results from two different testing laboratories and field data from 303 concrete mixtures are
included in this paper. In addition, the measurement variance is shown to be lower than hardened
air void analysis and rapid freeze-thaw testing. These specific findings have been made:
•

A SAM Number of 0.20 and 0.25 shows a correlation to a Spacing Factor of 200 µm and 250 µm
with an 88% and 85% agreement respectively.

•

A SAM Number of 0.32 correlates with a Durability Factor between 60% and 80% for over 88%
of the data investigated, while a Spacing Factor of 200 µm correlated with a Durability Factor of
70% for only 68% of the data.

•

The standard deviation of two SAM Numbers from two different operators using different sets of
equipment that were run simultaneously was shown to be 0.049 for concrete and 0.021 when
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investigating water and a calibration vessel. This lower variability with water suggests that over
50% of the variation in the test is caused by the use of concrete in the test.
•

The coefficient of variation of the SAM Number that showed the best correlation to freeze-thaw
durability is 15.2%. This value is comparable but lower than similar measurements from
hardened air void analysis and rapid freeze-thaw testing.

•

A target SAM value of 0.22 or conservatively 0.20 is suggested for design to ensure mixtures
have a satisfactory performance in rapid freeze-thaw testing.

Both a large scale field study and investigation into the basic science of the SAM Number are
being completed and will be reported in future publications. The construction industry is in
dire need of tools that are rapid, and provide critical insights into a material performance that
allow almost real-time adjustments to be made to concrete mixtures. These tools help
producers meet specifications, contractors to stay on schedule, and owners to obtain the desired
performance. The SAM has the potential to fill this need. Furthermore, this method can
provide critical insights into how many important variables impact the air void quality of
concrete. Some examples include: admixture incompatibility, vibration, pumping, temperature
changes, finishing, mixing energy, mixer type, and hauling.
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FIELD AND LABORATORY VALIDATION OF THE SAM
1.0 Introduction
Throughout the world, concrete is a widely used material for infrastructure construction. The quality of
modern concrete mixtures is increasingly more important because of the emphasis on long-term durability
and improved constructability. However, the tools used to evaluate these materials during design,
production, and construction have not evolved to match these higher expectations or the new materials
used in modern concrete.
When concrete becomes critically saturated and experiences a series of freezing and thawing cycles,
damage can occur [1, 2]. However, if the concrete mixture contains a well-distributed air void system
then this damage can be resisted [3-5]. This is typically done by including an air-entraining admixture
(AEA) during mixing. This surfactant creates well-spaced air bubbles within concrete that form voids in
the hardened concrete. These voids create pressure-relief regions for water movement during freezing [2,
3, 5, 6]. While most specifications require a certain volume of air within the concrete, it is more important
to provide a small and well-distributed bubble system in the fresh concrete that in turn creates a void
system with the right size and spacing [7-9]. For this work, a term called the quality of the air void
system will be used to describe a satisfactory void size and spacing in the hardened concrete.
The most established method to determine the air void quality is to use a hardened air void analysis and
determine a parameter called the Spacing Factor [3, 4]. After the concrete has hardened, it is cut,
polished, and the surface is inspected under a microscope to inspect the voids. This process can take
weeks and so it cannot be used to provide the immediate feedback needed to modify the fresh concrete.
While there are other methods that can measure the volume of air in fresh concrete (ASTM C 231, ASTM
C 138, ASTM C 173), the volume of air does not necessarily represent the quality of the air void system
[10-12].
The concrete industry needs a test method to determine the size and spacing of the air voids within the
fresh concrete that can be completed in either the lab or the field. A new test method that measures the
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concrete response to sequential pressure steps has been developed to address these needs [5]. This test
method gives real time results, allowing for production adjustments before concrete placement and is
known as the Sequential Air Method or SAM and is described by AASHTO TP 118 [13]. The SAM
results show an 88% agreement with the Spacing Factor of 200m and a 90% agreement with a
Durability Factor of 70% in rapid freeze-thaw testing (ASTM C 666) [5]. The original publications over
the SAM used primarily laboratory and only limited field data (241 laboratory and 62 field mixtures) [5].
This work aims to expand that original data set with a special emphasis on gathering field data in a wide
array of conditions, with different materials, equipment, and operators. All of the data is combined in this
paper to allow stronger conclusions to be gained from a larger dataset.

2.0 Experimental Methods
2.1 Laboratory Materials
Table 1 shows the oxide analysis and Bogue calculations for the Type I cement used in all of the
laboratory concrete mixtures in this report. These mixtures met ASTM C150 standards. Crushed
limestone and natural sand were the aggregates used from local sources. Some mixtures used a
combination of coarse and intermediate sizes. Both aggregates met ASTM C33 standards. The
maximum nominal aggregate size of the limestone was 19 mm (3/4”). Table 2 shows the admixtures used
that met the ASTM C260 and ASTM C494 standards.
Table 1 – Oxide analysis of materials used in the study. After [5].
Oxide
(%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P 2O5 C3S C2S C3A C4AF

Cement

21.1

4.7

2.6

62.1

2.4

3.2

0.2

0.3

-

-

Fly Ash

38.7

18.8

5.8

23.1

5.6

1.2

1.8

0.6

1.5

0.4
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56.7 17.8 8.2
-

-

-

7.8
-

Table 2 – Admixture References. After [5].
Abbreviation

Description

Generic Chemical Name

WROS

Wood Rosin

Air-entraining agent

SYNTH

Synthetic chemical combination

Air-entraining agent

PC

Polycarboxylate

Superplasticizer

WR

Triethanolamine

Water reducer

The air-entraining agents (AEAs) in this research are wood rosin (WROS) and synthetic (SYNTH) AEA.
These are common commercial AEAs. Table 3 shows the twenty-three different mixture designs studied
for the lab testing. A subset of mixtures was examined with either a polycarboxylate (PC)
superplasticizer meeting ASTM C1017, a midrange water reducer (WR) meeting ASTM C494, or a
shrinkage reducer (SRA) meeting ASTM C494. The PC dosage fell between 60 and 200 mL/100 kg to
adjust the slump of the mixture between 50 mm to 200 mm. Some of the mixture designs used a Class C
fly ash replacement for 20% of the cement by weight that met ASTM C618 standards. Each mixture
design consisted of four to fourteen dosages of AEA to study air contents from 2% to 10%. This allowed
192 mixtures to be investigated. The details are given in the appendix.
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Table 3 – SSD Mixture Quantities
w/cm
0.45
0.45
0.53
0.41
0.39
0.45
0.45
0.45
0.45
0.40
0.40
0.35
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.45
0.45
0.50
0.50

Cement

Fly-Ash

kg/m

kg/m

3

362
362
362
362
362
362
362
290
223
290
290
290
290
290
290
290
290
362
362
335
335
335
335

0
0
0
0
0
0
0
72
56
72
72
72
72
72
72
72
72
0
0
0
0
0
0

3

Paste
Coarse
Volume
3
kg/m
(%)
29
1098
29
1098
32
1053
28
1127
27
1140
29
1098
29
1098
30
1089
23
785/573*
28
1115
28
1115
28
1127
28
1115
28
1115
28
1115
28
1115
28
1115
28
1098
28
1098
27
1142
27
1142
29
1115
29
1115

Fine

3

Water

kg/m

kg/m3

714
714
682
722
730
714
714
709
634
724
724
768
724
724
724
724
724
742
742
742
742
724
724

163
163
192
148
141
163
163
163
126
145
145
127
145
145
145
145
145
145
145
151
151
167
167

Admixture Used
WROS
SYNTH
WROS
WROS
WROS
WROS + PC1
SYNTH + PC1
WROS
WROS
WROS
WROS + PC1
WROS + PC1
WROS + PC2
WROS + PC3
WROS + PC4
WROS + PC5
WROS + WR
WROS
WROS+PC1
WROS
WROS+PC1
WROS
WROS+PC1

* Mixture contained coarse and intermediate aggregates.

he US Federal Highway Administration (FHWA) Turner Fairbanks Highway Research Center laboratory
in McLean, Virginia, USA also provided data for this report to show an independent assessment of the
test method with different materials. This work is summarized in other publications [14].

2.2 Field Materials
To investigate the field performance of the SAM, testing was completed by either a Department of
Transportation or private testing labs from 21 different States and one Canadian Province. Throughout
the entire data set, over 15 users completed the SAM test. This data was collected from more than 110
projects. The nine states that provided detailed information used 34 different mix designs. Within those
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mix designs, there were 62 different aggregates, 19 different cement sources, 20 different fly ash sources
and 39 different admixtures. The mixtures investigated consist of approximately 60% pavement
mixtures, 20% bridge deck mixtures, and 20% other air-entrained mixtures including self-consolidating,
precast, ready mix, and central mix concrete. No light weight aggregate was investigated in this testing.
A single sample was used for hardened air void analysis (ASTM C457) and a single measurement from
the SAM device was used. Investigating the performance of the SAM on this wide range of materials
allows a large number of variables to be investigated that could not be practically completed in a
controlled laboratory setting.

2.3 Laboratory Concrete Mixing and Testing Methods
Aggregates from outdoor storage piles were gathered and moved indoors to a controlled temperature of
23°C. After 24 hours, the aggregates were loaded into the mixer and spun. Samples were collected from
the mixer for moisture corrections. After moisture corrections were calculated, all of the aggregate and
two-thirds of the water was placed in the mixer and spun for three minutes. This time allowed for evenly
distributed aggregates and for the aggregates to be closer to saturated surface dry (SSD).
The residual water, cement, and fly ash were added next and mixed for three minutes. While the mixing
drum was scraped, the concrete mixture rested for two minutes. Following the rest time, the mixer was
spun and the admixtures were added. The AEA was added 15 to 30 seconds after the PC or WR, then the
mixture was spun for three minutes.
One hardened air-void analysis (ASTM C457) sample was made from each concrete mixture for testing.
Two 7L samples were tested simultaneously with the SAM by different operators. These were used to
find the average SAM Number of a mixture.

2.4 Sequential Air Method
The SAM device is similar to the ASTM C231 Type B meter with some modifications. The SAM device
uses six restricted clamps to account for increased pressures and a digital pressure gauge for testing. The
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SAM can be used to test concrete before it hardens, which provides insight into the air void system to
help design and evaluate the air void system of the hardened concrete. The device is shown in Fig. 1.

top
chamber

bottom
chamber

Figure 1 – SAM testing device and section of SAM device showing top and bottom chambers. The
detailed image of the device is after [5].
The test takes an experienced user between eight to 10 minutes to complete. Figure 2 shows a typical
data set and a video of the test is available [15]. The test applies three sequential pressures to the fresh
concrete and the equilibrium pressures are recorded. The pressure is then released and the same steps are
applied again to the fresh concrete. The SAM Number is calculated by taking the numerical difference
between the final pressure steps. The difference between the pressure responses is an indication of the air
void size and spacing in the concrete. Further details can be found in other publications [5].
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Figure 2 – SAM pressure steps graphically shown for the top and bottom chambers. Image is after [5].

2.4.1 SAM Number Calculations
he SAM Number is can be calculated as: 2 – P1)/c. Where P1 is the first equalized pressure at 310 kPa (45
psi) and P2 is the second equalized pressure at 310 kPa (45 psi). The value c is a constant that is 1.45 if
the units are in kPa and 1.0 if the units are in psi. More details can be found in Figure 2. The SAM
Numbers ranged from 0.03 to 0.78 for the mixtures represented. The SAM Number is an empirical
number that has been correlated to the air void size and spacing from empirical relationships [5].

2.4.2 Air Content and Aggregate Correction
The total volume of air in the mixtures can be found from the first equilibrium pressure at 100 kPa (14.5
psi) by using Boyle’s Law. This procedure is explained in other publications [16-21] and uses the same
method and procedure used in the conventional pressure meter (ASTM C231). Previous experiments
with similar equipment have shown that the air content found by the SAM agreed with results from the
ASTM C231 pressure method [14, 16, 22]. Further, a correction is needed for the air volume
measurement if the aggregates are porous. This correction is described in AASHTO TP 118 [13].
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2.4.3 Measurement Variability
The variability of the SAM Number is reported to have a standard deviation of 0.049 and a coefficient of
variation of 15.2%. The coefficient of variation is lower than the reported values for determining the
Spacing Factor and Durability Factor (20.1% and 22.7% respectively) [5].

2.5 Sample Preparation for Hardened Air Void Analysis
oncrete samples were cut into 19 mm thick slabs and polished with sequentially finer grits. The surface
of the sample was preserved with an acetone and lacquer mixture to strengthen the surface before it was
inspected under a stereo microscope. After an acceptable surface was obtained, the sample is cleaned
with acetone. The surface was then colored with a black permanent marker, the air voids were filled with
less than 1 µm white barium sulfate powder, and the air voids within the aggregates were blackened under
a stereo microscope. This process makes the concrete sample black and the voids in the paste white.
Sample preparation details can be found in other publications [16, 23]. The sample analyzed with ASTM
C457 method C by using the Rapid Air 457 from Concrete Experts, Inc. A single threshold value of 185
was used for all samples in this research and the results do not include chords smaller than 30 µm. A
traverse length of 2286 mm was used for all samples to satisfy the requirements of ASTM C457. These
settings and sample processing methods are similar to methods used in other publications [23-25]. All air
voids were used for the volume of chords less than 300 μm.
The hardened air-void analysis from Kansas, Iowa, Pennsylvania, and the FHWA Turner Fairbanks
Highway Research Center was completed by their staff with methods that may be different from that
described above. This accounted for 29% of the lab data and 28% of the field data shown. The hardened
air samples that had differences of more than 2% between the fresh and hardened air content were not
included in the analysis. This discrepancy could be caused by a fresh air measurement that was not
completed correctly, a hardened sample that was not adequately consolidated, or an air-void system that
was unstable. An unstable air-void system would cause the fresh concrete to lose air over time. This can
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cause the fresh air measurements to be higher than the hardened concrete. Regardless of the reason,
samples with large differences in the fresh and hardened air content were not used in this study.

3.0 Results and Discussion
3.1 Comparing the Spacing Factor and Air Volume
The air content and Spacing Factor is compared for all of the mixtures in this study. The laboratory

concrete is shown in Figure 3 and the field concrete in Figure 4. A horizontal line is shown with a
Spacing Factor of 200 µm as this is the value recommended by ACI 201.2R for freeze-thaw durability
[26].
It can be seen in both Figure 3 and Figure 4 that the range of air contents needed to provide a Spacing
Factor of 200 μm varied from 3.5% to 8% air volume. This wide range shows that it is difficult to develop
a specification based on the volume of air to provide freeze-thaw durability. For example, in order to
ensure the freeze-thaw durability of some of these mixtures, it would require the air volume in the
concrete to be greater than 7.5%. Unfortunately, this would require many mixtures to have much higher
air contents than is required. These higher air contents would impact the constructability and the strength
of the concrete. This would increase the costs and may reduce the sustainability of a mixture. This
reinforces that the air volume and air void quality do not correlate. More insights can be gained by
looking at individual mixtures.
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Figure 3 – Air Content versus Spacing Factor for 257 laboratory concrete mixtures completed by two
different research groups.

41

Figure 4 – Air Content versus Spacing Factor for 231 field concrete mixtures completed by 21 different
state DOTs with various aggregates and admixtures.
In the following figures, two concrete mixtures are compared to show how the relation between the air
content and Spacing Factor and then the Spacing Factor and SAM Number. The only difference between
the two mixtures is that one uses a blend of admixtures and the other uses only an AEA. In Figure 5, the
comparison between air content and Spacing Factor is presented. Linear trend lines are shown for each
mixture. At an air content of 5%, the Spacing Factor is different by almost 200 m. The mixture with
just an AEA needs approximately 4.5% air to reach a Spacing Factor of 200 μm, while the mixture with a
blend of admixtures needs approximately 7.5% air to reach 200 μm. This highlights how the volume of
air cannot be used to determine the quality of the air within the hardened concrete. This supports
previous research stating that air volume and air-void quality do not relate the same to all mixtures [5].
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Figure 5 – Air Content versus Spacing Factor for two laboratory mixtures with similar air volume and
different air-void qualities. Image after [5].

3.2 Comparing the SAM Number and Spacing Factor
In Figure 6, the comparison between SAM Number and Spacing Factor is presented for the same mixtures
shown in Figure 5. In this data, the linear trend lines for each mixture are nearly overlapping. The
similarity between the trend lines shows that there is a similar correlation between the SAM Number and
Spacing Factor for these two mixtures. This shows that the SAM Number better correlates to the Spacing
Factor for these two mixtures than the air volume. This is a large improvement over using the volume of
air to specify and evaluate the air void quality of the concrete.
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Figure 6 – SAM Number versus Spacing Factor for the two laboratory mixtures previously shown in
Figure 5. Image after [5].

Figure 7 shows the relationship between the SAM Number and the air volume of voids less than 300 μm.
The results show a cubic and linear relationship between these two parameters. A SAM Number of 0.33
corresponds to a 1.5% volume of voids less than 300 μm. Previous research has shown that a SAM
Number of 0.32 best corresponded with performance in the ASTM C666 rapid freeze thaw test [5]. The
satisfactory agreement shows that the SAM Number is an indication of the small voids in the concrete and
that these voids seem to be important for freeze thaw durability. Care should be taken in only using the
volume of small air voids as the measurement does not take into account the paste volume in the mixture
as is done by the Spacing Factor [4].
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Figure 7 – SAM Number versus air content below 300 μm for 192 laboratory concrete mixtures.

To further show the utility of the SAM Number, Figure 7 shows the relationship between SAM Number
and Spacing Factor for 257 laboratory concrete mixtures completed by two different labs. Within this set
of data, 75% of the mixtures were completed at Oklahoma State University and 25% of the mixtures were
completed at FHWA Turner Fairbanks Highway Research Center [14]. Figure 7 shows that as the SAM
Number increases then so does the Spacing Factor. Past recommendations for the Spacing Factor have
used a single value to determine if a material is recommended for freeze-thaw durability. This has also
been beneficial in aiding industry implementation because it is simple and shows if something is above or
below the recommended value.
If target values for the SAM Number and Spacing Factor are used then this will separate the data into four
quadrants. The upper right and lower left quadrant show where the SAM Numbers and Spacing Factors
agree that the air void system is either satisfactory or unsatisfactory. The upper left and lower right
quadrant show where the SAM Number and Spacing Factor do not agree. Past work has suggested that a
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SAM Number of 0.20 correctly determines if a Spacing Factor is above or below 200 μm for 88% of the
data [5]. For this work, the laboratory data showed 85% agreement.

Figure 8 – SAM Number versus Spacing Factor for 257 laboratory concrete mixtures completed by two
different research groups. The results show 85% agreement.

Next, to investigate if the SAM is a useful tool for field usage, the test was used to evaluate field mixtures
completed by either a Department of Transportation or private testing lab from 21 different States and one
Canadian Province for 231 different concrete mixtures from 110 different projects. A hardened sample
was also obtained for ASTM C457 analysis. The SAM Number and Spacing Factor are plotted together
for the field data in Figure 9. A similar trend is shown in both the laboratory and field data. The Spacing
Factor limit of 200 μm from ACI 201.2R-16 [26] is displayed in Figure 9 as well as a SAM Number limit
of 0.20. The results show 70% agreement for the field data. While this is slightly lower than the
laboratory testing, it shows the SAM Number is a useful tool to provide important insights into the quality
of the air void system in fresh concrete. This lower agreement may be caused by the increased variability
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of the field and differences in testing procedures and materials. With the wide range in field users, this
new test may also show variability due to unfamiliarity.
Figure 9 shows the relationship between the SAM Number and the air volume of chords less than 300 μm
for field concrete mixtures. This data set represents 112 comparisons with the same cubic and linear trend
line as was used previously. The field data that was completed by Kansas, Iowa, Pennsylvania, and the
FHWA Turner Fairbanks Highway Research Center with other methods was not included in this analysis
due to lack of content in the air volume of chords less than 300 μm. Again, the data shows that the SAM
Number is a good indicator of the small voids in the concrete.

Figure 9 – SAM Number versus air content below 300 μm for 112 field concrete mixtures.
The field data points in the upper right-hand quadrant of Figure 10 represent mixtures that would not be
recommended for use in freezing climates and consist of 25% of the data (57 Mixtures). These projects
may show a reduced lifespan if they are exposed to moisture and freezing temperatures. If these mixtures
could have been identified by the SAM to have a low-quality air void system, then they could be adjusted.
If this adjustment could have increased the lifespan of at least one project, then it would make significant
savings to the public. This again highlights the limitation of using the air volume to evaluate concrete.
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Figure 10 – SAM Number versus Spacing Factor for 231 field concrete mixtures completed by 21
different State DOTs and one Canadian province with various aggregates and admixtures. The results
show 70% agreement.
Based on the data in Figure 8 and Figure 10, it is not clear if a SAM Number of 0.20 shows the best
correlation with a Spacing Factor of 200 μm. For example, there are a number of data points that are in
the lower right quadrant or have a SAM Number greater than 0.20 but a Spacing Factor less than 200 μm
in Figure 10. If the SAM Number limit was higher, then this might improve the agreement for the field
data. To investigate this further a range of SAM Numbers were chosen and compared to a Spacing Factor
of 200 μm for both the lab and field data.
Figure 11 shows the percentage of data points that fall within either the upper right or lower left
quadrants. These results show that a SAM Number near 0.20 has an agreement of close to 85% with a
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Spacing Factor of 200 μm for the laboratory data. There is a decrease in the agreement for the laboratory
data for larger and smaller SAM Numbers. One reason the curve has this shape is that in the laboratory
testing the mixtures were designed to have almost equal amounts of low and high-quality air void
systems. However, the field mixtures that were sampled did not have a large number of low-quality air
void systems as this would not be in the best interest for the durability of the concrete. Because of this,
the agreement curve for the field data will not have the same shape. For example, Figure 11 shows that
the correlation of that data may be improved if a higher SAM Number is used. As expected the
agreement curve for the field data does not have the same shape as the agreement curve for the lab data.
However, it is important to note that the improvement in agreement for increasing the SAM Number is
not significant. Furthermore, it is conservative to use a lower SAM Number for the design and
specification of concrete mixtures. Because of this, a SAM Number of 0.20 remains a satisfactory choice
to correlate with a Spacing Factor of 200 μm.

3.3 Practical Implications
Due to shrinking resources and greater demand for long-lasting infrastructure the use of rapid test
methods that provide direct measurements of critical parameters in a concrete mixture is in greater
demand [27]. The SAM seems to meet these needs and provides a tool that shows great potential to be
used as a quality control test where freeze-thaw durable concrete is required.
This work shows that the SAM Number is a more direct measurement of the air void quality in the fresh
concrete than using the total air volume. The measurement method has shown good agreement to the
Spacing Factor (85% lab, 70% field) for 488 concrete mixtures. The success of this testing with such a
wide range of materials, operators, equipment, conditions, and construction procedures is a strong
validation of the SAM. Furthermore, 25% of the field data was found to contain air void systems that are
not recommended for freeze thaw durability. These mixtures were accepted on their projects based on
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their air content but then the SAM showed low quality air void systems. This shows the importance in
using the SAM to investigate the quality of the air void systems in the concrete before it is placed.
The SAM is a powerful measurement because it can be completed in less than 10 minutes before the
concrete has hardened and it provides more insight than the volume of air within the concrete. This
testing method also allows the mixtures to be corrected before they are placed to ensure that satisfactory
freeze-thaw durability is obtained. Furthermore, because this tool is portable, it can provide immediate
feedback on how mixture ingredients, construction practices, and changes in temperature impact the
quality of the air void system in fresh concrete. This can provide important insights into the performance
of these concrete mixtures that were not possible to obtain in the past. In addition, because the SAM
Number is a more direct measurement than the total volume of air, it will allow the overdesign of the air
content for concrete mixtures to be reduced while ensuring long-term durability. This reduction in
overdesign of the air content will allow for improvements in the economy and sustainability of the
mixture.

4.0 Conclusion
This work compares the correlation between the SAM Number, Spacing Factor, and air content for 257
laboratory mixtures and 231 field mixtures with various admixtures, aggregates, devices, and users. The
reliability of the method across a data set this diverse shows the reliability and robustness of the SAM test
method.
These specific findings have been made:
•

Air contents between 3% and 8% were needed in order to obtain a Spacing Factor of 200 μm.
This shows the inability of a specific air volume to correlate with air void quality.

•

For 257 laboratory mixtures, the correlation between a SAM Number of 0.20 and a Spacing
Factor of 200 μm agrees with 85% of the laboratory data comparisons.

•

For 231 field mixtures, the correlation between a SAM Number of 0.20 and a Spacing Factor of
200 μm agrees with 70% of the field data comparisons.
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•

For 231 field mixtures, 25% or 57 of them that were placed based on their air volume were shown
by the Spacing Factor and SAM Number to have an air void distribution that is not recommended
for freeze thaw durability.

This work shows that the SAM Number provides a more direct measurement of the air void quality of
fresh concrete than the total volume of air, which is important for the freeze-thaw durability of concrete.
The almost immediate feedback provided by the SAM in the fresh concrete can benefit material suppliers,
producers, contractors, and engineers in their quest to build long lasting and economic infrastructure. The
implementation of this procedure also shows promise to give new tools to design concrete mixtures,
admixture formulation, and construction practices. These are all areas of examples where the SAM is
currently being used in the industry. These will be areas of future publications.

5.0 Acknowledgements
The authors would like to acknowledge funding from the Oklahoma Transportation Center and Pooled
Fund TPF-5(297) and the supporting states. Special thanks to Jason Weiss for the discussion over this
work. We would also like to thank David Porter, Justin Becker, Brad Woodard, Zane Lloyd, Brendan
Barns, Jacob Lavey, Chad Stevenson, Jason Toney, Mark Finnell, Muwanika Jdiobe, Megan Buchanan,
Tyler Suder, and Lizzie Long for their assistance in preparing samples.

6.0 References
1.

Kosmatka, S.H. and M.L. Wilson, Design and control of concrete mixtures. 2016: Portland
Cement Assoc.

2.

Pigeon, M. and R. Pleau, Durability of concrete in cold climates. 1995: CRC Press.

3.

Backstrom, J., et al., Void spacing as a basis for producing air-entrained concrete. ACI Journ.,
1954. 4: p. 760-761.

4.

Powers, T.C. and T. Willis. The air requirement of frost resistant concrete. in Highway Research
Board Proceedings. 1950.

51

5.

Ley, M.T., et al., Determining the Air-Void Distribution in Fresh Concrete with the Sequential
Air Method. Construction and Building Materials, 2017. 150: p. 723-737.

6.

Scherer, G.W. and J. Valenza, Mechanisms of frost damage. Materials science of concrete, 2005.
7(60): p. 209-246.

7.

Kleiger, P., Studies of the Effect of Entrained Air on the Strength and Durability of Concrete
made with Various Maximum Sizes of Aggregate. 1952: Portland Cement Association.

8.

Kleiger, P., Further Studies on the Effect of Entrained Air on Strength and Durability of Concrete
with Various Sizes of Aggregates. 1956: Portland Cement Association.

9.

Ley, M.T., The Effects of Fly Ash on the Ability to Entrain and Stabilize Air in
Concrete in Civil, Architectural, and Environmental Engineering. 2007, University of Texas at
Austin

10.

ASTM C138/C138M-17a Standard Test Method for Density (Unit Weight), Yield, and Air Content
(Gravimetric) of Concrete, A. International, Editor. 2017: West Conshohocken, PA.

11.

ASTM C173/C173M-16 Standard Test Method for Air Content of Freshly Mixed Concrete by the
Volumetric Method, A. International, Editor. 2016: West Conshohocken, PA.

12.

ASTM C231/C231M-17a Standard Test Method for Air Content of Freshly Mixed Concrete by the
Pressure Method, A. International, Editor. 2017: West Conshohocken, PA.

13.

AASHTO TP 118 LRFD Bridge Design Specifications, A.A.o.S.H.a.T. Officials, Editor. 2017:
Washington, D.C.

14.

Tanesi, J., et al., Super Air Meter for Assessing Air-Void System of Fresh Concrete. Advances in
Civil Engineering Materials, 2016. 5(2): p. 22-37.

15.

LeFlore, J. Super Air Meter Test Video. 2016; Available from:
https://www.youtube.com/watch?v=xAcHqMz_m3I.

16.

Welchel, D., Determining the Size and Spacing of Air Bubbles in Fresh Concrete. 2014,
Oklahoma State University.

52

17.

Hover, K.C., Analytical investigation of the influence of air bubble size on the determination of
the air content of freshly mixed concrete. Cement, concrete and aggregates, 1988. 10(1): p. 29-34.

18.

Klein, W. and S. Walker. A method for direct measurement of entrained air in concrete. in
Journal Proceedings. 1946.

19.

M.T. Ley, K.J.F., K.C. Hover, Observations of Air-Bubbles Escaped From Fresh Cement Paste.
Cement Concrete Research 2009.

20.

M.T. Ley, R.C., M. Juenger, K.J. Folliard, The Physical and Chemical Characteristics of the
Shell of Air-Entrained Bubbles in Cement Paste. Cement Concrete Research 2009.

21.

Felice, R., J.M. Freeman, and M.T. Ley, Durable Concrete with Modern Air-Entraining
Admixtures. Concrete international, 2014. 36(8): p. 37-45.

22.

Ley, M.T. and B. Tabb. A test method to measure the freeze thaw durability of fresh concrete
using overpressure. in T&DI Congress 2014: Planes, Trains, and Automobiles. 2014.

23.

Ley, M.T., The effects of fly ash on the ability to entrain and stabilize air in concrete. 2007:
ProQuest.

24.

Jakobsen, U., et al., Automated air void analysis of hardened concrete—a Round Robin study.
Cement and Concrete Research, 2006. 36(8): p. 1444-1452.

25.

Peterson, K., L. Sutter, and M. Radlinski, The practical application of a flatbed scanner for airvoid characterization of hardened concrete, in Recent Advancement in Concrete FreezingThawing (FT) Durability. 2010, ASTM International.

26.

201.2R, A.C. Guide to Durable Concrete. 2016. American Concrete Institute.

27.

W.J. Weiss, M.T.L., O.B. Isgor, Toward Performance Specifications for Concrete Durability:
Using the Formation Factor for Corrosion and Critical Saturation for Freeze-Thaw.
Transportation Research Board, 2017(17-02543).

53

TOOLS FOR MIXTURE DESIGN WITH THE SEQUENTIAL AIR METHOD
Concrete is a building material used for a wide range of construction projects all over the world. The
quality of concrete mixtures affects the long-term durability and enhanced constructability. With the
wide range of materials and admixtures used in modern concrete, the industry needs tools to be able to
evaluate the quality of these mixtures as expectations grow. These tools need to be easily understood and
provide critical feedback for users to be able to obtain good quality results.
Concrete can become damaged due to critical saturation with a series of freezing and thawing cycles [1,
2]. However, if the air void system is made up of well-distributed air bubbles, the concrete mixture may
be able to resist that damage [3-5]. Air-entraining admixtures (AEA) are typically used to achieve wellspaced air bubbles. These air voids create pressure-relief regions for water to move to during freezing [2,
3, 5, 6]. It is important to provide small bubbles that are well-distributed in the fresh concrete that in turn
creates a void system with the right size and spacing in the hardened concrete [7-9]. For this work, the
quality and efficiency of the air void system will be discussed to describe a satisfactory void size and
spacing in the hardened concrete.

1.1 Air Void System Quality and Efficiency
A historic method that determines the air void quality uses a hardened air void analysis to determine a
parameter called the Spacing Factor [3, 4]. After the concrete has hardened then it is cut, polished, and
the surface is inspected under a microscope to inspect the voids. This method can take weeks to
complete, which does not provide immediate feedback needed to modify the fresh concrete. While there
are other methods that can measure the volume of air in fresh concrete (ASTM C 231, ASTM C 138,
ASTM C 173), the volume of air does not give insight into the quality or efficiency of the air void system.
In Figure 1, there are four abstract concrete samples shown. Each sample represents an air content with
various bubble sizes and spacing. The quality of the air void system moves low to high (left to right), and
the efficiency of the air void system moves low to high (top to bottom). The low efficiency samples show
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twice the amount of air as the high efficiency images with similar spacing results. This means that with
smaller, well-dispersed bubbles, the air void system provides better results with half the amount of air.

Figure 11 – Quality and efficiency of air void systems in concrete samples.
The current established tests for freeze thaw durability are not able, within fresh concrete, to measure the
quality and efficiency of the air void system. While other methods can measure the volume of air in fresh
concrete, studies have shown that the air volume is not the only indicator of freeze thaw durability. The
small, well-dispersed bubbles improve the quality and efficiency of the air void system. The Spacing
Factor has represented the quality of the air void distribution for a concrete mixture; however,
measurement of the Spacing Factor requires hardened air void analysis, which is time consuming and can
only be conducted on hardened concrete [3, 4].
The efficiency lines on the air content versus SAM Number figures have been established to provide
guidelines for users to understand where their concrete mixture stands in relation to a variety of other
concrete mixtures in terms of freeze thaw durability. Using these guidelines, new admixtures and
aggregates can be studied and adjusted with the SAM Number to figure out how various materials affect
the quality of the air-void distribution.
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2.0 Experimental Methods
2.1 Laboratory Materials
All of the laboratory concrete mixtures in this research used a Type I cement that met the requirements of
ASTM C150. Both the oxide analysis and Bogue calculations for this cement used is shown in Table 1.
The aggregates used were locally available crushed limestone and natural sand used in commercial
concrete. The crushed limestone had a maximum nominal aggregate size of 19 mm (3/4”). One mixture
contained a blend of the coarse and intermediate aggregate as well. Both the crushed limestone and the
sand met ASTM C33 specifications. All the admixtures used are described in Table 2, which met the
requirements of ASTM C260 and ASTM C494.
Table 4 – Type I cement oxide analysis
Oxide
(%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P 2O5 C3S C2S C3A C4AF

Cement

21.1

4.7

2.6

62.1

2.4

3.2

0.2

0.3

-

-

Fly Ash

38.7

18.8

5.8

23.1

5.6

1.2

1.8

0.6

1.5

0.4

56.7 17.8 8.2
-

-

-

7.8
-

Table 5 – Admixture references
Short Hand

Description

Application

WROS

Wood Rosin

Air-entraining agent

SYNTH

Synthetic chemical combination

Air-entraining agent

PC

Polycarboxylate

Superplasticizer

WR

Triethanolamine

Water reducer

The wood rosin (WROS) and synthetic (SYNTH) AEA are two popular commercial AEAs. Twenty-three
different mixture designs were investigated and are shown in Table 3. A subset of mixtures was
investigated with either a polycarboxylate (PC) superplaticizer meeting ASTM C1017, or a midrange
water reducer (WR) meeting ASTM C494. A dose of between 60 and 200 mL/100 kg was used for the
superplasticizer to increase the slump of the mixture between 50 mm to 200 mm. Between four and
fourteen dosages of AEA were investigated for each mixture to achieve a range of air contents from 2% to

56

10%. An ASTM C618 Class C fly ash was used in several of the mixtures with a 20% cement
replacement by weight.
Table 6 – SSD Mixture proportions
Paste
Coarse
Fine
w/cm
Volume
3
kg/m
kg/m3
(%)
0.45
362
0
29
1098
714
0.45
362
0
29
1098
714
0.53
362
0
32
1053
682
0.41
362
0
28
1127
722
0.39
362
0
27
1140
730
0.45
362
0
29
1098
714
29
1098
714
0.45
362
0
0.45
290
72
30
1089
709
23
785/573*
634
0.45
223
56
0.40
290
72
28
1115
724
0.40
290
72
28
1115
724
0.35
290
72
28
1127
768
0.40
290
72
28
1115
724
0.40
290
72
28
1115
724
0.40
290
72
28
1115
724
0.40
290
72
28
1115
724
0.40
290
72
28
1115
724
0.40
362
0
28
1098
742
0.40
362
0
28
1098
742
0.45
335
0
27
1142
742
0.45
335
0
27
1142
742
0.50
335
0
29
1115
724
0.50
335
0
29
1115
724
* Mixture used a coarse and intermediate aggregate blend.
Cement
3
kg/m

Fly-Ash
3
kg/m

Water
kg/m3

Admixture Used

163
163
192
148
141
163
163
163
126
145
145
127
145
145
145
145
145
145
145
151
151
167
167

WROS
SYNTH
WROS
WROS
WROS
WROS + PC1
SYNTH + PC1
WROS
WROS
WROS
WROS + PC1
WROS + PC1
WROS + PC2
WROS + PC3
WROS + PC4
WROS + PC5
WROS + WR
WROS
WROS+PC1
WROS
WROS+PC1
WROS
WROS+PC1

2.3 Laboratory Concrete Mixture Procedure and Testing
Aggregates were collected from outside storage piles, and brought into a temperature-controlled room at
23°C for at least 24 hours before mixing. Aggregates were placed in the mixer and spun and a
representative sample was taken for a moisture correction. At the time of mixing all aggregate was loaded
into the mixer along with approximately two thirds of the mixing water. This combination was mixed for
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three min to allow the aggregates to approach the saturated surface dry (SSD) condition and ensure that
the aggregates were evenly distributed.
Next, the cement, fly ash (if used), and the remaining water was added and mixed for three min. The
resulting mixture rested for two min while the sides of the mixing drum were scraped. After the rest
period, the mixer was started and the admixtures were added. If the PC or WR was used then it was added
first and allowed to mix for 15 seconds to 30 seconds then the AEA was added. After the admixtures were
added, the concrete was mixed for three minutes.
Samples were made for hardened air void analysis (ASTM C457). Two 7 L samples were tested with the
SAM. These two samples were investigated simultaneously by different operators to determine the
average SAM value of a concrete mixture.
2.4 Sequential Air Method
The device used to complete the SAM resembles an ASTM C231 Type B pressure meter with some
modifications. The meter uses a digital pressure gauge and six restraining clamps instead of the typical
four. These additional clamps are required because of the increased pressures during the SAM test. A
picture of an initial version of the device is shown in Figure 2.
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Gauge
Top
chamber
Petcock

Air pump
Lever
Petcock

Lid

Bottom
chamber

Figure 12 – The device used to complete the SAM.
The test takes between eight to ten min by an experienced user to complete. A video of the test is
available [10].
2.4.1 Air Content and Aggregate Correction
The volume of air in the concrete can be determined by using Boyle’s Law from the first equilibrium
pressure at 100 kPa (14.5 psi). This procedure is discussed in other publications [11-13] and matches the
same method and procedure used in the conventional pressure meter (ASTM C231). Past experiments
with similar equipment have shown that the air content determined by the SAM closely matched results
from the ASTM C231 pressure method [11, 14, 15]. Because the procedures are the same and shown to
be equivalent, this is not investigated further in this work.
The calculated air volume with the procedure does not include the aggregate correction factor caused by
air contained within the aggregate. The procedure to find the aggregate correction factor is outlined in
ASTM C231. Since the SAM Number compares the difference between two sequential pressures, any
impact caused by the aggregate on the response to pressure should be removed by subtracting the two
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pressure responses from each other. The application of this procedure on lightweight aggregates is an area
of future research.
2.4.2 Estimating Air Void Size by Comparing the Air Volume and SAM Number
Concrete mixtures that contain large air bubbles have been shown to not provide a stable air-void system
and not be as effective at providing freeze thaw durability as mixtures with smaller bubbles [16, 17]. The
industry would benefit from a method that provides immediate feedback so that mixtures could be quickly
evaluated to determine the current size of bubbles and how different variables affect the size of the
bubbles.
One way to determine the average size or quality of the air-void system in concrete is to look at the
combination of the volume of air and the SAM Number in the concrete. Since the SAM provides both of
these numbers after completing the test, this information could be used to rapidly determine the air-void
size distribution in fresh concrete mixtures. For a given air volume, the mixtures with a higher SAM
Number have bubbles that are on average larger than mixtures with a smaller SAM Number. However, a
user does not always realize if the SAM Number that they are investigating is a large or small value for
the air content found. Historic data could be used to provide this guidance.
To analyze the air volume compared to the SAM Number, a quantile regression method was used. A
quantile regression takes a set of data and estimates the upper or lower bound of the data. For example,
the 50th quantile separates 50% of the data for two different variables. The 85th quantile gives a line where
15% of the data is above and 85% of the data is below. For this work, quantile lines of 85% and 15%
provide useful guidance for users to understand where the SAM Number falls in relation to the air content
found. The 15 th quantile line (lower limit) will be called the high efficiency line and the 85 th quantile line
(upper limit) will be called the low efficiency line in this paper.
This analysis is useful, as it uses the air content and SAM Number to produce a graph that shows where a
typical mixture falls along with mixtures that have on average larger and smaller air voids. This can be
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helpful for a user to make an immediate evaluation of the average void size of a mixture as both the air
content and SAM Number can be measured in the fresh concrete. This immediate feedback can allow
users to learn how different ingredients or construction procedures impact the quality of the bubble size
and spacing in the concrete.

2.4.3 Variability in Measurement
The variability of the SAM Number was evaluated by using two or three operators to investigate the same
concrete mixture simultaneously. To get more insight into the variability of the method, previous testing
was also done by two operators by using water and a calibration vessel that provided a reading of 5% air.
By only using water and a calibration vessel, this allowed the variability of the test to be examined
without including the variability of the concrete [5].

2.5 Hardened Air Sample Preparation
Samples were cut into 19 mm thick slabs, the surface was treated with an acetone and lacquer mixture to
harden the surface, and then the samples were lapped with sequentially finer grits. The prepared surface
was then inspected under a stereo microscope. After a satisfactory surface was obtained, the hardener was
removed with acetone. The sample was then blackened with black permanent marker, the voids were
filled with less than 1 µm white barium sulfate powder, and the voids within the aggregates were
blackened under a stereo microscope. This process left the surface of the concrete sample black and the
voids within the paste white. Sample preparation details can be found in other publications [11, 18]. The
surface was then investigated with ASTM C457 method C by using the Rapid Air 457 from Concrete
Experts, Inc. A single threshold value of 185 was used for all samples in this research and the results do
not include chords smaller than 30 µm. These settings have been shown to provide satisfactory results
with the materials and instrument used and match the practices by others [18-20].

3.0 Results and Discussion
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3.1 SAM Number and Spacing Factor Relationship
In Figure 3, the relationship between SAM Number and Spacing Factor is represented for 192 laboratory
concrete mixtures completed by Oklahoma State University. There seems to be a relationship between the
SAM Number and Spacing Factor as shown in Figure 3. As the SAM Number increases then so does the
Spacing Factor for the majority of the data. The distributed data could possibly be from variation in test
measurements or aggregates and admixture combinations. Past recommendations in freeze thaw analysis
have used a single value to determine if a material is recommended for freeze thaw durability. This has
also been beneficial in aiding industry implementation. One of the most common values to use is 200 μm.
Past work has suggested that a SAM Number of 0.20 correctly determines if a Spacing Factor is above or
below 200 μm for 88% of the data [5]. Refer to the appendix for all of the lab mixtures.

Figure 13 – SAM Number versus Spacing Factor for 192 laboratory concrete mixtures completed by
Oklahoma State University.

3.3 SAM Number and Air Content Relationship
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While comparing the SAM Number to the Spacing Factor shows the validity of the SAM test, it would be
helpful to give immediate feedback to the user about the quality of the air-void system in the concrete.
The two parameters that are measured in the SAM test are the air content and the SAM Number. It may
be possible to compare these numbers and give users much better insight on the average size distribution
of their air bubbles based on historic data.
The relationship between the air content and SAM Number is shown in Figure 4 for laboratory mixtures
that were completed at Oklahoma State University. Two cubic polynomial lines are included to show the
85th and 15th quantile. These lines represent the efficiency of the SAM Number at a given air content. 15%
of the data falls below the High Efficiency line and 85% of the data falls below the Low Efficiency line.
These lines are not limitations to the data set, but rather guidelines for the user to understand whether the
concrete mixture is efficient for to the volume of air found in the mixture. These two cubic lines were
found to be the best representation of how the data varies. Other trend lines were investigated but they did
not provide a useful representation of the investigated data set.
Equation 1 – High Efficiency line:
𝑦𝑦 = −0.0006𝑥𝑥 3 + 0.0186𝑥𝑥 2 − 0.1888𝑥𝑥 + 0.6804

Equation 2 – Low Efficiency line:

𝑦𝑦 = 0.0014𝑥𝑥 3 − 0.0102𝑥𝑥 2 − 0.1061𝑥𝑥 + 0.9213

These lines can help SAM users to understand where their concrete mixture falls compared to other SAM
Numbers from a wide variety of tests. The closer the SAM Number is to the High Efficiency line, the
finer the air-void distribution. If the number is closer the Low Efficiency line, then the air-void
distribution is coarser for a specific air volume. These guidelines are based on 192 different concrete
mixtures consisting of nine different admixture combinations, seven different water cement ratios (w/cm),
and a range of 2% to 10% air contents. It should be noted that these lines are dependent on the mixtures
that were investigated. However, the results are helpful as it gives insight into the average size of the
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bubble system before the concrete has hardened. Due to the wide variety of admixtures, aggregates, and
user experience, the two quantile lines help to simplify a range that best represents the SAM Number
versus air content instead of a single trend line for all test runs.

Figure 14 – Air Content versus SAM Number for 192 laboratory concrete mixtures completed by
Oklahoma State University.
In Figure 5, the comparison between air content and SAM Number is shown for three concrete mixture
designs with three different admixture combinations. The guidelines established from the laboratory data
were added to show how these lines are helpful to determine how different admixtures effect the air void
distribution within concrete mixtures. The mixture containing only air entrainment shows a trend line that
falls along the High Efficiency line. The mixtures containing blends of admixtures show one trend that
falls between the high and low efficiency lines (PC5) and one trend closer to the low efficiency line. By
adding one admixture to the concrete, the air void system quality drastically changes the air content
necessary to pass freeze thaw durability. For example, at 5% air content, the mixture with air entrainment
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only, passes with a SAM Number of 0.11, the mixture with PC5 passes with a SAM Number of 0.20 and
the mixture with PC1 fails with a SAM Number of 0.32. This shows that the mixture with the blend of
admixtures using PC1 needs a higher air content to pass the 0.20 limit.

Figure 15 – Air Content versus SAM Number for two laboratory mixture designs with different
admixtures.
In Figure 6, the comparison between air content and SAM Number is shown for three concrete mixture
designs with three different types of cement. The guidelines established from the laboratory data were
added to show how these lines are helpful to determine how different cements effect the air void
distribution within concrete mixtures. Two mixtures sets containing different types of cement show trend
lines that fall along the High Efficiency line. The mixtures containing a third type of cement shows a
trend line that falls closer to the Low Efficiency line. By using different materials, the air void system
quality drastically changes the air content necessary to pass freeze thaw durability. For example, the High
Efficiency mixtures pass with air contents of 3.5% and 4% while the Low Efficiency mixture passes with
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an air content of 6.7%. This shows that the mixture with a higher air content is less efficient due to the
amount of air entrainment needed to reach a passing freeze thaw durability.

Figure 16 – Air Content versus SAM Number for two laboratory mixture designs with different types of
cement.

4.0 Practical Implications
This work studies the implementation of a new method using laboratory data. Using a wide variety of
concrete mixtures shows the strength in diversity of the SAM test. The SAM Number provides feedback
to the user before the mixture is placed to determine if it needs to be adjusted to meet specification
requirements. If the industry were able to adjust concrete mixtures before placement, there would be less
rejected concrete mixtures and longer lasting concrete after placement.
The curves on the air content versus SAM Number figures have been established to provide guidelines for
users to understand where their concrete mixture stands in relation to a variety of other concrete mixtures
in terms of freeze thaw durability. Using these guidelines, new admixtures and aggregates can be studied
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and adjusted with the SAM Number to figure out how various materials affect the quality of the air-void
distribution. This shows great promise to be a tool that can help producers design their concrete,
troubleshoot field practices, and provide concrete that has a high confidence of freeze thaw durability.

5.0 Conclusion
This work analyzes laboratory concrete mixtures to determine the reliability of the SAM test method and
give guidance to field users. Efficiency lines based on the laboratory data provide helpful insight into the
average air void size in fresh concrete mixtures for users to know whether the mixture will meet
specifications or not. These curves act as guidelines for field users to relate to data from a wide variety of
other mixtures.
These specific findings have been made:
•

The SAM Number and the Spacing Factor for laboratory concrete mixtures correlate and there is
agreement for a 0.20 SAM Number and a 200µm Spacing Factor.

•

For 192 laboratory mixtures, the correlation between a SAM Number of 0.20 and a Spacing
Factor of 200 μm agrees with 86% of the laboratory data comparisons.

•

Cubic 85% and 15% quantile lines based on the laboratory data provides a useful tool to evaluate
the average void size in fresh concrete mixtures. This can be a useful tool for a user to gain
immediate feedback on how the concrete mixtures, material changes, and construction practices
impact the average void size in their concrete.

The overall study has shown promising results for the SAM method to provide a positive impact in the
concrete industry. Because the SAM provides rapid feedback that is useful, it has the ability to impact
each phase within the concrete industry for the better, from materials to producers to construction
implementation.
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Effects of Pumping Concrete Based on The Air Void Paramaters in Fresh and
Hardened Concrete
1.0 INTRODUCTION
Elevated slabs exposed to the weather, such as concrete bridge decks or parking garages,
have been highly susceptible to rapid freezing and thawing damage [1]. The use of
entraining air bubbles into the concrete has been the solution to freeze-thaw durability [2,
3]. Yet, the emphasis of air volume has not always been enough to provide freeze-thaw
durable concrete [4-7]. The proper air void distribution in concrete must be obtained to
provide space for the water to freeze and expand without damaging the concrete [1-9].
Unfortunately, pumping of air-entrained concrete for elevated slabs frequently results in
quality control issues due to increased pressures and even rejection of the load due to the
loss of air content after the concrete was pumped [10-17]. Regardless, many of these
bridges remain standing after excessive freezing and thawing cycles. Therefore, this
research used Unit Weight (ASTM C138), Super Air Meter (AASHTO TP 118), FreezeThaw Resistance (ASTM C666), and Hardened Air Void Analysis (ASTM C457) to
investigate how the air void quality and freeze-thaw durability performance of concrete
changes due to pumping.
2.1 EXPERIMENTAL METHODS
2.2 Materials
All of the concrete and grout mixtures described in this work were prepared using an
ASTM C150 Type I Portland cement and an ASTM C618 Class C fly ash. The laboratory
and field mixtures used the same aggregates. The fine aggregate was a natural sand source
and the coarse and intermediate aggregates were quarried from a single dolomitic
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limestone. Both field and laboratory mixtures used a wood rosin based air-entraining
admixture (AEA). The field mixtures and some laboratory mixtures used ASTM C494
Type A/F mid-range water reducer (WR) was dosed at 7 oz./cwt (467 mL/100 kg).
However some laboratory mixtures used a ASTM C1017 Polycarboxylate (PC)
superplasticizer at a dosage of 2.5 oz./cwt (163 mL/100 kg). Some mixtures in the
laboratory used a food grade citric acid at 0.25% weight of the cementitious material as a
hydration stabilizer, set retarder, and water reducer. The admixture dosages of these
mentioned admixtures in the laboratory were chosen to provide approximately the same
slump before pumping for all mixtures.
2.3 Laboratory and Field Mixture Design
All of the concrete mixtures had a water-to-cementitious material ratio (w/cm) of 0.45 and
611 lbs./yd3 (362 kg./ m3) of total cementitious material with 20% Class C fly ash
replacement by weight. The paste content of each mixture was 28.9%, which the air content
was not included in determining the paste content. The mixtures contained 1264 lbs./yd3
(745 kg./ m3) of coarse aggregate, 426 lbs./yd3 (253 kg./ m3) of intermediate aggregate, and
1471 lbs./yd3 (873 kg./ m3) of fine aggregate. However, the proportions of aggregate were
slightly adjusted depending on the mixtures to maintain an approximately constant
combined aggregate gradation using the Tarantula Curve [17, 18]. This was due to the
Tarantula Curve in previous work showing to improve pumpability of concrete and reduce
segregation and other workability issues [17, 18].
2.4 Grout Mixtures
The pump and pipe network were primed with grout prior to each laboratory pumping
session. Priming consists of lining the walls of the pump and pipe network with a thin
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lubricating layer of grout. This grout mixture had a 0.40 w/cm, 1006 lbs./yd3 (597 kg./ m3)
of cement, and 2514 lbs./ yd3 (1491 kg./ m3) of sand.
2.5 Mixing Procedure
For the laboratory mixtures, aggregates were brought from outside stockpiles into a
temperature-controlled room at 72°F (22°C) for at least 24 hours before mixing. The
aggregates spun in a mixing drum for at least three minutes. A representative sample for
moisture content testing was used to apply a moisture correction to the mixture. At the
time of mixing, all aggregates were loaded into the mixer along with approximately twothirds of the mixing water. This combination mixed for three minutes to allow the aggregate
surface to saturate and ensure the aggregates were evenly distributed. Next, the cement, fly
ash, and the remaining water mixed for three minutes. The resulting mixture rested for two
minutes while scraping the sides of the mixing drum. After the rest period, the admixtures
were added and mixing continued for three minutes.
For field testing the concrete was delivered in 5 cubic yard (3.82 m3) increments. Field
mixing followed ASTM C94 and moisture corrections used probes within the aggregates.
All of the concrete tested in the field was truck-mixed.
2.6 Equipment
2.6.1 Concrete Pumps
The Putzmeister TK 50 concrete pump used for the laboratory testing. This pump provides
an almost continuous concrete flow by two alternating pistons. One piston draws concrete
from the hopper as it retracts, and the second piston pushes concrete out as it extends. An
S-valve alternating delivery system shifts from one delivery cylinder to the other. This
delivers concrete from the pump as a remixer continually agitates the concrete in the
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hopper. The pump settings used in this work were 1500 RPM, and the piston volume was
0.57 ft3 (0.01614 m3) as determined by previous work [17].
A PumpStar AZ34.5-PS220 truck-mounted concrete pump was used for the field research
and has two 9.0 in. (22.86 cm) inside diameter (I.D.) delivery cylinders with an
approximate length of 6.5 ft. (16.51 cm). An S-valve delivery system switches between the
delivery cylinders. After the S-valve, the pipe diameter reduced to 5.0 in. (12.7 cm) I.D.
Following this was approximately 110 ft. (33.5 m) of 5.0 in. (12.7 cm) I.D. double-wall
steel pipe. At the end of the boom was a reducer and approximately 10 ft. (304.8 cm) of
4.0 in. (10.2 cm) I.D. rubber hose for easier placement.
2.6.2 Pressure Sensors
Measurements of the concrete pressure near the edge of the pipe was completed for
laboratory and field testing with a novel pressure sensor setup developed by previous
work[17]. Each pressure sensor consisted of a GE 5000 pressure sensor in conjunction with
a buffer chamber filled with hydraulic fluid. The GE 5000 pressure sensor was capable of
measuring pressures between 14.5 psi to 500 psi with +/-0.5 psi (3.45 kpa) accuracy. The
buffer chamber was required to separate the sensor from the concrete. The buffer chamber
consists of a hydraulic fluid-filled chamber with a flexible rubber membrane on one end,
with the other end connected to the GE 5000 pressure sensor. As pressures increase on the
rubber membrane, the pressures transfer to the fluid in the chamber and to the GE 5000
sensor. The walls of the buffer chamber perpendicular to the rubber membrane were
threaded.
To connect the sensor to the pipe, a 1.125 in. (2.86 cm) diameter hole was drilled and a nut
was welded to the outside of the pipe. The buffer chamber threads into the nut until the
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rubber membrane was adjacent to the walls of the pipe. The pressure sensors were rotated
approximately 60° from the horizontal to keep aggregate, paste, and water from collecting
on top of the flexible rubber membrane. The pressure sensor recorded data every 0.02
seconds.
Calibration of the sensor assembly used a water-filled pipe. A hand pump increased the
pressure in the pipe from 0 to 110 psi (758.4 kpa) in systematic steps. By plotting the
voltage and water pressure, a calibration curve was created and a linear model was used to
fit the data with an average R-value of 0.99.
All measurements used the linear model to determine the pressure at the surface of the pipe.
During calibration of the sensor, the y-intercept would shift 0 psi (0 kpa) to 20 psi (137.9
kpa) between measurements, but the slope of the calibration line remained constant. This
may be caused by the wear and relaxation of the rubber membrane on the pressure sensor.
To account for this, the pressure sensor measured the empty pipe network to determine the
0 psi (0 bar) or atmospheric pressure value before each experiment.
This work used the peak pressure to characterize each mixture. The peak pressure was the
maximum pressure recorded from each piston stroke. The maximum pressure measured in
the laboratory mixtures was between 50 psi (344.7 kpa) and 120 psi (827.4 kpa). The
maximum pressures for the field mixtures was between 150 psi (1034.2 kpa) and 200 psi
(1379 kpa).
2.6.3 Pipe Configurations
The laboratory testing used a standard pipe network. 1 shows an overview of the pipe
network. The pipe network used 4.0 in. (10.2 cm) I.D. single wall steel pipe. Rubber gaskets
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and couplings secured the sections of pipe together. The pipe network consists of a 3.3 ft.
(1 m) long single wall steel pipe reducer that reduces the 5.0 in. I.D. (12.7 cm) output of
the pump to 4.0 in. (10.2 cm). After the reducer, there was 52.5ft. of 4.0 in. (10.2 cm) I.D.
steel pipe with three 1.5ft (45.7 cm) radius 90° bends. At the end of the steel pipe network.
I.D. flexible rubber hose returns the concrete to the hopper of the pump creating a
continuous flow. The total volume of the pipe network was approximately 6.0 ft3 (0.1699
m3). Along the pipe network, four sensors measured the pressures at the walls of the pipe
during pumping. The locations of the four pressure sensors were in Figure 1.

Fig. 1. Plan View of the pipe network.

The field testing used three different configurations of flat, arch, and A-frame
arrangements. In the flat configuration, the pipe was placed horizontally to discharge
approximately 100 ft. (30.48 m) from the pump. In the arch configuration, the boom
followed a curve with the maximum height at approximately 40 ft. (12.19 m) above the
ground and the point of discharge at approximately 60 ft. (18.29 m) from the pump. The
final configuration was the A-frame. In the A-frame orientation, the boom was in a sharp
upward and downward configuration with the maximum height of approximately 50 ft.
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(15.24 m) above the ground and the outlet of the pump approximately 30 ft. (9.14 m) from
the pump. The first pressure sensor was at the discharge of the piston. The second sensor
was before the peak of the arch and A-frame and the third sensor was after the peak.
2.7 Evaluation of Air Entrained Concrete
The properties of air-entrained concrete after pumping was evaluated based on the total air
volume, air void quality, and freeze-thaw resistance of the concrete changes. The following
tests were run on the concrete before and after adding to the pump: Slump (ASTM C143),
Unit Weight (ASTM C138), Super Air Meter (AASHTO TP 118), Freeze-Thaw Resistance
(ASTM C666), and Hardened Air Void Analysis (ASTM C457). For this work, durability
factors less than 70% after 300 freeze-thaw cycles for ASTM C666 were considered failing
and has been consistent with previous work [4-7].
The laboratory testing of the concrete was tested before pumping, tested after one cycle
through the pipe network, and then tested every 15 minutes of recirculating the concrete
through the pump and pipe network. For each 15 minutes of pumping, the concrete
circulated approximately 40 times through the pipe network. This was the same as
traveling approximately 2400 ft. (731.5 m) of 4.0 in. (10.16 cm) diameter line and passing
through the reducer forty times. The concrete tested after one cycle through the pump was
most representative of typical construction applications. The concrete tested after several
cycles through the pump provides insight to how excessive pumping affects the properties
of the concrete. The pumping session was stopped when the slump was less than 3.0 in.
(7.62 cm) to avoid blockages in the line.
For a few laboratory mixtures, the concrete was tested before pumping, immediately after
pumping, and then every 20 to 30 minutes without agitation to determine how the slump,
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unit weight, air volume, and SAM Number changed over time. A sample was also collected
for hardened air void analysis. This testing procedure was performed three times using
citric acid and twice using a PC. This was done to show how the air void system recovered
over time.
In the field, the same tests of Slump (ASTM C143), Unit Weight (ASTM C138), Super Air
Meter (AASHTO TP 118), Freeze-Thaw Resistance (ASTM C666), and Hardened Air
Void Analysis (ASTM C457) were run before and after the pump in each boom
configuration. The concrete was tested simultaneously before and after the pump to ensure
measurements were as comparable as possible.
3.1 RESULTS AND DISCUSSION
Figure 2 shows a plot of the air content before and after one cycle through the pump for
the laboratory and field mixtures. The plot shows a line of equality. If a mixture had the
same air content before and after pumping then it would be on this line. All of the
laboratory mixtures with citric acid and WR showed a decrease in air content after
pumping. The PC samples and field samples did not show a significant change in air
content. Of the 18 field mixtures, five samples showed a 0.5% change in air volume.
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Fig. 2. Plot of Air content before pumping vs. Air content after 1 cycle
3.2 Air Volume and Super Air Meter Results
Figure 3 shows the normalized air content versus the number of cycles through the pump.
The normalized air content was the ratio of the air before pumping to the air measured after
pumping multiplied by 100. All lab mixtures containing a citric acid and WR showed the
most significant decrease in air content between the measurements right after mixing and
the measurements after one pumping cycle. After the first pumping cycle, the air content
of the citric acid and WR mixtures either decreased at a slower rate or remained
approximately constant with additional times through the pump. On average, the citric acid
and WR lost approximately 30% of the initial air content after one cycle through the pump
with a standard deviation of 4.5% and 7.1% respectively. In contrast, the PC mixture and
field mixtures did not show a significant change in air volume after one pumping cycle.
These results indicate most of the air lost during pumping occurs during the first cycle for
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the citric acid and WR mixtures. In addition, the relative proportion of air lost for all citric
acid and WR samples was comparable.

Fig. 3. Plot of Normalized air content vs. Number of cycles through the pump.
Figure 4 shows the SAM Number before pumping compared to the SAM Number after one
cycle through the pump and pipe network. In all citric acid, WR, and field mixtures, the
SAM Number increased by at least 50% for 87% of the mixtures after one cycle through
the pump. In the PC samples, the SAM Number slightly decreased after one pumping cycle.
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Fig. 4. Plot of SAM Number Before Pumping versus the SAM Number after pumping
one cycle through pump and pipe network

Figure 5 plots the Normalized SAM Number vs. number of cycles through the pump for
laboratory and field samples. The Normalized SAM Number ratio was the SAM Number
after pumping divided by the SAM Number before pumping multiplied by 100. Also the
graph shows error bars from one standard deviation. A positive number indicates an
increase in SAM Number and a negative number indicates a decrease in SAM Number.
After one pumping cycle, the SAM Number for the citric acid, WR, and Field samples
increased. PC samples showed a slight decrease in SAM Number after one pumping cycle.
With multiple cycles, the SAM Number remained approximately constant or increased for
all samples.
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Fig. 5. Plot of SAM Number vs number of cycles through the pump and pipe network.

3.3 Recovery of the air void system
To investigate how the air void system recovered over time. Mixtures were tested every
20-30 minutes after pumping.

Figures 6, 7, and 8 show the data at zero minutes

corresponds to the measurement taken before pumping. The data at ten minutes
corresponds to one cycle through the pipe network. A non-pumped sample has also been
included for comparison. The results have been divided into mixtures that lost air during
pumping and those that did not. These will be discussed separately.
3.3.1 Mixture with minimal air change from pumping
The mixtures with minimal change in the air volume from pumping were shown in Figure
6 and Figure 7. In these mixtures there was minimal change in the air volume and SAM
number over time after pumping. Since the mixtures were not modified by the pumping
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process then we would not expect these values to change. This data confirms this and acts
as a control.

Fig. 6. Plot of fresh air content (%) versus time after pumping one cycle through the
pump and pipe network.

Fig. 7. Plot of SAM Number versus time after pumping one cycle for PC mixtures.
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3.3.2 Mixtures with changes from pumping
Figure 8 shows the air volume change and Figure 9 shows the SAM Number change over
time for mixtures that lost air after one cycle of pumping. As the concrete sat undisturbed,
the SAM Number seems to improve over time. This could be caused by the pumping
temporarily dissolving the smaller bubbles from the increased pressures. As the concrete
sits statically, these smaller bubbles may reform. This was why the SAM Number
improves over time.

Fig. 8. Plot of fresh air content (%) versus time after pumping one cycle for citric acid
mixtures.
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Pumped

Fig.9. Plot of SAM Number versus time after pumping one cycle for citric acid mixtures.

An important observation was that the improvement in the SAM Number was observed
without a significant change in the air volume. This may occur if the dissolved air bubbles
are small and do not make a significant contribution to the total air volume but do change
the size and spacing of the air void system and so they will impact the SAM Number. This
may occur if the voids returning were small and well dispersed. This suggests the air void
system measured immediately after pumping was not representative of the hardened
concrete for these mixtures.
3.4 Freeze-thaw Durability
Most specifications require air contents to be greater than 4% when freeze-thaw durability
was required. In addition, previous research has also shown a SAM Number less than 0.32
correlates to the point of satisfactory performance in ASTM C666 [5-7].
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Figure 10 shows the relationship between air content and durability factor. A dashed
vertical line shows 4% air content and a durability factor of 70%. The filled circles
represent the air content measured before pumping and the open circles represent the air
content measured after pumping. In addition, 64 data points are included from previous
publications to show the typical relationship between the air content and durability factor
for non-pumped samples [5-7]. The previous work used the same cement, fly ash, coarse
aggregate, and fine aggregate. Pumping frequently reduced the air content below 4%;
however, the ASTM C666 freeze-thaw performance was satisfactory. This shows the air
content after pumping does not accurately predict the freeze-thaw performance based on
industry standards.

Fig. 17. Plot of fresh air volume measured after pumping versus Durability Factor
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Figure 11 shows the relationship between SAM Number and Durability Factor. The closed
circles represent points measured before pumping, and the open circles represent points
measured after pumping. In addition, 64 data points from previous publications and a
recommended limit are included to show the typical relationship between the SAM
Number and Durability Factor for non-pumped samples [5-7]. The previous work used the
same cement, fly ash, coarse aggregate, and fine aggregate. Figure 11 shows a large
difference in freeze thaw performance between the SAM Number measured after pumping
and the previously published data set. The previously investigated data points were not
pumped and this could explain the large difference in performance. This will be discussed
later in this document.

Fig. 18. Plot of SAM Number versus Durability Factor
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It was important to recognize that all samples that had an air content > 4% and a SAM
Number < 0.32 prior to pumping showed satisfactory freeze thaw performance after
pumping, regardless of the number of cycles through the pump, change in air content, or
change in SAM Number due to pumping. For example, 33 samples evaluated with ASTM
C666 freeze-thaw had a satisfactory air volume and SAM Number prior to pumping. After
pumping 22 of these samples did not have a satisfactory air volume and SAM Number.
Regardless, all 33 samples showed satisfactory freeze thaw performance. This indicates
the air void system measured after pumping was not representative of what is present in
the hardened concrete.
3.5 Hardened Air Void Analysis Results
Figure 12 shows a plot of the spacing factor before pumping versus the spacing factor after
one pumping cycle for laboratory and field samples. Also shown on the graph is a line of
equality and lines representing the accepted coefficient of variation for the hardened air
void analysis. Just over 80% of the samples fall within the accepted coefficient of variation.
This suggests pumping did not significantly change the spacing factor of the hardened
concrete samples.
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Fig. 12. Plot of spacing factor before pumping versus spacing factor after 1 cycle for
laboratory and field samples.
Figure 13 shows a plot of the hardened air volume divided by the fresh air volume for
samples before and after pumping. A number above 100% indicates the hardened air
volume was higher than the measured fresh air volume. There were 25 samples compared
before pumping and 35 samples compared after pumping. The graph shows error bars from
one standard deviation. The plot shows that on average, the hardened air volume matched
the fresh air volume for the samples before pumping. After pumping, the hardened air
content was on average 11% higher than the fresh air content. This shows that on average
the hardened air content is higher than the measured fresh air content after pumping. This
suggests that the air dissolved during pumping returns over time. This supports previous
measurements concerning the air content recovery.
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Fig. 13. Plot of hard air/fresh air for samples before pumping and after pumping.

It should be noted that this volume change is not large. For example, a concrete measured
at 6% fresh air content after pumping would be expected to increase to 6.7%. Despite this
small volume, the returning bubbles may be primarily smaller bubbles and so they may
impact the air void spacing and SAM Number and not the volume.
3.6 Predicting Freeze-Thaw Performance for Pumped Concrete
Pumping frequently caused the air contents and SAM Numbers to change due to pumping.
Based on the 16 laboratory and 18 field mixtures investigated, 67% of the mixtures showed
a change in air content greater than 0.5% and 91% of mixtures showed an increase in SAM
Number of 50% due to pumping.
In practice, a high quality air void system is commonly identified as having an air content
above 4.0% [1] and a SAM Number below 0.32 [5]. However, these limits do not seem to
apply for concrete measured immediately after pumping as these measurements did not

89

reflect the freeze-thaw durability of the hardened concrete for the laboratory and field
samples investigated in this study. Furthermore, the measurements of SAM Numbers over
time suggest the air is returning to the concrete, the hardened air void analysis shows an
average increase in air content of 11% compared to the fresh measurements after pumping,
and there is no statistical difference for 83% of the spacing factors investigated before and
after pumping.
There were 22 samples that were found to have an air volume < 4% or a SAM Number >
0.32 when sampled after pumping. Based on industry standards these samples would not
be expected to be freeze-thaw durable. However all of these samples showed satisfactory
performance in freeze thaw testing. This was observed regardless of the number of cycles
through the pump, change in air content, or change in SAM number due to pumping. This
freeze thaw testing combined with the hardened air void analysis and air recovery work
suggests that the air returns to the concrete over time and provides a well-distributed bubble
system that provides a satisfactory freeze thaw durability.
This suggests the air content and SAM Number measurements after pumping may not be
reliable indicators of the freeze-thaw durability for the materials and conditions
investigated. This suggests the typical construction practice of investigating the air content
after pumping concrete may not reflect the actual freeze-thaw performance of the concrete.
This was observed in both laboratory and field testing.
3.7 Practical Significance
Based on the 16 laboratory and 18 field mixtures investigated in this work, it appears that
the air that is lost during pumping are primarily smaller bubbles. However, these bubbles
appear to return to the concrete over time as a small and well-distributed bubble system
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with a comparable spacing factor to the concrete prior to pumping. This means that the air
volume and SAM Number measurements made after pumping are not representative of
what will be within the hardened concrete and should not be used to predict freeze thaw
durability of concrete.
This suggests that rejecting concrete after pumping for low air content or a high SAM
Number is not a good practice. Instead, it is suggested to test the concrete before it is
pumped for both air volume and SAM Number. When the mixtures had an air content >
4% and a SAM Number < 0.32 before pumping, all mixtures showed satisfactory freeze
thaw durability regardless of any changes in the fresh air content or SAM Number due to
pumping.
4.1 CONCLUSIONS
Pumping frequently caused changes in the air void system of the fresh concrete. Regardless
of the change in the air void system of the fresh concrete, the hardened air void parameters
and freeze thaw performance did not show substantial change of the air void system due to
pumping. Based on the investigation the following conclusions have been made:
•

For mixtures containing citric acid and WR, 67% of the mixtures showed a change
in the air content of more than 0.5% and 87% showed an increase in SAM Number
by 50% after one cycle of pumping.

•

Of the three mixtures containing PC, the air content of one mixture was changed
by more than 0.5% and no mixtures showed an increase in SAM Number from a
single pumping cycle.
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•

Mixtures that lost air and increase SAM Number from pumping showed an
improvement in the SAM Number with measurements over time.

•

If a mixture had and an air volume > 4% and SAM Number < 0.32 prior to pumping
then the mixture showed satisfactory performance in ASTM C666 testing
regardless of the change in the fresh air content or SAM Number from pumping in
both the laboratory and field testing regardless of the number of cycles through the
pump, the pumping pressure, or the pump configuration.

•

When comparing spacing factors before and after pumping, 83% of the data showed
changes that were within the variation of the test method.

•

There was an average increase in the air volume of 11% from the measured fresh
air volume to the hardened air volume after pumping and no difference in the fresh
and hardened air volume difference prior to pumping.

These findings indicate the air volume and SAM Number measured immediately after
pumping have not been representative of the hardened concrete and measurements of these
parameters should not be used to reject concrete for poor freeze-thaw durability. Instead,
the air volume and SAM Number of the concrete should be measured prior to pumping.
Care should be taken in extrapolating these findings as only a limited number of materials
and mixture ingredients have been investigated. However, the results were consistent for
both the lab and the field testing and all measurements suggest that measurement of the
concrete prior to pumping was the best indicator of performance. Additional work is
underway to expand these findings to a wider range of materials and pumping
configurations.
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ESTABLISHING A FREEZE-THAW PREDICTION MODEL: ELECTRICAL
RESISTIVITY AND FORMATION FACTOR OF AIR-ENTRAINED CONCRETE
Chunyu Qiao, Mehdi Khanzadeh Moradllo, Hope Hall, M. Tyler Ley, and W. Jason Weiss

ABSTRACT
This paper studies the influence of the air content on the electrical resistivity and formation factor
of the concrete as these measures are often used in specifications for acceptance and payment.
Experimental measurements are conducted on 30 air-entrained concretes with three water-tocement ratios (w/c=0.40, 0.45 and 0.50) over a large range of air contents (2.5 % - 9.0 %). The
porosity of the concrete is measured, which is comparable to the theoretical estimation from the
Powers-Brownyard model. Electrical resistivity measurements are performed on saturated
concrete samples, and samples submerged in simulated pore solutions. The samples submerged in
a bucket of simulated pore solution achieve a degree of saturation that relates to the filling of
matrix pores, (i.e., the Nick Point). The degree of saturation at the Nick Point (SNK) decreases as
the air content increases. A formation factor (FSAT) is calculated for the saturated concrete, as well
as the apparent formation factor (FSK) for the samples submerged which reach Nick Point
saturation (SNK) in the simulated pore solution. As the air content increases, FSAT decreases due to
the increased porosity (air voids) that are filled with conductive fluid, while FNK is independent on
the air content (as the air voids are filled with nonconductive air). As the w/c increases, both FSAT
and FNK decrease due to the increased porosity and connectivity. For the concrete with the same
w/c, the addition of a high-range water reducing admixture (HRWRA) results in higher values of
FSAT and FNK due to the refined microstructure in mixtures containing HRWRA. A saturation
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function is used to provide a powerful tool in quality control to back calculate FSAT that relates to
different transport properties.

INTRODUCTION
Air entrainment has been widely used to improve the performance of concrete against freeze and
thaw damage1. The air void system in air-entrained concrete is described by the air content and the
average spacing of the air voids. ACI 201 committee recommends the air content of concrete in
the range of 3 % - 7 %, which depends on the size and type of aggregates and the severity of freeze
thaw cycles2. Moreover, previous studies suggest to provide a system that can perform well under
freeze and thaw cycling requires the concrete has a spacing factor for the air voids with a typical
value that is less than 200-250 μm (7.87×10-3-9.84×10-3 in.)3, 4.
The work by Maclnnis5 and Fagerlund6, 7 revealed that freeze-thaw damage depends on the degree
of saturation in the concrete. They proposed a critical degree of saturation (SCR) below which
freeze-thaw cycles would not cause damage to the concrete. A two-stage sorptivity based model
has been established to predict the time to reach SCR8, 9. The initial absorption represents the process
that water is drawn into gel and capillary pores due to the capillary suction10. The completion of
the initial absorption usually occurs within days11, and it is defined as the Nick Point with a degree
of saturation denoted as SNK. The secondary absorption represents the process that water is
transported into the air voids due to moisture diffusion12. The service life of the concrete under
freeze-thaw damage is primarily determined by the time to fill the air voids from SNK to SCR 6, 11,
13

. Thus, it is important to clarify the influence of the air content and air void distribution on the

value of SNK, which helps incorporate the air content to the sorptivity based service life model.
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In general, air voids are considered as isolated inclusions in the matrix due to the large size of air
voids (10 – 103 µm [3.94×10-4-3.94×10-2 in.]) compared to the gel pores and capillary pores (10-3
- 1 µm [3.94×10-8-3.94×10-5 in.]). Air voids have been shown to increase permeability and gas
diffusivity of the concrete14. The transport properties of the concrete are related to its
microstructure. The formation factor has been proposed to quantitatively describe the
microstructure of the concrete (the reciprocal of the product of porosity and the connectivity of the
pore network) 15 and relate to different transport properties, such as the intrinsic permeability16, 17
and the chloride diffusion coefficient15, 18.
Electrical resistivity measurement is increasingly being implemented in specifications and to
calculate the formation factor of the concrete19, 20. Electrical resistivity measurements are sensitive
to the conditioning of concrete which includes leaching and the degree of saturation20, 21. The
formation factor has been historically calculated from the electrical resistivity of saturated
concrete13, 22. However, since air voids are usually not fluid filled in practice the practice of using
saturated concrete can be question. This paper suggests that an apparent formation factor may
better represent the actual saturation state of the concrete and correlate to the service life23. This
paper quantifys the influence of the air content and air void distribution on both the formation
factor of saturated concrete and the apparent formation factor of partially saturated concrete.
This paper examines the influence of the air content on the concrete porosity, electrical resistivity
and formation factor of the fully and partially saturated concrete. The experimentally measured
porosity is compared with the theoretical calculated porosity based on the mixture proportion and
Powers-Brownyard model. The degree of saturation at Nick Point (SNK) is determined by an
absorption test on concrete submerged in a simulated pore solution in a bucket (“bucket test”).
Electrical resistivity measurements on concrete at two degrees of saturation will be used to
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calculate: 1) the formation factor (FSAT) at full saturation, and 2) the apparent formation factor
(FNK) at SNK. FSAT and FNK will be correlated using a saturation function.
RESEARCH SIGNIFICANCE
This study provides an improved understanding on the influence of the air content on the electrical
resistivity and formation factor of the concrete at two important degrees of saturation. An
absorption test (“bucket test”) is recommended to determine the degree of saturation at Nick Point
(SNK), during which a concrete cylinder is submerged in a simulate pore solution. The apparent
formation factor at SNK is not influenced by the air content, enabling the bucket test to be more
easily implemented in practice for quality control.
MATERIALS AND MIXTURES
Type I ordinary portland cement (ASTM C150-17) was used with a specific gravity of 3.15 and a
Blaine fineness of 386 m2/kg (1885 ft2/lb). The chemistry and mineral compositions, as provided
by material producers, are listed in Table 1.
Table 2 lists the 30 concrete mixtures that were prepared with three water to cement ratios (w/c =
0.40, 0.45 and 0.50) and a wide range of the air contents. The mixture proportions were adjusted
to yield.
The fine aggregate was a natural river sand with a specific gravity of 2.61 and an absorption rate
of 0.44 %. Two coarse aggregates were used with specific gravity of 2.75 and 2.72. The coarse
aggregates were crushed limestone with an absorption of 0.73 % and a maximum size of 19.1 mm
(0.75 in.). A wood rosin air entraining admixture (AEA) was used to achieve different air contents
as listed in Table 2. In addition, a polycarboxylate (PC)-based high range water reducing admixture
(HRWRA) was used as it has been shown to alter the air void distribution24.
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EXPERIMENTAL METHODS
POROSITY
Porosity measurement was conducted on the cylindrical specimens with a diameter of 102 ± 2 mm
(4 ± 0.08 in.) and a thickness of 51 ± 1 mm (2 ± 0.04 in.) at the age of 180 days. The volume of
permeable pores was determined according to ASTM C642-13 with the exception that the concrete
specimens were saturated by vacuum

25

, instead of being placed into boiling water. Vacuum

saturation has been shown to be a comparable method of sample conditioning which enables to
saturate all air voids in the specimen 25. After the specimens were oven dried at 105 ± 2 °C (212 ±
3.6 °F), the mass was measured and then they were placed into the vacuum chamber with a vacuum
level of 933 ± 266 Pa (7 ± 2 Torr) for 3 hours. Lime water was drawn into the vacuum chamber
and specimens were maintained in vacuum for another hour. The specimens were kept submerged
for another 20 hours after the vacuum session. The mass of the surface-dry samples and their
apparent mass under water were measured to calculate the porosity.
UNIAXIAL BULK ELECTRICAL RESISTANCE
The electrical resistivity and formation factor of saturated concrete were measured on the saturated
concrete specimen (102 ± 2 mm [4 ± 0.08 in.] in diameter and 51 ± 1 mm [2 ± 0.04 in.] in height)
after the porosity measurement26. The resistance of the specimens was measured using a Giatec
RCON2TM resistivity meter with a frequency of 1 kHz at 23 ± 2 °C (73.4 ± 3.6 °F). Two 102 mm
(4 in.) in diameter stainless steel plate electrodes were used with two pieces of sponge with a
thickness of 3 mm (0.12 in.). During the test, the sponge was saturated with lime water and placed
between specimens and plate electrodes to ensure the electrical connection
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27

. The electrical

resistivity can be calculated using the measured electrical resistance minus the resistance of two
pieces of sponge.
BUCKET TEST
A simplified sorption test (bucket test) was directly performed on the demolded concrete
specimens (102 ± 2 mm [4 ± 0.08 in.] in diameter and 203 ± 2 mm [8 ± 0.08 in.] in height) to
determine the degree of saturation at the Nick Point (SNK), the corresponding electrical resistivity
and apparent formation factor.
For each mixture, two samples were submerged in a 5-gal (18.9 L) bucket containing 13.5 L (3.6
gal) simulated pore solution, which minimizes alkali leaching 28. The samples were positioned to
ensure all surfaces in contact with the liquid. The volume ratio of the sample to storage solution
was chosen to be 1:8, which is large enough to ignore the influence of concrete samples on the
composition of the simulated pore solution 13.
As shown in Table 3, the pore solution chemistry at the sealed condition was estimated from the
pore solution resistivity calculator by the National Institute of Standards and Technology (NIST)
29

. The calculation is based on the alkali contents of the cement (Table 1) and the degree of

hydration (DOH of 0.75, 0.80 and 0.85 is assumed for the mature concrete with w/c=0.40, 0.45
and 0.50, respectively).
The mass change and electrical resistance were periodically recorded over 91 days of submersion.
After the bucket test was completed, the samples were removed from the buckets, and washed with
tap water to wash off the simulated pore solution on the surface. The samples were placed in an
environmental chamber at 23 ± 2 °C (73.4 ± 3.6 °F) and 50 ± 2 % RH for a week. The samples
were then oven dried at 105 ± 2 °C (212 ± 3.6 °F) and weighed. Afterwards, the samples were
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vacuum saturated with lime water and weighed. The vacuum saturation procedure is the same as
in above porosity measurement. The oven dry mass and saturation mass will be used for the
calculation of SNK.
RESULTS AND DISCUSSIONS
THEORETICAL CALCULATION OF POROSITY OF AIR-ENTRAINED CONCRETE
The pore space in air-entrained concrete can be considered to include three parts: i) the pores in
the hydrated cementitious paste matrix (ϕPP); ii) the entrained and entrapped air (ϕAIR as listed in
Table 2); and iii) the pores of aggregates (ϕAP)

25

. The total porosity (ϕ) of the air-entrained

concrete can be expressed as:
𝜑𝜑 = 𝜑𝜑𝑃𝑃𝑃𝑃 + 𝜑𝜑𝐴𝐴𝐴𝐴𝐴𝐴 + 𝜑𝜑𝐴𝐴𝐴𝐴

(1)

The pores in the hydrated cementitious paste matrix can be categorized as gel pores (ϕGP), capillary
pores (ϕCP) and chemical shrinkage (ϕCS) in Powers-Brownyard model 30:
𝜑𝜑𝑃𝑃𝑃𝑃 = 𝜑𝜑𝐺𝐺𝐺𝐺 +𝜑𝜑𝐶𝐶𝐶𝐶 + 𝜑𝜑𝐶𝐶𝐶𝐶

(2)

Figure 1 shows Powers-Brownyard model illustrating the pore space evolution in a cement paste
as functions of the degree of hydration (DOH), which means30:
𝜑𝜑𝐺𝐺𝐺𝐺 = 𝜙𝜙𝑃𝑃𝑃𝑃 ∙ [0.6 ∙ (1 − 𝑥𝑥) ∙ 𝐷𝐷𝐷𝐷𝐷𝐷]

𝜑𝜑𝐶𝐶𝐶𝐶 = 𝜙𝜙𝑃𝑃𝑃𝑃 ∙ [𝑥𝑥 − 1.3 ∙ (1 − 𝑥𝑥) ∙ 𝐷𝐷𝐷𝐷𝐷𝐷]
𝜑𝜑𝐶𝐶𝐶𝐶 = 𝜙𝜙𝑃𝑃𝑃𝑃 ∙ [0.2 ∙ (1 − 𝑥𝑥) ∙ 𝐷𝐷𝐷𝐷𝐷𝐷]

(3a)
(3b)
(3c)

where, 𝜙𝜙𝑃𝑃𝑃𝑃 and x are the volume fraction of the paste matrix and the initial porosity of the cement
paste with the expressions:
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𝑉𝑉

𝑚𝑚𝑤𝑤 ⁄𝜌𝜌𝑤𝑤
𝑐𝑐 ⁄𝜌𝜌𝑐𝑐 +𝑚𝑚𝑤𝑤 ⁄𝜌𝜌𝑤𝑤

𝑤𝑤
𝑥𝑥 = 𝑉𝑉 +𝑉𝑉
= 𝑚𝑚
𝑐𝑐

𝑤𝑤

𝜙𝜙𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑤𝑤 = 𝑚𝑚𝑐𝑐 ⁄𝜌𝜌𝑐𝑐 + 𝑚𝑚𝑤𝑤 ⁄𝜌𝜌𝑤𝑤

(4a)
(4b)

where, Vc/Vw, mc/mw, ρc/ρw are the volume (m3 [yd3]), mass (kg/m3 concrete [lb/yd3 concrete], in
Table 2) and density (kg/m3 [lb/yd3]) of cement and water, respectively.
Assuming the pore volume of the aggregates equals the absorption capacity of the aggregate, the
porosity related to aggregates (ϕAP) can be calculated as:
𝜑𝜑𝐴𝐴𝐴𝐴 =

𝑐𝑐𝐹𝐹𝐹𝐹 ∙𝑚𝑚𝐹𝐹𝐹𝐹 +𝑐𝑐𝐶𝐶𝐶𝐶1 ∙𝑚𝑚𝐶𝐶𝐶𝐶1 +𝑐𝑐𝐶𝐶𝐶𝐶2 ∙𝑚𝑚𝐶𝐶𝐶𝐶2
𝜌𝜌𝑤𝑤

(5)

where, cFA/cCA1/cCA2 and mFA/mCA1/mCA2 are the absorption rate and mass (kg/m3 concrete [lb/yd3
concrete], in Table 2) of fine aggregate, and coarse aggregates, respectively.
With the mixture proportions (in Table 2) and the assumed DOH in the concrete with w/c=0.40,
0.45, and 0.50 at 180 days, the total theoretical porosity is determined using Eq. 1 – Eq. 5. The
theoretical and experimental data is shown in Fig. 2. There is a good correlation (within ± 10 %
variation) between the theoretical values and the experimental data. However, the theoretical
porosity is slightly higher than the experimental data, and the difference is approximately 1.1 - 1.3
% (which is similar to the porosity of the aggregate, ϕAP). This may indicate the difficulty to
saturate the normal weight aggregates within the hardened concrete even at a high vacuum level
(933 ± 266 Pa [7 ± 2 Torr])31. It appears reasonable to assume the total porosity as the sum of the
paste matrix porosity and air content (ϕPP + ϕAIR) in the air-entrained concrete with normal weight
aggregates; however, more work is needed to confirm this observation.
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DETERMINATION OF DEGREE OF SATURATION AT NICK POINT (SNK)
The degree of saturation at Nick Point (SNK) was experimentally determined using the bucket test.
Figure 3 shows the two-stage absorption from the amount of absorbed water and the electrical
resistivity of the concrete as functions of the square root of time from bucket test. The Nick Point
occurred at Day 4 - Day 7 for the samples with varying w/c and air content, as illustrated in Fig.
3, and the degree of saturation at Nick Point (SNK) can be calculated as:
𝑚𝑚

−𝑚𝑚

𝑆𝑆𝑁𝑁𝑁𝑁−𝐵𝐵 = 𝑚𝑚 𝑁𝑁𝑁𝑁 −𝑚𝑚𝑂𝑂𝑂𝑂
𝑆𝑆𝑆𝑆𝑆𝑆

𝑂𝑂𝑂𝑂

(6)

where, mNK, mOD and mSAT denote the mass (g [lb]) at SNK, oven dry and saturation, respectively.
In theory, liquids fill all the matrix pores in the concrete (𝜑𝜑𝑃𝑃𝑃𝑃 in Eq. 2) during the initial absorption

at SNK, while all the air voids (φAIR) remain empty. As such, the theoretical value of SNK can be
determined using Eq. 7:
𝑆𝑆𝑁𝑁𝑁𝑁−𝑇𝑇 = 𝜑𝜑

𝜑𝜑𝑃𝑃𝑃𝑃

𝑃𝑃𝑃𝑃 +𝜑𝜑𝐴𝐴𝐴𝐴𝐴𝐴

= 𝜑𝜑

𝜑𝜑𝐺𝐺𝐺𝐺 +𝜑𝜑𝐶𝐶𝐶𝐶 +𝜑𝜑𝐶𝐶𝐶𝐶

𝐺𝐺𝐺𝐺 +𝜑𝜑𝐶𝐶𝐶𝐶 +𝜑𝜑𝐶𝐶𝐶𝐶 +𝜑𝜑𝐴𝐴𝐴𝐴𝐴𝐴

(7)

Figure 4 shows that the measured values of SNK-B from the bucket test (Eq. 6) varies in the range
of 0.5-0.9, which are comparable to the theoretical values within ± 10% variation. As shown in
Fig. 4, the value of SNK-B decreases as the air content increases, since a greater volume of air voids
needs to be filled during the secondary absorption. At a similar air content, the concrete with a
higher w/c generally has a larger value of SNK-B since a greater volume of matrix pores need to be
filled during the initial absorption. For the same w/c concrete, the addition of HRWRA has little
influence on the trend of SNK-B for the air contents investigated. This indicates that SNK-B is
independent of the air void distribution, at a comparable air content for a given w/c.
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ELECTRICAL RESISTIVITY AND FORMATION FACTOR OF SATURATED
CONCRETE (S=100%)
Figure 5 shows the measured electrical resistivity (ρSAT, in Ω⋅m [Ω⋅in]) of the saturated airentrained concrete from the bulk electrical resistance measurement. There is a lower value of ρSAT
in the concrete with a higher air content since the larger porosity allows a higher volume of liquids
to conduct electricity. As the w/c increases, the value of ρSAT decreases due to the coarser
microstructure. As shown in Fig. 5, the addition of HRWRA results in a higher value of ρSAT. This
can be expected to relate to that PC superplasticizer can refine the microstructure32,

33

. The

increased variation in ρSAT of the concrete with HRWRA may the result of the coarsened air void
distribution by HRWRA24.
As a microstructural descriptor, a formation factor (FSAT) is defined as the ratio of the electrical
resistivity ρSAT of the saturated concrete to that of the pore solution15:
𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜌𝜌

𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆

𝑝𝑝𝑝𝑝−𝑆𝑆𝑆𝑆𝑆𝑆

1

= 𝜑𝜑∙𝛽𝛽

(8)

where, ρps-SAT is the electrical resistivity (Ω⋅m [Ω⋅in]) of the pore solution, and β is the connectivity
of the pore network. The value of ρps-SAT needs to be determined to calculate FSAT using Eq. 8.
In practice, the pore solution of air-entrained concrete usually only exist in the matrix pores, while
leaving the air voids empty. However, when an oven dried air-entrained concrete sample is vacuum
saturated with lime water, the air voids can also be saturated25. Thus, the ions of the original pore
solution transport into the liquids in air voids until a uniform composition is reached. The new
pore solution at equilibrium can be considered as a diluted solution from the original pore solution.
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The dilution factor is the ratio of total porosity (ϕ) to the matrix porosity (ϕPP). As a first
approximation, ρps-SAT can be calculated using Eq. 9:
𝜌𝜌𝑝𝑝𝑝𝑝−𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜌𝜌𝑝𝑝𝑝𝑝−𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ∙

𝜑𝜑𝑃𝑃𝑃𝑃
𝜑𝜑

=

𝜌𝜌𝑝𝑝𝑝𝑝−𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(9)

𝑆𝑆𝑁𝑁𝑁𝑁−𝐵𝐵

where, ρps-original is the electrical resistivity (Ω⋅m [Ω⋅in]) of the original pore solution.
Considering the small amounts of HRWRA (in Table 2) with the majority bound in hydration
products, its addition is assumed to have little influence on the pore solution resistivity. As such,
the NIST online pore solution resistivity calculator29 is used to quantify ρps-original with values of
0.133 (5.236), 0.154 (6.063) and 0.173 (6.811) Ω⋅m (Ω⋅in) for the concrete with w/c = 0.40, 0.45,
and 0.50, respectively. With Eq. 8 – 9, the values of FSAT can be calculated, as plotted in Fig. 6. As
the air content increases, the value of FSAT linearly decreases due to the increased porosity. As the
w/c increases, FSAT decreases due to the increased porosity and pore connectivity. For the same
w/c concrete, the addition of HRWRA leads to a higher value of FSAT (in Fig. 6b). This is related
to the refined microstructure by adding HRWRA32, 33.

ELECTRICAL

RESISTIVITY

AND

APPARENT

FORMATION

FACTOR

OF

PARTIALLY-SATURATED CONCRETE (S=SNK)
As shown in Fig. 3, the concrete electrical resistivity dramatically decreases during the initial
absorption of the bucket test. Then the concrete electrical resistivity only changed slightly over
time during the secondary absorption stage. The measured electrical resistivity at Nick Point (ρNK,
in Ω⋅m [Ω⋅in]) is obtained from the bucket test, and it is plotted in Fig. 7.
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The empty air voids in the concrete at the Nick Point results in the higher value of ρNK (in Fig. 7),
compared to that of ρSAT (in Fig. 5). As the w/c increases, the value of ρNK decreases due to the
increased connectivity and porosity of the concrete. For the same w/c concrete, the refined
microstructure by adding HRWRA32, 33 leads to a higher value of ρNK, as shown in Fig. 7b. The
significant difference between ρSAT (in Fig. 5) and ρNK (in Fig. 7) is that the value of ρNK is
independent of the air content of the concrete. The independence of ρNK on the air content is
expected since the pore solution at SNK only occupies the matrix pores which are similar in volume
and microstructure in the same group of concrete.
Similar to definition of F in Eq. 8, an apparent formation factor (FNK) is defined as the ratio of the
concrete electrical resistivity at Nick Point to the pore solution resistivity:
𝐹𝐹𝑁𝑁𝑁𝑁 = 𝜌𝜌

𝜌𝜌𝑁𝑁𝑁𝑁

(10)

𝑝𝑝𝑝𝑝−𝑁𝑁𝑁𝑁

where, 𝜌𝜌𝑝𝑝𝑝𝑝−𝑁𝑁𝑁𝑁 is the electrical resistivity (Ω⋅m [Ω⋅in]) of the pore solution at SNK (in Table 3). The

values of FNK are calculated using Eq. 10, as plotted in Fig. 8. FNK has the similar trends as those
discussed about ρNK (Fig. 7) and it is also independent on the air content.
THE RELATIONSHIP BETWEEN F AND FNK: F(SNK)
To better understand the influence of the air content on electrical resistivity, it is meaningful to
relate FSAT to FNK via the degree of saturation. In practice, the ratio of FSAT to FNK is simplified as
a saturation function with a form of a basic power function 20, 22:
𝑓𝑓(𝑆𝑆𝑁𝑁𝑁𝑁 ) =

𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆
𝐹𝐹𝑁𝑁𝑁𝑁

= 𝑆𝑆𝑁𝑁𝑁𝑁 𝑛𝑛

(11)

The experimental data of f(SNK) is fitted using Eq. 11, as plotted in Fig. 9. The fitted value of
exponent n is 2.97 (approximately 3), and the majority of the experimental data lies within ± 15%
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variation. And the fitted n value is similar to that of 2.41 previously obtained by Barrett for plain
concrete with different w/c, paste volume and air contents22. A similar form of saturation function
has also been defined to quantify the ionic diffusion coefficient as a function of the degree of
saturation (S) in partially saturated cementitious materials with an n value in the range of 3.5-6 20,
34, 35

.

The saturation function in Eq. 11 has significant implications in engineering practice. Coupled
with the value of FNK that can be easily obtained from the bucket test, Eq. 11 can be used to back
calculate the value of FSAT when vacuum saturation is not available. This provides a powerful tool
in quality control to obtain FSAT that relates to different transport properties by using simple test
procedures and equipment that should be widely available. This in turn can make it easier for these
methods to implement in practice.
CONCLUSIONS
This paper reports porosity and electrical resistivity measurements for the concrete made with
three w/c over a wide range of air contents (2.5 % to 9.0 %) with and without HRWRA. Electrical
resistivity measurements were performed at two important moisture states and were used to
calculate: i) the formation factor (FSAT) at full saturation, and ii) the apparent formation factor (FNK)
at matrix saturation. Matrix saturation, also known as the Nick Point, were obtained using concrete
submerged in a simulated pore solution after a specific period.
The theoretical porosity of the air-entrained concrete can be estimated based on the mixture
proportions and Powers-Brownyard model. The theoretical porosity was found to be comparable
to the experimental data.
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The degree of saturation at the Nick Point (SNK) decreases as the air content increases. The
experimentally measured values of SNK is comparable to the theoretical values (i.e., ± 10 %
variation).
As the air content increases, the formation factor FSAT of saturated concrete decreases due to a
higher volume of fluid filled air voids that conducts electricity. As the w/c increases, FSAT decreases
due to the increased matrix porosity and connectivity. The addition of HRWRA (at the same w/c)
results in a higher value of FSAT, which appears to be related to the refined microstructure that
reduces connectivity of the pore network.
The apparent formation factor FNK of concrete at Nick Point (SNK) is independent on the air content.
FSAT and FNK can be correlated using a saturation function in a form of a power function with a
fitted exponent of approximately 3.
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Table 1. Composition of raw materials (in % wt.)
Type I cement
Chemical Data
SiO2

21.1

Al2O3

4.7

Fe2O3

2.6

CaO

62.1

MgO

2.4

SO3

3.2

Na2O

0.2

K2O

0.3

Na2Oeq

0.4

Loss on ignition

2.70

Bogue Phase Calculation
C3S

56.7

C2S

17.8

C3A

8.2

C4AF

7.8
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Table 2. The mixture proportion (saturated surface dry condition) of concrete (in kg/m3 [lb/yd3])

w/c

Mixture
M1
M2

0.40

M3
M4
M5
M6
M1
M2

0.45

M3
M4
M5
M6
M1
M2

0.50

M3
M4
M5
M1
M2

0.40

M3
M4
M5

0.45

M1
M2

Coarse
aggregate 1

Coarse
aggregate 2

Fine
aggregate

Type I
cement

Water

677.3
(1141.6)
672.4
(1133.4)
668.2
(1126.3)
665.4
(1121.6)
661.9
(1115.7)
656.4
(1106.4)
697.3
(1175.3)
693.7
(1169.3)
690.2
(1163.4)
685.2
(1154.9)
674.4
(1136.7)
670.1
(1129.5)
680.2
(1146.5)
674.0
(1136.1)
666.3
(1123.1)
653.7
(1101.8)
644.6
(1086.5)
671.0
(1131.0)
662.6
(1116.8)
660.5
(1113.3)
651.5
(1098.1)
648.7
(1093.4)
686.6
(1157.3)
678.7
(1144.0)

451.5
(761.0)
448.3
(755.6)
445.5
(750.9)
443.6
(747.7)
441.3
(743.8)
437.6
(737.6)
464.9
(783.6)
462.5
(779.6)
460.1
(775.5)
456.8
(770.0)
449.6
(757.8)
446.8
(753.1)
453.5
(764.4)
449.3
(757.3)
444.1
(748.6)
435.8
(734.6)
429.7
(724.3)
447.3
(753.9)
441.8
(744.7)
440.4
(742.3)
434.3
(732.0)
432.5
(729.0)
457.7
(771.5)
452.5
(762.7)

762.7
(1285.6)
757.2
(1276.3)
752.5
(1268.4)
749.4
(1263.2)
745.5
(1256.6)
739.2
(1246.0)
754.7
(1272.1)
750.8
(1265.5)
747.0
(1259.1)
741.5
(1249.8)
729.9
(1230.3)
725.3
(1222.5)
735.7
(1240.1)
728.9
(1228.6)
720.6
(1214.6)
707.0
(1191.7)
697.2
(1175.2)
755.7
(1273.8)
746.3
(1257.9)
743.9
(1253.9)
733.7
(1236.7)
730.6
(1231.5)
743.1
(1252.5)
734.6
(1238.2)

372.8
(628.4)
370.1
(623.8)
367.8
(619.9)
366.3
(617.4)
364.4
(614.2)
361.3
(609.0)
340.5
(573.9)
338.8
(571.1)
337.0
(568.0)
334.6
(564.0)
329.3
(555.1)
327.2
(551.5)
340.1
(573.3)
337.0
(568.0)
333.1
(561.5)
326.9
(551.0)
322.3
(543.3)
369.4
(622.6)
364.8
(614.9)
363.6
(612.9)
358.6
(604.4)
357.1
(601.9)
335.3
(565.2)
331.4
(558.6)

149.1
(251.3)
148.1
(249.6)
147.1
(247.9)
146.5
(246.9)
145.8
(245.8)
144.5
(243.6)
153.3
(258.4)
152.5
(257.0)
151.7
(255.7)
150.6
(253.8)
148.2
(249.8)
147.3
(248.3)
170.1
(286.7)
168.5
(284.0)
166.6
(280.8)
163.4
(275.4)
161.2
(271.7)
147.8
(249.1)
145.9
(245.9)
145.4
(245.1)
143.5
(241.9)
142.8
(240.7)
150.9
(254.4)
149.2
(251.5)
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AEA
(g/m3)
[oz/yd3]
6.46
(0.17)
14.41
(0.39)
32.95
(0.89)
33.18
(0.89)
33.94
(0.92)
52.41
(1.41)
6.66
(0.18)
9.82
(0.26)
16.28
(0.44)
29.61
(0.80)
40.93
(1.10)
52.66
(1.42)
5.56
(0.15)
10.49
(0.28)
18.19
(0.49)
28.97
(0.78)
32.95
(0.89)
14.01
(0.38)
19.57
(0.53)
23.46
(0.63)
27.91
(0.75)
31.84
(0.86)
5.39
(0.15)
13.83
(0.37)

HRWRA
(g/m3 )
[oz/yd3]

Air
content
(%)

-

2.8

-

3.5

-

4.1

-

4.5

-

5.0

-

5.8

-

2.5

-

3.0

-

3.5

-

4.2

-

5.7

-

6.3

-

2.6

-

3.5

-

4.6

-

6.4

-

7.7

130.11
(3.51)
130.01
(3.51)
129.29
(3.49)
130.21
(3.51)
128.65
(3.47)
112.69
(3.04)
112.39
(3.03)

3.7
4.9
5.2
6.5
6.9
4.0
5.1

M3
M4
M1
0.50

M2
M3
M4

670.8
(1130.7)
666.6
(1123.6)
679.5
(1145.3)
661.4
(1114.8)
653.0
(1100.7)
635.5
(1071.2)

447.2
(753.8)
444.4
(749.1)
453.0
(763.6)
440.9
(743.2)
435.3
(733.7)
423.7
(714.2)

726.1
(1223.9)
721.4
(1216.0)
735.0
(1238.9)
715.3
(1205.7)
706.3
(1190.5)
687.4
(1158.7)
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327.6
(552.2)
325.5
(548.6)
339.8
(572.8)
330.7
(557.4)
326.5
(550.3)
317.8
(535.7)

147.4
(248.5)
146.5
(246.9)
169.9
(286.4)
165.3
(278.6)
163.3
(275.3)
158.9
(267.8)

17.68
(0.48)
21.46
(0.58)
2.69
(0.07)
5.94
(0.16)
6.64
(0.18)
9.09
(0.25)

102.19
(2.76)
102.15
(2.75)
51.87
(1.40)
51.93
(1.40)
52.21
(1.41)
51.40
(1.39)

6.2
6.8
2.7
5.3
6.5
9.0

Table 3. Chemical composition (in g/L [oz/gal]) and electrical resistivity of the simulated pore
solutions for bucket test
w/c

NaOH

KOH

Ca(OH)2

Resistivity (Ω･m [Ω⋅in])

0.40

8.4 (1.1)

11.8 (1.6)

2.0 (0.3)

0.115 (4.528)

0.45

7.6 (1.0)

10.6 (1.4)

2.0 (0.3)

0.128 (5.039)

0.50

6.8 (0.9)

9.0 (1.2)

2.0 (0.3)

0.145 (5.709)
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1.0

Chemical shrinkage

Volume fraction

0.8

Capillary water
Gel water

0.6
0.4

Hydrate solids

0.2
Unhydrated cement

0.0
0.0

0.2

0.4

0.6

0.8

1.0

Degree of Hydration

Fig. 1 Illustration of Powers-Brownyard model (w/c=0.45)
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ESTABLISHING A FREEZE-THAW PREDICTION MODEL: QUANTIFYING FLUID
ABSORPTION IN AIR-ENTRAINED CONCRETE USING NEUTRON RADIOGRAPHY
Mehdi Khanzadeh Moradllo, Chunyu Qiao, Mitchell Keys, Hope Hall, M. Tyler Ley, Steven
Reese, and W. Jason Weiss
ABSTRACT
The absorption of fluid in concrete is often useful in the prediction of durability. Studies on the
influence of entrained air voids (air content and quality) on fluid absorption in concrete are
unfortunately very limited. This paper investigates fluid (water) absorption in air entrained
concrete mixtures with three water-to-cement ratios (w/c = 0.40, 0.45 and 0.50) and a range of air
contents (2.5% – 9.0%) with and without high range water reducer. Neutron radiography is used
to measure the time-dependent depth of water penetration, water absorption, and the degree of
saturation. In addition, water absorption is related to the apparent formation factor, which is
determined from electrical resistivity measurements on concrete samples immersed in a simulated
pore solution. Results show that the air content has a minimal impact on the rate of water
absorption of the matrix. However, the air content significantly alters the degree of saturation with
higher air contents having a lower degree of saturation. As the w/c decreases, the rate of water
absorption is reduced due to the refined microstructure. For the given w/c, the addition of the high
range water reducer has a slight reduction in the rate of water absorption. Results indicate a linear
relationship between sorptivity (initial and secondary) and the reciprocal of the square root of the
apparent formation factor. This relationship can provide a powerful tool in quality control to obtain
the apparent formation factor.
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INTRODUCTION
Concrete is susceptible to damage caused by freezing and thawing cycles in cold
environments1-6. Air entrainment has been successfully used in concrete to improve frost resistance
of concrete and extend its service life.3, 5-9 The concept of air-entrained concrete is well established
and has been used for nearly 90 years.3, 6, 8 The entrained air voids are connected through the pore
system (gel and capillary pores) of the cement paste matrix.10, 11 Fluid absorption in air voids is a
very slow process.11-14 Entrained air lowers the degree of saturation (DoS) in concrete and delays
the time to reach a critical degree of saturation (DoSCR). Accordingly, the long time to reach DoSCR
extends the service life of concrete in cold environment.
Extensive studies have been conducted to investigate the mechanisms by which air
entrainment improves the performance of concrete.3, 6, 8 Additional studies have focused on how
to specify the air void system characteristics for frost protection.1, 3, 6, 12 However, systematic
studies on the impact of entrained air voids (air content and quality) on fluid transport in concrete
are very limited.11, 15-17 This is particularly important for capillary absorption which can be linked
to concrete durability.18-20
A study by Wong et al.11 revealed that the entrained air voids can alter fluid and gas transport
properties. This impact of entrained air voids depends on the moisture state of the air voids and
the transport mechanism being considered. Entrained air voids facilitate gaseous transport (oxygen
permeation and diffusion) when they are vapor filled. This was attributed to the air voids acting as
conductors during gaseous transport.11 The effect of entrained air on capillary water absorption
was not consistent.11 Van den Heede et al.16 evaluated the influence of air entrainment on transport
properties of high-volume fly ash concrete, and found no significant difference in capillary water
absorption between the non-air entrained and air entrained concrete mixtures. Li et al.12 examined
121

the influence of entrained air content (6 – 14% by volume of mortar) on the rate of water absorption
in mortar mixtures with a w/c of 0.42 preconditioned at different relative humidities (RHs). Similar
water absorption was observed for mixtures with different air contents initially (absorption period
less than 25 d); however, over time the specimens with higher volumes of air absorbed more
water.12 The initial and secondary absorption rates correspond to the filling of matrix pores (gel,
chemical shrinkage, and capillary pores) and air voids, respectively.21 However, more research is
needed to examine the influence of air content and quality on capillary fluid absorption in modern
concrete with varying mixture proportions.
The aim of the current study is to systematically investigate the influence of entrained air
voids on capillary water absorption of concrete with varying water-to-cement (w/c) ratios. A high
range water reducer (HRWR) was used to modify the air void size and air void distribution (i.e.,
air void quality). In addition, this study will relate the formation factor (derived from electrical
resistivity measurement) to the water absorption in hardened concrete. This study examines
whether the formation factor can provide an alternative to the water absorption test thereby saving
substantial time in sample preparation and testing.19 The formation factor was measured under a
non-saturated condition (i.e., an apparent formation factor (FAP)) which better correlates to the
actual saturation state of concrete in the field where the matrix pores are saturated and the air voids
are usually empty or only partially filled with fluid.14, 22
This study uses neutron radiography (NR) to measure the water absorption. NR provides water
content measurements with spatial information that cannot be obtained from the conventional mass
measurements.19, 23 In NR tests, a portion of neutron beam passes through the sample and a portion
of the beam is attenuated. The extent of attenuation is primarily related to the neutron cross section
(a term used to express the likelihood that an incident neutron will interact with the target
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nucleus).23 The neutron scattering and absorption cross sections are particularly large for the first
isotope of hydrogen (H-1), which composes 99.9885% of all hydrogen found in nature.23
Therefore, NR has an advantage over other techniques in measuring the depth of water penetration,
mass change from water, and DoS profiles. NR has been used to study the drying process, fluid
absorption, plastic shrinkage, internal and external curing, and cracking in cementitious
materials.19, 24-29
This study has three objectives: i) demonstrate the use of NR to quantify the time-dependent
water absorption and DoS in air-entrained concrete, ii) illustrate the influence of air content and
quality on water depth of penetration, water absorption, and DoS in air entrained concrete with
varying w/c, iii) relate the calculated initial and secondary sorptivities based on NR to the
reciprocal of the square root of the apparent formation factor.
RESEARCH SIGNIFICANCE
Studies on the influence of entrained air voids on fluid absorption in concrete are very limited.
Findings of this study improve our understanding of the fluid absorption process in air entrained
concrete by investigating the influence of w/c, entrained air content, and entrained air quality
(spacing) on time-dependent depth of water penetration, water absorption, and the degree of
saturation in concrete samples using neutron radiography. In addition, results of this study indicate
a linear relationship between fluid absorption and the reciprocal of the square root of the apparent
formation factor (derived from electrical resistivity measurement). This relationship can provide a
powerful tool in quality control to obtain the apparent formation factor and relate it to absorption
properties by using a simple immersion test rather than performing the conventional absorption
tests.
EXPERIMENTAL PROGRAM
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3.1. MATERIALS AND MIXTURE PROPORTIONS
Type I ordinary portland cement (ASTM C150-17) was used with a specific gravity of 3.15
and a Blaine fineness of 386 m2/kg (1885 ft2/lb.). The chemical and mineral compositions of the
cement are provided in Table 1. The fine aggregate was a natural river sand with a specific gravity
of 2.61, and an absorption of 0.44%. Two coarse aggregates were used with specific gravity of
2.75 and 2.72. The coarse aggregates have an absorption of 0.73% and a maximum size of 19.1
mm (0.75 in.).
Thirty concrete mixtures were prepared. The mixtures consisted of three different water to
cement ratios (w/c = 0.40, 0.45, and 0.50). The mixtures contained a wide range of air contents
(2.5 – 9.0%) and air void quality (air size and distribution) as measured with the Sequential Air
Method (SAM) Number30-31 (0.06 – 0.68). The admixtures used include a wood rosin air
entraining admixture (AEA) and a polycarboxylate (PC)-based high range water reducing
admixture (HRWR) which was added to alter the air void size and its distribution.30-33 The mixture
proportions are provided in Table 2. The mixture proportions were adjusted to yield.
The mixtures were prepared at Oklahoma State University using the procedure described in.31
The air content and SAM Number of the freshly mixed concrete was measured according to
AASHTO TP 118-17. Concrete specimens were sealed and cured in plastic cylindrical molds with
inside dimensions of 102 mm [4 in.] (diameter) × 203 mm [8 in.] (height) at 23 ± 2 °C (73.4 ± 3.6
°F) for 180 days. Three cylinders of each mixture were tested for water absorption by NR.
3.2. PREPARATION AND CONDITIONING OF SAMPLES FOR NR
After 180 d of curing, samples were cut from cylindrical samples with dimensions of 30.0 mm
[1.2 in.] (height) × 102.0 mm [4 in.] (diameter) using a wet saw (Fig. 1a). Prismatic slices (76.0
mm [3.0 in.] (height) × 60.0 mm [2.4 in.] (width) × 30.0 mm [1.2 in.] (thickness)) were then cut
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from the cylindrical slices for the NR experiment (Fig. 1b). The prismatic slices were conditioned
at 50 ± 2 % RH and 25 ± 1 °C (77.0 ± 1.8 °F) to use in measuring the absorption by NR. Sample
mass was measured daily until there was less than 0.01% change in mass over a 24 h period. The
samples with a w/c of 0.50 and 0.45 approached mass equilibrium after approximately 60 d
conditioning at 50% RH. The samples with w/c of 0.40 required ≈80 d to approach mass
equilibrium at 50% RH.
3.3. EXPERIMENTAL METHODS
3.3.1. Absorption by Neutron Radiography (NR)
3.3.1.1. Method Description
After the conditioning period, the side surfaces of samples were sealed with aluminum tape,
to avoid evaporation from the sample during testing. Aluminum tape was selected since it has low
neutron attenuation. The bottom surface of samples was exposed to water during the absorption
test. Three samples were tested for each mixture.
A water reservoir with dimensions of 25.0 mm [1.0 in.] (depth) × 60.0 mm [2.4 in.] (width) ×
76.0 mm [3.0 in.] (length) was made from aluminum to conduct absorption tests, as shown in Fig.
1c. Thin (2 mm [0.08 in.]) supports were made inside the reservoir to hold sample during the test.
The water level was 2 ± 1 mm (0.08 ± 0.04 in.) above the top of the supports. The water level was
kept constant for all concrete samples during the tests.
The absorption experiment was conducted inside an environmental chamber positioned in the
beamline (Fig. 2). The environmental chamber was maintained at 50 ± 2 % RH and a temperature
of 25 ± 1 °C (77.0 ± 1.8 °F). A linear motion stage was used to move the samples into the beam
(Fig. 2c). This stage re-positions the samples during imaging over the duration of the test period.
Five hours (5 h) after exposure to water, the samples were moved inside a larger container in order
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to start the absorption experiment for the other sets of samples. Two spacers (steps) were placed
under the sample to provide a water flow between the bottom of the container and the lower surface
of the sample. The larger containers were also stored in the environmental chamber at 50 ± 2 %
RH and 25 ± 1 °C (77.0 ± 1.8 °F). A three channel digital peristaltic pump was used to keep water
level constant in large containers during the tests. The samples were monitored by NR until water
reached the top surface of the sample. The samples were weighed both before and during the
absorption experiment to determine the water absorption over time and compare the result with
calculations based on radiographs. The samples were oven-dried at 65 ± 1 ºC (149.0 ± 1.8 °F) and
vacuum saturated after the absorption test to measure the initial and time-dependent DoS in the
samples.
Neutron imaging was conducted at the Neutron Radiography Facility (NRF) at Oregon State
University (OSU) Radiation Center (Fig. 2a). This facility utilizes a 1.1 MW (1043 Btu/s) watercooled research reactor. The beam within the NRF has a collimation ratio (L/D) of 115 ± 4 and a
thermal neutron flux of 9.4×105 ± 1.6×104 cm–2 s–1 (6.1×106 ± 1.0×105 in.–2 s–1). The NRF at OSU
uses an image intensifier coupled with a light-tight right angle adapter to a charge-coupled device
(CCD) camera as a neutron detection scheme. A Nikon D610 camera with 50 mm f/1.2 lens was
used to capture images through the scintillator with a spatial resolution of approximately 90 µm
(3.54 × 10-3 in.). The diameter of field of view (FOV) is approximately 150 mm (5.9 in.). Five
radiographs of the concrete samples were taken before exposing the sample to water. The average
of these radiographs was used as a reference image. Radiographs were also taken to track the water
penetration over time after the sample was exposed to water. Three images of each sample were
taken with an exposure time of 1 second. Radiographs were also captured from samples in the
oven-dried and vacuum saturated conditions to calculate the DoS profiles. In addition, multiple
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images were taken from the background (detector’s FOV) with open beam (flat-field image) and
with closed beam (dark-field image) for the background correction. The following section
describes the details of image analysis and water penetration depth, water mass, degree of
saturation and sorptivity calculation from NR measurements.
3.3.1.2. Water calibration
A water attenuation coefficient (µW) was determined to quantify the water distribution in the
samples based on the raw radiographic images. The attenuation coefficient of water was calculated
by scanning the empty and water-filled stepped cells with different water thicknesses and
developing a relationship between water thickness (Xw) and optical density (OD = ln(I0/It)) based
on Eq. 134, as shown in Fig. 3.
𝐼𝐼

2
𝐿𝐿𝐿𝐿( 𝐼𝐼0 ) = 𝜇𝜇𝑤𝑤 𝑋𝑋𝑤𝑤 + 𝛽𝛽𝑋𝑋𝑤𝑤
𝑡𝑡

(1)

where, I0 and It are the average transmitted intensity on the empty and water-filled stepped cells,
respectively; β is the correction parameter to empirically correct for the beam hardening and
scattering effects34, 35 and Xw is the thickness of water. The measured values of µW and β are
summarized in Table 3.
Equation 1 is the modified version of the Beer-Lambert Law to empirically correct for beam
hardening and scattering effects.34,

35

In addition, this water calibration experiment has been

conducted in front of the samples after drying them in oven at 65 ± 1 °C (149.0 ± 1.8 °F) to account
for the impact from non-evaporable water and other constituents of mortar on optical density
values and consequently on attenuation coefficient of water (Fig. 3).
The calculated water attenuation coefficient based on water cells in front of oven-dried
samples varies from 0.0782 mm-1 (1.99 in.-1) to 0.0970 mm-1 (2.46 in.-1) based on mixtures tested.
In addition to using the water steps, large water films were made with dimensions of 150 mm ×
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150 mm (5.9 in. × 5.9 in.) and varying thicknesses (2, 3, 4, and 6 mm) to be placed in front of the
entire FOV and oven-dried samples with different w/c and air content while imaging. This provides
more representative results for optical density versus water thickness values and allows to verify
the results based on stepped water cells for each sample.
3.3.1.3. Image processing
The images from NR were processed and analyzed with ImageJ software.36 This process
includes a background correction and calculation of intensity in the region of interest. The raw
images were normalized with respect to open and closed beam images to correct for background
noise based on Eq. 2.35
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(2)

𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

A median filter was used to combine three images of a sample to eliminate the artifacts due
to the gamma rays.28, 34 This averaging also reduces the variation in the measured intensities.37 The
average of the first three radiographs was used as a reference image. After a background correction,
an average intensity profile was calculated through the sample depth for reference and timedependent images (Fig. 4a).
The second order solution of modified Beer-Lambert Law (Eq. 1)19, 34, as shown in Eqs. 3 and
4, was used to calculate a change in attenuation from absorbed water (absorbed water thickness)
and volumetric water content (θ) at different depths of the sample (Fig. 4b).
𝑋𝑋𝑤𝑤 (𝑚𝑚𝑚𝑚[𝑖𝑖𝑖𝑖. ]) = −
𝑚𝑚𝑚𝑚3

𝑖𝑖𝑖𝑖.3

𝜇𝜇𝑤𝑤
2𝛽𝛽

𝜃𝜃(𝑚𝑚𝑚𝑚3 [𝑖𝑖𝑖𝑖.3 ]) =

2

𝜇𝜇
1
𝐼𝐼
− �� 2𝛽𝛽𝑤𝑤� − 𝑙𝑙𝑙𝑙 �𝐼𝐼𝑡𝑡 �

𝑋𝑋𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑋𝑋𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
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=

𝛽𝛽

𝑋𝑋𝑤𝑤
𝑋𝑋𝑠𝑠

0

(3)
(4)

where, I0 and It are the average transmitted intensity at depth di on the reference profile and timedependent profile, respectively; β is the correction parameter; Xw and Xs are the thickness of water
and the sample, respectively; and θ is the average volumetric water content at depth di.
The following steps can be taken to calculate mass change profiles and the cumulative mass
change over the time based on NR measurements. This allows the calculation of the initial and
secondary absorption rates (S1 and S2, respectively) based on the ASTM C 1585-13 definition.
The time-dependent absorbed water mass per pixel (m) can be computed over the sample
depth (Fig. 4c).
𝑚𝑚 = 𝜃𝜃�𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑋𝑋𝑆𝑆 �𝜌𝜌𝑤𝑤

(5)

where, Apixel is the pixel area (0.0081 mm2 [1.26×10-5 in.2]) and ρw is the density of water (0.001
g/mm3 [62.43 lb./ft3]).
The change in sample mass (Δm) (cumulative mass change) was calculated based on Eq. 6
using NR measurements (Fig. 4d).
∆𝑚𝑚 = ∑ 𝑚𝑚 . 𝑛𝑛

(6)

where, Σm is the sum of the evaporated water mass over sample depth; and n is the number of
pixels in the width of the sample.
ASTM C 1585-13 identifies absorption as the change in mass divided by the product of the
exposed area of the sample and density of water (Fig. 4e). This formulation is shown in Eq. 7.
𝛥𝛥𝛥𝛥

𝑖𝑖 = 𝜌𝜌

𝑤𝑤

𝐴𝐴

(7)

where, i is the absorption and A is the cross-sectional area of the flow (i.e., the exposed area of the
sample to water).
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Equations 8 and 9 were used to determine S1 and S2 of the samples. S1 and S2 are determined
as the slope of the absorption versus √𝑡𝑡 curves during the first 5 h and 1 d – 7 d, respectively
(ASTM C 1585-13 definition).

5ℎ
𝑖𝑖�𝑡𝑡5𝑚𝑚𝑚𝑚𝑚𝑚
� = 𝑆𝑆1 √𝑡𝑡

1𝑑𝑑
𝑖𝑖�𝑡𝑡7𝑑𝑑
� = 𝑆𝑆2 √𝑡𝑡 + 𝐵𝐵1

(8)
(9)

where, t is the time and B1 is the regression constant.

The time-dependent DoS was calculated based on Eq. 10.
𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑚𝑚

𝛥𝛥𝑚𝑚𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑚𝑚𝑂𝑂𝑂𝑂

× 100 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

(10)

where, msat and mOD are the mass of the saturated and oven-dried samples, respectively; and
DoSInitial is the initial DoS of the sample before start of the absorption test.
The time-dependent water penetration depths (d(t)) were calculated based on volumetric water
content profiles (Fig. 5) from NR where the water content reaches the 1.5x of average background
water level (θd(t) = 1.5 × θAverage, Ref), as shown in Fig. 5b. This value was chosen so that it was
statistically greater than the background water content. The water penetration depth is plotted
against √𝑡𝑡 and these curves were used to compute the initial and secondary sorptivities (S1′ and

S2′, respectively) based on Eqs. 11 and 12 (Fig. 5c).18, 19 For the regression analysis, all data points
from 5 min to 5 h and from 1 d to 7 d were used to determine S1′ and S2′, respectively (Fig. 5c).
5ℎ
𝑑𝑑�𝑡𝑡5𝑚𝑚𝑚𝑚𝑚𝑚
� = 𝑆𝑆1′ √𝑡𝑡 + 𝐵𝐵2
1𝑑𝑑
𝑑𝑑�𝑡𝑡7𝑑𝑑
� = 𝑆𝑆2′ √𝑡𝑡 + 𝐵𝐵3

(11)
(12)

where, B2 and B3 are the regression constants.

3.3.2. Apparent formation factor from immersion test
A simplified immersion test (previously called the bucket test) was performed on the
demolded concrete samples (102 mm [4 in.] (diameter) × 203 [8 in.] (height)) to determine FAP.
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For each mixture, two samples were submerged in a 19 L (5 gal) bucket containing 13.5 L (3.5
gal) simulated pore solution, which minimizes alkali leaching.38, 39 The samples were positioned
to ensure all surfaces in contact with the liquid (Fig. 6a). The detail on simulated pore solution
design can be found in.22
The mass change and electrical resistance were periodically recorded over 91 days of
submersion. The impedance of the specimens was measured using a resistivity meter with a
frequency of 1 kHz at 23 ± 2 °C (73.4 ± 3.6 °F) according to AASHTO TP 119-17 (with the
aforementioned difference in conditioning the samples). Two 102 mm (4 in.) diameter stainless
steel plate electrodes were used at each end with a thin sponge placed between the concrete and
the electrode. During the tests, the sponge was saturated with lime water and placed between
samples and plate electrodes to ensure a good electrical connection.40,

41

The bulk electrical

resistivity can be calculated by computing the electrical resistance from measured impedance and
subtracting the resistance of the two sponges on the end of the sample.
The electrical resistivity of the pore solution is required to calculate the formation factor (F)
based on Eq. 13. In this study, the approach presented by Snyder et al.42, 43 was used to estimate
the electrical conductivity (the reciprocal of the electrical resistivity) of pore solution based on
OH-, K+ and Na+ concentrations. More details can be found in.22
𝜌𝜌

𝐹𝐹 = 𝜌𝜌 𝑇𝑇

𝑃𝑃𝑃𝑃

(13)

where, ρT is the measured electrical resistivity (Ω⋅m [Ω⋅in]) of the bulk concrete and ρPS is the
electrical resistivity (Ω⋅m [Ω⋅in]) of the pore solution.
The immersion test shows the two-stage absorption from the amount of absorbed water as
function of √𝑡𝑡, as shown in Fig. 6b. Based on previous studies12, 14, 22, the initial absorption from
the immersion test represents the process that water is drawn into matrix pores (i.e., gel and
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capillary pores) and the secondary absorption represents the process that water is transported into
the large entrained and entrapped air voids. Therefore, in the current study, the measured formation
factor at completion point of the initial absorption is defined as apparent formation factor (FAP)
since the majority of air voids are empty. This point is defined as the Nick Point or matrix
saturation in the literature.14, 22 This point occurred within 4 - 7 d for the samples with varying w/c
and air contents.
EXPERIMENTAL RESULTS AND DISCUSSION
4.1. TIME-DEPENDENT DEPTH OF PENETRATION
The calculated time-dependent depth of water penetration based on NR measurements for
mixtures with varying w/c and air contents is presented in Fig. 7. As defined in a previous section,
the slope of the depth of penetration versus √𝑡𝑡 curves during the first 5 h and 1 d – 7 d indicate the

S1’ and S2’, respectively (Fig. 5c). Figure 8 shows the S1’ and S2’ versus air content calculated
based on Eqs. 11 and 12 for concrete mixtures with varying w/c.
As shown in Fig. 7, it takes longer time for water to reach the edge of the sample with the w/c
of 0.40 when compared to the samples with w/c of 0.45 and 0.50 (≈ 40 d to 100 d for 0.40 samples

compared to ≈ 10 d to 40 d for other mixtures). Moreover, for the samples with the same w/c, the
air content has no significant impact on time-dependent water depth of penetration. This suggests
that during the water absorption test, the air voids remain primarily empty.11 In addition, it can be
concluded that increasing the air content has little impact on the matrix porosity of the samples
with the same w/c. However, the addition of the HRWR delays the progress of water in the
samples irrespective of w/c. This can be attributed to the refined microstructure that reduces
connectivity of the pore network.15,

44

Moreover, the addition of the HRWR can modify the
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distribution of air voids in the matrix so that the water transport path becomes more tortuous since
air voids act as non-permeable obstructions during the absorption test.
Based on Fig. 8, reducing the w/c of mixture lowers the S1’ and S2’ due to the refined pore
structure. The S1’ and S2’ values are constant irrespective of the air content of the concrete for a
given w/c; however, the results show variability between the samples. This is expected since the
water primarily infiltrates through the matrix pores during the absorption test which are similar in
volume and microstructure in the same group of concrete (i.e., similar w/c). For the given w/c, the
average S1’ and S2’ values decreased by addition of HRWR, particularly in samples with a lower
w/c (≈ 25% to 33% reduction in the samples with w/c of 0.40 and 0.45).
4.2. TIME-DEPENDENT WATER ABSORPTION BY NR
A comparison between the mass change results determined from NR (calculated based on Eq.
6) and gravimetric measurements is shown in Fig. 9. Agreement is observed between results from
NR and gravimetric measurements with a correlation coefficient of 0.99.
The time-dependent cumulative water absorption was calculated (based on Eq. 7, ASTM C
1585-13 definition) as illustrated in Fig. 10. Based on Eqs. 8 and 9, the slopes of water absorption
versus √𝑡𝑡 curves from 5 min to 5 h and from 1 d to 7 d were used to determine S1 and S2

respectively, as shown in Fig. 11. Figure 12 shows the average S1 and S2 from samples with
different air contents versus w/c.
As shown in Fig. 10, samples with a greater w/c absorb more water (at a given time) as
compared to the samples with a lower w/c due to the increased porosity and increased connectivity
of pores in concrete. The addition of HRWR reduces the amount of absorbed water at low w/c
mixtures (w/c=0.40 and 0.45). This is presumable due to a refined microstructure with less
flocculated cement and less entrapped air. Moreover, increasing the air content has little impact on
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amount of absorbed water over the time in the samples with the same w/c. The results from mass
change are consistent with the findings from water depth of penetration curves.
Based on Figs. 11 and 12, S1 and S2 calculated from absorption curves (ASTM C 1585-13)
have the similar trends as those discussed about S1’ and S2’ determined from depth of penetration
curves (Fig. 8), and these parameters are also independent of the air content. The addition of
HRWR lowers the mean S1 and S2 approximately by 25% for mixtures with the same w/c (at low
w/c). As shown in Fig. 12, S1 and S2 show higher rate of increase (≈ 60% increase) as the w/c
increases from 0.45 to 0.50, compared to the difference between samples with w/c of 0.40 and 0.45
(≈ 25% increase). This is attributed to the refined pore network and the high tortuosity of the pore
structure in mixtures with w/c of less than 0.45.45
4.3. TIME-DEPENDENT DEGREE OF SATURATION
Figure 13 illustrates the time-dependent DoS (calculated based on Eq. 10) as a function of √𝑡𝑡

for the mixtures with varying w/c and air contents. As shown in Fig. 13, the increased air content
results in a reduction in the DoS. Increasing the air content from 2.5% to 6.2% reduces the DoS
by approximately 30% when the water penetration front reaches edge of the sample, regardless of
the w/c. As previously mentioned, the air voids primarily remain empty during absorption testing
and make little or no contribution to the capillary water absorption of concrete. Therefore, concrete
with a lower air content has a higher initial DoS (i.e., DoSMatrix). By increasing the air content of
the concrete, the amount of water that needs to be absorbed to reach DoSCR increases. This results
in an increase in the time to reach a DoSCR. Concretes that take a longer time to reach a DoSCR
have a longer service life when exposed to freezing.11, 12, 14 The DoSCR appears to be related to the
quality of the air with lower air void spacing typically having a higher DoSCR.14
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At low w/c, the samples with HRWR slightly show lower DoS at a given air content. This is
because the addition of HRWR reduces the rate of water absorption (Fig. 10). At a similar air
content, the concrete with a higher w/c generally has a greater DoS since a greater volume of
matrix pores exist and need to be filled during the absorption.14
4.4. RELATING WATER ABSORPTION TO THE APPARENT FORMATION FACTOR
According to a previous study19, a linear relationship exists between the rate of water
absorption and the reciprocal of the square root of the formation factor (√(1/F)) based on both
theoretical derivations and experimental measurements. Figure 14 shows S1’, S2’, S1, and S2 versus
the apparent formation factor measured from the immersion test. Figure 14 exhibits a linear
relationship between S1’, S2’, S1, S2 and √(1/F). This linear relationship is insensitive to air content.
These results are consistent with findings of previous study on mortar samples by Khanzadeh
Moradllo et al.19. Based on the latter19, the slope of S1’ versus √(1/F) is equal to 3.04 for the mortar
samples (w/c=0.35-0.60) that were conditioned at 50% RH which is similar to the slope value of
2.78 obtained in Fig 14a. This linear relationship can be used to predict S1’, S2’, S1, and S2 based
on FAP and thereby saving substantial time in sample preparation and testing. This relationship
provides a powerful tool in quality control to obtain FAP that relates to absorption properties by
using a simple immersion test. The fluid absorption properties are key parameters in service life
prediction of concrete structures subjected to freeze-thaw cycles.
CONCLUSIONS
This paper used NR to examine the influence of w/c (0.40, 0.45, and 0.50), air content (2.5
– 9%) and HRWR on the capillary water absorption of concrete. The time-dependent water
depth of penetration, amount of absorbed water, and DoS with high spatial resolution (≈90 µm)
were measured. The apparent formation factor was also determined using electrical resistivity
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measurements on concrete samples immersed in a simulated pore solution after a specific
period. This study relates water absorption to the apparent formation factor. The following
conclusions can be drawn:
•

Samples with a lower w/c (0.40) showed a lower rate of water penetration and absorption than
sample with a higher w/c due to the refined microstructure (water takes ≈ 40 d to 100 d to reach the
edge of a sample prepared with w/c of 0.40 compared to a ≈ 10 d to 40 d for the other mixtures).

•

The initial and secondary absorption rates are independent of air content since the air voids
primarily remain empty during the first 7 day absorption.

•

The addition of HRWR reduces the mean initial and secondary sorptivities and absorption rates at
a given w/c, particularly at low w/c mixtures. This can be attributed to the refined microstructure
that reduces connectivity of the pore network.

•

The increased air content leads to a reduction in the time-dependent DoS. By increasing the air
content of the concrete, the amount of water that needs to be absorbed to reach DoSCR increases.
This results in an increase in the time to reach a DoSCR since the filling of air voids is a slow process.
Therefore, concretes that take a longer time to reach a DoSCR have a longer service life when
exposed to freezing.

•

A linear relationship exists between the initial and secondary sorptivities and the reciprocal of the
square root of the apparent formation factor. This relationship is not sensitive to the air content.
The apparent formation factor can be used to predict the water absorption and may serve as a
replacement of the water absorption test.

•

Mass change calculated from NR and gravimetric measurements show good agreement with a
correlation coefficient of 0.99. This indicates that the NR technique is suitable for measuring
water mass change in materials similar to the ones studied.
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Table 1. Composition of cement (in % w.t.)
Type I cement
Chemical Data
SiO2

21.1

Al2O3

4.7

Fe2O3

2.6

CaO

62.1

MgO

2.4

SO3

3.2

Na2O

0.2

K2O

0.3

Loss on ignition

2.70

Bogue Phase Calculation
C3S

56.7

C2S

17.8

C3A

8.2

C4AF

7.8
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Table 2. The mixture proportions (SSD) of concrete (in kg/m3 *)
w/c

0.40

0.45

0.50

0.40

0.45

0.50

Mixture

Coarse
aggregate 1

Coarse
aggregate 2

Fine
aggregate

Cement

Water

AEA
(g/m3)

HRWR
(g/m3)

Air content
(%)

SAM
Number

M1

677.3

451.5

762.7

372.8

149.1

6.46

-

2.8

0.48

M2

672.4

448.3

757.2

370.1

148.1

14.41

-

3.5

0.28

M3

668.2

445.5

752.5

367.8

147.1

32.95

-

4.1

0.20

M4

665.4

443.6

749.4

366.3

146.5

33.18

-

4.5

0.13

M5

661.9

441.3

745.5

364.4

145.8

33.94

-

5.0

0.11

M6

656.4

437.6

739.2

361.3

144.5

52.41

-

5.8

0.10

M1

697.3

464.9

754.7

340.5

153.3

6.66

-

2.5

0.56

M2

693.7

462.5

750.8

338.8

152.5

9.82

-

3.0

0.68

M3

690.2

460.1

747.0

337.0

151.7

16.28

-

3.5

0.33

M4

685.2

456.8

741.5

334.6

150.6

29.61

-

4.2

0.20

M5

674.4

449.6

729.9

329.3

148.2

40.93

-

5.7

0.11

M6

670.1

446.8

725.3

327.2

147.3

52.66

-

6.3

0.11

M1

680.2

453.5

735.7

340.1

170.1

5.56

-

2.6

0.44

M2

674.0

449.3

728.9

337.0

168.5

10.49

-

3.5

0.47

M3

666.3

444.1

720.6

333.1

166.6

18.19

-

4.6

0.19

M4

653.7

435.8

707.0

326.9

163.4

28.97

-

6.4

0.16

M5

644.6

429.7

697.2

322.3

161.2

32.95

-

7.7

0.09

M1

671.0

447.3

755.7

369.4

147.8

14.01

130.11

3.7

0.50

M2

662.6

441.8

746.3

364.8

145.9

19.57

130.01

4.9

0.39

M3

660.5

440.4

743.9

363.6

145.4

23.46

129.29

5.2

0.32

M4

651.5

434.3

733.7

358.6

143.5

27.91

130.21

6.5

0.12

M5

648.7

432.5

730.6

357.1

142.8

31.84

128.65

6.9

0.13

M1

686.6

457.7

743.1

335.3

150.9

5.39

112.69

4.0

0.44

M2

678.7

452.5

734.6

331.4

149.2

13.83

112.39

5.1

0.30

M3

670.8

447.2

726.1

327.6

147.4

17.68

102.19

6.2

0.21

M4

666.6

444.4

721.4

325.5

146.5

21.46

102.15

6.8

0.10

M1

679.5

453.0

735.0

339.8

169.9

2.69

51.87

2.7

0.34

M2

661.4

440.9

715.3

330.7

165.3

5.94

51.93

5.3

0.33

M3

653.0

435.3

706.3

326.5

163.3

6.64

52.21

6.5

0.15

M4

635.5

423.7

687.4

317.8

158.9

9.09

51.40

9.0

0.06

The conversion factor from kg/m3 to lb/yd3 is 1.6855.

*
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Table 3. The water attenuation coefficient and the correction parameter measured in front of
oven-dried samples
w/c

Mixture

Air content
(%)

µw
(mm-1)

β
(mm-2)

M1

2.8

0.0830

-0.0031

0.0782

-0.0024

0.0838

-0.0031

0.0972

-0.0043

0.0879

-0.0034

0.0868

-0.0030

0.0896

-0.0036

0.0956

-0.0041

0.0906

-0.0034

0.0874

-0.0032

0.0950

-0.0037

0.0962

-0.0043

0.0823

-0.0030

0.0941

-0.0039

0.0951

-0.0039

0.0841

-0.0028

0.0936

-0.0036
-0.0035

M2
0.40

M3
M4
M5
M1
M3
M4

3.0
3.5
4.2
5.7

M6

6.3

M1

2.6

M3
M4

3.5
4.6
6.4

M5

7.7

M1

3.7

M2
M3
M4

0.45 – HRWR

5.0
2.5

M2

0.40 – HRWR

4.5

M6

M5

0.50

4.1

5.8

M2
0.45

3.5

4.9
5.2
6.5

M5

6.9

M1

4.0

M2
M3

5.1
6.2
6.8

M1

0.0786
0.0801
0.0807

-0.0026
-0.0031
-0.0028

0.0806

-0.0028

0.0818

-0.0023

0.0935
0.0827

-0.0041
-0.0026

0.0923

-0.0041

2.7

0.0925

-0.0037

M2

5.3

0.0816

-0.0027

M3

6.5

0.0877

-0.0033

9.0
M4
0.0970
*
The conversion factor from mm-1 to in.-1 is 25.4.

-0.0043

0.50 – HRWR

M4

0.0893
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Thickness = 3.0 cm

Fig. 1 – Preparation and testing of the samples for absorption by NR: (a) cutting 3.0 cm thick slices
from concrete cylinders (b) cutting 7.6 × 6.0 × 3.0 cm prismatic samples from slices (c) a schematic
of absorption set up.

Fig. 2 – NR experimental set up: (a) plan view of NRF at OSU (adopted from
https://radiationcenter.oregonstate.edu/oregon-state-triga-reactor-0)

(b)

chamber

with

scintillator at the back (neutron beam is parallel to the scintillator) (c) translating stage inside the
chamber.
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Fig. 3 – Optical density versus water thickness for the samples with varying w/c and air content:
(a) without HRWR and (b) with HRWR.
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Fig. 4 – An example of: (a) background corrected images from NR and a normalized image based
on the reference radiograph (b) determining volumetric water content profile from NR, (c)
determining mass change profile from NR, (d) determining cumulative mass change curve based
on time-dependent mass change profiles, and (e) calculating absorption curve from NR results
based on ASTM C 1585-13 definition. (Note: ROI=Region of Interest)
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Fig. 5 – An example of: (a) time-dependent depth of penetration images from NR (b) determining
water depth of penetration based on θ profiles, and (c) time-dependent water depth of penetration.
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Fig. 6 – (a) A schematic of the immersion test setup and (b) an example of time-dependent mass
change and electrical resistivity values from the immersion test.
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Fig. 7 – Time-dependent water depth of penetration for concrete samples with varying w/c and air
content with and without HRWR by NR.
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Fig. 8 – Initial and secondary sorptivity versus air content for the samples with varying w/c with
and without HRWR based on depth of penetration vs. √𝑡𝑡 (S1′, S2′).
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Fig. 9 – Comparison of mass change values from NR and gravimetric measurements (R2=996).
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Fig. 10 – Time-dependent water absorption based on ASTM C 1585-13 definition for concrete
samples with varying w/c and air content with and without HRWR by NR.
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Fig. 11 – Initial and secondary absorption rate versus air content for the samples with varying
w/c with and without HRWR based on absorption vs. √𝑡𝑡 curves (S1, S2) – ASTM C 1585-13

definition. (Note: the “mm” in S1 and S2 units is not representative of actual depth of penetration.)
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Fig. 12 – Initial and secondary absorption rate versus w/c for the samples with varying air content
with and without HRWR.
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Fig. 13 – Time-dependent degree of saturation for concrete samples with varying w/c and air
content with and without HRWR by NR.
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Fig. 14 – (a) and (b): Initial and secondary sorptivities versus apparent formation factor calculated
based on depth of penetration vs. √𝑡𝑡 and (c) and (d) initial and secondary absorption rates vs.
apparent formation factor calculated based on absorption vs. √𝑡𝑡 curves for the samples with
varying w/c and air content with and without HRWR. (Note: the “mm” in S1 and S2 units is not
representative of actual depth of penetration.)
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FILLING OF THE AIR VOIDS IN AIR ENTRAINED CONCRETE USING NEUTRON
RADIOGRAPHY
Mehdi Khanzadeh Moradllo1, Chunyu Qiao2, Hope Hall3, M. Tyler Ley3, Steven R. Reese4, and
W. Jason Weiss1
1. School of Civil and Construction Engineering, Oregon State University, Corvallis, OR 97331, USA
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ABSTRACT
Knowledge of the degree of saturation in concrete is useful for predicting service-life in a freezethaw environment. The degree of saturation increases as a result of fluid absorption. Conventional
testing methods to determine fluid absorption (e.g., gravimetric mass measurements) measure
cumulative fluid uptake; however, they cannot provide information on the spatial distribution of
the absorbed fluid in the sample. Further, conventional test methods cannot determine the degree
of saturation at each point in the sample. This paper uses neutron radiography to overcome these
limitations and to quantify the volume of water and degree of saturation at each location in the
sample. The Powers-Brownyard model is used to calculate pore volume (i.e., matrix pores) that
are filled during 1-D capillary water absorption in air-entrained concrete. This information is used
to quantify the volume of water in the matrix pores (capillary, chemical shrinkage and gel pores)
and the volume of water in the air voids, and subsequently the rate of filling of each pore. This
study examined the fluid absorption in concrete mixtures with three different water-to-cement
(w/c) ratios (0.40, 0.45 and 0.50) and a range of air contents (2.5% – 9.0%) with and without high
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range water reducer. Results show that the air voids filling process is slower than the filling of the
matrix pores. The air content has negligible impact on the rate of water ingress in air voids at a
given w/c. However, reducing the w/c of a mixture lowers the volume of filled air voids for a
comparable period of water ingress due to the lower matrix permeability. As the air content
increases, the time-dependent percentage of the air void that is filled (i.e., degree of saturation of
air voids) decreases regardless of the w/c.

INTRODUCTION
Concrete is susceptible to damage caused by freezing and thawing [1-6]. The degree of
saturation (DoS) of concrete is a key parameter in assessing mixtures susceptibility to freeze-thaw
damage [7-10]. It has been shown [8, 9] that a critical degree of saturation (DoSCR) can be defined
for each mixture and when the DoS in the concrete exceeds DoSCR, damage will develop during
freezing-thawing. The DoS of concrete changes as it dries or absorbs external fluid. As such,
improving our understanding of fluid absorption is important for improving of our knowledge of
freeze-thaw damage [8, 9, 11, 12].
In air entrained concrete, the fluid absorption can be divided into two parts: 1) water that is
absorbed by the matrix pores (capillary, chemical shrinkage and gel pores) and 2) water that is
absorbed in the entrained and entrapped air voids [12, 13].
Conventional testing methods for measuring fluid absorption (e.g., ASTM C 1585-13)
measure the total cumulative fluid uptake into the concrete. However, conventional test methods
do not provide information about the spatial distribution of the fluid in the sample [14]. As such,
ASTM C 1585-13 is not able to measure the volume of water that is absorbed by the different
types of pores (i.e., matrix pores and entrained air voids) in the concrete. The initial absorption
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that occurs in the ASTM C 1585-13 test has in the past been assumed to roughly relate to water
penetration into the matrix pores and the secondary absorption roughly corresponds to the filling
of the air voids; however, the filling of pores is not this simple. The filling process of matrix pores
and air voids can overlap. This is because different parameters such as the permeability of the
system (i.e., connectivity of pores), distribution of the air voids, and the geometry of the sample
can alter the accessibility of the matrix pores or air voids to be filled with fluid during absorption.
Therefore, it is useful to provide information about the spatial distribution of filled pores in the
concrete to better understand this two-part absorption progress and its influence on time-dependent
DoS.
This study uses neutron radiography (NR) to quantify the rate of water absorption (1-D) in
concrete samples with varying w/c (0.40, 0.45 and 0.50) and a range of air contents (2.5 – 9.0%).
NR has an advantage over other techniques in measuring water movement and distribution due to
the large interaction of hydrogen with a thermal neutron beam (i.e., large neutron scattering and
absorption cross sections) [15, 16]. NR has been used to study the drying process, fluid absorption,
plastic settlement, internal and external curing, and cracking in cementitious materials [17-24].
This study has four objectives. First, it describes how NR can be used to quantify the timedependent water absorption in concrete. Second, it uses the Beer-Lambert Law [15] to quantify
the volume of water at each location in the sample. Third, it applies the Powers-Brownyard model
[25] to quantify the volume of matrix pores (capillary, chemical shrinkage and gel pores). Finally,
simple equations are used to determine the rate of water absorption by the matrix pores and the air
voids.
EXPERIMENTAL PROGRAM
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Thirty concrete mixtures were tested with three different w/c (0.40, 0.45, and 0.50), a wide
range of air contents (2.5 – 9.0%), and a wide range of air qualities (air size and distribution). The
air quality was altered by using a polycarboxylate based high range water reducing admixture
(HRWR). The samples were cured for 180 d in a sealed condition at 23 ± 1 ºC. After curing, 76.0
mm (height) × 60.0 mm (width) × 30.0 mm (thickness) prismatic slices were cut from 203.0 mm
(height) × 102.0 mm (diameter) cylindrical samples for 1-D absorption experiments using NR.
The thickness of the prismatic samples (30 mm) is 60% larger than the maximum size of coarse
aggregates (19 mm) in the concrete mixtures. Three samples were tested at a given w/c and air
content. The samples were monitored by NR until water reached the top surface of the sample
(≈10-100 d depending on w/c). The samples were dried at 65 ± 1 ºC and then vacuum saturated
after the absorption test to measure the initial and time-dependent DoS of samples. More details
on the preparation, preconditioning, and testing of the samples can be found in [26].
A simplified immersion test was performed on the concrete samples (102 ± 2 mm (diameter)
× 203 ± 2 mm (height)) to determine apparent formation factor (FAP) derived from electrical
resistivity measurement. For each mixture, two samples were submerged in a 19 L bucket
containing 13.5 L simulated pore solution. The electrical resistance was periodically recorded over
91 days of submersion. The impedance of the specimens was measured using a bulk resistivity
meter with a frequency of 1 kHz at 23 ± 2 °C according to AASHTO TP 119-17. The detail on
testing procedure and calculation of FAP can be found in [11, 26].
Neutron imaging was conducted at the Neutron Radiography Facility (NRF) at Oregon State
University (OSU) Radiation Center [21-23, 26]. Five radiographs were taken of the concrete
samples before exposing the sample to water. For the setting used in this test, a spatial resolution
of approximately 90 µm was obtained. The average of these radiographs was used as a reference
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image. Radiographs were also taken over time after the sample was exposed to water to track the
water penetration into the sample. A linear motion stage with accuracy of 2.0 µm was used to repositions the samples during imaging over the duration of the test period [26]. Radiographs were
also captured from samples in the oven-dried and vacuum saturated conditions to calculate the
DoS profiles by NR. In addition, multiple images were taken from the background (detector’s
FOV) with open beam (flat-field image) and with closed beam (dark-field image) for the
background correction.
A water attenuation coefficient (µW) is required to quantify the water distribution in the
samples based on the raw radiographic images. The µW was determined by scanning the empty
and water-filled stepped cells with different thicknesses (1-10 mm) in front of the absorption
samples after drying them at 65 ± 1 °C and developing a relationship between water thickness (Xw)
and optical density (OD = ln(I0/It)) based on Eq. 1 [15, 27]. Equation 1 is the modified version of
the Beer-Lambert Law to empirically correct for beam hardening and scattering effects [15, 27].
Equation 1 was fitted to the experimental results (Xw vs. ln(I0/It)) to determine µW for different
samples [26]. The µW was determined in front of the dry samples to account for the impact from
non-evaporable water and other constituents of concrete on optical density values and
consequently on µW [21].
𝐼𝐼

2
𝐿𝐿𝐿𝐿( 𝐼𝐼0 ) = 𝜇𝜇𝑤𝑤 𝑋𝑋𝑤𝑤 + 𝛽𝛽𝑋𝑋𝑤𝑤
𝑡𝑡

(1)

where, I0 and It are the average transmitted intensity on the empty and water-filled cells,
respectively and β (mm-2) is the correction parameter to empirically correct for the beam hardening
and scattering effects [15, 27]. The measured values of µW (mm-1) and β and relevant figures are
reported in [26].
DATA PROCESSING
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3.1. Image Processing
The NR images were processed and analyzed with ImageJ® software [28]. The raw images
were normalized with respect to the flat field (open beam) and dark field (closed beam) images to
correct for background noise based on Eq. 2 [27]. A median filter was used for three images of a
sample to eliminate the artifacts due to the gamma rays [15]. This filtering also reduces the
variation in the measured intensities [29]. After a background correction, an average intensity
profile was calculated through the sample depth for reference and time-dependent images.
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(2)

𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

The second order solution of the Beer-Lambert Law [15, 27], as shown in Eqs. 3 and 4, was
used to calculate a change in attenuation from absorbed water (absorbed water thickness) and
volumetric water content (θ) at different depth of sample (Fig. 1a).
𝑋𝑋𝑤𝑤 (𝑚𝑚𝑚𝑚) = −
𝑚𝑚𝑚𝑚3
)
𝑚𝑚𝑚𝑚3

𝜃𝜃(

𝜇𝜇𝑤𝑤
2𝛽𝛽

=

2

𝜇𝜇
1
𝐼𝐼
− �� 2𝛽𝛽𝑤𝑤� − 𝑙𝑙𝑙𝑙 �𝐼𝐼𝑡𝑡 �

𝑋𝑋𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑋𝑋𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

=

𝛽𝛽

𝑋𝑋𝑤𝑤
𝑋𝑋𝑠𝑠

0

(3)
(4)

where, I0 and It are the average transmitted intensity at depth di on the reference profile and timedependent profile, respectively; µW (mm-1) is the attenuation coefficient of water; β (mm-2) is the
correction parameter; Xw (mm) and Xs (mm) are the thickness of water and the sample,
respectively; and θ is the average volumetric water content at depth di (mm).
In Fig. 1a, the initial volumetric water content (θInitial) over depth was calculated from the reference
radiographs before exposing the sample to water based on Eqs. 3 and 4. This initial water content
is a measure of water in the hydrated products, interlayer water, and water in the gel pores. The
average volume of matrix pores is calculated based on Powers-Brownyard model [25]. The
difference between average volume of matrix pores and average initial volume of water content
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(i.e., average θInitial) is added to the initial volume of water content at depth di to determine the
volume of matrix pores over the sample depth, as shown in Fig. 1a. This procedure accounts for
the variation of the matrix pores (i.e., amount of paste) over the sample depth. However, it assumes
that the degree of hydration and the desorption isotherm are constant for the mortar throughout the
depth. The total volumetric water content (i.e., total porosity) was calculated as the difference
between the vacuum-saturated and oven-dried images over depth, as presented in Fig. 1a. It is
worth noting that the fluctuations in the moisture profiles over depth (Fig. 1a) are due to spatial
variability in the sample (i.e., change in porosity and aggregate content) not due to noise from NR
measurements. The maximum calculated repeatability standard deviation (i.e., noise) of
volumetric water content over depth from three images of individual sample carried out under the
same measurement condition is 0.007. The time-dependent θ profiles, the estimated volume of
matrix pores, and the measured total porosity over depth were used to determine the timedependent volume and percentage of filled air voids, as discussed in the next section and presented
in Fig. 1b and 1c.
The time-dependent DoS (%) was calculated based on Eq. 5 (Fig. 1d).
𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑚𝑚

𝛥𝛥𝑚𝑚𝑡𝑡

𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑚𝑚𝑂𝑂𝑂𝑂

× 100 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

(5)

where, msat (g) and mOD (g) are the mass of the saturated and oven-dried samples, respectively;
and DoSInitial (%) is the initial DoS of the sample before start of the absorption test. The DoSMatrix
is determined based on calculated volume of matrix pores, as shown in Fig. 1d.
The following steps can be taken to calculate mass change profiles and the cumulative mass
change over the time based on NR measurements.
The time-dependent absorbed water mass per pixel (m [g]) can be computed over the sample
depth.
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𝑚𝑚 = 𝜃𝜃�𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑋𝑋𝑆𝑆 �𝜌𝜌𝑤𝑤

(6)

where, Apixel is the pixel area (0.0081 mm2) and ρw is the density of water (0.001 g/mm3).
The change in sample mass (Δm [g]) (cumulative mass change) was calculated based on the
following equation using NR measurements.
∆𝑚𝑚 = ∑ 𝑚𝑚 . 𝑛𝑛

(7)

where, Σm (g) is the sum of the absorbed water mass over sample depth; and n is the number of
pixels in the width of the sample.
3.2. Determining the Volume of Water Filled Air Voids
As mentioned, in air entrained concrete, water is absorbed by the matrix pores and the
entrained and entrapped air voids. The following steps can be taken to quantify the volume of
water absorbed by each type of pore by using 1-D absorption results from NR.
Figures 2 and 3 outline the steps to determine the volume fraction of pores filled with fluid.
Figure 2 (a to c) provides a schematic diagram of time-dependent volumetric water content profiles
obtained from NR. Figure 2 illustrates the volume of pores initially filled with water (i.e., volume
of filled pores after conditioning at 50% RH), volume of matrix pores, and the total volume of
pores. The volume of initially filled pores (θInitial) and total pores (θTotal) are determined from
reference and vacuum-saturated radiographs, respectively. The volume of matrix pores (θMatrix) is
calculated based on Powers-Brownyard model [25]. The details on application of this model for
air entrained concrete can be found in [11]. As discussed previously, the difference between
average volume of matrix pores and average initial volume of water content (i.e., average θInitial)
is added to the initial volume of water content at depth di to determine the volume of matrix pores
over the sample depth. This procedure accounts for the variation of the matrix pores over the
sample depth. Figure 2b shows the initial sharp water front that moves into the sample upon
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wetting. The initial absorbed water content is below the θMatrix. Therefore, the area shown in Fig.
2b between θInitial and the time-dependent θ profile (θt) represents the volume of water filled matrix
pores (θMatrix-Fill). Water infiltrates the air voids when the θt values are larger than the θMatrix (Fig.
2c). The volume of water filled air voids (θAir-Fill) can be determined by subtracting the θMatrix from
θt over the sample depth (green area, Fig. 2c). The mathematical expressions of the volume of
water filled matrix pores and air voids are presented in Eqs. 8a and 8b. As shown in Figs. 1 and 2,
the air voids filling process is slower than the filling of the matrix pores. The water absorption
front by matrix pores is significantly sharper than that of the air voids. This is attributed to the
higher capillary pressure in matrix pores when compared to the air voids.
𝜃𝜃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜃𝜃𝑡𝑡 − 𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 𝒂𝒂𝒂𝒂𝒂𝒂 𝜃𝜃𝐴𝐴𝐴𝐴𝐴𝐴−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0 𝒊𝒊𝒊𝒊 𝜃𝜃𝑡𝑡 ≤ 𝜃𝜃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝜃𝜃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜃𝜃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝒂𝒂𝒂𝒂𝒂𝒂 𝜃𝜃𝐴𝐴𝐴𝐴𝐴𝐴−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜃𝜃𝑡𝑡 − 𝜃𝜃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝒊𝒊𝒊𝒊 𝜃𝜃𝑡𝑡 > 𝜃𝜃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

(8a)
(8b)

where, θt and θInitial are the time-dependent and initial volumetric water contents of the sample at
depth di (measured by NR), respectively; and θMatrix is the calculated volume of matrix pores based
on the Powers-Brownyard model.
A simulation of the time-dependent volume of water filled air voids profiles (i.e., smoothed
version of the Fig. 1b) is presented in Fig. 3a. To determine the percentage of filled air voids (i.e.,
DoS of air voids), the volume of filled air voids was divided by the estimated volume of air voids
over the sample depth (Fig. 3b). The volume of air voids at each pixel (θAir) was calculated based
on Eq. 9. It is worth mentioning that the calculated volumetric water content in air voids at different
locations (from NR) is the average value through the sample thickness. Therefore, the amount of
absorbed water in both partially and fully filled air voids is considered in the calculation of the
volume and percentage of filled air voids.
𝜃𝜃𝐴𝐴𝐴𝐴𝐴𝐴 = 𝜃𝜃𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙 − 𝜃𝜃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
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(9)

where, θTotal is the volumetric water content of vacuum-saturated sample at depth di (measured by
NR, Fig. 1a).
Equations 5 and 6 were used to interpret the time-dependent absorbed water mass by matrix
pores and air voids (Fig. 4). The volumetric water content (θ) in Eq. 5 was replaced by timedependent θMatrix-Fill or θAir-Fill to calculate the absorbed mass by matrix pores and air voids over
time, respectively. The time-dependent θMatrix-Fill or θAir-Fill were determined from time-dependent
volumetric water content profiles (Fig. 1a) using Eq. 8.
It is worth noting that the heterogeneity of concrete samples due to the distribution of coarse
aggregates over the depth can impact the fluid absorption properties in concrete [29]. Based on
the calculation presented in appendix A, the volume fraction of coarse aggregate over depth in NR
samples is illustrative of the average value from the mixture proportions. However, the influence
of the spatial distribution of coarse aggregate in concrete on the fluid absorption (e.g., impact from
the aggregate blocking, dilution, and interfacial transition zone) is not examined in this study.
Equation 10 was used to determine the rate of fluid absorption by air voids. The water
absorption rate by air voids (S2’) is determined as the slope of the absorbed water by air voids
versus the square root of time curve during the 3 d – 40 d (Fig. 4). The initial and secondary
absorption rates (S1 and S2) based on ASTM C 1585-14 definition are shown in Fig. 4a.
3𝑑𝑑
𝑚𝑚𝑎𝑎 �𝑡𝑡40𝑑𝑑
� = 𝑆𝑆2′ √𝑡𝑡 + 𝐵𝐵1

(10)

where, ma (g) is the time-dependent mass of water absorbed by air voids; t (s) is the time; and B1
is the regression constant.
EXPERIMENTAL RESULTS AND DISCUSSION
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4.1. TIME-DEPENDENT AMOUNT OF FLUID ABSORBED BY AIR VOIDS
The calculated time-dependent fluid absorbed by air voids for mixtures with varying w/c and air
contents is presented in Fig. 5, which indicates that reducing the w/c of mixture lowers the amount
of water absorbed by air voids for a given period of fluid absorption. Figure 7a shows the average
amount of water absorbed by air voids after 20 d versus w/c for the samples with varying air
content with and without HRWR. The average amount of water absorbed by air voids after 20 d
in the samples with w/c of 0.40 is 83% less and with w/c of 0.45 is 67% less than that of the
samples with w/c of 0.50, as shown in Fig. 6a. However, the measurements at a w/c of 0.45 and
0.50 have a high variability. The reduction in the volume of filled voids in the low w/c samples
can be attributed to a microstructure which is more dense. The high sample to sample variability
in the high w/c samples can be attributed to the variability in the total volume of air voids over the
sample depth, as shown in Fig.1a. In addition, it is worth noting that air void filling is a very slow
process (i.e., little amount of water absorption by air voids when compared to total absorption, as
shown in Fig. 4b). So, even a small difference in the absorption values causes a very high
variability. However, more work is underway to further understand the cause of this variability.
The air content appears to have a minimal impact on time-dependent amount of water absorbed by
air voids at a given w/c. The addition of HRWR reduced the amount of water absorbed by air voids
(≈60% at 20 d) in the samples with w/c of 0.45. As shown in Fig. 6a, the impact from the addition
of HRWR is not significant in the samples with w/c of 0.40 and 0.50. This difference in the amount
of water absorbed by air voids between the w/c=0.45 samples with and without HRWR is likely
related to the variability of the pore structure in the matrix of these mixtures (i.e., variability in
distribution of the flocculted cement particles and the pore refinement that would impact pore
connectivity).
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The amount of water absorbed by air voids after 20 d absorption (m20) versus the inverse of
apparent formation factor (FAP) (derived from electrical resistivity measurement) for the samples
with varying w/c and air content and quality is shown in Fig. 6b. The apparent formation factor
was measured under a non-saturated condition (i.e., matrix saturation) which correlates to the
saturation state of concrete in the field [11, 26]. Based on Fig. 6b, the m20 increases with an increase
in the FAP. This relationship also shows that the interconnectivity of matrix pores (i.e.,
permeability) has a significant impact on the amount of fluid absorbed by air voids.
4.2. TIME-DEPENDENT VOLUME OF WATER FILLED AIR VOIDS
Figure 7 shows the volume and percentage of water filled air voids over the sample depth for
the samples with varying w/c and air contents. Figures 7a, c, and e present the volume of filled air
voids over the depth for the samples with varying w/c and air contents at a comparable time period,
while the Figs. 7b, d, and f compare the percentage of filled air voids (i.e., DoS of air voids) for
the same set of samples. The air content has a minimal impact on the volume of filled air voids
over the depth at a given w/c and at a comparable time (Figs. 7a, c, and e), while it significantly
influences the percentage of filled air voids over depth (i.e., DoS of air voids) (Figs. 7b, d, and f).
As the air content increases, the percentage of fluid filled air voids decreases regardless of the w/c.
This is expected since there is a larger amount of air voids need to be filled with fluid in the samples
with a higher air content. However, the sample with a higher air content has a higher fraction of
empty voids which result in a lower DoS. The lower DoS in concrete with high air content delays
the time to reach a critical DoS [9, 12].
The time-dependent percentage of water filled air voids is compared for samples with different
air contents and w/c in Fig. 8. Based on the results for samples with a w/c of 0.40, the percentage
of filled air voids is lower than the samples with w/c of 0.45 which is less than the w/c of 0.50
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regardless of the air content. However, the results show higher variability in the samples with w/c
of 0.45 and 0.50 at a given air content. The air voids filling process is slower and limited to the
first 25 mm of the sample depth in the samples with a w/c of 0.40, while the filling of air voids
progresses to the inner depths (≈40-70 mm) in the samples with a higher w/c. This can be attributed
to the lower permeability of the samples with a w/c of 0.40 due to the refined microstructure. For
the samples with a w/c of 0.40, it takes a longer time for water to penetrate through the entire depth
of the sample when compared to the samples with a higher w/c (≈40-100 d for the samples with a
w/c of 0.40 compared to a ≈10-15 d for the samples with a w/c of 0.50) [26].
Based on Fig. 8, the addition of HRWR slightly increases the percentage of filled air voids in
the samples with a w/c of 0.50, while the percentage of filled air voids decreases by addition of
HRWR in samples with a w/c of 0.45. As previously mentioned, this inconsistency can be
attributed to the variability in the quality of the mixtures (i.e., variability in distribution of the flocs
of cement and the pore refinement) with a w/c of 0.45 by addition of the HRWR. Previous studies
found that the addition of HRWR alters the fluid absorption properties in air entrained concrete,
particularly at low w/c mixtures (i.e., w/c=0.40 and 0.45) [11, 26].
4.3. RATE OF WATER ABSORPTION BY AIR VOIDS (S2’)
Figure 9 shows the S2’ versus air content and SAM number calculated based on Eq. 10 for
concrete mixtures with varying w/c with and without HRWR. As shown in Fig. 9, reducing the
w/c of the mixture lowers the value of S2’. As mentioned, this can be attributed to the refined
microstructure of the sample with a lower w/c where the fluid progress through the capillary pores
is slow. The entrained air voids are connected by the capillary pore system of the cement paste
matrix [30, 31]. Therefore, the process of air void filling will require a longer time in a low w/c
mixture.
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Figure 9 also indicates that the impact of air content on S2’ is minimal, while the S2’ decreases
with reduction of the SAM number. The relationship between S2’ and SAM number is stronger in
the samples with HRWR. A lower SAM number is shown to correlate to better air void quality
(i.e., lower spacing factor) [32]. The addition of HRWR increases the mean value of S2’ in the
samples with a w/c of 0.50. However, the mean value of S2’ decreased by addition of HRWR in
samples with a w/c of 0.45 most likely due to the variability in the quality of these mixtures (i.e.,
variability in distribution of the flocs of cement and the pore refinement).
The slope of the “S2’ versus SAM number” (calculated from Figs. 9c and d) versus the inverse
of the apparent formation factor for the samples with varying w/c is shown in Fig. 10. Fig. 10
shows that when the 1/FAP is high (i.e., high permeability), the SAM number significantly impacts
S2’. However, the impact from SAM number on S2’ is difficult to determine due to the low amount
of fluid ingress for the samples with a low 1/FAP for the 100 days of ponding investigated in this
testing. This may be attributed to the lower fluid infilling rate in the samples with a low 1/FAP and
for samples with low w/c requiring a longer time for the air voids to fill. The relationship between
S2’, 1/FAP, and SAM number needs to be examined for longer time periods of water exposure and
for mixtures with a wide range of materials, w/c and air qualities before this can be implemented
in service life modeling of concrete exposed to freeze-thaw cycles.
CONCLUSIONS
This paper developed a method to estimate the water absorption by the matrix pores and air voids of
concrete mixtures with varying w/c (0.40, 0.45, and 0.50) and air contents (2.5% – 9%) with and without
HRWR using NR. The following conclusions can be drawn:
•

Samples with a w/c of 0.40 showed a lower percentage of water filled air voids and a lower rate of
absorption by air voids (S2’) when compared to the samples with higher w/c (0.45 and 0.50). In
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addition, the amount of water absorbed by air voids reduces with an increase in the apparent
formation factor. This is due to the lower permeability of the matrix in low w/c samples (i.e.,
samples with higher FAP).
•

The air void filling process is slower than the filling of the matrix pores. The water absorption front
by matrix pores is significantly sharper than that of the air voids. This is attributed to the higher
capillary pressure in matrix pores when compared to the air voids.

•

The air volume has a minimal impact on rate of air void filling at a given w/c. However, as the air
content increases, the percentage of the air void volume that is filled decreases regardless of the
w/c for a given period of exposure. This lowers the DoS in the sample and delays the time to reach
a DoSCR. Accordingly, the long time to reach DoSCR extends the service life of concrete in cold
environment.

•

The addition of HRWR reduced the amount of water absorbed by air voids in the samples with w/c
of 0.45. However, the impact from the addition of HRWR is not significant in the samples with w/c
of 0.40 and 0.50. This difference is likely related to the variability of the pore structure in the matrix
of the mixtures with w/c of 0.45 (i.e., variability in distribution of the flocculted cement particles
and the pore refinement that would impact pore connectivity).

•

The impact of SAM number on S2’ appears to depend on the quality of the matrix. For very high
FAP (i.e., low permeability), the impact can not be seen since the absorption rate is so low. However,
the impact from SAM number on S2’ is significant in the samples with a low FAP (i.e., high
permeability) due to the higher fluid infilling rate. Result shows that the sample with good air
quality or low SAM number has a lower rate of fluid absorption by air voids.

The method described in this study can help to improve the predictive capabilities of service
life modeling methods for concrete elements and structures subjected to freeze-thaw cycles.
This is because while the filling rate of air voids is a crucial factor in estimating service life of
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air-entrained concrete in cold environments, there is lack of previous studies to quantify this
factor.
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APPENDIX A
Volume of Coarse Aggregates in NR Samples
The heterogeneity of concrete samples due to the distribution of coarse aggregates over the depth
can impact the fluid absorption properties in concrete [29]. Therefore, it is essential to determine
the volume fraction of coarse aggregates at a given location in thin concrete samples. The volume
fraction of coarse aggregates at a given location in NR samples was estimated using Eq. A.1 [29].
A combination of Beer’s law and a simple rule of mixtures approach has been used to develop Eq.
A.1 [29].
𝜇𝜇𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 −𝜇𝜇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 −𝜇𝜇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴

𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴 = 𝜇𝜇

× 100%

(A.1)

where, µConcrete (mm-1) is the measured attenuation coefficient at a given depth in saturated concrete
sample; µMortar (mm-1) and µCoarse Agg (mm-1) are the attenuation coefficients for a sample of pure
mortar and a sample of pure coarse aggregate in a saturated condition respectively; and VCoarse Agg
is the volume fraction of the coarse aggregate at a given depth in concrete sample.
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Figure A.1 shows an example of the calculated volume fraction of coarse aggregate over the depth
of concrete sample and the comparison with the average volume fraction of coarse aggregates from
the mixture proportions. Based on the results from tested NR samples, the calculated average
volume fraction of coarse aggregate for NR samples is approximately 3-10% higher than the
average value from the mixture proportions. In addition, the maximum difference between the
calculated volume fraction of coarse aggregate and the average value from the mixture proportions
is approximately 20% at a given depth of the sample. In other words, the minimum volume
fraction of mortar in tested NR samples is ≈40% at a given depth (i.e., volume fraction of coarse
aggregate is ≈30-60%). Therefore, the volume fraction of coarse aggregate over depth in NR
samples is illustrative of the average value from the mixture proportions.
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Fig. 1 – An example of time-dependent profiles of: (a) volumetric water content (b) volume of filled
air voids, (c) percentage of filled air voids, and (d) degree of saturation over depth from NR.
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Fig. 2 – A procedure of determining volume of water filled pores: (a) An example of initially filled
pores after conditioning at 50% RH obtained from reference radiograph, (b) an example of matrix
pores filling during absorption at early ages, and (c) an example of concurrent matrix pores and
air voids filling during the absorption experiment. (Note: Volume of total pores obtained from a
vacuum-saturated radiograph).

Fig. 3 – An example of smoothed: (a) Time-dependent profiles of volume of water filled air voids
and (b) time-dependent percentage of water filled air voids (i.e., DoS of air voids).
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Fig. 4 – An example of the time-dependent water mass absorbed by matrix pores and air voids
from NR: (a) represents the initial and secondary absorption rates (S1 and S2) based on ASTM C
1585-14 definition and (b) represents the filling rate of air voids (S2’) based on Eq. 10.

178

Fig. 5 – Time-dependent amount of fluid absorbed by air voids in the samples with varying w/c
and air contents with and without HRWR.
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Fig. 6 – Amount of water absorbed by air voids after 20 d versus (a) w/c and (b) the inverse of
apparent formation factor for the samples with varying air content with and without HRWR.
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Fig. 7 – The profiles of the volume and percentage of water filled air voids for the samples with
varying w/c and air contents: (a), (c), and (e) present the volume of filled air voids over depth for
the samples with varying w/c and air contents at a comparable time, and (b), (d), and (f) compare
the percentage of filled air voids (i.e., DoS of air voids) for the same set of samples.
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Fig. 8 – The comparison of time-dependent percentage of water filled air voids for the samples
with varying w/c and air contents with and without HRWR.
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Fig. 9 – The calculated water absorption rate by air voids (S2’) versus air content and SAM number
for the samples with varying w/c with and without HRWR.
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Fig. 10 – The slope of “S2’ versus SAM number” (calculated from Figs. 9c and d) versus the
inverse of apparent formation factor for the samples with varying w/c.

Fig. A.1 – An example of: (a) Radiograph from concrete sample with selected ROI to determine
the attenuation coefficient of concrete over depth and (b) calculated volume fraction of coarse
aggregate over the sample depth.
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Abstract
Freezing and thawing (FT) damage in cementitious materials is dependent on its degree of
saturation. It has been proposed that a critical value exists for the degree of saturation (DOSCR) of
cementitious materials. Cementitious materials with a DOS>DOSCR are susceptible to FT damage.
Recently, a systematic methodology has been developed to determine DOSCR of cement paste
samples based on length change measurements. This article explores the extension of this
methodology from cement paste samples to mortar samples. In addition, the influence of three
parameters were investigated to determine their impact on the FT performance of the mortar
samples. The first investigation focused on the preconditioning phase of the samples, especially
the drying temperature. The second investigation examined the influence of the heating/cooling
rate as well as the lowest temperature experienced by the sample. The third investigation examined
the characteristics of the mortar samples like the volume and quality of the air voids in the system.
The results obtained from this study further confirm that length change measurements can be used
to determine DOSCR of mortar samples. Drying the samples at 105°C during preconditioning can
185

induce micro cracks in the samples that lead to an overestimation of DOSCR. The tested heat/cool
rates and lowest exposure temperatures do not show a significant impact on the FT performance
of the mortar samples. Finally, a correlation exists between the air void quality and the FT
performance. Samples with a high quality air void distribution (a sample with a Sequential Air
Method (SAM) number ≤0.20) show better FT performance compared to those with a poor air void
distribution.
Keywords: length change, Freeze thaw performance, mortar samples, critical degree of saturation
Introduction
Several previous studies have shown that freezing and thawing damage in concrete is
dependent on its degree of saturation (DOS) [1-6]. The DOS is the ratio of the volume of the fluidfilled pores to the total volume of pores inside the cementitious sample. The critical degree of
saturation (DOSCR) is the threshold value for the DOS. A concrete with a DOS higher than DOSCR
develops freezing and thawing damage while no damage will be visible when the DOS of concrete
is smaller than DOSCR [6-10].
A sorption-based model was originally proposed by Fagerlund [11] and updated through
several recent studies [7, 8, 12-19] to quantify the performance of concrete in a freeze-thaw
environment. This model is discussed in the CEB model code as well as AASHTO PP-84. This
model uses a two-stages sorption process. During the first stage of the sorption process, the gel
and capillary pores get filled with water in a short period of time. During the second stage of
sorption, the entrained and entrapped air voids begin to be filled with water. The second stage in
this model takes substantial more time than the first because entrained air pores are bigger than the
gel and capillary pores. They are therefore difficult to fill with water because the capillary suction
is low in pores with a large diameter [20]. Further, it has been speculated that the diffusion of
vapor out of the sample can also limit the rate of sorption. Consequently, the DOS in cementitious
materials containing entrained air is generally lower than the DOS of non-air entrained concrete,
which explains their higher resistance to FT cycles [7]. In addition, the voids induced by the
entrained air provide a space for the relief of pressure (hydraulic, osmotic, electrical or other) when
the ice forms [21, 22]. This reduces the stress on the cement surrounding the ice and consequently
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reduces the damage. Furthermore, the preliminary results of Todak [23] proposed that the DOSCR
is dependent on the quality of the air system.
Several techniques were used in previous studies to assess the freezing and thawing
performance of concrete. The most common techniques used to assess freezing and thawing
damage of concrete are based on either quantifying the reduction in the dynamic modulus of
elasticity [23-25] or quantifying the reduction in the ultrasonic pulse velocity [12, 15, 23, 26].
Electrical resistivity measurements have also been used as an indicator oF FT damage [8].
Conventional FT tests like ASTM C666 require several samples and a long duration (6 to 9 weeks)
for the FT damage assessment. A recent study [27] developed a systematic methodology based on
length change measurements that allows reducing the time for the quantification of the DOSCR. It
consists in testing small specimens that can be conditioned rapidly, which allows specific scientific
features to be studied more quickly and with a high accuracy. Length change measurements have
been proven able to be used for determining accurately DOSCR of cement paste samples. However,
the determination of DOSCR of mortar samples using length change measurements has not been
established yet. Consequently, the first objective of this study is to extend the use of the length
change measurements for determining DOSCR of cement paste to mortar samples. In addition, this
study will investigate the impact of the volume and quality of air voids on DOSCR.
Experimental program

Materials and mixture proportions
Type I ordinary portland cement (OPC I) consistent with the specification of ASTM C150
was used in this study. The physical and chemical properties of this cement are described in Table
1. The specific gravity of this cement is 3.15 and its Blaine finesses is 386 m2/kg. Natural river
sand was used as a fine aggregate. The natural sand had a specific gravity of 2.61 and an absorption
of 0.44%. Two coarse aggregates were used in this study with specific gravity of 2.75 and 2.72,
an absorption of 0.73% and a maximum size of 19.1 mm. A wood rosin air-entraining admixture
(AEA) and a polycarboxylate (PC)-based high range water reducing admixture (HRWR) were
added to the mixtures in order to induce air voids and alter their size and distribution.
Nine different mortar mixtures were prepared with varying air void content and air void
quality. Fresh concrete was first mixed using the procedure described in [28]. The Sequential Air
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Method (SAM) number was used to indicate the air void quality (air void content, size, and
distribution) based on AASHTO TP 118-17 [28, 29]. The mixture characteristics are shown in
Table 2.
After the air void content and SAM were measured on the fresh concrete. Mortar was
obtained from the fresh concrete by sieving coarse aggregates out of it. The mortar was cast in
plastic cylindrical molds of 102 mm (4 inches) in diameter and 203 mm in height (8 inches). The
mortar was cured in the sealed molds for 90 days at 23 ± 2°C.
Table 7. Properties of the cement used in this study

Item
Silicon Dioxide (SiO2)
Aluminum Oxide (Al2O3)
Ferric Oxide (Fe2O3)
Calcium Oxide (CaO)
Magnesium Oxide (MgO)
Sulfur Trioxide (SO3)
Sodium Oxide (Na2O)
Potassium Oxide (K2O)
Loss on Ignition
Tricalcium Silicate (C3S)
Dicalcium Silicate (C2S)
Tricalcium Aluminate (C3A)
Tetracalcium Aluminoferrite (C4AF)
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Percent by mass (%)
Type I cement (OPC I)
21.1
4.7
2.6
62.1
2.4
3.2
0.2
0.3
2.70
56.7
17.8
8.2
7.8

Table 8. The mixture proportions and fresh properties of the mortar samples

Mixture
Coarse
aggregate 1
(kg/m3)
Coarse
aggregate 2
(kg/m3)
Fine
aggregate
(kg/m3)
Cement
(kg/m3)
Water
(kg/m3)
w/c
AEA
(g/m3)
HRWR
(g/m3)
Air content
(%)
SAM
number

M1

M2

M3

M4

M5

M6

M7

M8

M9

1946.8

1946.8

1946.8

1946.8

1901.3

1901.3

1901.3

1901.3

1901.3

1297.9

1297.9

1297.9

1297.9

1267.5

1267.5

1267.5

1267.5

1267.5

2106.9

2106.9

2106.9

2106.9

2056.4

2056.4

2056.4

2056.4

2056.4

950.7

950.7

950.7

950.7

950.7

950.7

950.7

950.7

950.7

427.8

427.8

427.8

427.8

475.3

475.3

475.3

475.3

475.3

0.45

0.45

0.45

0.45

0.45

0.45

0.45

0.45

0.45

21.44

16.9

5.48

8.69

10.04

15.84

20.04

?

11.56

-

-

-

-

80.1

81.07

79.99

?

80.13

4.9

4.1

2.6

3.2

4.2

5.9

8.3

9.5

4.5

0.21

0.13

0.51

0.29

0.63

0.32

0.24

0.35

0.43

Samples geometry and preconditioning
Core samples of 10 mm diameter and 45 mm length were obtained from mortar samples
using a diamond core bit. To obtain flat and parallel surfaces, both ends of each core were cut
using a precision diamond saw that was water lubricated. The final mortar cores were 10 ± 0.2 mm
diameter and 20.5 ± 0.4-mm length (Figure 1). More details about this procedure for cores
preparation can be found in [27]. The number of cores obtained from every mixture is given in
Table 3.
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Figure 19. Example of the mortar core used for length change measurements
Table 9. Number of cores from every mixture

Mixture
Number of
cores

M1

M2

M3

M4

M5

M6

M7

M8

M9

13

13

13

13

13

13

13

23

20

These mortar cores were first oven dried until reaching a constant mass (mass evolution
over 24 hours less than 0.1%). This mass at the end of the drying period was recorded as an oven
dried mass “mOD”. The mortar cores of all the mixtures were dried in a 60°C oven. However, only
10 mortar cores from mixture 9 (M9) were dried at 105°C temperature instead of 60°C temperature
in order to determine the impact of the drying temperature on the measured DOSCR.
The samples were then fully saturated with lime-water solution at 6 Torr pressure in a
vacuum saturator according to the procedure described in [30]. The mortar cores were kept
immersed in the solution for an additional 72 ± 4 hours after being removed from the vacuum
saturator.
In order to determine DOSCR, the freezing and thawing damage in mortar cores with
different degrees of saturation ranging from 70% to 100% needed to be quantified. For this reason,
each mortar core was dried at 23 ± 1°C until the desired saturation level was reached. They were
then sealed in separate bags for 7 days at 23 ± 1°C in order to allow the moisture content throughout
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the depth of the core to reach equilibrium. The DOS evaluated in this study are: 70, 73, 75, 78,
80, 82, 84, 85, 88, 90, 95, 97 and 100%.

Experimental method
A methodology has been developed in [27] to determine DOSCR of cement paste based on
length change measurements. The length change of the cementitious core samples was measured
during FT cycle using a thermomechanical analyzer (Q400 TMA) equipped with a
macroexpansion probe [27]. A cooling unit was connected to the TMA in order to reach
temperatures below freezing.
This research study aimed on extending the methodology developed in [27] for cement
paste to mortar samples with varying air content and air quality. In addition, the influence of the
FT temperature range and FT heat/cool rate on the FT damage and DOSCR were tested.
The following sections will give more details on the methodology for determining DOSCR
as well as the different FT parameters tested.
Determination of DOSCR based on length change measurements
Each mortar core was taken out of the sealed bags after the preconditioning period of 7
days. Its mass was measured and the sample was immediately sealed with aluminum tape along
their vertical surfaces in order to minimize moisture loss during the duration of the FT cycle
(Figure 1(a)). The freezing and thawing cycle applied on the mortar cores in order to determine
the impact of air voids quality on DOSCR is shown in Figure 1 (b).
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Figure 20. Length change measurements: (a) Mortar sample inside the furnace of the TMA; (b) FT cycle

A typical strain-temperature plot of a mortar sample exposed to FT cycle in TMA in a
saturated state (DOS>DOSCR) is shown in Figure 2 (a). The strain measured in the sample
decreases with the decrease in the temperature until the freezing point. When the ice develops in
the pores of the mortar core, the volume of the sample increases and that is illustrated by the
increase in the measured strain around -10°C (freezing point). When the sample is exposed to an
increase in the temperature, the ice melts and is accompanied with a reduction in the volume, which
is visualized, by a reduction in the measured strain around 0°C. The length of the sample at the
end of the FT cycle is higher than its length before the FT cycle. This is illustrated by the positive
residual strain identified in (Figure 2 (a)). Several studies [5, 10, 31] related the residual strain in
cementitious materials to FT damage. The residual strain is determined based on Equation 1.
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑙𝑙𝐵𝐵 − 𝑙𝑙𝐴𝐴
𝑙𝑙𝐴𝐴

3

Where, lB is the length of the sample at point B; lA is the length of the sample at point A.

Figure 2 (b) shows the strain-temperature plot for a mortar sample with a DOS that is less
than DOSCR. Samples with a low DOS show a nearly linear response in length change throughout
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the FT cycle (Figure 2 (b)). In addition, the residual strain values measured on these samples is not
positive, which indicated the absence of FT damage.
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Figure 21. Strain evolution with respect to temperature: (a) DOS > DOSCR; (b) DOS < DOSCR

A sample with a DOS less than DOSCR (60% DOS <DOSCR) was exposed to 12 FT cycles
inside the TMA. At this DOS, the sample would not be expected to develop any FT damage.
Consequently, the residual strains measured at the end of each cycle on this mortar core can be
used to determine a threshold value for residual strain. Only samples that show a residual strain
above this threshold value are considered damaged. The residual strains obtained at the end of
every FT cycle are shown in Figure 3 (a). It can be seen that all the measured residual strains are
negative (i.e. range between -28.82 μm/m and -55.80 μm/m). Consequently, samples with a
residual strain below zero do not develop any FT damage, for this reason, 0µm/m was considered
as a threshold value for the residual strain. Negative values for the residual strain were first
explained by Powers [32]. He stated that when ice develops in a cavity, it draws unfrozen water
from the surrounding pores. Consequently, the flow of water from the gel to the capillary pores
induces shrinkage, which can result in negative residual strain values after FT cycle.

Figure 3 (b) shows the evolution of the residual strain versus the DOS of the mortar cores.
The DOSCR can be obtained by fitting a line as shown in Figure 3(b) and identifying the DOS
associated with residual strain that is equal to 0µm/m.
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Figure 22. Determination of DOSCR based on length change measurements

The procedure illustrated in Figure 4(b) was used to determine DOSCR on mortar samples
with different volumes and quality of air voids. In addition, ultrasonic pulse velocity measurements
were performed on the mortar cores before and after each FT cycle using 150 kHz transducers
connected to Pundit PL-200 ultrasonic pulse velocity (UPV). The reduction in ultrasonic wave
speed was used to quantify FT damage as shown in equation 2 [9]. The damage obtained from
ultrasonic pulse velocity measurements was compared to the one obtained from residual strain
values in order to prove the reliability of the use of the TMA procedure on mortar to quantify FT
damage.
𝐸𝐸
𝑉𝑉 2
𝑡𝑡0 2
𝐷𝐷 = 1 −
=1−� � = 1−� �
𝑡𝑡
𝐸𝐸0
𝑉𝑉0

4

Parameters tested: FT temperature range
The influence of the temperature range on the FT damage was investigated in this study.
Mortar cores from mixture 9 were exposed to different temperature cycles shown in Figure 4. For
samples exposed to a minimum temperature of -12°C, the duration at which this lowest
temperature was held was higher than the other cycles. This was chosen to be done in order to
allow the time needed for ice formation. The FT damage was quantified on each mortar core
exposed to these FT cycles using the residual strain values. The obtained data were compared
between each other.
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A Q20 Low Differential Scanning Calorimetry LT-DSC was used to measure the amount
of ice that develops during each of the freezing and thawing cycles shown in Figure 4. For this
experiment, a mortar specimen from mixture 9 was dried at 60°C until reaching a constant mass
(difference between mass evolution within 24 hours is less than 0.1%). A slab-shaped sample of
35±2 mg was obtained from this dried mortar specimen and weighed. This mass was considered
as oven dried mass (mOD). The slab shaped samples were saturated under vacuum at 6 Torr pressure
according to the procedure described in [30]. The mortar cores were kept immersed in the solution
for an addition 48 ± 2 hours after being removed from the vacuum saturator. Each of them was
then sealed in a stainless steel pan for 60 minutes at 24°C constant temperature before being
exposed to the corresponding freezing and thawing cycle. The data collected during the cooling
phase in LT-DSC were not reliable to use for quantifying the amount of ice that developed due to
nucleation and super cooling effect. The energy associated with ice melting between -10°C and 1°C was measured using the LT-DSC (Figure 5). The amount of ice that developed in the measured
mortar specimen was quantified by dividing the measured energy by the latent heat of ice melting
(334 J/g). The amount of measured ice was correlated with the amount of FT damage that was
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Figure 23. FT cycles in the TMA: (a) one FT cycle with a minimum temperature of -12°C; (b) one FT cycle with a minimum
temperature of -24°C; (c) one FT cycle with a minimum temperature of -40°C; (d) two FT cycles with a minimum temperature of
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- 24°C both; (e) two FT cycles: -24°C minimum temperature for the first one and -40°C minimum temperature for the second
cycle.
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Figure 24. Heat flow signal due to ice melting

Parameters tested: FT heat/cool rate
FT damage was quantified using Acoustic Emission Longitudinally Guarded Comparative
Calorimeter (AE-LGCC) with a lower heating and cooling rate than the one used in the TMA [23].
In order to compare the impact of heat/cool rate on the DOSCR, a number of samples from mixture
9 were exposed to FT cycle inside the TMA at 0.08°C/min cool rate; 0.13°C/min heat rate (Figure
6). The DOSCR was determined for these samples exposed to small heat/cool rate and compared
with the one obtained on other samples from the same mix exposed to the faster FT cycle shown
in Figure 1(b).
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Figure 25. FT cycle in the TMA with a small heat/cool rate

Results and discussion

1. Impact of the drying temperature on the DOSCR
During the preconditioning phase, samples from mixture 8(M8) were dried at 105°C while
other samples from the same mix were dried at 60°C. They were then preconditioned at different
DOS and exposed to FT cycles inside the TMA. DOSCR was determined for the samples dried at
105°C and compared with the one obtained on samples dried at 60°C according to the procedure
described in Figure 3(b). It is shown in Figure 7 that the DOSCR measured on samples dried at
105°C is higher than the one measured on samples dried at 60°C. The hypothesis that explains this
difference is that the drying of the mortar cores at 105°C temperature induces micro cracks inside
the cores, which creates space for the ice to develop during the FT cycle. This induces a reduction
in the pressure accompanied by ice formation and consequently a reduction in the FT damage.
In order to prove this hypothesis, some cores from all the mixtures were dried at 105°C
while others were dried at 60°C until reaching a constant mass (mass evolution within 24 hours is
less than 0.1%). After the drying period, they were all saturated in a vacuum saturator at 6Torr in
order to determine the total Pore volume according to the procedure described in [30]. After the
saturation was completed, their surface-dry mass and their immersed apparent mass was measured.
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At 60°C, some of the pores do not dry similarly to 105°C. In order to be able to correlate the
difference in the porosity to the presence of micro cracks only, the samples that were initially dried
at 60°C were dried again in the 105°C and their dry mass at 105°C was used to calculate their
porosity according to equation 3.
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) =

𝐵𝐵 − 𝐴𝐴
× 100
𝐵𝐵 − 𝐶𝐶

5

Where B is the mass of the surface-dry sample in air after vacuum saturation; C is the apparent
mass of sample in the water after vacuum saturation and A is the oven-dried mass of the sample.
For samples that were initially dried at 105°C, A corresponds to the mass recorded at the
end of the drying process. As mentioned previously, the samples that were initially dried at 60°C
were dried again at 105°C after determining the values for B and C. The mass of the samples at
the end of drying at 105°C temperature was used as a value for A parameter. The comparison
between the measured porosity is given in Figure 8. It is visible that the porosity measured on
samples dried at 105°C is on average 1% higher than the one measured on samples dried at 60°C.
In addition, UPV measurements were performed on the samples before and after the drying.
It should be noted that all the cores were at 50% DOS before drying. The reduction in the time of
the travel of the UPV signal was calculated according to equation 4.
𝑡𝑡𝑏𝑏 2
∆𝑡𝑡 = � 1 − � � � × 100
𝑡𝑡𝑎𝑎

6

Where, tb is the time needed for the UPV signal to travel from one transducer to another before the
drying period; ta is the same measurements but after the drying period.
Δt for samples dried at 60°C was equal to 13±1% while the one measured on samples dried at
105°C was equal to 27±1.5%.
Consequently, the higher porosity measured on samples dried at 105°C as well as the higher
Δt calculated on these samples compared to those dried at 60°C could be an indicator that drying
the samples at 105°C induces microcracks inside the matrix. Therefore, DOSCR measured on
mortar samples dried at 105°C could potentially be overestimated.
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Figure 26. Impact of the drying temperature on the residual strain measured on mortar cores dried at 105°C in mortar samples
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Figure 27. Comparison between the porosity of the mortar cores dried at 60°C with the one measured on the cores dried at 105°C

Impact of the temperature range on FT damage
Figure 9 (a) shows the residual strain measured at the end of the three different FT cycles
presented in Figure 4 (a, b, c). The residual strain (indicator of FT damage) does not increase with
the decrease in the lowest exposure temperature in the FT cycle.
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Figure 9 (b and c) show the evolution of the strain as a function of temperature for the FT
cycles described in Figure 4 (d,e). The two mortar samples were exposed to two consecutive FT
cycles. The first FT cycle goes to a minimum temperature of -24°C for both samples. However, in
the second FT cycle, one of the samples was exposed to a minimum temperature of -24°C while
the second was exposed to a FT cycle with a minimum temperature of -40°C. The residual strains
measured at the end of the first FT cycles was equal to 938 μm/m and 1160 μm/m for the two
tested mortar samples. The sample exposed to a minimum temperature of -40°C during the second
FT cycle shows a residual strain of 490 μm/m. On the other side, a residual strain of 561 μm/m
was measured on the sample exposed to -24°C minimum temperature during the second cycle.
Consequently, the data shows that reducing the minimum temperature of a FT cycle from
-12°C to -40°C does not measurably increase the FT damage. In order to understand the
mechanism behind this observation, the percentage of freezable water for each FT cycle was
quantified and the obtained results are shown in Figure 10. The percentage of freezable water
measured on mortar samples exposed to a temperature as low as -40°C is 7% higher than the one
measured on samples exposed to less aggressive FT cycles (-12°C and -24°C). However, this
increase in the percentage of freezable water when the temperature drops from -12°C to -40°C is
insignificant with respect to the total percentage of ice that developed around -12°C .
Consequently, it could be hypothesized that when the temperature is below the freezing point of
water, the 85% of ice develops and induces the main FT damage due to osmotic and hydraulic
pressure as well as electrical charges. In addition, the increase in freezable water between -12°C
and -40°C is not enough to induce addition FT damage.
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Figure 28. Impact of the lowest temperature in each FT cycle on the FT damage (a) residual strain measured in mortar samples
exposed to different values of the lowest temperature; (b) Residual strain measured at the end of each of the two FT cycles with a
minimum temperature of - 24°C both; (c) Residual strain measured at the end of each of the two FT cycles with a minimum
temperature of - 24°C and -40°C respectively.
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Figure 29. Percentage of freezable water as a function of the lowest temperature in the FT cycle

Impact of the heat/cool rate on FT damage
Figure 11 shows the evolution of the residual strain as a function of the DOS of mortar
samples for FT cycles with two different heating and cooling rates. It is evident from this figure
that the DOSCR measured on mortar samples is similar for both of the two different heating and
cooling rates tested in this study. This agrees with the finding of Fagerlund [33]. In summary, a
1°C/min heating and cooling rate can be used on small samples in order to determine DOSCR
values. However, this statement needs to be validated in further studies for larger sample sizes. In
samples with bigger dimensions, a fast heating and cooling rate could lead to a temperature
gradient inside the sample which could lead to additional damage.
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Figure 30. Impact of the Heat/cool rate of the FT cycle on the measured DOSCR of mortar samples

Extending the quantification of FT damage using length change measurements from
paste to mortar samples
Based on the previously discussed data, the results presented in this section were obtained
on mortar samples that were exposed to drying in an oven at 60°C, and then exposed to FT cycles
in the TMA according to the procedure presented in Figure 1(b).
Figure 12 (a) shows the residual strain values versus the damage index obtained from UPV
measurements on the mortar samples. The threshold for the damage index was determined
experimentally based on the variability in the ultrasonic wave speed and is found to be equal to
8%. It is visible in Figure 13(a) that samples with a damage index higher than 8% show positive
values for residual strain. On the other side, Figure 12(b) shows that the DOSCR obtained from
UPV measurements align very well with the one obtained from length change measurements.
Consequently, these data show that the length change measurements can be used on mortar
samples with varying air content and quality to determine their DOSCR.
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Figure 31. Comparison of the FT damage obtained from length change damage with the one obtained using UPV on mortar
samples with varying air volume and quality

Impact of air voids quality on FT performance
Figure 13 illustrates the probability of failure due to freeze-thaw cycles as a function of
DOS in the mortar samples. A bin size of 5% was selected for the probability of failure calculations
and the probability values are presented in the center of the bins. Any samples that show a residual
strain higher 0μm/m indicates potential freeze-thaw damage. The probability of failure increases
with increase of DOS in the sample (Figure 13). For example, all the samples with DOS higher
than 88% fail after one FT cycle in the TMA. On the other side, the failure region starts at DOS of
≈77.5% for the samples with a SAM number ≤0.20 compared to the DOS of ≈72.5% for the
samples with a SAM number between 0.20 and 0.6. In addition, when the DOS of the sample is
around the critical level of saturation (72.5% <DOS<88%), the probability of failure tends to be
higher for samples with high SAM number (SAM > 0.20) compared to samples with a low SAM
number (≤0.20). Tanesi et al. [34] showed that 0.2 is a SAM number limit. Samples with a SAM
number above 0.2 has a poor quality of air void distribution, which is identified by a high spacing
factor. The poor quality of air void distribution explains the higher probability of failure in samples
with a SAM number bigger than 0.20. This is in accordance with the data collected in Todak thesis
[23], where it was concluded that higher quality air-void systems, quantified by lower SAM
numbers, may resist freeze-thaw damage at higher levels of saturation than those with poorly
distributed air void systems.
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Figure 32. Probability of failure versus the degree of saturation

Conclusion
The DOSCR of cementitious samples can be determined based on length change
measurements performed using TMA. A systematic methodology for conducting tests on paste
that is described in a previously published study [27]. The objective of this paper is to extend the
use of this methodology from cement paste samples to mortar samples. For this reason, mortar
samples with different volumes and quality of air voids were prepared. They were then exposed to
freezing and thawing cycle inside the TMA where their length was continuously measured using
a thermomechanical analyzer with a high precision linear variable displacement transducer
(LVDT). Ultrasonic Pulse Velocity measurements, one of the conventional techniques for FT
damage quantification, was performed on each mortar sample before and after exposure to FT
cycle in the TMA. The freezing and thawing damage index was determined based on the UPV
measurements. This damage index was compared with the FT damage obtained from length
change measurements. Experimental results show a correlation between the UPV measurements
and the length change measurements. Consequently, lit was concluded that length change
measurements can be used to quantify DOSCR of mortar samples.
The quality of the air void system (volume, size and distribution of these air voids) inside
the mortar samples has a significant impact on the FT performance. Samples with a high quality
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of air void distribution (SAM<0.20) show a resistance to FT cycles compared to samples with a
poor air voids quality.
In addition, the drying temperature, heating and cooling rate as well as the temperature
range of a FT cycle were assessed to study their impact on FT performance of concrete.
During sample preparation, the mortar cores need to be first dried. This study investigated
the impact of the drying temperature on the measured DOSCR. Based on the data collected, it is
concluded that 105°C drying temperature induces microcracks inside the mortar samples. These
micro cracks apparently reduce the pressures accompanied by ice formation, which lead to less FT
damage compared to samples dried at lower temperature (i.e. 60°C). Consequently, the DOSCR
obtained on samples dried at 105°C is overestimated and drying at 60°C is recommended.
The impact of two different heating and cooling rates on the DOSCR was investigated in
this study. The results show that the two different heating and cooling rates tested in this study do
not show an influence on DOSCR of mortar samples with 10 mm diameter and 20 mm height.

It was also concluded that the FT damage in mortar samples does not increase when the
temperature is lowered from -12°C to -40°C. Based on the LT-DSC data, it was proved that 85%
of the freezable water in the mortar pores freezes when the temperature drops below the freezing
point. The ice that forms below the freezing point induces the majority of the FT damage. A 7%
increase in the percentage of the freezable water occurs when the temperature is dropped to lower
values (-40°C for example). However, this increase in the percentage of freezable water appears
to be insignificant for most samples to induce additional noticeable FT damage.
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ABSTRACT
Many State Highway Agencies have been working to develop performance-based specifications
for concrete pavements and bridges in freeze-thaw environments. A time to reach critical
saturation (TTRCS) model has been proposed to estimate the freeze-thaw performance of concrete.
This study evaluates the TTRCS model for thirty different concrete mixtures with varying w/c, air
contents, and quality of air void (size and spacing). Simple quality control test methods are used
to determine the inputs parameters for the TTRCS model. The estimated time to reach critical
saturation is compared with the measured durability factor using ASTM C 666-15. Results indicate
that 90% of the mixtures with air content above 4.5% and a SAM Number below 0.20 have a
normalized time to reach critical saturation of greater than 20 and durability factor higher than
90%. The mixtures with a high range water reducer require a higher volume fraction of entrained
air to satisfy the recommended limit for durability factor. This appears to be due to an interaction
between the high range water reducer and air entraining admixture resulting in greater air void
spacing. However, the addition of high range water reducer was also found to increase the time to
reach critical saturation in the mixtures with a low w/c due to an increase in the tortuosity of matrix
pores. Reducing the w/c improves the freeze-thaw performance due to a reduction in the pore
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volume, tortuosity, and absorption rate of the concrete. A relationship is developed to estimate the
time to reach critical saturation based on SAM Number and apparent formation factor. In addition,
a relationship is proposed to estimate the critical degree of saturation based on air void content and
quality.
Keywords: Air entrainment; Critical saturation; Capillary absorption; Formation factor; Freezethaw durability; Service-life model.

INTRODUCTION
The damage caused by freezing and thawing cycles is a prevalent and costly durability
problem with concrete in cold environments [1-5]. Many State Highway Agencies (SHAs) have
been developing performance-based specifications (e.g., AASHTO PP 84-18) for improving the
construction of concrete pavements and bridges in freeze-thaw environment. Use of performancebased specifications can complement the conventional prescriptive guidelines such as ACI 318.R14 and typical Department of Transportation (DOT) specifications. Current durability
specifications (e.g., ACI 318.R-14) require a minimum target air content and a maximum waterto-cement ratio (w/c) in concrete mixtures based on environmental exposure condition. However,
in performance specifications, a performance-based model is required to predict concrete service
life in cold environments based on inputs from the materials properties and simple quality control
test methods to also account for the impact from other mixture properties such as the distribution
of the air voids (i.e., spacing factor) and fluid transport properties [6-8].
The degree of saturation (DoS) of concrete is a key parameter in assessing mixtures
susceptibility to freeze-thaw damage [3, 8-10]. In 1977, Fagerlund [3, 9, 11] introduced a time to
reach critical saturation (TTRCS) model. This model has been extended by Todak [7] and Weiss
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et al. [8]. This model relies on three main parameters: critical degree of saturation (DoSCR), matrix
degree of saturation (DoSMatrix), and the air void filling rate (i.e., secondary rate of absorption (S'2))
[3, 6-9]. The DoSCR can be defined for each mixture and when the DoS in the concrete exceeds
DoSCR, damage will develop during freezing-thawing [3]. The air void quality (i.e., the air void
spacing factor) has the most important influence on DoSCR [8, 9]. The DoSMatrix of concrete is
defined as the DoS when the capillary, gel, and chemical shrinkage pores are filled with water, but
the air voids (entrained and entrapped) only contain vapor [12]. The amount of air in concrete (i.e.,
volume of air) is the most influential factor on DoSMatrix at a given w/c. The S'2 is the absorption
rate of fluids above matrix saturation point of concrete. Recent study by Khanzadeh Moradllo et
al. [10, 13, 14] showed that the S'2 is primarily dependent on permeability of the concrete matrix
(i.e., formation factor of concrete).
Todak [7] and Weiss et al. [8] developed a conceptual framework for the specification of
concrete durability in a freeze-thaw environment using TTRCS modelling concepts. In these
studies [7, 8], a simple accelerated experimental procedure was introduced to determine the DoSCR
and DoSMatrix using acoustic emission and an immersion test (i.e., bucket test), respectively. These
studies illustrated the effect of various changes in concrete mixture proportions (i.e., w/c and air
void properties) on predicted time to reach critical saturation (i.e., service life). Recent work [10,
13] has shown that the S'2 in concrete can be predicted using the apparent formation factor (FAPP)
determined from electrical resistivity measurements. In another study, Bharadwaj et al. [6]
developed an approach to use thermodynamic modelling and a pore partitioning model to predict
the resistance of concrete to freeze-thaw damage using TTRCS modelling concepts.
While the frameworks and models that have been developed have great potential to predict
the time to reach critical saturation of concrete using the discussed mixture properties, they require
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further calibration and evaluation based on experimental results on varying materials and mixture
proportions [8]. The aim of the current study is to systematically investigate the influence of
entrained air voids (air void volume and distribution) on time to reach critical saturation in concrete
mixtures with varying w/c. A high range water reducer (HRWR) was used to modify the air void
size and air void distribution (i.e., air void quality). In addition, this study experimentally examines
the relationship between air quality and the DoSCR for the concrete mixtures with and without
HRWR. This study also compares the estimated time to reach critical saturation to the measured
durability factor using ASTM C 666-15 for thirty different concrete mixtures.
Time to Reach Critical Saturation Model
A common form of the TTRCS model is shown in Eq. 1 [6, 8]. Equation 1 is based on a two
stage absorption process. The initial and secondary stages (absorption rates) represent the fluid
filling of matrix pores (i.e., DoSMatrix) and air voids, respectively. The air void filling process is
slower than the filling of the matrix pores [13].
𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝜑𝜑𝑆𝑆2′ √𝑡𝑡 ≤ 𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶

(1)

where, φ is a parameter to account for the drying exposure conditions and t (year) is the time for
the concrete to reach critical saturation. The φ can be taken as 1 when concrete is in continuous
contact with water at a constant temperature.
Equation 1 can be rearranged to calculate the time to reach critical saturation, as shown in Eq.
2.
𝑡𝑡 = �

𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶 −𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 2
𝜑𝜑𝑆𝑆2′
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�

(2)

Recent work [10, 13] has shown that the S'2 (%DoS/√year) in concrete is linearly related to
the reciprocal of the square root of the apparent formation factor, FAPP (determined using electrical
resistivity measurements), as shown in Eq. 3.
𝑆𝑆2′ = 𝑐𝑐1 �𝐹𝐹

1

(3)

𝐴𝐴𝐴𝐴𝐴𝐴

The values of the constant c1 can be empirically determined from experimental results [10,
13]. It has been observed that S'2 is relatively independent of the air content [10, 13].
This relationship (Eq. 3) can provide a powerful tool in quality control to obtain S'2 based on
FAPP using a simple electrical resistivity test. Further research is needed to evaluate Eq. 3 holds for
mixtures with different materials such as supplementary cementitious materials (SCMs).
Equations 2 and 3 can be combined to estimate time to reach critical saturation as:

𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶 −𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑡𝑡 = �

𝜑𝜑⋅𝑐𝑐1 �

1

𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴

2

�

(4)

The time to reach critical saturation can be normalized (using c1 and φ), as shown in Eq. 5 [6].
This normalized time to reach critical saturation is based on the DoSMatrix, DoSCR, and FAPP. A
simple experimental procedure to measure these parameters is described in the following section.
𝑡𝑡 ⋅ (𝜑𝜑 ⋅ 𝑐𝑐1 )2 = 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴 (𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶 − 𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 )2
𝑡𝑡 ⋅ (𝜑𝜑 ⋅ 𝑐𝑐1 )2 = 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴 . ∆2

(5a)
(5b)

where, Δ (%DoS) is the difference between the DoSCR and DoSMatrix. The Δ is the percentage of air
voids that are fluid filled and will cause a damage during freeze-thaw cycles.
EXPERIMENTAL PROGRAM
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3.1. MATERIALS AND MIXTURE PROPORTIONS
Thirty concrete mixtures were tested with three different w/c (0.40, 0.45, and 0.50), a wide
range of air contents (2.5 – 9.0%), and a wide range of air qualities (air size and distribution). The
air quality was altered by using a polycarboxylate based high range water reducing admixture
(HRWR). The air content and Sequential Air Method (SAM) Number of the freshly mixed
concrete was measured according to AASHTO TP 118-17. Concrete specimens were sealed cured
in plastic cylindrical molds with inside dimensions of 102 mm (diameter) × 203 mm (height) at 23
± 1 °C for 180 days for the immersion and DoSCR measurements. Prismatic samples with
dimensions of 406.0 mm × 101.6 mm × 76.2 mm were made for hardened air-void analysis (ASTM
C 457-16) and rapid freeze-thaw testing (ASTM C 666-15). The prismatic samples were cured
according to the procedure described in ASTM C 666-15. The materials properties were reported
in [10, 12, 15]. The mixture proportions are provided in Table 1.
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Table 1 – The mixture proportions (SSD) of concrete (in kg/m3).
w/c

0.40

0.45

0.50

0.40

0.45

0.50

AEA
(g/m3)

HRWR
(g/m3)

6.46

-

Mixture

Coarse
aggregate 1

Coarse
aggregate 2

Fine
aggregate

Cement

Water

M1

677.3

451.5

762.7

372.8

149.1

M2

672.4

448.3

757.2

370.1

148.1

M3

668.2

445.5

752.5

367.8

147.1

M4

665.4

443.6

749.4

366.3

146.5

M5

661.9

441.3

745.5

364.4

145.8

M6

656.4

437.6

739.2

361.3

144.5

52.41
6.66

14.41
32.95
33.18
33.94

-

M1

697.3

464.9

754.7

340.5

153.3

M2

693.7

462.5

750.8

338.8

152.5

M3

690.2

460.1

747.0

337.0

151.7

M4

685.2

456.8

741.5

334.6

150.6

M5

674.4

449.6

729.9

329.3

148.2

M6

670.1

446.8

725.3

327.2

147.3

52.66

M1

680.2

453.5

735.7

340.1

170.1

5.56

M2

674.0

449.3

728.9

337.0

168.5

M3

666.3

444.1

720.6

333.1

166.6

M4

653.7

435.8

707.0

326.9

163.4

M5

644.6

429.7

697.2

322.3

161.2

32.95

M1

671.0

447.3

755.7

369.4

147.8

14.01

130.11

M2

662.6

441.8

746.3

364.8

145.9

19.57

130.01

M3

660.5

440.4

743.9

363.6

145.4

23.46

129.29

M4

651.5

434.3

733.7

358.6

143.5

27.91

130.21

M5

648.7

432.5

730.6

357.1

142.8

31.84

128.65

M1

686.6

457.7

743.1

335.3

150.9

M2

678.7

452.5

734.6

331.4

149.2

M3

670.8

447.2

726.1

327.6

147.4

M4

666.6

444.4

721.4

325.5

M1

679.5

453.0

735.0

M2

661.4

440.9

M3

653.0

435.3

M4

635.5

423.7

9.82
16.28
29.61
40.93

10.49
18.19
28.97

-

5.39

112.69

13.83

112.39

17.68

102.19

146.5

21.46

102.15

339.8

169.9

2.69

51.87

715.3

330.7

165.3

5.94

51.93

706.3

326.5

163.3

6.64

52.21

158.9

9.09

51.40

687.4
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317.8

3.2. Experimental Methods
3.2.1 MATRIX SATURATION AND APPARENT FORMATION FACTOR FROM
IMMERSION TEST
A simplified immersion test was performed on the concrete samples (102 ± 2 mm (diameter)
× 203 ± 2 mm (height)) to determine the DoSMatrix from mass measurement and apparent formation
factor (FAPP) derived from electrical resistivity measurement. For each mixture, two samples were
submerged in a 19 L bucket containing 13.5 L simulated pore solution. The mass change and
electrical resistance were periodically recorded over 91 days of submersion, as shown in Fig. 1.
The impedance of the samples was measured using a bulk resistivity meter with a frequency of 1
kHz at 23 ± 1 °C according to AASHTO TP 119-19. The detail on testing procedure and calculation

DOS (%)

DoSMatrix

FAPP

Electrical resistivity (Ω⋅m)

of DoSMatrix and FAPP can be found in [12].

√Time (√S)

Fig. 1 – An example of time-dependent DoS and electrical resistivity values from the immersion
test.
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3.2.2 CRITICAL DEGREE OF SATURATION FROM ULTRASONIC PULSE
VELOCITY
After curing, 38.0 mm (height) × 102.0 mm (diameter) slices were cut from 203.0 mm (height)
× 102.0 mm (diameter) cylindrical samples to measure damage due to freeze-thaw using Ultrasonic
Pulse Velocity (UPV). The height of the cylindrical slices (38 mm) is 100% larger than the
maximum size of coarse aggregates (19 mm) in the concrete mixtures. Each mixture with and
without HRWR was tested at six (100%, 96%, 92%, 90%, 85%, and 80% ± 2%) and seven (100%,
96%, 92%, 90%, 85%, 80%, and 75% ± 2%) different DoS, respectively. Two samples were tested
for each DoS. These DoS values were selected based on preliminary experiment to provide a wide
range of DoS in order to precisely predict the DoSCR in the samples using the measured damage
index from UPV measurements. The samples were oven dried at 105 ± 2 °C and vacuum saturated
according to the procedure described in [16] to measure the dry mass and the full saturation mass
(i.e., 100% DoS), respectively. Samples that needed to be tested at DoS different from 100% were
dried at 23 ± 1 °C until the desired saturation level was reached. The samples were then stored in
a sealed bag for two weeks at 23 ± 1 °C to allow the internal moisture content to equilibrate before
testing. The samples with 100% DoS were tested immediately after the vacuum saturation process.
Following the samples conditioning, a cold plate was used to expose the samples to three
freeze-thaw cycles between 23 ± 1 °C and -20 ± 1 °C. The cold plate was placed inside an insulated
chamber to limit heat loss during the freeze-thaw cycles. The cooling and heating rates were -4.6
⁰C/h and +8.0 ⁰C/h, respectively. The samples were kept inside a sealed bag to minimize the change
in the DoS during testing. The mass of the samples was monitored during the cycles and a ≈1-2%
decrease in DoS was observed throughout the three freeze-thaw cycles. Therefore, the average DoS
during testing is reported. The pulse velocity through the samples was recorded at the start of
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testing (V0 (m/s)) and after each heating cycle (Vt) at three different locations on the sample. The
pulse velocity of the samples was measured using a UPV meter (Pundit PL-200) and a pair of
exponential transducers with a frequency of 54 kHz at 23 ± 1 °C.
The damage index due to freeze-thaw cycles can be computed in terms of the reduction in
pulse velocity, as shown in Eq. 6 [4, 7].
𝐸𝐸

𝑉𝑉

𝐷𝐷𝐷𝐷 = 1 − 𝑡𝑡 = 1 − � 𝑡𝑡 �
𝐸𝐸
𝑉𝑉
0

0

2

(6)

where, DI (%) is the damage index due to freeze-thaw cycles; E0 (N/m2) is the modulus of elasticity
at the start of testing; and Et is the modulus of elasticity after damage.
Figure 2 presents an example of calculated damage index after three freeze-thaw cycles at
varying DoS based on Eq. 6. A linear trend was observed between damage index and DoS in the
sample. A threshold value of 3.3% was defined for damage index based on precision of the UPV
setup (transition of 0.1 µs) using the Eq. 6 for the range of the measured values of transition on
concrete samples, as shown in Fig. 2. Any value above the threshold indicates potential freezethaw damage. The intersection between the threshold damage index (3.3%) and the linear
regression (between DoS and damage index) was defined as DoSCR, as shown in Fig. 2.
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Fig. 2 – An example of measured damage index at different DoS using UPV after three freezethaw cycles.
3.2.3 AIR VOID SPACING FACTOR FROM HARDENED AIR VOID ANALYSIS
The prismatic samples were cut into 19 mm thick slabs. Surface of the samples was treated
and polished using the procedure described in [15]. The prepared surface was inspected under a
stereo microscope to obtain a satisfactory surface for microscopic analysis. The surface was then
investigated with ASTM C 457-16 method C by using the Rapid Air 457 from Concrete Experts,
Inc [15]. Sample preparation and data analysis details can be found in other publications [15].
3.2.4 DURABILITY FACTOR FROM RAPID FREEZE-THAW TEST
After curing, the prismatic samples were tested according to ASTM C 666-15 for 300 freezethaw cycles. As per ASTM C 666-15 dynamic modulus, expansion, and mass change in the
samples were measured every 36 cycles or before. More details on testing procedure and data
analysis can be found in other publications [17].
EXPERIMENTAL RESULTS AND DISCUSSION
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4.1. RELATING SAM NUMBER TO THE AIR CONTENT AND SPACING FACTOR
Figure 3a shows the relationship between air content and SAM Number for the mixtures with
and without HRWR. This relationship depends on the quality of the air void system in a given
concrete. However, the following equation can be used to relate SAM Number to the volume
fraction of air.
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴 . 𝐴𝐴𝐴𝐴𝐴𝐴 −𝐵𝐵

(7)

where, ‘A’ and ‘B’ are constants. Based on Fig. 3a, ‘B’ is equal to 1.70 for both systems with and
without HRWR. However, ‘A’ depends on air void quality. A lower ‘A’ value refers to a higher
quality air void system while a higher value is typical of a lower quality air void system with more
coarse air voids.
According to Fig. 3a, the samples without HRWR have a better air void distribution when
compared to the samples with HRWR at a given air content. As a result, to achieve a lower SAM
Number, a higher volume fraction of air is required for the samples with HRWR.
Figure 3b shows a comparison between the SAM Number and spacing factor for different
concrete mixtures with and without HRWR. Based on the results, there is a correlation between
the spacing factor and SAM Number. Therefore, SAM Number can be an indicator of spacing
factor in fresh concrete. However, a variation exists in the data.
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Fig. 3 – (a) the relationship between air content and SAM Number and (b) SAM Number versus
spacing factor for the mixtures with varying w/c and with and without HRWR.
4.2. IMPACT OF AIR CONTENT AND AIR QUALITY ON ‘Δ’
As discussed, the Δ is the difference between the DoSCR and DoSMatrix. The Δ is the percentage
of air voids that are fluid filled and will cause a damage during freeze-thaw cycles. The Δ is an
indicator of freeze-thaw resistance of concrete and it primarily depends on air void system [3].
Concrete with a higher air content (i.e., lower DoSMatrix) and a higher quality air void system (i.e.,
higher DoSCR) will have a higher value of Δ, which is indicator of better freeze-thaw resistance.
This section examines the impact of air content and air quality on Δ in concrete mixtures with and
without HRWR.
Figure 4 shows the measured value of Δ as a function of the SAM Number (i.e., air void
quality) and air content for the mixtures with varying w/c and with and without HRWR. Based on
Fig. 4a, the Δ decreases following a power relationship with an increase of the SAM Number. The
rate of decrease of Δ is lower in the samples with SAM Number above 0.30. The Δ increases with
an increase of the air content, as shown in Fig. 4b. However, the samples with HRWR show lower
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Δ (i.e., lower freeze-thaw resistance) when compared to the samples without HRWR at a given air
content. This can be attributed to the fact that the addition of HRWR coarsens the air void
distribution (Fig. 3a) which increases the critical flow distance (the maximum distance that water
can flow from freezing site to the surrounding nearest air-filled space, DCR [4, 9]) [15]. In addition,
the lower Δ in the samples with HRWR can be explained by the lower filling rate of air voids (i.e.,
lower S'2) in these samples due to higher tortuosity of the matrix [10, 13]. Figure 5 illustrates that
the DoSCR increases with an increase of S'2, which indicates that at higher S'2 water can travel faster
from freezing site to the surrounding nearest air voids.
Based on Fig. 4a, the samples with and without HRWR present a similar trend for the Δ as a
function of the SAM Number. Based on the two-way analysis of variance (ANOVA), there is a
probability of less than 5% that the Δ values of the samples with and without HRWR as a function
of the SAM Number is not the same. However, the value of Δ is statistically different as a function
of air content for the samples with and without HRWR. This highlights that the SAM Number is
better indicator of freeze-thaw resistance irrespective of the admixture combination. Therefore, the
following equation (derived based on experimental data (Fig. 4a)) can be used to estimate the Δ
based on SAM Number.
𝛥𝛥 = 𝐶𝐶 . 𝑆𝑆𝑆𝑆𝑆𝑆−𝐷𝐷

(8)

where, ‘C’ and ‘D’ are constants. Based on experimental data, the values of ‘C’ and ‘D’ are 6.03
and -0.645, respectively. It seems that these constants are independent of mixture proportions.
However, further work is needed to examine Eq. 8 for the mixtures with different materials.
Equation 8 can be combined with Eq. 7 to estimate the Δ based on volume fraction of air, as
shown in Eq. 9.
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𝛥𝛥 = 𝐶𝐶. (𝐴𝐴. 𝐴𝐴𝐴𝐴𝐴𝐴 −𝐵𝐵 )−𝐷𝐷

(9)

As discussed, it seems that the values of ‘B’, ‘C’, and ‘D’ are independent of mixture
proportions. By replacing these constants based on experimental results, Eq. 9 can be simplified
as following:
𝛥𝛥 = 6.03 . 𝐴𝐴−0.645 . 𝐴𝐴𝐴𝐴𝐴𝐴 1.10

(10)

The predicted Δ as a function of air content based on Eq. 10 for varying values of ‘A’ (i.e., air
quality) is presented in Fig. 4b. The value of ‘A’ is between 1.5 and 6.0 for the tested concrete
mixtures.

Fig. 4 – The ‘Δ’ versus (a) SAM Number and (b) air content for the samples with and without
HRWR.
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Fig. 5 – The measured DoSCR versus secondary rate of absorption (S'2) [10,13] for the mixtures
with varying w/c without HRWR.
4.3. IMPACT OF W/C, AIR CONTENT, AND AIR QUALITY ON TIME TO REACH
CRITICAL SATURATION
The normalized time to reach critical saturation (based on Eq. 5) as a function of the air content
and SAM Number for the samples with varying w/c and with and without HRWR is illustrated in
Figs 6 and 7 (experimental data points), respectively. In addition, Eq. 5 is combined with Eqs 9
and 10 to predict the normalized time to reach critical saturation using SAM Number and air
content (dashed lines), respectively.
𝑡𝑡 ⋅ (𝜑𝜑 ⋅ 𝑐𝑐1 )2 = 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴 . (6.03 . 𝑆𝑆𝑆𝑆𝑆𝑆−0.645 )2

𝑡𝑡 ⋅ (𝜑𝜑 ⋅ 𝑐𝑐1 )2 = 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴 . (6.03 . 𝐴𝐴−0.645 . 𝐴𝐴𝐴𝐴𝐴𝐴 1.10 )2

(11)
(12)

The average FAPP for the mixtures with different w/c was used in Eqs 11 and 12 to estimate
the time to reach critical saturation. Based on Fig. 3a, the ‘A’ values of 2.55 and 4.32 were used in
Eq. 12 for the mixtures with and without HRWR, respectively.
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Based on Fig. 6, the samples with higher air content have a longer time to reach critical
saturation. This is due to the increase in the Δ as shown in Fig. 4. Reducing the w/c improves the
freeze-thaw performance. This improvement is in part due to a small change in DoSMatrix [12] but
due to a more substantial decrease in the tortuosity (i.e., FAPP) and absorption rate of the concrete
[10, 13]. The addition of HRWR reduces the normalized time to reach critical saturation at a given
air content and w/c due to an increase in the critical flow distance (Fig. 5).
The normalized time to reach critical saturation exponentially increases by a decrease in the
SAM Number (i.e., better air quality). All samples with SAM Number below 0.20 exhibited a
normalized time to reach critical saturation greater than 10. While the samples without HRWR
showed a similar trend for the time to reach critical saturation as a function of the SAM Number
irrespective of the w/c, different trends were observed for the samples with HRWR with respect
to w/c, as illustrated in Fig. 7b. This is primarily attributed to a bigger impact from the addition of
HRWR on tortuosity of the samples (i.e., FAPP) with a lower w/c (w/c=0.40) [10, 12, 13]. The
predicted time to reach critical saturation based on Eq. 11 shows good agreement with the
calculated values based on Eq. 5. The results indicate that the SAM Number can be used to improve
the understanding the performance of concrete in freeze-thaw environment, especially in modern
concrete with combination of chemical admixtures.

225

Fig. 6 – The normalized time to reach critical saturation as a function of the air content for the
mixtures with varying w/c and (a) with and (b) without HRWR. Note: The lines present the
predicted values based on Eq. 12.

Fig. 7 – The normalized time to reach critical saturation as a function of the SAM Number for the
mixtures with varying w/c and (a) with and (b) without HRWR. Note: The lines present the
predicted values based on Eq. 11.
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4.4. TIME TO REACH CRITICAL SATURATION VERSUS DURABILITY FACTOR
FROM ASTM C 666
Figure 8 illustrates the durability factor measured according to ASTM C 666-15 as a function
of air content and SAM Number for the concrete samples with varying w/c and air quality. Figure
8a shows that the mixtures with HRWR require a higher volume fraction of entrained air (≈5% air
content) to satisfy the recommended limit for durability factor (75% according to ASTM C 666)
when compared to the mixtures without HRWR (≈3% air content). This is consistent with the
results of the time to reach critical saturation. The addition of HRWR coarsens the air void
distribution and increases the critical flow distance, as discussed in Fig. 5. Based on Fig. 8b, the
samples with and without HRWR exhibit a similar trend when the SAM Number is used to
investigate the concrete performance under freeze-thaw cycles.
The normalized time to reach critical saturation as a function of the durability factor is
presented in Fig. 9. According to ACI 318-14, a minimum target air content of 4.5% is required
for the freeze-thaw resistant concrete mixtures in F2 and F3 environments. In addition, a SAM
Number of 0.20 was recommended to satisfy the spacing factor limit of ACI 201.2R (200 µm)
[15]. Based on results, the durability factor is higher than 80% and the normalized time to reach
critical saturation is greater than 10 for all the mixtures with air content above 4.5% and a SAM
Number below 0.20. While 90% of the mixtures with air content above 4.5% and a SAM Number
below 0.20 have a normalized time to reach critical saturation of above 20, over 80% of the
mixtures with air content below 4.5% and a SAM Number above 0.20 demonstrate a normalized
time to reach critical saturation of below 10.
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Fig. 8 – The measured durability factor (ASTM C 666-15) as a function of (a) air content and (b)
SAM Number for the mixtures with varying w/c and with and without HRWR.

Fig. 9 – The measured durability factor (ASTM C 666-15) versus the normalized time to reach
critical saturation for the mixtures with varying w/c, air content, and air quality.
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4.5. ESTIMATING THE DOSCR BASED ON SAM NUMBER AND AIR CONTENT
The air void quality has the most important impact on DoSCR [8, 9]. Weiss et al. [8] and Todak
[7] proposed that the DoSCR can be related to the SAM Number based on Eq. 13 which was
obtained as a fitted lower bound to experimental data.
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶 = 87 − 10 . 𝑆𝑆𝑆𝑆𝑆𝑆

(13)

Figure 10 illustrates the measured DoSCR using UPV as a function of SAM Number for the
mixtures with and without HRWR. It can be noticed that Eq. 13 shows good accordance with the
experimental results of the mixtures without HRWR. However, the mixtures with HRWR have a
lower DoSCR compared to the mixtures without HRWR and the intercept value of Eq. 13 needs to
be reduced to 82% in order to represent the lower bound of experimental data, as shown in Fig.
10b. The lower DoSCR in the samples with HRWR can be explained by the lower filling rate of air
voids (i.e., lower S'2) in these samples due to higher tortuosity of the matrix, as shown in Fig. 5
[10, 13]. Figure 5 illustrates that the DoSCR increase with an increase of S'2, which indicates that at
higher S'2 water can travel faster from freezing site to the surrounding nearest air voids. It is worth
noting that further research is needed to examine Eq. 13 for the mixtures with different materials
such as SCMs.
The probability of failure due to freeze-thaw cycles as a function of DoS in the sample is
illustrated in Fig. 11. A bin size of 2.5% was selected for the probability of failure calculations and
the probability values are presented in the center of the bins. A threshold value of 3.3% was defined
for damage index. Any value above the threshold indicates potential freeze-thaw damage. Based
on Fig. 11, the failure region starts at DoS of ≈85% for the samples without HRWR compared to
the DoS of ≈75% for the samples with HRWR. As expected, the probability of failure increases
with increase of DoS in the sample. All the samples with DoS higher than 88% (samples with
229

HRWR) and 95% (samples without HRWR) fail under three applied freeze-thaw cycles. The
DoSCR of 75% and 85% can be used for the samples with and without HRWR respectively when
the quality of the air is not known.
Equation 7 can be combined with Eq. 13 to estimate the DoSCR based on volume fraction of
air, as shown in Eq. 14.
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶 = 87 − 10 ⋅ 𝐴𝐴 ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴 −1.70 , 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶 = 82 − 10 ⋅ 𝐴𝐴 ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴 −1.70 , 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

(14a)
(14b)

Figure 12 compares the measured DoSCR values as a function of the air content using UPV
with the estimated trend based on Eq. 14. Based on Fig. 3a, the ‘A’ values of 2.55 and 4.32 were
used in Eq. 14 for the mixtures with and without HRWR, respectively. It can be noted that Eq. 14
illustrates a lower bound to experimental data.

Fig. 10 – The measured DoSCR (based on UPV measurements) versus SAM Number for the
mixtures with varying w/c: (a) with and (b) without HRWR. Note: A comparison with Todak’s data
[7] is presented in (a).
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Fig. 11 – The probability of failure due to freeze-thaw cycles versus DoS for the mixtures with
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Fig. 12 – The relationship between DoSCR and air content for the mixtures with varying w/c and
with and without HRWR based on Eq. 14.
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CONCLUSIONS
This paper investigated the freeze-thaw durability of thirty different concrete mixtures with
varying w/c (0.40, 0.45, and 0.50), air contents (2.5% – 9%) and air qualities (SAM Number =
0.06 – 0.70) using the time to reach critical saturation (TTRCS) modelling approach. The TTRCS
model was compared to the measured durability factor using ASTM C 666-15. The following
conclusions can be drawn:
•

A relationship between air content and SAM Number was suggested for the mixtures with and
without HRWR. This relationship depends on the quality of the air void system.

•

The samples with and without HRWR showed a similar trend for the ‘Δ= DoSCR - DoSMatrix’ as a
function of the SAM Number. Therefore, an exponential relationship was developed to estimate
the Δ based on SAM Number. This relationship can be used in TTRCS model to predict the time
to reach critical saturation just using SAM Number and apparent formation factor (Eq. 11).
However, further work is needed to examine this equation for the mixtures with different materials.

•

The time to reach critical saturation exponentially increases as the SAM Number decreases (i.e.,
better air quality). All samples with SAM Number below 0.20 exhibited a normalized time to reach
critical saturation greater than 10. In addition, the samples with higher air content have a longer
time to reach critical saturation.

•

The addition of HRWR increased the normalized time to reach critical saturation in the mixtures
with a low w/c at a given SAM Number (i.e., air quality). This is primarily attributed to the
influence of the addition of HRWR on tortuosity of the samples (i.e., FAPP) with a lower w/c
(w/c=0.40) which reduces the filling rate of air voids.

•

Based on time to reach critical saturation results, reducing the w/c improves the freeze-thaw
performance. This improvement is due to a reduction in the pore volume, tortuosity, and absorption
rate of the concrete.

232

•

The mixtures with a HRWR require a higher volume fraction of entrained air (≈5% air content) to
satisfy the recommended limit for durability factor (≈70%) than the mixtures without HRWR (≈3%
air content).

•

According to ACI 318-14, a minimum target air content of 4.5% is required for the freeze-thaw
resistant concrete mixtures in F2 and F3 environments. In addition, a SAM Number of 0.20 was
recommended to satisfy the spacing factor limit of ACI 201.2R (200 µm). Based on TTRCS model
and ASTM C 666 results, 90% of the mixtures with air content above 4.5% and a SAM Number
below 0.20 have a normalized time to reach critical saturation of longer than 20 and durability
factor that is higher than 90%.

•

Experimental models were developed to estimate the DoSCR based on SAM Number and air content.
The mixtures with HRWR have a lower DoSCR compared to the mixtures without HRWR. This
lower DoSCR can be explained by the lower filling rate of air voids in these samples, where water
travel from freezing site to the surrounding nearest air voids is slow.

•

The failure region due to freeze-thaw cycles starts at DoS of ≈85% for the samples without HRWR
compared to the DoS of ≈75% for the samples with HRWR.

A summary of proposed equations to estimate the time to reach critical saturation and the critical
degree of saturation based on SAM Number and air content is reported in Table 2. The derived
constants in these equations based on experimental work are also reported in Table 2. However,
more research is needed to examine these equations for other materials and mixture designs.

Table 2 – Summary of proposed equations to estimate time to reach critical saturation and DoSCR.
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Relationship
Time to reach critical
saturation based on SAM
Number
Time to reach critical
saturation based on air
content
Critical degree of saturation
based on SAM Number
Critical degree of saturation
based on air content

Equation
𝑡𝑡 ⋅ (𝜑𝜑 ⋅ 𝑐𝑐1 )2 = 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴 . (𝐶𝐶 . 𝑆𝑆𝑆𝑆𝑆𝑆−𝐷𝐷 )2
𝑡𝑡 ⋅ (𝜑𝜑 ⋅ 𝑐𝑐1 )2 = 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴 × (𝐶𝐶. 𝐴𝐴−𝐷𝐷 . 𝐴𝐴𝐴𝐴𝐴𝐴 𝐵𝐵 . 𝐷𝐷 )2
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶

= 87 − 10 . 𝑆𝑆𝑆𝑆𝑆𝑆 , 𝑛𝑛𝑛𝑛 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
= 82 − 10 . 𝑆𝑆𝑆𝑆𝑆𝑆 , 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
= 87 − 10 ⋅ 𝐴𝐴 ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴 −𝐵𝐵 , 𝑛𝑛𝑛𝑛 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
= 82 − 10 ⋅ 𝐴𝐴 ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴 −𝐵𝐵 , 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

Constants

A= 2.55 (no HRWR)
A= 4.32 (with HRWR)
B= 1.70
C= 6.03
D= 0.645
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Abstract
This work uses X-ray computed micro tomography (XCT) to investigate the role of the critical
degree of saturation (DOS) and air void system on the crack propagation of portland cement mortar
subjected to freeze-thaw cycles. Three-dimensional imaging before and after freezing allow
quantitative measurements on the location and volume of the formation of new cracks and the
infilling of air voids. Cracks present before freeze-thaw cycles are observed to extend and new
cracks initiate from the paste-aggregate interface.

In addition, calcium-rich products were

observed to fill > 20% of the volume of the air voids with a diameter < 50 µm. These observations
provide insights into the freeze-thaw performance of mortar and are a step in understanding the
damage in concrete.
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1-Introduction

It has been suggested that frost-induced cracking can occur when the concrete reaches a critical
level of saturation and then experiences freeze-thaw cycles [1-7]. Samples with a saturation level
greater than the critical degree of saturation (DOS) can result in microcracking even with a single
freeze-thaw cycle [2, 7]. This critical DOS is reported to be between 78% and 91% in different
conditions [7, 8]. It has been widely shown in previous laboratory and field experiments that the
durability of concrete to freeze thaw damage can be improved by air entrainment [8-12].

Although a great deal of efforts has been spent over the past decades toward understanding the
freeze-thaw damage mechanisms, there are still several unanswered questions [1, 3, 5, 7-10, 13,
14]. Some of these include how ice forms in pores [3], how the air entrainments and air void size
distribution affect the freeze-thaw damage [9, 10], how different parameters such as DOS, water
absorption, and freezing rate affect freeze-thaw damage [1, 7, 8], and how microcracks initiate and
propagate into the cementitious materials [15]. Because of this, direct observation of the
microstructure before and after freeze-thaw cycles can give insights to address some of these
questions.

Several techniques have been developed to investigate the microstructure damage caused by
freezing. Recent publications have characterized microcracks in a cut mortar or concrete slices
with optical microscopy or scanning electron microscopic (SEM) [16-19]. The major limitation of
these techniques is that they can only make observations on the exposed surface.
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These

observations may not necessarily be representative of the performance in the rest of the system.
In addition, they require preparation and testing condition that may disturb the sample and could
affect the results.

X-ray computed tomography (XCT) is a powerful non-destructive tool that can be used to
investigate the 3D microstructure of materials. It has been widely used in medical science to
investigate biological organisms [20-22]. This method has also been used to study construction
materials. Some examples include cement hydration [21, 23-27], aggregate spatial distribution
[28-30], transport properties [5, 31], crack propagation [15, 32, 33], and air void distribution [26,
34-36]. In this method, a series of 2D X-ray radiographs are captured from different viewing angles
and the collected data sets are used to build a 3D measurement of the internal structure called a
tomograph. The tomograph can be then used for qualitative and quantitative analyses [37-41].
Because of the non-destructive nature of XCT, multiple scans can be acquired from the same
sample under different conditions. This allows samples to be investigated both before and after
an event like freezing.

Some recent publications have used XCT to investigate microstructural changes in concrete or
mortar exposed to freeze-thaw damage [42-45]. Previous work investigated the internal structure
of fly ash and portland cement mortars with different air contents exposed to frost action by using
XCT [42]. The work found that anisotropic cracking occurred in the non-air-entrained samples.
There are also publications that have measured the entrained air-void parameters of concrete using
XCT [46-49]. It was found that the volume of microcracking decreased as the DOS was decreased.
This trend continued until a critical DOS was reached and then there was no significant crack
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volume observed in the sample. However, this work did not investigate the change of air voids in
resisting frost damage.

Although the previous work supplies important findings, these studies did not investigate the
samples before and after freezing. This paper uses XCT to quantify the initiation and volume of
cracking as well as the changes in air void volume caused by a single freezing cycle at very high
levels of DOS. In addition, Micro X-ray Fluorescence (µXRF) and Scanning Electron Microscope
(SEM) were used to evaluate the chemical composition of the materials formed.

2-Materials and methods
2.1. Materials, sample preparation, and testing condition
One non-air-entrained (nAE) and one air-entrained (AE) mortar mixtures were prepared in
accordance with ASTM C192/C192M-13 using the mixture proportions as reported in Table 1. In
this table, the air content of the samples was determined in accordance with ASTM C231. All
mixtures were made with ASTM C618 Type I ordinary portland cement (hereafter termed OPC)
and constant water to cement ratio (w/c) of 0.42. The chemical composition and physical properties
of OPC are shown in Table 2.

Table 1. Mixture proportion used in freeze-thaw experiments.
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Mixture ID

air content
(% by volume of mortar)

Type I cement,
kg/m3 (lb/yd3)

Water,
kg/m3 (lb/yd3)

Sand,
kg/m3 (lb/yd3)

nAE

5

573.3 (966.3)

240.8 (405.9)

1333.3 (2247.4)

AE

9

548.9 (925.2)

230.6 (388.7)

1276.5 (2151.6)

Table 2. Chemical and physical properties of OPC.
Blaine

Material

fineness
(cm2/g)

Chemical Composition (mass %)

Density
(gr/cm3)

SiO2

CaO

Al2O3

MgO

3.15

19.3

64.0

5.2

2.6

Phase concentration (%)

Fe2O3

SO3

2.9

3.3

C3S

C2S

C3A

C4AF

63.4

8.4

9

8.7

Type I ordinary
portland

3680

cement

The mortar samples were cast in prism molds with nominal dimensions of 25 × 25 × 125 mm (0.98
× 0.98 × 4.92 in.). A small core 1 cm (0.39 in.) in diameter and 1 cm (0.39 in.) in height was then
drilled from the specimens and used for experiments.

The samples were scanned and then conditioned to different DOS before freeze-thaw cycles. For
this purpose, all samples were oven-dried in steps to 105°C for 2 days. The samples were placed
in a desiccator and evacuated to a pressure of 30 mm Hg for 3 h. Following evacuation while still
under vacuum, the samples were submerged in deionized water for 24 h. This condition was
defined as 100% DOS. Some samples were also subjected to DOS between 85% and 95% by
saturating the specimens and allowing them to dry in short periods of time at 23 °C +1 °C and 50%
relative humidity (RH). When each sample was conditioned to the desired moisture content or
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mass, they were re-weighed and wrapped with aluminum tape to ensure no moisture loss. The
tape was left in place for the remainder of the testing. The DOS and the air content for each
specimen are listed in Table 3. In Table 3, the first number and the second number in the specimen
ID shows if it was air-entrained (AE or nAE) and the DOS, respectively. As an example, nAE_100
is an air-entrained mortar sample with 100% DOS. There were two repeats for nAE_93 and these
samples are distinguished by adding a number to the end of their name.
The samples were first scanned with XCT and then subjected to a single freeze-thaw cycle that
lasted 43.5 h. The temperature was reduced and then raised from 23 °C to −35 °C with a cooling
rate of 2 °C/h and a heating rate of 4 °C/h. This was done with a freezing plate on one side of the
sample. The samples were then scanned after the freeze-thaw cycle.
Two samples (nAE_100, and AE_85) were then scanned by micro x-ray fluorescence (µXRF) and
scanning electron microscope (SEM) to provide insight into the products formed inside air voids
after a single freeze-thaw cycle.

Table 3. The list of investigated samples.
Specimen ID

Degree of saturation (%)

Air content of mortar (%)

nAE_100

100

5

nAE_93_1

93

5

nAE_93_2

93

5

AE_95

95

9

AE_85

85

9

2.2. X-ray computed tomography
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Each sample was scanned before and after exposure to a freeze-thaw cycle by a ZEISS XRADIA
410 with a photon energy of 100 keV at a resolution of 4.85 μm/voxel. The captured volume of
the interest was a cylinder 4.85 mm in diameter and 4.85 mm in height located near the surface of
the sample as shown in Figure 1. The scan settings are summarized in Table 4.

Fig. 1. Location and dimension of the investigated volume of interest (VOI).
Resolution

Table 4. X-ray scan setting.
4.85 μm/pixel

Source energy

100 keV

Optical magnification

4X

Total scan time

4h

Number of projections

2800

Exposure time

3s

The reconstruction was performed by XMReconstructor to create a stack of 2D slices. An example
of the dataset is shown in Figure 2. Figure 2 shows the 3D representation of the sample, a typical
cross-section, and a histogram of the gray value in the 3D data set. Each 8-bit 2D image consists
of pixels with gray values ranging from 0 to 255 corresponding to X-ray absorption which is a
function of density and composition of the material [50, 51]. The gray value contrast can be used
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to separate the sample into different constituent phases by image segmentation process [15, 34,
52].

The major mortar constituents are air voids, aggregates, and OPC paste. Since the air voids have
the lowest density, their X-ray absorption is the lowest among other constituents and so they are
highlighted as dark voxels in the reconstructed images. Conversely, aggregates absorb more x-ray
because of their higher density and appear as the brightest voxels in the reconstructed image. The
paste has a gray value between these two constituents (Figure 2).
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Fig. 2. A typical XCT dataset showing 3D tomography, 2D cross-section of the reconstructed
image, and corresponding grayscale histogram.

2.3. Image Processing and Analysis
Different image processing techniques were used to provide quantitative and qualitative data from
the XCT datasets. The data sets before and after the freeze-thaw cycles were aligned. Image
subtraction and segmentation were then performed to investigate the freeze-thaw damage and
identify the mortar constituents or cracks before and after a freeze-thaw cycle. For these purposes,
all images were processed, analyzed, and visualized by MATLAB codes, ImageJ, and Amira 4.1.1
software.

2.3.1. Alignment of XCT datasets
To aid one-to-one comparison of the samples before and after the freeze-thaw cycle the data sets
needed to be aligned. The data sets were transformed from 16-bit to 8 bit images to save
computation time. Next, the histogram of the data after the freeze-thaw cycle was shifted to match
the histogram of the first tomograph. Subsequently, a self-authored computer code was used to
align the XCT datasets before and after the freeze-thaw cycles. The program uses the first dataset
as a reference to find the matching plane in the second 3D tomography dataset. Details of the
technique can be found in other publications [15, 53, 54].

2.3.2. Image subtraction
Image subtraction is a well-established image processing technique that has been previously used
to study microcracks in a mortar [33, 40]. This technique uses gray value differences to detect

245

changes between two images. The image subtraction can be mathematically defined as the
difference between the digital numerical value of the reference and second image [15]:

r(X) = f(X) − [a · g�φ (X)� + b]

(1)

Where 𝑟𝑟(𝑋𝑋) is image subtraction, 𝑔𝑔�𝜑𝜑 (𝑋𝑋)� is gray level in the second image, 𝑎𝑎 and b are

coefficient of overall contrast and coefficient of brightness respectively. 𝑓𝑓(𝑋𝑋) is the gray level in

the reference image which could be defined as either the image before or after the freeze-thaw
cycle. A 3D median filter with a radius of 1 pixel was applied to remove noise from the subtracted
image. In order to remove artifacts around the sample, image boundaries were established for both
images. More details are given in the appendix.

2.3.3. Segmentation
Segmentation of XCT datasets is used to obtain quantitative data. In this study, two different
methods of segmentation are used and then the results are combined. The cracks and air voids
were first identified by using an Otsu analysis to identify them based on their gray value [55]. The
spherical shape of the air voids was then used to separate them from the cracks. Next, the aggregate
was identified by a local thresholding method. Twenty different aggregate regions were identified.
The average mean and two standard deviations away from the mean of the identified regions were
used to find the gray values that represent the aggregates. More details are given in the appendix.
An overview of the segmentation process is shown in Figure 3 and the results of the segmentation
are shown in Figure 4.
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Fig.3. Segmentation process of mortar constituent including air voids, cracks, materials
formed within air voids, aggregates, and paste.
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Fig.4. The result of the segmentation for all the samples.
To investigate the accuracy of these methods the aggregate volume estimated from segmentation
is compared to the values from the mixture design in Table 5. The XCT data estimates a fine
aggregate volume of 53.1% and the mixture design suggests 55% by volume. This is less than a
4% difference. Differences could be caused by the limited sampling region analyzed by XCT
(4.85 mm diameter × 4.85 mm in height). In addition, it is possible that there are aggregates smaller
than the resolution of XCT that cannot be detected. There are also decisions made in the image
processing methods that may impact the results. It is also possible that the material varies within
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the sample. Despite these reasons, there was a small difference between the measured and expected
values.
Table 5. The volume of aggregates calculated by XCT data and mixture design.
Sample No

Volume of aggregate (%)

Volume of aggregate (%)

XCT data

mixture design

nAE_100

56.8

nAE_93_1

52.0

nAE_93_2

52.1

AE_95

51.2

AE_85

53.2

Average

53.1

55

55

Figure 5 also compares the air void content measured by XCT data and mixture design in the lab.
According to the figure, except sample nAE_93_2, the air content calculated by XCT datasets for
all samples was similar to the measured air content. All of the results closely match except for
sample nAE_93_2. This difference could be caused by the limited size of the volume of interest
which is not necessarily represented in the entire sample. This difference will be discussed in more
details later in the paper.
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Fig.5. Comparison of air content measured by XCT data and mixture design for all samples.
The air voids were then compared before and after the freeze-thaw cycle to highlight the material
that had filled the air voids. The material filling the void could be identified because regions within
the voids had changed in gray value and this could be identified with image subtraction. After
identifying the air voids the remaining material was assumed to be cracks. These regions are
shown in Figure 3.

2.4. µXRF
A variety of spots were investigated within the cement paste and within air voids with the Orbis
µXRF by EDAX. This instrument is equipped with an 80 mm² Silicon Drift Detector Energy
Dispersive Spectrometer (SDD-EDS). The µXRF uses a polycapillary optic to focus X-rays to a
spot size of approximately 50 µm in diameter. As the focused beam interacts with the sample,
characteristic X-rays are emitted. The intensity of these X-rays is measured by SDD-EDS and
stored in a database for later processing and analysis. Table 6 contains a summary of the µXRF
settings used. These measurements are sensitive to trace (0.1% by weight or lower) elements, and
they are useful for tracking small changes in chemistry. More details are included in the appendix.
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The samples were polished to reach a cross-section where the filled air voids are observable. The
samples were kept in a vacuum chamber for 12 hours to reduce the moisture content of the sample
as this can be detrimental to the instrument. Next, 20 spots on the filled air voids and 20 spots on
the paste were scanned.
Table 6. Settings used in µXRF imaging.
Pixel Size (µm)

30

Voltage (Kev)

40

Current (mA)

1000

Filter

25 μm Al

Live Collection Time (s)

20

Chamber Condition

vacuum

Dead Time

maximum of 20%

2.5. SEM/EDS
To make complementary observations of the structure of the material contained in the voids, the
samples were examined by SEM/EDS after a single freeze-thaw cycle. In order to reach the voids
containing the substance, each sample was cut and ground down and an optical microscope was
used to find the voids. Next, a sample of the substance was carefully extracted from the void by
placing epoxy on a graphite needle and extracting the material from a void. The needle was then
placed in a vacuum chamber for 24 hours to remove any water retained in the substance and to let
the epoxy cure. Three samples were taken from different voids to compare the results.
The chemical analysis of the substance was performed using the EDS on the Aspex Explorer. A
needle with a sample of the substance was placed on a stage and was set in the SEM. Next, the
filament drive was set to have an energy potential of 20 KeV and a current of 55 μA. Fifteen
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different points were investigated on the surface of the collected material. The recording period
for each point was 30 seconds to obtain the proper counts from the SEM. Three samples from three
voids were analyzed and their data was recorded.

3. Results and Discussion
3.1. 3D analysis of initiation and propagation of cracks
Figure 6 shows the 3D rendering of the cracks for sample nAE_100 both before and after a freezewhat cycle. The initial scans show that the sample had some initial cracks. The newly formed
cracks are primarily observed near the top 20% surface of the sample (within ≈ 970 µm of the
surface of the sample) after a single freeze-thaw cycle. The presence of cracks at the interface of
the paste matrix and aggregate suggests that the cracks are formed in the ITZ as shown in Figure
4. No crack propagation was observed in the other samples. This could be caused by their lower
DOS and the low number of freeze-thaw cycles. More information about the crack propagation of
other samples can be found in the Appendix.

Fig.6. An example of the 3D rendering of cracks for saturated sample both before and after
freeze-thaw damage for nAE_100.
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Figure 7 shows th volume of cracks that occurred in either paste or aggregate both before and after
the freeze-thaw cycle. This bar chart shows that the crack volume within the aggregate increased
by 4.5x and the cracks found within the paste increased by ≈ 13x. After the freeze-thaw cycle, the
volume of cracks within the aggregates is ≈ 1.85x higher than the volume of cracks in the paste.

Fig.7. The volume of cracks in the paste and aggregate before and after the freeze-thaw cycle in
nAE_100 sample.
Next, a detailed comparison is made. The 3D rendering of cracks, 2D reconstructed images with
highlighted cracks acquired from the top 20% of the saturated sample before and after are shown
in Figure 8. This region was used because of the high density of damage observed. The images in
the middle and right side of Figure 8 show a large volume of cracks forming within an aggregate.
It should be noted that crack propagation within aggregates in Sample nAE_100 was only observed
for those aggregates that showed cracking or imperfection before being exposed to the freeze-thaw
cycle. This means that aggregate that is cracked prior to the freeze-thaw cycle were more
susceptible to additional cracking. Additional analysis is included in the appendix to examine the
percentage of the volume of aggregate, paste, and air at different distances from the cracks. These
findings support the observations of the 3D crack observations shown in Figure 8.
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Fig.8. An overview of the initiation and propagation of cracks in the top 20% of the saturated
sample (nAE_100) before and after the freeze-thaw cycle. Zoomed area is highlighted as white
dash line in the reconstructed images.

3.2. 3D analysis of air voids after freeze-thaw damage
Figure 9 and Figure 10 show 3D renderings of the air voids, cracks, and infilled voids. The air
voids are shown in white, cracks are highlighted in black, and infilled voids are shown in orange.
Based on the 3D renderings, the infilled voids were observed in all samples. When a void is
observed to fill, this suggests that pore solution entered the void during the freezing cycle and that
the concentration within the void was high enough to cause solids to precipitate. These solids are
important as they can reduce the overall volume of the void and reduce the space available for
future freeze-thaw cycles.
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Fig.9. 3D rendering of the air voids, cracks, and infilled voids for samples with DOS lower than
100% before and after freeze-thaw testing.
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Fig.10. An example of a 3D rendering of the air voids, cracks, and infilled voids for the saturated
sample (DOS=100%) before and after freeze-thaw testing.

3.3. Quantitative evaluation of air void filling
Figure 11 shows the percentage of voids that lost at least 20% of their volume after a single freezethaw cycle. This volume was chosen based on the image processing results as it was large enough
that the volume change was measurable and not likely an artifact. The number of individual air
voids used in these calculations is about 500 and 30,000 for each non-air-entrained and airentrained sample, respectively.
The saturated sample (nAE_100) had the lowest percentage of voids that were filled compared to
the other samples. As shown in Figure 10, this sample also had the most damage. The damage
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from the freezing cycle may have reduced the internal fluid pressure and not caused the voids to
fill. This is an area of further study.
For all of the other samples with a DOS < 95% it was common to observe air void filling. This air
void filling was observed in > 50% of the voids < 75 µm. All voids are assumed to be spherical
and their diameter will be used to refer to their respective sizes. In > 75% of the voids with a
diameter < 50 µm at least 20% of the volume was lost to the infilling material. It should also be
noted that this was observed in samples with and without air entrainment.
Both samples nAE_93_1 and nAE_93_2 are thought to be similar in air volume, mixture
proportions, and degree of saturation; however, nAE_93_2 shows a higher percentage of infilling
for the voids > 50 µm. While the voids > 50 µm show differences, the voids < 50 µm showed very
similar behavior. It is not clear what causes these differences and this should be investigated
further. Figure 12 shows the air void size distribution for samples nAE_93_1 and nAE_93_2 and
both are similar. However, the graph shows that nAE_93_2 has a higher number of finer air voids
and ≈ 1.5x higher number of detectable voids compared to nAE_93_1. This difference between
the void sizes might explain the difference between the void volume of samples nAE_93_1 and
nAE_93_2.
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Fig.11. Percentage of voids that volume was reduced by at least 20% from a single freeze-thaw
cycle
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Fig.12. Air void size distribution for sample nAE_93_1 and nAE_93_2
The average infilled volume of partially filled voids for a single freeze-thaw cycle in these high
DOS samples is shown in Figure 13. Some examples of the calculation of this value for four
individual voids with different sizes are also shown at the bottom of the graph with corresponding
3D renderings. As expected, the smallest group of air voids with a size between 10 and 25 µm has
the highest percentage of infilled volume compared to the larger voids. This higher value in the
smaller voids can be attributed to the larger surface/volume of this group and that these voids
probably contained more fluid during freezing than the larger voids. The sample nAE_100 again
shows a lower amount of filled voids. This is probably due to the observed damage in this sample.
More information about the average distance between air voids can be found in the Appendix.
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Fig.13. The average infilled volume percentage in voids with at least 20% partial infilling. An
example of a 3D rendering of individual partially material-filled voids for each size range with
corresponded air void and material-filled volume, and infilled void percentage are also shown in
the bottom of the graph.
Figure 14 shows the 3D rendering of material formation and the volume of material-filled voids at
different cross-sections. In all of the samples, except nAE_93_2, there is a higher volume of
infilled material near the surface of the sample. For nAE_93_2 there was no significant change in
the infilled air voids over the depth. This could be because of the low amount of air content (1%)
detected by XCT in the investigated volume of interest compared to the expected mixture design
air content (5%).
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One of the reasons for the higher volume of infilled material near the surface of the samples could
be the thermal gradient caused by the placement of the freezing plate. Since the freezing plate is
at the bottom of the sample this would mean that the top of the sample would be the last portion
to freeze. The solution in the last region to freeze would be expected to have a higher concentration
of dissolved ions and therefore would form a larger volume of precipitated solids within the air
voids.
From the XCT data, the material formed within the voids has a similar X-ray absorption as
hydrated cement paste. Based on previous publications this means this material is not likely to
be pure calcium hydroxide [56]; however, it could be a mixture of calcium hydroxide and other
precipitated salts such as Friedel’s salt, Kuzel’s salt, or salts originated from the aggregates [5759]. The chemical composition of the materials formed within the voids is examined by µXRF
and SEM in the following section.
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Fig.14. Material formation at different image cross-section and corresponding 3D rendering of
material loss. The border of specimens in 3D rendering is shown as transparent gray.

3.3.1. Investigation of the chemical composition of the formed material
3.3.1.1 µXRF measurements
Table 7 shows the average intensity of the counts from the air voids and the mortar matrix for each
sample from µXRF. The results showed that Ca is the major element found within the air voids,
with a lower concentration of all other elements found within the paste. These differences are
evaluated by the student’s t-Test to investigate if the obtained results are statistically significantly
different. For each element, a p-value of < 0.05 was obtained for average intensity within the air
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void and the paste which showing that the results are statistically significantly different with a 95%
confidence interval.
Table 7. The Average intensity of some elements within the paste and within the filled air voids
as measured by µXRF.
Element

Average intensity (cps)

Standard error

P value (T-test)

Paste

filled voids

Paste

filled voids

Mg

9

4

2.3

0.2

0.018

Al

74

41

11.0

6.1

0.005

Si

986

226

150.5

16.7

5.57E-06

S

119

72

16.3

4.5

0.004

Ca

43728

54636

3858.5

3684.8

0.022

Ti

208

69

28.2

12.2

1.8E-05

Mn

124

60

23.7

4.5

0.005

Fe

5193

1628

917.9

262.2

0.002

3.3.1.2. SEM/EDS measurements
Table 8 shows chemical compositions found within the three different voids. Also, Figure 15
shows the morphology of the materials found in the air voids. The result showed that Ca is the
main element of the substance found within the examined air voids, with traces of other elements
like Si, Al, Fe, S, K. This suggests that the material is primarily calcium hydroxide with some
other salts. These findings confirm the results from the µXRF measurements.
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Fig.15. An example of the morphology of the materials formed in air voids by SEM.

Table 8. Chemical composition of substance within the examined air voids as measured by
SEM.
Element By Mass %
Standard error
Element
S1
S2
S3
S1
S2
S3
Ca

90.9

75.3

75.9

1.9

5.7

4

Si

0.8

1.7

2.9

0.2

0.6

1.3

O

7.9

17.9

19.9

1.9

5.5

3.2

Al

0.4

3.9

0.5

0.2

1

0.3

Fe

0

0.7

0.2

0

0.6

0.2

S

0

0

1

0

0

0.9

Na

0

0

0

0

0

0

Mg

0

0

0.3

0

0

0.2

K

0

0.5

0.3

0

0.4

0.3
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4. Practical Significance
This work gives important insights into the mechanisms of freeze-thaw damage as it shows that
the air void filling can occur in the smaller voids after only a single freeze-thaw cycle at high levels
of DOS. Another significant observation is that the samples with DOS < 95% showed void filling
after a single freeze-thaw cycle. The only sample that did not show void filling was the 100%
DOS sample that was damaged. This difference in performance is attributed to this sample being
damaged by the freezing events and so the fluid did not enter the voids. Figure 13 shows that the
voids that were filled were primarily < 20 µm and these voids were the furthest from the freezing
surface. Furthermore, up to 70% of the volume of voids < 20 µm are observed to fill after a single
freeze-thaw cycle.

These small voids are arguably the most important for the freeze-thaw durability of the concrete
as they provide a significant amount of protection for a given volume against freeze-thaw damage
[2, 60]. As the DOS increases, the ratio of the fluid to space increases. This makes it more likely
that the fluid will fill the voids on freezing. If these voids are infilling with the material then it
means that they are not able to accommodate additional solution on freezing. Therefore, the air
voids cannot provide appropriate protection and this could cause premature failure on freezing.
While it is common for air void filling to be observed in freeze-thaw damaged concrete in the field,
this work shows that samples with a DOS between 85% and 95% that this filling happens with a
single cycle. This infilling of air voids could explain why rapid damage is observed in concretes
if their DOS is high.
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It should also be noted that samples with DOS near 100% showed damage after a single freezethaw cycle. Furthermore, it was found that the majority of the cracks formed either in or near
aggregates. However, Figure 4 shows that no visible damage was observed for the air entrained
and non-air entrained samples, even with DOS as high as 95%. It is expected that a higher number
of freeze-thaw cycles are needed for observable damage in these samples.

5. Conclusion
In this study mortar samples made with different air volume and DOS were examined with XCT
to investigate the microstructural changes caused by a single freeze-thaw cycle. This work was
able to observe a change in the crack distribution and volume as well as the significant air void
filling that occurred. Although all of the samples had a DOS > 85%, the non-air entrained saturated
sample with DOS ≈ 100% was the only sample where damage was observed. However, it is
possible that cracks formed that are below the resolution of the methods used and so they would
not be detected. The findings for cracking and void filling are reported below.
Key findings for cracking:
•
•
•

Crack initiation and propagation were primarily observed away from the freezing surface of the
sample and within 970 µm of the surface.
A single freeze-thaw cycle caused an increase in the volume of cracks within aggregate by 4.5x
and an increase in the volume of cracks within the paste by 13x compared to the volume of cracks
before the freeze-thaw cycle.
Cracks within aggregates before the freeze-thaw cycle were observed to extend.

Findings for air void filling:
•

The air void filling was observed away from the freezing surface and within 700 µm of the
surface.
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•

The µXRF, as well as SEM data, show that the material formed within the voids are > 75% Ca
and have trace amounts of Si and Al.

•

Greater than 70% of the volume of air voids < 20 µm filled after a single freeze-thaw cycle.

•

The air voids were not filled in the sample with significant damage after one freeze-thaw cycle.

Research is needed to investigate how multiple freeze-thaw cycles will impact the findings from
this work. Additional work to study the filling materials with more detailed chemical composition
would also be useful. While limited cracking was observed in the samples, these results show that
this procedure shows great promise to be used to investigate samples under higher numbers of
freeze-thaw cycles.
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