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Compatibility of Shrinkage-Reducing and Air-Entraining
Admixtures
by Benjamin Pendergrass, David Darwin, Muzai Feng, and Rouzbeh Khajehdehi
The compatibility of two shrinkage-reducing admixtures (SRAs)
with two air-entraining admixtures (AEAs)—one surfactant-based
and one foaming polymer-based—was examined based on freezingand-thawing durability, scaling resistance, and air-void characteristics of hardened concrete. SRA dosages of 0, 0.5, 1.0, and 2.0%
by weight of cement were used. Test results show that interactions
between admixtures can reduce air-void stability, contributing to
lowered freezing-and-thawing durability and scaling resistance.
Without an SRA, concrete mixtures containing either AEA exhibited good freezing-and-thawing durability and scaling resistance.
With an SRA, mixtures containing the surfactant-based AEA
performed well, while those containing the polymer-based AEA
did not. Mixtures containing higher dosages of SRA, regardless of
AEA, experienced a greater loss in air content in concrete between
the plastic and hardened conditions. Mixtures with an increased
air-void spacing factor experienced decreased durability, with the
greatest decrease observed in those with air-void spacing factors
greater than 0.008 in. (0.20 mm).
Keywords: admixtures; air-void analysis; freezing-and-thawing durability;
scaling resistance; shrinkage.

INTRODUCTION
Cracking due to restrained drying shrinkage is a primary
cause of deterioration and reduced service life in concrete
structures, such as bridge decks, due to its effect on accelerating corrosion of reinforcing steel. Cracks allow water and
deicing chemicals to penetrate the concrete and reach the
reinforcement. One method used to improve the shrinkage
performance of concrete is through the addition of a shrinkage-reducing admixture.
Shrinkage-reducing admixtures (SRAs) function by
reducing the surface tension of water in the pores within
hardened concrete, thus reducing the stresses that cause
shrinkage. The reduction in surface tension occurs in plastic
as well as hardened concrete. Surfactant-based air-entraining
admixtures (AEAs) also reduce the surface tension of water,
which promotes the formation of air bubbles during mixing
(Mindess et al. 2003). When a shrinkage-reducing admixture and a surfactant-based AEA are used together, the
combined effect on surface tension in plastic concrete may
result in larger air voids than desired and instability of the
air-void system, which can contribute to reduced freezingand-thawing performance. One justification offered for using
a foaming polymer-based AEA, which requires specialized
aeration equipment to generate the foam that is then dispersed
throughout the concrete, is that it produces an air-void system
that is less sensitive to the effects of SRAs than the air-void
system produced by surfactant-based AEAs.
Bedard and Mailvaganam (2006) studied the problem of
incompatibility between admixtures but did not address the
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interaction between shrinkage-reducing and air-entraining
admixtures. Lopes et al. (2013) found that, by itself, a
shrinkage-reducing admixture does not affect the durability
of high-strength concrete in terms of resistance to aggressive
agents, such as water and deicing chemicals.
This paper presents a study in which concretes containing
either a surfactant-based or foaming polymer-based AEA
in conjunction with one of two SRAs are compared based
on freezing-and-thawing durability, scaling resistance, and
air-void stability. The study presented in this paper is part of
a long-term research program at the University of Kansas to
develop low-cracking high-performance concrete (LC-HPC)
for bridge deck applications (Darwin et al. 2004, 2010, 2012;
Lindquist et al. 2006, 2008; McLeod et al. 2009, 2010; Pendergrass and Darwin 2014; Yuan et al. 2011, 2015).
RESEARCH SIGNIFICANCE
Recent advances in admixture technology have resulted
in the increased use of shrinkage-reducing admixtures to
improve the cracking performance of concrete. Concrete
mixtures often contain combinations of admixtures that can
lead to durability problems in hardened concrete. The current
study demonstrates the impact of admixture incompatibility on the air-void system and the durability of concrete,
and emphasizes the importance of checking for admixture
compatibility before application in the field.
EXPERIMENTAL WORK
Materials
The concrete mixtures used in this study contained Type I/II
cement complying with ASTM C150/C150M. Granite with
maximum sizes of 1 and 3/4 in. (25 and 19 mm) was used
as coarse aggregate and river-run sand and pea gravel were
used as fine aggregates.
The two SRAs used in the study, SRA-1 and SRA-2, function by minimizing the surface tension of the pore solution.
One of the two AEAs used in this study, sAEA, is a tall
oil-based surfactant, while the other, pAEA, is a synthetic,
polymer-based foam. The mixtures also contained a polycarboxylate-based high-range water-reducing admixture
(HRWRA), which was used to achieve the desired concrete
slump. The SRA-1, SRA-2, sAEA, and HRWRA were
produced by the same manufacturer.
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Table 1—Mixture proportions
Category

*

No SRA, sAEA

SRA-1, sAEA

SRA-2, sAEA

No SRA, pAEA

SRA-1, pAEA

SRA-2, pAEA

Mixture

Cement, lb/yd

w/c

Sand, lb/yd

Pea gravel,
lb/yd3

0% SRA-S #1

540

0.44

1191‡

0% SRA-S #2

520

0.45

0% SRA-S #3

520

0.45

0.5% SRA-1-S #1

540

0.5% SRA-1-S #2

Coarse aggregate,† lb/yd3
3/4 in.

1 in.

SRA, fl oz/yd3

AEA, fl oz/yd3

539§

551||

953#

0

2.0

1179

335

511

971

††

0

3.1

944‡‡

551§§

565||||

923††

0

2.9

0.44

959‡‡

278§§

503**

1129††

42

1.4

540

0.44

969

354

715

941

#

42

1.9

1.0% SRA-1-S #1

540

0.44

1211

404

405

1215

#

84

1.4

1.0% SRA-1-S #2

540

0.44

1074‡

328§§

558**

999††

84

1.4

2.0% SRA-1-S #1

540

0.44

1191‡

539§

551||

953#

167

2.7

2.0% SRA-1-S #2

540

0.44

1077

‡

328

558

996

167

3.0

0.5% SRA-2-S #1

540

0.44

‡

1193

536

1.0% SRA-2-S #1

540

0.44

1193

1.0% SRA-2-S #2

520

0.45

974‡‡

2.0% SRA-2-S #1

520

0.45

0% SRA-P #1

520

3

3

‡

§

‡‡

§

‡

§

§§

**

**
||

**

††

554

||

956

42

1.5

539

551

**

956

#

84

6.8

358§

722**

954#

84

4.5

974

357

§

721

953

167

20.3

0.45

769

649

§§

479

1091

0

93.9

§§

‡

§

‡‡
‡‡

**
||||

#

#
††

0% SRA-P #2

520

0.44

769

650

481

1100

0

93.9

0.5% SRA-1-P #1

520

0.45

769‡‡

650§§

479||||

1087††

42

422.7

0.5% SRA-1-P #2

520

0.45

769‡‡

650§§

481||||

1100§

42

845.4

1.0% SRA-1-P #1

520

0.45

788

680

488

||||

1027

84

493.1

1.0% SRA-1-P #2

520

0.45

859

640

506

**

983

84

281.8

2.0% SRA-1-P #1

520

0.45

904‡‡

596§§

600||||

887††

167

469.6

2.0% SRA-1-P #2

520

0.45

859

640

506

983

167

281.8

0.5% SRA-2-P #1

520

0.45

1116

383

451

1036

42

681.0

1.0% SRA-2-P #1

520

0.45

1115

383

450

1034

84

587.0

2.0% SRA-2-P #1

520

0.45

1115‡‡

383§§

450||||

1034††

167

2019.4

‡‡

§§

‡‡

§§

‡‡

§§

‡‡

§§

‡‡

§§

‡‡

§§

*

S and P denote, respectively, mixtures containing surfactant-based and foaming polymer AEAs.

†

3/4 in. and 1 in. denote maximum sizes of granite used in blend.

||||

**
||||
||||

§

††

††

††
††
††

Bulk specific gravity, BSG (SSD) is 2.61, absorption, ABS (dry) is 0.77%; ‡‡BSG (SSD) is 2.62, ABS (dry) is 0.86%; §Bulk specific gravity (SSD) is 2.60, ABS (dry) is 0.70%;
BSG (SSD) is 2.59, ABS (dry) is 0.84%; ||BSG (SSD) is 2.62, ABS (dry) is 0.81%; **BSG (SSD) is 2.59; ABS (dry) is 0.83%; ||||BSG (SSD) is 2.60, ABS (dry) is 1.05%; #BSG
(SSD) is 2.61, ABS (dry) is 0.63%; ††BSG (SSD) is 2.59, ABS (dry) is 0.70%.
‡

§§

Notes: 1 lb/yd3 = 0.593 kg/m3; 1fl oz/yd3 = 38.681 mL/m3; 1 in. = 25.4 mm.

Concrete mixtures
The concrete mixtures used in this study were designed
for potential application in low-cracking high-performance
concrete bridge decks. The mixtures had relatively low
paste contents, low slump, high air content, moderate watercement ratios (w/c), and an optimized aggregate gradation.
Twenty-four batches of concrete containing dosages
of 0, 0.5, 1.0, and 2.0% by weight of cement of SRA-1 or
SRA-2 were examined. The mixture proportions are shown
in Table 1. The mixture designations are based on the
percentage of SRA by weight of cement (0, 0.5, 1.0, and
2.0%), SRA type (SRA-1 or SRA-2), and whether sAEA
(designated by “S”) or pAEA (designated by “P”) were used.
Of the 24 batches, 10 were replicates, which are identified
with a #2 or #3. Cement contents of 520 and 540 lb/yd3 (308
and 320 kg/m3) were used. Mixtures containing 520 lb/yd3
(308 kg/m3) of cement were proportioned using a w/c of
0.45, except for one mixture containing pAEA and no SRA
(designated as 0% SRA-P #2), which had a w/c of 0.44. The
810

mixtures containing 540 lb/yd3 (320 kg/m3) of cement were
proportioned using a w/c of 0.44. The cement paste contents
ranged from 23.7 to 24.3% of the concrete volume, except
for one batch with a 23.4% paste content (0% SRA-P #2).
Batching temperature, slump, plastic air content, and
compressive strength at 28 days are given in Table 2.
Concrete slumps ranged from 1-3/4 to 5 in. (45 to 125 mm),
while plastic air contents ranged from 7.5 to 9.5%. Batching
temperatures ranged from 65 to 76°F (18 to 24°C), and
28-day compressive strengths ranged from 3390 to 5270 psi
(23.4 to 36.4 MPa).
Freezing-and-thawing durability and fundamental
transverse frequency
Freezing-and-thawing durability and fundamental transverse frequency tests were performed in accordance with
Procedure B of ASTM C666/C666M and ASTM C215,
respectively. Three 16 x 3 x 4 in. (406 x 76 x 102 mm)
specimens were prepared for each batch in accordance with
ACI Materials Journal/September-October 2017

Table 2—Concrete mixture properties
Mixture*

Slump, in. (mm)

Air content, %

Temperature, °F (°C)

Unit weight, lb/ft3 (kg/m3)

28-day compressive strength, psi (MPa)

0% SRA-S #1

4.25 (108)

8.75

66 (19)

148.6 (2381)

4430 (30.5)

0% SRA-S #2

3 (76)

8.75

65 (18)

138.9 (2225)

4800 (33.1)

0% SRA-S #3

3 (76)

9.00

72 (22)

—

—

0.5% SRA-1-S #1

2 (51)

8.00

67 (19)

135.0 (2163)

4350 (30.0)

0.5% SRA-1-S #2

1.75 (44)

9.00

73 (23)

139.0 (2227)

4660 (32.2)

1.0% SRA-1-S #1

3 (76)

8.75

73 (23)

148.4 (2377)

4440 (30.6)†

1.0% SRA-1-S #2

3 (76)

7.75

72 (22)

138.2 (2214)

—

2.0% SRA-1-S #1

5 (127)

9.00

73 (23)

148.2 (2374)

3390 (23.4)

2.0% SRA-1-S #2

2.75 (70)

8.25

71 (22)

138.0 (2211)

4600 (31.7) ‡

0.5% SRA-2-S #1

2.5 (64)

8.00

73 (23)

148.7 (2382)

3970 (27.4)

1.0% SRA-2-S #1

3 (76)

8.50

72 (22)

148.6 (2381)

4230 (29.2)

1.0% SRA-2-S #2

3 (76)

9.00

61 (16)

139.1 (2229)

3980 (27.4)

2.0% SRA-2-S #1

3 (76)

9.00

66 (19)

138.8(2223)

3840 (27.2)

0% SRA-P #1

2 (51)

8.00

76 (24)

138.6 (2220)

—

0% SRA-P #2

2.25 (57)

7.75

75 (24)

138.9 (2225)

4690 (32.4)

0.5% SRA-1-P #1

3 (76)

8.25

69 (21)

138.4 (2217)

5210 (35.9)

0.5% SRA-1-P #2

2.5 (64)

8.75

76 (24)

138.9 (2225)

5190 (35.8)

1.0% SRA-1-P #1

2 (51)

7.75

73 (23)

138.2 (2214)

5270 (36.4)

1.0% SRA-1-P #2

3.5 (89)

7.75

75 (24)

138.4 (2217)

5050 (34.8)‡

2.0% SRA-1-P #1

2.5 (64)

9.50

70 (21)

138.2 (2214)

4290 (29.6)

2.0% SRA-1-P #2

2.75 (70)

8.25

75 (24)

138.2 (2214)

5420 (37.3)†

0.5% SRA-2-P #1

2 (51)

8.50

73 (23)

138.4 (2217)

—

1.0% SRA-2-P #1

3 (76)

7.50

76 (24)

138.2 (2214)

4900 (33.8)

2.0% SRA-2-P #1

3 (76)

8.75

75 (24)

138.0 (2211)

4840 (33.4)

Note: “—” is data not obtained.
*

S and P denote, respectively, mixtures containing surfactant-based and foaming polymer air-entertaining agents; †37-day cylinder strength; ‡33-day cylinder strength.

ASTM C192/C192M. Steel molds were used for dimensional consistency.
The specimens were subjected to 3-hour freezing-andthawing cycles using an automated 20-block concrete
freezing-and-thawing machine. The temperature was alternately lowered from 40 to 0°F (4 to –18°C) in air and raised
from 0 to 40°F (–18 to 4°C) in water for a single freezingand-thawing cycle. The specimens were removed from
the machine in the thawed condition at intervals, typically
after 30 to 35 cycles but ranging from four to 48 cycles,
for the determination of mass and the fundamental transverse frequency. Testing continued until specimens were
subjected to at least 300 freezing-and-thawing cycles or until
the average dynamic modulus of elasticity of the specimens
dropped below 60% of the initial dynamic modulus.
To determine the dynamic modulus of elasticity, specimens were dried to a surface-dry condition and weighed
after removal from the freezing-and-thawing machine. The
specimens were immediately placed in an enclosed storage
cooler to prevent further moisture loss. The fundamental
transverse frequency of each specimen was then determined
in accordance with ASTM C215—the impact resonance
method. The dynamic modulus of elasticity was determined
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for each specimen using Eq. (1), which is based on the transverse frequency and the specimen mass in accordance with
ASTM C215.
Dyn. E = C ⋅ M ⋅ n 2

(1)

where Dyn. E is the dynamic modulus of elasticity (Pa); C =
1083.6 m–1 (this constant is based on specimen shape and
Poisson’s ratio as provided in ASTM C215); M is specimen
mass (kg); and n is fundamental transverse frequency (Hz).
The freezing-and-thawing performance of the mixtures
was evaluated based on the percentage of the dynamic
modulus of elasticity remaining at the test completion. In
accordance with ASTM C666/C666M, the freezing-andthawing performance was quantified by a durability factor
(DF), determined for each mixture using Eq. (2).
DF =

P⋅ N
M

(2)

where P is the percentage of initial dynamic modulus of
elasticity remaining at N cycles; N is the number of cycles at
which P reached 60% or 300 cycles (whichever is less); and
M = 300 cycles.
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Fig. 1—Average relative dynamic modulus of elasticity
versus freezing-and-thawing cycles for mixtures containing
surfactant-based air-entraining agent sAEA.
Scaling resistance
Scaling resistance tests were performed in accordance
with Canadian Test BNQ NQ 2621-900 Annex B, with
minor modifications, including different freezing-andthawing cycle temperatures, a lower NaCl solution concentration, and a smaller screen size to determine mass loss.
The Canadian Test was used in place of ASTM C672/
C672M based on observations by Bickley et al. (2006) that
the Canadian Test provides a better correlation with field
performance than ASTM C672/C672M. Three 9 x 16 x 3 in.
(229 x 406 x 76 mm) specimens were cast in accordance
with ASTM C192/C192M using steel molds.
The specimens were demolded 23-1/2 ± 1/2 hours after
casting, labeled, and immediately placed in lime-saturated
water to cure in accordance with ASTM C511 for 13 days
(14 total curing days from the casting date). After curing,
the specimens were placed in an environmentally controlled
room with a relative humidity of 50% ± 4% and a temperature of 73° ± 3°F (23° ± 2°C) for 14 days (days 15 to 28
after casting). Twenty-one days after casting, a foam dike
was attached to the finished surface of the specimen using
a polyurethane sealant. Twenty-eight days after casting, a 1/4 in.
(6 mm) deep layer of 2.5% NaCl solution was placed
within the dike of each specimen for a 7-day period at
room temperature. The 2.5% NaCl solution was selected in
place of the BNQ NQ 2621-900 Annex B specified value
of 3.0% based on work by Verbeck and Klieger (1957),
who measured the effect on scaling of NaCl solutions with
concentrations of 0, 2, 4, 8, and 16%. They observed that
maximum scaling occurred for specimens exposed to the 2%
solution, followed by 4% solution. Based on the sharpness
of the rise and fall of the curve fitting the data, however, a
solution with a concentration just above 2% appeared to be
more detrimental than one midway between 2 and 4%.
Beginning 35 days after casting, the specimens were
subjected to freezing-and-thawing cycles consisting of a
16 ± 1 hour freezing phase at 0° ± 5°F (–18° ± 3°C) followed
by an 8 ± 1 hour thawing phase at 73° ± 3°F (23° ± 2°C). The
freezing phase was performed each night in a walk-in freezer.
The thawing phase was performed each day in the environ812

Fig. 2—Average relative dynamic modulus of elasticity
versus freezing-and-thawing cycles for mixtures containing
foaming polymer-based air-entraining agent pAEA.
mentally controlled room used after curing. The specimens
remained frozen over weekends. The temperatures used in
the testing (described previously) vary slightly from those
specified by BNQ NQ 2621-900 Annex B, which requires
a –0.4° ± 5.4°F (–18° ± 3°C) freezing phase followed by a
77° ± 5.4°F (25° ± 3°C) thawing phase. To determine the
mass loss of the specimens after 7, 21, 35, and 56 cycles,
the loose material produced by scaling of the top surface of
the specimen was wet-sieved over a No. 200 (75 μm) sieve
instead of the BNQ NQ 2621-900 specified 80 μm sieve.
BNQ NQ 2621-900 allows a maximum average cumulative
mass loss limit of 0.20 lb/ft2 (1000 g/m2) at test completion.
Hardened concrete air-void analysis
A hardened concrete air-void analysis was completed
on cylindrical specimens in accordance with ASTM C457/
C457M, Procedure A – Linear Traverse Method. Two 4 x
8 in. (102 x 203 mm) cylindrical specimens were prepared
for each batch of concrete in accordance with ASTM C192/
C192M and ASTM C31/C31M. The specimens were cast in
steel molds.
The specimens were demolded 23-1/2 ± 1/2 hour after
casting, labeled, and immediately placed in an environmentally controlled, moist-curing room with a minimum relative
humidity of 95% and a temperature of 73° ± 3°F (23° ± 2°C)
for a minimum of 14 days.
RESULTS AND DISCUSSION
Freezing-and-thawing durability
The evaluation of freezing-and-thawing durability
included 18 batches of concrete to examine the effects of
dosage and type of SRA, and type of AEA on freezing-andthawing durability. The batches included 12 distinct mixtures,
of which six were duplicated. The 18 batches included seven
containing the surfactant-based air-entraining admixture
sAEA and 11 containing the foaming polymer-based airentraining admixture pAEA. Four dosages of SRA-1 (0, 0.5,
1.0, and 2.0% by weight of cement) were used in conjunction with sAEA or pAEA. In addition, one dosage of SRA-2
(1.0% by weight of cement) was used in mixtures containing
sAEA, and three SRA-2 dosages (0.5, 1.0, and 2.0% by
ACI Materials Journal/September-October 2017

Fig. 3—Average cumulative mass loss due to scaling versus
freezing-and-thawing cycles for mixtures containing surfactant-based air-entraining agent sAEA. (Note: 1 lb/ft2 =
4.88 kg/m2.)

Fig. 4—Average cumulative mass loss due to scaling
versus freezing-and-thawing cycles for mixtures containing
foaming polymer-based air-entraining agent pAEA. (Note:
1 lb/ft2 = 4.88 kg/m2.)

weight of cement) were used in mixtures containing pAEA.
Duplicate batches with SRA-1 dosages of 0 and 0.5% and
sAEA and SRA-1 dosages of 0, 0.5, 1.0, and 2.0% and
pAEA were tested.
The average relative dynamic modulus of elasticity for
the three specimens from each batch, equal to the ratio of
the dynamic modulus of elasticity after a given number of
cycles to the dynamic modulus of elasticity prior to testing, is
plotted as a function of the number of freezing-and-thawing
cycles in Fig. 1 and 2, respectively, for the sAEA and pAEA
mixtures. In the figure legends, the mixtures are listed in the
order of descending durability factor (DF) (Eq. (2)). Table 3
shows the DFs of the mixtures and, where applicable, the
number of freezing-and-thawing cycles completed prior
to reaching 60% of the initial dynamic modulus. Linear
interpolation between dynamic modulus and freezing-andthawing cycle was used to determine the number of freezing-and-thawing cycles corresponding to 60% of the initial
dynamic modulus for the specimens that did not reach 300
cycles, and the average dynamic modulus at 300 cycles for
the specimens that extended beyond 300 cycles.
The freezing-and-thawing test results in Fig. 1 and 2 and
Table 3 indicate that the mixtures containing the foaming
polymer-based air-entraining admixture pAEA exhibited
a greater decrease in dynamic modulus of elasticity than
the mixtures containing the surfactant-based air-entraining
admixture sAEA for the mixtures containing a shrinkagereducing admixture. All seven mixtures containing sAEA
had a DF of 95 or greater at 300 cycles. The lowest DF
for the sAEA mixtures (95) was experienced by Mixture
2.0% SRA-1-S #2. In contrast, only two of the 11 mixtures
containing pAEA, neither of which contained an SRA (0%
SRA-P #1 and 0% SRA-P #2), had a DF of 95 or greater
at 300 cycles. These two mixtures had DFs of 95 and 98,
respectively. Only one mixture containing pAEA and an
SRA (1.0% SRA-1-P #2) reached 300 cycles before dropping below 60% of the initial dynamic modulus; this mixture
had a DF of 75 at 300 cycles.
The addition of an SRA to the mixtures containing sAEA
had little effect on freezing-and-thawing durability, although
the mixture with an SRA-1 dosage of 2.0 percent by weight

Table 3—Average dynamic modulus of elasticity
versus freezing-and-thawing cycles
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Mixture

Durability
factor, %

Cycles completed at 60% of initial
dynamic modulus

0% SRA-S #2

99

—

0% SRA-S #3

99

—

0.5% SRA-1-S #1

97

—

0.5% SRA-1-S #2

101

—

1.0% SRA-1-S #2

97

—

2.0% SRA-1-S #2

95

—

1.0% SRA-2-S #1

98

—

0% SRA-P #1

95

—

0% SRA-P #2

98

—

0.5% SRA-1-P #1

33

165

0.5% SRA-1-P #2

11

56

1.0% SRA-1-P #1

13

65

1.0% SRA-1-P #2

75

—

2.0% SRA-1-P #1

7

36

2.0% SRA-1-P #2

6

32

0.5% SRA-2-P #1

9

46

1.0% SRA-2-P #1

7

37

2.0% SRA-2-P #1

20

100

Notes: S and P denote, respectively, mixtures containing surfactant-based and foaming
polymer AEAs; “—” denotes mixture reached 300 cycles.

of cement (2.0% SRA-1-S#2) had the lowest DF (95)
among the sAEA mixtures. The mixtures containing pAEA
exhibited decreased freezing-and-thawing durability as the
SRA-1 dosage increased from 0 to 0.5% and again from 1.0
to 2.0%. The effect on freezing-and-thawing durability of
increasing dosage of SRA-2 was not clear in the mixtures
containing pAEA. For example, pAEA mixtures containing
SRA-2 dosages of 0.5 and 1.0% exhibited lower DFs
than a pAEA mixture with a 2.0% dosage of SRA-2. The
single mixture tested containing sAEA and SRA-2 (1.0%
SRA-2-S) had a DF of 98. Mixtures with a 2.0% dosage of
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Table 4—Average cumulative mass loss due to
scaling versus freezing-and-thawing cycles for
mixtures
Cumulative mass loss, lb/ft2
Mixture

7 cycles

21 cycles

35 cycles

56 cycles

0% SRA-S #1

0.008

0.015

0.018

0.019

0% SRA-S #2

0.011

0.024

0.028

0.028

0% SRA-S #3

0.004

0.010

0.013

0.014

0.5% SRA-1-S #1

0.003

0.012

0.038

0.044

0.5% SRA-1-S #2

0.001

0.002

0.036

0.072

1.0% SRA-1-S #1

0.003

0.013

0.026

0.052

1.0% SRA-1-S #2

0.008

0.016

0.027

0.028

2.0% SRA-1-S #1

0.003

0.006

0.009

0.012

2.0% SRA-1-S #2

0.010

0.012

0.014

0.015

0.5% SRA-2-S #1

0.006

0.013

0.018

0.021

1.0% SRA-2-S #1

0.002

0.005

0.011

0.014

0% SRA-P #1

0.003

0.006

0.010

0.011

0% SRA-P #2

0.002

0.010

0.021

0.038

0.5% SRA-1-P #1

0.009

0.019

0.024

0.026

0.5% SRA-1-P #2

0.025

0.079

0.561

0.577

1.0% SRA-1-P #1

0.023

0.124

0.255

0.493

1.0% SRA-1-P #2

0.012

0.027

0.046

0.056

2.0% SRA-1-P #1

0.056

0.118

0.182

0.346

2.0% SRA-1-P #2

0.115

0.170

0.615

*

0.5% SRA-2-P #1

0.129

—

0.191

0.196

1.0% SRA-2-P #1

0.016

0.038

0.292

0.637

2.0% SRA-2-P #1

0.013

0.026

0.061

0.133

*

Test terminated because cumulative mass loss was above failure limit of 0.2 lb/ft2.
Notes: S and P denote, respectively, mixtures containing surfactant-based and foaming
polymer AEAs; “—” is data not obtained; 1 lb/ft2 = 4.88 kg/m2.
*

SRA had the lowest DFs of the mixtures containing either
sAEA or pAEA; however, these values were significantly
lower for the pAEA mixtures. The two pAEA mixtures with
the lowest DFs (2.0% SRA-1-P #1 and 2.0% SRA-1-P #2)
dropped to 60% of the initial dynamic modulus of elasticity
after only 36 and 32 freezing-and-thawing cycles, respectively, corresponding to DFs of 7 and 6. An increased dosage
of SRA would be expected to reduce freezing-and-thawing
durability due to the effect of reduced surface tension in the
plastic concrete on the air-void size. This was, however, not
particularly apparent for the sAEA mixtures, all of which
had a DF of at least 95. Due to the narrow range of the values
(ranging from 95 to 101), the order of descending DFs for
these mixtures containing sAEA has little or no significance.
Scaling resistance
The evaluation of scaling resistance included 22 batches
of concrete that included 13 distinct mixtures plus nine
duplicates. As with the evaluation of freezing-and-thawing
durability, the effects of dosage and type of SRA and type of
AEA on scaling resistance were examined. The 22 batches
included 11 each containing sAEA and pAEA. Three batches
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contained sAEA but no SRA and two batches contained
pAEA but no SRA. Batches containing two dosages of
SRA-2 (0.5 and 1.0% by weight of cement) were tested with
the sAEA mixtures, while batches containing three SRA-2
dosages (0.5, 1.0, and 2.0% by weight of cement) were tested
with the pAEA mixtures. Duplicate batches containing three
dosages of SRA-1 (0.5, 1.0, and 2.0% by weight of cement)
were tested in conjunction with both sAEA and pAEA.
The average cumulative mass loss for the three specimens from each batch is plotted as a function of freezingand-thawing cycles in Fig. 3 and 4 for the sAEA and pAEA
mixtures, respectively. In the figure legends, the mixtures
are listed in the order of descending cumulative mass loss
after 56 freezing-and-thawing cycles. Mixtures that did not
reach 56 cycles are listed in the order of ascending number
of freezing-and-thawing cycles to failure. Table 4 summarizes the average cumulative mass losses for the mixtures at
7, 21, 35, and 56 cycles.
As shown in Fig. 3 and 4 and Table 4, the mixtures
containing pAEA exhibited greater scaling losses than the
mixtures containing sAEA. All mixtures containing sAEA
had a cumulative mass loss below the specified failure limit
(0.20 lb/ft2 [1000 g/m2]) after 56 cycles; the maximum value
was 0.072 lb/ft2 (360 g/m2). In contrast, only six of the 11
mixtures containing pAEA, including the two mixtures
with no SRA, had a cumulative mass loss below the failure
limit after 56 cycles. Because the sAEA and pAEA mixtures
containing no SRA performed similarly, as was the case for
freezing-and-thawing resistance, the tests demonstrate that
mixtures containing pAEA are affected more, not less, by
an SRA than the mixtures containing sAEA. Two mixtures
containing pAEA and an SRA (2.0% SRA-P #2 and 0.5%
SRA-P #2) exceeded the specified failure limit for mass loss
after only 35 cycles.
For the sAEA and pAEA mixtures containing an SRA, no
clear trend can be established between dosage and scaling
resistance, although an increased dosage of shrinkagereducing admixture would be expected to decrease scaling
resistance due to the effect of the reduced surface tension
on the air-void system. Two mixtures with a 0.5% dosage of
SRA-1 by weight of cement exhibited the second lowest (0.5%
SRA-1-P #1) and second highest (0.5% SRA-1-P #2) scaling
mass loss of the pAEA mixtures. For the sAEA mixtures, a
mixture containing a 2.0% dosage of SRA-1 (2.0% SRA-1-S)
exhibited the lowest scaling loss, while a mixture with a
dosage of 0.5% SRA-1 (0.5% SRA-1-S #2) exhibited the
highest scaling loss; the mass losses of the sAEA mixtures,
however, are all very low (below 0.012 to 0.072 lb/ft2 [58 to
350 g/m2]), and the order of decreasing cumulative mass loss
for the sAEA mixtures is likely of little significance.
The results indicate that for the mixtures tested in the
study, all of which had a plastic air content of at least 7.5%,
the addition of an SRA decreased the freezing-and-thawing
durability and scaling resistance of mixtures containing
pAEA, possibly due to the effect of reduced surface tension
within the foam. In contrast, the addition of an SRA did not
have a significant effect on the freezing-and-thawing durability or scaling resistance of mixtures containing sAEA.
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Fig. 5—(a) Air content in plastic and hardened concrete for mixtures in this study. Number of mixtures used to calculate
average air contents shown in parentheses; and (b) air content in plastic and hardened concrete for mixtures containing SRA-2.
Number of mixtures used to calculate average air contents shown in parentheses.
Table 5—Air contents for plastic and hardened concrete and air-void spacing for hardened concrete
Average air content
Mixture

Plastic, %

Hardened, %

Relative change†

Average air-void spacing factor,
in. (mm)

0% SRA-S (2)‡

8.9

8.7

–2.3%

0.0037 (0.09)

0% SRA-P (2)

7.9

7.8

–1.3%

0.0051 (0.13)

0.5% SRA-1-S (2)

8.5

7.9

–7.4%

0.0039 (0.10)

*

0.5% SRA-1-P (2)

8.5

6.0

–29.4%

0.0078 (0.20)

1.0% SRA-1-S (2)

8.3

6.4

–22.1%

0.0052 (0.13)

1.0% SRA-1-P (2)

7.8

5.9

–23.5%

0.0077 (0.20)

2.0% SRA-1-S (1)

8.3

5.2

–37.6%

0.0082 (0.21)

2.0% SRA-1-P (2)

8.9

5.7

–35.8%

0.0095 (0.24)

0.5% SRA-2-P (1)

8.5

5.45

–35.9%

0.0091 (0.23)

1.0% SRA-2-S (1)

9.0

8.7

–3.3%

0.0032 (0.08)

1.0% SRA-2-P (1)

7.5

5.7

–24.0%

0.0083 (0.21)

2.0% SRA-2-S (1)

9.0

7.5

–17.2%

0.0037 (0.09)

2.0% SRA-2-P (1)

8.75

6.6

–25.1%

0.0065 (0.17)

*

S and P denote, respectively, mixtures containing surfactant-based and foaming polymer air-entertaining agents.

†

Percentage difference in air content between values measured in plastic and hardened concrete.

‡

Number of batches used to calculate average air contents shown in parentheses; two specimens tested per batch.

Hardened concrete air-void analysis
The quantity and spacing of entrained air voids in concrete
greatly influence the effectiveness of the air-void system in
protecting concrete from freezing-and-thawing damage. The
spacing of the air voids is represented by an air-void spacing
factor, defined as the average distance from any point in the
cement paste to the edge of the nearest void. Powers and
Helmuth (1953) suggested that the air-void spacing contributes more to frost protection than actual air content. An
air-void spacing factor no greater than 0.008 in. (0.20 mm)
is suggested to provide sufficient freezing-and-thawing
protection to concrete (Mindess et al. 2003). In addition, the
volume of air recommended by ACI Committee 201 (2008)
to achieve satisfactory frost protection is between 4-1/2 and
6% for mixtures with a maximum aggregate size of 1 in.
(25 mm). Specimens from 11 mixtures containing SRA-1,
ACI Materials Journal/September-October 2017

five mixtures containing SRA-2, and four mixtures with no
SRA were tested for air-void properties in hardened concrete.
The air-void analysis results of mixtures without and with
an SRA are shown in Table 5 and Fig. 5(a) and (b). Both
the sAEA and pAEA mixtures with no SRA exhibited only
slight reductions in air content between plastic and hardened
concrete; the sAEA mixtures with no SRA (0% SRA-S)
experienced a decrease in air content from 8.9 to 8.7%
(a relative decrease of 2.3%), while the pAEA mixtures with
no SRA (0% SRA-P) experienced a similar decrease from
7.9 to 7.8% (a relative decrease of 1.3%). In contrast, the
sAEA and pAEA mixtures containing an SRA generally
experienced progressively greater reductions in air content
between plastic and hardened concrete with an increased
dosage of SRA, suggesting that the decreased surface
tension of the water caused by the SRA reduced the stability
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Fig. 6—Average air-void spacing factor for sAEA and pAEA
mixtures with different dosages of SRA-1 (0, 0.5, 1.0, and
2.0% by weight of cement).

Fig. 7—Durability factor versus air-void spacing factor.
of the air-void system as the specimens were placed and
consolidated. The mixtures with pAEA and SRA dosages of
0.5 and 1.0% experienced greater losses in air content than
the corresponding mixtures with sAEA. For the mixtures
with an SRA-1 dosage of 0.5% by weight of cement, the
air content decreased from 8.5% in the plastic concrete to
7.9% in the hardened concrete for the sAEA mixtures (a
7.4% relative decrease), but from 8.5 to 6.0% for the pAEA
mixtures (a 29.4% relative decrease); for the single mixture
with an SRA-2 dosage of 0.5% (with pAEA), air content
decreased from 8.5 to 5.45% (a 35.8% relative decrease).
For the mixtures containing a 1.0% dosage of SRA-1, the
air content decreased from 8.3% in the plastic concrete
to 6.4% in the hardened concrete for the sAEA mixtures
(a 22.1% relative decrease), and from 7.8 to 5.9% for the
pAEA mixtures (a 23.5% relative decrease); the values
for the mixtures containing SRA-2 are 9.0 to 8.7% for the
sAEA mixtures and 7.5 to 5.7 for the pAEA mixture (relative decreases of 3.3 and 24.0%, respectively). Both sAEA
and pAEA mixtures generally experienced greater losses in
air content from the plastic to the hardened concrete as the
dosage of SRA increased. The greatest losses in air content
for the sAEA and pAEA mixtures occurred for the 2.0%
dosage of SRA-1, with relative decreases in air content of
37.6 and 35.8%, respectively, from the plastic to hardened
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Fig. 8—Average cumulative mass loss due to scaling at 56
freezing-and-thawing cycles versus air-void spacing factor.
(Note: 1 lb/ft2 = 4.88 kg/m2.)
condition compared to relative decreases of 17.2 and 25.1%
for the SRA-2 mixtures.
To study the effect of SRA dosage on air-void spacing
factors, the correlation between the dosages of SRA and
air-void spacing factors is shown in Table 5 and Fig. 6 (the
latter for SRA-1 only). As shown in the table and figure, the
air-void spacing factor generally increased as the SRA-1
dosage increased for both the sAEA and pAEA mixtures. The
spacing factor, however, is consistently lower for the sAEA
mixtures than for the pAEA mixtures, even for those with no
SRA. The highest air-void spacing factors correspond with
the highest dosage of SRA-1 (2.0%). In fact, the air-void
spacing factors for both the sAEA and pAEA mixtures
containing a dosage of 2.0% SRA-1 exceed 0.008 in.
(0.20 mm). The largest difference in air-void spacing factor
occurs in the mixtures containing 0.5% SRA-1, for which
the sAEA and pAEA mixtures have average spacing factors
of 0.004 and 0.008 in. (0.10 and 0.20 mm), respectively.
The spacing factor for each pAEA mixture with SRA-1
approaches or exceeds 0.008 in. (0.20 mm), even though
each of these mixtures had a plastic air content of at least
7.5%. The SRA-2 mixtures had a smaller sample size. The
three SRA-2 mixtures containing pAEA had spacing factors
between 0.009 and 0.007 in. (0.23 and 0.17 mm), values that
decreased as the SRA dosage increased. In contrast, the two
SRA-2 mixtures containing sAEA had spacing factors below
0.004 in. (0.10 mm), the lowest in the study.
The durability factors (DF) in the freezing-and-thawing
tests and the average cumulative mass loss after 56 freezingand-thawing cycles in scaling resistance tests are shown as
functions of the average air-void spacing factors in Fig. 7
and Fig. 8, respectively. Lines representing a DF of 95 and a
mass loss limit of 0.20 lb/ft2 (1000 g/m2) are shown in Fig. 7
and Fig. 8, respectively, to display the limits for acceptable
freezing-and-thawing durability and scaling resistance.
Air-void spacing factors, DFs, and values of mass loss after
56 freezing-and-thawing cycles are also shown in Table 6.
Four of the 20 mixtures subjected to the hardened concrete
air-void analyses (0% SRA-S #1, 1.0% SRA-1-S #1, 1.0%
SRA-2-S #2, and 2.0% SRA-2-S #1) were not subjected to
ACI Materials Journal/September-October 2017

Table 6—Air-void spacing factor versus durability
factor and mass loss after 56 freezing-andthawing cycles
Air-void spacing
factor
Mixture

Cumulative mass
Durability loss @ 56 cycles,
factor
lb/ft2

in.

mm

0% SRA-S #1

0.0044

0.11

*

0.019

0% SRA-S #3

0.0030

0.08

99

0.014

0.5% SRA-1-S #1

0.0048

0.12

97

0.044

0.5% SRA-1-S #2

0.0030

0.08

100

0.072

1.0% SRA-1-S #1

0.0043

0.11

*

0.052

1.0% SRA-1-S #2

0.0060

0.15

97

0.028

2.0% SRA-1-S #2

0.0082

0.21

95

0.015

1.0% SRA-2-S #2

0.0032

0.08

*

*

2.0% SRA-2-S #1

0.0037

0.09

*

*

0% SRA-P #1

0.0049

0.12

95

0.011

0% SRA-P #2

0.0052

0.13

98

0.037

0.5% SRA-1-P #1

0.0068

0.17

33

0.026

0.5% SRA-1-P #2

0.0089

0.22

11

0.561†

1.0% SRA-1-P #1

0.0092

0.23

13

0.493

1.0% SRA-1-P #2

0.0062

0.16

75

0.056

2.0% SRA-1-P #1

0.0080

0.20

7

0.346

2.0% SRA-1-P #2

0.0110

0.28

6

0.615†

0.5% SRA-2-P #1

0.0091

0.23

9

0.196

1.0% SRA-2-P #1

0.0083

0.21

7

0.637

2.0% SRA-2-P #1

0.0065

0.17

20

0.133

*

Mixture not tested.

†

Test terminated after 35 cycles.

Note: 1 lb/ft2 = 4.88 kg/m2.

freezing-and-thawing testing; thus, durability factors for
these specimens are not included in Table 6 and Fig. 7. In
addition, two of these mixtures (1.0% SRA-2-S #2 and 2.0%
SRA-2-S #1) were not tested for scaling resistance, and mass
loss values for these specimens are not included in Table 6
and Fig. 8.
A clear relationship can be established between an
increased air-void spacing factor and decreased freezingand-thawing durability and scaling resistance—a relationship that is consistent with the findings from previous
studies. As shown in Fig. 7, six of the seven mixtures with a
DF of 95 or greater had an air-void spacing factor less than
or equal to 0.006 in. (0.15 mm). The seventh mixture, with a
DF of 95, had a spacing factor of 0.008 in. (0.20 mm), equal
to the suggested limit for adequate freezing-and-thawing
durability. However, four mixtures (1.0% SRA-1-P #2, 0.5%
SRA-1-P #1, 2.0% SRA-2-P #1, and 2.0% SRA-1-P #1), all
containing pAEA and an SRA with spacing factors between
0.006 and 0.008 in. (0.15 and 0.20 mm), had DFs between 7
and 75. The two mixtures with the highest DFs (0% SRA-S
#3 and 0.5% SRA-S #2) had the lowest spacing factors.
Conversely, the six mixtures with DFs below 20 each had a
spacing factor greater than or equal to 0.008 in. (0.20 mm).
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Scaling loss increased significantly as the air-void spacing
factor approached or exceeded 0.008 in. (0.20 mm). Five
of the seven mixtures with spacing factors equal to or
greater than 0.008 in. (0.20 mm) (0.5% SRA-1-P #2, 1.0%
SRA-1-P #1, 2.0% SRA-1-P #1, 2.0% SRA-1-P #2, and
1.0% SRA-2-P #1), again all containing pAEA and an SRA,
experienced scaling losses above the failure limit of
0.20 lb/ft2 (1000 g/m2) specified in BNQ NQ 2621900. Two mixtures with spacing factors above 0.008 in.
(0.20 mm) (2.0% SRA-1-S #2 and 0.5% SRA-2-P #1, with
spacing factors of 0.0082 and 0.0091, respectively), however,
exhibited scaling losses of 0.01 and 0.19 lb/ft2 (50 and 975
g/m2), respectively—one well below the limit and one just
under the limit. The four mixtures with no SRA (0% SRA-S
#1, 0% SRA-S #3, 0% SRA-P #1, and 0% SRA-P #2) had
spacing factors of 0.0052 in. (0.13 mm) or less and exhibited low mass losses. Nine out of 10 mixtures with spacing
factors of 0.0065 in. (0.17 mm) or below exhibited scaling
losses below 0.10 lb/ft2 (488 g/m2), one-half the failure limit.
SUMMARY AND CONCLUSIONS
The compatibility of two shrinkage-reducing admixtures
(SRAs) with two air-entraining admixtures (AEAs)—one
surfactant-based and one foaming polymer-based—was
examined based on the freezing-and-thawing durability,
scaling resistance, and air-void characteristics of hardened
concrete. Twenty-four concrete mixtures containing dosages
of 0, 0.5, 1.0, and 2.0% by weight of cement of the two
shrinkage-reducing admixtures were examined.
The following conclusions are based on the materials, test
results, and analyses described in this paper.
1. When an SRA was not included, concretes containing
either the surfactant-based or the foaming polymer-based
AEA exhibited good freezing-and-thawing durability and
scaling resistance.
2. When an SRA was used, concretes containing the
surfactant-based AEA exhibited good freezing-and-thawing
durability and scaling resistance, while those containing the
foaming polymer-based AEA did not.
3. Both surfactant-based and polymer-based AEA mixtures
containing an SRA experienced greater losses in air content
from the plastic to the hardened concrete than those without
an SRA, with losses increasing as the SRA dosage increased.
4. Increased dosages of SRA were associated with
increased air-void spacing factors for both surfactant-based
and polymer-based AEA mixtures.
5. The air-void spacing factors of the polymer-based
AEA mixtures were consistently greater than those of the
surfactant-based AEA mixtures, even for the mixtures with
no SRA.
6. The mixtures with an increased air-void spacing factor
experienced decreased freezing-and-thawing durability and
scaling resistance, with the greatest effect for mixtures with
air-void spacing factors above 0.008 in. (0.20 mm).
7. Ultimately, the polymer-based AEA did not, as originally expected, improve the stability of the air-void system
when used in conjunction with an SRA. In fact, the polymerbased air-void system appeared to exhibit less stability than
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the surfactant-based system when an SRA was added to the
concrete.
8. The differences in performance of the mixtures in this
study emphasizes the importance of checking for admixture
compatibility before application in the field.
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