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This study evaluated the impacts of construction on the air content and air 
void system structure of portland cement concrete pavements. The primary 
intent was to quantify the air content of fresh concrete before and after it 
had gone through the slipform paver. The air void system parameters of 
hardened concrete were then assessed with cast cylinders and extracted 
core specimens. The results of the air content testing on fresh concrete and 
the concrete cylinder specimens cast in the field suggested that some loss 
of air (approximately 1%) occurred as the concrete passed through the 
paver. Laboratory testing performed on cores extracted from the pavement 
did not provide conclusive evidence that entrained air was lost during the 
slipform paving process. In fact, many extracted cores had measured air 
content values that were much higher than those measured in the fresh 
concrete and even higher than the specification requirement. If excessive, 
such values could result in increased permeability and low-strength-related 
issues. The results suggested that the air content testing on fresh concrete 
did not capture the true air content of the concrete as it was placed with a 
slipform paver. The fresh concrete air content in general was lower than 
was the air content measured in the cores.

Several factors are known to affect the air content of paving con-
crete, including portland cement type and content, supplementary 
cementitious material type and content, admixtures, mixer type 
and mixing duration, placement methods, ambient temperatures. 
In addition, some of the air that is present when the concrete is 
placed on grade in front of the paver is lost as it is vibrated and con-
solidated during the slipform paving process (1, 2). In recognition 
of this situation, a number of state highway agencies specify that 
concrete either be sampled after the paver (e.g., Kansas, Indiana) or 
that the air content of concrete placed on grade in front of the paver be 
higher than that normally required, with the assumption that some air 
will be lost as the concrete passes through the paver (e.g., Wisconsin, 
Iowa). In the case of the Wisconsin Department of Transportation 
(DOT), Madison, the target air content for concrete on grade in front 
of the paver is 5.5% to 8.5%, with the assumption that approximately 
1% of the air will be lost as it is vibrated and consolidated by the 
paver. This issue is of increasing importance as the Wisconsin DOT 
moves to adopt performance-related specifications. There is a need 
to select the correct amount of air necessary to ensure resistance 

to freeze–thaw damage and yet not compromise the strength and 
permeability of the hardened concrete.

For the air in concrete to effectively prevent or minimize freeze–
thaw damage, it must be entrained (as opposed to entrapped) as a 
dense network of closely spaced microscopic spherical bubbles. 
Pioneering research by T. C. Powers (3) led to the development of 
an expression called the spacing factor that describes, for the major-
ity of the paste, the distance to the nearest air void (4). Typically, 
the entrained spherical air bubbles should range in size from 50 to 
200 µm (5) and the spacing factor, measured in accordance with 
ASTM C457, Standard Test Method for Microscopical Determina-
tion of Parameters of the Air Void System in Hardened Concrete, 
should be less than 0.008 in. (0.200 mm) to effectively protect the 
hydrated cement paste from freeze–thaw damage (6). Debate exists 
over whether or not those requirements are too strict for modern 
paving concrete, which typically has a lower water-to-cementitious 
ratio than that used to develop the criteria in the 1950s and 1960s. 
In fact, the Canadian Standards Association, Mississauga, Ontario, 
specifies a maximum spacing factor of 0.009 in. (0.230 mm) for 
most concrete, but increases this limit to 0.010 in. (0.250 mm) if 
the water-to-cementitious ratio is 0.36 or less, which is common 
in high-performance concrete and silica fume overlays (Concrete 
Materials and Methods of Concrete Construction Methods/Methods 
of Test for Concrete, A23.1, Clause 4.3.3.3 on air void parameters).

Alternatively, as air is entrained in concrete, there is a commensu-
rate loss of strength. If the upper limit of the air content specification 
is broached, the loss of strength can be significant and accompanied 
by an increase in permeability, both of which can negatively affect 
the durability of the concrete. In some cases, the coalescence of air 
voids at the interfaces of aggregates has been noted as a result of the 
presence of too much entrained air (2). Further, air loss is possible 
and so is the potential disruption of the air void system by internal 
vibration and manipulation of the surface as the concrete is paved. 
Often, problems associated with this situation are attributed to the 
concrete itself and not specifically to the paver used, although the 
frequency of internal vibration is of concern (2, 7). The creation of 
vibrator trails in slipform concrete is one artifact of air loss (as well 
as mix segregation) caused by internal vibration. Another is the loss 
of air near the surface, although it is rare in slipform paving unless 
additional finishing is applied. Nevertheless, the impact of specific 
concrete plants or pavers on the in-place concrete air void system is 
rarely studied unless something has gone wrong.

ReseaRch Objectives

The objective of this study was to evaluate the impacts of vibration 
and consolidation of modern slipform pavers used in Wisconsin on 
the total air content and air void structure of portland cement concrete 
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pavements. The primary intent was to quantify the air content of fresh 
concrete before and after it had gone through the slipform paver. 
The air void system parameters of hardened concrete were then 
assessed with cast and extracted core specimens. The expectation 
was that determination of the changes that occurred to the air content  
and air void system parameters as the concrete passed through the 
paver would allow Wisconsin DOT and the Wisconsin paving industry 
to optimize the properties of the mixture to ensure that the in-place 
concrete met or exceeded desired properties.

Literature review

A comprehensive literature review was conducted on concrete air void 
systems, which yielded the following general conclusions:

• An entrained air void system, with numerous, well-distributed, 
and closely spaced spherical air bubbles, is essential to protect the 
hydrated cement paste from freeze–thaw damage. The amount of 
total air required varies with the coarse aggregate size and exposure, 
but typically falls in the range of 5% to 7%. Of greater importance 
is the average spacing from a point in the paste to the nearest air 
void, quantified by the spacing factor measured according to ASTM 
C457. Thus, the spacing factor should be no greater than 0.008 in. 
(0.200 mm), although some standards allow greater spacing fac-
tors for higher quality, lower water-to-cementitious materials ratio 
concrete.

• Air is entrained in concrete through the use of air-entraining 
agents (AEAs), which are surfactant materials that work at the inter-
face between air and water. The AEAs stabilize air bubbles created 
through the agitation of the mixer. Traditionally, AEAs with a basis 
in Vinsol resin or other naturally derived substances have been used 
quite effectively. More recently, synthetic, detergent-based AEAs have 
become more common. Issues about air void stability and clustering 
have become more acute, and the synthetic detergent-based AEAs 
have been implicated in some of these cases (2, 8).

• The most frequently used test to assess the air content of fresh 
concrete is the pressure meter, but it can be used only to estimate 
total air content (i.e., it cannot differentiate entrapped air from 
entrained air), and it cannot make a determination of the specific 

size or spacing of the air bubbles. The air void analyzer can provide 
information on the air void structure of fresh concrete, but, overall, 
the analyzer is a sensitive device with questionable reliability, particu-
larly for stiff, slipform paving concrete. The only standardized and 
accepted method to determine the air void system parameters is on 
hardened concrete in accordance with ASTM C457. Most agencies 
still rely exclusively on measurements of total air made with the 
pressure meter. A few require that actual air void system parameters 
be verified as well, whether verification is obtained from the fresh 
concrete with an air void analyzer or from hardened concrete in 
accordance with ASTM C457.

• Multiple factors affect the amount of air entrained in the concrete 
and the stability of that air over time. These factors include, but are not 
limited to, cement type and content, supplementary cementitious 
material type and content, aggregate type, admixture interactions, 
mixing type and duration, temperature, and time from mixing to 
placement. No information was uncovered that specifically examined 
the influence that different concrete mixing plants had on the air 
void system. Although the influence of some of these factors is 
well understood, the number of factors and the complexity of the 
interactions have made broadly applicable guidance elusive.

• Although it is known or suspected that some air will be lost 
through the slipform paver, most agencies test the air content of the 
concrete before the paver. Some have required testing after paving 
for approval, but it is more common to establish—on a job-by-job 
basis—a correlation between the air before and after the paver, and 
then routinely test before the paver for quality control. The Iowa DOT, 
Ames, Standard Specification Section 2301 and the Missouri DOT, 
Jefferson City, Standard Specification 502 require the air content to 
be determined before and after the paver to determine the air loss. 
No information was uncovered that specifically examined the influ-
ence of different paver types on the as-constructed air void system 
parameters.

• Multiple studies have found that the correlation between the total 
air content measured on fresh concrete in the field and that measured 
microscopically on hardened concrete in the lab (ASTM C457) is 
quite good over the normal working range of air contents. ASTM 
C457 states that the measurement of hardened air may be higher 
by 1 percentage point or more in concrete with relatively high air 
contents, usually above 7.5% (1, 9, 10).

TABLE 1  Concrete Mixture Designs

Project

Variable NW-1 NE-1 NE-2 NE-3 NE-4 NC-1 NC-2 SW-1 SW-2 SW-3 SE-1 SE-2

Cement [(type) lb/yd3] 480 (I/II) 455 (NA) 455 (NA) 395 (NA) 395 (I/II) 452 (I) 395 (I/II) 396 (I) 395 (NA) 395 (I/II) 395 (I/II) 395 (I)

Fly ash [(type) lb/yd3] 85 (C) 110 (C) 110 (C) 170 (C) 170 (C) 113 (NA) 170 (C) 170 (C) 170 (C) 170 (C) 170 (C) 170 (C)

Total cementitious content (lb/yd3) 565 565 565 565 565 565 565 566 565 565 565 565

Water–cementitious material 0.40 0.40 0.38 0.38 0.37 0.41 0.37 0.37 0.41 0.41 0.37 0.41

Coarse aggregate (lb/yd3) 1,814 1,942 1,928 1,943 1,944 1,823 2,045 1,950 1,889 1,848 1,910 1,942

Fine aggregate (lb/yd3) 1,211 1,296 1,281 1,291 1,294 1,310 1,256 1,386 1,237 1,282 1,262 1,202

Air entraining type Non-VR VR VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR

AEA dosage (oz./100 wt.) 4.00 10.20 9.60 4.50 3.40 0.8 0.80 6.00 7.00 4.00 6.80 5.00

WRA dosage (oz./100 wt.) 17.00 19.80 19.80 17.00 18.10 3.01 3.00 23.00 17.00 17.00 17.00 18.00

Target air content (%) 7.00 7.00 7.00 7.00 6.50 NA 6.00 7.00 7.00 7.00 7.00 6.00

Note: NW = northwest; NE = northeast; SW = southwest; SE = southeast; NA = not available; VR = Vinsol resin;  
Non-VR = Non-Vinsol resin; WRA = water-reducing admixture.



Ram, Van Dam, Sutter, Anzalone, and Smith 57

expeRimentaL appROach

As previously described, the air content and the stability of the air void 
system is influenced by the materials used (cement, supplementary 
cementitious materials, chemical admixtures, aggregate grading 
and texture, and water), mixture properties (water-to-cementitious 
materials ratio and slump), batching (sequencing, mixer type and 
size, mixing speed and duration), transport (type of truck, time of 
delivery, agitation, retempering), placement (type of placement), 
consolidation (type of paver, vibration frequency and duration), 
finishing (type, timing), and temperature. With this vast number of  
variables, no single study can be designed to provide statistically 
valid results that will be universally applicable to all conditions.  
Instead, the experimental approach used in this project was designed 
to make use of the significant amount of information that already 
exists on most of these factors, and then to test a representative num-
ber of projects to validate the Wisconsin DOT’s current approach to 
provide sufficient air content for freeze–thaw durability. As a result, 
the following major variables were considered in the study:

• Coarse aggregate type (two levels): northern glacial gravel and 
southern crushed limestone,

• Air entraining admixture (two levels): Vinsol resin-based AEA 
(AEVR-1) and non-Vinsol resin-based AEA (AENVR-1, AENVR-2, 
AENVR-3, and AENVR-4),

• Concrete plant (two levels): designated as BP-1 and BP-2, 
and

• Paving machines (four levels): designated as P-1, P-2, P-3, 
and P-4.

In consideration of these variables, 12 projects were selected for 
evaluation. Additional field and laboratory testing was performed on 
one additional set of samples from two projects [NE-1 (northeast) 
and NC-2 (north central)] for a total of 14 sites for the experimental 
matrix. The concrete mixture designs for each project included in 
the study are shown in Table 1, and the final experimental matrix 
produced for this study is presented in Table 2. The experimental 
matrix does not represent a full factorial but does cover a limited range 
of variables.

FieLd sampLing and data  
cOLLectiOn pROgRam

During construction, a Wisconsin Highway Technician Certification 
Program PCC Tech I Certified Technician was present on site to test 
the fresh properties of the concrete and to prepare cylindrical speci-
mens (4 by 8 in.) for laboratory analysis. The technician coordinated 
all activities with the contractor, ensuring safety and minimal dis-
ruption to the paving operation. Testing commenced only after initial 
start-up and once the concrete supply and paving process were oper-
ating smoothly. Within each project, a minimum of three sampling 
sites were selected along the length of the project.

The fresh concrete properties measured included the air content, 
obtained in accordance with AASHTO T 152, Air Content of Freshly 
Mixed Concrete by the Pressure Method, and the unit weight in 
accordance with AASHTO T 121, Density (Unit Weight), Yield, and 
Air Content (Gravimetric) of Concrete. Consistent with the standards  
and common practice, the concrete was consolidated for all fresh 
concrete testing and cylinder preparation through the use of an inserted 
vibrator. Sampling and testing of fresh concrete were conducted on 
concrete placed on grade directly in front of the paver and directly 
behind the paver after placement. The latter item was retrieved in 
the center portions of the slab to avoid edge effects and at locations 
away from any embedded steel. The sampling of the concrete behind 
the paver required sampling from a freshly placed paving lane, which 
disturbed the surface, whose repair and finish required extra work. 
In addition to the AASHTO T 152 and T 121 testing, the field tech-
nician cast two cylindrical specimens (4 in. in diameter by 8 in. in 
length) at each site, one from concrete in front of the paver and one 
from concrete behind the paver. A minimum of three sampling sites 
were selected within each project, which yielded at least six cylindrical 
specimens cast for each of the 12 projects.

The air void system of the hardened concrete often is affected 
in nonuniform ways by the paving operation, and the only way to 
capture this lack of uniformity is through examination of extracted 
concrete specimens. After construction but before the pavement was 
opened to traffic, three cores were extracted from each project, 
one from each of three sampling sites. To minimize the impact of 
the coring on pavement performance, the cores were extracted from 
the interior of the slab.

TABLE 1  Concrete Mixture Designs

Project

Variable NW-1 NE-1 NE-2 NE-3 NE-4 NC-1 NC-2 SW-1 SW-2 SW-3 SE-1 SE-2

Cement [(type) lb/yd3] 480 (I/II) 455 (NA) 455 (NA) 395 (NA) 395 (I/II) 452 (I) 395 (I/II) 396 (I) 395 (NA) 395 (I/II) 395 (I/II) 395 (I)

Fly ash [(type) lb/yd3] 85 (C) 110 (C) 110 (C) 170 (C) 170 (C) 113 (NA) 170 (C) 170 (C) 170 (C) 170 (C) 170 (C) 170 (C)

Total cementitious content (lb/yd3) 565 565 565 565 565 565 565 566 565 565 565 565

Water–cementitious material 0.40 0.40 0.38 0.38 0.37 0.41 0.37 0.37 0.41 0.41 0.37 0.41

Coarse aggregate (lb/yd3) 1,814 1,942 1,928 1,943 1,944 1,823 2,045 1,950 1,889 1,848 1,910 1,942

Fine aggregate (lb/yd3) 1,211 1,296 1,281 1,291 1,294 1,310 1,256 1,386 1,237 1,282 1,262 1,202

Air entraining type Non-VR VR VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR Non-VR

AEA dosage (oz./100 wt.) 4.00 10.20 9.60 4.50 3.40 0.8 0.80 6.00 7.00 4.00 6.80 5.00

WRA dosage (oz./100 wt.) 17.00 19.80 19.80 17.00 18.10 3.01 3.00 23.00 17.00 17.00 17.00 18.00

Target air content (%) 7.00 7.00 7.00 7.00 6.50 NA 6.00 7.00 7.00 7.00 7.00 6.00

Note: NW = northwest; NE = northeast; SW = southwest; SE = southeast; NA = not available; VR = Vinsol resin;  
Non-VR = Non-Vinsol resin; WRA = water-reducing admixture.



58 Transportation Research Record 2408

LabORatORy testing and data anaLysis

The air content of the fresh concrete behind and in front of the paver 
from each site was examined for any obvious changes in properties 
as a result of the paving operation. The air content measured in front 
of the paver was consistently higher than the air content measured 
behind the paver (with the exception of NE-4; see Figure 1). For the 
projects included in this study, the target fresh concrete air content 
was between 6% and 7%, with an average of approximately 6.8%. 
The average air content measured in front of the paver was approxi-
mately 6.6%, and the average air content measured behind the paver 
was approximately 5.5%. Thus, the average air loss measured in the 
fresh concrete was approximately 1% as it passed through the paver. 
On the basis of this testing, the total measured air contents of the 
fresh concrete in general were within acceptable limits.

The concrete behind the paver that was used in the air content 
testing was consolidated twice, first by the paver and then again by 
the use of the inserted vibrator (in accordance with the standards and 
common practice) in the air pot during the air content testing. The 
concrete sample taken in front of the paver had been consolidated 
only once, by the use of an inserted internal vibrator. From that 
perspective, it was reasonable to expect the air content to decline. 
Yet the additional consolidation through the use of the internal 
vibration made it impossible to separate the extent of air loss (if any) 
that was exclusively the result of the paving process from the air 
loss as a result of the use of the inserted vibrator during testing.

The laboratory testing involved the analysis of air void system 
parameters of the field specimens in accordance with ASTM C457, 
Procedure B, Modified Point-Count Method. These tests were 
performed on one set of samples (one cylinder cast from concrete 

TABLE 2  Final Experimental Matrix

Vinsol Resin Non-Vinsol Resin

Region Batch Plant Contractor Gravel Limestone Gravel Limestone

Northwest BP-1 P-1 — — NW-1 —
P-2 — — — —
P-3 — — — —
P-4 — — — —

BP-2 P-1 — — — —
P-2 — — — —
P-3 — — — —
P-4 — — — —

Northeast BP-1 P-1 — — —
P-2 — NE-1 — —

NE-2
P-3 — — — NE-3
P-4 — — — NE-4

BP-2 P-1 — — — —
P-2 — — — —
P-3 — — — —
P-4 — — — —

North Central BP-1 P-1 — — NC-1 —
NC-2

P-2 — — — —
P-3 — — — —
P-4 — — — —

BP-2 P-1 — — — —
P-2 — — — —
P-3 — — — —
P-4 — — — —

Southwest BP-1 P-1 — — —
P-2 — — —
P-3 — — — SW-2

SW-3
P-4 — — — —

BP-2 P-1 — — — —
P-2 — — — —
P-3 — — — SW-1
P-4 — — —

Southeast BP-1 P-1 — — — —
P-2 — — — —
P-3 — — — SE-1
P-4 — — — —

BP-2 P-1 — — — —
P-2 — — — —
P-3 — — — SE-2
P-4 — — — —

Note: — = not present.
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before the paver, one cylinder cast from concrete after the paver, 
and one core extracted from the pavement) that were retrieved from 
each of the 12 projects. Additional laboratory testing was performed 
on another set of samples from two projects (NE-1 and NC-2) 
with field cylinders and cores from another location within the same 
project site.

Figure 1 summarizes the air content measured in the fresh con-
crete, field-cast cylinders, and the core samples extracted from the 
pavement. The horizontal dashed line shows the Wisconsin DOT’s 
current specification for air content of fresh concrete measured in 
front of the paver (5.5% to 8.5%). From Figure 1, the following 
observations can be made:

• For all the projects, the air contents of the fresh concrete mea-
sured by the pressure meter in front of the paver were within the 
specification limits of 5.5% to 8.5%. Only 2 of the 14 sites tested had 
fresh air contents in front of the paver of 7.5% or greater (NE-2 and 
SW-2), and none was greater than 8.0%.

• Comparison of the air contents measured in the fresh concrete 
and the field cylinders cast with concrete obtained in front of the 
paver led to the following observations:

– The air contents measured in the field cylinders were greater 
than the fresh concrete air contents in nine of the 14 sites in accor-
dance with the ASTM C457 manual analysis protocol. This find-
ing suggests that the air content testing of fresh concrete in general 
yields lower values than the air content measured on hardened 
concrete over the range of air contents observed.

– Comparison of the air contents measured in the fresh concrete 
and the core samples extracted from the pavement indicated that 
the air contents measured in the core samples were greater than the 
fresh concrete air contents in 11 out of the 14 sites (ASTM C457 
manual analysis protocol).

– The data indicated that the air content measured with the 
pressure meter resulted, on average, in a lower air content value 

in most cases. Even though the experiment in this study was not 
designed to be statistically representative, a general conclusion 
could be drawn that the air content measured with the pressure  
meter was not representative of the air content measured micro-
scopically on the in-place concrete pavement. In most of the cases, 
the in-place pavement had higher air contents than the project 
specifications, whose basis was in the fresh concrete properties. 
The higher air contents of the in-place pavement potentially 
could have led to increased permeability and reduced strength. 
Although it is known that the pressure meter (AASHTO T 152, 
ASTM C231, Standard Test Method for Air Content of Freshly 
Mixed Concrete by the Pressure Method) will measure less air 
than ASTM C457 at relatively high air contents, the air content 
measurements of the fresh concrete before the paver all fell within 
project specifications (and 12 of the 14 were less than 7.5%). Thus 
it appeared that the discrepancy between the air content in the fresh 
and hardened concrete was real and should be addressed through 
further research.
• Comparison of the air contents measured in the field cylinder 

cast with the concrete in front of the paver and the core samples 
extracted from the pavement showed that the air contents measured 
in the core samples were greater than the air contents measured in the 
field cylinders in eight out of the 14 sites (ASTM C457 manual analy-
sis protocol); this proportion was just over 50% of the sites included 
in this study. This result suggested that, in about 50% of the cases, 
the air contents of the field cylinders (cast with concrete in front of 
the paver) were higher than the air contents of the extracted cores.

A comparison of the average air content values of all the project 
sites had limited value, because each site condition was different, 
and several factors affected the fresh and hardened concrete prop-
erties. However, the concrete mixture designs for each of these 
projects were developed to achieve an average target air content of 
approximately 7%.

FIGURE 1  Summary of air contents measured in field and laboratory (ASTM C457).
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Table 3 shows statistics on the average air content values of the 
fresh concrete, field cylinders, and the extracted core specimens. 
The data summarized in Table 3 indicates that the difference between 
the air content of the extracted core samples and the fresh concrete 
(in front of the paver) was between 1.32% and 1.74%. The difference 
between the air content of the field cylinders (in front of the paver) 
and the core samples was between 0.45% and 0.53%, and the core 
samples always had higher air contents. Given that the fresh concrete 
air specimens and cast cylinders were compacted similarly, these 
data suggested that the air content testing with the pressure meter 
(ASTM C231), on average, underestimated the air content values of 
the in-place concrete. The average air content of the cylinders cast 
with the concrete in front of the paver was much more comparable 
to the air content measured in the core samples, possibly as a result of 
the internal vibration used to consolidate the cylinders and simulate 
the consolidation that occurred through the paver.

The result of the air content testing on the fresh concrete and 
the field cylinders suggested a loss of air (approximately 1%) as the 
concrete passed through the paver. However, the following information 
must be noted as this finding is considered:

• The multioperator precision of the air meter (ASTM C231) was 
0.8%, which was close to the observed air loss in the fresh concrete.

• The specimens prepared with the concrete behind the paver had 
been consolidated twice: first by the paver and then by the internal 
vibration applied during specimen preparation.

Table 4 summarizes the air content test results and the air void 
system parameters for the core samples retrieved from the pave-
ment. On the basis of the data summarized in Table 4, the following 
qualitative assessments on the measured air contents and the air void 
system parameters can be made:

• In many cases, the spacing factor requirements were com-
fortably met (NE-1, NE-1a, NE-4, NC-1, and NC-2a). For several 
projects (NC-2 and SW-3), the air contents were exceptionally high 
(>10%, on average). These high air content values can result in reduced 
strength and increased permeability, which can have a detrimental 
impact on the long-term durability of the pavement. Concern about 
this possibility was greater because the fresh air content measurements 
before the paver for NC-2 and SW-3 were 5.90% and 7%, respectively, 
which were comfortably within the range of the specification. In these 
two extreme cases, the measurement of the fresh concrete air content 
gave no indication that a potential high air issue existed.

• The target air content (fresh concrete, specified by ASTM C231) 
for most of the projects was about 7%. More than 50% of the projects 

TABLE 3  Summary of Average Total Air Content Values

Fresh Concrete Air Content (%) Laboratory Air Content (%, Manual Method)

Statistic In Front Behind Difference In Fronta Behinda Differenceb Core Differencec

Average 6.57 5.53 −1.04 7.37 6.44 −0.93 7.89 0.53

SD 0.67 0.56  0.58 1.92 1.63  1.68 1.39 1.90

Note: SD = standard deviation.
aField cylinders. 
bDifference between air contents measures in cylinders (in front – behind).
cDifference between air contents measures in cylinder and core (cylinder in front – core).

TABLE 4  Summary of Air Contents and Air Void System Parameters for Core Samples

Air Content (%)
Void Frequency  
(voids/in.) Spacing Factor (in.)

Project AEA Type Automatic Manual Automatic Manual Automatic Manual

NW-1 Non-VR  7.63  6.63 12.88 11.99 0.0035 0.0038

NE-1 VR  8.82  8.78 13.87 14.30 0.0025 0.0025

NE-1a VR  9.18  8.95 14.93 17.12 0.0023 0.0020

NE-2 VR  6.37  6.99 11.79 11.86 0.0038 0.0037

NE-3 Non-VR  6.99  7.35 11.02 12.01 0.0039 0.0035

NE-4 Non-VR  8.21  7.31 13.25 14.76 0.0025 0.0023

NC-1 Non-VR  9.34  8.85 14.29 15.20 0.0027 0.0026

NC-2 Non-VR 12.94 10.63 15.26 14.74 0.0025 0.0026

NC-2a Non-VR  8.83  7.10 11.51 11.48 0.0039 0.0039

SW-1 Non-VR  6.97  8.96 11.60 14.23 0.0035 0.0029

SW-2 Non-VR  6.78  6.63 13.71 14.99 0.0021 0.0019

SW-3 Non-VR 11.76  9.62 17.81 16.63 0.0017 0.0018

SE-1 Non-VR  6.88  6.92 12.76 14.30 0.0022 0.0020

SE-2 Non-VR  5.64  5.77  7.00  8.93 0.0082 0.0064
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sampled had hardened air contents outside the 7 ± 1% range, and six 
projects had hardened air contents that were greater than the upper 
specification limit of 8.5% (but none had values below the lower 
specification limit of 5.5%). The air void spacing factors were all 
within the acceptable threshold limits and thus were not expected  
to affect the long-term freeze–thaw durability of the concrete. How-
ever, in cases in which the air contents became excessively high, the 
reduced strength and increased permeability could be an issue.

issues identiFied duRing  
LabORatORy testing

A number of specimens (i.e., cylinders before the paver, cylinders 
after the paver, and core samples) tested in the laboratory exhibited 
segregation and consolidation issues. For example, a large number 
of specimens cast in the field exhibited accumulation of air voids 
around the aggregates, and the paste was observed to be unusually 
porous in places where the vibrator was inserted, and significant 
coalescence of entrained air voids imparted a foamy appearance. 
However, even some of the cored specimens extracted from the 
in-place concrete demonstrated similar characteristics with the air 
void system.

The issues related to the cast specimens were largely believed to 
be the result of the internal vibration used to consolidate them, which 
produced noticeable segregation as a result of the insertion of the 
vibrator into specimens from the following sites: NE-4 (in front of 
the paver), NC-2 (behind the paver), NC-2a (in front of the paver),  
SW-3 (behind the paver), and SE-2 (in front of and behind the 
paver). The practice of using an internal vibrator for consolidation 
of cylindrical specimens is allowed under ASTM C31, Standard 
Practice for Making and Curing Concrete Test Specimens in the Field, 
Section 9.4.2, and is commonly used by certified field technicians. 
Unfortunately, this practice is not ideal to evaluate the effects of mix 
parameters and construction practices on the entrained air void system 
in concrete. According to ASTM C231, Section 8.1.1, concretes 
with slumps of greater than 3 in. must be consolidated by rodding. 
Concretes with slumps in the range of 1 to 3 in. may be consolidated 
either by rodding or vibration. Concretes with slump less than 1 in. 
must be consolidated by vibration. On the basis of these guidelines, 
it was no wonder that a vibrator was used to consolidate these paving 
mixtures. Figure 2, a through f, shows micrographs of specimens 
prepared with the cylinders cast in the field that exhibited segregation 
from internal vibration.

Of greater concern, issues with the air void system also were 
observed in some of the extracted cores. Figure 3, a through f, shows 
micrographs and scanned images of several extracted core specimens 
(from projects NE-2, NC-1, and SW-1) that exhibited accumulation 
of air voids around the aggregates. Figure 4, a through f, shows 
micrographs and scanned images of extracted core specimens (from 
projects NE-4, NC-2, and SW-3) that were unusually porous with 
significant coalescence of entrained air voids. Because these core 
specimens represented the concrete as placed, there was some concern 
about the uniformity of the air void system in newly constructed 
pavements.

No quantitative analysis was conducted to investigate how wide-
spread these observations were. Rather, a qualitative assessment was 
performed to highlight the general issues and tendencies uncovered 
during the laboratory testing.

summaRy and cOncLusiOns

This research study involved the evaluation of the impact of the con-
struction process on the total air content and on the air void system 
parameters of portland cement concrete pavements through limited 
laboratory and field investigations. A summary of the conclusions 
from the study follows:

• The results of the air content testing on fresh concrete and micro-
scopic evaluation of concrete cylinder specimens cast in the field sug-
gested that total air content might have been lost (approximately 1%) 
as the concrete passed through the paver. However, microscopic 
evaluation performed on cores extracted from the pavement did not 
provide conclusive evidence that entrained air was lost as a result of 
the slipform paving process.

• Consistent with the specified test methods and standards of 
practice, the fresh concrete placed in the air meter and in the cylinder 
molds was consolidated with an internal vibrator. Thus concrete 
sampled and tested after it passed through the slipform paver was 
consolidated twice, first by the paver and then again by the internal 
vibration used in specimen preparation. It was reasonable to expect 
that the additional consolidation effort would result in a decrease in 
the measured air contents. However, this occurrence made it impos-
sible to distinguish the amount of air lost as a result of the slipform 
paver from the amount lost as a result of internal vibration during 
consolidation.

• In some cases, it appeared that the internal vibration used in 
the preparation of field-cast cylinders may have led to the accu-
mulation of air voids around the aggregates. Alternative methods 
of consolidation, such as rodding or the use of a vibration table, may 
be the preferred compaction method for the preparation of field 
cylinders.

• Many of the cores extracted from the in-place concrete had 
measured air content values that were higher than the specified air 
content. Excessively high air contents can result in increased per-
meability and low strength. Some extracted cores also exhibited 
segregation, accumulation of air voids around the aggregates, and 
coalescence of air voids in the paste. Most of the extracted cores 
also showed significant variation in the air content through the depth 
of the specimen.

• The results of this study suggest that air content testing on fresh 
concrete does not capture the true air content of the concrete placed 
with a slipform paver. The fresh concrete air content is in general 
lower than the air content measured in the core samples.
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FIGURE 2  Micrographs of field-cast cylinder specimens that exhibit segregation from internal vibration.
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FIGURE 3  Micrographs and scanned images of core specimens that exhibit accumulation of air voids around aggregates.
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FIGURE 4  Micrographs and scanned images of unusually porous core specimens that exhibit coalescence of entrained air voids.
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